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Abstract

In almost all current technological devices, the feedback amplifiers are used
for example in cell phones, DVD players, and wireless communication tech-
nologies. This important concept provides a robust transfer function and
various interesting functionalities such as log amplifiers, active filters, and
Lock-In amplifiers. Since in the quantum world quantum devices such as
quantum computers, quantum sensors, and quantum communications are a
hot topic between the researchers, the development of quantum feedback
amplification theory and its application is highly demanded, as this feedback
system is fundamental to electronic devices.

In this research we suggest a 2-input-2-output quantum feedback amplifier
and investigate the feedback gain and quantum-noise limit with respect to
added noises. We observe this scheme makes the controlled amplifier signif-
icantly robust, and furthermore it realizes the minimum-noise amplification
even under realistic imperfections.

This feedback concept is then used to design a directional active differ-
entiator and integrator for a quantum signal. We obtain the condition for
achieving minimal added noise is exactly the same as the condition for achiev-
ing high feedback gain in both cases.

Further, by combining those with a proportional amplifier we suggest a
basic construction method of a coherent PID controller and study its prop-
erties. Especially, the effect of added noises coming from the coherent PID
controllers is investigated for coherent P, PI, and PD feedback control sys-
tem through a concrete example, namely, through an optomechanical sys-
tem. It appears for coherent P controller this can be used to further cool the
sideband-cooled optomechanical system. In case of coherent PI controller,
we notice the effect of the idler coming from coherent I controller is immense
such that the steady state variance of the system operator spreads dramat-
ically. Finally, for coherent PD controller the cold-damping method for the
optomechanical system is studied and compared with the measurement-based
feedback system. This results that if the detection efficiency is 1, then the
coherent PD feedback system can never outperform the measurement-based
one.
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Zusammenfassung

In vielen technologischen Geraten wie zum Beispiel in Smartphones, DVD-
Spielern und drahtlosen Kommunikationstechnologien werden heutzutage so-
genannte Feedback-Verstarker benutzt. Dieses wichtige Konzept garantiert
eine robuste Ubertragungsfunktion und verschiedenartige interessante Funkti-
onalitaten wie Log-Verstarkung, aktive Filter, und Lock-In-Verstarker. Da
nun Quantentechnologien wie Quantencomputer, Quantensensoren und Quan-
tenkommunikationen weltweit von Wissenschaftlern aktiv erforscht werden,
ist die Entwicklung einer Quanten-Feedback-Verstarkungstheorie und ihrer
Anwendungen sehr erwiinscht.

In dieser Masterarbeit schlagen wir in diesem Zusammenhang einen 2-

Input-2-Output Quanten-Feedback-Verstarker vor. Wir untersuchen seinen
Feedback-Gain und sein Quantenrauschlimit beziiglich zusatzlichem Rausch-
en. Wir sehen, dass das Feedback-Schema den Verstarker dufserst robust
macht und dass es zudem das minimale Rauschlimit auch unter realistischen
Bedingungen verwirklicht.
Dieses Feedback-Konzept wird dann benutzt, um einen direktionalen aktiven
Differentiator und einen aktiven Integrator fiir ein Quantensignal zu gestal-
ten. Wir erhalten, dass die Bedingung fiir das Erreichen des minimalen
Rauschens genau mit der fiir hohen Feedback-Gain tibereinstimmt.

Indem wir Integrator und Differentiator mit einem Proportionalitatsverstar-
ker verbinden, schlagen wir zusatzlich eine grundlegende Konstruktionsmeth-
ode fiir ein koharentes PID Feedback-Kontrollsystem vor und untersuchen
dessen Eigenschaften. Insbesondere wird der Effekt des zusatzlichen durch
den kohérenten PID-Regler hinzugefiigten Rauschens fiir das kohérente P-
, PI- und PD-Feedback-Kontrollsystem anhand eines konkreten Beispiels,
namlich eines optomechanischen Systems, bestimmt. Wir finden, dass der
koharente P-Regler fiir seitenbandgekiihlte optomechanische Systeme zusatz-
liche Kiihleffekte erzielt. Im Fall des koharenten PI-Reglers erkennen wir,
dass das Rauschen aus dem koharenten I-Regler die stationare Varianz der
Systemoperatoren stark erhoht. Zuletzt wird ein Cold-Damping-Szenario im
optomechanischen System fiir den kohdrenten PD-Regler untersucht und mit
einem messungsbasierten Feedbacksystem verglichen. Es stellt sich heraus,
dass bei perfekter Quanteneffizienz das koharente PD-Feedbacksystem das
messungsbasierte nicht tibertreffen kann.

il
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1 Introduction

In our daily life, we are using electronic technologies such as cell phones,
DVD players, and global positioning systems or in optics such as optical fiber
systems and wireless communication technologies. All those inventions are
supported by the so-called feedback amplification theory, which is a com-
bination of the amplifier, controller, and feedback theory [1, 2, 3, 4. An
amplifier with feasible isolation between inputs and outputs in electronics
was first invented by Lee DeForest in 1906, known as Audion tube [1, 2]. Af-
ter the invention of transistors by Bardeen, Brattain, and Shockley and the
impressive developments in solid-state technology, most microwave amplifiers
are transistor amplifiers such as Si BJT, MOSFET or HEMT due to robust
and low-cost properties. However, amplification itself is not enough to reach
those technologies mentioned above. Only with the combination of feedback
theory, first suggested by Harold S. Black in 1927 |5, 6], the electronic devices
could be revolutionized as one found the feedback amplification is not only
useful for stabilizing signals, but also for building-up new functionalities such
as Differentiators and Lock-In Amplifiers by choosing proper controllers.

If we now look at the quantum world, some physicists have started not to re-
search on fundamental quantum physics, but its application to the quantum
devices such as quantum computers, quantum network and quantum sensors
[7, 8,9, 10]. As the feedback system composed of amplifier and controller is
fundamental to the electronic devices, the quantum feedback amplifier based
on quantum amplifiers and controllers will play an important role. Indeed,
there are quantum amplifiers to amplify tiny quantum signals, which can-
not be detected without the so-called phase-preserving quantum amplifiers.
In quantum optics, this is achieved by utilizing a crystal with Kerr effect
[11], and in superconducting circuits by Josephson Bifurcation Amplifier|12],
Josephson Ring Modulator[13, 14| or just by SQUID|[15|. Additionally, co-
herent controllers such as cavities and beam splitters exist, to design the
so-called coherent feedback circuits. But there are no quantum feedback am-
plifiers with specific functionalities, which are urgently needed.

In this thesis, we present quantum feedback amplification concept for 2-input-
2-output amplifiers for superconducting circuits (the Directional SQUID Am-
plifier [15]), and suggest for the first time a quantum feedback amplifier
(QFA) with certain functionality, namely the coherent proportional-integral-
derivative controller, and its applications to optomechanical system.

This thesis is largely organized into two parts. The preliminaries are from
the second to fifth section, while the contents of this research start from
the sixth to the eighth section. In the last section, we summarize and con-



clude this thesis. In the preliminary, we begin with the basics of operational
amplifiers and feedback amplifiers in the second section. In the next sec-
tion, the classical PID controller is explained: firstly introducing the three
term controller, then secondly expressing the state space representation of
PID feedback control system, and lastly discussing about the PID control
performance. The fourth section is about the derivation of quantum elec-
tromagnetic circuit theory which enters with the classical transmission line
theory and consequently to its quantization. The relation between the hybrid
and scattering parameters is also shown. Finally, the function of directional
microwave SQUID amplifier is discussed. The main research begins with 2-
input-2-output quantum feedback amplifier with its modeling, feedback gain
analysis, and quantum-noise limit and added noises. In the seventh section,
the feedback scheme for coherent proportional, differentiator and integrator is
suggested, and its added noises are also discussed. Finally, utilizing the pre-
vious results, the coherent PID feedback control is investigated. Beginning
with the basic coherent PID feedback control system scheme, we discuss the
steady-state covariance matrix for coherent P feedback control by applying
this to the sideband-cooled optomechanical system. Having this application
in mind, we then explore the added noise effect of the coherent PI controller
and compare this effect with the previous coherent P controller. The coher-
ent PD feedback control is then introduced and applied to the cold-damping
of the optomechanical system. Its cooling performance is investigated by
comparing it with the homodyne-detected controller. In the last subsection,
we briefly discuss the coherent PID feedback control.



2 Amplifiers in Electronic Circuit

Amplifiers associated with feedback are one of the fundamental building
blocks in an electronic circuit and are integrated into most of the electronic
devices. As mentioned in the introduction, the first motivation of using
feedback was providing gain stability of the signal, extending the bandwidth
of an amplifier, or matching the input and output impedances. But its utility
is not restricted in this small area, the potential of feedback amplifiers also
opens the doors to active filters, PID controllers, Schmitt triggers, etc.. So
the concept of amplifier and feedback is of enormous importance, and will be
briefly explained in this section.

2.1 General Model of Operational Amplifier

In electronics, the so-called operational amplifiers (op amp) are the domi-
nant circuit building block used as an amplifier. Speaking of op amps, often
voltage amplifiers are intended, but there are four different types of ampli-
fiers dependent on what kind of output should be increased as a function of
the input: voltage amplifier, current amplifier, transconductance amplifier,
and transresistance amplifier. For the signal analysis purposes, we can rep-
resent the op amps with amplifier gain A, input impedance Z;, and output
impedance Z,, and thus with the network parameters Z,Y, G, and H in Egs.
(4.28) - (4.31). In case of voltage amplifier the input voltage is amplified
as an output voltage (network parameter ), in case of current amplifier
the input current as an output current (network parameter H), in case of
transconductance amplifier the input voltage as an output current (network
parameter Y'), and in case of transresistance amplifier the input current as
an output voltage (network parameter Z)(Fig. 4.3). The amplifier gain A is
dependent on which amplifier we want to consider:

G111 ,voltage amplifier

Hyy , current amplifier (2.1)
Zy ,transresistance amplifier '

Y51 ,transconductance amplifier

which we can say is a connection between the signal analysis and electronic
circuit point of view. Then some of the readers might ask, what the meaning
of GQQ,HH,ZlQ, and Yig iS, if G12,H12,ZH, and }/11 correspond to input
impedances and Gay, Hop, Zoo, and Yyo to output impedances. Physically,
these imply reverse gain, which is often neglected in electronic circuits due to
the consideration of an ideal case or due to the high performance of practical



op amps |2, 4, 16].

As we will explain later, we will handle the input-output relation in scat-
tering parameters (see also section 4.2 about scattering parameters and its
merit in section 4). Hence, it is convenient to see the op amp in that repre-
sentation. Surprisingly, the (reverse) gain in the scattering parameter, so1, is
proportional to the (reverse) gain of all four amplifiers (for confirmation see
Appendix A):

G111 ,voltage amplifier
Hyy , current amplifier
Za1 ,transresistance amplifier

Y51 ,transconductance amplifier

Gay ,voltage amplifier

H , current amplifier
S12 X A= 1 X P . (23)
Z19 ,transresistance amplifier

Yo ,transconductance amplifier

Hence, we do not have to consider every four cases, which input is amplified
since we know any kind of inputs from the "left" side goes through the
amplifier to the "right" side as an increased output.

From an electronic circuit point of view the op amp has three terminals: two
input terminals v, and v_ and one output terminal v,. Those three voltages
including the power supplies Voo and Vgg are referenced to the common
(ground) terminals (Fig. 2.1 and Tab. 2.1).

2.2 Feedback Amplifier

Now introduced the four different kinds of amplifiers, we can move to the
feedback amplifier. But before going directly to this concept for the electronic
circuit, we briefly review the general abstract feedback amplifier model with
its physical interpretation.



input\output H Voltage V5 ‘ Current I,

Voltage V; G Y
(voltage amplifier) (transconductance amplifier)
Current Iy Z H
(transresistance amplifier) (current amplifier)

Table 2.1: The signal input-output relation of network parameters Z,Y, G,
and H as amplifiers, which describes the input from "left" side (index 1) to
the output at "right" side (index 2) based on the scheme in Fig. 2.1.

+Vee

Vg

Figure 2.1: op amp with power supplies. Two input voltages v, and v_
and one output voltage v, with the power supplies Voo and Vgg. A is the
amplifier gain. Normally, the depiction of power supplies are not shown, but
they are implicitly supposed. Figure adapted from [2].

2.2.1 Abstract Feedback Amplifier Model

The block diagram for the feedback amplifier system is depicted in Fig. 2.2.
If we want to solve it mathematically, we start with the equation

yls] = Gls](uls] + Klsy[s]), (2.4)

which can be solved easily as

Gls]
yls] = mu[%
where G[s] is the gain in Laplace s-domain, K[s] the controller gain, wu[s]
the input signal and y[s] the output signal. However, a problem arises if we
want to interpret and solve the Eq. (2.4) physically. That is, if we view the

feedback loop as an infinite circulation of the open loop gain G[s]K[s], then
we can write it as a series,

(2.5)



K

Figure 2.2: The input u travels through the amp G, part of the signal is fed
back through the controller K and added to the input (positive feedback),
and the other part leaves the feedback system as an output .

yls] = G[s|(uls] + K|s]y[s]) (2.6a)
= G[s](uls] + K[s](Gls](u[s] + K[s]y[s]))) 2.6b)
= G[s] > _(G[s]K[s])*u[s]. (2.6¢)

In this case, the series converges if and only if (iff) |G[s] K [s]| < 1 is satisfied.
But experiments show there are cases, where the output converges even for
|G[s]K[s]| > 1.

This problem was first solved by Nyquist. He noted in his paper [17] !
we should first consider the problem in the time domain and look for the
steady state?. The important points to consider are the building-up process
(transients) of the input signal, the causality and the exponential decay of
the controller. The key point is the (convolution) integral over time. As
depicted in Fig. 2.2, the input signal travels through G. When the signal
arrives (G, the outgoing signal at time ¢ is also affected by the past because
the effect of the past signal in the device can still remain, which we call as
"memory effect". This is described by the convolution integral

g(t) = /_OO drG(t — 1)u(T). (2.7)

[e.9]

!The discussion of this convergence problem is very well discussed in his paper, and I
personally suggest the readers to read it once because this leads in the end to the infamous
Nyquist plot.

2This implies the stability condition of the whole system, where in Laplace domain all
roots of the denominator of the transfer function has to lie on the left half of the complex
plane.



But we have a problem since the above equation diverges. But since in the
physical point of view the device can only react, if the signal has been built
up at time t, (transients: ©(7 — tp)) and not if there is still no signal yet,
and does not response to the signal in the future at time ¢; > ¢ (causality:
©(t; —t)), the integration region is therefore restricted, such that

Jo(t) = / drG(t — 1)u(T). (2.8)

to

Assuming [ dtG(t) exists, which has mostly an exponential decay character,
Eq. (2.8) is integrable. This convolution integral has a nice property that
the integrand can be just expressed by a multiplication in Laplace s-domain

go[s] = G[s]ul[s]. (2.9)

In the feedback loop, we can just write every k-th round trip as

g[s] = (Gs] K1s])*G]s]uls]. (2.10)

Since the total output y is just an infinite sum of the above round-trip-
outputs, we can write it in the time domain as

n

y(t) :JLHC}O%/dS Z(G[S]K[s])ke“(}[s]u[s] (2.11a)
ST T 1 _GIEID™ N s atatuls
—Loozm/d (1—G[3]K[s] 1—G[S]K[s]) Glsfuls]  (2.11b)
L[ g Gl

270 1 — G[s|K]s]
—Ji_}rrolo%/des’%es/(tT)/dS(G[S]K[S])nH€ST.

One can then show the second term vanishes provided the first term exists,
and the transient is assumed. This means all direct/normal outputs of the

7



10
n=0

[ n=20
8. n=40
[ n=60 |
6' _ n=s80 :
4l
2! <
0 2 4 6 8 10

Figure 2.3: Physical interpretation of the second term in Eq. (2.11) which
vanishes in the time domain for n — oo. As can be seen, infinite feedback
loop generates infinite sum of outputs which are destructively interfering with
each other in the time domain. This example is an active differentiator for
an electronic device with the controller transfer function K[s] = 1/(1+sCR)
(see also Fig. 2.5).

devices (i.e., the transfer functions in the numerator) will not contribute
to the total output. Nyquist then discovered that the system diverges iff
1 — Gs]K[s] = 0 is satisfied.

Now in the limit G[s] — oo, we read for Eq. (2.5) Gpls] = 1/K[s]. If
for example K[s] = [ is a robust passive device, then feedback gain only
depends on the robust feedback factor [, which is the reason for stability
against gain fluctuations. This can be clearly seen by calculating the relative
sensitivity

AGpls] _ 1 AGs]
Gpls] — 1—G[s|K[s] Gls] (2.12)

2.2.2 Feedback Amplifier in Electronic Circuit

Obviously, since there are four types of op amps, we obtain four differ-
ent feedback amplifiers. While the op amps can be named as the voltage
amplifier, current amplifier, transconductance amplifier, and transresistance
amplifier, they can also be abstractly designated as G, H,Y, and Z parame-
ters, respectively. The same occurs in this feedback amplifier. While we can

8



output

input Voltage V', | Current I,
Voltage [ | [ ]
vy H{ | Z
Series-Shunt Feedback Series-Series Feedback

R

Current ]
I Y : G
1

Shunt-Shunt Feedback Shunt-Series Feedback

Figure 2.4: The signal input-output and schematic representation of feed-
back amplifiers which describes the input from "left" side (index 1) to the
output at "right" side (index 2).

just add the word "feedback" behind the op amp names, in the abstract case
we call them as Series-Shunt, Shunt-Series, Series-Series, and Shunt-Shunt
Feedback amplifier, respectively (Fig. 2.4). The reason for such naming lies
on the abstract representation of the electronic circuit. For example, if we
look at series-shunt feedback amplifier of Fig. 2.4, we realize that the left
side of G and H is connected in series, while their right side is connected in
parallel - hence series-shunt.

The input-output relation of these feedback amplifiers are calculated as fol-
lows:
e feedback voltage amplifier (Series-Shunt Feedback Amplifier)

{ 22 } = (G_l;bH)_l { ‘1/21 } : (2.13)

o feedback current amplifier (Shunt-Series Feedback Amplifier)

{ ‘[/21 } = (Hl};c:)‘1 { ‘]_/12 } , (2.14)



o feedback transconductance amplifier (Series-Series Feedback Amplifier)

{ 2 } =(Yt+2)" [ “2 } : (2.15)

o feedback transresistance amplifier (Shunt-Shunt Feedback Amplifier)

{ % } =(z7+y)" { g } . (2.16)

We can recognize the same structure of the feedback gain matrix (2.13) -
(2.16) as in the general structure of feedback amplifier 2.5. Indeed in the
ideal case, we can directly use Eq. (2.5) for calculating the feedback gain of
feedback amplifiers [4].

2.2.3 Advantages of Active Filter over Passive Filter

In electronic and even in quantum electromagnetic circuits, the so-called
filters are used, in order to suppress undesired frequencies. For instance, the
low-pass filter (or integrator) let only signals pass with relatively low frequen-
cies such that high frequencies are cut off. This is very useful since unwanted
noises normally increase proportionally to the frequency. Thus, integrators
are used for suppressing noises. For example, in electronic circuits, those
filters are realized with resistance and capacitor as depicted in Fig. 2.5. But
there is a problem that the gain and the cut-off frequency are fixed by 1 and
by the parameters 1/RC, respectively, as can be seen,

1
vout[w] = mvm[w] (217>
(a) (b) Il
II' 1
_ —4_ . C
Vin —_C Vout Vin Vout

Figure 2.5: (a) A low-pass filter and (b) a high-pass filter realized by a
circuit.

10



On the other hand, if we use a high-pass filter with the transfer function

Vout| W] = K pp[w]viy[w] (2.18a)
—iwRC
= mvm[w] (2.18b)

as a controller of a feedback amplifier system, due to the relation (2.5), we
also obtain a low-pass filter.

A
Vout|w] = mvm[w] (2.19a)
Al —iwRC)
T 1—(A+)iwRC™ (2.19b)
S 1
Az (—inC + 1) v, [w]. (2.19¢)

However, as we can also see from Fig. 2.6, the cut-off frequency w., Lp =
1/(A+ 1)RC can be arbitrarily set by choosing the amplifier gain properly,
and the gain itself increases for low frequencies. Additionally, the region of
1/w-dependence will be expanded.

Analogously, we can design a high-pass filter with the feedback amplifier
using the passive low-pass filter as a controller (Eq. (2.17)) formulated as

A
Vout|w] = TKLPMUm[W] (2.20a)
A(l —iwR(C)
= ; 2.20b
A+ 1—iwRrC" (2.20b)
420 (1 — iwRC)vi[w]. (2.20¢)

In this case, the cut-off frequency wenp = (A + 1)/RC widens the w-
dependent region, which is useful in terms of derivative control (see section

3).

To distinguish from the first low-pass filter, we call this filter as an active
low-pass filter, since we are using amplifier which is putting energy into the
system and hence actively modifying the transfer function, while the other
one is called passive low-pass filter because it is only waiting for the incoming

11
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Figure 2.6: (left) A low-pass filter and (right) a high-pass filter realized by
a passive and active filter. Time constant RC' = 5 and gain A = 1, 5,10, 50
are chosen. The vertical dotted line shows the frequency cut-off of a passive
filter, and the tilted dotted line that of an active filter.

signal.

Generally, we call all filters using an energy supplier such as amplifier as
an active filter, and the others as a passive filter.
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3 Classical PID Controller

In industrial mass production, stable uniform quality of its products is
highly demanded. But industrial control systems can be very complex such
that detailed knowledge of those systems can be nearly impossible to control
it precisely. However, the three-term proportional-integral-derivative con-
troller (PID controller) modifies the controller input in such a way that the
output of the plant tracks the reference value/signal, independent of the pre-
cise knowledge of the system. Thus, the PID controller is the most widely
used control technique in the process industries.

In this section, we want to show how this controller is mathematically de-
scribed as a transfer function and in a state space representation. The latter
is introduced to connect this description with the application of the coherent
PID controller to the optomechanical system in section 8. The PID control
performance is also briefly discussed for the section 8.

3.1 Three Term Controller

The basic PID control feedback structure is shown in Fig. 3.1. What
the PID controller precisely does is, it tries to make the error between the
reference (setpoint) and the output of the plant zero. So, if the difference is
zero, no control is needed, since we have achieved the desired output. The
output of the PID controller calculates from the error, how much input is
needed for the desired output (control input). We explain the function of
each controller P, I, and D by taking a robotic motor arm operated by a
current, which is affected under gravity, inertial mass or other forces. The
setpoint is set to be in a certain position regardless of the weight of a thing
the robotic arm is holding.

> » PID Plant >

v

Figure 3.1: Block diagram of a basic PID control feedback structure. The
reference signal r is subtracted by a current output value y, and its error e
is put in into a PID controller to manipulate it into a control input u such
that the output y of the plant tracks the reference signal.

13



The P controller multiplies the error by a proportional gain Kp

yp(t) = Kp@(t) (313)
ypls] = Kpels], (3.1b)
which works as a simple "energy" supplier. So, usually the factor Kp is set
such that the robotic arm is supplied by a sufficient current to maintain its
position. But this control fails if the robotic arm has to grab a light or heavy
thing. If e.g. the proportional gain is set for a light one, the motor does not
have enough current to keep. Hence, the integrator I is additionally required.

The integrator I changes its energy supply based on the past behavior of
the error to cover the non-sufficient proportional gain Kp

yr(t) = KI/O dre(T) (3.2a)
yr[s] = Kre[s]/s. (3.2b)

Therefore, the I controller brings the error to zero, however, the convergence
is slow. Moreover, in case of too large K, the so-called integral wind-up
occurs. Hence, we need a derivative control to speed down the error change
for fast convergence.

The function of the derivative control is not to react on the error itself, but
to its temporal change

d
yp(t) = KDae(t) (3.3a)
yp[s] = Kpsels|. (3.3b)

So, if the error changes rapidly, the D controller tries to let it slow down
such that the difference does not get too large. Thus, fast convergence is
achieved because it calculates the futuristic behavior®. But in the physical
system, there is no system which can predict the future. Hence, we use an
approximation|18]. If we have the following transfer function

3If we remember the definition of the derivative, we find that the derivative predicts
the future.

14
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Figure 3.2: Comparison of convergence performance between three con-
trollers: P controller, PI controller, and PID controller. The transfer func-
tion of the plant is a standard second order process (damped oscillator)
Gose[s] = 1/(s* +vs + wd)

Gols] = - (3.4a)
- i +0(s?), (3.4b)

we can approximate it for wp > |s| and obtain a D controller, where wp
is some time constant. Indeed, as introduced in section 2.2.3, the high-pass
filter is a D controller. In this case, the time constant is wp = 1/RC. In the
time domain, Eq. 3.4 is rewritten as

GD(t) = %(@(t)wpe_“f’t). (35)

The derivative control lets the output signal rapidly converge to the setpoint.
However, we have to take this carefully because the noise increases with the
frequency such that in the noisy environment the derivative control makes
the noise contribution dominant.

The convergence performance of P, PI, and PID controller is demonstrated
in Fig. 3.2.
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Figure 3.3: Realization of series PID controller using feedback amplifiers.
Blue shaded controller is a P controller, green an I controller, and red a D
controller. Figure adapted from [19].

3.2 Series PID Controller

As some readers have noticed, if we want to realize a PID controller with
active filters in electronic circuits (see 2.2.3), there are no pure integral or
derivative term, but its transfer function is added by 4+1. While current
modern PID controllers are in parallel form, in analog circuits we have to
use in series form [18, 19| (see Fig. 3.3). Since the coherent PID controller
introduced in section 8 adopts the series form, we briefly explain the conver-
sion between two types.

As depicted in Fig. 3.4, the PID control law is given in terms of a product
of transfer functions

KST
uls] = K&'(1+ Sf )1+ K3s) (3.6a)
KT K

= Ky (1+ Kj"Kp) + + Kp Kp's, (3.6b)
where the first term is the effective P control with Kp, the second the effec-
tive I control with K, and the last the effective D control with Kp. The
backtransformation is calculated as

Y

A 4

e[s] K" uls]
—  (1+KJs) 1+ K" —
Ly

Figure 3.4: Series PID controller block diagram
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Ky = 1P i\/( Kp )2 ! (3.7a)

P T oK Kp oK, Kp'  K;Kp
Kp Kp K,
K& = + 2 _ b
2K p \/(ZKD) Kp (3.7D)
Kp Kp 1
- + 2 _ .
D 7oK, \/<2K1) Kok (8.7¢)

3.3 State Space Systems and PID Control

Here, we present the implementation of PID controller into the state space
representation, which is very important for investigating and simulating the
dynamical behaviour|18] and for calculating steady-state covariance matrix of
state x e.g. due to the use of Lyapunov equation, which is needed in section 8.
Further, we can discuss it generic and for multi-input-multi-output system.
Thus, we exploit this opportunity to discuss it briefly.

The state space representation for a linear system is formulated as follows

&(t) = Az(t) + Bu(t)

y(t) = Ca(t) + Duft),
where x is system state variable, u input, and y output. In the physical point
of view, we can interpret the first equation as the Langevin equation and the
second one the input-output relation. In this case, u is a control input. Since

the discussion here is on classical level, we investigate the further analysis
with the commonly used value D = 0 under P-I, P-D, and P-I-D control.

P-1I Control

Given the state space representation for a linear system in Eq. (3.9), the
control input u is represented in the time domain as the sum of Eqgs. (3.1a)
and (3.2a) according to Fig. 3.1, so

u(t) = Kpe(t) + K; /Ot dre(T), (3.10)

where the error signal is given by

17



e(t) =y(t) —r(t). (3.11)
Combining both equations with the input-output equation (3.9), we obtain
the control input as a function of the state space variable x, integrated error
signal e; := [ dre(r), and reference signal r

Henceforth, the Langevin equation is read as

#(t) = (A + BKpC)a(t) + BKre;(t) — BKpr(t). (3.13)

In addition to that, we know é; = e, so the first order differential equation
representing the whole PI feedback system is given by

d T o A+BKPC BK[ T —KPB
il =[O R e

where we have omitted the time dependence expression for clarity.

P-D Control

As usual, we start with the control input giving

u(t) = Kp@(t) + KD%6<t) (315)

Evaluating now the error signal, we obtain

u(t) =Kp(Cx(t) —r(t)) + Kp <C%x(t) — %r(t))

which results to

u(t) = (1 — KpCB) " ((KpC + KpCA) z(t) — Kpr(t)), (3.16)
where we have exploited the fact r is time independent for ¢ > 0 because of
r(t) = ro(t).

Therefore, the closed-loop state space representation for PD feedback system
is described by

%x =(A+B(1 - KpCB) ' (KpC + KpCA))x — B(1 - KpCB) ™' Kpr.
(3.17)
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P-I-D Control

We start again with finding an expression of additional states for the aug-
mented state space model by exploiting the fact that the control input u(t)
is following the dynamics

u(t) = Kpe(t) + K[/t dre(T) + KD%e(t) (3.18)

and, we define e;(t) := fg dre(r) and ep(t) := de(t)/dt. Inserting Eq. (3.11)
and the state space model into (3.18) to eliminate ep, the control input
changes to

u(t) = (]_ — KDCB)_l ((KPC -+ KDCA) Q?(t) + K[@[(t) — Kpr(t)) . (319)

As a result, we obtain a combination of Egs. (3.14) and (3.17)

é[ C O er
B { B(1-KpCB) ' Kp

{ i }:{ A+B(1-KpCB) " (KpC+KpCA) B(1-KpCB)™ KI} { x }

A (3.20)

Laplace s-domain

In case of Laplace s-domain, we can get the state space equation far more
simply. First, the control input u[s| is expressed as

uls| = Gprpls]els] (3.21a)
= Gpipls)(rls] = yls]) (3.21b)
= (1 + Gprpls]) 'Gprp[s](r[s] — Cx[s]) (3.21c)
where
GPID[S] :KP—F%—FKDS. (322)

We note that Gp;p is a matrix form if the parameters are individually set for
each input, otherwise it is a scalar. Now inserting Eq. (3.21) into Laplace-
transformed Eq. (3.9), we obtain
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ZE[S] = (81 —A+B(1 + GP]D[S])_le[D[S]C)_lB(]_+Gp[D[S])_1GP]D[S]T[S].

>

fb ;grm
(3.23)

We can then prove the output y indeed converges to the reference r as follows

Yoo = lim y(?) (3.24a)
= 1:1_{% syls] (3.24b)
= 151_1}(1) s(Cx[s] + (1 + Gprpls]) ' Gprpls](r[s] — Cx[s]) (3.24¢)
= il_r}(l) sr[s] (3.24d)
= Too, (3246)

where we have used the Finite Value Theorem in Eq. (3.24b) and in Eq.
(3.24d) the fact

(1 + GPID[S])ile[D[S] = (81 + KPS + K[ + KDSQ)il(KPS + K] + KDS2)

(3.25a)
KUK (3.25h)
~1. (3.25¢)

In this proof, no assumption has been made, thus for any linear system, PID
controller is able to let the output signal tracks the reference signal, which is
a strong statement. But we have to remind this perfect tracking is valid as
long as the I controller is present.

3.4 PID Control Performance

So far we have discussed the ideal case, i.e., no noise in this feedback system
has been considered. However in reality, this situation is nearly impossible,
hence we want to know how well the output can converge to the reference
under noisy environment.

There are four types of noise we want to consider: measurement noise NV,
bias rejection B, load disturbance Dy, and supply disturbance Dg. In this
thesis, we do not consider bias rejection. The general system framework is
depicted in Fig. 3.5.
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Ds(s) Dy(s)

N(s)
B(s)
Key Y(s),System output Dy (s),System load disturbance
Ym(s), Measured system output  Ds(s), System supply disturbance
U(s),System input N(s), Measurement noise
Uc(s), Controller output B(s), Measurement bias
E(s), Reference error Gp(s), Process model
R(s), Reference signal Gc(s), Controller

Figure 3.5: General PID system framework. Adapted from [18§].

Before studying the PID control performance it is convenient to rewrite the
transfer function of the plant system as

Gpls]=C(s1 —A)'B+1 (3.26a)
_ ﬁ((]adj(sl _A)B+ |51 — A1) (3.26D)
_ gpls] .
= ol (3.26¢)

with dp[s] :=|s1 — A|. We note the degree of the characteristic polynomials
in the numerator gp[s] and denominator dp|s| is both the same.
Closed-Loop Stability

In control engineering, it is critical to investigate the closed-loop stability
as stated in section 2.2.1. The closed-loop transfer function is

GCL[S] = (1 + GP[S]GPID[S])ilGP[S]GP[D[S] (327&)
= (SdP[S]]_ + gP[S](SKP + K] + SQKD))_lgP[SKSKP + K] + SgKD)

(3.27D)

= porls) tgp[s|(sKp + K; + s*Kp), (3.27¢)
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where the the roots of the closed-loop characteristic expression pcp have to
lie in the open left half of the complex plane for the closed-loop stability, i.e.,

perls] = sdp[s]1 + gp[s](sKp + K; + s°Kp) = 0. (3.28)

For example, for a standard second-order process with Gp[s] = 1/(s* + vs +
w?) we read

pCL[S] = 83+ (’Y+KD)S2+ (1+KP)S+K[,

hence we have a broader flexibility to assign closed-loop poles since we can
regulate the PID parameters.

Measurement Noise Rejection

The transfer function of the measurement noise is the same as that of the
reference signal, hence

yn[s] = (1 + Gp[s|Gprp[s]) *Gp[s]Gprp[s|N|s]. (3.29)

For example in the case of a standard second-order process, we recognize

_ SKP+K1+52KD
Unlsl = SR Re SRR R
_)
= Ep, (3.30)

So the noise rejection performance is of the order 1/s.

Load Disturbance Rejection

System load disturbance let the controlled variables deviate from their
respective set points. Physically, these load variables are white noises for
instance due to thermal noises of electrons in transmission lines. Thus, those
disturbances are low-frequency phenomena which can be modeled by a step-
signal model dy[s] = d1./s. Applying this to calculate the steady state of the
load disturbance rejection performance, we read

22



ya, (t = 00) =lim 5 yq, [s]
=lim s (1+ Gp[s]Gprp[s]) " dr[s]
=lim (sdp[s|1 + gp[s|(sKp + K + s*Kp)) 'sdp[s] dp,
=(gp[0]K1) " dp[0] lim s dy,
—0. (3.31)

As can be seen from this result, the integral term secures the load disturbance
is rejected.
Supply Disturbance Rejection

As in the case of load disturbance, noises can affect the control input w,
which is called supply disturbance phenomenon. In some case, this supply
disturbance is a low-frequency noise, hence a white noise with dg[s] = dg/s.
Since its transfer function is formulated as

Yas|s] = (1 + Gp[s|Gpipls]) " Gplslds(s], (3.32)
the steady state of the supply disturbance leads to

(¢ = 00) =i s yay [
=lim s (1 + Gp[s|Gpip[s]) " Gpls|ds[s]
:Pg(l) (sdp[s]1 + gp[s](sKp + K; + s*Kp)) *sgp|s] dsg
=(gp[0] K1)~ gp[0] lim s ds
0. (3.33)

So as in the case of load disturbance rejection, the integral controller guar-
antees the perfect rejection.
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4 Quantum Electromagnetic Circuit

Before we go into the detail of quantum electromagnetic circuit, we want
to make some notes regarding it. Basically, the quantum electromagnetic
circuit is a quantum mechanical version of microwave circuit (or also known
as high-frequency technique). The reason why microwave circuit theory has
branched off from the standard circuit theory is that its high frequency makes
the behavior of an ordinary circuit element such as resistance deviate from its
linear characteristic. For instance, the voltage applied to the resistance does
not follow the Ohm’s law anymore. That is because the device dimensions
are now on the order of electric wavelength, which consideration has not been
needed in the low-frequency regime due to the large wavelength and thus all
the components of the electric circuit could be approximated linearly [3]. In
addition to that, in case of superconducting circuits, interesting effects can
be observed in all devices based on Josephson junctions by using the radio-
frequency source |20, 21|. Especially since the quantum-limited amplifiers are
mostly based on the three- or four-wave mixing, high-frequency operation
is essential |11, 16]. Therefore, the quantum electromagnetic circuit is of
significant importance in the analysis of superconducting circuits and devices.

4.1 Transmission Line Theory

The main physical variables used in circuit theory are obviously voltage
and current, where lumped components such as a resistor, capacitor, induc-
tor, and conductor make the explicit connection between them, while those
used in field analysis are amplitude and phase, where the scattering matrix
gives the relationship between input and output field. Hence to bridge this
gap, transmission line theory, which connects the languages of the electronic
circuit to that of (quantum) optics, is applied.

4.1.1 Classical Transmission Line Theory

In order to bridge its gap between two theories, we have to remind that the
circuit theory basically uses four different lumped elements: the resistance,
inductance, conductance, and capacitance. Additionally, if possible, we want
to use those characteristic variables as linear elements, but we cannot neglect
the fact that physical dimensions of the electrical wavelength are microscopic.
Therefore, we take an infinitesimally small fraction of the transmission line
as a lumped-element circuit and can approximate those four components
linearly, where R is the series resistance per unit length, L the series induc-
tance per unit length, G the shunt conductance per unit length, and C' the
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Figure 4.1: Transmission lines represented as a lumped-element circuit.
Figure adapted from |[3].

shunt capacitance per unit length (Fig. 4.1). Here, we note that two parallel
transmission lines are always considered because of incoming and outgoing
propagating waves through those lines. Thus, due to this parallel alignment
not only series but also shunt elements have to be taken into account.

Solving the Kirchoft’s voltage law

oV (z,t) 0I(z,t)
and current law
ol(z,t) 0I(z,t)
5, -GV (z,t)—-C 5 (4.2)

as depicted in Fig. 4.1, we obtain from those two wave Eqs. (4.1) and (4.2)
as a traveling wave solutions by transforming into the frequency space

V(z) = Vine 7 + Voue™* (4.3)
I(z) = Line 7" + Lpue™, (4.4)

where
v =V(R+iwL)(G + iwC). (4.5)
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The terms with e™* represents the incoming wave propagation in the +z
direction and the term with e¢?* the outgoing wave propagation in the -z
direction with carrier frequency w. Then, Vj, 5, is the voltage amplitude of
incoming and outgoing wave, respectively, and I;;, o, is the current amplitude.
Furthermore, we obtain the so-called characteristic impedance Z; from the
Egs. (4.1), (4.2), (4.3) and (4.4)

R+ iwlL
To =) —— 4.
"=VGriwC (4.6)

and therefore the Eq. (4.4) can be rewritten as

1

I()= 5

(Vine™ 7 = Vyue™). (4.7)

Hence, we can describe the whole dynamics by Vi, and V,,* In case of
lossless line, R = G' = 0 such that the characteristic impedance reduces to

L
70 =1/ —. 4.
0 C (48)

Now, we want to connect this voltage and current representation with
the field representation, which will be later related to the field creation and
annihilation operator in quantum mechanics. The good starting point is to
begin with the Lagrangian by first introducing the flux variable® [16, 22]

t

o(z,t) = /dTV(z,T)

—0o0

4Strictly speaking, we have to distinguish between incoming wave and +z propagating
wave, and outgoing wave and -z propagating wave, respectively, when dealing with equa-
tions (4.3) and (4.7). The reason lies that normally the relationships written in equations
(4.3) and (4.7) hold only for +z traveling waves and V;,, and V,,; are arbitrary indepen-
dent functions. But when two transmission lines are somehow connected such as in case
of semi-infinite lines, the incoming and outgoing waves are suddenly related due to the
boundary conditions and thus the equality of both wave types holds [3, 16].

5 Another approach is to start with the Maxwell equations, which would provide a
clearer connection between the voltage and current representation and the field represen-
tation than the Lagragian approach, but then the analogy with the quantum optics would
be difficult to see. For interested readers, the author refers to Ref. [3].
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or

V(z,t) = Owp(z, ). (4.9)
The local value of the current is then calculated as
1
I(z,t) = ~7 Loz, 1). (4.10)

Having obtained the flux representation, we can derive the Lagragian density

Oup(. 1)) — = (Dol 1)), (4.11)

e,
Lzt =35 o7

for which we obtain the momentum conjugate of ¢(z,t) as a charge density

OL(z,t)
= 7 = . 4.12
q<Z,t) 581%0(2’15) Catgp(z7t) ( )
The Hamiltonian is then given by
H@=/wiutW+i@<tw (4.13)
= 25z, 57 (0=(2, : .

Since we will see a wave equation described by the flux, if we calculate the
Euler-Lagrange equation, the charge density and the flux are oscillating vari-
ables, i.e., the Hamiltonian given in Eq. (4.13) demonstrates a simple har-
monic oscillator. Therefore, we want to rewrite this as a field variable to see
the quantum analogy of the Hamiltonian written in creation and annihilation
operators. This can be obtained by defining

A(t) = % / dze e (\/%_Cq(z,t) —i\/ggp(z,t)) , (4.14)
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where the fields as a function of wave vector k obey periodic boundary con-
dition on a length [. Then we have

H(t) = %Z(A;Ak + ALAL). (4.15)

From Egs. (4.9) and (4.14), the input voltage V;, and output voltage V,,
can be written as

1 . .
Vin(2,1) = 4 /%Z[Akm)e“(’“-w) + A% (0)e " h=mwnt)] (4.16a)

k>0

[1 ‘ .
Vout(2,t) = %Z[Ak(())e“(kz_“’“t) + As(0)e i kment)] (4.16b)

k<0

where the frequency wy is dependent on k. By defining

1 . .
Ag(2,1) = 4 /m—LZ[Ak(O)e“(’“Z’W’“t) + A5 (0)e " kzmerd)] (4.17a)

k>0

[1 , ,
Aout(2,1) = %—LZ[Ak(O)e“(kz_wkt) + A5 (0)eikzment)] (4.17b)

k<0

we can describe the input voltage V;, and output voltage V,,; as a function
of input and output field, respectively,

Ain(z,t) = \/LZ_OVW('%O (4.18a)
Aout(Z7t) = \/LZ_O‘/OM(Z’t)' (418b>

4.1.2 Quantization of Transmission Line Theory

As we have obtained the relationship between voltage-current representa-
tion and field representation in classical transmission line theory, we begin
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with its quantization. When introducing Lagragian density, the momentum
conjugate of (z,t) has been derived, which was the charge density. Using
the correspondence principle [16], we can just set those two physical variables
as operators obeying the commutation relation

[4(2), §(2)] = —ihd(z — 2),

in which follows that the quantized field amplitude of Eq. (4.14) obeys

[Ak,Ak,} = T O

Therefore, we can write down the quantized field operator with creation &L

and annihilation operators a by

Ak =\ hwkdk. (419)

Thus, we see by expressing the quantized Hamiltonian with Eq. (4.19) it is
consistent with the classical Hamiltonian form in Eq. (4.15)

. 1
%:Em%ha+ﬂ. (4.20)
k

The quantization of input and output voltage (4.16) reads

¥ 1 A —iwy
Vin(t) = \/%Z%\/hwk [are™ ™ + h.c.] (4.21a)

*d hwZ, ;
= [T B e e e
0
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Vour( - QZCZ Vv [ake ™" + h.c] (4.224a)

k<0

> w Z ~ —iw
zé 2 falile™ 4+ hc] (4.22b)

where

Qin,out|w] = 2m4 [+ ; LOZaké W — wy) (4.23)

k=0

is the input/output field annihilation operator obeying the commutation re-
lation

[Qinout W], (Gin,out [w’])T] = 210 (w — w'). (4.24)
Finally, we obtain for the quantized voltage and current in frequency domain
as

(Qin|w] + Gout[w]) (4.25a)

ol = 5 Vil - vm[wn—\/%am[w]—am[wn. (4.25b)

Now, the next question may arise how to deal with the load impedance
Zr, if we want to express it only by incoming and outgoing wave amplitude
Vin,out- This can be solved by using Ohm’s law

V=21, (4.26)

where the voltage reflection coefficient T' is read as® (z = 0)

Z1, — Zy
out = Laip = ————a;,. 4.27
Qout a ZL+Z0a (4.27)

5From now on, we will omit the hat for operators.
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So if Z;, # Z,, part of the incident wave is reflected. In other words, to
achieve no reflection, we have to set Z; = Z,". In this case, the impedances
are matched, and this is of significant importance to deliver the power without
loss or to obtain no reflection, which is favored, e.g. in environment-sensible
qubit measurement|16, 13, 23, 15, 24, 25].

To summarize this subsection, we have the relationship between voltage-
current representation and field representation classically and quantum me-
chanically.

4.2 Hybrid and Scattering Parameters

In this network analysis, which considers more than one input and one
output, we restrict ourselves to study the behavior of two inputs and out-
puts through a scattering element. In microwave network analysis, if the
component is connected only by two transmission lines - each for one input
and one output -, it is called "one-port network", while it is called "two-port
network", if the element is connected by four transmission lines - every two
inputs and two outputs -.

If we study the outputs through a device for some inputs, we have to
decide, what kind of input and output we want to consider, because this
consideration determines the characterization of the electronic component.
For example, if we apply a current as an input, we can measure the voltage
as an output. Hence, the component can be characterized by an impedance,
which can be also called as a transfer function in the language of control
theory. In the two-port network case, if two different currents are flowing
through the element as inputs from each port, obviously two different voltages
can be measured at each side (Fig. 4.2). Then, the device is described as a
2 x 2 impedance matrix (also called as Z parameters)

Vi Znn 22 I
= 4.28
{V?] {Zﬂ ZQ2HI2]’ 429
Z

TAt first glance, it may be confusing because two lines are connected and thus some
would naively expect aout = a4,,- However, Z; = Z, does not mean a simple line, but a
disconnection, because Z, consists of the same "medium" as Zy as it was for z < 0
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Figure 4.2: Schematic representation of impedance matrix Z. Two currents
are flowing as an input and two voltages are measured at each port. In case
of admittance matrix Y, the inputs and outputs are interchanged.

or, if the inputs and outputs are switched, a 2 x 2 admittance matrix (also
called as Y parameters)

I Yo Y ][ W
- . 4.29
{IQ] {Ym YQQHVJ (4.29)
Y

Furthermore, such as in voltage feedback amplifier, voltage and current can
be used as inputs, where we apply the voltage, e.g. at port 1 and want to
have the current as an output at port 2 and vice versa. In this case, the
so-called H or GG parameters fulfill this requirement, namely,

Vi Hyy Hiy Vo
= 4.30
MEFAIN (430
H
and
Va Gu Gio Vi
= . 4.31
M (43
G

The abstract model of the network parameters Z,Y, G, and H is depicted in
Fig. 4.3.

If we connect the components in cascade, it is convenient to use the so-
called ABCD matrix, which transmits the voltage and current at port 2 to
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(a) Network parameter Z
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(b) Network parameter Y
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HlZ

| |
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(d) Network parameter H

Figure 4.3: Network parameters Z,Y, G, H represented as an abstract cir-
cuit model. Green variables correspond to inputs, and blue ones to outputs.
As described in general model of amplifier, (a) models the transresistance
amplifier with gain Z5;, (b) the transconductance amplifier with gain Y3,
(c) the voltage amplifier with gain Gy;, and (d) the current amplifier with
gain HQQ.
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1 directly, in particular,
] _[A B[V
BRI 422

As we can see from Eqs. (4.3) and (4.4), it is difficult to measure voltages
and currents at high frequencies because the direct measurement of those
quantities requires the magnitude and phase of a traveling or of a standing
wave. Therefore, physical insights are somewhat lost. On the other hand,
the so-called scattering matrix which relates the incident and reflected waves
to each other can be directly obtained by a vector network analyzer. Once
the scattering parameters of the device are known, the conversion to network
parameters (Z,Y, H,G, and ABCD) (4.28) - (4.32) is possible. The scatter-
ing matrix S is defined as

Aoyt S Siz Qin
- ) 4.33
|: bout :| |: S21 522 :| |: bm :| ( )

Each conversion to different parameters can be found in appendix A.
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5 Directional Microwave SQUID Amplifier

Josephson effect is certainly one of the most important phenomena in the
field of superconductivity due to its various applications in electronics, sen-
sors, and high-frequency devices. A practical magnetic sensor is the Su-
perconducting Quantum Interference Detector (SQUID), which consists of a
superconducting loop interrupted by one or more Josephson junctions, de-
vices with the Josephson effect. Another application is using them as direc-
tional microwave SQUID amplifier (MWSA), which is a quantum amplifier
based on de-SQUID. Its advantages over other amplifiers such as Josephson
Parametric Amplifier are high gain, wide bandwidth, near-quantum-limited
operation and physical separation of input-output signal (nonreciprocity)
[15]. The essences of directional amplification of MWSA are nonreciprocity
in spatial channels (such as circulator) and temporal channels (asymmetric
frequency conversion).

But before going into the details, we review the basics of Josephson Junc-
tion and dc-SQUID.

5.1 Josephson Junction

Josephson junction (JJ) is a device forming a superconductor-insulator-
superconductor layer®. This system makes use of the quantum phenomenon
called tunnel effect, which allows two superconductors to interact such that
an interesting effect arises - the celebrated Josephson effect. The fact that
this effect has so many applications is owned by its high nonlinearity. Indeed,
as in this MWSA the JJ is used for nonreciprocal frequency conversion|21],
which will be discussed at the end of this subsection.

Josephson Equations

The supercurrent J; is a direct consequence of the macroscopic quantum
feature of superconductivity. That is, because we can describe the macro-
scopic coherent quantum wave function as W(r,t) = W(r, )™ we can
say n* = |Wo|* as a Cooper pair density and

*nih 2
Js(r,t) = q—i (V@(r,t) — —A(r,t))

m CI)O

8The insulator part is not a must, it can be replaced, e.g. by semiconductor or metal,
as well.
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as a supercurrent density, where 6 is the global phase of the wave function, ¢*
the charge and m* the mass of the Cooper pair, ®; = h/2e the quantum flux
and A the vector potential. This result is analogous to the wave functions of
quantum particles with |¥,| as a probability density and J, as a probability
current, which can be obtained from the continuity equation. We want to
calculate the supercurrent density J, flowing between two superconductors
(thus in the insulator). In the microscopic derivation, we model the system
(macroscopic wavefunction inside the insulator) as

0
Zha\DL :,uLlI]L + K\IJR

0
’Lha\pR :uR\IIR + K\IJL

with ¥, = /nze®, k = L, R, where VU, /g denotes the wave function from
the left and right side of the insulator, respectively, and jiy g its chemical
potential. Then, we obtain the magnetic flux sensitive Josephson current

1(¢) = losin(¢)

with ¢(r,t) = Og(r,t) — Op(r,t) — %’;fLR dl- A(r,t) and the characteristic
current Iy, and the voltage dependent time varying phase difference ¢
dp 2w

2Ly
ot B,

with eV = ug — pr.

Response to a dc Current Source

The first Josephson equation is a result for current smaller than the char-
acteristic current Iy. However, if we apply a dc current greater than Iy < Ip,
part of the current changes to a normal current, since it exceeds the capable
superconducting current flowing across the junction. So, we obtain

V(t)

Ip = Iysin (o(t)) + R (5.1)

The reason for the time-dependency in the voltage V () despite the fact that
the constant bias current /g is flowing across the resistance R lies on Eq.
(5.1) itself. Since Ip is fixed and the superconducting current Ijsin ¢(t) is
alternating, the normal voltage is the only remaining part oscillating. This
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Figure 5.1: Model of Current-biased resistively shunted junction (RSJ).
Adapted from [26].

plays an important role as a fluctuation term of the phase part II(¢) in the
harmonic balance treatment and contributes to generation of higher Joseph-
son harmonics nwy, n € Z (see following subsections).

Nonreciprocity in Frequency Conversion

Kamal et al. has derived the nonreciprocity in frequency conversion of
resistively-shunted JJ (RSJ) by using harmonic balance treatment|15, 21,
26](see Fig. 5.1). The harmonic balance analysis is a method to find the
steady state of a nonlinear differential equation, which system has a single or
multitone excitation. But strictly speaking, they have not used the harmonic
balance analysis, but the related small signal analysis, where the nonlinear
circuits are excited by two tones, one of which is very large (in this case JJ
is excited by a "local oscillator" with the Josephson frequency w; = 2eV/h)
and the other is vanishing small (signal frequency w,,)[27]. The circuit is first
analyzed via harmonic balance under local oscillation alone. After that, we
examine the small-signal linear, time-varying circuit as a quasi-linear circuit
under small-signal MW excitation.

What we need for the analysis are the two Josephson equations’

W =wp sin ¢ (5.2a)
o= (5.2b)

with @ := I R/¢o, 0 := V /¢y, and wy := IgR/po. From this, we can obtain the
boundary condition by making use of the result of the quantized transmission
lines (see Eq. (4.25))

(I)—f—(;} :wB—l—me (53)

9We adopt the notations of the original paper|[15, 26].
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with wp = IpR/¢o the "bias current". We assume the phase consists of the
running state term (w;t) and fluctuation terms due to bias (I1)*° and signal
modulation (X), which are treated separately and thus gives

O(t) = wit + 66(t) = wyt + TI(t) + S(¢),

where

K
I1(t) == Zp"’,ﬁ cos(kw t) + p} sin(kw,t)

N
X(t) = Z st cos(nw st + wpt) + s sin(nw st + wpt).

K denotes the number of Josephson harmonics (kw;) in steady state and N
the number of Josephson harmonics (nw; + wy,) in small signal modulation
we want to consider.

As pointed out previously, we first attack this nonlinearity problem with
the harmonic balance treatment with the large local oscillation w;. Since
we have to analyze the steady-state response, we do not consider the signal
contribution such as w;, and . Thus, by putting the Josephson equations
(5.2) into (5.3)!!, collecting both quadratures (sin and cos) and comparing

the pump coefficients pi/ Y we obtain for example for K =1

I1(t) = ecos(wyt)
and for K =2

€3 €2
I1(t) = (e + Z) cos(wyt) — T sin(2w;t),

where € = wy/wp can be interpreted as a measure of nonlinearity, since for
e — 1 the temporal behavior of the voltage @ is highly nonlinear|26, 28|. The
meaning of this result is the "colored" pump: As mentioned before, II repre-
sents the pumping from the bias current wg and normally this pump should
have a monochromatic contribution. Indeed, in the first harmonic treatment
(K = 1) we see only frequency w;, but in the additional Josephson harmonic
(K = 2) we further obtain 2w;, which breaks the symmetry between the up-
and down-frequency conversion amplitudes.

10This treatment is justified by Eq. (5.1).
UHere, we expand the current-phase relation by II, namely sin(¢) = sin(wst + II) ~
sin(wt) + cos(w t)II
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After the harmonic balance analysis, we are left with dealing the quasi-
linear circuit under small MW excitation. The participation of the signal into
the system leads to spatial asymmetry between the up- and down-frequency
conversion amplitudes. This can be confirmed by studying the scattering
matrix. For this purpose, we aim to get a relation

~

M

M

(current — phase relation)

Eq &
I

5
5 (voltage — phase relation)

with the bases

X [wn]
Xwy + wm)
X[—ws + W)
X[—wn]
X[—ws — W)
Xwy — wp)

<1
I

because we can transform the admittance matrix Y; = MM ! to the scatter-
ing matrix S = W-1(14+Y,;) " (1-Y ;)W with W = diag(|w;+wml, |wm|, |ws—
wm|)/wp (see section 4.2). Henceforth, for this matrix representation above
we use those Josephson equations (5.2), where for the current-phase relation
we make the following approximation

sin(¢(t)) = sin(w t) 4 cos(w t)IL(t) — sin(w )I1(¢)%(t).

Finally, the scattering matrix that gives the relationship between each in-
coming and outgoing mode of the system

Qout [wm] T'm td Sd Qin [wm]
Qout[Wy +wm) | = | tu T4 vi_ Uinlwy +wm] |,
Aout|—ws + Wi Sy U_p T_ Ain|—Wg + W)

where
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Figure 5.2: Asymmetry in frequency conversion in RSJ. (a) Frequency
landscape for different expansions: three-wave mixing with (K =1, N = 1)
(upper panel) and three- and four-wave mixing (K = 2, N = 1). While
the frequency conversion occurs symmetric in the first Josephson harmonic
case (wy), due to the appearance of the second Josephson harmonics (2w;)
the symmetric conversion is broken. (b) Asymmetry in frequency conversion
for the two cases discussed above parametrized as (|t,|*> + |s.|?) — (|ta]* +
|s4|?). The lower plot (purple) represents (K = 1, N = 1) and shows no
asymmetry, while in (K = 2, N = 1) case the strong nonreciprocal frequency
up-conversion can be recognized. Adapted from [26].

62

1 — (wm/wp)*’

€2

2wm/w3(1 — W /wB)

Tm =1+

T+ :1:F

Y

u

\/Wm/wB 1+wm/w3 ( Zi’t Z:;ZZ;Z)

1 - Wm
tg = (1 —+ — w /wB
\/wm/wB —|—wm/w3 41+ wn/wp
s (1 6 3+ wm/wB)Q)
h \/wm/wB —l—wm/wB 41— (Win/wp)?
1-— m
o — (1 L€ 1 —wn/wp
\/wm/wB —|—wm/w3 41+ wn/wp

1 Fwn/ws
v
= me/wB 1+ wy,/wp

This result tells us two key points regarding to pumped JJ: Firstly, this device
has a preferred frequency conversion due to the bias current. Secondly, the
scattering matrix is not symmetric. That is, there is a favored direction for
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each input with different frequencies (see also Fig. 5.2). So, this pumped
JJ already tells us the de-SQUID possesses a very interesting effect. Indeed,
this asymmetric up- and down-frequency conversion amplitudes of JJ plays
an essential key in the directional MWSA.

5.2 dc-SQUID

A superconducting quantum interference device (SQUID) consists of two
JJs connected parallel and joined by a superconducting loop. The device
is called dc-SQUID if a dc-current flows through the SQUID. In MWSA,
this dc-current works as a pump into the amplifier together with an external
flux. Now, the de-SQUID is responsible for the nonreciprocity in a temporal
channel as in case of JJ, which yields to the "colored" pump and hence to
nonequality in gain and reverse gain (cf. 2).

Superconducting current of a dc-SQUID

The key point of the high nonlinearity is the fluxoid quantization in the
superconducting loop given by § dl- V8 = § dl-27/Po(AJ; + A) = 27n,n €
Z, because as a consequence the phase difference ¢ and ¢ are connected
to each other with

21 d
Or — ¢ = T 20p,
0
where ® is the total flux enclosed by the loop. As a result, by Kirchhoff’s
law, we obtain with a common phase ¢c := (¢g + ¢r)/2

¢R+¢L)
2

=21 COS(W%) sin(¢c). (5.4)

Or — L
2

Ip =11 + I, p = Ip(sin ¢y, + sin ¢pr) = 21, cos( ) sin(

Now, we have to consider the inductance effect of the superconducting loop,
which follows

® = (I)eazt + CI)loop

and
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I =Ic+ Ip
Isr=Ic —Ip

with

P
Ic =Iy cos(m—) sin(¢¢)
Dy

®
Ip = — Iysin(m—) cos(¢¢),
P

which leads to asymmetry in the current flow. So, the nonequality ¢ # ér
is the cause of this high nonlinearity. Hence,

d
b=+ Lip =, — LI sin(wa) cos(¢c). (5.5)
0

It is also important to note regarding the biases that the bias current Ip
plays the role of common mode bias and the external flux ®.,; the role of
differential mode. Indeed, in MWSA analysis, Ip is responsible for energy
supply and ®.,, for transferability of the input signal (differential mode) into
the output signal (common mode)[15, 20, 26].

Hamiltonian of dc-SQUID

Since in the next subsection we will discuss the current-phase relation and
voltage-phase relation for the de-SQUID, we shall write its Hamiltonian|20]

QC QD ¢e:ct [B
— “D.9of, _ _ _ 1B
Hsquip = 55+55+ ﬁL ¢p cos(¢p) cos(¢pc) oL bc
USG;;JID
with
1 1
¢p 3 (61 — Or) oo =3 (¢ + or) .
1 1
IDzé(IL—[R), [C:§(IL+[R),
2L1, Iy®,
pr— E p—
BL q)() ) J o ;
h FL 27T(De:vt
Oy =— =5 ext — )
0 267 (bO 26’ (b t q)()
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Figure 5.3: Circuit schematic of a conventional MWSA. The SQUID loop is
biased by a direct current Iz and an external flux ®.,;. An input voltage V;
generates an oscillating current, which is transformed through an inductance

as a small flux modulation d®. This causes an output voltage Vo = V,; =
Ved®. Adapted from [26].

where we have already transformed the operators into common and differen-
tial modes.

Voltage State and Amplification

Voltage state occurs, if the constant bias current goes above the maximal
superconducting current I, at zero applied magnetic flux. We introduce this
subsection because it is important to physically understand the directional
MWSA, which cannot really be read out from the next section. Let us
consider the case f;, < 1, which aim is to see, where the gain actually comes
from. In this limit, Eq. (5.5) reduces to

o . q)ezt 6L . o ~ q)ewf
B B, ) sm(wq)o)cos(d)c) i

Since there is a normal current flowing across the junctions, we add in Eq.
(5.4) the voltage term proportional to time derivative of the common phase

e

= const.. (5.6)

o . 20y d
I =21, cos(ﬂao) sin(¢c) + }—%2—7259250_

We can then obtain the time-averaged voltage
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(V(t)) = foR\/<21—Z>2 — cos? (W%zt), (5.7)

which is relevant to define the "gain" of the amplifier Vg := 0 (V(t)) /0P
Usually, this sensitivity of the flux to voltage is called flux-to-voltage transfer
coefficient. The highest sensitivity can be achieved for ®.,; = ®(/4[20, 26,
28]. The reason for interpreting Vg as a gain can be found by investigating
the time-averaged voltage (V' (t)). If we expand it by the flux ®.,; at ®y/4,
we have

V(1)) (Beat) = (V(8) (D0/4) + Vi (B0/4) 6D +... .

vV vV
bias term Vout

henceforth sensitive to small flux variations(see Fig. 5.3). But the problem
is the constant flux ® due to f; < 1 because this yields to no differential
voltage, thus no input in the SQUID loop, which is in differential mode, can
be amplified!?. On top of that, it is better to take 8z ~ 1 to increase the
sensitivity, but avoiding hysteresis curves. It turns out the differential current

appears as an inductive current term I, circulating around the SQUID loop
described by

1
]circ - -2 <_2¢D + gbez’t) .
AL

The detailed current-phase relation of common and differential mode is held
in the next section.

5.3 Directional Microwave SQUID Amplifier

The directional MWSA is a de-SQUID connected with external circuits
for incoming input signals and outgoing output signals (see Fig. 5.4). This
signal input contributes to the second nonreciprocity, the physical separation
of input-output signals.

In this thesis, we are working with the scattering matrix of MWSA. Thus
we want to discuss its derivation briefly. The calculation flow is analogous
to that of RSJ, but now with two different modes in this case.

12Nevertheless, the flux will fluctuate in time due to oscillating voltage contributing to
steady-state response as II(¢).
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Figure 5.4: Representations of two-port amplifiers (a) in network parame-
ters Y, (b) Z, and (c) H (see 2 for details). The left pictures are representing
the corresponding network parameters, and the right ones the configurations
for the de-SQUID. As mentioned in the main text, the boxed device is the
dc-SQUID connected by external circuits. Figure dapted from [15].

Small Signal Analysis

Inserting the result of the dc-SQUID Hamiltonian into the equation I¢ p /Iy =
—0(Usquip/2Ey)/0¢c,p, the current-phase and voltage-phase relation is given
by

~ wB : 5 éc
Wo =—— — wo sin ¢¢ cos ¢p, Qo =22
. b0
~ Wo . 3 ¢D
Wp = (_2¢D + ¢eazt> — Wp COS ¢C S ¢D> wp =—.
L bo

Now, we want to use the boundary condition for common and differential
modes with the input-output relation (see Eq. (4.25)). These common and
differential inputs and outputs come from the same bias port as illustrated
by Fig. 5.4 and are separated into left and right currents and voltages in the
SQUID-loop. Since we want to utilize the wave amplitude representation,
we model the resistance of JJ as a semi-infinite transmission line by making
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Figure 5.5: Model of the directional microwave SQUID amplifier. Iz =
I5+ 1% is the common mode bias current and ¢p = ¢r— ¢y, is the differential
mode bias flux. We stress the "real" input and output come from the bias
port as depicted in Fig. 5.4 and are separated into "left" and "right" currents.
Figure dapted from [26].

use of Caldeira-Leggett model |15, 22, 29, 26]. Henceforth, these lead to
the appearance of two input and output signals representing the currents
and voltages dropped across the left /right resistance(see Fig. 5.5). Since we
obtain the common and differential modes by inserting into the left and right
propagating waves, the left and right resistance of JJ has also the meaning
of representing the common and differential modes. That is, we can neglect
the external circuit.

Finally, we get using the above relations

wC,D(t) = We.p (t) + 2Win,(C,D) (t).
Since we have everything to start with the harmonic balance analysis, we

again distinguish between fluctuations due to the bias (Il¢ p) and due to the
signal modulations (X¢ p)

gbc(t) :CL)Jt + (quc(t) = CUJt + Hc(t) + Ec(t),

¢p(t) =po +6p(t) = ¢o + Ip(t) + Xp(1),
where w; = Vj./¢o and g are the average static values of each phases. In dc-
SQUID case, V. is the static voltage applied across the SQUID loop biased

in the running state of the phase particle. As usual we expand Ilc p and
Yc.p as

K
e p(t) = Zpi,(C,D) cos(kw t) + pz(C’D) sin(kw,t)
k=1
N
Yop(t) = Z Sp.(c,p) COS(nwyt + wit) + 8, o py sin(nwst + wpt)
n=—N
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such that we can evaluate the coefficients of Il p by putting into the steady-
state boundary conditions

J)QD — LDC,D =0.

One will then notice that the external flux ¢.,; plays an important role
regarding to asymmetry. The essence in this discussion is ¢.,; can change the
number of harmonics of the Josephson oscillation involved in II. For example,
ITp = 0 for ¢y = 0, which means IIp cannot contribute to the asymmetric
frequency conversion. As pointed out in [20] and [15] the trajectory in the
SQUID potential is maximized for ¢.,; = 7/2 and will lead to directional
gain in the MWSA.

As we get the steady-state response, we can move on to the small signal
analysis. Hence, we include X¢ p term in our calculation as the small signal
perturbation. For this, as in RSJ case, we describe the current-phase and
voltage-phase relationship in matrix form as

G0 :_1\:400 1\:/JICD_ _gc_
@D_ | Mpe Mpp | | Xp |
i
Qc ] :-MC’C MCD _ch_
wp | | Mpc Mpp || ¥p
M
giving
Y = MM

The basis of those vectors are defined in all signal and sideband frequencies
of interest, namely (X¢[nwy +wn], Zplnws +wn]),n € [N, +N] yielding to
a4(2N +1) x 4(2N + 1) admittance matrix.

Scattering Matrix of MWSA

Using the result of the admittance matrix, we use the identity to obtain
the scattering representation of the quantum amplifier

S=1+Y)"'(1-Y).

Since we are only interested in signal frequencies w,, and not their sideband
frequencies nwjy + w,,, the 2-input-2-output relation is expressed as
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Figure 5.6: Frequency spectrum of Josephson harmonics, and small scat-
tering gain and reverse gain of de-SQUID with different expansions of non-
linearity: (a) to the first, (b) third, and (c) fifth order. Parameters used were

. o (a
O, = Po/4, fr, = 1, and Q¢ = 1. Figure dapted from [15].

_ | scclwm] scplwm] | | Acin(wm]
- J[35e]

AC,out [wm]
SDC’[wm] SDD [wm] AD,in [wm

AD,out [wm]
The numerical result is shown in Fig. 5.6. But this is not a correct input-
output relation, and henceforth we need to add idlers to be able to require

[seplwm]| > 1, e,

Win] ] [ Acinlwm) ] n [ Folwn] ] .

oy | = soelond ool || dcmiond |+ | i
(5.8)

AD,out [wm SDC[wm] SDD [wm]
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in order to fulfill the commutation relation

| Acouliom), AL geleon]| =lscelonl? + soplwnl? + | Felon), Filun]| = 1
(5.9a)

| A oulin]), A gualeon] | =lspclon]P + lspolonl + | Fpln], Fhlwal| = 1.
(5.9b)
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6 2-input-2-output Quantum Feedback Ampli-
fier

In this section, we analyze properties of the 2-input-2-output QFA (2i20
QFA) in the feedback system because they have different features compared
to the conventional quantum amplifiers (the phase-preserving amplifiers).
Notably, while Yamamoto proved the feedback control of the signal is possible
by using the idler in the phase-preserving amplifier case [30], it is not apparent
the second signal coming into the 2i20 amplifier is able to feedback control
the target signal. Here, we mean by feedback controllability, whether we
get a similar result as in classical feedback amplifier case, namely, G/(1 +
GK). We also demonstrate the gain fluctuations of the MWSA can indeed
be suppressed by the signal. In addition to that, we show the quantum-noise
limit can be reached and how the added noise in the feedback system affects
the total noise of the output.

6.1 Model

The model we study is shown in Fig. 6.1. At the moment, we do not
consider added noises, that is, dy, ds, and F¥ will be not investigated until
subsection 6.3.

Obviously, the suggested model here is one of many possibilities to design,
but the inputs and outputs of the MWSA G cannot be changed. I. e., as
and b; has to be the system output and input, respectively, and a, and by
is the input and output of the feedback loop. The reason is the scattering
element s$, which is the only gain as mentioned in section 2. If we remember

as > O'.g»
b, G b,
D
az ay
—N
bs K b,
d—— —

Figure 6.1: 2-input-2-output quantum feedback amplifier model.
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the physical interpretation of the feedback amplifier mechanism in subsection
2.2.1, the key idea is that the multiplication of the controller and the gain is
in the feedback loop circle. Therefore, the inputs and outputs of G cannot
be replaced!®. On the other hand, the inputs and outputs at the controller
can be chosen arbitrarily. One can confirm that for each combination we
will obtain different controller transfer function in the denominator, that is,
1— 55 55 .

The input-output relations of the amplifier and the controller is described
as follows: Assume an arbitrary unitary coherent controller K (i.e. s%7sf =

sKsfT = 1) with
K K
)= R ) o1

Now combining Eq. 6.1 with Eq. 5.8, where in this case Ap;, = az, Acjin =
bi, Apou = as, and Ac oy = by, we obtain the feedback gain scattering

. G.fb
matrix s2l’f

{ as } 1 [ s& sk 58 + si|s¢ } { a }
1

s — sGsf [ sp +sGlst| s by 62)
L [1-sGsl GK([A]
1 — 5§ s 0 5 F,
In the ideal quantum limit, we then have
0 0 1 0
ol = s e s, | |8 (6.3)
b3 —% 0 by 0 —#=% F
$12 S12 $21

Hence, we obtain a similar structure as in classical case (Eq. (2.5)). We
remind the readers that F scales with O(1), but FY with O(sS;). Thus,
the order of the effective idler is accordingly reduced to O(1/s%).

How can we interpret this result physically? This feedback amplification
physics is demonstrated in Fig. 6.2. For simplicity, we set a beam splitter
(mirror) as a feedback controller, but as can be seen from the picture, this can
be treated generically. We remind the readers the input signal a; does only
have the option to be transmitted by s and reflected by s, and vice versa
for by in the feedback loop. If we now assume an ideal quantum amplifier with

13However, if the directionality is not present, and the device can amplify bidirectionally,
the only restriction is the off-diagonal scattering element is in the feedback loop.
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Can only
accept 0

0

(0]

Figure 6.2: Physical interpretation of 2-input-2-output quantum feedback
amplifier model. The ideal quantum amplifier is designated by a triangle,
where the other port for b; and a3 is not depicted for clarity, and the beam
splitter (mirror) by a blue box. In the ideal amplifier limit, the gain is infinite.

infinite gain s$; — oo, then the output of a signal (by) would also be infinite.
This is, however, a huge problem because the amplitude of bs is finite'*. So,
the only solution is to require the input of the amplifier as is 0. Then, let
us begin with the incoming signal a;, which will be partly transmitted to b3
by s¥ and partly reflected by sX. The reflected signal sk a; is traveling to
the amplifier, but this device only accepts zero-amplitude. The only way to
fulfill this requirement is to send another signal which is m-shifted in order to
obtain destructive interference. But from where? This signal is provided by
the quantum amplifier, which output gives —sk /sfa;. So, this signal then
transmits through the beam splitter to eliminate the wave from a;, and the
reflected one finally ends up with

G K By

be — [ gF _ 511522 _

3= {521 K M T TR M
12 12

6.2 Feedback Gain Analysis

In this subsection, we want to analyze the relative sensitivity of each element
as a function of the relative sensitivity of the original gain AsS|/s%|. Using

141n the reality, this means the gain is much higher than the expected output.
15n the real consideration, this means small enough amplitude.
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|z + €| — |z| = Re[z*€¢]/|x| + O(€), we can prove the relative sensitivity looks
similar to Eq. 2.12, namely,

G, fb
Asiy n
G e
S11
= Re
G.fb
Asys R
G - e
S12
= Re
G, fb
Assy N
G - e
So1
G, fb
Asyy e
G.fb
S99
= Re

11

As$ sk sS As%]
L st 1 —sSisty s§
1 ASQGl:| Aiﬁ _ As§) (6.42)
|1 —sSisty 8§ |7 sG 8% '
5%, As§ sKsS AsS 1 AlsY|
sG + sK|sC| s§, 1 — s§ st s 1+ s§,/sK sG] |89
1 As§ 1 AlsY| As  AsS
—sGisty s5 L4 sfh/shlsC] |59 ] LSS sy
(6.4b)
1 5K K 8§ As%} (6.40)
1= §sl5 o5 + o515 o5, -
AS% sﬁs% Asgl
L 5% 1—s§isty 8§ ]
1 As%] AsS, B AsS) (6.4d)
|1 — sty 851 ] s s§ '

All relative sensitivities are suppressed by O(1/(1 — s sk)), thus robust
against gain fluctuations. However, we see the relative sensitivity is depen-
dent on s$; s, so thus increasing s§| is not enough, if s%, is taken very small.
The result of gain without and with feedback is given in Fig. 6.3.

6.3 Quantum-Noise Limit and Added Noise

After we have evaluated the closed-loop feedback scattering matrix and the
relative sensitivities of each scattering elements, questions may arise, how
much the idler noise F¢ or unwanted noises would contribute to the signal
because these limit the detection performance of tiny signals. Therefore, we
consider all noises as depicted in Fig. 6.1. To quantify the noise attributes,
we make use of signal-to-noise ratio

()"

(S/N) = m

(6.5)
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gain [dB]

8001 0005 0010 0050 0.100

Wl Wy
Figure 6.3: Power gain of the MWSA with no-feedback (¢ = 0.16 4 0.016)
(blue) and with feedback with ¢ = 0.34 + 0.034 and s = —1/20 (orange).

The simulation is done with K = 3, N = 2. The parameters are chosen
q)emt = (1)0/47 5L - 17 QC’ = 1.

where

1
{|Az[*) := 3 (AzAz’ + AzTAz) (6.6)
with Az =z — ().
First, as an introduction, let us study only the output of a quantum amplifier

G. We actually recognize the operational amplifier (op-amp) (and henceforth
MWSA) is 2-signal-2-idler quantum amplifier [16]|, which can be described

az | _ [ st sh as | | F¢

bg Sgl S% bl F2G
aE AR A
891 Sa3 b1 893 Sa4 dy |’

with the vacuum noise d;, so <d3dj> = 0 and [di, d;r] = 0;;. Applying Eqgs.
(6.5) and (6.6), the signal-to-noise ratio of by is

6.7)
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) \<a2>+ig o]

(S/N)QZ N 2
<|Ab2| > 522 1 % 1 Sgl
<|A | >—|— <’Abl| >—|—§ ? 5 S—gl ]
—A
(6.8)

where Aéo) is called added noise. In this case, the added noise is just the idler
of the quantum amplifier. This added noise can be generalized for N —2 noise
sources as

Z Bk (6.9)

©0) > _1_ 17 |sm|
"4 2| 21|QZ‘ 2]6‘ 2

2|s 21| "t
2 2
L el L 1 (6.10)
55 2 2|s§1\2
G 12
S1_1-lshl (6.11)
- 2 .
2 20s§]

where the last two equality and inequality can be shown by using the canon-
ical commutation relation (CCR) (see Appendix B for the proof). Because
of the restriction to the degree of freedom in the added noises, we can actu-
ally express Aéo) only with three matrix elements. Furthermore, we notice
the added noise can indeed reach the quantum noise limit ,4;0) > 1/2 for
|s§1| — oo since |sge| < 1. We note we have not made any assumptions
here except for being s the gain. That is, the added noise of any transfer
functions, including closed-loop transfer functions, written by Eq. (6.7) with
21 matrix element as the gain can be expressed as the equation above. So,
Eq. (6.11) is quite fundamental.

Now let us assume there are additional noise contributions in the follow-
ing way: The quantum amplifier and the controller experience another noise
source such that

dy
FF} {s% 5% S%} i
— d 6.12
EiIRk ey i 12
and
FEL_ | sty



In addition to that, we model the loss of transmission lines as a beam splitter
such that the inputs as at G and by, at K change to

bQ — ZN)Q = O[lbg + (51d5 (614)
Qo — Qo = Qa0 + 62d6. (615>

Finally, we reach to the following closed-loop input-output relation

az | _ 1 8§ st 58 4+ aragsk|sY| a
bs 1-— 0410423%3{(2 85(1 + a1a28%|5K| 04152%85(2 by
+ ﬁlG + FlK
Fy 12
(6.16)
with'6
dy
G G, fb G, fb G, fb  _G,fb i
{}fl :|_|:ng% B Ba SIGGfb} & (6.17)
G - b 9 b b .
F So3 So4 S25 S26 ds
dg
and
K K,fb  _K,fb
K - 9 b : .
F, Sa3 S24 ds
So the matrix elements s{(i, j = 1,2) in Eq. (6.11) changes to
G K
987, S e K |G
s — 910 = WAL 5§ s s5ft = stacasplb ]
1 - Oé1062821812 12557579
K G| K
S51 + paSsh|S G (K
s$ — 32Gl’fb = 2 21| ‘, s — s%’fb = % (6.19)

1 — ajags st I—aiazsg) sty

I6For the detailed description of those elements, see Appendix B.
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Analogous to the proof in Appendix B, we then obtain

L 1- ‘ a.ro|?
== — Z |52 70)2 (6.20a)
2 9 ’ G, )
Sor kA4
G,fb
HE . ‘322’”
ail ot (6.20b)
321f 2 9 |G fb’
21
a,rol?
25— (6.20¢)
2|
In the quantum amplifier limit, we have the following relations
G, fb G G G
824f — 15353 N S_ég 524 524 (6.21a)
a.fb Ky G K al|l~|.a ola
So1 s91 + argssy |s¥ Q2 | | S91 S91
G.,fb G G G
T ——
sShft s+ ayans |sK] s | |55 s’

where we have assumed in the last approximation |sf| ~ |as|. If |sf| ~
|aa| < 1, which indirectly requires high feedback gain limit ‘sg’}f b’ ~ 1/ sl —

oo because of the unitary requirement of s, we obtain

G |2 1
lim AV ~ lim AD =22 (6.22)
|521fb|%oo ’S§1|—>oo SQGl 2

thus the added noise is only limited by the idler noise s, and is independent
of other noise sources. So to reach the quantum noise limit, the feedback
system can be designed more or less roughly, but the quantum amplifier
itself has to be noiseless as possible.
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Figure 7.1: Coherent P controller in physical model (left) and in block
diagram (right).

7 Directional Coherent Active P, I, and D Con-
troller

Now, since we know the second signal can indeed feedback control the
other signal, we go to the next stage, namely, giving the quantum feedback
amplifier a certain functionality. For the realization of a CPID controller,
we obviously need coherent P, I, and D controller. In this subsection, those
three controllers are presented.

In contrast to NDPA, thanks to its directionality we only need two circula-
tors for realizing a coherent P and D controller instead of three. On top of
that, if we use the NDPA, constructing the coherent I controller would be
difficult: For designing this with a cavity as a feedback controller we need a
feedback loop involving only reflected waves. However, this kind of feedback
loop violates the Ito rule, which is not the case for MWSA due to its nonre-
ciprocity.

The focus mainly lies on the added noises in the whole feedback system by
applying the result obtained in section 6. From here on, we assume a perfect

directional quantum amplifier, that is, s§ = s$, = 0, and |s%| = 117.

7.1 Coherent P Controller

The P control scheme uses a beam splitter or mirror as a controller as
depicted in Fig. 7.1. The feedback controller is just

57T

1"For non-ideal case, the result is given in Appendix B

38



Since it has the same structure as that introduced in section 6 and the control
parameters are frequency-independent, further discussions are omitted.

7.2 Coherent D Controller

In case of D controller, the feedback structure is the same, but we replace
the beam splitter with the cavity, where its transfer function s is written

i)-=mmaln A ] @

with the detuning from the carrier frequency A = wp — weq and the decay
rate 7. Applying this Eq. 7.1 to Eq. 6.2, we obtain

)=l ] L

:—1 0 312 +312 |3GD| ax
1— sSPsi5P | sy + 57|57 0 b

So1 S12
. 1 l 1— szGlegD 0 } [ Flg’D }
1-— S%DS{;D 0 Sé(gD FG’D
B 1 { 0 slGQD(s—l-%D)—VTD}[al]
s+ (sSP+ 1) [ s (s + )~ % 0 b
1 0 FeP
+ S R [ FlG,D ] (7.2)
s+(521’D+1)7D/2 2
a F a2 as
3 A by  pr— Amp
mp ) by - b,
(MWSA) & > (MWSA)
?‘ C ) bs az
= Cavity = Cavity | by

Figure 7.2: Coherent D controller in physical model (left) and in block
diagram (right).
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Figure 7.3: Gain plot of coherent passive and active D controller with
different amplifier gains s$ = 1, 10, 100, and oco.

and in the ideal limit sle’D — 0 and 32Gl’D — 00

)=l er ol [0 ][0 s ) [ R
= s + s . 7.3
[ bs } [ Yp/2 +10 by 0 - sGp/2 F2G’D (73)

The superscript and subscript D stresses the elements are referring to the D
controller. Thus we have a derivative control with an offset +1. The gain
plot for different gains compared with a passive D controller is demonstrated
in Fig. 7.3.

Some readers might be curious about its time domain representation. In
the time domain, the transfer function for the input signal transforms to

‘Cfl SQG{D(S + VTD) — ’YTD - <SG17D2 + 1) rY_De*’YTD(S%DJrl)t + SG17D5<t)
s+ (s5P + 1) ? 2 ? ’
(7.4)
which results in the high gain limit to
G.D D 1D
Jo p e L% 5te) + a(0) (7.5)
s+ (s +1)2 /2 dt




Let us consider the same transfer function with the signal, as well. In the
rotating frame, the signal a; is just an operator a,(t) = O(t)a,, which yields
to ai[s] = a1/s in s-domain. The inverse Laplace transformation of the 21
element of its transfer function multiplied with the signal is calculated as

ﬁfl

ﬁ?@+%)—%1 _é?-+1wwaD +g%D—1
3+(321 +1)7TD S 321 +1 So1 +1

hence in the gain limit, we have

G,D? G,D
521 +1 —”5(5201*[’+1)t_|_ 521 -1
321 +1 821 +1
1
— ——0(t) +1
1 d
=———0(t)+1
Yp/2dt )+

()]

where we have used the fact §(¢) = lim s9; exp(—sa1t).
Analogously, the transfer function of idler in the time domain is described

by

-1 S _ o sSTP 41t
c wﬂ§D+D%]_3«%l+o BERTH 58 (7.7)
oo 1%/2 (1) + 0(t), (7.8)

where we remind the readers that the idler F5” is of O(s5;") in the limit
such that the coefficient 1/s5;” in the first term is compensated.

Now, we have seen in the previous section 6 that the added noise effect can
be hugely reduced to the sum of the added noise of the quantum amplifier
and vacuum noise, if the feedback amplifier gain is high enough and the
transmission lines are not that lossy. For example, for P controller small
transmittance [ of the beam splitter should be chosen, because its inverse
gets very large. The question arises how we can obtain such huge gain in D
controller or how can we reduce the added noise as much as possible. As in
the case of the beam splitter, we now deal with the internal loss of the cavity
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Figure 7.4: The added noise of coherent D controller as a function of
external 10ss Vp ez

and the transmission lines. The input-output relation of the cavity is then
corrected

|:CLQ :| _ 1 |:S—iA+’yD,0/2 _fYD,ex/Q :| |:&1 :|
bs s —iA+vp/2 —YD,ex/2 s —iA+ypo/2 by
+ 1 |: RV 7D70’7D,65L‘/2 :| £Z (79)
s — 1A + ’YD/Z -V ’YD,O’YD,eac/Q ’

where &; represents the internal loss mode with [{,, 51 ] = 1 and with internal

decay rate ypo. The total decay rate is the sum of internal and external

decay rate, namely, vp = Vp.o + VD,ea-
For the coherent D controller, we insert the Eq. (7.3) into Eq. (6.20a) and
the added noise of the controller is then calculated as

62



2

)
A=t L
: 2 G.fb
2 ‘sg’}f”‘ S21
1 1 ‘ —w — ’L.A‘f"YD/z"_S%/YD,ex/Q ?
2 2 _’YD,ez/z + 3% (_ZW — 1A + (’YD,O - 7D,ew>/2)
s§ (iw—iA+7p/2) + (—iw—iA+vp/2) '2 YD.OVD.ex/2
_KYD,ex/Q"i_Sg;l <_iw_iA+ (’YD,O _’YD,ex)/2) ’—‘LW_ZA+’YD/2|2
(7.10a)
11 w/2 | ea/2
- ‘ : fVD., / ‘ . ’YD,(.J’YD, / = (710b)
2 2]|-iw—1A+7p/2 Hw—iA4+vp/2|
or just insert into Eq. (6.20b) as a lower bound
A(fb):l 7D,ex/2 2 1 —iw—’iA—i—”}/D,o/Q 2 S_2G42_1
2D 9 | —iw — i + yp /2 apa —iw —iA+vyp/2 | | 2
1 VDex/2 S
— = ’ = 7.11
QmewA+wﬂ Ty (7.11a)

where apo is the transmittance of the beam splitter modeled for its loss
in the feedback path (as-ae-path in Fig. 6.1), vp = Vpo + Vs the total
decay rate of the cavity composed of the internal loss decay rate vpo and
external loss Yp ;. We have used the fact |s$)| — [s$)| in Eq. (7.11a).
Additionally, the limit vp.. < 7po has been taken, and thus |aps| ~
|[(—iw —iA +po/2)/(—iw —iA +p/2)| in Eq. (7.11a). That is, if the
external loss is negligibly small such that it is even much smaller than the
internal loss, the added noise effect can be reduced up to the vacuum noise
in the ideal quantum amplifier limit. But this noise spectrum exactly has the
form of a low pass filter (or band-pass filter). Le., in order to suppress the
noise contribution (that is low gain limit), we also have to design this filter as
a good cavity 7p < Weqy, since this limit makes the Lorentzian distribution
sharp, and hence the bandwidth of the noise small. But this is simultane-
ously the demanded condition for a high gain D controller.

The reason why we have a high added noise in the center as shown in Fig.
7.4 can be explained by the last term of Eq. (7.9). The added noise has a
peak at ypo = Yp., and hence around the center.
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7.3 Coherent I Controller

For the coherent I controller, we need to design a feedback structure as
shown in Fig. 7.6. After a simple algebra calculation, we read for a general
expression

[ as } 1 [ —sGsk s+ K |sY } { a }
b3 1+ 5§ sK | s8y + s§|s"] s$ sk by (712)
1 —(1+s§isf) sSisls [ PO '
1+ s§ s 0 sk o

Therefore, we obtain in the perfect directionality limit

az | _ 1 0 s — sl (s + ) ap
bs s(sgl’l—i—l)jté—f s+s%l(s+7—2’) 0 by

—1 0 |: FlG,I
+ /2 G,I :|
0 s(sgl’l—l—l)-f'%f F2
(7.13)
and in the ideal case
as | 0 0 ay 1 0 FlG,I
L’J_{%ﬂﬂ 0Hb1}+ 0o —up || per] W

Hence, we obtain an integral term with the offset +1. The gain plot for
different gains compared with a passive D controller is demonstrated in Fig.
7.5.

Using the inverse Laplace transform, the time domain description of the I
controller is given by

G,I o7 GI ot
por | R E) | el —L g (7.15a)
s(syp” +1)+ % 2 57 +1
ST 500, (7.15b)

where the last limit gives the result in the high gain limit. Hence, we see the
first term works as an integrator due to
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Figure 7.5: Gain plot of coherent passive and active I controller with dif-
ferent amplifier gains s, = 1, 10, 100, and oo.

[,_l

(321 +1) ‘l‘ W

/0 dt’%al( )+ ay(t).

For example, in the rotating frame, we have a time-independent signal a;
yielding to

s+s2GlI(s—|—W)1
(321 +1)+ % s

_r Gt _r Gt
_ G,I 2 GI 2 JGI
o = 55} (1—6 & +l) e UM (7.16)

thus in the gain limit, we have

I

L |

Sl

% drO(t — 1) + 1

_c! Kéf% + 1) ﬂ : (7.17)
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Figure 7.6: Coherent I controller in physical model (left) and in block
diagram (right). The 7 shift is needed for the stability.

as expected.
In the idler case, its time domain is represented by

/9 1 vt
1 GIW/ . :_g—m oS (7.18)
s(syy” +1)+ % So1 +1
7ol
-2 (7.19)
Sa1

Analogously to the D controller, we can calculate the added noise of the

coherent integral controller with Eq. (6.11), but with the following matrix
elements s (i,j = 1,2)

G K
G,fb _ Q25711519

G G G,fb —s%+a1a25ﬁ|sc|
S11 7 S117 = 1 G K 512 775120 T Tiiai00s0sK
+ 1851 57% 21511
K G| K
G G.fb  Sop T Qansy|st| el G.fb _  aisShsly 790
So1 = So17 = G.K 0 522 77522 T TTarassC K- 20)
1+ 1025915717 142521511

Hence, the added noise in the ideal limit is given by
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where the limit is the other way round of the derivative controller, namely,
Y10 K Vres- In the low frequency limit |w + A < 770, even vacuum noise
can be achieved. Thus, the noise spectrum of the I controller is, in this case,
a high-pass filter (or a band rejection). I.e., we have to aim for a bad cavity
limit, to reject the noise through a broad region, which is again a high gain
I controller condition.

The reason for a high added noise in the center as demonstrated in Fig. 7.7
is the same as in the coherent D controller case.
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8 (Coherent PID Feedback Control

In experiments preparing a stable steady-state is one of difficult practical
tasks. Indeed, experimentalists and theorists suggest a measurement-based
feedback using system-based quantum filtering theory[11, 31, 32, 33, 34| and
a classical PID control|35, 36, 37, 38, 39]. But its critical drawbacks are the
significant signal loss and time delays due to the use of classical components
such as detectors, signal processors, and actuators. In the coherent case, there
is a systematic coherent feedback control strategy for achieving steady-state,
but this requires engineering a certain Hamiltonian and perfect knowledge
about the system itself which cannot be always fulfilled|40, 41, 42]. In con-
trast to these feedback strategies, a coherent PID (CPID) feedback control
system uses only three controllers, namely P, I, and D controller, let the state
automatically converge to the reference signal without any need of detailed
information about the system and works on a coherent level.

In this thesis, we suggest the CPID feedback control system method with

some concrete examples and primarily focus on the covariance (matrix) of
system variable x, because in contrast to the classical PID controller the out-
put of CPID controller contains idlers/added noises due to CCR restrictions,
which have to be considered. In this thesis, the state variables are either
annihilation /creation operators or its quadrature variables. Hence its covari-
ance matrix is naturally related to particle numbers or just system energy.
We start this section with the basic idea of constructing the CPID feedback
control system by combining the essential elements of classical PID feedback
control system with the quantum elements, namely, the quantum detectors
and converters.
In order to get familiar with this new feedback system, it is instructive, to
begin with a coherent P (CP) feedback control, so just with a P controller.
In the next subsection, the coherent PI (CPI) feedback control is introduced,
and its associated problem. Furthermore, we study the coherent PD (CPD)
feedback control with an application to cooling an optomechanical system
with the so-called cold-damping method. Finally, the CPID feedback control
will be shortly studied.

8.1 Basic Coherent PID Feedback Control System

As mentioned previously, for the construction of the coherent feedback
system we look at the key elements of its quantum counterpart. With this
observation, we then replace all classical parts with quantum ones.

As shown in Fig. 3.1, the fundamental points we have to implement are: error
signal, PID controller, plant (system), and the feedback of system output.
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-[ Classical Example ] 1[ Quantum Example ]

reference reference

) control
_ PID input _7J\

(1 —

A 4

I |Probe field

Figure 8.1: Image and example of conversion-system-detection concept in
classical and quantum (coherent) PID feedback control system. (Classical)
The temperature T (system state/variable) is electronically measured (detec-
tion) and modified via PID controller. This electronic control input is then
converted to corresponding temperature control input (conversion). (Quan-
tum) The spin state o, is transformed from a standing wave into a traveling
wave and is "detected" (but no measurement). This traveling output is mod-
ified by a coherent PID controller to a traveling control input and converted
again into a corresponding standing wave to regulate the spin state.

output

But if we think of a temperature regulator for example, where the system
variable is temperature, but the output or the control is done electrically,
there has to be also a measurement device and a converter (see Fig. 8.1).

Since we have recognized the key elements, we change our focus to the quan-
tum world. The error signal is realized by a half mirror, which let the ref-
erence signal and output destructively interfere. As we have already CPID
controller and a quantum system, we need to figure out the classical counter-
part of a measurement device and a converter. Here, we make use of the idea
written in the paper|[16]. For example, the system-coupled cavity with the
Hamiltonian Hyane = Hsys + hweava’a(l + Az) is a quantum detector and a
quantum transducer simultaneously, where a is the annihilation operator in
cavity mode and z is some system operator, because for weak coupling A < 1
the reflection phase shift can be approximated by 6 ~ 4w..,Az/k. Hence-
forth, we can gain information about z from the phase shift #. The whole
procedure is thus the cavity transforms laser input into a cavity photon,
which couples to the system, and transforms back to laser output working as
a quantum detector. We exploit this basic idea, where the system output y
is going out from the quantum detector and the control input u is converted
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Figure 8.2: Basic coherent PID feedback control system (a) in a block
diagram and (b) as a physical realization. The dashed line indicates this line
can be cut if necessary.
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to a system variable x in an appropriate Hilbert space. Finally, we end up
with the following basic CPID feedback control system depicted in Fig. 8.2.

Indeed, these concepts also appear in the measurement-based feedback con-
trol such as [38, 37, 35, 31].
The Hamiltonian of the plant is thus generally expressed by

leant :Hcom} + Hc—s + %sys + Hs—d + 7-[det .
:Hconv + hgcs(CTS + CST) + Hsys + hgsd(dTS + dST) + %deh (82)

where Hcony,sys,det are bare Hamiltonians of the converter, system, and detec-
tor, respectively. The interaction Hamiltonian H,._ describes the interaction
between the converters and system and H,_4 that between the system and
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detector. If these interactions can be modeled as a beam-splitter like Hamil-
tonian, then they are coupled with strength g., between the converter and
system and with g,q between the system and detector, respectively, where c,
s, and d are annihilation operators involved in these interactions. If we can
write the Hamiltonians as

Hcom; :thCTC
Hoys —hw,s's
Haer =hwad'd,

then the quantum Langevin equation is given by

d iWe—"5  —ies 0 c
7 = i0es  —Ws—5  —igsd $
d 0 _@.gsd —Wg— % d

~l 0 & O W (8.6)
0

7’(ﬁ)vut \/'%_c O 0 u
W |=| 0 r O s |+ | W (8.7)
y 0 0 /Fa d F
with
¢ d
u(t)zer(t)—l—KI/ e(t)+KDEe(t)+FPID. (8.8)
0

Details about the control input u will be discussed in each following sections.
Thus, we have the same structure as the classical state space representation
with some additional "noises", namely,

d
E:c =Ax + Bu + Bag€ (8.9a)

y =Cz + DE, (8.9b)

where

71



e Yout

I
> > ¢ | | Detector System
r HM p | ==r=> plant —H=> | +Converter y
| \ 1
P VS S
-—
|

ry u: (ctrl) 7
(b) TV
HM |
— |
e y | Win
r u lW |______——J-————

u
— >~ | Plant|{ . T T-TTTXT T T 77—
_QD)_ cp @/ < (ctrl) i -\

1w Plant

rout

Figure 8.3: Coherent P feedback control system (a) in block diagram and
(b) as a physical model. The coherent P controller is denoted by "C.P". For
|Kp| > 1, we use the model depicted in Fig. 8.4 and the idler is added, while
for |Kp| < 1 we just set a mirror. (c¢) The sideband-cooled optomechanical
system as a concrete example for the special case, where the cavity acts as a
detector and converter simultaneously.

—/Fe 0 0
B = 0 ) Badd: _\/"{_s 0 )
0 0  —Fa
c=[00 1], D=[0 1], 5:{?].

If we interpret the noises F¥'P and B,gq€ as the system supply disturbance
and D¢ as the system load disturbance in the language of PID control theory,
we have shown in section 3 the output y indeed converges to the reference
signal r.

8.2 Coherent P Feedback Control

In this subsection, we present the coherent P feedback control with a focus
on the steady-state covariance matrix of system operator x. As a concrete
example, we will prove the cooling performance is better than the no-feedback
sideband-cooling method for optomechanical system.

8.2.1 State Space Representation

The state-space representation of the P controlled feedback system (see
Fig. 8.3) is presented. This model is a special case of the feedback system
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suggested in Fig. 8.2, where the converter, system and the quantum detector
are all in one. Since the input-output relation of the controller is different for
the P parameter |Kp| > 1 and |Kp| < 1, we have to consider both cases: In
|Kp| > 1 case, we are using the feedback amplified P controller introduced
in section 6, while in |Kp| < 1 case we choose a mirror/beam-splitter as a P
controller.

|Kp| > 1 case

The input-output relation of the coherent P controller for |Kp| > 1 is read
(cf. Eq. (6.3))

)=l ol la) Lo v

with Kp = 1/ in the ideal limit, if the scattering matrix of the feedback

controller is
a —f3
oo |

The state-space representation for |[Kp| > 1 is then

F&P
dPT

K K 2
i = (A — —PBBT) r———2 pry LBFP + Byw
V2 — Kp V2 — Kp V2 — Kp
(8.10)
V2 pr e V2 (8.11)

Yy=—-———08"1— T+ Fp,
V2 - Kp V2—-Kp  V2-Kp

where Fp = /K% — 1dP" is the idler of P controller.

|Kp| <1 case

In |Kp| < 1 case, we have

Tout _ a _ﬁ €
u | | B « d
The state-space representation for |[Kp| < 1 is
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Figure 8.4: Coherent P controller for |[Kp| > 1.

K V2~ K2 B
&= (A — —PBBT) R il iy - P LBFP + Byw
V2 - Kp V2 - Kp V2 - Kp
(8.12)
o) V2 - K2 5
V2 P V2 o (8.13)
V2 — Kp V2—Kp  V2-Kp

with Kp = B—a and Fp = /1 — K2d". Tt should be noted that for Kp =0

we recover the original system with input —r.

As we can see, the only differences between them are the coefficient of the

reference signal r is different and the operation of Hermitean conjugation
in the idler. Thus, the system matrix Ap of the state space representation
remains the same.
Now, we see we have a Kp dependent coefficient before every "input" matrix
B. This seemingly by Kp modified input/decay rate is quite an interesting
phenomenon since this coupling rate itself is just a naturally given value and
therefore cannot be changed. The physical interpretation of this weird result
is the following: The essence is the modification of the signal amplitude
resulting in an effective modified decay rate. We start with the output of the
plant y = —BTz + u. After going through the half-mirror, the error signal e
is changed by the coherent P controller, which gives

K K
. BT P T — P
V2 — Kp V2 — Kp
Here, the important point is the controller let the signal, x, interfere, but has
not changed —B7T. This control input then goes into the plant, which results

to add the x term in the Langevin Eq.. As it will be shown in Eq. (8.17) as
an example, the decay term in the system matrix Ap can give

r + noise.

u =
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The above equation shows two ways of interpretation. First of all, in the
SLH description the decay operator is written y/ka and hence —xa/2 in the
system matrix A, which can be interpreted as this decay rate is reserved
for one amplitude quantum. Now, the left-hand side expresses the modified
photon amplitude. For example, in the stable case explained later, where the
coefficient is below 1, the amplitude is reduced. That is, it takes more time
to let an amplitude quantum decay. The right-hand side, on the other hand,
says this delay can be modeled by the reduced decay rate for one quantum.
We can easily prove the stability region ranges Kp € (—\/§ , 0]. This can be
physically explained by input and decay rate. We observe the coefficient of
input rate of r in the Langevin equation is v/2/(v/2 — Kp) for |[Kp| > 1 and
V2 — K%/(V2— Kp) for |Kp| < 1, while the decay rate in the input-output
relation is v/2/(v/2 — Kp). As plotted in Fig. 8.5, the effective decay rate is
equal or larger than the effective input rate for Kp € (—\/§ , 0]. So it does
not produce more internal state than it decays, which means stability. For
Kp > 0 this relation changes and causes instability.

8.2.2 Steady-State Covariance Matrix of state x

For the calculation of the steady-state covariance matrix P, := <a:xT>ss, we
use the Lyapunov equation

AP, + PLAT+Q =0, (8.14)
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where A is the system matrix and @ is the dissipation matrix with

Q = BR,B". (8.15)

Here, R, = <diag(uuT, SST)>SS is the covariance matrix of signal inputs u and
noise inputs £. Generally speaking, the physical meaning of P, and () are the
generalized total energy and the generalized dissipation, respectively. In the
linear quantum system case, P, contains information about the number of
(quasi-)particles and correlations between them and @) about its dissipation
energy. The steady-state covariance matrix can be directly calculated by

P, = / dte Qe (8.16)
0

Now let us start with the study of steady-state covariance matrix through
a concrete example: the optomechanical system. The idea behind this choice
is the following: It is known in (no-feedback) sideband-cooling method there
exists an optimal optical decay rate x as a function of mechanical frequency
Wi (K/wm = 1/v/32 in [43] and k/w,, =~ 0.2 in [39]). Now, looking at the
quantum Langevin equations (8.10) and (8.12) we notice the "decay matrix"
B is associated with the parameter Kp. That is, we can freely choose and
control the value of the decay rate. Therefore, thanks to this feedback we
can have an optimal effective decay rate. But because its dependence on
parameter Kp is everywhere not the same, a careful analytical calculation
will be performed in the following.

We deal this problem within the rotating-wave approximation, i.e., as a beam-
splitter-like Hamiltonian or as a passive system, to be able to calculate ana-
lytically, which system matrix gives

dp | T E v (8.17)
P= ig m-%ﬁjﬁw ’ '

where w,, is the mechanical eigenfrequency, ~,, its coupling strength with
the heat bath, A = —w,, the detuning of the cavity, g the coupling strength
between them, and x is the external coupling of the cavity. The modified
dissipation matrix ()p is expressed as
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Qp =BpR,Bp

= (ﬁ@(ﬁ(ﬂ—lﬂ%@(l—ﬂ@l)) BB"+B, (wuw') B,
| m coth <2ﬁ;€meT> 0
N 0 L kO (|Kp|— 1)+ ek kO (1| Kp|)

(8.18)
=:diag (¢1, ¢21) (8.19)

where due to <FpF1T>> = (K% —1) <dPTdP> =0 and

diag rrT,FpFT,wa = diag (1,0, coth ( 22m ) ) |Kp| > 1
_ P ss 2kpT

(diag (rrf, wu')) = diag (1, coth (422, Kp| < 1.

w

To be able to consider the idler effect, we have to take attention into the
Hermitean conjugate of the system, as well, namely, AL and Q; yielding to

Q' =BpR! B

2K2 — 2 ) .
=|———=0O(|Kp|—-1) ) BB
) ) (8.20)
10 e OUKe = s | |
=:diag (0, g22) (8.21)

where

Ss

o {<diag (Hr, F;Fp,wfw» — diag (0, K2 — 1,0), |Kp|>1

<diag (rTr, wTw) >SS = diag (0,0), |Kp| < 1.
Since
N Phonon,ss + 1 <baT>ss 0 0
<CLbT>SS N photon,ss +1 0 0
Py = 0 0 Nohononss  (bTa) | (8.22)
0 0 <CLTb>SS N pPhoton,ss

77



where 1 pronon,ss and N ppoton,ss are steady-state number, and a and b annihi-
lation operator of phonons and photons, respectively, we obtain

il —[v-|” 2 — o [?
2 onon,ss 1= R
" Phonon.ss V|2 <A++>\i+ e{)\++>\i +/\_+>\*_

q2 -1 2 -1
R 8.23
ATIE <>\++)\1+ e[)\++)\*_}+>\+>\t> (8.23)
2 —[v_? 2 —[vy |
2 oton,ss 1= R
PPotemnen |Wﬂ2<A++Ai+'e{A++At IR

G -1 2 -1
R . (8.24
VIR <A++Xi+ G{A++A*}+x\_+/\*) (8.24)

where

2
Ym  1V2+ Kp Ym  1V2+ Kp )
sk | £ —=——r] —|g]
2 2V2-Kp

1

—K
£ AVa Ky

R ROV S

2

V| =v_ — vy, Q2 = @21 + Qo22.

8.2.3 Quantum Limit of Steady State Covariance Matrix

It is interesting to consider the lower bound of tr(FP,), since this corre-
sponds to the lower bound of the total number of (quasi-)particles because
any physical observables can be expressed by annihilation and creation op-
erators. If we have the Lyapunov equation (8.14), then the trace bound can
be calculated by[45, 46]

tr(Q)  tr(BR,BT)
tr(Py) > _tI‘(A‘f‘AT) N tr(BTB)

We can physically interpret this inequality that the total number of parti-
cles is lower bounded by the averaged dissipated particle number, because the
numerator gives the total dissipation energy and the denominator the to-
tal dissipation energy in the ground state (zero-point fluctuation included).
However, we have to be careful that this result is the average per particle
(mode). Hence, for T" — 0 this lower bound does not show the real lower

(8.25)
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Figure 8.6: Trace of Steady State Covariance Matrix as a function of Kp at
T = 0.01K. Total particle number with P-controlled system in rotating-wave
approximation(blue) and without control (orange). Total particle number
with P-controlled system without rotating-wave approximation (green) and
without control (red). As expected, they are lower bounded by tr(F,) > 2
due to two particle modes: phonon and cavity photon. We have used for the
simulation: w,, = 27 x 10.56 MHz, g,, = 27 x 32 Hz, g = 27 x 20 kHz, and
Kk =27 x 200 kHz. Values adapted from [44].

bound. In the linear quantum system, the quantum limit is directly obtained
from P, itself by

tr(P,) = Z coth (%) >m, (8.26)
pt Bleffk

where m is the number of particle modes in the system, w;, the eigenfrequency
and Tz the effective temperature of k-th particle mode.

8.2.4 Which System is the Best?

Now, we want to study, which system can cool the phonon better: sideband-
cooled, coherent P controlled system with |Kp| > 1 or with |Kp| < 1. It turns
out the coherent P controller feedback system with |Kp| < 1 can perform
the best cooling.
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Figure 8.7: The best parameter K]’gfijl as a function of 7. One can rec-
ognize the position of the minimum does not change. We have used for the
simulation: w,, = 27 x 10.56 MHz, ¢,, = 27 x 32 Hz, g = 27 x 20 kHz,
Kk =271 x 200 kHz, and 7" = 4.4 K. Values adapted from [44].

no P controlled vs. P controlled system

One can get the sideband-cooled steady state phonon number from Eq.
(8.23) by putting Kp =0

4¢> m 4 2 m hw,,
nPhonon,ss(KPZO): " 29 I ki |g| +§(7 +KJ) coth ) .
Ym+EA| G2+ YmE Ym+E 492+ YmE 2kgT
(8.27)

In order to know, which is the best, the simple approach to take is: Is there
a parameter Kp # 0, which decreases the steady state phonon number more
than for Kp = 07 So let us expand npponon,ss to the first order, which results
to

nPhonon,ss(KP) :nPhonon,SS(O)
TmhK \/54‘9‘2 <52_4|g|2) coth th 1| K
Tm + K 4|g|? + K B
> (4l + )’ 2k5T i
L O(K2). (3.28)

Thus, indeed, there exists a Kp # 0 which perform better cooling than for
Kp = 0, namely,
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Figure 8.8: Steady State Phonon Number as a function of Kp. Phonon
number with P-controlled system in rotating-wave approximation(blue) and
without control (orange). Phonon number with P-controlled system without
rotating-wave approximation (green) and without control (red). We have

used for the simulation: w,, = 27 x 10.56 MHz, g,, = 27 x 32 Hz, g = 27 x 20
kHz, k = 2 x 200 kHz, and T' = 4.4 K. Values adapted from [44].

NPhonon

Kp<0 forrk®—4lgf*>0
Kp>0 fork®—4|g*<0.

’Kp| > 1 vs. |Kp’ <1

We are now left with |Kp| > 1 and |Kp| < 1 system. In this steady state
problem, the only difference is ¢ in Eq. (8.18). If we introduce

KP,zl = |II(I}1>1|I211 nPhOnon,ss(KP>7 (829)

we have just to check, which K}Ifg”l decreases ¢o even more. One can prove
for the feedback system with |Kp| > 1 the phonon number is monotonically
decreasing for k? — 4|g|* > 0 and Kp < —1, so the best parameter one can
choose is K}’f;”l = —1. Since it is an large intense equation, we do not write
it down, but we can show

nPhonon,ss(KP :_]-) > nPhonon,ss(KP :_1+O+) > nPhonon,ss(Kg?inl) vT > 0.
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Figure 8.9: Coherent PI controller scheme. a; is the input signal and dj is
the output signal. When implemented in the feedback scheme, the input is
an error signal and the output a control input of the plant.

One can find that K37, is temperature independent (see Fig. 8.7).

Fig. 8.8 shows the steady state phonon number as a function of P parameter,
where the exact calculation (active system) case is also plotted. In an active
system case, there is a temperature 7', which best parameter Kp lies in
Kp < —1.

So, the essence of this enhanced cooling compared to the no-feedback scheme
is the controllable effective decay rate k.rr(Kp).

8.3 Coherent PI Feedback Control

In this subsection, we show the idler from the coherent I controller largely
contributes to the added noise such that the steady-state variance of the sys-
tem operator x spreads dramatically for huge amplifier gain in I controller.
This effect will be demonstrated with a simple toy model and with an op-
tomechanical system.

8.3.1 Coherent PI Controller

From now on, we see the advantage of directional I controller. Thanks
to this nonreciprocity, we can align the coherent P and I controller in series
without having the input d; in Fig. 8.9 in output d3 = u in the ideal quantum
amplifier limit, namely,
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Tout | 0 0 e " s, 0 FF n 1 0 Fl
u || sksh 0 dy 0 1 Ff 0 s Ff |’
(8.30)

where the matrix s is the scattering matrix of the signal in coherent P and

I controller, respectively (see Eqgs. (6.3) and (7.14))!®. The added noise of

the coherent P controller is described FY = /[KZ — 1]d"" for |Kp| < 1
and |Kp| > 1, respectively. Then, the control input u can be written as

uls] =sy, [s]sg [s]e[s] + F7[s] + 55, Fy [] (8.31)
= (1 + 717/2) st e[s] + Ff [s] + sh F[s]
= Kpe[s] + KI@ + FY[s] + KpFy[s). (8.32)

Thus,
Kp:=sy,  Kp=s3)7/2.
8.3.2 <F;I(t)Fp[(t’)> Divergence Problem
Here, we want to study the behavior of <F;I(t)Fp[(t/)>. To evaluate it,

we switch to the QSDE (quantum stochastic differential equation) form and
define

t+dt

dFp;(t) = drFp(T) (8.33)
/tt-‘rdt

dDp;(t) = / drd™ (7). (8.34)

Then, the calculation steps are as follows:

18For non-ideal case, see Appendix B.
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(dF} (t) dFpi(t))

1) 0 8]~ 1) (a0}

(;12_
+KI /dTl/ dTQ
821 +1)2

exp (—%t + tsg; 1(111”2)) (dDy(r)dD}(r)) (8.35)
= (K} = 1) © (|Kp| = 1) (dDp())dDL())

+K?(GI — ( 2’ f;t )

x /Ot dﬁ/ dTgeXp< 47 ) (aDy(r)aDj(m))  (8.36)

1
21
"2 (K3~ 1) 0 (|Kp| - 1) (aD <>dD*<t’>>

GI2 /
— t+1
+K1? 821 5 OXp ( o + )

( Sa1 +1 321

T1+dT1 To+dT2
/ d’Tl / dTQ exXp 7-1 _'_ 2 ) dT1 / dTg(S(Tl - Tg)
321 1 B

T2

Vv
=dm

(8.37)
= (K%~ 1) 0 (|Kp| — 1) (dDp(DaD}(H))
sgiﬂ —1
R
X <d71(t) — exp ( 72[ G[t+ 1) d71(0)> <1 — exp (_%%4—1>)
(8.38)
S (K- 1) O (Kp| — V) dt+ K3 (5§77~ 1) dr, (3:39)

where we have used K; = Kp7y;/2 and dri(t) = dt in the last equation. The
equality d7(t) = dt holds because of the definition in Eq. (8.34)

(m1=t)+d(m1=t)

dDi(m =t) = / drd'(T).

1=t
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Figure 8.10: Coherent PI Feedback Control System depicted as (a) block
diagram and (b) physical realization.

The reason lies merely on the fact that the integration effect occurs on the
idler, as well, to satisfy the CCR. Henceforth, increasing the amplifier gain
means extending the integration time (see Eq. (7.15)), and thus its ampli-
tude, which is needed because the purpose of the coherent I controller is to
eliminate the steady-state error by increasing (integrating) the signal.

Toy model: Cavity Photon

To see how this will affect to the system variable, we use a simple cavity
system as a toy model. The whole state space representation is given by

i a | | —iA- % (/fc 4+ kg + KP\/QKZCHd) —Kr\/ke a
dt | er | \/? 0 er
Ke Ke Qin,
+ [ ~ (VR KeV) KeyE OF"C} ro|. (840)
V2

V2
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where the detuning of the cavity is represented by A = w, — wy with the
cavity frequency w. and laser frequency wy, the decay rate at converter side
by k., and the decay rate at quantum detector side by kg.

To obtain the steady state cavity photon number, we solve the Lyapunov
equations

Api P+ PAL, +Q =0 (8.41)
PYAL, + Ap PT+ QT =0, (8.42)

where we note P # P and Q # QT, because the operators are non-commutative,
ie.,

ke [ £

[ aT a'ta a'e
i_/]@ _ !
P —<_e} | [a e }>— [ éejai ée;@g ]
and
<amajn> 0 0
Q :Bp[ 0 <7’TT> 0 BIZ;I
0 0 <FP1FJLI>
_ [ (s Ko /5) + K25~V - K\/_]
~V/F — KR
_. [ q11 Q12 1
| G2 g2
<aj-nam> 0 0
QT :Bp[ 0 <7’T7‘> 0 BIZ;I
0 0 <F1T.,IFPI>
| (-1 @(Ke = 1)~ 0 (1= [Kp) + K3 (557 = 1)) ke 0
0 0
[ ai o
0 0|
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Figure 8.11: Steady state cavity photon number for (orange) SQGfI = 10,
(blue) 57" = 50, and (green) s5;' = 100. Parameters are chosen as A = 0,
ke = kg = 2m X 200 kHz. For a high gain, the photon number n,p0t0n is very
sensitive to the parameter change Kp.

That is, qﬂ) is proportional to the gain squared.
Finally, we obtain for the steady state photon number as

2 photon.ss + 1 =2 ~lo-I” +Re |V 2Ka/fic —[vy?
oton,ss ||V||2 >\+ + >‘*+ )\+ + )\*_ )\_ i )\t
Q22 Rd -1 2 -1
Ri
T VIP 28K (A+ g [M + /\i} T +)\*_>

q12 —v U4+ —U+

viEvE [zRem T zRe[A_J] (8.42)

where
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2
1 . Kpy/2rera
i\/z(m+”+“d+ P ’”d) N D

1 . Kp\/2r,

2

1 1/, Ke + Ka + Kpy/2Kckq
5 1A+ 5

/o \ 2
]_ C K 2 C
:t\/— (ZA—FH +/fd‘|‘2P Hlid) —K[ Iiclid/2

V] =v_ — vy, 1 = qu + qﬂ)

The result for various gains is shown in Fig. 8.11.
If we only focus on Fp; contribution to the cavity photon, we have

21 phot +1= qg) —lo-I +Re |5 2/ e + —losl
romes VI \ A + 2% Ap+ A% Ao+ AR
ocsgl’ﬂ. (8.44)

This means the photon cavity number increases by the gain squared. For
example, let us choose the reference power such that (r),. = /kq and let
(ain),, = 0 be a vacuum state. In this case the mean cavity photon amplitude
results to

<a>ss - ]"

then the amplitude of cavity photon number gives a = 1+ O(10), even if we
choose 32Gl’[ = 10. Of course, we can regulate this variance by Kp, however,
this must be chosen much smaller than the inverse of the gain, such that we
can achieve a stable mean number.

8.3.3 State Space Representation of the Special Case

Analogous to the classical P-I control case, we can derive the augmented
state space representation, but with the differences C' = —B” and the exis-
tence of idlers and noises in the system.

The control input u changes to
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u(t) = Kpe(t) + K /t dre(T) + Fpy(t), (8.45)

with

Fpi(t) = Fy + KpFy (t)

t
= /|52 - 1dE 0" - K, /0 at'dh ()" (8.46)

Henceforth, the augmented coherent equation of motion is changed to

K T K
da [ x } _ . x/il—l;chTB 1—K1;i/\/§B [ z } i —1 [KPB } .
dt er —mB m €r \/__KP 1

N

where we have omitted the time dependence for clarity, as usual.

8.3.4 Stability Analysis

The closed-loop stability for the coherent PI feedback system with no in-
ternal loss is provided.

But before going into the analysis, we first want to prove a lemma: In the
linear quantum system, we can express the state space representation, i.e.,
the quantum Langevin equations and the input-output relation, in terms of
ABCD model (see Eq. (3.9)), which is a function of the bare system Hamilto-
nian and the interaction Hamiltonian with the environment or just the decay
rate. Now, the bare passive system Hamiltonian is described as Hys = a'Qa
with the annihilation operators in vector form a = [ay as ... a,,]”, while B
is representing the decay rate. Keeping these in mind, we want to state the
following lemma:

Lemma 8.1 If a square matriz A = —i§) — %BBT € C™™ with Q = QF has
its complex ergenvalues {)‘k}kzl,...,m then we can express its eigenvalues as

Ao = —iwg — /2 with Q = U'tdiag,(wy)U and BBT = U'diagy,(v¢)U, where
U is the change of basis matriz with UUT = UTU = 1. Moreover, v, > 0 Vk.

Proof. Since \; € C, we can write A\, = —iA; p — A With A\jp, A\ € R Vk.
Since A is diagonalizable, we can decompose it as
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A =U'diag, (\)U
=U'diagy, (—iXip — A\g)U
=U'diagy, (—i\ix)U + Uldiagy, (—\.x)U
1
=—iQ— -BB".
2

We also consider its Hermitean conjugate

AT =U'diagy,(i\ix)U + U'ldiagy,(—\x)U

1
=iQ) — ~BB".
2

Summing and subtracting both equations we obtain

1
Q = U'diagy,(\ix)U, 5BBT = U'diag, (A\x)U.
Hence, A = wy and A\, = /2 for all K = 1,...,n. Since 1/2BB7T is a
semi-positive definite matrix, we naturally obtain ~; > 0. Therefore,

Ak:—iwk—fyk/Z, szl,,n U

This means we can treat the "imaginary" Hermitean matrix and the "real"
Hermitean matrix independently in terms of diagonalization.

For the stability analysis, we have to find the conditions where the solutions
of a characteristic polynomial are all lying in the left side of the complex
plane. If we consider the augmented differential equation as in Eq. (3.14)
with A = —i2 — 1/2BBT and C = —B7T, we have to calculate

K T K
s1— A +1 ﬂ;;% BB _lprIé(ﬁB
=B s1— A1
K | K 2K
:‘s——l s1—A+——"—BB" + - V2K ppr|
V2 - Kp V2 - Kp S_W(\/__KPP
(8.48)

Now let us assume the plant is composed of the quantum detector and system
such that only the detector feels the signal input into the plant. Other noise
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inputs are not considered because those are providing further decays and
widen the stability region. Hence, the quantum Langevin equation of the
plant is

1l i vy s |l R P
dt Ldet _Z.Giysfdet _iQdet - 1/2Bdethl;t L et Bdet ’
(8.49)

where ,/qe¢ is the system/detector Hamiltonian matrix, Gys—4e: the cou-
pling matrix between them, and By, the "input matrix" to the detector.
Using the lemma above we can diagonalize A for SISO configuration as

A = Uldiag(—iwy, iwy, ..., —iwn, iy, —iWder — %,iwdet — %)U, (8.50)

where wy is the k-th eigenfrequency, which is equivalent to the eigenvalue
of system matrix A, and wye is the eigenfrequency affected by the coupling
strength v with

0 0

T _
BB N |:O Bdethet

} = U'diag(0, ..., 0,7, y)U. (8.51)
Since the second factor of Eq. (8.48) is only composed of the matrices )

and BBT, we can rewrite (8.48) thanks to the lemma above stating that the
imaginary and real part can be treated independently when diagonalizing as

2

K K 1 2K
‘ — 1| |s1- A+ —=—"—BB" + = V2KL g
V2 - Kp V2 - Kp S_m(\/__KP)Q
‘ 1V2+ Kp K;
2
= [8" + (tWyet + = — S
it s A Ky T V- Ky
_ 1v2+ Kp K V2K,
+ | —wier — 5 ¥ + Y
2V2—Kp ) V2—-Kp (V2—Kp)?
xH\s—iwkHs+iwk|
k=1
— 0. (8.52)

So, we have changed the complex characteristic polynomial of an augmented
state space representation into a simple quadratic problem. For convenience,
we define
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Figure 8.12: Stability region as a function of Kp and K; with different
eigenfrequency-decay ratio: wge /v = 0.01, 1, 10.

o 1vV2+ Kp
a) =iWget + ——————
1 det 9 \/— _ KP’Y
Ky
gy ‘=———
T V2 Kp
V2K,
b=——m———n.
(V2 — Kp)?
Thus, the eigenvalues are solved as
1 1 2
s=-3 (ap —ag) £ 1 (a1 + az)” —b. (8.53)

Finally, for stability we have to require Re[s| < 0. The result of stable regions
for different ratios wge; /7 is plotted in Fig. 8.12.
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Figure 8.13: Steady State Phonon Number as a function of Kp and Kj.
Phonon number without feedback control (green), with CP-controlled system
(blue), and with CPI-controlled system (s5;" = 10) (orange). We have used
for the simulation: w,, = 27 x 10.56 MHz, g, = 27 x 32 Hz, g = 27 x 20
kHz, k = 27 x 200 kHz, and T' = 4.4 K. Values adapted from [44].

8.3.5 Comparison with Coherent P Controller

While we have demonstrated the effectiveness of the added noise Fp; in
the previous subsection via a simple toy model, we go to more practical
level. We have seen in section 8.2 the coherent P control is proven to be very
useful to cool the optomechanical system. Hence, the comparison between the
CP feedback controlled and CPI feedback controlled optomechanical cooling
system gives us a clearer picture with respect to the effect of idlers.

Since the calculation procedure is the same as in previous ones, we just write
down the dissipation matrix Qp;. If the system variables are in quadrature
forms, we obtain

| Quw O
QPI B |: 0 Qdet ]
with

0 0
Qw:[O vmcoth(h“m>]’ QL::{g 8]

and
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Figure 8.14: Steady State Phonon Number as a function of Kp and Kj.
Phonon number without feedback control (green), with CP-controlled system
(blue), and with CPI-controlled system (s5;" = 10) (orange). We have used
for the simulation: w,, = 27 x 10.56 MHz, g, = 27 x 32 Hz, g = 27 x 20
kHz, k = 2w x 200 kHz, and T" = 0.01 K. Values adapted from [44].

2K 0 —/ 2Kk 0
Ous = 0 2K 0 —v 2Kk
dt == | _\/=2Kk 0 -K; 0
0 —/ 2Kk 0 —K;
2
(K} —1) (O(|Kp| = 1) —=O(1 — |Kp|)) + Kp(s5i —1)

2(V2- k)

X

HKP 0 —\ —K]Ii 0
QT L 0 KKP 0 -V —K]/i Kp
det — =Kk 0 0 0 ) (\/5_ KP)2
0 —/ =Kk 0 0

As one can find, the thermal bath contribution (),, and the input contribu-
tion Qg can be completely separated. Additionally, we can recognize the
first term is the idler contribution and the second term is the "real" input
contribution. Now, solving the Lyapunov equation, the steady state phonon
number can be found as a function of Kp and K; in Fig. 8.13. As expected,
the influence of Fp; is quite large even for 82Gl’1 = 10, and the minimal steady-
state phonon number approximately increases by 60 phonons compared to
CP controlled system. However, we can still manage to perform better than
the no-feedback cooling by properly choosing the parameter Kp ~ —0.6 for
T = 4.4 K. This can be roughly explained by saying the mechanical system
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is heated by the idler of coherent I controller, which adds KI%(S%IQ —1)~ 36
phonons to the CP-controlled optomechanical system. Indeed, the steady
state particle number at Kp = —0.6 is about 60 phonons in CP case, while in
CPI it is about 85. If we now compare their cooling performance at 7' = 0.01
K, we observe CPI controlled feedback system entirely fails to cool much
better than the no-feedback one does (cf. Fig. 8.14). The reason is clear.
At a cryogenic temperature near the ground state, the steady state phonon
number is of the order of 1, while the idler contribution has not changed.
Therefore, in contrast to T' = 4.4 K case, the added noise effect is significant.
However, this is not crucial because there is no point in using an I controller,
which plays a role as steady-state error eliminator, in the first place for near-
ground state operation since no steady-state error will appear. Thus, we can
conclude, by properly choosing the amplifier gain CPI-controlled system can
still be useful, if the effect of the idlers can be tolerated compared to the
steady state mean value of the system variable or output signal, while for
example for ground state operation CPI-controlled system is not useful with
respect to the variance.

8.4 Coherent PD Feedback Control

Here, we want to utilize the coherent PD controller for cooling an op-
tomechanical system. In contrast to previous sideband-cooling with coherent
P controller, the cold-damping method is chosen, where the essence of this
cooling is increasing the mechanical damping rate such that the vibration of
the system is slowed down due to high "viscosity". We see the coherent PD
feedback control system can reach the standard quantum limit even in the
presence of idlers. In the last section, we also compare the performance with
the homodyne-measurement-based feedback system, and we reach to the con-
clusion, the coherent one can in principle outperforms the measurement one,
but under common experimental situations, the homodyne-measurement can
cool better. The following calculations are very similar to that of Vitali et

al.[38].

8.4.1 Coherent PD Controller

Same as in coherent PI controller case, we can exploit the directionality of
the devices following to
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Figure 8.15: Coherent PD controller scheme. As in case of coherent PI
controller (Fig. 8.9), a; is the input signal and dj is the output signal.

+{0 SQHFQD}’ (8.54)

where the matrix s is the scattering matrix of the signal in coherent P
and I controller, respectively (see Egs. (6.3) and (7.3))'°. The input e and
outputs u and d,,; correspond to ay, d3 and ag, respectively. Then, the
control input u is described in Laplace-s domain by

uls] =sg[s]so[slels] + F3 [s]10(|s51| — 1) + 531 F5 [s] (8.55)
= (1425 ) shels) + FFSOsE — 1) + Ll
=:Kpe[s| + sKpe[s] + Fy [s|O(|Kp| — 1) + KpFP[s]. (8.56)
Thus,
Kp = So91, KD = ’yD/Z

19For non-ideal case, see Appendix B.
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Figure 8.16: Coherent PD Feedback Control System depicted as (a) block
diagram and (b) physical realization. "mech" and "cavity" refer to mechan-
ical system and cavity, respectively. (c) Detailed plant configuration, where
the converter is not needed due to the direct interaction between input and
system.

8.4.2 Quantum Langevin Equation of PD controlled feedback sys-
tem

In this subsection, we only focus on the optomechanical system. Its lin-
earized quantum Langevin equation (classical contributions are omitted)
without feedback is expressed in quadrature form as

Q 0 w, 0 0 Q 0 0 0 W
d| P | | —wn —mwm 2G 0 P 0 0 x
dt | X 0 0 % 0 X |70 ¥ o e
Y 2G 0 0o X Y 0 0 X m

[\

where w,,, and 7, is the eigenfrequency and decay rate of the mechanical
system, and G the coupling constant between by the quadratures (Q, P)
described phonons and by (X,Y") characterized cavity photons, and 7. is the
cavity decay rate?. The detuning A is set to 0. (Xj,, Y;,) are vacuum inputs,
and W is thermal noise input with

20Note all system variables in quadrature form A and its canonical conjugate B are
represented here in annihilation/creation operators a(f) as: A = (af +a)/2, B =i(af —
a)/2. However, all inputs and outputs are written: A;p,/ous = (a}n/out—&—ain/out), Binjout =

i(ajn/out - ain/out)'
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(WOWEN) =20 (B (¢ — ¢) 4 iFy(t — ),

2T Wy,

“ hew
F.(t) :/0 dww cos(wt) coth <2kBT) :
Fi(t) =— / dw sin(wt),
0

where w is the frequency cutoff of the reservoir spectrum.
The associated input-output relation is

Xout :2\/%)( + in
Yout :2\/%Y + Yin- (857)

Now we consider the feedback effect, which feedback system is depicted in
Fig. 8.16. The feedback flow is as follows: A vacuum input FP is coming
into the cavity and is reflected giving y. This output interferes with the
reference signal r (vacuum) destructively and the error signal e is evaluated
by the coherent PD controller, which gives the control input w. This control
input w directly acts as a radiation pressure against the mechanical system
and makes its motion viscous.

The control input « is given by

u(t) = er(t) — er(t) -+ FPD7 (858)
where
e(t) = % (y(t) — r(t)) (8.59)
and
Fpp(t) =4/ K% —10(|Kp| — 1)dp'(t) + /1 — K20(1 — |Kp|)dp(t)
+ Kpdl(t) : (8.60)
N——

::FD

in the ideal quantum amplifier limit?'. This control input adds a feedback
Hamiltonian term|37, 38].

21Some readers might concern about the CCR of the control input . For its calculation
see Appendix B
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i = (VIERY.(t) = KpYo()) /e + ViYE”) Q

with Y, :=i(2" — 1), z =¢, F.

On the other hand, we have to determine the signal coming from the other
port of coherent PD controller. We will see the fed-back signal contribution
is so small such that only the idler F” is going into the cavity: The con-
structively interfered signal d is changed after going through the controller
to

1 1 1

— d+ FP + ——=5F,
Kp+s5P 1450 0 1450
where SQGI’(P’D) is the amplifier gain of the quantum amplifier in the propor-

tional and derivative controller, respectively, and Flp "D is the idler of the P
and D controller, which is the same as that of the amplifier, F; 1G (B There-
fore, for a high gain limit, d and F}" vanish, and only FP remains, which is
equivalent to vacuum noise. In the following, we define

X, =FP' 4 FP
Y, =i (FlDT - FlD) .

After adiabatic elimination (by assuming very low quality factor of the cavity)
the quantum Langevin equation is modified to

il )=l )17

4
Xin
0 0 0 0O 0 0 Y, +Y.
T 26/ BT st T ag || Vet Ve |
Vi,
L YFD i
(8.61)

where
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Kp w
whi=wy, + —=4G, ) =Ym — 2K p G
V2 Ye

Yp =i(dp —d.), Y, = (w/K%—1®(|Kp]—1)—\/1—K1%@(1—\Kp|)> Yp,

YD :Z<dD — dTD), YFD Z:KDYD.

Note that we have
Fn®¥inlt)) = (F0V,(t) ) = (VpV (') ) = =3t — ).

8.4.3 Steady-State Covariance of () and P

The previous quantum Langevin equation (8.61) can be solved as follows:

Q) =K (1)Q(0) + x()P(0) + / d(t— )W) (3.62)

with
2G Kp 7
€0 = = W(0) - 22X (0 + £V 0+ 5(0)
Kp . . Ve
" a0 )~ 5
2
Voomi = 2, (22)
t % o2
K(t) :=1— wm/O dt'x(t'), Go = — %meS, ¢:= iG -

So, £ is the total noise/input operator, g, is the rescaled feedback derivative

gain and ( the rescaled input power.
Thus, the steady state of its variance can be calculated as

(@)= @) = £ (1= ) 5 [Ta [T aneeew -
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where we have defined ¢ for the stationary symmetric correlation function
of the noise term &(¢). That is, the term Fj(t) of the thermal noise term
vanishes. Considering the commonly met condition hw,, < kgT, we then
obtain

1 Wi 2 W 1 C Ve
(@)= (1-22) + 22 (§+ 55 (b2l - 1))
gg 1 W 1 kT

4_C1+92 +2w7/nl+92hwm'

(8.63)

The first and second term is the input contribution, the third the feedback
and the last the thermal noise contribution.

In case of P, in the narrow feedback frequency cut-off limit, we have to make
a logarithmic correction regarding to the thermal contribution, namely,

mYm 1 kgT m h
(p?y =l B I (2.
ssith 4! A 14 g2 \ Ty, T, o2rnkpT
However, in the common experimental situation, v,, < wy, is given such that
we can neglect the correction. Hence, we obtain (Q?),, ~ (P?)_..

Let us also calculate the optimal feedback derivative gain g op¢, which reads

Wm <’2 C Ve kBTC
92,0pt = \/1+—/ <3+§7—m (K1%+2|K]%—1\)+2 heo — 1. (864)

Win

The remarkable point is the optimal feedback gain is now dependent on
temperature and on 7./v,,. That is, due to g oc v/CKp we have to choose
a high input power ¢ and/or parameter Kp = Kp/(vp/2) for hw,, < kgT
and v, < 7., respectively. This results to

9 hom<kpT 1 [wm [2kgT
—_— = — 8.65
<Q >ss,opt 2 w;n ha)mg ( )
and
m c 1 Wm 270 1 Wm 2’)/0
2 dmShe, [ K2 +2/K2—1|)> =, /=22 :

(8.66)
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Figure 8.17: Schematic description of of the system using homodyne mea-
surement. Figure adapted from [38].

Furthermore, by choosing the optimal feedback gain, we can indeed reach the
standard quantum limit (Q?),, = 1/4 for ( — oo, since only the first term

in Eq. (8.63) remains. We remind the readers w!, = w,, + Kp\/Ym7:L/2

8.4.4 Coherent PD Controller vs. Homodyne Detected Controller

Now, we want to compare the performance of coherent feedback and mea-
surement feedback system. In case of measurement feedback, we use homo-
dyne detected feedback system as shown in Fig. 8.17.

The steady-state covariance of @ is obtained by|[38]%?

1 95 Ve ¢ kT )
Q2 2
- o )
< hd>ss 1 g2\/ﬁ(

47 By 8 2hwy,
where 7 is the quantum /detection efficiency of the homodyne measurement.
As in the coherent controller case, (PZ)).. = (Q%,)., for vm < wn,. The
optimal rescaled feedback gain gs pqop is Obtained by

(8.67)

22Here, we have additionally considered the CCR of outputs such that we have changed
two points to their calculations: 1. Modeling the imperfect detection with an ideal detector
intercepted by a beam splitter with transmissivity /7, so mixing the incident field with a
vacuum field[47]. 2. Adding the added noise coming out from the derivative controller.
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Figure 8.18: Comparison between coherent PD feedback controlled system
(orange) and homodyne measurement feedback controlled system (blue) for
1n = 1. For both systems, optimal rescaled feedback derivative gain is chosen.
For any input power (, the coherent PD controller cannot outperform the
measurement-based controller. We have used for the simulation: w,, = 27 X
4.3 MHz, g,, = 27 x 5.7 Hz, g = 27 x 10.1 MHz, v. = 27 x 9.1 MHz, and
T = 1.0 K. Values are adapted from [35].

Ye <2 kBT 1
opt = 4/ 1 —+2—(—-—. 8.68

The optimal (Q3,),, then gives for hw,, < kgT

2 hwm<<kBT 1 1 ZkBT
——— =4/ — 8.69
CANIE L N (39)

1 /1 /2
2 Tm<Lye, L1 Ye
<Q >3570pt 8\/; ’}/ C (870)

This means, the better the quantum efficiency 7 the better the cooling per-
formance.

Comparing both systems at optimal values in Eqgs. (8.65) and (8.69) for
hw,, < kT and Egs.(8.66) and (8.70) for 7,, < 7., its cooling supremacy
depends on the effective mechanical frequency w!, and quantum detection n
with

2
<Q >ss,opt > w_mn

< l21d>ss,opt N w;n

(8.71)
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Figure 8.19: Comparison between coherent PD feedback controlled system
(orange) and homodyne measurement feedback controlled system (blue) for
n = 0.5. For both systems, optimal rescaled feedback derivative gain is
chosen. For relatively small Kp, the coherent PD controller can outperform
the measurement-based controller. We have used for the simulation: w,, =
2m x 4.3 MHz, g,, = 27 x 5.7 Hz, g = 27 x 10.1 MHz, . = 27 x 9.1 MHz,
and 7" = 1.0 K. Values are adapted from [35].

If we consider typical experimental values \/7:V, < wy,, we have

2
<622 >ss,0pt > \/ﬁ (872)
< hd>ss,opt

That is for perfect detection, CPD feedback control system cannot cool the

optomechanical system better than the measurement-based one. The nu-

merical simulation of both feedback systems is demonstrated in Fig. 8.18

and 8.19. The reason why we have a minimum at Kp = 1 can be explained

that Kp # 1 is equivalent to have a superposition with another state, which
produces a new zero point energy and therefore added noises.

8.5 Coherent PID Feedback Control

Because we now have all necessary components for the CPID controller, we
design it, and then embark on a strategy towards its feedback system.

As the reader might have already noticed, the transfer function of the
coherent P, I, and D controller is similar to that of the analog electrical circuit
using feedback amplifier (see section 2.2.3). Thus, due to its directional
properties, we can straightforwardly adapt the series PID controller scheme

104



as shown in Fig. 8.20. In the ideal limit, we have the transfer function for
’K p| >1

as 0 0 e 0 0 Ff
= 1 ’YI/2_|_1 s_ 41 0 d + 0 & 1 P
u B\ s /2 1 B sGF 2
0 0 Fl 1 0 FP
Lo [0 o e | []
(8.73)

where e = a; is the error signal and u = d3 the control input, and A =0 is
set. Here, we remind the readers that Flp’I’D are scaling by O(1) and FQP’I’D
by O(sS,). Hence, Fy """ in u do not diverge, but remain by O(1).

If we pick up the 21 element of CPID matrix and define the PID factors as

GaiPls] = % (WS/Q + 1) (75/2 + 1)
S ()

K
= Kp—f‘?["i‘KDS,

as already formulated in Eq. (3.7) in section 3, we then choose the parameters
B, vr, and vp as a function of Kp, K;, and Kp as follows

1 Kp Kp 1

- + 2_ .

B 2K;Kp \/<2KIKD) KiKp (8.75a)
Kp Kp K;

_ P 2 _ 81 .
-y (E T 1 (8.75)
1 Kp Kp 1

— = + 2 . 8.75
vp 2K \/(ZKI) KpKi (8.75c)

In case of |Kp| < 1 with the scattering matrix

a —p
b «
the transfer function of the CPID controller changes to
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Figure 8.20: Coherent PID controller scheme. a; is the input signal and d3

is the output signal. When implemented in the feedback scheme, the input
is an error signal and the output a control input of the plant.

as | 0 0 e
{u}_ 5<Ws/2+1><7;/2+1> —a]{dl}
0 0 Fl 1 0 FP
R [FJ]* 0 B (22+1) [F}
(8.76)

Expressing the parameters in Kp, K; and Kp we just replace 1/6 — § in
Eq. (8.75). We also remind the readers

Ffls) =y/K2 — 14"

1
Fls) = — 5 d"
1 t
FPls] = — s——dP
2 ] Yp/2

in the ideal quantum amplifier limit.
For the realization of the feedback structure of the CPID in Fig. 8.2, we
use a half mirror or a half beam splitter with

PR EERvIIM

to obtain an error signal e and exploit the property of the directionality such
that the error signal goes as a control input u to the plant.
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Assuming the converter-system-detector configuration and using the descrip-
tion in Eq. (8.9), the augmented state-space representation is expressed by

{ i } :[A+BC’(KP+KDA) KIB} { x }

é] O 0 er
§
n KpBD+KpBCBua —KpB KpBD —-KpB B "
D —1 0 0 0 5
7
Fprp
(8.77)
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9 Summary and Conclusion

In this thesis, we have suggested the quantum feedback amplification scheme
based on 2-input-2-output quantum amplifier and found the quantum ampli-
fier can indeed be feedback-controlled. Depending on which element of the
controller we want to have in the feedback gain, we have to choose the appro-
priate feedback scheme. In the feedback gain analysis, we see the sensitivity
of gain fluctuations dramatically reduces by applying the feedback scheme
in contrast to the no-feedback case. Thus, robustness against fluctuations
is achieved. Furthermore, a broad gain bandwidth can be obtained. While
these results are similar to classical ones, its quantum-noise limit and added
noises are quantum. A remarkable result is the quantum feedback amplifier
can reach its quantum-noise limit despite noisy feedback system.

We have applied this feedback scheme to construct an active directional
coherent differentiator and integrator. In both controllers, the condition for
minimum noise is the same for achieving a high gain. For a coherent D con-
troller, a bad cavity limit is required, while for a coherent I controller a good
cavity limit is demanded. In addition to that, using detuning the coherent
D controller can work as a band-pass filter in that detuning frequency, while
the coherent I controller can act as a band-pass rejector.

Finally, combining the previous results we have suggested a coherent PID
controller and its basic coherent PID feedback control system based on conver-
ter-system-detector concept. Since the main difference between the classical
PID controller and this coherent PID controller lies on the existence of idlers
coming from that controller, we have analyzed the effect of those added noises
by investigating the steady-state covariance matrix of the system operators.
Applying the coherent P feedback control, we could modify the decay rate
in order to get the optimal mechanical-frequency-to-cavity-decay-rate-ratio
for enhanced sideband-cooling of an optomechanical system. In the coherent

PI controller case, the divergence problem of <F ;—, e 1> in the gain limit has

been found yielding to an immense variance in the steady-state covariance
matrix. But the proper choice of the amplifier gain still opens the way to use
the CPI-controlled system for semi-classical system, where a trade-off prob-
lem occurs. For near ground-state control, CPI-control might not be useful,
which is not a crucial problem, because I controller acts to eliminate the
steady-state error and the ground-state control does not require additional
supply. In the coherent PD feedback control section, we have compared its
cooling performance with that of the homodyne-detected measurement-based
feedback control system by applying them to cold-damping of the optome-
chanical system. As a result, we have found if the quantum efficiency is
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1, then the coherent PD controller can never outperform the measurement-
based one.

As a conclusion, this new suggested no measurement- and no system-based
coherent PID controller enables now to fully operate the system on the quan-
tum level for achieving steady-state system. For an outlook, we can generalize
the analysis of idler more abstractly to gain more deep insights. Additionally,
we can extend this coherent PID controller to a coherent lock-in amplifier
to coherently lock the oscillation frequency such as Rabi oscillation in the
system.
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B Proof of Equations and Detailed Formula-
tions

In this section, all proofs and detailed formulations are written. Each
subsection is categorized in sections of the main text in order to find them
easily.

B.1 2-Input-2-Output Quantum Feedback Amplifier
B.1.1 Lower Bound of the Added Noise A in Eq. (6.11)

Here, we substantiate that the added noise is lower bounded by 1/2. The
key point of this fundamental limit is the canonical commutation relation
(CCR), which restricts the degree of freedom of added noises with

N
tl 1 — <G |? G |2 G |2 G |2
05,0 = 1= |G [ =[G+ D0 |Gl (B.1)
k#1,2,4
From here on, w.l.o.g., we set 7 = 2, in order to be able to directly compare
with the result in section 6. From Eq. (B.1), we obtain the lower bound of
G 12 . . cl. G 12
‘324‘ being responsible for permitting values ‘321‘ > 1

3_2G4 ’ _ }851}2 + |$§2|2 -1+ ZkN;él,QA |S§k‘2
T
_ ]G |2
>1- % (B.2)
|5 |

Further, by combining the CCR (B.1) with Eq. (6.11), we find the funda-
mental limit of the added noise

1 N

0

A(2)22 G QZ|82GI€|2
s3] e

RE TR

il 202G
1 — [s$|?
ZE—L”J. (B.3)
2 2s]

For |s§1| — 00, we obtain the celebrated quantum noise limit .A;O) > 1/2

148, 30).
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B.1.2 Detailed Formulation of Feedback Noises under Added Noise
Environment in Egs. (6.17) and (6.18)

First, Eq. (6.17) is described by

G K .G K .G
Fy _ 1 1 — ajans1585) alagsligsu
FQG 1-— alagsfgsg 0 1559
X ¢ G G dy | o2 | ¢ |ds (B.4)
Sg3 Soq S25 d 521
3
dy
G.fb G, fb G, fb  G,fb T n
= [ ngb Sglfb ngb 81G6fb 2
Sog  Sa4t S5’ Sog | | ds
de

and the Eq. (6.18) by

FK 1 QST 0
K | = K G K G

K sK
X <|: °13 :| d4 + |: }(2 :| 04151d5) (B5)
323 892

K, fb  _K,fb
_ { 313f 314f } [ dy }
=1 Kfb _Kfb ds |

893 So4

B.2 Coherent PID Controller

B.2.1 Input-Output Formalism of Coherent PI Controller in Non-
Ideal Quantum Amplifier Case

The detailed formulation of coherent PI controller is provided. According
to Fig. 8.9, we have the following input-output relation

I I P
|:rout } _ 1 [ 311 , "SP‘SH 3125113 } { € }
T P
u 1 — s9981 521521 322 |s ‘322 d;

1 sk 0 FP
+ﬁ[ [ 2p 1l :||:FP:|@(|S§1|_1)

— 899511 | 522521 522311
I P I I
+ 1 1 — s99811 512511 Fi (B.6)
1— st st 0 st FI :
— 5295711 21
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[ Fli ] _ 1 [ 1— sgpsﬁp s%i{sﬁ’lj } [ Flz’i ] (B.7)
Iy 1— 5P st 0 S5 Fy»
and
G _KI\ GI_K,|I G,I
|:F1j:|_ 1 [ —(1+ 5577 s177) 511;}1 ] {FGI]‘ (B.8)
F, 1+ g;llsﬁl 0 So1 F.

B.2.2 Calculation of CCR of Control Input u in Coherent PI Con-
trol Feedback System

In this subsection, we assume |Kp| > 1 for simplicity. The |Kp| < 1 case
goes analogously.

frequency domain

The control input u[w] in frequency domain is expressed as

ulw] =Kpelw] + Kj—— [ ] +,/K2 1d° " wlo(|Kp| - 1)
It
+4/1 = K24°[w]O(1 — | Kp|) +K1d_i[:’], (B.9)

where

efu], ') = [yl o' 1) + 3 o], 1)
=0(w — )

with e[w] = (y[w] — r{w])/v2. Hence the CCR. becomes

2

[ulw], ul[w']] = |Kp + % S(w—w)+ (1 - Kp)d(w—uw')

% Qé(w—w’) (B.10)
=0(w — w'). (B.11)
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time domain

In the time domain, the control input u(t) is described by

u(t) =Kpe(t) + K; /t dre(r) + /K2 — 1d° ()0 Kp| — 1)

+4/1— K3d”(1)O(1 — |Kp|) + K; /t drd" (1. (B.12)

0
Thus,

[u(t), u' (t')] =K36(t —t') + K} /t dry /t, drad(m1 — 7o)

¢ ¢
+ (1 — K?;) 5(t — t,) — K?/ dT1 / d725(7'1 — 7'2) (B13)
0 0
=0(t —t'), (B.14)
which satisfies the CCR.

B.2.3 Calculation of CCR of Control Input v in Coherent PD
Control Feedback System

frequency domain

The control input u[w] in frequency domain is expressed as

ulw] =Kpelw] — iwKpelw] + /K% — 1dPT[w]@(\Kp| - 1)

+4/1 = K2dP[w]O(1 — |Kp|) — iwKpd®'[w], (B.15)
where
el '] = [yl ') + 3 ). 1)
=6(w — ')

with e[w] = (y[w] — r[w])/v/2. Hence the CCR becomes

[ulw], u'[w']] =|Kp — iwKp|* §(w — o) + (1 — K}) d(w — ')
_ |—z'wKD!2 6w — ) (B.16)
=0(w — ). (B.17)
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time domain

In the time domain, the control input u(t) is described by

u(t) =Kpe(t) — Kp-e(t) + /K3 — 10" (00| K| 1)
+/1— K2d7(4)0(1 — |KP|)+KD%dDT() (B.18)

Note the CCR between derivatives gives

e 4] = / ¢ [ () ) ol 1]

d
w 2€—zw(t ')

o
d2
=~ 50t —1).
Thus,
d2
[u(t), u' (t')] =Kpo(t —t') — KDdt25(t —t)
2
+(1-Kp)o(t—t)+ K%%é(t —t') (B.19)
=§(t —t'), (B.20)

which satisfies the CCR.

B.2.4 Corrected Calculation of Homodyne-Detected Cold-Damping
Method

We revise the result of the paper [38].

Output Homodyne Photocurrent
In Eq. (12) of [38] the output homodyne photocurrent is written as

Your(t) = 2ny/7eY (£) = /Y (1),

where 7 is the detection/quantum efficiency of the detector and Y;! is a
generalized phase input noise. But because this output does not satisfy the
CCR we have to add a vacuum noise Y}” [47| yielding to

You(t) = 2¢/nyeY () — /Y (8) + /1 = Y5 (2). (B.21)
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Idler of Derivative Controller

As can be seen from Eq. (21) of [38], the output after time derivation is
expressed as

~ d
}/out(t) = _KD%E/out(t%

where Kp = g¢.q in their notation. Since this does not fulfill the CCR re-
quirement, we add a vacuum noise F'(t) with

F(t) = d"(t) + KD%dE*(t) (B.22)

as an annihilation operator expression with the vacuum noises d* and d¢. In
the phase quadrature formalism, we write

Yr(t) = YH(t) + Y4(1) (B.23)
with

YHA(t) =i(d"T(t) — d*(t)), YE(t) =i(d*(t) — dfT(t)). (B.24)
Quantum Langevin Equation

Eq. (22) in [38] then becomes

d
Qt) =wnP(t) (B.25)

Lp@) = — wnQ(t) — 4 P(t) + 26X (£) KD\/E%Y(t)

dt
KD\/ﬁ d n KDV 1— n d v \/% M
3 2 Yn(t) - Q—WEY;n(t) -5 V()
5 YO =W~ ) (B.26)
%Y(t) = — %Y(t) +2GQ(t) — 45/ (t) (B.27)
don % Ve
S X (1) == TX(8) = Y5 Xu(1), (B.28)

where we have used different input definition leading to + — — in all inputs.
Adiabatic elimination of the cavity mode gives us

118



d
EQ(t) :me<t>
%P(t) =~ wnQ(t) = P(t) + \2/—(;
4GKp \/ﬁ%Q(t) + ];f/\g%
KD\/ 1— n d v ﬁ M
_ 2—\/%E}/'m(t) — TY (t) -

After some calculations, we then obtain Eq. (8.67).

Xin(t) —

c

Kp d
2./7. dt

(B.29)

W(t) — f(#)

(1) = eV Dy

2,7 dt "
—Y4(t).  (B.30)

B.2.5 Input-Output Formalism of Coherent PID Controller in

Non-Ideal Quantum Amplifier Case

Since in reality there is no ideal quantum amplifier, it is useful to have
written down as a formula e.g. for numerical simulations, although no clar-
ity may be present. Thus, the input-output relation of CPID for non-ideal

quantum amplifier is expressed as

[ Tout :| _ 1
T 1 _ oD _ D || P _ I P
U 1 — s55811 — S |87| 811 — S9951;
D D I| P I DI _P
% ({ 511+|5 ‘ (‘3 |311_511)_311522311

P P
591521521 522"“3 ‘ (

I D || P D
512311_312|3‘3111 |:F1D:|>

D P
Dslzflzsl% D P } {
322|5 ‘_322)_322311522

2

(B.31)
G,P/D K,P/D G,P/D
e || B
S99 Fy”
(B.32)

DI P
+ IPSHSDHIP DI DOIP P}[Flp}
| S22521 — S92 }3 ‘ Sp1 1 — 839811 — S ‘3 | S11 — S$22511 Fy
r D I P D P I
+ 312<£_IS2%D311) P3123123D11[ ] { FII ]
L 892591521 91 (1 — 5355811) Fy
r DI D || P I P D
+ 1 — 559811 — g9 |S ‘ 11— $22511
0 sk sP
21521
with
P/D G,P/D K,P/D
Fi ’ 1 I —s9) S12
P/D G,P/D K,P/D
Iy 1 — sy S12 0
and
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Gl _KI\ GI_KI G,I
|:Flj:|: 1 [ —(L 491 s117) 511;}1 }[Flcl

} . (B.33)

Now the matrix elements SP-/ /b

D (feedback) system, SGI and Sij K% (x = P,1,D) are the quantum amplifier
and the controller scattermg matrlx elements in the P, I, and D system,
respectively. Analogously, F; PI/D are effective noises of the P, I, and D
system, and FiG’JC are idler noises of the quantum amplifier in the P, I, and D
system. To have an overlook, each input-output-relations (referring to Fig.
7.2 and 7.6) are described as

as | _ _p/p| Q1
]l ]

represent the transfer function of the P, I,

FoP
P

G,P/D K,P/D G,P/D K,P/D
_ 1 /311 / 51/1 / S12 / ‘l‘fm / ’/SG’P/D’
- G,P/D K,P/D KPD GPD K.P/D G,P/D K,P/D
15/5 / + s |sTFIP] S99~ Sao
21
GPDKPD GPDKPD G,P/D
+ GP/D K,P/D 0 KP/D EGF/D
I
as _SI aq + Fl
= I
G,I_K,I G,I
L[ e )
- GI K1 d| KT
145577817 L S22 — Saf 5™ S9g Sa1 by
GI KI GJI KI G.I
1 [1 Sa1 Si1 511;}1 :||:F1GI:|
GI K, , ,
1+821 511 O 321 F2
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