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Abstract

We present squeezing and anti-squeezing spectra of the output from
a degenerate optical parametric oscillator (OPO) network arranged in
different coherent quantum feedback configurations. One OPO serves as
a quantum plant, the other as a quantum controller. The addition of
coherent feedback enables shaping of the output squeezing spectrum of the
plant, and is found to be capable of pushing the frequency of maximum
squeezing away from the optical driving frequency and broadening the
spectrum over a wider frequency band. The experimental results are in
excellent agreement with the developed theory, and illustrate the use of
coherent quantum feedback to engineer the quantum-optical properties of
the plant OPO output.

1 Introduction

Coherent feedback quantum control schemes enable the design of autonomous
controllers for quantum systems [1, 2, 3, 4]. Unlike measurement based con-
trol schemes, coherent feedback quantum control does not rely on measurement
based feedback, which is always accompanied by undesirable side-effects, in-
cluding the addition of excess noise from amplifying quantum signals up to
macroscopic levels and increased controller latency [5, 6]. Instead, the feedback
signals remain coherent and quantum, which not only reduces excess noise, but
has the potential to lower required power for operation, as well as reduce feed-
back latency and increase system autonomy [7, 8].

∗ntezak@stanford.edu
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The foundations that underpin the use of coherent feedback to control quan-
tum systems were laid over the past three decades in studies of open quantum
systems and networks. The seminal work of Hudson and Parthasarathy [9]
provided a rigorous mathematical framework for describing open quantum sys-
tems through quantum stochastic processes [10]. Later work by Gardiner and
Carmichael addressed the extension to cascaded quantum systems in [11, 12]
and more recently Gough and James generalized this to arbitrary feedforward
and feedback networks in [4]. The latter presented a unified theoretical ap-
proach to describe the different possible types of coherent connections between
systems (including series, concatenation and feedback forms). This approach
has significant merit for quantum information science applications as it pro-
vides systematic methods to tailor the design of a coherent feedback network
to realize a system with desired quantum dynamics. To date only a few exper-
imental demonstrations of such coherent feedback control networks have been
reported. Mabuchi experimentally demonstrated disturbance rejection using a
dynamic compensator with passive systems (a pair of empty cavities driven by
laser fields optically connected in a phase coherent feedback configuration) [13],
and more recently Iida et al. experimentally demonstrated optical squeezing
enhancement produced from an OPO with self-feedback from its output [14].
Neither of these demonstrations included quantum-limited gain in the arm of the
feedback loop, and one of the contributions of the present work is to examine the
effects of gain on the feedback system dynamics. In addition, coherent feedback
has been explored in a quantum system with feedback fields in the microwave
(as opposed to optical) regime [15], illustrating that the developed theoretical
framework is applicable to quantum systems with significantly different energy
and timescales than those of optical systems.

Squeezed states of light find applications in quantum metrology, quantum
sensing, and quantum key distribution [16, 17]. They were theoretically pre-
dicted by Collett and Gardiner [18], and were observed soon thereafter by
Slusher et al. [19]. Wu et al. then demonstrated quadrature squeezed light
generation from the output of a degenerate OPO [20]. Quadrature squeezed
states play a particularly important role in gravitational wave detection, where
they allow measurement sensitivity to be improved beyond the standard quan-
tum limit [21, 22, 23]. Since gravitational waves have frequencies in the low
acoustic range (∼ Hz to kHz), effort in that field has been focused on gener-
ating squeezing at these frequency detunings from the optical beam frequency
[24]. Vahlbruch et al. utilized two coherent frequency shifted control fields
in orthogonal polarization states to stably squeeze the vacuum using an OPO
squeezer [25], and they subsequently extended the observable frequency range
down to 1 Hz by carefully removing interference from surface scatterers [17].
Other applications, most notably quantum key distribution, benefit from gen-
erating squeezing over large bandwidths [26]. It is thus desirable to explore the
ways in which the bandwidth and the frequency detuning of squeezed light can
be engineered for quantum systems that can produce it, and in this work we
focus on a network of two OPOs coupled in a coherent feedback configuration.
While it has been shown that cascading parametric oscillators (feeding the out-
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put each into the input of the next) can enhance entanglement and squeezing of
the final output light [27], the merits of arranging the oscillators in a coherent
feedback configuration warrant careful study in order to find ways of enhanc-
ing the squeezing produced while minimizing the number of oscillators used to
achieve it.

In our system, one OPO behaves as a quantum “plant” (system to be con-
trolled), and other as a quantum “controller” (system that takes the plant out-
put and feeds a modified version of the output, in this case a squeezed state of
light, back into the plant to change the plant system dynamics). As the param-
eters of the feedback loop and controller OPO are varied (including the optical
phase accumulation from propagation in the loop, the controller OPO pump
power and cavity detuning), the behavior of the combined system departs in a
significant way from the that of the individual plant OPO system. In the next
section, we present the theory to describe the full OPO network with coherent
feedback. We then describe the experimental setup, and the results, namely
the spectral features of the combined system output. These spectra show that
we are able to choose the controller system parameters to not only enhance the
squeezing produced by the plant OPO, but to shift the frequency of maximum
squeezing to larger detunings away from the driving optical frequency, as well
as broaden the squeezing spectrum. Systematic spectral shaping through the
use of coherent quantum feedback lies at the core of the novelty of this work,
and we observe an excellent agreement between the theoretically calculated and
experimentally measured squeezing spectra. We conclude with a discussion of
the results and future work.

2 Theory

The model for the OPO network can most easily be derived using Gough and
James’s SLH formalism [4], which allows the derivation a dynamic network
model from the knowledge of its individual components and their interconnec-
tions. We are only interested in operating the OPOs below threshold and can
thus treat the pump modes of each OPO as classical amplitudes. In this case,
the equations of motion of the OPO signal mode operators are linear, which
enables the characterization of the overall network’s effect on a coherent input
beam through a transfer function. The system’s output quantum field features
frequency dependent squeezing and its squeezing spectrum can be computed
from the transfer function of the OPO network.

The first OPO has two main input-output ports with coupling rates γ1
and γ2, and is modeled to have three additional, independent loss channels1

γ3, γ4, γL, bringing its total number of input-output ports five. The second
OPO has one main input-output port with rate κ and an additional port to
serve as combined loss channel with rate κL.

In an interaction picture frame rotating at the external laser frequency, the
corresponding SLH models for these systems are then GP = (SP ,LP , HP ) and

1These loss channels have only the vacuum as input.
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GC = (SC ,LC , HC) (P: plant, C: controller) with

SP = I5, SC = I2, (1)

LP =


√
γ1a√
γ2a√
γ3a√
γ4a√
γLa

 , LC =

( √
κb√
κLb

)
, (2)

HP = ∆a†a+
1

2i
(ε∗a2 − εa†2), HC = δb†b+

1

2i
(η∗b2 − ηb†2). (3)

Here we have introduced the plant and controller cavity detunings from the
external driving frequency ∆ and δ, as well as the pump amplitudes ε and η.

Thanks to the trivial scattering matrices for both OPOs, we can decompose
both models into concatenations of single port SLH models for each port GP =
�5
j=1GPj and GC = GC1 �GC2. Here, we have the following SLH parameter

lists for each single port SLH models.

GP1 =

(
1,
√
γ1a,∆a

†a+
1

2i
(ε∗a2 − εa†2)

)
, GPj = (1,

√
γja, 0), j = 2, 3, 4, L,

(4)

GC1 =

(
1,
√
κb, δb†b+

1

2i
(η∗b2 − ηb†2)

)
, GC2 = (1,

√
κLb, 0). (5)

The connection scheme is as follows: The output from the first mirror of the
plant OPO is fed into the first mirror of the controller OPO. The connection
includes both the phase shift and the linear loss. The output from the first
mirror of the controller OPO is fed into the second mirror of the plant OPO.
This connection should also include the linear loss as well as the phase shift. It
turns out that we can consolidate the phase shift into one component, rather
than using two separate phase shifting components. Let us now consider an
ideal, lossless connection. In a decomposed notation, this connection can be
written as [4]

(GP2 CGφ CGC1 CGP1)�GP3 �GP4 �GPL �GC2, (6)

where the phase shifting system should be represented as Gφ = (eiφ, 0, 0).
However, a realistic system must include the losses in the connections. The

loss can be modeled using the beam splitter model

GLj
=

((
αj βj
−βj αj

)
,0, 0

)
, (7)

where we must introduce the second idle channel. The transmission is defined
by αj parameter. Since we have an explicit component to model phases accu-
mulated along the beam path, we choose αj positive, and it is then given by
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αj =
√

1− lj where lj is the relative power loss. Then, we must have |βj | =
√
lj

for unitarity of the S matrix and we also pick these parameters as real and pos-
itive.

We account for propagation losses between the first mirror of the plant OPO
to the first mirror of the controller OPO (l1), between the first mirror of the con-
troller OPO and the second mirror of the plant OPO (l2), and finally, between
the second mirror of the plant OPO and the homodyne detector (l3).

The entire system then has a total of n := 8 pairs of input-output channels,
five from the plant, two from the controller, three idle ports due to the losses
and minus two, due to the feedback connection. Therefore, the system S matrix
should be an 8× 8 matrix and the system L should be an 8× 1 vector operator.
Following the rules for computing series and concatenation products in [4], we
can obtain the whole system SLH model:

S =



eiφα1α2α3 −eiφβ1α2α3 −β2α3 −β3 0 0 0 0
eiφβ3α1α2 −eiφβ1β3α2 −β2β3 α3 0 0 0 0
eiφβ2α1 −eiφβ1β2 α2 0 0 0 0 0
β1 α1 0 0 0 0 0 0
0 0 0 0 1 0 0 0
0 0 0 0 0 1 0 0
0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 1


, (8)

L =



(
√
γ1α1α2α3e

iφ +
√
γ2α3)a+

√
κα2α3e

iφb
(
√
γ1β3α1α2e

iφ +
√
γ2β3)a+

√
κβ3α2e

iφb√
γ1β2α1e

iφa+
√
κβ2e

iφb√
γ1β1a√
γ3a√
γ4a√
γLa√
κLb


, (9)

H = (∆ +
√
γ1γ2α1α2 sinφ) a†a+ δb†b

+
1

2i

(
η∗b2 − ηb†2

)
+

1

2i

(
ε∗a2 − εa†2

)
+

√
κ

2i

[(√
γ2α2e

iφ −√γ1α1

)
ab† −

(√
γ2α2e

−iφ −√γ1α1

)
a†b
]
. (10)

The system Hamiltonian which is still quadratic in the plant and controller
mode operators shows that the feedback achieves two things: it introduces a
detuning on the plant cavity mode a and it couples the plant and controller
modes. The strength of these effects depends on the feedback roundtrip phase,
the linear propagation losses, and the coupling coefficients of the plant mirrors
1 and 2.

From the SLH parameters we can compute the QSDEs for the mode dynam-
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ics X ∈ {a, a†, b, b†}:

dX(t) = (L(X(t))− i[X(t), H])dt + dA†(t)S†[X(t),L(t)] + [L†, X(t)]S dA(t),
(11)

where dA(t) = (dA1(t), dA2(t), . . . , dA8(t))T and dA†(t) = (dA†1(t), dA†2(t), . . . , dA†8(t))
are the input field or more precisely Quantum Ito-type input processes to the
system2 and the Heisenberg-picture Lindblad superoperator L is given by

L(X) =
1

2
L(t)†[X,L(t)] +

1

2
[L†(t), X]L(t). (12)

The output field is determined through the boundary condition

dA′(t) = S dA(t) + L(t)dt. (13)

Both the QSDEs for the internal modes and the boundary condition for the
output field are linear in the internal mode operators and the input fields (and
their adjoints), and can thus be represented in the ABCD matrix formalism
[30]. Here we present only the final result

dă(t) = A ă(t)dt + B dĂ(t), (14)

dĂ
′
(t) = C ă(t)dt + D dĂ(t), (15)

where we use the doubled-up notation of Zhang et al. [30]

ă =


a
b
a†

b†

 , dĂ =

(
dA
dA∗

)
, dĂ

′
=

(
dA′

dA′
∗

)
. (16)

With notation borrowed from the above reference ∆̆(X,Y) ≡
(

X Y
Y∗ X∗

)
,

the final system matrices can be expressed as

A = ∆̆(A−,A+), B ≡ −∆̆(C†−,0), C = ∆̆(C−,0), D ≡ ∆̆(S,0), (17)

2which in our case represent either the vacuum or a coherently displaced vacuum
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where

A− =

(
−i∆− γT

2 − Γeiφ −√κγ2α2e
iφ

−√γ1κα1 −iδ − κT

2

)
, A+ =

(
ε 0
0 η

)
, (18)

C− =



√
γ1α1α2α3e

iφ +
√
γ2α3

√
κα2α3e

iφ

√
γ1β3α1α2e

iφ +
√
γ2β3

√
κβ3α2e

iφ

√
γ1β2α1e

iφ
√
κβ2e

iφ

√
γ1β1 0√
γ3 0√
γ4 0√
γL 0
0

√
κL


(19)

Γ =
√
γ1γ2α1α2, (20)

γT = γ1 + γ2 + γ3 + γ4 + γL, (21)

κT = κ+ κL. (22)

By Fourier transforming equations (14) and (15), we can find the system
transfer function Ξ that directly links the Fourier transformed input and output

fields ˜̆A
(′)

(ω) := 1
2π

∫∞
−∞ eiωtdĂ

(′)
(t) as

˜̆A
′
(ω) = Ξ(ω) ˜̆A(ω), (23)

where
Ξ(ω) ≡ D + C(−iωI4 −A)−1B. (24)

Due to the inherent redundancy of the doubled up notation, the transfer function
can be decomposed as

Ξ(ω) =

(
S−(ω) S+(ω)
S+∗(−ω) S−∗(−ω)

)
. (25)

From these matrices one can calculate the quadrature dynamics and eventually
calculate the power spectral density of a given quadrature, which is known as
squeezing spectrum [29]

Pθj (ω) = 1 +Nj(ω) +Nj(−ω) + e2iθMj(ω) + e−2iθMj(−ω), (26)

for j = 1, 2, ... representing each output port and θ as the quadrature angle. In
our case, the feedback system output is j = 1. Here, the parameters Nj(ω) and
Mj(ω) are defined through

Nj(ω) ≡
∑
k

|S+jk(ω)|2, Mj(ω) ≡
∑
k

S−jk(ω)S+jk(−ω), (27)

where S−jk and S+jk are the (j, k) entries of the matrices S−(ω) and S+(ω),
respectively.
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So far, the expressions for the squeezing spectrum apply only to vacuum
inputs. If we displace the input by a vector of coherent amplitudes dA(t) →
dA(t) + w dt the squeezing spectrum is only altered at dc (ω = 0) in the form
of a singular ∝ δ(ω) contribution:

Pθj (ω)→ Pθj (ω) + 4
{

Re
[
eiθvj(w)

]}2
δ(ω), (28)

where we have introduced the j-th steady state output amplitude vj(w), given
by

vj(w) := (Ξ(0)w̆)j =
(
S−(0)w + S+(0)w∗

)
j
. (29)

The exact analytical form of the squeezing spectrum we obtained is too
complicated to be shown here and is visually uninformative, but we were able to
numerically evaluate the squeezing spectrum for given system parameters, which
were readily compared with the experimental results. The following sections
show the comparison between the theoretically calculated squeezing spectra and
the experimental results.

For completeness, since this is relevant to our locking schemes, we also in-
clude how to compute the steady state output power from a given port. For
the j-th port, this is given by the steady state expectation of the output gauge
process matrix element P ss

j dt = 〈dΛ′jj〉ss and can be shown to be

P ss
j = |vj(w)|2 +

(
C∆NssC

†)
n+j,n+j

, (30)

where the first term is simply the squared output amplitude and the second
arises purely due to the squeezed uncertainty ellipses of the intra-cavity modes.

The intra-cavity modes’ covariance matrix ∆Nss :=
〈

(ă− 〈ă〉ss) (ă− 〈ă〉ss)
†
〉
ss

=

〈ăă†〉ss − 〈ă〉ss〈ă†〉ss is obtained by solving the following Liapunov equation:

0 = A∆Nss + ∆NssA
† + Q, with Q := B

〈dĂdĂ
†
〉

dt
B† =

(
C†−C− 0

0 0

)
(31)

3 Experimental setup

The system consists of two OPOs in a feedback loop. Figure 1 shows the entire
system diagram. We have three optical cavities. The output of the plant OPO
is connected to the controller OPO input and the controller output is fed back
into another input port of the plant OPO. This forms an all-optical coherent
feedback quantum control system. The master laser source for the entire system
is a single frequency CW 1064 nm laser (Mephisto MOPA, InnoLight), operating
at 1064.4 nm. We generate a 532 nm pump beam through single pass second
harmonic generation (SHG) using a MgO:PPLN crystal (Covesion MSHG1064-
1.0-10 with a 1 mm × 1 mm aperture and 1 cm length) with a poling period of
6.96 µm, set at a temperature of 59.4 ◦C. The maximum 532 nm power obtained
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Figure 1: Schematic of the OPO network system. Red: 1064 nm, green: 532 nm,
orange: coherent feedback, blue: system output. (ISO: isolator, SHG: second-
harmonic generation, DCM: dichroic mirror, PZT: piezoelectric transducer, C-
OPO: controller OPO, P-OPO: plant OPO, MCC: mode-cleaning cavity, CVT
LCK: cavity locking servo, AOM: acousto-optic modulator, EOM: electro-optic
modulator, PUMP LCK: pump phase locking servo, CFB LCK: coherent feed-
back phase locking servo, HD: Homodyne detection)
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is 1.7 W when the pump power is 9.6 W. Part of the master laser is split off
for use as a local oscillator for the balanced homodyne detector. Since the local
oscillator beam quality is not ideal, we employ a mode cleaning cavity. This
cavity is locked using the Pound-Drever-Hall (PDH) method [31]. For this, we
generate the sideband of the locking laser beam at 97 MHz. This mode cleaning
cavity also serves to stabilize the local oscillator power.

We configure our plant OPO to achieve degenerate three-wave mixing, which
is pumped by the 532 nm beam. The plant cavity is in a bow-tie configuration,
with two input-output mirrors. The mirrors have 8% and 4% reflectivity, re-
spectively. These values were chosen to provide reasonable coupling strength to
the plant cavity in the feedback loop. The plant cavity also has two concave
mirrors with 99.66% and 99.90% reflectivity at 1064 nm, but with reasonably
high transmission (>93%) at 532 nm. The radius of curvature for both mirrors
is 10 cm. The cavity round-trip length is approximately 67 cm. The major
intracavity loss occurs at the surface of the MgO:PPLN, which has a non-ideal
anti-reflection coating with approximately 1% loss. Locking the plant OPO
cavity is also achieved using the PDH method. For this we control the upper
flat mirror position using a piezoelectric transducer (PZT). The cavity locking
beam is coupled through one of the concave mirrors in the backward direction.
The PDH sideband frequency is 90.7 MHz, which is much larger than the cavity
half-linewidth of 5.2 MHz. Although we employ the backward beam cavity lock-
ing scheme, locking is still challenging due to significant backscattering of the
relatively strong forward signal on the MgO:PPLN surfaces. The plant OPO is
a type I degenerate OPO and uses the same type of MgO:PPLN crystal as the
one used for SHG. The pump beam is coupled through the lower concave mirror
in the forward direction, co-propagating with the signal. The desired pump
beam parameters for optimizing parametric amplification were determined by
matching the pump beam parameters to those of the second harmonic beam
generated in the plant OPO from the forward signal power. The poling period
of this MgO:PPLN crystal is also 6.96 µm, and the crystal is mounted in an oven
with a set temperature of 35.6 ◦C. We measure the OPO oscillation threshold
pump power for the plant OPO to be 330 mW. The pump phase relative to
the signal phase is locked through a dithering scheme analogous to the PDH
method with the modulation sideband at 111.1 kHz. We monitor the output of
the plant OPO using a 5% beam splitter to generate the error signal used in
the dithering scheme; although this adds loss in the feedback loop, it greatly
improves the pump phase locking performance.

The controller OPO is also a bow-tie cavity. It has a single main input-
output mirror with 86% reflectivity. All other mirrors are high reflectors. It
also uses the same type of MgO:PPLN crystal as the plant OPO, has a pol-
ing period of 6.93 µm, and the crystal sits in an oven with a set temperature of
58.1◦C. Although the controller OPO is designed as an ideal single input-output
port OPO to produce as much squeezing as possible, we found that additional
intracavity loss caused by the MgO:PPLN surface and absorption loss in the
crystal degrades the on-resonance cavity reflectivity at the input-output port
from the near ideal value of 100% to 70%. This corresponds to a 1.3% intra-
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cavity loss. Locking the controller OPO cavity by injecting a backward beam is
challenging for several reasons: the remaining cavity mirrors are high reflectors
and let little backward beam power through, and the small reflection of the
forward signal from the PPLN crystal surface at the same optical frequency can
significantly interfere with the injected backward beam. To avoid this problem
we shift the optical frequency of the cavity locking beam by precisely one cavity
free-spectral range (435 MHz), and we achieve this frequency shift by passing
the cavity locking beam through an AOM four times before it is injected into the
cavity. We lock the cavity using the PDH method with a modulation sideband
at 48 MHz. Locking the pump phase relative to the signal phase is accom-
plished using through the same low frequency dithering scheme as that used in
the plant OPO, and the error signal is generated from a detector that monitors
the output of the controller OPO through a 10% beam splitter located near the
input of the plant OPO. Just as with the plant OPO, this greatly enhances our
ability to lock the controller pump phase, at the expense of additional loss in
the feedback loop. We measure the controller OPO threshold to be 993 mW.

The total roundtrip phase of the feedback loop is locked in either construc-
tive interference (maximizing the circulating power in the feedback loop) or
destructive interference (minimizing the circulating power). For this we seed
a small amount of forward signal power to the plant OPO and then monitor
the circulating power through the same 10% beam splitter used for locking the
controller OPO pump phase. We have another detector at the far end of the
feedback loop that then enables us to monitor the beam alignment drift at a
separate position.

One of the relay feedback loop mirrors serves to adjust the feedback loop
phase. The minimum power monitored corresponds to P0/|1 + |r||2, where r is
the complex loop gain, while the maximum power corresponds to P0/|1− |r||2.
We easily measure P0 by cutting the loop. From these three measurements, we
obtain |r| = 0.6 for cold OPOs (no pump), which implies that the total loop
power transmission was 0.62 = 0.36 (i.e., 64% loop power loss). Through point-
wise measurements, we break down the contributions as follow: 10% and 5%
losses due to the monitoring taps, the cavity reflectivity of 70% of the locked
controller OPO, 12% of loss from an optical isolator (which is used to ensure uni-
directional feedback), the cavity transmissivity 82% of the locked plant OPO,
and finally, additional losses (∼ 7%) from mode coupling mismatch and various
mirror surfaces, including 14 dielectric coated mirrors for positioning and align-
ing beams, 4 lenses to shape the beams, and one silver mirror on a piezo-electric
material. The theory predicts only slight squeezing spectrum enhancements for
significantly reduced feedback loss, and thus minimizing feedback loop loss is
not crucial for the results demonstrated here.

To monitor squeezing spectra we set up a balanced homodyne detection
scheme [32, 33, 34]. The output from the mode cleaning cavity serves as a local
oscillator, which is mixed with the output signal from the plant OPO on a beam
splitter. The detectors we use are two ETX-500T photodiodes (JDSU), arranged
in subtracting configuration. The total losses in the homodyne measurement
setup can be decomposed into three main components: the propagation loss
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from the output of the plant OPO to the surface of the detectors, the homo-
dyne efficiency measured from the homodyne visibility fringe, and the quantum
efficiency of the detector [35]. We have an overall loss of 30% in the homodyne
measurement including all three components. Locking the local oscillator phase
relative to the signal phase is accomplished through the same dithering scheme
mentioned above, and dithering occurs at 373.5 kHz, which is well separated
from the other phase lock loop dithering frequencies. This helps to lock the
homodyne quadrature angle effectively while all seven phase locking loops are
running simultaneously, at the expense of adding excess technical noise in the
homodyne spectra at frequencies in the vicinity of this dithering frequency.

Locking the entire system requires a sequential procedure, due to interac-
tion among the various phase lock loops. In sequence, we first lock the mode
cleaning cavity, plant OPO cavity, controller OPO cavity, the feedback phase,
and the homodyne local oscillator phase. Then, we lock the pump phases while
monitoring the homodyne output, first the plant OPO, and then, finally, the
controller OPO. We lock the balanced homodyne output at either maximum
or at minimum, representing the amplitude quadratures (θ = 0, π). To change
between measuring squeezing and anti-squeezing, we switch the OPO pump
phases relative to the seeding input.

The squeezing spectrum is taken directly from the output of the balanced
homodyne detector. The output is connected to a Minicircuits bias tee splitter
which separates the signal into DC and AC components, and the measured
squeezing spectra are contained in the AC component; the DC component is
used to monitor the DC bias drift of the balanced homodyne detector, which is
caused by the slow beam drift and the resulting imbalance in measured power
of two detectors.

4 Experimental results

We first measure the squeezing spectra of the plant OPO without feedback using
a RF spectrum analyzer (Agilent 4396A) with 30 kHz RBW and 300 Hz VBW,

averaged 9 times. The pump parameter is defined as x ≡ 2ε/γT =
√
PPp /P

P
th,

where PPp is the plant pump power and PPth is the plant threshold pump power.
For all measurements, the contributions of the photodetector dark current and
the small spectral variation of the transfer function of the RF spectrum analyzer
are accounted for. The local oscillator power is 0.25 mW and we maintain
the forward beam signal power at roughly 2 µW, which avoids saturation of
the homodyne detector while providing sufficiently large optical power to lock
various phase locking servos and enables large dynamic range in the spectrum.
To measure squeezing (and anti-squeezing), we locked the pump phase of the
plant OPO for deamplification (and amplification), respectively. Figure 2 shows
the measured spectra. We calculate the theoretical curves using the parameters
shown in the table 1. For the open loop calculation, the feedback loss is 100%.
We observe that the spectrum data from 0 Hz to 2.5 MHz is obscured by noise

12



Figure 2: Squeezing spectra of the plant OPO without feedback at two different
pump powers. Blue (cyan): anti-squeezing, red (magenta): squeezing for x =

0.79 (x = 0.3). Here, x =
√
PPp /P

P
th. Green: vacuum spectrum. Theoretical

curves are shown in dashed lines.

from the dithering RF locking signals, whose harmonics and spectral tails die
out above 2.5 MHz.

Symbol Value Description

γ1 4× 4.5MHz/2π = 18MHz/2π Plant mirror 1
γ2 8× 4.5MHz/2π = 36MHz/2π Plant mirror 2 (main output of plant OPO)
γ3 .34× 4.5MHz/2π ≈ 2MHz/2π Plant mirror 3 (concave mirror)
γ4 .1× 4.5MHz/2π ≈ .45MHz/2π Plant mirror 4 (concave mirror)
γL 2× 4.5MHz/2π = 9MHz/2π Combined additional Plant losses
∆ 0MHz/2π Plant cavity detuning

κ 14× 4.34MHz/2π ≈ 61MHz/2π Controller input-output mirror
κL 1.3× 4.34MHz/2π ≈ 5.7MHz/2π Extra controller intracavity loss
η 0MHz/2π Controller pump power gain
δ 0MHz/2π Controller cavity detuning

φ π Feedback optical phase (destructive)
l1 3.5% Power loss from plant to controller
l2 27% Power loss from controller to plant
l3 30% Homodyne power loss

Table 1: Parameters used to fit measured squeezing spectra of the empty-cavity
destructive interference coherent feedback configuration.
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(a) x = 0.17
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(b) x = 0.33

Figure 3: Squeezing spectra for the empty-cavity destructive interference feed-

back, for different pump powers. x =
√
PPp /P

P
th. Red (magenta): closed-loop

(open-loop) squeezing, Green: vacuum, blue (cyan): closed-loop (open-loop)
anti-squeezing. The theoretical calculations are shown in dashed lines in corre-
sponding colors.

We then configure the system to form the coherent feedback loop. We lock
the feedback phase to the destructive interference condition as described above,
resulting in the minimum circulating power. For the first measurement, the
controller OPO pump remains off (the controller is simply an empty cavity).
Figure 3 shows the squeezing spectra as well as the open loop spectra without
feedback for comparison. We see a shift in the frequency of the closed loop
spectra with respect to the open loop spectra. Both the squeezing and the
anti-squeezing spectra in the feedback case are peaked at 4 MHz away from
DC. The RF frequencies of the squeezing extrema stay nearly the same with
increasing plant pump power, which agrees with the theory. We cannot measure
the spectra for pump parameters over x = 0.33 due to instability of one of
the phase lock loops at higher pump powers. However, in theory even when
x = 1.4, the closed loop system poles stay in the negative half of the complex
plane, which is significant to note as the open loop system becomes unstable
for x ≥ 1; thus, destructive interference feedback stabilizes the unstable open
system. Figure 3 also compares the measured and the theoretically calculated
squeezing spectra. For theoretical calculations we use the parameters shown
in Table 1, and we observe an excellent agreement between the measured and
the spectra, which implies that the SLH quantum stochastic model successfully
describes the all-optical coherent feedback OPO network.

An important effect of the feedback loop is that it increases the amount of
squeezing achieved for a given plant pump power. For x = 0.33, we measure
the maximum squeezing of the open loop configuration at slightly over 1 dB,
while the empty-cavity coherent feedback configuration achieves nearly double
the squeezing amount at the same of pump power.
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(a) x = 0.32, y = 0.10
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(b) x = 0.32, y = −0.09

Figure 4: Measured squeezing spectra (red) and anti-squeezing spectra (blue) of

an OPO network for different pump parities. Here, x =
√
PPp /P

P
th (plant pump)

and |y| =
√
PCp /P

C
th (controller pump). The open loop squeezing (magenta) and

the anti-squeezing spectra (cyan) are shown for comparison. Also shown are the
corresponding theoretical curves in dashed lines.

We then turn on the pump power of the controller OPO, forming a true OPO
network in coherent feedback configuration. We again set the coherent feedback
phase to destructive interference. We define the two pump parameters as x =

2ε/γT =
√
PPp /P

P
th for the plant OPO and |y| = 2η/κT =

√
PCp /P

C
th for the

controller OPO, where P jp , P
j
th are the pump powers and threshold pump powers

for plant (j = P ) and the controller (j = C), respectively. y > 0 corresponds
to the case in which the controller and plant OPOs are both squeezing (or anti-
squeezing) together, while y < 0 indicates reversed squeezing parity between
the two OPOs (one squeezes while the other anti-squeezes). For the case where
x = 0.32, y = 0.10, we observe that the peak squeezing and anti-squeezing values
occur at 5 MHz. We compare with the empty-cavity destructive interference
feedback case shown in Figure 3 (b). x = 0.33 with empty cavity feedback
exhibits the peak squeezing near 4 MHz, and thus we see that having an active
controller OPO further shifts the peak squeezing RF frequency by 1 MHz, as is
predicted by the theory. Separately, we also note a slight increase in the anti-
squeezing and squeezing peak values for x = 0.32, y = 0.10 when compared
with x = 0.32, y = 0.

Next, we reverse the pump parity between the plant and controller OPO.
Figure 4 (b) shows the measured squeezing spectra. This case displays re-
duced amounts of squeezing and anti-squeezing relative to the empty cavity
controller case. Thus we observe that matching controller and plant pump pari-
ties enhances squeezing and anti-squeezing, whereas the case of opposite parities
decreases squeezing and anti-squeezing.
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(a) 16 MHz detuned controller OPO cavity (b) Circulating power vs. feedback phase

Figure 5: Squeezing (red) and anti-squeezing (blue) spectra for a 16 MHz de-
tuned controller OPO cavity (left). Here, x = 0.29 (plant pump) and y = 0
(controller pump). The open loop squeezing (magenta) and the anti-squeezing
(cyan) spectra are shown for comparison. Theoretical curves for corresponding
squeezing spectra are shown in dotted lines. The theoretical relative circulating
power as a function of feedback phase (right).

We also measure the spectra for the constructive interference feedback con-
figuration, and we briefly describe the results as the following. The constructive
interference coherent feedback configuration yields significantly reduced squeez-
ing spectra, accompanied by the addition of significant amounts of low frequency
noise as the two OPO network becomes less stable and noises in the phase lock
loops increase. This feedback configuration substantially reduces the lasing
threshold pump power of the OPO network (note that our locking schemes fail
near and above this threshold); in other words, a small amount of pump power
(∼10’s of mW) injected into the plant OPO is now enough to push the combined
system above threshold. From a dynamical systems perspective, this configu-
ration illustrates that the stability of the controlled system (the plant, stable
by itself at the same input pump power) can be modified (in this case, made
unstable) with the addition of coherent feedback.

Finally, we investigate the effects of detuning the controller cavity reso-
nance from the optical drive frequency. The cavity detuning is accomplished
by changing the driving RF frequency for the AOM used to shift the locking
beam frequency (nominally by one free-spectral range). The coherent feedback
phase is set to the destructive interference condition. We detune the cavity
frequency by 16 MHz and observe that the squeezing and the anti-squeezing
spectra broaden, as predicted by theory. Figure 5 shows the result. The broad-
ening of the squeezing and the anti-squeezing spectra increases as the controller
detuning is increased, yielding enhanced squeezing at larger frequency detun-
ings from the optical drive frequency. We note that when the controller cavity
is detuned from the optical drive frequency, the coherent feedback phase φ that
corresponds to the destructive interference condition is no longer 0 or π. In order
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to compare the experimental result with the theory, it is important to find out
the correct feedback phase φ for the destructive feedback. For this, we calculated
the steady-state circulating power as a function of the feedback phase from our
theory (the result is plotted in Figure 5 (b)). Figure 5 (a) shows the theoretical
squeezing and anti-squeezing curves using φ = 5.6 radians, which corresponds
to the calculated minimum circulating power. The theory agrees with the ex-
perimental result, which is a proof that our theory on photon numbers explains
the experimental result well. We also note that the effect of the broadening of
squeezing spectra diminishes for a large controller cavity detunings away from
the driving frequency, as transmission into the controller cavity (and hence its
interaction with the plant in the feedback loop) is reduced. When we detune
the controller cavity far off the driving frequency, the squeezing and the anti-
squeezing spectra converge to the trivial feedback case without the controller
cavity.

5 Conclusions and discussion

In this work, we have investigated the squeezing spectra of a two OPO coherent
feedback network, and found that controller OPO parameters such as the pump
phase, pump power and cavity detuning significantly alter the properties of the
squeezing spectra produced at the plant OPO output. We also found that the
coherent feedback phase had a large impact in determining both squeezing per-
formance and overall system stability. To validate our experimental results, we
developed the relevant theory to explain the detailed behavior of the OPO net-
work system based on the SLH framework. The agreement between our theory
and measured squeezing spectra was excellent, implying that this theoretical
framework is well-suited for use in designing of the functionality OPO squeez-
ing networks and similar coherent quantum feedback systems. Specifically, by
exploiting the linear dynamics of our system in the sub-threshold regime we
were able to apply well-established methods of linear dynamical systems theory
(the ABCD-framework suited for linear QSDEs) to analyze our system.

We presented experimental squeezing spectra in various feedback configu-
rations. As mentioned above, the constructive interference feedback configu-
ration reduced the lasing threshold of the combined two OPO system (from
the perspective of the plant OPO, connecting its two input-output ports in a
constructive manner essentially reduced the roundtrip propagation loss of the
OPO), and made the system difficult to stabilize. In contrast, the destructive
interference feedback configuration increased system stability, and enabled us
to study the dynamic interaction between the plant and controller OPO cavity
modes. The frequency dependence of the squeezing spectra can be understood
from the frequency dependent transmission characteristics of the two OPO cav-
ities: we found that the peak transmission frequency coincided with the peak
squeezing frequency. This suggests that the feedback adds additional frequency
dependent amplification or deamplification that is dependent on the frequency-
specific phase of the feedback. Some prominent effects of this, as we showed
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experimentally, were that we could tailor the system properties to shift the fre-
quency of maximum squeezing and anti-squeezing away from the optical drive
frequency, as well as broaden spectrum over a wider band of frequencies, which
may play a significant role in future quantum engineering applications. We
note that this table-top optical setup required substantial classical (feedback)
control to stabilize and lock our various components, but this enabled us to
have a tunable and flexible system. For specific applications, a less tunable,
but more stable system could be implemented, for example in a nanophotonic
setting [36, 37]. Finally, we would like to mention that the theory predicts ad-
ditional interesting features that should be present in this system, such as limit
cycle dynamical regimes that occur when the two OPO network is driven above
threshold; the study of such behavior in the above threshold regime will be a
topic for future work.
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