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Abstract

Optical circulators are key components for integrated photonic information processing and quantum

networks, yet realizing compact and magnet-free closed-loop circulation remains challenging. We propose

an on-chip four-port optical circulator consisting of three evanescently coupled microring resonators, with

directional quantum squeezing introduced into the central nonlinear resonator. The squeezing selectively

enhances the effective inter-resonator coupling and renormalizes the resonance frequency for one propaga-

tion direction, while leaving the counterpropagating channel unaffected. This directional asymmetry breaks

optical reciprocity and enables closed-loop circulation along 1 → 2 → 3 → 4 → 1. At the optimal oper-

ating point, the circulator achieves a fidelity of approximately 0.99 and an average insertion loss of about

0.22 dB. In addition, pump-induced quantum noise can be suppressed by injecting a phase-matched broad-

band squeezed-vacuum field, allowing low-noise operation from the classical to the single-photon regime.

The proposed scheme provides a compact, magnet-free, and chip-compatible route to closed-loop optical

circulation, with potential applications in integrated optical routing and quantum photonic networks.

Keywords: optical nonreciprocity, closed-loop optical circulation, directional quantum squeezing, micror-

ing resonators
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1. Introduction

Optical isolators and circulators, enabled by op-

tical nonreciprocity, are fundamental components for

suppressing back-reflections and controlling directional

information flow in photonic systems. A two-port opti-

cal isolator permits light transmission in one direction

while blocking reverse propagation [1], whereas an opti-

cal circulator sequentially routes incident light among

multiple ports [2–5]. In particular, a closed-loop op-

tical circulator establishes a complete cyclic pathway

in which each port serves as both an input and an

output, following, for example, the routing sequence

1 → 2 → 3 → 4 → 1. Compared with two-port iso-

lation or open-ended directional routing, closed-loop
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circulation enables continuous multiport signal trans-

fer and effective separation of incident and outgoing

fields. These capabilities are important for classical

photonic applications, including integrated communi-

cation circuits [6] and optical sensing [7,8]. In the quan-

tum regime, optical circulators and closed-loop circu-

lation can provide directional routing and port sepa-

ration in quantum communication networks [9–12], fa-

cilitate nonreciprocal signal flow and backaction con-

trol in quantum sensing [13–15], and enable controlled

transport of photonic quantum states in quantum-

computing architectures [16–18]. Therefore, realizing

compact and low-loss on-chip closed-loop optical circu-

lation is of considerable importance for both classical

and quantum photonic technologies.

Despite this demand, conventional optical circula-

tors typically rely on magneto-optical effects to break

time-reversal symmetry [19–21]. Although magneto-

optical devices can provide robust nonreciprocal rout-

ing, the required magnetic materials and external

bias fields impede miniaturization, monolithic inte-

gration, and compatibility with semiconductor and

quantum-photonic platforms. To eliminate magnetic

bias, magnet-free optical circulation and related nonre-

ciprocal routing have been extensively investigated us-

ing spatiotemporal modulation [6,22–27], optical non-

linearities [28–30], optomechanical interactions [31–

34], spin–momentum locking in chiral quantum-optical

systems [35–37], susceptibility–momentum locking in

warm atomic ensembles [38–41], electromagnetically

induced transparency in cold atomic ensembles [42],

and reservoir engineering [43]. Although these mech-

anisms have enabled optical nonreciprocity and var-

ious forms of directional routing, realizing a genuine

on-chip closed-loop optical circulator remains substan-

tially more demanding. Such a device must simulta-

neously maintain high transmission along every de-

sired port-to-port channel, strongly suppress reverse

transport, minimize and balance the insertion losses

of different circulation paths, and preserve a consistent

cyclic routing sequence among all ports. Meeting these

requirements within a compact, stable, scalable, and

magnet-free architecture remains a major challenge.

Directional quantum squeezing [44] provides a dis-

tinct route to overcoming these limitations. More gen-

erally, squeezed states generated by optical paramet-

ric processes [45] have become important quantum re-

sources for both fundamental studies and practical ap-

plications [46–50]. Together with the recent progress in

broadband squeezed-vacuum generation [51,52], these

developments demonstrate the increasing experimen-

tal maturity and application potential of squeezed-

light resources. Quantum squeezing can further be

employed to engineer effective optical interactions by

transforming a bare cavity mode into a squeezed

mode [53–56]. When the squeezing process is made di-

rectional, the effective coupling strength and resonance

frequency are selectively modified for one traveling-

wave mode, while the counterpropagating mode re-

mains unsqueezed. Consequently, opposite propaga-

tion directions experience distinct coupled-mode dy-

namics, providing a controllable mechanism for break-

ing optical reciprocity without magnetic fields. This

principle has been employed to realize on-chip opti-

cal isolation and three-port quasicirculation in a two-

resonator system [44]. However, the resulting routing

path was not closed and therefore did not constitute

a genuine closed-loop optical circulator. Extending di-

rectional quantum squeezing from isolation and open

routing to complete multiport circulation thus requires

a new resonator architecture and coordinated control

of all desired transmission channels.

Building on this mechanism, we propose an on-

chip four-port closed-loop optical circulator based

on three evanescently coupled microring resonators

and three adjacent waveguides. Directional quantum

squeezing is introduced into the central nonlinear res-

onator. Signal fields injected from ports 1 and 3 in-
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teract with the squeezed traveling-wave mode and ex-

perience squeezing-enhanced inter-resonator couplings

together with a renormalized resonance frequency,

whereas fields injected from ports 2 and 4 couple to the

corresponding unsqueezed mode. The resulting con-

trast between the coupled-mode dynamics of the two

propagation directions produces pronounced transmis-

sion asymmetry and enables the complete closed-loop

circulation sequence 1 → 2 → 3 → 4 → 1. More-

over, a phase-matched broadband squeezed-vacuum

field suppresses the pump-induced quantum noise with-

out altering the coherent squeezing-enhanced dynam-

ics, allowing high-fidelity, low-loss, and strongly iso-

lated circulation from the classical to the single-photon

regime. The proposed scheme therefore provides a

chip-compatible and magnet-free route to a genuine

closed-loop optical circulator and offers a promising

platform for integrated optical routing, nonreciprocal

quantum interfaces, and scalable chiral photonic net-

works.

2. Systems and Models
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Fig. 1. Schematic of the proposed on-chip four-port closed-

loop optical circulator enabled by directional quantum squeez-

ing. Three whispering-gallery-mode microring resonators are

evanescently coupled, with the central 𝜒(2) nonlinear res-

onator B driven through an auxiliary waveguide by a coherent

pump field and a broadband squeezed-vacuum field. Owing to

directional phase matching, quantum squeezing is selectively

induced in the clockwise (CW) mode of resonator B. (a) Signal

fields injected from ports 1 and 3 excite the counterclockwise

(CCW) modes of resonators A and C, respectively, and couple

to the CW squeezed mode 𝑏̂𝑠⟳ in resonator B. (b) Signal fields

injected from ports 2 and 4 excite the CW modes of resonators

A and C and couple to the unsqueezed CCW mode 𝑏̂⟲ in res-

onator B. The resulting asymmetry between the squeezed and

unsqueezed transport channels produces nonreciprocal photon

transmission. (c) Functional representation of the four-port

closed-loop circulator, which routes incident photons sequen-

tially along 1 → 2 → 3 → 4 → 1.

Figure 1 schematically illustrates the proposed on-

chip optical circulator, which consists of three evanes-

cently coupled whispering-gallery-mode (WGM) mi-

croring resonators and three adjacent optical waveg-

uides. The resonators can be fabricated from high-

quality 𝜒(2) nonlinear materials, such as lithium nio-

bate or aluminum nitride, thereby supporting degen-

erate parametric nonlinear interactions. Resonators

A and C are linearly coupled to the central nonlin-

ear resonator B with coupling strengths 𝐽1 and 𝐽2,

respectively. A continuous-wave coherent pump field

with frequency 𝜔𝑝, strength Ω𝑝, and phase 𝜃𝑝 is in-

jected into resonator B through port 5. The pump

selectively excites the clockwise (CW) pump mode 𝑑⟳

and induces a directional squeezing interaction for the

CW signal mode 𝑏̂⟳. Owing to the directional phase-

matching condition of the 𝜒(2) parametric process, only

the CW signal mode is squeezed into the Bogoliubov

mode 𝑏̂𝑠⟳, whereas the counterclockwise (CCW) mode

𝑏̂⟲ remains unaffected. Moreover, resonators A and C

are intentionally designed with slightly detuned reso-

nance frequencies relative to resonator B, such that the

pump field cannot resonantly excite parametric nonlin-

ear processes in these two auxiliary resonators. Con-

sequently, directional quantum squeezing occurs exclu-
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sively in resonator B, allowing us to focus solely on the

squeezing dynamics of the central resonator.

Next, we discuss the cases where the signal fields

are injected from different ports and how the direc-

tional pump modulates the inter-resonator interac-

tions. As shown in Fig. 1(a), when a signal field is

injected from port 1, it excites the counterclockwise

(CCW) mode 𝑎̂⟲ in resonator A. Meanwhile, the co-

herent pump field injected into resonator B selectively

drives the clockwise (CW) pump mode and induces

degenerate parametric amplification in the same prop-

agation direction. Owing to the directional phase-

matching condition of the 𝜒(2) nonlinear process, the

CW signal mode 𝑏̂⟳ in resonator B is squeezed into the

Bogoliubov mode 𝑏̂𝑠⟳. Consequently, the CCW mode

𝑎̂⟲ in resonator A coherently couples to the squeezed

mode 𝑏̂𝑠⟳ with an enhanced coupling strength 𝐽𝑠1. The

squeezed mode 𝑏̂𝑠⟳ further couples to the CCW mode

𝑐⟲ in resonator C with coupling strength 𝐽𝑠2, thereby

forming a directional transport channel mediated by

the squeezed mode.

In contrast, as shown in Fig. 1(b), when the signal

field is injected from port 2, it excites the clockwise

(CW) mode 𝑎̂⟳ in resonator A. In this case, the prop-

agation direction of the signal mode is opposite to the

squeezing-selective direction induced by the pump field

in resonator B. Therefore, no squeezing interaction is

established for the corresponding mode in resonator B.

Instead, the mode 𝑎̂⟳ only couples to the unsqueezed

mode 𝑏̂⟲ with the bare coupling strength 𝐽1. As a re-

sult, the effective inter-resonator interactions for the

port-1 and port-2 input cases become fundamentally

different, leading to asymmetric mode interaction and

nonreciprocal photon transport.

Similarly, signal fields injected from ports 3 and

4 exhibit transport dynamics analogous to those for

inputs from ports 1 and 2, respectively. The port-

3 input propagates through the squeezing-enhanced

channel mediated by the squeezed mode in resonator

B, whereas the port-4 input couples only to the un-

squeezed mode through the bare-coupling channel. To-

gether, these direction-dependent transport pathways

establish a complete nonreciprocal routing loop and

realize four-port closed-loop optical circulation, as il-

lustrated in Fig. 1(c).

In the rotating frame with respect to the half pump

frequency 𝜔𝑝/2, the Hamiltonians for the signal fields

injected from ports 1 and 3 can be generally written as

𝐻̂𝑗 = 𝐻̂0 + 𝐻̂pump + 𝐻̂𝑗,in , (𝑗 = 1, 3) , (1)

where

𝐻̂0/ℏ = ∆𝑎
𝑝𝑎̂

†
⟲𝑎̂⟲ +∆𝑏

𝑝𝑏̂
†
⟳𝑏̂⟳ +∆𝑐

𝑝𝑐
†
⟲𝑐⟲

+ 𝐽1

(︁
𝑎̂†⟲𝑏̂⟳ + 𝑎̂⟲𝑏̂

†
⟳

)︁
+ 𝐽2

(︁
𝑏̂†⟳𝑐⟲ + 𝑏̂⟳𝑐

†
⟲

)︁
.

(2)

Here, 𝐻̂0 describes the free evolution of the three

cavity modes and their coherent inter-resonator cou-

plings. The detunings are defined as ∆𝑖
𝑝 = 𝜔𝑖 − 𝜔𝑝/2

(𝑖 = 𝑎, 𝑏, 𝑐), where 𝜔𝑎, 𝜔𝑏, and 𝜔𝑐 denote the resonance

frequencies of the signal modes in resonators A, B, and

C, respectively. The parameters 𝐽1 and 𝐽2 denote the

coherent coupling strengths between resonators A and

B and between resonators B and C, respectively. The

pump-induced parametric interaction is described by

𝐻̂pump/ℏ =
Ω𝑝

2

(︁
𝑏̂†2⟳ 𝑒−𝑖𝜃𝑝 + 𝑏̂2⟳𝑒

𝑖𝜃𝑝
)︁

, (3)

which represents a degenerate parametric down-

conversion process, where one pump photon at fre-

quency 𝜔𝑝 is converted into two signal photons at fre-

quency 𝜔𝑝/2. The pump amplitude Ω𝑝 is determined

by the pump power and the effective nonlinear inter-

action strength in resonator B.

The input-driving Hamiltonians for the port-1 and

port-3 input cases are respectively given by

𝐻̂1,in/ℏ = 𝑖
√︀

2𝜅𝑎
ex

(︁
𝑎̂⟲,in𝑎̂

†
⟲𝑒

−𝑖Δin𝑡 − 𝑎̂†⟲,in𝑎̂⟲𝑒
𝑖Δin𝑡

)︁
,

(4a)

𝐻̂3,in/ℏ = 𝑖
√︀
2𝜅𝑐

ex

(︁
𝑐⟲,in𝑐

†
⟲𝑒

−𝑖Δin𝑡 − 𝑐†⟲,in𝑐⟲𝑒
𝑖Δin𝑡

)︁
.

(4b)

Here, 𝜅
𝑎(𝑐)
ex denotes the external coupling rate between

resonator A (C) and its corresponding waveguide. The
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operators 𝑎̂⟲,in and 𝑐⟲,in describe the incident signal

fields injected from ports 1 and 3, respectively. The

detuning ∆in = 𝜔in − 𝜔𝑝/2 denotes the detuning be-

tween the input signal and half the pump frequency.

Although the signal fields enter from different ports,

the propagation directions inside the three resonators

remain identical for the port-1 and port-3 input cases.

As a result, the two input configurations are governed

by the same effective Hamiltonian and differ only in

the input-driving term.

Applying the Bogoliubov squeezing transforma-

tion [53,54]

𝑏̂𝑠⟳ = 𝑢𝑏̂⟳ + 𝑣𝑒−𝑖𝜃𝑝 𝑏̂†⟳ , (5)

with 𝑢 = cosh 𝑟𝑝, 𝑣 = sinh 𝑟𝑝, and

𝑟𝑝 =
1

4
ln

(︂
1 + 𝛽

1− 𝛽

)︂
, 𝛽 =

Ω𝑝

∆𝑏
𝑝

, (6)

the Hamiltonians 𝐻̂1 and 𝐻̂3 are transformed into the

squeezed-mode frame. Under the rotating-wave ap-

proximation, the counter-rotating terms can be ne-

glected in the regime ∆𝑎
𝑝 + ∆𝑏

𝑝

√︀
1− 𝛽2 ≫ 𝑣𝐽1 and

∆𝑐
𝑝 + ∆𝑏

𝑝

√︀
1− 𝛽2 ≫ 𝑣𝐽2. The effective Hamiltonians

in the rotating frame of the input frequency ∆in can

be written as

𝐻̂𝑠
𝑗 /ℏ =∆𝑎𝑎̂

†
⟲𝑎̂⟲ +∆𝑠

𝑏 𝑏̂
†
𝑠⟳𝑏̂𝑠⟳ +∆𝑐𝑐

†
⟲𝑐⟲

+ 𝐽𝑠1

(︁
𝑎̂†⟲𝑏̂𝑠⟳ + 𝑎̂⟲𝑏̂

†
𝑠⟳

)︁
+ 𝐽𝑠2

(︁
𝑐†⟲𝑏̂𝑠⟳ + 𝑐⟲𝑏̂

†
𝑠⟳

)︁
+ 𝐻̂ ′

𝑗,in, (𝑗 = 1, 3) ,

(7)

where the squeezing-enhanced coupling strengths are

given by

𝐽𝑠1 = 𝑢𝐽1 , 𝐽𝑠2 = 𝑢𝐽2 . (8)

The effective detuning of the squeezed mode in res-

onator B is

∆𝑏𝑠
𝑝 = ∆𝑏

𝑝

√︀
1− 𝛽2 , (9)

and ∆𝑎 = 𝜔𝑎−𝜔in, ∆
𝑠
𝑏 = ∆𝑏𝑠

𝑝 −∆in, and ∆𝑐 = 𝜔𝑐−𝜔in.

The input-driving Hamiltonians are

𝐻̂ ′
1,in/ℏ = 𝑖

√︀
2𝜅𝑎

ex

(︁
𝑎̂⟲,in𝑎̂

†
⟲ − 𝑎̂†⟲,in𝑎̂⟲

)︁
, (10a)

𝐻̂ ′
3,in/ℏ = 𝑖

√︀
2𝜅𝑐

ex

(︁
𝑐⟲,in𝑐

†
⟲ − 𝑐†⟲,in𝑐⟲

)︁
. (10b)

To characterize the transport properties of the

squeezing-enhanced system, we first derive the quan-

tum Langevin equations from the master equation. Af-

ter applying the Bogoliubov transformation, the dy-

namics of the density operator 𝜌𝑗 (𝑗 = 1, 3) are gov-

erned by

d

d𝑡
𝜌𝑗 = −𝑖

[︁
𝐻̂𝑠

𝑗 , 𝜌𝑗

]︁
+ ℒ

[︁
𝐿̂𝑎

]︁
𝜌𝑗 + ℒ

[︁
𝐿̂𝑏𝑠

]︁
𝜌𝑗

+ ℒ
[︁
𝐿̂𝑐

]︁
𝜌𝑗 + ℒ𝑛

[︁
𝐿̂𝑏𝑠

]︁
𝜌𝑗 ,

(11)

where the Lindblad superoperator is defined as

ℒ[𝑜]𝜌𝑗 = 2𝑜𝜌𝑗𝑜
† − 𝜌𝑗𝑜

†𝑜 − 𝑜†𝑜𝜌𝑗 . The dissipative pro-

cesses are described by 𝐿̂𝑎 =
√
𝜅𝑎𝑎̂⟲, 𝐿̂𝑏𝑠 =

√
𝜅𝑏𝑏̂𝑠⟳,

and 𝐿̂𝑐 =
√
𝜅𝑐𝑐⟲, where 𝜅𝑎, 𝜅𝑏, and 𝜅𝑐 denote the

total decay rates of resonators A, B, and C, respec-

tively. The additional term ℒ𝑛[𝐿̂𝑏𝑠]𝜌𝑗 originates from

the coherent parametric pump and represents the effec-

tive thermal and correlation noise associated with the

squeezed mode 𝑏̂𝑠⟳ [53,54]. Such pump-induced noise

degrades the coherence of single-photon transport and

must be suppressed for quantum applications.

Following Refs. [44,53–55], a broadband squeezed-

vacuum field [51,52] is injected into resonator B to elim-

inate the pump-induced noise. When the squeezed-

vacuum field is mode matched to the coherent pump,

namely 𝑟𝑒 = 𝑟𝑝 and 𝜃𝑒+𝜃𝑝 = ±𝑛𝜋 (𝑛 is an integer), the

effective noise coefficients satisfy ℒ𝑛[𝐿̂𝑏𝑠]𝜌𝑗 = 0. Un-

der this condition, all noise-correlation terms vanish

and the master equation reduces to

d

d𝑡
𝜌sv𝑗 =− 𝑖

[︁
𝐻̂𝑠

𝑗 , 𝜌
sv
𝑗

]︁
+ ℒ

[︁
𝐿̂𝑎

]︁
𝜌sv𝑗 + ℒ

[︁
𝐿̂𝑏𝑠

]︁
𝜌sv𝑗

+ ℒ
[︁
𝐿̂𝑐

]︁
𝜌sv𝑗 .

(12)

Therefore, the squeezed-vacuum field removes the

pump-induced decoherence without modifying the co-

herent system dynamics, enabling robust single-photon

nonreciprocal transport.

Based on the noise-free master equation, the

steady-state transport properties can be obtained from

the corresponding Langevin equations. For a signal
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field injected from port 1, the input-output relations

are given by [57]

𝑎̂⟲,out = 𝑎̂⟲,in −
√︀

2𝜅𝑎
ex𝑎̂⟲ , 𝑐⟲,out =

√︀
2𝜅𝑐

ex𝑐⟲ .

(13)

The transmission coefficients from port 1 to ports 2

and 4 are defined as

𝑇12 =

⟨
𝑎̂†⟲,out𝑎̂⟲,out

⟩
⟨
𝑎̂†⟲,in𝑎̂⟲,in

⟩ , 𝑇14 =

⟨
𝑐†⟲,out𝑐⟲,out

⟩
⟨
𝑎̂†⟲,in𝑎̂⟲,in

⟩ .

(14)

Solving the Langevin equations in the steady state

yields

𝑇12 =
|𝒢𝑠 − 2𝜅𝑎

ex𝑁𝑠|2

|𝒢𝑠|2
, 𝑇14 =

4𝜅𝑎
ex𝜅

𝑐
ex𝐽

2
𝑠1𝐽

2
𝑠2

|𝒢𝑠|2
,

(15)

where 𝒢𝑠 = (𝑖∆𝑎 + 𝜅𝑎)
[︀
(𝑖∆𝑠

𝑏 + 𝜅𝑏)(𝑖∆𝑐 + 𝜅𝑐) + 𝐽2
𝑠2

]︀
+

𝐽2
𝑠1(𝑖∆𝑐 + 𝜅𝑐) and 𝑁𝑠 = (𝑖∆𝑠

𝑏 + 𝜅𝑏)(𝑖∆𝑐 + 𝜅𝑐) + 𝐽2
𝑠2.

Similarly, for a signal field injected from port 3,

𝑎̂⟲,out =
√︀
2𝜅𝑎

ex𝑎̂⟲ , 𝑐⟲,out = 𝑐⟲,in −
√︀
2𝜅𝑐

ex𝑐⟲ ,

(16)

and the transmission coefficients are defined as

𝑇34 =

⟨
𝑐†⟲,out𝑐⟲,out

⟩
⟨
𝑐†⟲,in𝑐⟲,in

⟩ , 𝑇32 =

⟨
𝑎̂†⟲,out𝑎̂⟲,out

⟩
⟨
𝑐†⟲,in𝑐⟲,in

⟩ .

(17)

Signal fields injected from ports 1 and 3 experi-

ence identical propagation directions and squeezing-

enhanced interactions inside the three resonators, and

therefore exhibit the same transmission characteristics:

𝑇34 = 𝑇12 , 𝑇32 = 𝑇14 . (18)

For the port-2 and port-4 input cases, the system

operates in the unsqueezed transport regime. In res-

onator B, the signal field excites the CCW mode 𝑏̂⟲,

whereas the pump field drives the CW mode. Since

the signal and pump fields propagate in opposite direc-

tions, the directional phase-matching condition is not

satisfied. Consequently, no degenerate parametric am-

plification occurs in resonator B, and the squeezing in-

teraction is absent. The transport dynamics are there-

fore governed solely by the intrinsic inter-resonator

couplings.

In the rotating frame of the input frequency 𝜔in,

the Hamiltonians for the port-2 and port-4 input cases

can be written in a unified form as

𝐻̂𝑗/ℏ = ∆𝑎𝑎̂
†
⟳𝑎̂⟳ +∆𝑏𝑏̂

†
⟲𝑏̂⟲ +∆𝑐𝑐

†
⟳𝑐⟳

+ 𝐽1

(︁
𝑏̂†⟲𝑎̂⟳ + 𝑎̂†⟳𝑏̂⟲

)︁
+ 𝐽2

(︁
𝑏̂†⟲𝑐⟳ + 𝑐†⟳𝑏̂⟲

)︁
+ 𝐻̂𝑗,in , (𝑗 = 2, 4)

(19)

where ∆𝑎 = 𝜔𝑎−𝜔in, ∆𝑏 = 𝜔𝑏−𝜔in, and ∆𝑐 = 𝜔𝑐−𝜔in

denote the effective detunings of resonators A, B, and

C, respectively. The input-driving Hamiltonians are

respectively given by

𝐻̂2,in/ℏ = 𝑖
√︀
2𝜅𝑎

ex

(︁
𝑎̂⟳,in𝑎̂

†
⟳ − 𝑎̂†⟳,in𝑎̂⟳

)︁
, (20a)

𝐻̂4,in/ℏ = 𝑖
√︀
2𝜅𝑐

ex

(︁
𝑐⟳,in𝑐

†
⟳ − 𝑐†⟳,in𝑐⟳

)︁
, (20b)

where 𝑎̂⟳,in and 𝑐⟳,in denote the incident signal fields

injected from ports 2 and 4, respectively.

Since no Bogoliubov transformation is involved in

this propagation direction, only ordinary quantum fluc-

tuations associated with the intrinsic and external dis-

sipation channels remain. The dynamics of the density

operator 𝜌𝑗 (𝑗 = 2, 4) are governed by

d

d𝑡
𝜌𝑗 =− 𝑖

[︁
𝐻̂𝑗 , 𝜌𝑗

]︁
+ ℒ

[︁
𝐿̂𝑎

]︁
𝜌𝑗 + ℒ

[︁
𝐿̂𝑏

]︁
𝜌𝑗

+ ℒ
[︁
𝐿̂𝑐

]︁
𝜌𝑗 ,

(21)

where 𝐿̂𝑎 =
√
𝜅𝑎𝑎̂⟳, 𝐿̂𝑏 =

√
𝜅𝑏𝑏̂⟲, 𝐿̂𝑐 =

√
𝜅𝑐𝑐⟳. For

a signal field injected from port 2, the output fields

at ports 1 and 3 are determined by the input-output

relations [57]

𝑎̂⟳,out = 𝑎̂⟳,in −
√︀
2𝜅𝑎

ex𝑎̂⟳ , 𝑐⟳,out =
√︀
2𝜅𝑐

ex𝑐⟳ .

(22)

Accordingly, the transmission coefficients from port 2

to ports 1 and 3 are defined as

𝑇21 =

⟨
𝑎̂†⟳,out𝑎̂⟳,out

⟩
⟨
𝑎̂†⟳,in𝑎̂⟳,in

⟩ , 𝑇23 =

⟨
𝑐†⟳,out𝑐⟳,out

⟩
⟨
𝑎̂†⟳,in𝑎̂⟳,in

⟩ .

(23)

By solving the Langevin equations in the steady state,

we obtain

𝑇21 =
|𝒢0 − 2𝜅𝑎

ex𝑁0|2

|𝒢0|2
, 𝑇23 =

4𝜅𝑎
ex𝜅

𝑐
ex𝐽

2
1𝐽

2
2

|𝒢0|2
,

(24)
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where 𝒢0 = (𝑖∆𝑎 + 𝜅𝑎)
[︀
(𝑖∆𝑏 + 𝜅𝑏) (𝑖∆𝑐 + 𝜅𝑐) + 𝐽2

2

]︀
+

𝐽2
1 (𝑖∆𝑐 + 𝜅𝑐), and 𝑁0 = (𝑖∆𝑏 + 𝜅𝑏) (𝑖∆𝑐 + 𝜅𝑐) + 𝐽2

2 .

Similarly, for a signal field injected from port 4,

the input-output relations become

𝑎̂⟳,out =
√︀

2𝜅𝑎
ex𝑎̂⟳ , 𝑐⟳,out = 𝑐⟳,in −

√︀
2𝜅𝑐

ex𝑐⟳ ,

(25)

The corresponding transmission coefficients are defined

as

𝑇41 =

⟨
𝑎̂†⟳,out𝑎̂⟳,out

⟩
⟨
𝑐†⟳,in𝑐⟳,in

⟩ , 𝑇43 =

⟨
𝑐†⟳,out𝑐⟳,out

⟩
⟨
𝑐†⟳,in𝑐⟳,in

⟩ .

(26)

Since the port-2 and port-4 input cases share the same

effective Hamiltonian and differ only in the driving

term, their steady-state transmission spectra satisfy

𝑇43 = 𝑇21 , 𝑇41 = 𝑇23 . (27)

3. Optical nonreciprocity and

closed-loop circulation

−3 0 3 6 9 12
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Fig. 2. Steady-state transmission spectra as functions of the

detuning Δ/𝜅. (a) Transmissions 𝑇12 and 𝑇34 are shown by

the red curve with red open circles, while the reverse trans-

missions 𝑇21 and 𝑇43 are shown by the blue curve with blue

open circles. (b) Transmissions 𝑇23 and 𝑇41 are shown by the

red curve with red open circles, while the reverse transmis-

sions 𝑇32 and 𝑇14 are shown by the blue curve with blue open

circles. Parameters: 𝐽/𝜅 = 0.7, 𝜅𝑎 = 𝜅𝑐 = 𝜅, 𝜅𝑏 = 0.01𝜅,

𝜅𝑎
ex = 𝜅𝑐

ex = 0.99𝜅, Δ𝑏
𝑝/𝜅 = 20, Ω𝑝/𝜅 = 18.2, and 𝑟𝑝 ≈ 0.76.

According to Eqs. (15), (18), (24), and (27), the

steady-state transmission coefficients 𝑇𝑖𝑗 can be ob-

tained, where 𝑇𝑖𝑗 denotes the transmission from port

𝑖 to port 𝑗. Figures 2(a) and 2(b) show the corre-

sponding transmission spectra in the presence of direc-

tional quantum squeezing. The parameters are cho-

sen as ∆𝑎 = ∆𝑏 = ∆𝑐 = ∆, 𝐽1 = 𝐽2 = 𝐽 = 0.7𝜅,

𝜅𝑎 = 𝜅𝑐 = 𝜅, and 𝜅𝑎
ex = 𝜅𝑐

ex = 0.99𝜅. Here, res-

onators A and C are operated in the strongly overcou-

pled regime, such that their total decay rates are dom-

inated by waveguide-coupling losses, while the corre-

sponding intrinsic losses remain much smaller. For the

signal mode in resonator B, the auxiliary waveguide

is designed to provide a weak but finite external cou-

pling through wavelength-selective coupling. Accord-

ingly, we set the total decay rate of the signal mode

in resonator B to 𝜅𝑏 = 0.01𝜅. The nonlinear resonator

B is driven by a coherent pump with Ω𝑝/𝜅 = 18.2

and ∆𝑏
𝑝/𝜅 = 20, yielding a squeezing parameter of

𝑟𝑝 ≈ 0.76.

As shown in the shaded region of Fig. 2, pro-

nounced nonreciprocal transmission is obtained around

resonance. At ∆ = 0, the desired transmission coeffi-

cients reach 𝑇12 = 𝑇34 ≈ 0.94, while the corresponding

reverse transmissions are suppressed to 𝑇21 = 𝑇43 ≈ 0.

For the other circulation paths, 𝑇23 = 𝑇41 ≈ 0.96,

whereas the reverse transmissions remain low, with

𝑇32 = 𝑇14 ≈ 0.02. To quantify the nonreciprocity,

we define the normalized isolation contrast as 𝜁 =

(𝑇fw − 𝑇bw)/(𝑇fw + 𝑇bw), where 𝑇fw and 𝑇bw denote

the transmission coefficients along the desired circu-

lation direction and the corresponding reverse direc-
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tion, respectively. Specifically, 𝑇fw = 𝑇12(𝑇34) and

𝑇bw = 𝑇21(𝑇43) for one pair of circulation paths, while

𝑇fw = 𝑇23(𝑇41) and 𝑇bw = 𝑇32(𝑇14) for the other

pair. The corresponding insertion loss is defined as

L = −10 log10(𝑇fw). At ∆ = 0, the normalized iso-

lation contrasts are approximately 1 and 0.96, while

the corresponding insertion losses are about 0.26 dB

and 0.18 dB, respectively, demonstrating low-loss and

high-isolation optical nonreciprocity.

The nonreciprocal response originates from the

direction-dependent transport dynamics induced by di-

rectional quantum squeezing. For signal fields injected

from ports 1 and 3, photons interact with the clock-

wise squeezed mode 𝑏̂𝑠⟳ in resonator B and therefore

experience squeezing-modified inter-resonator interac-

tions. By contrast, signal fields injected from ports 2

and 4 couple to the counterclockwise unsqueezed mode

𝑏̂⟲ and propagate through the bare-coupling configu-

ration. As a result, the two propagation directions

are governed by different effective Hamiltonians and

exhibit markedly different port-to-port transmission

characteristics. The resulting difference between the

two propagation directions provides the physical basis

for nonreciprocal transmission and closed-loop circula-

tion.

Directional quantum squeezing modifies the

squeezing-enhanced transport configuration through

two complementary effects. First, it increases the effec-

tive inter-resonator coupling from 𝐽 to 𝐽𝑠, as given by

Eq. (8). As shown by the blue solid curve in Fig. 3(a),

𝐽𝑠/𝐽 increases monotonically with the squeezing pa-

rameter 𝑟𝑝. The enhanced coupling strengthens the

hybridization among the three resonators and enlarges

the normal-mode splitting of the squeezing-enhanced

configuration. Consequently, its transmission spec-

trum is substantially modified relative to that of the

bare-coupling configuration.

Second, the Bogoliubov transformation renormal-

izes the resonance frequency of the squeezed mode. As

shown by the red dashed curve in Fig. 3(a), the effec-

tive detuning ∆𝑏𝑠
𝑝 decreases continuously with increas-

ing 𝑟𝑝, in accordance with Eqs. (6) and (9). This fre-

quency renormalization shifts the resonance features of

the squeezing-enhanced configuration and, under the

chosen pump conditions, brings 𝑇12 and 𝑇34 close to

their high-transmission condition around ∆ = 0, while

𝑇14 and 𝑇32 remain strongly suppressed. In contrast,

the bare-coupling configuration favors the transmis-

sion channels 𝑇23 and 𝑇41, whereas 𝑇21 and 𝑇43 are

suppressed. These contrasting transmission character-

istics therefore account for the port-selective spectral

response observed in Fig. 2.

The squeezing strength can be continuously con-

trolled through the pump parameter 𝛽 = Ω𝑝/∆
𝑏
𝑝. As

shown in Fig. 3(b), 𝑟𝑝 increases monotonically with

𝛽 and rises rapidly as 𝛽 approaches unity. Conse-

quently, both the effective coupling enhancement and

the squeezed-mode frequency renormalization can be

tuned by adjusting the pump strength or pump de-

tuning. This pump-controlled directional quantum

squeezing enables the transmission characteristics of

the squeezing-enhanced configuration to be properly

matched with those of the bare-coupling configuration,

resulting in high transmission along 1 → 2, 2 → 3,

3 → 4, and 4 → 1, while the competing port-to-port

transmissions are strongly suppressed. These comple-

mentary routing characteristics establish the complete

closed-loop circulation sequence 1 → 2 → 3 → 4 → 1.

0 1 2

1
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4

0 0
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10
15
20 
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Fig. 3. (a) Effective inter-resonator coupling 𝐽𝑠/𝐽 (blue

solid curve, left axis) and squeezed-mode detuning Δ𝑏𝑠
𝑝 /𝜅 (red

dashed curve, right axis) as functions of the squeezing param-

eter 𝑟𝑝. Increasing 𝑟𝑝 enhances the effective coupling while

reducing the squeezed-mode detuning. (b) Squeezing param-

eter 𝑟𝑝 as a function of the pump parameter 𝛽 = Ω𝑝/Δ𝑏
𝑝. The

parameters are Δ𝑏
𝑝/𝜅 = 20 and 𝛽 ∈ [0, 0.9999].
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To quantitatively characterize the four-port cir-

culator, we introduce the fidelity F and the average

insertion loss L̄ . The fidelity is defined as F =

Tr
[︁
𝑇𝑇𝑇

id

]︁
/Tr

[︀
𝑇id𝑇

𝑇
id

]︀
[38,44,58], where 𝑇id denotes

the transmission matrix of an ideal four-port circula-

tor [59], whose nonzero elements satisfy 𝑇12 = 𝑇23 =

𝑇34 = 𝑇41 = 1. The normalized transmission matrix

is given by 𝑇𝑖𝑗 = 𝑇𝑖𝑗/𝜍𝑖, with 𝜍𝑖 =
∑︀

𝑗 𝑇𝑖𝑗 . A fidelity

approaching unity indicates that photons are routed to

the desired output ports with minimal leakage into un-

desired channels. The average insertion loss is defined

as L̄ = −10 log10 [(𝑇12 + 𝑇23 + 𝑇34 + 𝑇41)/4], which

characterizes the average signal attenuation along the

desired circulation path.

Because the bare-coupling channels are unaffected

by the directional squeezing, the circulator perfor-

mance is mainly determined by the modification of the

squeezed channels. Figure 4 shows F and L̄ as func-

tions of 𝑟𝑝 at ∆ = 0. In the absence of squeezing, the

system is reciprocal and the fidelity starts from the re-

ciprocal baseline F = 0.5. As 𝑟𝑝 increases, the fidelity

rises rapidly and reaches a maximum value of approx-

imately F = 0.99 at 𝑟𝑝 ≈ 0.76. At the same operating

point, the average insertion loss is minimized to ap-

proximately L̄ = 0.22 dB, demonstrating high-fidelity

and low-loss circulation. When 𝑟𝑝 is increased beyond

the optimal value, the squeezed-mode resonance moves

away from the optimal spectral-matching condition.

Consequently, the fidelity gradually decreases, while

the average insertion loss increases. The optimal cir-

culator performance therefore results from a balance

between squeezing-enhanced coupling and resonance-

frequency renormalization.
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Fig. 4. Fidelity F (blue solid curve, left axis) and average

insertion loss L̄ (red dashed curve, right axis) of the four-port

optical circulator as functions of the squeezing parameter 𝑟𝑝

at Δ = 0. The square and circular markers denote the optimal

operating point at 𝑟𝑝 ≈ 0.76, where the fidelity is maximized

and the average insertion loss is minimized. The parameters

are 𝐽/𝜅 = 0.7, 𝜅𝑎
ex/𝜅 = 𝜅𝑐

ex/𝜅 = 0.99, and Δ𝑏
𝑝/𝜅 = 20.

The transmission matrix at the optimal operat-

ing point is shown in Fig. 5. Its dominant elements

closely reproduce the cyclic routing pattern of an ideal

four-port circulator. Specifically, 𝑇12 = 𝑇34 ≈ 0.94 and

𝑇23 = 𝑇41 ≈ 0.96, indicating that photons injected into

each port are predominantly directed to the next ad-

jacent port along 1 → 2 → 3 → 4 → 1. In contrast,

the reverse transmission coefficients are strongly sup-

pressed, with 𝑇21 = 𝑇43 ≈ 0 and 𝑇14 = 𝑇32 ≈ 0.02.

These transmission characteristics confirm the desired

closed-loop circulation at the optimal operating point.

Using the same optimal parameter set, we further char-

acterize the operational bandwidth in terms of the nor-

malized isolation contrast defined above. For the two

independent pairs of circulation paths, we denote the

corresponding isolation contrasts by 𝜁1, evaluated from

𝑇12 (𝑇34) and the corresponding reverse transmission

𝑇21 (𝑇43), and 𝜁2, evaluated from 𝑇23 (𝑇41) and the re-

verse transmission 𝑇32 (𝑇14). We define the isolation-

contrast bandwidth as the continuous frequency range

over which both 𝜁1 and 𝜁2 exceed 0.95. Under this

criterion, the calculated spectra yield a normalized op-

erational bandwidth of ∆0.95
BW/𝜅 = 1.08. Within this

bandwidth, the insertion losses of all desired circula-

tion paths remain below 0.29 dB, indicating that the

high isolation contrast is maintained together with ef-

ficient forward transmission over the entire operational

9



bandwidth.

0.94 0.02

0.96

0.02 0.94

0.96

1 2 3 4

1

2

3

4

Output

Fig. 5. Transmission matrix of the proposed four-port optical

circulator at the optimal operating point 𝑟𝑝 = 0.76 and Δ = 0.

The rows and columns denote the input and output ports, re-

spectively, and the labeled elements give the corresponding

transmission coefficients 𝑇𝑖𝑗 . Unlabeled white elements are

negligibly small. Other parameters are the same as those in

Fig. 2.

4. Discussion and conclusion

Our proposal can be implemented on an inte-

grated platform consisting of three evanescently cou-

pled microring resonators. Thin-film lithium niobate

is a promising material platform because it combines

strong second-order optical nonlinearity, high optical

quality factors [60–62], and experimentally accessible

single-photon nonlinear coupling strengths [63,64].

We consider a representative intrinsic quality fac-

tor of 𝑄in = 4×106 and a single-photon nonlinear cou-

pling strength of 𝑔/2𝜋 = 2.35 MHz [63]. For a signal-

mode resonance frequency of 𝜔𝑖/2𝜋 = 193.4 THz,

the corresponding intrinsic field-decay rate is 𝜅𝑖
in =

𝜔𝑖/(2𝑄in) ≈ 2𝜋 × 24.2 MHz. The external coupling

rates and inter-resonator coupling strengths can be en-

gineered by controlling the resonator–waveguide and

inter-resonator gaps [44]. For resonators A and C,

taking 𝜅𝑎
ex = 𝜅𝑐

ex = 2𝜋 × 2.40 GHz gives total decay

rates 𝜅𝑎 = 𝜅𝑐 = 𝜅 ≈ 2𝜋 × 2.42 GHz. The coupling

strengths adopted in our calculations, 𝐽1 = 𝐽2 = 0.7𝜅,

then correspond to 𝐽1/2𝜋 = 𝐽2/2𝜋 ≈ 1.69 GHz. With

this value of 𝜅, the normalized operational bandwidth

∆0.95
BW/𝜅 = 1.08, defined by the condition 𝜁1, 𝜁2 ≥

0.95, corresponds to a physical bandwidth of approx-

imately 1.08 × 2.42 GHz ≈ 2.61 GHz. These val-

ues indicate that the coupling, decay, and operational-

bandwidth parameters considered in our theoretical

model are compatible with gap-engineered integrated

microring structures. In practice, fabrication-induced

variations in the resonator–resonator and resonator–

waveguide gaps can lead to deviations of 𝐽1, 𝐽2, 𝜅
𝑎
ex,

and 𝜅𝑐
ex from their nominal values, thereby introduc-

ing imbalance among the different circulation paths.

Such variations can be reduced through accurate litho-

graphic control and device calibration. In addition,

residual resonance-frequency mismatch can be com-

pensated by thermo-optic or electro-optic tuning, while

the squeezing-enhanced interaction can be further op-

timized by adjusting the pump strength and detuning.

These tuning degrees of freedom provide practical flex-

ibility for approaching the desired operating condition

after fabrication.

Based on these device parameters, the pump am-

plitude Ω𝑝 = 18.2𝜅 corresponds to Ω𝑝/2𝜋 ≈ 44.0 GHz.

For ∆𝑏
𝑝 = 20𝜅, the pump detuning is ∆𝑏

𝑝/2𝜋 ≈

48.4 GHz, and the ratio 𝛽 = Ω𝑝/∆
𝑏
𝑝 = 0.91 yields the

squeezing parameter 𝑟𝑝 ≈ 0.76. From ∆𝑏
𝑝 = 𝜔𝑏 −𝜔𝑝/2,

a signal-mode resonance at 𝜔𝑏/2𝜋 = 193.4 THz re-

quires a pump frequency of approximately 𝜔𝑝/2𝜋 =

386.70 THz. The corresponding pump power can be

estimated from 𝑃𝑝 = ℏ𝜔𝑝𝜅
2
𝑝Ω

2
𝑝/(16𝜋𝑔

2𝜅𝑝
ex), where 𝜅𝑝

and 𝜅𝑝
ex denote the total and external decay rates of

the pump mode in resonator B, respectively [44]. For

an order-of-magnitude estimate, taking 𝜅𝑝 = 𝜅 and

𝜅𝑝
ex = 𝜅𝑎

ex = 𝜅𝑐
ex gives 𝑃𝑝 ≈ 27.5 mW. This moderate

pump requirement, together with the experimentally

accessible quality factors, nonlinear coupling strength,

and gap-controlled coupling rates, supports the fea-

sibility of implementing the proposed circulator on a

thin-film lithium-niobate platform.

Although the above feasibility analysis focuses on

a 𝜒(2) thin-film lithium-niobate platform, the underly-
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ing mechanism can, in principle, be extended to 𝜒(3)

nonlinear systems. In a Kerr microresonator, four-wave

mixing driven below the parametric-oscillation thresh-

old can generate spontaneous pair squeezing and pro-

vide the effective squeezing interaction required in our

scheme [65]. Related third-order nonlinear quantum

photonic processes have also been demonstrated in sili-

con [66] and AlGaAs-on-insulator microresonators [67].

These results suggest that the proposed directional-

squeezing mechanism may be generalized to Si, SiN,

and AlGaAsOI platforms, provided that the phase-

matching and propagation conditions are appropriately

engineered.

It is also useful to place the present scheme in

the context of other magnet-free approaches to opti-

cal circulation. Spatiotemporal modulation provides

flexible control of nonreciprocal transport, but typi-

cally requires high-speed external modulation and ad-

ditional driving circuitry. Conventional nonlinear opti-

cal schemes can avoid magnetic bias, although their op-

eration may be restricted by intensity dependence and

dynamic-reciprocity considerations. Optomechanical

approaches exploit mechanically mediated interactions,

with their performance linked to the control of me-

chanical dissipation and thermal fluctuations, whereas

reservoir-engineering schemes rely on carefully tailored

coherent and dissipative couplings. Chiral light–matter

interactions and atomic-ensemble schemes provide al-

ternative mechanisms for directional transport, but

generally require specific emitter–field coupling con-

figurations or atomic media. In contrast, our scheme

realizes genuine four-port closed-loop circulation in a

compact all-optical resonator architecture through di-

rectional quantum squeezing, without magnetic bias

or explicit temporal modulation. Moreover, the pump-

induced quantum noise can be suppressed by a phase-

matched squeezed-vacuum reservoir, enabling low-loss

circulation from the classical regime toward weak-light

and single-photon operation.

In conclusion, we have proposed an on-chip four-

port optical circulator composed of three evanescently

coupled microring resonators, in which directional

quantum squeezing is introduced into the central non-

linear resonator. The direction-selective squeezing

simultaneously enhances the effective inter-resonator

coupling and renormalizes the squeezed-mode reso-

nance frequency. This mechanism breaks optical reci-

procity without magnetic fields or dynamic modula-

tion and enables genuine closed-loop circulation along

1 → 2 → 3 → 4 → 1, rather than the open routing

supported by a three-port quasicirculator [44]. By ap-

plying a phase-matched broadband squeezed-vacuum

field, the pump-induced quantum noise can be sup-

pressed while preserving the squeezing-enhanced coher-

ent dynamics, allowing high-fidelity and low-loss circu-

lation in both the classical and single-photon regimes.

The proposed scheme is compatible with integrated

𝜒(2) photonic platforms, particularly thin-film lithium

niobate, and offers a promising route toward compact

optical circulators, nonreciprocal quantum routers, and

integrated quantum-information-processing networks.

Moreover, the underlying directional-squeezing mech-

anism can be extended to larger coupled-resonator ar-

chitectures, providing opportunities for reconfigurable

closed-loop chiral transport and scalable nonreciprocal

photonic circuits.
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[25] Sounas D L and Alù A 2017 Nat. Photonics 11 774–783 URL https://doi.org/10.1038/

s41566-017-0051-x
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//doi.org/10.1364/OPTICA.4.001536

[61] Desiatov B, Shams-Ansari A, Zhang M, Wang C and Lončar M 2019 Optica 6(3) 380–384 URL https:
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