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Broadband and power-stable optical nonreciprocity is highly desirable for practical implementation of
optical isolation of coherent sources and receivers in high-speed data-processing systems. Here, we
experimentally demonstrate a 2 × 2 waveguide-coupler system that produces broadband optical
nonreciprocity based on simple emulation of nonlinear non-Hermitian time-asymmetric loop. The
coupler system consists of five lumped optical components including two linear attenuators and two
saturable amplifiers. Under moderate operation conditions which are routinely obtainable with
commercial erbium-doped fiber amplifiers, we obtain 20 dB isolation ratio persisting over the entire
gain bandwidth of the amplifier and over a wide incident-intensity range from 0.1 mW to 10 kW. The
isolation ratio can be enhanced up to 70 dBwith the forward transmission efficiency adjustable at any
desired stable point by tuning amplifier’s internal dissipation in principle. Therefore, our result strongly
encourages further experimental development of broadband on-chip optical isolators which have
been elusive so far.

Nonreciprocal optical devices including isolators, circulators, and direc-
tional amplifiers are indispensable inmany optical systems for protecting or
stabilizing coherent light sources and detection configurations. Breaking the
Lorentz reciprocity of the linear electromagnetism involves magneto-optic
media1–5, high-frequency temporal modulations6–14, and asymmetric Kerr-
nonlinear resonances15–24.

Each of these approaches has its own advantages and disadvantages
in consideration of footprint size, power consumption, integration com-
patibility, as well as key performance properties including maximally
achievable nonreciprocity level, insertion loss, bandwidth, and feasibility
under dynamic input scenarios. No single approach can perform the
optical isolation superior to the others in all those aspects so far25–27 and
extensive research continues in pursuit of specific application areas for
each method.

Toward this end, broadband on-chip optical nonreciprocity was pro-
posed by combining gain-saturation nonlinearity and non-Hermitian
adiabatic processes encircling an exceptional point (EP) singularity28. In this
approach, the desired nonlinear EP-encirclement process is created in a
binary coupled-waveguide system with judiciously inter-related modula-
tions in saturable gain and linear loss profiles in two waveguide arms.
Intriguingly, 100 THz-wide broadband optical nonreciprocity was theore-
tically demonstrated. However, its experimental realization still remains
elusive because of its structural complexity and the absence of established

fabrication methods creating required gain profiles with acceptably high
precision.

In this paper,we experimentally demonstrate that a simple 2×2 coupler
system emulating the EP-encirclement processes29 can produce robust
optical nonreciprocity if it is combined with gain-saturation nonlinearity.
We use fiber-optic attenuators and erbium-doped fiber amplifiers as key
elements. Under moderate operation conditions, we obtain 20-dB non-
reciprocal transmission ratio (NTR) persisting over the entire gain band-
width from 1520 to 1570 nm and over a wide incident power range from
0.1mW to 10 kW. Although we use a fiber-optic system in this proof-of-
concept study, our proposed approach can be immediately applicable to
monolithic channel waveguide systems based on direct-bandgap semi-
conductormedia.Wedevelop anonlinear transmission theoryof dissipative
saturable amplifiers, which quantitatively describes the observed non-
reciprocal effects. The theory further implies that the maximally achievable
NTR in our systemwith a commercial attenuators and EDFAs can go up to
70 dB with the forward transmission efficiency adjustable at any desired
level below the small-signal gain coefficient by tuning strength of amplifier’s
internal dissipation. Therefore, we confirm in both theory and experiment
that our proposed approach produces robust broadband optical non-
reciprocity that might be immediately applicable for producing on-chip
broadband optical nonreciprocity on practical integration platforms
including CMOS-compatible III-V compound semiconductors.

1Department of Physics, Hanyang University, Seoul, 04763, Korea. 2Research Institute for Natural Sciences, Hanyang University, Seoul, 04763, Korea.
e-mail: jaeong.yoon@gmail.com

Communications Physics |           (2024) 7:263 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-024-01740-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-024-01740-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-024-01740-4&domain=pdf
http://orcid.org/0000-0002-3362-6873
http://orcid.org/0000-0002-3362-6873
http://orcid.org/0000-0002-3362-6873
http://orcid.org/0000-0002-3362-6873
http://orcid.org/0000-0002-3362-6873
mailto:jaeong.yoon@gmail.com


Results
Experiment
Weconsidera2×2coupler systemconsistingof onepassive coupler (κ), two
attenuators (A1 and A2) and amplifiers (G1 and G2) in diagonal arrange-
ment, as illustrated in Fig. 1a. This coupler configuration was previously
suggested by Khurgin et al.29 as a system emulating dynamic exceptional-
point (EP) encirclement processes30. Therein, inter-port transmission
through the coupler emulates the inter-eigenstate transfer for an EP
encirclement process where the final dynamic state is dominated by a
preferred adiabatic state with least loss or maximal gain, regardless of any
selected initial-state condition.

In this coupler configuration, the transmitted intensity distribution is
dominated at the output port with minimal attenuation or maximal
amplification, i.e., port R1 for the forward transmission or port L2 for the
backward transmission in Fig. 1a, regardless of any selected input intensity
distribution. This is an effective emulation of asymmetric mode transfer
action in the dynamic EP encirclement as we explain below.

Following the previous approaches, we consider non-Hermitian
Hamiltonian

H ¼ pþ iq 1

1 �p� iq

� �
; ð1Þ

which has an exceptional point at (p,q) = (0,1). H implies a complex
eigenvalue spectrum forming a self-intersecting Riemann-sheet geometry
indicated in Fig. 1b, c. Thewire-frame surface represents the real eigenvalue

Re(E) while its skin color denotes the imaginary eigenvalue Im(E). A
dynamic state evolution in the adiabatic limit follows unusual but simple
rules – A dynamic state in the gain mode (eigenstate on the red sheet)
evolves in a completely adiabatic manner; A dynamic state in the loss mode
(eigenstate on the blue sheet) inevitably undergoes an anti-adiabatic jump
towards the gainmode.These rules result in time-asymmetricmode transfer
as indicated by arrowed curves in Fig. 1b, c.

Such mode-transfer properties can be better illustrated in a flattened
representation of the circular parametric cylinder on p-q plane, as shown in
Fig. 1d, e. Therein, stateA is always a preferredfinal state regardless of initial
state selection for the anti-clockwise encirclement, as shown in Fig. 1d. For
the clockwise encirclement, state B is always a preferredfinal state regardless
of initial state selection.

Themode transfer property in this particular way is reproduced in the
proposed coupler system as illustrated in Fig. 1f, g. States A and B at the
endpoints correspond in the same arrangement to channel signals at the
input and output terminals of the coupler system. For the forward trans-
mission in analogy to the anti-clockwise EP encirclement in Fig. 1b, R1 is
always a dominant-power output channel regardless of input channel
selection. This is readily understoodbecause, on the right side of the coupler,
amplifier G1 amplifies the signal at R1 while attenuator A2 suppresses the
incoming signal at R2. This channel-selected amplification effectively cor-
responds to the anti-adiabatic jump that induced by mode-selective
amplification. In the samemanner, channel L2 is always a dominant-power
output channel for the backward transmission case regardless of input
channel selection, as shown in Fig. 1c. Therefore, this coupler system

Fig. 1 | Simple coupler configuration emulating
the time-asymmetric mode transfer in EP-
encirclement processes. a Schematic of a 2 × 2 fiber-
optic amplifier system that emulates nonlinear
dynamic EP encirclement. In a similarmanner to the
nonlinear dynamic EP-encircling processes, this
system can induce strong and robust nonreciprocity
due to a combination effect of asymmetric trans-
mission and gain-saturation nonlinearity of erbium-
doped fiber amplifiers (EDFA) G1 and G2.
b, c Complex eigenvalue spectra of the Hamiltonian
in Eq. (1) and dynamic state passages from initial
states A and B for anti-clockwise and clockwise EP-
encirclement, respectively. d, e Flattened dynamic
state passages in (b) and (c). f, g Effective emulation
of the dynamic state passages for anti-clockwise and
clockwise in the proposed coupler configuration (a).
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emulates the time-asymmetric mode transfer effect by the dynamic EP
encirclement without intricate action of a carefully configured time-varying
non-Hermitian Hamiltonian.

In the previous study, the experimental demonstration was performed
in the absence of the amplifiers and the asymmetric transmission properties
was obtained in the linear, reciprocal regime. In our study here, we include
erbium-doped fiber amplifiers (EDFA) and experimentally investigate how
the asymmetric port-transmissionproperties and combined gain-saturation
nonlinearity produce the desired nonreciprocal transmission effect.

We construct the system as shown in Fig. 2a. See Methods section for
details. Under a condition at A1 = 0.01, A2 = 0.1, pump current values

350mA for G1 and 250mA for G2, we measure input-power dependent
transmittance Tmn = Rm/Ln for the forward transmission and T′

mn = Lm/Rn
for the backward transmission, as shown in Fig. 2b–e. Note therein thatTmn

andT′
nm are a time-reversal pair andwe compare each pair in a single graph.

In these graphs, triangular symbols indicate experimental data in compar-
ison with theoretical curves due to a simplified model of a dissipative
saturable amplifier, which we will explain in the next section. Error bars are
omitted in themain figures as themeasurement errors are sufficiently small
compared to the symbol size. See Supplementary Fig. S1 in Supplementary
Note 1. Therein, we estimate average standard deviation in the measured
power ~0.02 dB with the maximum value 0.6 dB, which is merely a sub 1%

Fig. 2 | Experimental realization of a non-
reciprocal coupler system emulating a nonlinear
exceptional-point (EP) encirclement.
a Experimental realization of the configuration in
Fig. 1. a Scale bar, 10 cm. b ~ e Measured forward
and backward transmittances Tnm and T′

mn

depending on incident power, where n and m are
input and output port indices, respectively. Symbols
are experimental data and lines are theoretical data
for comparison. Details regarding the error bars are
provided in the Supplementary Note 1. f Absolute
nonreciprocal transmission ratio (NTR) |log(Tnm/
T′
mn)| spectrum over the EDFA gain band from

1510–1580 nm. g Amplified spontaneous emission
(ASE) spectra of EDFAs G1 and G2., confirming the
effective gain band of our analyzed system.
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magnitude. The errors in the power are dominantly from the spontaneous
emission noises in the EDFA. The nonreciprocal transmission appears as
deviation of Tmn from T′

nm. Strong nonreciprocity over a wide input-power
range from 0.1mW to 1 kW at 1,550 nm wavelength is obtained for the
straight-through pairs of T11-T

′
11 in Fig. 2b and T22-T

′
22 in Fig. 2c. In

contrast, weak nonreciprocity is observed for T12-T
′
21 in Fig. 2d over a wide

incident power range, while T21-T
′
12 in Fig. 2e, composed of linear

attenuators, is confirmed to be reciprocal.
The strong nonreciprocity for the straight-through pairs are

persistent over the entire gain bandwidth of the EDFAs from 1,520 to
1,570 nm, as shown in Fig. 2(f) for the nonreciprocal transmission ratio
(NTR) ηmn = Tmn/T

′
nm spectra in comparison with Fig. 2g for the

amplified spontaneous emission (ASE) spectra of G1 andG2 EDFAs. In
particular, straight-through NTRs η11 and η22 at the gain-peak wave-
length of the EDFAs around 1,530 nm go beyond 20 and 10 dB,
respectively. We note that the peak NTR value in this experimental
condition can be largely increased up to ~ 70 dB according to our
theory providing the experimentally consistent theoretical curves in
Fig. 2b–e.

The observed broadband nonreciprocal transmission effect can be
understood in analogy to the nonlinear EP-encirclement processes22

because this emulating coupler system has the two essential properties in
common. They are the time-asymmetric mode transfer and gain-
saturation nonlinearity. Although the emulating coupler system does
not involve intricate nonlinear dynamic state evolution for the EP-
encirclement processes, our proposed systemmight produce more robust
nonreciprocity and allows simpler theoretical description of the key
performance properties such as peak NTR, maximally achievable NTR
limit, and nonreciprocal input-power range, as we will explain in the next
section.

Theory
The observed nonreciprocal transmission effect in Fig. 2 reveals several
major features as summarized below.
(A) Nonreciprocity appears only for the straight-through transmission

pairs while the cross transmission pairsTnm-Tmn (m≠ n) are almost or
strictly reciprocal.

(B) There is an upper bound in the incident-power window for the
nonreciprocal transmission, implying that high input-power does not
necessarily guarantee the nonreciprocity even though stronger gain-
saturation nonlinearity is activated.

(C) The peak NTR value is in the order of attenuation coefficientAn of the
linear attenuator in the corresponding transmission path.

In order to conveniently describe these experimental features, we
express the forward (T) and backward (T′) scattering matrix in terms of An

and Gn as

T ¼ T11 T12

T21 T22

� �
¼ κtA1G1ðJ3Þ κxG2ðI2ÞG1ðJ3Þ

κxA1A2 κtG2ðI2ÞA2

� �
; ð2Þ

T0 ¼ T 0
11 T 0

12

T 0
21 T 0

22

� �
¼ κtG1ðI3ÞA1 κxA1A2

κxG1ðI3ÞG2ðJ2Þ κtA2G2ðJ2Þ

� �
; ð3Þ

where Ii is incident optical power at channel i = 1 (L1), 2 (L2), 3 (R1), and 4
(R2).κt and κx represent straight-through (n-to-n) and cross (n-to-m,n≠m)
power-coupling efficiencies at the central passive coupler, respectively. J3 in
Eq. (2) is optical power coupled toward R1 at the central coupler, while J2 in
Eq. (3) is optical power coupled toward L2 at the coupler, which takes
expressions

J3 ¼ κtA1I1 þ κxG2ðI2ÞI2; ð4Þ

J2 ¼ κxG1ðI3ÞI3 þ κtA2I4: ð5Þ

Forward to backward NTR calculated from the scattering matrices in
Eqs. (2) and (3) gives

η11 ¼
T11

T 0
11

¼ G1ðκtA1IinÞ
G1ðIinÞ

; ð6Þ

η12 ¼
T12

T 0
21
¼ G2ðIinÞG1ðκxG2ðIinÞIinÞ

G1ðIinÞG2ðκxG1ðIinÞIinÞ
; ð7Þ

η21 ¼
T21

T 0
12

¼ 1; ð8Þ

η22 ¼
T22

T 0
22

¼ G2ðIinÞ
G2ðκtA2IinÞ

; ð9Þ

where incident power Iin is identical for the forward and backward trans-
mission, attenuator responses are linear and thereby An is independent of
input power, and amplifiers are nonlinear and subsequently their amplifi-
cation coefficient Gn(I0) basically depends on input optical power I0 at the
amplifier.

The reciprocal nature of the crossover transmission is easily
understood. Crossover NTR η21 in Eq. (8) is always unity (reciprocal)
because the corresponding transmission pathway involves only passive
linear components A1 and A2. In addition, the other crossover NTR η12
in Eq. (7) represents weak nonreciprocity although two nonlinear
amplifiers G1 and G2 are included in the pathway. This is because η12
essentially reduces to unity if the two amplifiers are identical, i.e., η12 = 1
forG1 = G2. Slight nonreciprocity of η12 in Fig. 2(e) is becauseG1 ≠G2 in
our experiment.

Strong nonreciprocity (ηpq ≫ 1 or ηpq ≪ 1) is expected only for the
straight-through transmission (η11 and η22) in Eqs. (6) and (9). For the
straight-through transmission, the sequential order of the attenuator and
amplifier actions experienced by the optical signal are reversed between two
reciprocal cases and the difference in the nonlinear amplifier gain can be
made. For the straight-through NTR, ηnn is determined simply by a ratio of
the amplifier gain coefficients as

ρn ¼
GnðκtAnIinÞ
GnðIinÞ

: ð10Þ

This nonreciprocal gain ratio is related to the straight-through NTR
such that η11 = ρ1 and η22 = ρ2

−1. Therefore, a crucial part of the theoretical
understanding is a description of the nonlinear gain-coefficient Gn as a
function of input optical power I0.

We use a dissipative saturable-amplifier model for Gn(I0). In this
model, we assume a standard saturable-gain constant

ΓnðzÞ ¼
γn

1þ IðzÞ=Isn
; ð11Þ

where γn is small-signal gain constant, I(z) is local power of the optical signal
at position z along the optical axis of the EDFA, Isn is saturation-power
constant, and subscriptn is port index.Amplificationof I(z) is describedby a
nonlinear equation as

d IðzÞ
dz

¼ ½ΓnðzÞ � αn� IðzÞ; ð12Þ

where αn is internal dissipation rate which is caused primarily by a diffuse
scattering of the optical signal through the stimulated absorption and
subsequent stimulated emission of the Er3+ ions to the ASE noise. See
Supplementary Note 2 for αn measured in our experiment as a function of
pump and input optical powers, which confirms the ASE-noise-dominant
internal dissipation of the EDFA.
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Equation (12) yields nonlinear gain coefficient Gn = I(d)/I(0) for a
given EDFA length dn to be determined as

lnGn ¼ lnGn
ð0Þ � γn

αn
ln

Icn=I0 � 1
Icn=I0 � Gn

� �
; ð13Þ

where Gn
(0) = exp[(γn−αn)dn] is small-signal gain coefficient which is the

special solution ofGn in the low-power limit of I(0 ≤ z ≤ dn)≪ Isn , I0 = I(0)
is input power, and Icn = I(∞) = (γn/αn−1)Isn is clamping-power constant
that represents output power for an infinitely long amplifier (dn =∞). Note
that finite Icn is a unique feature of a dissipative saturable amplifier. For
lossless saturable amplifiers (αn = 0) in contrast, Icn → ∞ because the local
optical power is amplified in a non-exponential linear fashion even if the
gain is fully saturated, i.e., I(z) ~ γnzIsn according to Eq. (12) for the very-
high intensity limit (I≫ Isn).

We show a typical profile of Gn(I0) as a function of input power I0 in
Fig. 3a. There are three characteristic I0 domains as

GnðI0Þ≈
exp½ðγn � αnÞdn� ðI0 << IsÞ

Icn = I0 ðI0 ≈ IsÞ
expð�αndnÞ ðI0 >> IsÞ

8><
>: : ð14Þ

In the low I0 limit (I0≪ Isn),G(I0) is constant atGn
(0) = exp[(γn−αn)dn]

because the gain-saturation nonlinearity is not activated. Hence the
amplifier acts as a linear amplifier. Consequently, response of the system is
linear and reciprocal.

In the high I0 limit (I0 ≫ Isn), G(I0) is also constant at another lower
level exp(−αndn) and thereby response of the amplifier is linear in spite of
strong activation of the gain saturation nonlinearity. This is because gain
constant Γn in Eq. (11) becomes negligible and the amplifier acts as a linear
attenuator with attenuation rate αn. Therefore, the coupler system is linear
and reciprocal again in the high I0 limit.

Strong I0 dependence of the amplifier gain coefficient is obtained in the
intermediate intensity region (I0 ≈ Isn). G(I0 ≈ Isn) ≈ Icn/I0 in Eq. (14) is a
fairly good approximation as shown inFig. 3a. In Fig. 3a, the nonlinear gain-
coefficient window is identified as Ilow < I0 < Ihigh, where the lower and
upper bounds are

I low ≈ Icn=G
ð0Þ ¼ Isnðγn=αn�1Þ exp½ðαn�γnÞdn�; ð15Þ

Ihigh ≈ Isnðγn=αn�1Þ expðαndnÞ; ð16Þ

yielding their ratio Ihigh/Ilow ≈ exp(γndn). Taking into account the non-
reciprocal gain ratio ρn in Eq. (10), the nonreciprocal transmission is
obtained if this nonlinear gain-coefficient window is in between two input-
intensity points I0 = κtAnIin and Iin.

The key performance properties such as peak NTR and nonreciprocal
input-intensity range (NRIR) can be conveniently inferred from the features
revealed in Fig. 3a.

There are four cases that nonreciprocity is obtained, as graphically
explained in Fig. 3b. In Case I, incident power Iin (bare input) is within the
nonlinear gain window while the attenuated input power κtAnIin stays
within the low-power linear-amplifier range.Thenonreciprocal gain ratio in
this case is ρn ≈Gn

(0)(Iin/Icn) = Iin[Isn(γn/αn−1)]−1exp[(αn−γn)dn]. There-
fore, the NTR linearly increases with Iin.

Increase in Iin fromCase I leads toCase IIwhere both bare input power
Iin and attenuated input power κtAnIin are within the nonlinear gain win-
dow. In this case, ρn ≈ (κtAn)

−1, implying that the NTR is inversely pro-
portional to attenuation coefficient An of the attenuator. We note that Case
II happens only if the value of An is moderate such that ratio Iin/
(κtAnIin) = (κtAn)

−1 of the bare and attenuated input powers is smaller than
ratio Ihigh/Ilow = exp(γndn). This condition for Case II can be simply written
by (κtAn)

−1 < exp(γndn). The approximate gain-coefficient expressions in
Eq. (14) leads to ρn ≈ (κtAn)

−1 as the peak NTR for Case II with the
moderate-attenuation condition.

Fig. 3 | Theoretical model for the observed nonreciprocal transmission.
aNonlinear gain coefficient of a dissipative amplifier due to Eq. (11) as a function of
input power I0 relative to saturation-intensity constant Isn. Parameter conditions are
γndn = 10, αndn = 4. b Schematic illustration of four necessary cases showing non-
reciprocity, based on the relative positions of bare input power and attenuated input
power with respect to the amplifier’s nonlinear gain window. c Typical non-
reciprocal transmission ratio (NTR) map on Iin-An plane. Iin and An represent

incident intensity and attenuation coefficient of the attenuator in Fig. 1a. Parameter
conditions are γndn = 6, αndn = 3, and κt = 0.5. d NTR profile for three selected An

conditions at Aa =−10 dB, Ab =−50 dB, and Ac =−90 dB. These three conditions
are indicated by horizontal lines in (c). e Peak NTR dependence on An for different
internal-dissipation conditions at αndn = 0, 3, and 6. f Nonreciprocal input-power
range for 3-dB-NTR threshold as a function of An for αndn = 0, 3, and 6.
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Further increase in Iin beyond the upper nonlinear gainwindow results
in Case III where attenuated input power κtAnIin is still within the nonlinear
gain window. In this case, ρn ≈ (Icn/Iin)exp(αndn) = Iin

−1[Isn(γn/αn−1)]
exp(αndn) and thereby the NTR inversely proportional to Iin.

TheNTR reaches its maximally possible limit in this high Iin condition
when the attenuation is very strong such that (κtAn)

−1 > exp(γndn). This
situation corresponds to Case IV in Fig. 3b. In this high-incident-power and
strong-attenuation condition, Iin stays in the high-power, linear-attenuator
range while the attenuated input power κtAnIin is in the low-power, linear-
amplifier range. The nonreciprocal gain ratio, or equivalently the NTR, is
constant at ρn ≈ exp(γndn) and this level is the maximally-obtainable limit
for the peak NTR.

The NRIR can also be conveniently inferred from these arguments
based on the nonlinear gain-coefficient property in Fig. 3a, b. In Table 1, we
summarize the NRIR and peak NTR expressions depending on the
attenuation coefficient An as the key conditioning parameter.

These approximate expressions properly describe the major NTR
properties revealed in a two-dimensional map on Iin-An plane as shown in
Fig. 3c as an exemplary case. The domain ofNTR is in triangular shapewith
the peak NTR is saturated at ~25 dB consistent with a value of
exp(γndn) = 26 dB. The NRIR lower bound is constant at ~10−2Isnwhile the
upper bound increases with An

−1 as predicted from the expressions in
Table 1. In Fig. 3d, we indicate the NTR profiles for three selectedAn values
at −10, −50, and −90 dB in order to see how the Iin-dependent profile
changes with increasing attenuation strength An

−1 according to our sug-
gested theory. Dependences of the peak NTR andNRIR onAn

−1 are shown
inFig. 3e, f. They are consistentwith the approximate expressions inTable 1.
Wenote that thepeakNTRandNRIRdonot dependon internal dissipation
αndn of the EDFA even for an extreme case of αndn = 6 = γndn, at which the
amplifier operates in an attenuation mode over the entire input-
intensity range.

Considering features associated with output intensity clamping at
Icn = (γn/αn–1)Isn for dissipative amplifiers, deliberate inclusion of internal
dissipation αn can be used for efficiently adjusting output power level at a
certain desired value without any degradation in the nonreciprocal trans-
mission properties. For lossless amplifiers, the output power level is also
tunable bymeans of γn control.However, change in γn immediately alter the
key performance properties such as the NRIR width and peak NTR.

We finally compare our proposed theory with experiments. In Fig. 4a,
gain coefficient measurement data for G1 and G2 are indicated in com-
parison with the theoretical fitting curves. The EDFA conditions in
experiment are identical to those for Fig. 2b ~ 2(g). The optimized para-
meters for the best fit are used to calculate the absolute NTR ηnm profile on
the incident-intensity (Iin) domain and compared with the experimental
data, as shown in Fig. 4b. The measured data are quantitatively consistent
with the theory for all four input and output port combinations, confirming
the validity of our proposed theory and its predicted robustness of the
nonreciprocity implied in Fig. 3.

We note that the theoretical curves imply an extremely wide NRIR
from 0.1mW – 10 kW with our moderate experimental conditions.
Although the peakNTR ~ 22 dB is high enough to be used in practice, it can
be greatly enhanced up to ~ 74 dB in principle. In the measured cases, the

system is operating obviously in the weak attenuation limit because
(κtA1)

−1 = 23 dB ≪ exp(γ1d1) = 73.6 dB. Consequently, the peak
NTR~ (κtA1)

−1 = 23 dB and this value can be increased by employing a
stronger attenuator. Getting into the strong attenuation limit, the peakNTR
approaches exp(γ1d1) = 73.6 dB.

Discussion
We have experimentally realized a nonreciprocal 2×2 fiber-optic coupler
system that emulates dynamic nonlinear EP-encirclement processes. The
desired nonlinear non-Hermitian properties are successfully emulated in a
simple coupler structure consisting of two passive attenuators, two EDFAs,
and one passive coupler. Under moderate operation conditions at pump
current ~ 300mAand attenuation strength~ –20 dB, Robust nonreciprocal
transmission with NTR ~ 20 dB is obtained over a wide input power
range from 0.1mW to 10 kW and within the entire gain bandwidth from
1520–1570 nm.Weprovide a simple theorybasedonadissipative saturable
amplifier, which is quantitatively consistent with the experimental results.
The theory further suggests that the NTR can be enhanced up to 70 dB and
forward transmission intensity can be adjusted at any arbitrary stable level
without any degradation of the nonreciprocity by controlling internal dis-
sipation of the EDFA.Therefore, we confirm in both experiment and theory
that EP-encirclement emulation combined with gain-saturation non-
linearity creates robust nonreciprocity.

In further consideration for the follow-up study, it is of special interest
to investigate whether the proposed system is capable of activating dynamic
nonreciprocity. Dynamic nonreciprocity is obtained when nonreciprocity
in the transmission exists for simultaneous forward and backward inputs,
and is crucial for practical implementation of general-purpose optical
isolators27,31,32. In linear nonreciprocal systems based on magneto-optic
crystals1–5 and time-varying index approaches6, dynamic nonreciprocity is
naturally activated without any additional conditions. In contrast, the
nonlinear nonreciprocity demands special restrictions because the trans-
mission properties change with field strength and spatial/spectral dis-
tributions, as pointed out in ref. 32. In further detail, self-phase modulation
effect due toKerr nonlinearity doesnot activate thedynamicnonreciprocity.
Intriguingly, it turned out that the nonlinear dynamic nonreciprocity is
feasible with cross-phase modulation effect from Kerr nonlinearity but it is
available only within a narrowly limited intensity condition20. For gain-
saturation or saturable-absorption nonlinearity, it is still unclear whether
they are capable of producing dynamic nonreciprocity or not, and it is a
subject of extensive further study.

In our proposed system, dynamic nonreciprocity seems unlikely when
we consider some limiting cases. In the infinitely-long-amplifier limit,
output power of the amplifier is always clamped at a fixed level of Icn. This
property corresponds to the Icn/I0 line in the gain coefficient curve in Fig. 3a.
Once this condition is accomplished for a specific Ln-Rn path, forward
output power through the path is Icn regardless of input power whereas the
backward output power is clamped at (1–κ2)An Icn. Therefore, we obtain
nonreciprocity with NTR ~ [(1–κ2)A1]

–1 regardless of input power in the
infinitely-long-amplifier limit. Now, we further consider simultaneous
small forward and backward signals added in the presence of pre-existing
high-power forward signals. As the forward and backward output power is

Table 1 | . Approximate expressions of nonreciprocal input-power range (NRIR) and peak nonreciprocal transmission
ratio (NTR)

Attenuation strength Peak NTR Nonreciprocal input-power range (NRIR)

Lower bound [Iin]min Upper bound [Iin]max Ratio [Iin]max/[Iin]min

(κtAn)
−1 < exp(γndn)

Weak attenuation limit
(κtAn)

−1 Icn exp[(αn− γn)dn] Icn exp(αndn) (κtAn)
−1 exp(γndn) (κtAn)

−1

(κtAn)
−1 > exp(γndn)

Strong attenuation limit
exp(γndn)

Note thedefinitionsof the variablesas κt—straight-throughpower-couplingconstant at thecentral passivecoupler,An—attenuationcoefficient of theattenuator at channeln, γn—small-signal gainconstant
of the EDFA amplifier at channel n, αn—internal dissipation rate of the EDFA amplifier at channel n, dn—length of the EDFA amplifier at channel n, Icn – clamping intensity constant of the EDFA amplifier at
channel n.
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clamped at fixed levels of Icn and (1–κ2)An Icn, respectively, any additional
inputs at the forward and backward channels cannot transmit through the
system, implying dynamic reciprocity. Nevertheless, there might be certain
parametric conditions for the dynamic nonreciprocity in certain non-
limiting case scenarios and we consider that it should be further studied in
the future.

Although the dynamic nonreciprocity does not seem plausible, our
proposed system can be useful as a laser protection or intensity stabilization
device. Following the argument for the infinitely-long-amplifier limit, any
drift in the forward signal does not transmit, meaning that the coupler
operates as an intensity stabilizer. In addition, laser protection requires
suppression of backward waves at a certainminimum level in their absolute
intensity, not transmittance value. If the backward clamping power (1–κ2)
An Icn is lower than the required minimum level, the coupler system pro-
vides the protection simultaneously with the forward power stabilization.
Considering the simplicity in the structure configuration and robustness in
the nonreciprocal properties of our proposed system, on-chip imple-
mentation based on III-V compound semiconductor platforms is definitely
of special interest for realizing broadband on-chip laser-protection and
stabilization devices.

Methods
We use a commercial EDFA (LXI 2000, Luxper Technologies) for G1, a
custom-built EDFA for G2, and commercial variable attenuators (VOA50,
Thorlabs) for A1 andA2. In our description hereafter, we takeGn andAn as
respectively representing gain and attenuation coefficients, which are
defined by an optical power ratio of the output to the input at the corre-
sponding element.

When measuring the transmission between two ports, only the
amplifier within the transmission path is pumped. For the T11 and T11
measurement,G1 is pumped at 350mAwhileG2 is not pumped. For theT22
and T′

22 measurement in contrast,G1 is not pumpedwhileG2 is pumped at
250mA. Consistently, both G1 and G2 are simultaneously pumped at 350
and 250mA, respectively, for theT12 andT

′
21measurement. For theT21 and

T′
12 measurement in contrast, both G1 and G2 are not pumped. Therefore,

the non-reciprocal pairs are measured in the identical conditions.
At the central coupler, light also couples to the ports that are not being

measured. In this transmission passage, back reflection is negligible for
following reasons. First, the central coupler is connected through angled
physical contact (FC/APC) connector, so that about 4% reflection is extinct
from the signal path. We experimentally verify that the reflectance at the
port interfaces is <−60 dB (See Supplementary Note 3). Second, any back-
reflected light towards the port with an attenuator undergoes attenuation
twice. This yields an additional 10 dB or 20 dB reduction of the reflected
signal. Finally, a port with EDFA in the reflection path is not pumped and
thereby further attenuates reflected light.

Data availability
The data that support the plots within this paper and other findings of this
study are available from the corresponding author upon reasonable request.
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