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Supplementary Note 1
Construction of PT-symmetric FP Resonators


As shown in Fig. S1, we construct a PT-symmetric system using two mutually coupled FP resonators with one being optically pumped to provide a net gain  whereas the other with a net loss . The Hamiltonians of the system can be expressed as

		(1)








where the Hamiltonians  and  represent the cases of forward and backward incidence, respectively. The symbols  are Bosonic annihilation operators for FP1 and FP2 in the forward propagation direction, respectively. Similarly,  correspond to the backward propagation direction. The coupling of the two FP resonators creates two supermodes  and  with the eigenfrequencies  and  given as

		(2)


To implement PT symmetry in the system, we tune the localized resonance frequency of the two FP resonators to be degenerate . In particular, the critical condition of the system with balanced gain and loss () needs to be satisfied. Thus, the eigenfrequencies can be re-written as

		(3)







[bookmark: _Hlk69665894]which quantifies the interaction between the coupling strength and the gain/loss in the two FP resonators. In a PT-symmetric system, there are two different regions of the parameter space, determined by the coupling strength  between the two FP resonators, and their gain  and loss . When  is satisfied, the system is in the unbroken PT-symmetric regime. In this condition, the two supermodes created by the coupling between the two resonators are nondegenerate. The real parts of the eigenfrequencies of the system are up- and down-shifted by  respect to the initial resonance frequency . This corresponds to mode splitting in the transmission spectrum (Fig. 1c). When  is satisfied, the system is in the broken PT-symmetric regime, this means the coupling between the two resonators is weak. In this condition, the eigenfrequencies become complex and share identical real parts. This corresponds to only a single resonant peak in the transmission spectrum (Fig. 1c).








Figure S1. Two mutually coupled FP resonators for nonreciprocal light transmission. FP1 resonates at frequency  with a loss . FP2 resonates at  and is optically pumped to provide a gain . The coupling strength between FP1 and FP2 is denoted by . The external coupling coefficients of FP1 and FP2 are both denoted by . Nonreciprocal light transmission measurement in a forward propagation configuration and b backward propagation configuration.

Supplementary Note 2
Polarization dependence and length mismatch of the coupled FP resonators

The three FBGs are inscribed in a single EYDF with a physical spacing between two adjacent FBGs of 10 mm. Due to the nonuniformity of the UV beam to inscribe the FBGs, the three FBGs inscribed in a polarization-independent EYDF become polarization dependent. This is confirmed by observing the transmission spectrum of the device in which two slightly separated resonance peaks are observed. In addition, due to fabrication errors, the cavity lengths of the two FP resonators are not perfectly matched, which would lead to two additional resonance peaks at slightly different locations. Therefore, we observe four resonance peaks, as shown in Figure S2a. By adjusting the polarization direction of the probe light entering the device to be in parallel with the principal axis of the FBGs, one resonance peak is eliminated, as shown in Figure S2b. This is done in the experiment by tuning PC1 in Fig. 2a of the main text. 


Figure S2. Experimentally obtained transmission. Transmission spectra of the two coupled FP resonators a without adjusting the polarization direction of the probe light, and b with polarization direction adjustment. Resonances are observed in the reflection band (shaded brown) of the FBGs.



Figure S3. Cavity length mismatch. a Schematic to show the elimination of the cavity length mismatch. b Evolution of the transmission spectra of the FP resonators, obtained by stretching FP1 while keeping FP2 unchanged. c Transmission spectra of a single resonance peak at each resonant mode in the polarization 1 and polarization 2.

To accurately match the cavity lengths of the two FP resonators, we try to stretch one FP resonator while keeping the other un-stretched. A micro-positioning platform used to perform the stretch is shown in Figure S3a. First, we need to identify which FP resonator has a shorter cavity length. To do so, we stretch one cavity while monitoring the change of the two resonance peaks. In our experiment, we find that the spacing of the two resonance peaks is decreasing when FP1 is stretched, as shown in Figure S3b. This confirms that FP1 has a shorter cavity length. We then further stretch FP1 until the two resonance peaks completely overlap, as shown in Figure S3c. Once the polarization dependence and length mismatch issues are solved, only a single resonance peak at each resonant mode is observed in the transmission spectra.

Supplementary Note 3
Light transmission in PT-symmetric FP resonators
1. Broken PT-symmetric regime


In the main text, a description is provided to discuss the implementation of PT symmetry, which is achieved in the experiment by tuning the pumping power. To achieve nonreciprocal light transmission, the device must operate in the broken PT-symmetric regime, which is realized by making the gain/loss coefficient greater than the coupling coefficient. In the device, the coupling coefficient is determined by the transmission coefficient of FBG2 which is fixed. Therefore, to make the device operate in the broken PT-symmetric regime, we tune the pumping power to make . From the perspective of the device design and manufacturing, FBG2 is designed to have a relatively lower transmission coefficient, making the two resonators have weak coupling, which is helpful in achieving  . In addition, the EYDF used to inscribe the FBGs has a high core absorption coefficient, which means that a high gain coefficient and loss coefficient can be implemented even at a short cavity length. 
In the main text, we point out that the nonreciprocal behavior of the device is optical power dependent. This conclusion is verified by our experiment. For a probe light at a low input power, say -15 dBm, since the gain situation is not significant, the transmission for both directions is high with no or litter nonreciprocity, as shown in Figure S4a and S4b. For a probe light at a high input power, say 10 dBm, the forward and backward incident probe light both experience gain saturation in FP2. Thus, the transmission for both directions is low with no or litter nonreciprocity. For a probe light at a moderate input power, say 0 dBm and 1dBm, due to gain saturation the gain provided by FP2 is significantly lower for the backward incident than that for the forward input probe. Thus, good nonreciprocity is achieved, as shown in Figure S4c and S4d.


Figure S4. Experimental transmission spectra for the device operating in the broken PT-symmetric regime. Reciprocal transmission for the input probe power at a. -15 dBm and b. 10 dBm. Nonreciprocal transmission for the input probe power at c. 0 dBm and d. 1 dBm. 
2. Unbroken PT-symmetric regime

When the gain/loss coefficient is smaller than the coupling coefficient, , the device is operating in the unbroken PT-symmetric regime. In this case, the gain saturation in FP2 is weakened, resulting in the reduction or fully disappearance of the nonreciprocal behavior.

The transmission behavior of the device in the unbroken PT-symmetric regime is also evaluated experimentally. We first control the pumping power to have , to make the device operating in the unbroken PT-symmetric regime. Then, the input probe power is increased. As shown in Figures S5a and S5b, the transmission spectra for the input probe powers at 0 dBm and -15 dBm for both forward and backward transmission are similar, no nonreciprocity is achieved. Note also that mode splitting is also observed due to the unbroken PT-symmetry. 


Figure S5. Experimental transmission spectra for the device operating in the unbroken PT-symmetric regime. Transmission measurements of the device operating in the unbroken PT-symmetric regime with an input power of a. 0 dBm and b. -15 dBm. No nonreciprocity is observed.

Supplementary Note 4
Performance of the device



We further evaluate the performance of the device including the isolation ratio and the insertion loss. As shown in Figure S6a, the isolation ratio is mainly dependent on the small signal gains  and the coupling strengths . We point out that a weaker coupling strength makes FP2 easier to achieve gain saturation. Meanwhile, a larger gain coefficient of the optically pumped FP2 can further improve the isolation ratio. According to the simulation results, an isolation ratio up to 33 dB can be achieved if . However, the gain is limited by the doping concentration of the EYDF used in our experiment, and an 8.58-dB isolation ratio is experimentally demonstrated.
As shown in Figure S6b, the insertion loss of our device is also numerically calculated for various small signals and coupling strengths. In the experiment, the transmission coefficient for forward propagation can be expressed as

		(4)

The insertion loss of the device is defined as . Obviously, a larger gain and stronger coupling strength lead to a higher transmission or a lower insertion loss. Meanwhile, a higher transmission coefficient corresponds to a larger external coupling coefficient. Thus, the insertion loss can be further reduced by optimizing the transmission coefficients of FBG1 and FBG2. According to the simulation results, the insertion loss of the device can be reduced to close to zero.
In a word, the performance of the device can be further improved by optimizing the parameters of the FP resonators. However, there is a trade-off between the isolation ratio and the insertion loss. As shown in Figure S6, we expect the coupled resonators with lower coupling strength for higher isolation ratio, but this will result in a greater insertion loss. In addition, a higher transmission coefficient of FBG1 and FBG2 will lead to a lower insertion loss, but the decrease of the Q-factors of FP1 and FP2 will degrade the isolation ratio.







Figure S6. Performance of the device. a Isolation ratio as a function of the coupling strength. b Insertion loss as a function of the coupling strength. Results are derived from the numerical simulation of the system dynamics for varying small signal gain  and coupling strength. The small signal gain  is normalized to the total loss , and varies from  to .
oleObject1.bin

oleObject40.bin

image47.wmf
1.70

g


oleObject41.bin

image48.wmf
5.95

g


oleObject42.bin

image2.wmf
g


oleObject2.bin

image3.wmf
(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

†

†

†

†

†

1112221212011

†

†

†

†

†

1112221212022

itit

fain

itit

bbin

Hiaaigaaaaaaaeae

Hibbigbbbbbbbebe

ww

ww

wgwmke

wgwmke

-

-

=+++++++

=+++++++


oleObject3.bin

image4.wmf
f

H


oleObject4.bin

image5.wmf
b

H


oleObject5.bin

image6.wmf
1,2

a


oleObject6.bin

image7.wmf
1,2

b


oleObject7.bin

image8.wmf
(

)

12

2

Aaa

+

=+


oleObject8.bin

image9.wmf
(

)

12

2

Aaa

-

=-


oleObject9.bin

image10.wmf
+

w


oleObject10.bin

image11.wmf
w

-


oleObject11.bin

image12.wmf
(

)

(

)

(

)

(

)

2

2

1212

11

=++4

222

i

gig

wwwgmwwg

±

-±+-++

éù

ëû


oleObject12.bin

image13.wmf
120

==

www


oleObject13.bin

image14.wmf
g

g

=


oleObject14.bin

image15.wmf
22

0

=

wwmg

±

±-


oleObject15.bin

image16.wmf
m


oleObject16.bin

image17.wmf
g


oleObject17.bin

image18.wmf
g


oleObject18.bin

image19.wmf
mg

>


oleObject19.bin

image20.wmf
22

mg

-


oleObject20.bin

image21.wmf
0

w


oleObject21.bin

image22.wmf
mg

<


oleObject22.bin

image23.emf
b

FBG1 FBG3 FBG2

FP1 FP2

Probe

a

EYDF

1



2





 

Pump

FBG1 FBG3 FBG2

FP1 FP2

EYDF

1



2





 

Pump

Probe

 g  g


Microsoft_Visio_Drawing.vsdx
b
FBG1
FBG3
FBG2
FP1
FP2
Probe
a
EYDF
Pump
FBG1
FBG3
FBG2
FP1
FP2
EYDF
Pump
Probe



image24.wmf
1

w


oleObject23.bin

image25.wmf
g


oleObject24.bin

image26.wmf
2

w


oleObject25.bin

image27.wmf
g


oleObject26.bin

image28.wmf
m


oleObject27.bin

image29.wmf
k


oleObject28.bin

image30.emf
1551.9 1552.1 1552.3

Wavelength (nm)

-65

-55

-45

-35

-25

-15

Transmittance (dB)

a

1551.9 1552.1 1552.3

Wavelength (nm)

-65

-55

-45

-35

-25

-15

Transmittance (dB)

b


Microsoft_Visio_Drawing1.vsdx
1551.9
1552.1
1552.3
Wavelength (nm)
-65
-55
-45
-35
-25
-15
Transmittance (dB)
a
1551.9
1552.1
1552.3
Wavelength (nm)
-65
-55
-45
-35
-25
-15
Transmittance (dB)
b



image31.emf
-40

-20

0

-40

-20

-40

-20

-40

-20

-40

-20

1552.0 1552.1 1552.2 1552.3

Wavelength (nm)

-60

-40

-20

Transmittance (dB)

b

a

Micropositioning platform

-50

-40

-30

-20

-10

1552.0

1552.1 1552.2 1552.3

Wavelength (nm)

-60

-50

-40

-30

-20

Transmittance (dB)

Polarization 1

Polarization 2

c

FP1 FP2

FP1 FP2

Strentching

Fiber Bragg gratings

EYDF

SMF


Microsoft_Visio_Drawing2.vsdx
-40
-20
0
-40
-20
-40
-20
-40
-20
-40
-20
1552.0
1552.1
1552.2
1552.3
Wavelength (nm)
-60
-40
-20
Transmittance (dB)
b
a
Micropositioning platform
-50
-40
-30
-20
-10
1552.0
1552.1
1552.2
1552.3
Wavelength (nm)
-60
-50
-40
-30
-20
Transmittance (dB)
Polarization 1
Polarization 2
c
FP1

FP2
FP1

FP2
Strentching

Fiber Bragg gratings
EYDF
SMF



image32.wmf
mg

<


oleObject29.bin

image33.wmf
mg

<


oleObject30.bin

image34.emf
1551.9 1552.1 1552.3

Wavelength (nm)

-55

-45

-35

-25

-15

-5

Transmittance (dB)

0 dBm

c d

1551.9 1552.1 1552.3

Wavelength (nm)

-55

-45

-35

-25

-15

-5

Transmittance (dB)

1 dBm

b

1551.9 1552.1 1552.3

Wavelength (nm)

-55

-45

-35

-25

-15

-5

Transmittance (dB)

Forward

Backward

10 dBm

a

1551.9 1552.1 1552.3

Wavelength (nm)

-55

-45

-35

-25

-15

-5

Transmittance (dB)

-15 dBm

Forward

Backward

Forward

Backward

Forward

Backward


Microsoft_Visio_Drawing3.vsdx
1551.9
1552.1
1552.3
Wavelength (nm)
-55
-45
-35
-25
-15
-5
Transmittance (dB)
0 dBm
c
d
1551.9
1552.1
1552.3
Wavelength (nm)
-55
-45
-35
-25
-15
-5
Transmittance (dB)
1 dBm
b
1551.9
1552.1
1552.3
Wavelength (nm)
-55
-45
-35
-25
-15
-5
Transmittance (dB)
Forward
Backward
10 dBm
a
1551.9
1552.1
1552.3
Wavelength (nm)
-55
-45
-35
-25
-15
-5
Transmittance (dB)
-15 dBm
Forward
Backward
Forward
Backward
Forward
Backward



image35.wmf
mg

>


oleObject31.bin

image36.wmf
mg

>


oleObject32.bin

image37.emf
1551.9 1552.1 1552.3

Wavelength (nm)

-40

-30

-20

-10

Transmittance (dB)

Forward

Backward

0 dBm

a

1551.9 1552.1 1552.3

Wavelength (nm)

-40

-30

-20

-10

Transmittance (dB)

-15 dBm

b

Forward

Backward


Microsoft_Visio_Drawing4.vsdx
1551.9
1552.1
1552.3
Wavelength (nm)
-40
-30
-20
-10
Transmittance (dB)
Forward
Backward
0 dBm
a
1551.9
1552.1
1552.3
Wavelength (nm)
-40
-30
-20
-10
Transmittance (dB)
-15 dBm
b
Forward
Backward



image38.wmf
g

¢


oleObject33.bin

image39.wmf
m


oleObject34.bin

image40.wmf
g

g

¢=5.95


oleObject35.bin

image41.wmf
(

)

(

)

2

22

2

222

f

out

f

in

aa

S

T

gg

mk

e

mgg

==

-D+-+D-


image1.wmf
g


oleObject36.bin

image42.wmf
10log

f

ILT

=-


oleObject37.bin

image43.emf
10 20 30 40

Coupling strength (GHz)

0

5

10

15

20

25

30

Isolation ratio (dB)

a

10 20 30 40

Coupling strength (GHz)

5

10

15

20

25

30

35

40 Insertion loss (dB)

=1.70 g  

=2.38 g  

=3.97 g  

= g  

b

=3.97 g  

=2.38 g  

=1.70 g  

= g  


Microsoft_Visio_Drawing5.vsdx
10
20
30
40
Coupling strength (GHz)
0
5
10
15
20
25
30
Isolation ratio (dB)
a
10
20
30
40
Coupling strength (GHz)
5
10
15
20
25
30
35
40
Insertion loss (dB)
b



image44.wmf
g

¢


oleObject38.bin

image45.wmf
g

¢


oleObject39.bin

image46.wmf
g


