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(57) ABSTRACT 

Technologies for quantum sensing are disclosed. In the 
illustrative embodiment, a sensor system may be operated 
by coupling an electromagnetic wave from a measurement 
line to a first resonator. The sensor system includes a second 
resonator that is non-reciprocally coupled to the first reso­
nator. In the absence or a perturbation, there is no reciprocal 
coupling between the first resonator and the second resona­
tor, but a perturbation may cause reciprocal coupling 
between the first and second resonator. With appropriate 
selection of the non-reciprocal coupling, the signal at the 
output of the measurement line may allow for fast determi­
nation of whether the perturbation is present. 

20 Claims, 4 Drawing Sheets 
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TECHNOLOGIES FOR QUANTUM SENSING 
2 

electromagnetic mode and the second electromagnetic mode 
J of at least ten times Yv/+y//4. 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

In some embodiments, the sensor system may have a 
readout signal that is indicative of whether a perturbative 

5 coupling of strength e is present in less time man 
The present application is a national stage entry under 35 

U.S.C. § 371(b) of PCT International Application No. 
PCT/US2019/034527, filed May 30, 2019, which 
claims the benefit ofU.S. provisional patent application 

10 No. 62/677,844, filed on May 30, 2018, and entitled 
"Sensor," the entirety of both of which are hereby 
incorporated by reference. 

BACKGROUND 
15 

wherein k is a coupling rate of the measurement line and the 
first resonator and ii is the average number of photons in the 
first resonator. 

In some embodiments, the first resonator may have a loss 
rate ofk+y1 and the second resonator may have a loss rate 
of y2 , wherein k is a coupling rate of the measurement line 
and the first resonator, wherein y2 <¼y 1 . 

Electromagnetic waves such as light or microwaves are 
often used for sensitive measurements, such as measuring 
the presence of biological molecules in the presence of a 
resonator or measuring the presence of a gravitational wave. 
Those measurements are often limited by the amount of 
power that can be present in the electromagnetic wave. 

In some embodiments, each of the first resonator and the 
20 second resonator is an optical cavity. 

In some embodiments, the first and second resonators are 
each coupled to a waveguide by a corresponding circulator, 
the first resonator being thereby coupled to the second 
resonator non-reciprocally. 

In some embodiments, the first and second resonators are 
each coupled to an edge state of a topological photonic 
system, the first resonator being thereby coupled to the 
second resonator non-reciprocally. 

Recently, variations of those systems have been investi­
gated as a possible approach for improving the sensitivity of 
certain measurements with electromagnetic waves without 25 

increasing the amount of power in the electromagnetic 
waves. In particular, an electromagnetic system at an excep­
tional point (i.e., a point where the loss and gain are 
balanced) may have a square-root dependence on small 
perturbations to certain parameters, indicating that a large 
signal may be detectable based on a small perturbation of 
those parameters. 

In some embodiments, the first and second resonators are 
30 non-reciprocally coupled by methods using dynamic modu­

lation. 

SUMMARY 

In some embodiments, each of the first and second 
resonators is a microwave cavity. 

In some embodiments, each of the first and second 
35 resonators is a resonant mode of a superconducting quantum 

circuit. According to one aspect of the disclosure, a sensor system 
for sensing a perturbative coupling is disclosed. The sensor 
system includes a first resonator supporting a first electro­
magnetic mode and a second resonator supporting a second 
electromagnetic mode, wherein the second electromagnetic 
mode is non-reciprocally coupled to the first electromagnetic 
mode such that the second electromagnetic mode can influ­
ence the first electromagnetic mode without a corresponding 
influence from the first electromagnetic mode on the second 45 
electromagnetic mode. The sensor system further includes a 
measurement line coupled to the first resonator for driving 
the first electromagnetic mode and providing a readout 
signal, wherein the first resonator and the second resonator 
are configured such that a perturbative coupling can cause 50 
reciprocal coupling between the first electromagnetic mode 
and the second electromagnetic mode. The readout signal of 
the measurement line is indicative of the whether the per­
turbative coupling is present. 

In some embodiments, the sensor system further includes 
a perturbative element causing the perturbative coupling, 
wherein the perturbative element is one or more biological 

40 molecules or one or more nanoparticles. 
In some embodiments, the perturbative coupling is pres­

ent and the perturbative coupling is caused by a gravitational 
wave, wherein the readout signal is indicative of whether the 
gravitational wave is present. 

In some embodiments, the perturbative coupling is pres­
ent and the perturbative coupling is caused by a rotation of 
at least one of the first resonator or the second resonator, 
wherein the readout signal is indicative of the rotation of the 
at least one of the first resonator or the second resonator. 

In some embodiments, the first resonator and the second 
resonator are not at an exceptional point. 

In some embodiments, the first resonator is not coupled to 
a source of coherent gain. 

According to another aspect of the present disclosure, a 
In some embodiments, the sensor system may have no 

reciprocal coupling between the first electromagnetic mode 
and the second electromagnetic mode in the absence of the 
perturbative coupling. 

In some embodiments, the second electromagnetic mode 
may be non-reciprocally transferred to the first electromag­
netic mode at a rate J, wherein the magnitude of J is greater 
than Yv/+y//4, wherev2 is a detuning ofa frequency of the 
second electromagnetic mode relative to a frequency of the 
first electromagnetic mode and y2 is a rate of damping or 
anti-damping of the second electromagnetic mode. 

In some embodiments, the sensor system may have a 
magnitude of the non-reciprocal coupling between the first 

55 method for sensing a perturbative coupling is disclosed. The 
method includes coupling an electromagnetic wave to a 
measurement line and coupling the electromagnetic wave to 
a first resonator, wherein the first resonator supports a first 
electromagnetic mode. If the perturbative coupling is pres-

60 ent, the method includes coupling the electromagnetic wave 
to a second resonator, wherein the second resonator supports 
a second electromagnetic mode. The method further 
includes non-reciprocally coupling the second electromag­
netic mode to the first electromagnetic mode. The method 

65 also includes measuring a readout signal of the measurement 
line and determining whether the perturbative coupling is 
present based on the readout signal of the measurement line. 
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In some embodiments, the second electromagnetic mode 
is non-reciprocally coupled to the first electromagnetic mode 
at a rate J, wherein the magnitude of J is greater than 
Yv/+y//4, where v2 is a detuning of a frequency of the 
second electromagnetic mode relative to a frequency of the 5 

first electromagnetic mode and y2 is a rate of damping or 
anti-damping of the second electromagnetic mode. 

feature, structure, or characteristic in connection with other 
embodiments whether or not explicitly described. Addition­
ally, it should be appreciated that items included in a list in 
the form of "at least one A, B, and C" can mean (A); (B); 
(C): (A and B); (B and C); (A and C); or (A, B, and C). 
Similarly, items listed in the form of "at least one of A, B, 
or C" can mean (A); (B); (C): (A and B); (B and C); (A or 
C); or (A, B, and C). In some embodiments, the readout signal is indicative of 

whether a perturbative coupling of strength e is present in 
10 

less time than 

In the drawings, some structural or method features may 
be shown in specific arrangements and/or orderings. How­
ever, it should be appreciated that such specific arrange­
ments and/or orderings may not be required. Rather, in some 
embodiments, such features may be arranged in a different 

wherein k is a coupling rate of the measurement line and the 
first resonator and n is the average number of photons in the 
first resonator. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The concepts described herein are illustrated by way of 
example and not by way of limitation in the accompanying 
figures. For simplicity and clarity of illustration, elements 
illustrated in the figures are not necessarily drawn to scale. 
Where considered appropriate, reference labels have been 
repeated among the figures to indicate corresponding or 
analogous elements. 

FIG. 1 is a simplified diagram of at least one embodiment 
of a sensor system with two resonators having non-recipro­
cal coupling; 

FIG. 2 is a simplified block diagram of at least one 
embodiment of a sensor system with two resonators having 
non-reciprocal coupling by a waveguide; 

FIG. 3 is a graph of a measurement rate of a parameter of 
the sensor system of FIG. 2; 

FIG. 4 is a graph of signal power as a function of 
frequency, showing a shift in a resonance of a mode of the 
sensor system of FIG. 2; 

FIG. 5 is a method for sensing a perturbation using the 
sensor system of FIG. 2; and 

FIG. 6 is a simplified block diagram of at least one 
embodiment of a sensor system with multiple resonators, 
gain baths, and loss baths. 

DETAILED DESCRIPTION OF THE DRAWINGS 

15 
manner and/or order than shown in the illustrative figures. 
Additionally, the inclusion of a structural or method feature 
in a particular figure is not meant to imply that such feature 
is required in all embodiments and, in some embodiments, 
may not be included or may be combined with other 

20 features. 
Referring now to FIG. 1, a sensor system 100 may include 

a measurement line 102, a first resonator 104, a second 
resonator 106, and a measurement device 108 measuring the 
output of the measurement line 102. In use, the sensor 

25 system 100 is configured to measure small changes in a 
perturbative reciprocal coupling E between a mode in the 
first resonator 104 and another mode in the second resonator 
106. The illustrative sensor system 100 operates by sending 
light into the measurement line 102, where the mode of the 

30 measurement line 102 is coupled to a mode in the first 
resonator 104 at a rate k. The first and/or second resonator 
could be coupled to a gain element, leading to anti-damping. 
Absent a perturbation, the first resonator 104 has a non­
reciprocal coupling to the second resonator 106, meaning 

35 that light can travel from the second resonator to the first ( at 
a rate J, indicated by an arrow in the figure) but cannot travel 
from the first resonator 104 to the second resonator 106. If 
a perturbation is now present, it reciprocally couples the first 
resonator 104 and the second resonator 106 at a rate E. The 

40 presence of the perturbation may be detected by measuring 
the output of the measurement line 102, such as by using 
homodyne detection. In particular, as will be shown in more 
detail below, when the magnitude of J is much greater than 
Yv/+y//4, where v2 is a detuning of a frequency of the 

45 second electromagnetic mode relative to a frequency of the 
first electromagnetic mode and y2 is a rate of damping or 
anti-damping (i.e., gain) of the mode of the second resonator 
106, the presence of the perturbation may be detected faster 

While the concepts of the present disclosure are suscep­
tible to various modifications and alternative forms, specific 50 

embodiments thereof have been shown by way of example 

than it could be for any reciprocal system. 
The measurement line 102 may be any suitable measure-

ment line, such as a waveguide, a fiber, a free-space mode 
(e.g., that may be coupled to the resonator 104 through a 
prism or beam-splitter), a transmission line, a microwave 
circuit, etc. Similarly, the resonators 104, 106 may be any 

in the drawings and will be described herein in detail. It 
should be understood, however, that there is no intent to 
limit the concepts of the present disclosure to the particular 
forms disclosed, but on the contrary, the intention is to cover 
all modifications, equivalents, and alternatives consistent 
with the present disclosure and the appended claims. 

References in the specification to "one embodiment," "an 
embodiment," "an illustrative embodiment," etc., indicate 
that the embodiment described may include a particular 
feature, structure, or characteristic, but every embodiment 
may or may not necessarily include that particular feature, 
structure, or characteristic. Moreover, such phrases are not 
necessarily referring to the same embodiment. Further, when 
a particular feature, structure, or characteristic is described 
in connection with an embodiment, it is submitted that it is 
within the knowledge of one skilled in the art to effect such 

55 suitable resonator, such as a whispering-gallery resonator, a 
Fabry-Perot interferometer, a superconducting resonator, an 
acoustic resonator, etc. In some embodiments, the first 
resonator 104 may be a different type of resonator than the 
second resonator 106. Additionally or alternatively, in some 

60 embodiments, the first resonator 104 and the second reso­
nator 106 may be the same resonator with more than one 
mode. The non-reciprocal coupling from the second reso­
nator 106 to the first resonator 104 may be based on any 
suitable type of non-reciprocal coupling, such as a chiral 

65 waveguide, a circulator, an isolator, an optomechanical 
system, a classical microwave circuit, a superconducting 
microwave circuit, coupling to an edge state of a topological 
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r meas=kn,
0
,lx12 12 . It should be appreciated that the measure­

ment rate can be increased by increasing lx1212 without 
increasing the average number of photons in the first reso-
nator. For example, if IJl>>Yv/+y//4, there will be a large 
enhancement of the measurement rate. 

Referring now to FIG. 2, one embodiment of a sensor 
system 200 that is similar to the sensor system 100 is shown. 
The sensor system 200 includes a measurement line 202, a 
first resonator 204, a second resonator 206, and a measure­
ment device 208. The non-reciprocal coupling between the 
second resonator 206 and the first resonator 204 is imple-
mented with use of a chiral waveguide 210. Of course, it 
should be appreciated that, in other embodiments, non­
reciprocal coupling may be implemented differently, such as 
by using isolators or circulators or coupling to an edge state 
of a topological photonic system, use of dynamic modula­
tion, etc. Like the sensor system 100, the light in the 
measurement line 202 is coupled to a mode in the first 

photonic system, use of dynamic modulation, etc. The 
measurement device 108 may be any suitable measurement 
device. In the illustrative embodiment, the measurement 
device 108 performs homodyne detection on the output light 
coming out of the measurement line 102. Additionally or 5 

alternatively, the measurement device 108 may measure the 
output of the measurement line 102 in a different manner, 
such as using heterodyne detection, photon counting, power 
measurement, etc. The perturbative coupling that recipro­
cally couples the electromagnetic wave between the first 10 

resonator 104 and the second resonator 106 may be any 
suitable perturbation, such as a biological molecule, nan­
oparticles, motion of part or all of the sensor system 100 
induced by an external force, coupling due to a gravitational 

15 
wave, etc. In particular, in some embodiments, the two 
modes being coupled may be coupled by a rotation, allowing 
that rotation to be sensed at the measurement device 108. 
The perturbation may be relatively small or may be rela­
tively large. 20 resonator 204 at a rate k. The first resonator 204 has an 

The Hamiltonian of the coupled resonators 104, 106 (with 
the perturbation E=0) is 

[

_/+YI 
H= 2 

0 

additional damping Yu which, in the illustrative embodi­
ment, is completely due to coupling to the chiral waveguide 
210. Similarly, the second resonator 206 has a damping ofy2 

due to coupling to the chiral waveguide 210. The second 

25 resonator 206 may be detuned from the first resonator 204 by 
an amount v2 . The second resonator 206 is non-reciprocally 
coupled to the first resonator 204 through the chiral wave­
guide 210 at a rate J. The two modes can be coupled by a 
perturbation E. 

The terms of the corresponding susceptibility matrix can be 30 
calculated as 

As shown above in regard to FIG. 1, the terms of the 
corresponding susceptibility matrix can be calculated as 

u J 
xu = --, X21 = 0, and x12 = -xu --.--. 

k + YI V2 - ty2 I 2 

Analysis of the system will show that the homodyne current 
measured at the measurement device 108 will be 

1 lxullx12 +x2Il2 

s = 16 lxu 12 + lx2I 12 Ss, 

35 

u J 
xu = k +YI, X2I = 0, and XI2 = -xu v

2
_iy

212
. 

and the corresponding measurement rate is r meas =k 
n,

0
,lx12 12 . Accordingly, the measurement rate of the sensor 

system 200 can be increased by increasing lx12 12 without 
40 increasing the average number of photons in the first reso­

nator. As stated above, if IJl>>Yv/+y//4, there will be a 
large enhancement of the measurement rate. In one embodi­
ment of the sensor system 200, if J is set to be equal to -i 
VY 1 y 2 , then the measurement rate for the system will be 

45 where Se =8E21:2n,
0
,, which is the power associated with a 

standard single-mode dispersive measurement with pertur­
bation E, and n,

0
, is the average number of photons in the first 

resonator. The signal-to-noise ratio of the change of the 
homodyne measurement due to E is equal to 2kE21:21,,2/Su 
where A is a linear response coefficient, -i: is time, and Su is 50 

the shot noise in the homodyne current equal to k/2 in the 
absence of gain. The signal-to-noise ratio is defined to be 

_ (YI) 4kntot - , 
Y2 

showing that a large enhancement can be had by tuning the 
coupling of the resonators 204, 206 to the chiral waveguide 
210. 

,l 
k2rr meas, 

where r meas is a measurement rate and 

is the amount of time required to distinguish E=E 0 from E=0. 
Plugging in x21 =0 gives a signal at the homodyne detection 
of S=l/I6Selx12 12 and a corresponding measurement rate of 

Referring now to FIG. 3, the measurement rate r meas is 
55 plotted against a cavity detuning relative to the coupling rate 

k as solid line 302, while dot 04 is the limit for the 
measurement rate of a reciprocal system. The plot shown is 
fory 1=k, y2 =0.5k, J=l.5k, v2 =0.As shown, the measurement 
rate r meas for a non-reciprocal system can be significantly 

60 higher than for a reciprocal system. 
Referring now to FIG. 4, it should be appreciated that the 

sensor systems disclosed herein with non-reciprocal cou­
pling are not limited to detecting small perturbations abut 
can also be used in systems that have large perturbations. For 

65 example, in some embodiments, such as embodiments with 
gain, perturbations may be large enough to shift the reso­
nance peak of the system, as shown in FIG. 4. Dashed line 
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402 shows the response of the homodyne detection with a 
strong perturbation and no non-reciprocal coupling ( E=0.3k, 
J=0), and solid line 404 shows the response of the homodyne 
detection with a strong perturbation and non-reciprocal 
coupling (E=0.3k, J=50k). Not only is the peak shifted, but 5 

a second peak is apparent as well, which is due to coupling 
between the resonators. 

Referring now to FIG. 5, a method 500 can be used to 
operate the sensor system 200 to detect a perturbation of a 
parameter. In block 502, an electromagnetic wave is coupled 10 

to a measurement line 202. For example, an operator may 
couple laser light into a waveguide, tapered fiber, free-space 
mode, etc. Additionally or alternatively, an operator may 
couple light at any suitable frequency, such as at microwave 
frequencies. 15 

In block 504, the electromagnetic wave in the measure­
ment line 202 is coupled to a first resonator 204. The 
electromagnetic wave may be coupled in any suitable man­
ner, such as evanescent coupling from a waveguide, fiber, or 
prism, coupling through a partial beam-splitter, etc. 20 

In block 506, the electromagnetic wave is reciprocally 
coupled to a second resonator 204 if a perturbation is 
present. In some embodiments, the electromagnetic wave 
may be coupled to a different mode of the same resonator. 
The perturbation may be due to, e.g., the presence of a 25 

biological molecule or nanoparticle, rotation or linear move­
ment of some or all of the sensor system 200, the presence 
of a gravitational wave, etc. 

In block 508, the mode of the second resonator 206 is 
non-reciprocally coupled to the mode of the first resonator 30 

204. The non-reciprocal coupling from the second resonator 
206 to the first resonator 204 may be based on any suitable 
type of non-reciprocal coupling, such as a chiral waveguide, 
a circulator, an isolator, an optomechanical system, a clas­
sical microwave circuit, or a superconducting microwave 35 

circuit, coupling to an edge state of a topological photonic 
system, use of dynamic modulation, etc. 

In block 510, the output of the measurement line 202 is 
measured at the measurement device 208. In the illustrative 

8 
(loss baths) 612. Although more than two resonators and 
gain baths 610 are not necessary to achieve an increased 
sensing in a non-reciprocal system, such a system 600 can 
still be used to achieve the increased sensing that is possible 
with non-reciprocal coupling. 

What is claimed is: 
1. A sensor system for sensing a perturbative coupling 

comprising: 
a first resonator supporting a first electromagnetic mode; 
a second resonator supporting a second electromagnetic 

mode, wherein the second electromagnetic mode is 
non-reciprocally coupled to the first electromagnetic 
mode such that the second electromagnetic mode can 
influence the first electromagnetic mode without a 
corresponding influence from the first electromagnetic 
mode on the second electromagnetic mode; and 

a measurement line coupled to the first resonator for 
driving the first electromagnetic mode and providing a 
readout signal, 

wherein the first resonator and the second resonator are 
configured such that the perturbative coupling causes 
reciprocal coupling between the first electromagnetic 
mode and the second electromagnetic mode, 

wherein the readout signal is indicative of the whether the 
perturbative coupling is present. 

2. The sensor system of claim 1, wherein there is no 
reciprocal coupling between the first electromagnetic mode 
and the second electromagnetic mode in the absence of the 
perturbative coupling. 

3. The sensor system of claim 1, wherein the second 
electromagnetic mode is non-reciprocally transferred to the 
first electromagnetic mode at a rate J, wherein the magnitude 
of J is greater than Yv/+y//4, where v2 is a detuning of a 
frequency of the second electromagnetic mode relative to a 
frequency of the first electromagnetic mode and y2 is a rate 
of damping or anti-damping of the second electromagnetic 
mode. 

4. The sensor system of claim 3, wherein the magnitude 
of J is at least ten times greater than Yv/+y//4. 

embodiment, the measurement device 208 performs homo- 40 

dyne detection on the signal coming out of the measurement 
line 202. Additionally or alternatively, the measurement 
device 208 may measure the output of the measurement line 
202 in a different manner, such as using heterodyne detec­
tion, photon counting, power measurement, etc. 

5. The sensor system of claim 1, wherein the readout 
signal is indicative of whether a perturbative coupling of 

45 strength E is present in less time than 

In block 512, a determination is made by an operator or 
a computer of whether the perturbation is present based on 
the output of the measurement line 202. For example, in the 
illustrative embodiment, a homodyne measurement may be 
performed for a period of time long enough to distinguish 50 

the presence of a perturbation. The measurement may be 
done for a certain period time or may be done continuously, 
continually, or periodically. Additionally or alternatively, in 
some embodiments, the measurement may be done by 
measuring a shift in line resonance of the system of the first 55 

resonator 204 and the second resonator 206 based on the 
presence of a perturbation. 

Referring now to FIG. 6, it should be appreciated that the 
techniques described herein can be applied to a more general 
system. For example, a sensor system 600 may include a 60 

measurement line 602 and two or more resonators, such as 

wherein k is a coupling rate of the measurement line and the 
first resonator and ii is the average number of photons in the 
first resonator. 

6. The sensor system of claim 1, wherein the first reso­
nator has a loss rate ofk+y 1 and the second resonator has a 
loss rate ofy2 , wherein k is a coupling rate of the measure­
ment line and the first resonator, wherein y 2 <¼y 1 . 

7. The sensor system of claim 1, wherein each of the first 
resonator and the second resonator is an optical cavity. 

8. The sensor system of claim 7, wherein the first and 
second resonators are each coupled to a waveguide by a 
corresponding circulator, the first resonator being thereby 
coupled to the second resonator non-reciprocally. 

a first resonator 604, a second resonator 606, and a third 
resonator 608. The various resonators 604, 606, and 608 
may be coupled to each other in any suitable reciprocal or 
non-reciprocal coupling. The resonators 602, 604, and 606 
may also be coupled to one or more sources of incoherent 
gain (gain baths) 610 and/or one or more sources of loss 

9. The sensor system of claim 7, wherein the first and 
65 second resonators are each coupled to an edge state of a 

topological photonic system, the first resonator being 
thereby coupled to the second resonator non-reciprocally. 
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10. The sensor system of claim 7, wherein the first and 
second resonators are non-reciprocally coupled by methods 
using dynamic modulation. 

11. The sensor system of claim 1, wherein each of the first 
and second resonators is a microwave cavity. 

12. The sensor system of claim 1, wherein each of the first 
and second resonators is a resonant mode of a supercon­
ducting quantum circuit. 

13. The sensor system of claim 1, further comprising a 
perturbative element causing the perturbative coupling, 

10 
wherein the perturbative element is one or more biological 
molecules or one or more nanoparticles. 

10 
if the perturbative coupling is present, coupling the elec­

tromagnetic wave to a second resonator, wherein the 
second resonator supports a second electromagnetic 
mode; 

non-reciprocally coupling the second electromagnetic 
mode to the first electromagnetic mode; 

measuring a readout signal of the measurement line; and 

determining whether the perturbative coupling is present 
based on the readout signal of the measurement line. 

19. The method of claim 18, wherein the second electro­
magnetic mode is non-reciprocally coupled to the first 
electromagnetic mode at a rate J, wherein the magnitude of 
J is greater than Yv/+y//4, where v2 is a detuning of a 

14. The sensor system of claim 1, wherein the perturbative 
coupling is present and wherein the perturbative coupling is 
caused by a gravitational wave, wherein the readout signal 
is indicative of whether the gravitational wave is present. 

15. The sensor system of claim 1, wherein the perturbative 
coupling is present and wherein the perturbative coupling is 
caused by a rotation of at least one of the first resonator or 
the second resonator, wherein the readout signal is indicative 

15 frequency of the second electromagnetic mode relative to a 
frequency of the first electromagnetic mode and y2 is a rate 
of damping or anti-damping of the second electromagnetic 
mode. 

of the rotation of the at least one of the first resonator or the 20 

second resonator. 
16. The sensor system of claim 1, wherein the first 

resonator and the second resonator are not at an exceptional 
point. 

17. The sensor system of claim 1, wherein the first 25 
resonator is not coupled to a source of incoherent gain. 

20. The method of claim 18, wherein the readout signal is 
indicative of whether a perturbative coupling of strength E is 
present in less time than 

18. A method for sensing a perturbative coupling, the 
method comprising: 

coupling an electromagnetic wave to a measurement line; 
coupling the electromagnetic wave to a first resonator, 

wherein the first resonator supports a first electromag­
netic mode; 

wherein k is a coupling rate of the measurement line and the 
first resonator and ii is the average number of photons in the 

30 first resonator. 

* * * * * 


