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Abstract: This paper proposes and analyzes a parity-time (PT) symmetry structure based on resonant 

optical tunneling effect (ROTE) by using two directly coupled ROTE resonators to achieve a balanced 

gain-loss distribution. The unbroken/broken states of the PT symmetric system are theoretically 

verified by coupled-mode theory (CMT), transmission matrix method (TMM) and finite-difference 

time-domain (FDTD). To demonstrate the application potential, we further propose a label-free 

biosensing scheme that takes advantages of the square-root dependence in frequency splitting near 

exceptional point (EP). The theoretical results show that the sensor has a maximum sensitivity of 1×105 

nm/IP unit (imaginary part unit of refractive index) and a theoretical detection limit of 5×10-10 IP unit 

(corresponds to 0.4 ng carcinoembryonic antigen (CEA)). Compared with the PT systems based on 

coupled waveguides or resonators, our design has some distinctive features. It is a multi-layer structure 

and does not need complicated nanoscale fabrication; the liquid samples “flow-through” the sensing 

region in the mid of PT structure and would greatly enhance the analyte binding efficiency as 

compared with the common “flow-over” manner. This simple yet highly sensitive platform would find 

applications in biomedical sensors, drinking water safety, and drug screening. 

Keywords: parity-time (PT) symmetry, resonant optical tunneling effect (ROTE), exceptional point (EP), biosensing, 

carcinoembryonic antigen (CEA) 

1. Introduction

In 1998, C. M. Bender creatively proposed the concept of parity-time (PT) symmetry in the field of 

quantum mechanics [1]. It was proved that the non-Hermitian Hamiltonian of PT-symmetry system can 

also make the eigenvalues of Schrödinger equation measurable under specified conditions. Due to the 

challenge of realizing PT-symmetry in experiments, researchers further extended the application fields 

of PT-symmetry and constructed the PT-symmetry systems using other physical models [2-7]. 

Optical PT-symmetry, as one of the ten discoveries of physics of the last ten years selected by 

Nature Physics in 2015 [8], has been widely studied in recent years [9-14]. In 2007, R. El-Ganainy et 

al. applied the concept of PT-symmetry to optical field for the first time, and introduced some 
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properties and conclusions of PT-symmetry of quantum mechanics into coupled waveguides system 

[15]. In 2009, A. Guo et al. experimentally demonstrated the PT-symmetry system and the 

loss-induced transparency based on the PT symmetric phase transition [16]; and then C. E. Rüter et al. 

realized and observed the PT-symmetry and spontaneous breaking of coupled waveguides system [17]. 

Although the structure of coupled waveguides is simple, the coupling region of the structure is so 

dedicated that it requires high-precision fabrication. In 2013, the unidirectional reflectionless 

phenomenon was experimentally confirmed by the PT symmetric phase transition of the periodically 

modulated on-chip optical waveguides system [18]. In 2016, Z. J. Wong et al. presented the PT 

symmetry based on the gain-loss modulation using the periodic loss structure of the semiconductor 

gain waveguide, and observed the coherent laser emission and the coherent absorption at a fixed 

wavelength [19]. The PT-symmetry systems constructed by the periodic structure are stable, but suffer 

from the limited choice of fabrication materials because the device needs to satisfy the requirements of 

both specific refractive index (RI) and gain-loss distributions. In 2014, B. Peng et al. [20] and L. Chang 

et al. [21] successively realized optical PT-symmetry in coupled whispering-gallery-mode (WGM) 

microtoroids and designed an optical isolation by utilizing the nonlinear effect induced by gain 

amplification. A simple method to obtain the PT-symmetry is to balance the gain and the loss in the 

coupled resonators system. Due to the extremely high quality factor of WGM microcavity, its loss can 

be easily compensated by the gain medium. However, high Q resonator is still a challenge of 

nanofabrication, though significant progresses have been made in integration and package recently. 

A series of studies [22-25] pioneered by L. Yang indicate that, at phase transition point of 

PT-symmetry (i.e., exceptional point, EP), there is a much larger response to external perturbation 

[26-28]. This unique phenomenon inspires the development of ultrasensitive sensors that break the 

resolution limitation. For example, using PT-symmetric coupled resonators, the angular velocity [29] 

and movement [30] can be measured with enhanced sensitivity. W. J. Chen et al. demonstrated a 

multiple-nanoparticle detection scheme based on the PT-symmetric WGM microcavities [31], which 

exhibited a square-root dependence of the frequency splitting to perturbation strength of nanoparticles 

at the EP. Particularly, the third-order EP, at which the even higher sensitivity is proportional to the 

cube root of the perturbation strength, was exploited for thermal sensing [32]. 

On the other hand, resonant optical tunneling effect (ROTE), referring to the resonances of 

evanescent light in a special five-layer dielectric structure, has its own characteristics. In 1988, Yeh 

discovered this special phenomenon [33]. In 1999, Hayashi designed a multi-layer structure between Al 

(or Al2O3) and SiO2 layers on the SF10 glass substrate, and observed the resonance phenomenon by 

changing the incident angle [34]. In 2005, Yamamoto applied ROTE to an all-optical switch [35]. Our 

group conducted theoretical studies about ROTE and explored its applications such as RI sensors [36], 

thermo-optic switches [37] and MEMS accelerometers [38]. Recently, an ROTE-based volume RI 

sensor was proposed to solve the long-standing problem that the classical sensors based on evanescent 

field has limited spatial range of measurement so that they cannot measure the entire biological sample 

with certain size (e.g., eukaryotic cells at 10–100 µm) or the samples/particles naturally suspended in 

the solution [39]. Experimental studies demonstrated a highly-sensitive detection of hepatoma cell 

concentrations with the achieved performance among the best. 

In this paper, we will construct a PT-symmetry system using two directly-coupled ROTE units and 

will explore its application as a biosensor with ultrahigh sensitivity. Analysis and simulation will be 

conducted to verify the PT-symmetry under certain conditions. The square-root response of the 
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PT-symmetry structure near the EP will be utilized for the detection of biological analytes, and the 

performance such as sensitivity and detection limit will be estimated. Compared with other PT systems 

based on coupled resonators, the ROTE-based PT-symmetric system is an essential multi-layer 

structure and can be fabricated with simple process with low cost. Since the liquid sample flows 

through the mid of the system, the sample load manner is transferred from the “flow-over” mode to the 

“flow-through” mode, which enables shorter response time for the sample with low concentration 

[40-42].  

2. Concept and device design 

Originated from the optical tunneling effect (i.e., frustrated total internal reflection, FTIR), the ROTE 

briefly refers to the resonance effect of the tunneled light in a well-designed resonator as shown in Fig. 

1(a). Its structure consists of five layers with an alternate high-low distribution of RI, which are named 

along the light propagating direction as follows: the input layer, the first tunneling gap, the central slab, 

the second tunneling gap, and the output layer. It is seen that the ROTE resonator is a multi-layer 

structure, except for the two non-layered prisms that are for light leading in/out. The ROTE-based 

PT-symmetry system is designed by directly coupling 2 units of ROTE resonators as illustrated in Fig. 

1(b). The first ROTE resonator (i.e., gain cavity) is doped Er3+ ions to provide the optical gain using a 

pump laser (980 nm). The other resonator (i.e., loss cavity) is made of low-absorption silicate glass. 

They all belong to low dispersion glass (The abbe number is 77), where the causality and 

Kramers-Kronig can be satisfied [14,43] and the PT-like threshold behavior can be observed [44]. The 

coupling strength of these two cavities can be tuned by adjusting the gap (i.e., coupling layer) between 

them. For our device, the materials and parameters are listed in TABLE I. The choice of parameters 

ensures a resonant mode in both the gain and loss cavities in the 1535 nm band of the probe light. 

However, the mode of 980 nm band light can not be supported by the loss cavity. Therefore, the pump 

light only resonates in the gain cavity. 

 

   

Fig. 1. Schematic designs of the ROTE resonator (a) and the ROTE-based PT-symmetry system (b). 
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TABLE I Materials and design parameters of the ROTE-based PT-symmetry system 

Parameter Material Symbol Value 

RI of input prism K9 glass nin 1.5000-9.84×10-8 i 

RI of the first tunneling layer 
Polydimethylsiloxane(PDMS) 

n1 1.3960-5.2×10-6 i 

Width of the first tunneling layer d1 6μm 

RI of gain cavity 
Er3+ doped phosphosilicate 

ngain 1.5240+1.2627×10-7 i 

Width of gain cavity dgain 940μm 

RI of coupling layer 
Sample 

nsamp 1.3506-6.4538×10-5 i 

Width of coupling layer dsamp 4.4μm 

RI of loss cavity 
Low-absorption silicate glass 

nloss 1.5238-8.924×10-8 i 

Width of loss cavity dloss 942.0715μm 

RI of the second tunneling layer 
Polydimethylsiloxane(PDMS) 

n2 1.3960-5.2×10-6 i 

Width of the second tunneling layer d2 6μm 

RI of output prism K9 glass nout 1.5000-9.84×10-8 i 

Incident angle  θ 69° 

As a multi-layer structure, this system can be fabricated easily by simple layer deposition process 

(e.g., spin coating, sputtering), without the need for the complicated and costly nanofabrication. In our 

ROTE-based PT-symmetry system, the gain (or loss) cavity can be obtained by Er3+ doping (or 

standard glass). Then, the tunneling layers (i.e., the PDMS layers) with designed thickness can be 

formed on the surface of gain (or loss) cavity by spin coating. Next, the two cavities can be connected 

to the input/output prisms by using UV-curing optical adhesive, forming the left/right components. 

Finally, these two units can be placed on the micro-positioners, respectively. Their coupling strength 

can be tuned by adjusting the gap between them (i.e., the coupling layer). 

3. Theoretical analysis 

In order to directly elaborate the physical mechanism of the designed structure, the PT-symmetry 

structure is considered as a coupled-resonators model (as shown in Fig. 2.). Based on the coupled-mode 

theory (CMT) [21, 45], the dynamic equation of the probe light for two directed coupled gain and loss 

cavities of system can be written as follows: 
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2

1

e


 are the additional rates of decay due to escaping power for the gain and loss cavities; 0
  is the 

coupling strength of the cavities; 

1

2

e
 = is a coefficient expressing the degree of coupling 

between the resonator and the wave s
+

; 
2

s
+

is the input power of probe light (Fig. 2.). 

 

Fig. 2. Schematic graph of the theoretical analys is model based on the CMT. s+: the field amplitude of probe light; R: reflectance; 

κ: the coupling strength between the gain cavity and external excitation source; g: the net gain of gain cavity; γ: the loss of loss 

cavity; κ0: the coupling strength of gain and loss cavity; a1,2: the normalized field amplitudes of probe light in gain and loss 

cavities; T: transmittance. 

When the system is in steady state and s
+  is neglected, the eigenfrequencies    of the two 

supermodes of this system are given by: 

  
2 21 2 1 2

0
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2 2 2 2

g g
i i
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 
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+ −− +
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If the system satisfies the PT-symmetry condition and the resonant frequencies of cavities are equal, 

which means g = and 1 2
 = , then the eigenfrequencies are written as: 

  2 2

0 0
   


=  −  (3) 

where 0 1 2
  = =  and 0

  is the central frequency. 

Further simplification of Eq. (3) yields: 

  2 2

0
   =  −  (4) 

Therefore, if the coupling strength is greater than the total loss of the system, which means 

0
  , then the eigenfrequencies    are real numbers that sit at distances of 

2 2

0
 −  away 

from the central frequency 0
 , resulting in two peaks in the output spectrum. Here we define the 
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difference between eigenfrequencies as the “spectral distance”. In case of 0
 = , the 

eigenfrequencies coalesce at the central frequency 0
 , causing the two peaks to merge into one. On 

the other hand, if the coupling strength is less than loss (i.e., 0
  ), then the eigenfrequencies 

become imaginary numbers and result in only one peak in the output spectrum, which shows that the 

PT-symmetry is broken. Thus, the condition of 0
 =  is just the EP that marks the critical state of 

PT-symmetry breaking [46]. 

 

Fig. 3. Evolution of Real (blue solid line) and imaginary (red dashed line) parts of 𝜟𝝎 with respect to coupling strength in the 

ideal PT-symmetry system. The values of the involved parameters are listed as follows: 1 = 2 =195390×2π GHz;

1

1


=0.0155×2π GHz; 

1

1
e

=0.1439×2π GHz; =

2

1


+

2

1
e

=0.0840×2π GHz;g  =0.2390×2π GHz. 

The numerical results of the real part Re( )  and the imaginary ）（Im  as a function of 

coupling strength 0
  are plotted in Fig. 3. When 0

  is greater than the EP, which means the system 

is in the unbroken PT-symmetry state (i.e., the strong coupling region), the difference of the real part 

increases gradually with the coupling strength but the imaginary part is always 0. Oppositely, when 

0
  is less than the EP (i.e., the broken PT-symmetry state, the weak coupling region), the difference 

of the real part is always 0 but the imaginary part increases gradually with weaker coupling strength. 

Next, the influences of gain on the output spectrum are investigated. When the system is in the 

steady state, the formula (1) can be written as:  
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So 
1
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Therefore, the reflectance (i.e., the amplitude of output spectrum) can be written as [20-21, 24]: 
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where 
2

1 2 0
( ) ( )( )i g i     =  +  − + . 

It can be seen from Eq. (7) that the resonant frequency has a notable influence on output spectrum. 

The amplitudes of super modes are related to the difference between ω1 and ω2. When the amplitudes 

are equal, the resonant frequencies would be identical. As shown in Fig. 4(a), under the strong coupling 

condition, as 'g  increases from zero, the downward double-peak has a decreasing depth and then 

turns into the upward double-peak. With continuous increase of 'g , the amplitude of double-peak 

increases gradually; at 

2121

1111

ee

g


+++= , which means g = , the amplitude reaches 

the maximum and then begins to decrease if 'g  continues to increase. The condition called strong 

coupling is far from EP, indicating that the change of spectral distance is insensitive and the effect of 

gain on spectrum is mainly shown within spectral amplitude instead of spectral distance. Therefore, the 

change of the amplitude of double-peak can be utilized to determine whether the system reaches the 

balanced gain and loss, which is considered to be a criterion of the PT-symmetry in our system [21, 

47]. 

 

Fig. 4. Variation of the output spectrum with the increase of net gain as calculated using the coupled-mode theory. (a) When the 

net gain increases from zero, the downward double-peak becomes shallow and then turns into the upward double-peak. (b) When 

the net gain increases continuously, the double-peak increases gradually in amplitude until it reaches the maximum and then 

begins to decrease. In this analysis, 0 =3.1713×2π GHz, and the values of other parameters are specified in accordance with 

those participated in Fig. 3. 
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To verify the results given by the CMT, the transmission matrix method (TMM) is adopted to 

calculate the output spectrum of the ROTE-based PT-symmetry system [33]. The values of the related 

parameters are listed in Table Ⅰ. As shown in Fig. 5, when the gain (i.e., the positive imaginary part 

of RI) of the gain cavity goes stronger, the double-peak of output spectrum exhibits a similar trend as 

predicted by the CMT. The inequality between two peaks is caused by the significant effect of the 

coupling layer’s absorption. When the system is in the PT-symmetry state, the output spectrum varies 

with the change of the width of coupling layer as plotted in Fig. 6. Wider coupling layer causes the 

output peaks to gradually approach each other and to ultimately merge into one. In other words, the 

increase of the coupling layer width causes the system to enter into the broken state. 

 

Fig. 5 Output spectrum of the ROTE-based PT-symmetry system as a function of the net gain as predicted by the transmission 

matrix method (TMM). (a) When the imaginary part of RI increases gradually from zero, the depth of the downward double-peak 

of output spectrum becomes shallow and then transits to the upward double-peak. (b) When the imaginary part of RI increases 

continuously, the amplitude of double-peak increases gradually until reaches the maximum and then begins to decrease. 

 

Fig. 6. Illustration of the switch from the PT-symmetry state to the breaking state. When the system is in the unbroken 

PT-symmetry regime, the spectral distance decreases with the increase of the width of coupling layer (i.e., the decrease of 

coupling strength). Then, when the width of coupling layer reaches a special value, the double-peak would be changed into the 

single-peak, representing the start of a broken state of the system. Finally, the amplitude of single-peak would drop with the 

further increase of the width of coupling layer. 

For further verification, the electric field distributions below and above the critical value of 

PT-symmetry breaking are simulated using the finite-difference time-domain (FDTD) method as 

presented in Fig. 7. In order to save the simulation resource and time, the system is simplified, the 

related parameters of the simulated structure are provided (see S1 in “Supplementary Material”). When 
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the system is in the unbroken state (Fig. 7(a), (b)), the supermodes are evenly distributed in the gain 

and loss cavities. For the supermode of smaller wavelength, the intensity in coupling layer is low (see 

Fig. 7(a)); for longer wavelength, the intensity in coupling layer becomes larger (see Fig. 7(b)). In 

contrast, when the coupling strength exceeds the critical value of PT-symmetry breaking (Fig. 7(c)), the 

supermode experiences an amplification process in gain cavity while the other fades significantly due 

to the attenuation. The locations of supermodes are indicated in Fig. 7(d). This phenomenon is 

consistent well with the reported simulation results and experimental observations of the PT-symmetry 

structures based on coupled WGM microcavities [43, 48]. 

 

Fig.7. Simulated electric field distribution below ((a) and (b)) and above (c) the critical value of PT-symmetry breaking. (d) 

Indication of the supermodes in the reflection spectrum. 

4. Biosensor based on nanoparticle detection 

4.1 Theoretical analysis 

When nanoparticles are bound to the surface of gain cavity, the perturbation strength ε is introduced in 

the system, Eq. 1 is rewritten as: 
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Then, the eigenfrequencies are rewritten as: 
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When g =  and 1 2
 = , the detunings between the eigenfrequencies and the central frequency are: 

  
2 2

0
( )

2 2
i
 

   = −  − −  (10) 

where 
2

i


−  is the mode attenuation of eigenfrequencies. With the perturbation, the position of EP is 

shifted and causes an apparent splitting of Re( )  at the original EP as shown in Fig. 8. 

 

Fig. 8. Evolution of Re( )  with respect to the coupling strength before (blue solid line) and after (red dashed line) the 

introduction of perturbation. In this calculation,  =0.02×2π GHz, and the values of other parameters are same as those 

participated in Fig. 3. 

Now we turn to study the shifts of eigenfrequencies at the EP after the perturbation. Eq. 10 can be 

simplified as: 

  
2

2 4
i
 

  = −  −  (11) 

If the perturbation is sufficiently small, which means  <<  , then 
2

i


  = −  . 

Therefore the difference of Re( )  (i.e., 2  ) is proportional to the square-root of perturbation, 

which implies that smaller perturbation enjoys higher sensitivity. This encouraging result is quite 

similar to the result proposed by L. Yang et al [31]. 

4.2 Biosensor structure design 

To explore the application of ROTE-based PT-symmetry system, a biosensor is proposed for specific 

label-free detection of biological analytes as shown in Fig. 9. The sensor is based on the PT-symmetry 
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system, the gap (i.e., the coupling layer) between the gain cavity and the loss cavity can be used as the 

microchannel to load the gas or liquid samples. The surface of gain cavity is biofunctionalized in 

advance so as to bind specific target analytes, such as DNA, protein, polysaccharide, etc. To further 

demonstrate the application potential of the designed sensor, carcinoembryonic antigen (CEA) is used 

as the analyte of interest and the sensing performance is evaluated. Early diagnosis of lung cancer 

(ultra-low concentration CEA detection) is crucial to the five-year survival rate of patients, and CEA is 

one of the most important analytes for the diagnosis of lung cancer in recent years. For CEA, 

Staphylococcal Protein A (SPA), which is capable of specifically binding to the antibodies on the 

sensing surface, has a main role in the immobilization of the capture antibody. Then the 

antigen-antibody specific binding is utilized to capture CEA from the loaded exhaled breath condensate 

(EBC) sample [49, 50]. In our design, all the target analytes are loaded into a small confined space and 

flowed through the narrow sensitive region. The sample load manner is shifted from the “flow-over” 

mode to the “flow-through” mode. For “flow-over” scheme, the sample load relies on the the analytes 

in bulk solution to diffuse to the sensing surface. In the case of ‘flow-through’ strategy, 

micro/nanofluidic channels employed for sample deliver are integrated through the optical sensing 

structure, so that the entire sample flow is directed towards the sensing surface [40-42]. The sample is 

delivered mostly by “convection” (or “convective diffusion”) rather than the “diffusion”, which can 

significantly improve the binding efficiency of analytes and reduce the response time of the sensor. 

 

Fig. 9. Schematic diagram of the biosensor structure using the ROTE-based PT-symmetry system. The coupling layer between 

the gain cavity and the loss cavity acts as a microfluidic channel to load analytes. 

4.3 Sensing mechanism and performance evaluation 

According to the theoretical analysis, if the system is at EP, the increase of absorption of gain cavity 

would lead to the splitting of the output spectrum from single-peak to double-peak. Fig. 10 shows the 

splitting process of output spectrum from a single-peak to a double-peak at the EP as the absorption 

coefficient of the gain cavity goes up in response to the binding of biological analytes on the surface of 

gain cavity. The relationships between the spectral distance and the sensitivity with respect to the 

absorption of gain cavity are plotted in Fig. 11. At the EP, if the imaginary part of RI of gain cavity is 

increased from the EP by 5 × 10-10, the single-peak begins to split into the double-peak with a spectral 

distance of 0.09 pm; the corresponding sensitivity of the sensor (i.e., spectral distance per absorption 

unit) reaches above 1 × 105 nm/IP unit (Imaginary Part unit of RI). Stronger absorption of gain cavity 

leads to a continuous increase of the spectral distance (see the blue line in Fig. 11 (a)); however, the 
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sensitivity gradually goes down but it still remains 4 × 104 nm/IP unit (see the red line in Fig. 11 (a)). 

And the square-root dependence of the splitting spectral distance on the absorption of gain cavity is 

confirmed by the log-log plot with a linear slope of 1/2 in Fig. 11 (b). The spectrum splitting and the 

trend of sensitivity variation in the system are similar to those of the other PT-symmetry based sensing 

systems as proposed by W. J. Chen et al. [31] and H. Hodaei et al. [32]. 

 

Fig. 10. Splitting process of the output spectrum with the increase of the absorption of gain cavity. 

     

Fig. 11. (a): Spectral distance (left Y axis, blue line) and sensitivity (right Y axis, red line) with respect to the absorption of gain 

cavity as represented by imaginary part of RI of gain cavity. Stronger absorption causes a gradual increase of the spectral 

distance (Left) and a decay of the sensitivity from 1 × 105 nm/IP unit to the flat level at 1 × 104 nm/IP unit. (b): The log-log plot 

of the dependence of the splitting spectral distance on the absorption of gain cavity, where a linear slope of 1/2 can be obtained. 

On the other hand, when the sample is loaded and flowed through the coupling layer and the target 

analytes are bound to the surface of the gain cavity, the RI and absorption of coupling layer will also 

change due to the volume concentration variation of the analyte. As is shown in Fig. 12(a), the output 

spectrum will also split from a single-peak to a double-peak at EP with the change of RI of biological 

analytes locating in coupling layer, from which we can see that the output spectrum simultaneously has 

a red shift in the process of splitting. And the Fig. 12(b) shows the effect of the RI of biological 

analytes on the output spectrum at EP. When the RI of biological analytes increases gradually, the 

single-peak begins to split and the spectral distance increases gradually. However, the simulation 

results show that the distance is insensitive to RI of the analytes, and the sensitivity is less than 6 

nm/RIU (Refractive Index Unit), which is about 10-5 of the sensitivity due to the absorption. 

Furthermore, as the concentration of the loaded analyte is tiny (e.g. the typical CEA density in a human 
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EBC sample is ng/ml level [51]), the range of the volume concentration variation is limited, of which 

impact on the the output spectrum near EP is negligible. The influence of the absorption decrease of 

coupling layer on the reflection spectrum is presented in Fig. 13. It can been seen that, as the imaginary 

part of RI of coupling layer drops from the EP by 4 × 10-6 (104 times larger than the change of gain 

cavity in Fig. 11), only the left shoulder of the peak grows significantly and no obvious splitting can be 

observed. Therefore, compared with the change of absorption induced by the biological binding, such 

RI and absorption variation of the coupling layer has limited impact on the PT-symmetry state based on 

our investigation. 

   

Fig. 12. (a): The splitting process of output spectrum with the RI changing of coupling layer. (b): The change of spectral distance 

and sensitivity with respect to the RI of coupling layer. On the one hand, with the increasing of RI of analytes, the spectral 

distance increases gradually in nonlinearity; on the other hand, with the increases of RI of analytes, the sensitivity decreases and 

the maximum is less than 6 nm/RIU. 

 

Fig. 13. The variation of reflection spectrum with the absorption decrease of coupling layer. 

According to the simulation results and the Rayleigh criterion (the minimum resolvable spectral 

distance is equal to the full width at half maximum), the resolution of the sensor system to the 

imaginary part of RI can reach 5 × 10-10 IP unit, corresponding to an absorption coefficient 4×10-5 cm-1. 

If the length of the cavity is 940μm, the total absorption of the gain cavity that can be distinguished is 

3.76×10-6. On the other hand, assuming the cross-section of gain cavity is 0.25 cm2, if 1 g CEA is all 

deposited on the gain cavity, its thickness would be 3 cm (the density is about 1.35 × 103 kg/m3). As the 

molar extinction coefficient of CEA is 1×105 M-1 cm-1 [52], the absorption of CEA per unit length (1 

cm) is 3.3 × 104 cm-1(not including optical scattering or dispersion). Based on the simulation results, 

the minimum thickness of CEA can be detected is 1.13×10-10 cm, which corresponds to 0.4 ng 
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(equivalent to 2.2 fmol). The typical amount of CEA for detection is 4~8 ng (the CEA concentration in 

exhaled breath condensate (EBC) is about 2 ng/ml for health patients and > 4 ng/ml for lung cancer 

patients, and a typical sample volume of EBC is 2 ml), which is much larger than the theoretical 

detection limit (i.e., 0.4 ng) of the sensor. Since the sample flow with target analyte can be circulated in 

a well-designed microfluidics system of the device, the amount of CEA captured by the recognition 

elements can be cumulative on the surface of gain cavity. By reasonably controlling the flow rate of the 

EBC sample, the designed sensor has the potential to detect CEA at ultra-low concentration with high 

sensitivity. Due to the square-root dependence of the system sensitivity to the perturbation strength, the 

designed sensor has a low linearity, but it can be solved by signal processing procedure (e.g. intelligent 

searching from the recorded datasets obtained from previous calibration). And although quantum noise 

should be taken into consideration to assess the ultimate performance of the EP sensors [53], the 

parametrically improved signal-to-noise ratio can be achieved by using a specific experimental 

protocol [54]. 

Some parametric studies have been carried out to characterize the performance of the sensor with 

respect to the critical dimensions of the sensor structure. The results are plotted in Fig. 14. When the 

width of tunneling layer increases, the system needs a smaller critical gain value (i.e., a critical value of 

imaginary part of RI of gain cavity) to realize the PT-symmetry, and the width of the coupling layer 

goes larger at the EP, which are beneficial to the experiment. However, the spectral distance would 

drop, causing a lower sensitivity of the designed sensor. In real experiment, the system detection limit 

will be subject to a variety of factors such as the Q factor of resonators, the noise level of the whole 

system, and so on. 

 

Fig. 14. Influence of the width of tunneling layer on the critical gain value, the width of coupling layer and the spectral distance. 

When the width of tunneling layer increases gradually, the critical gain value for the PT-symmetry goes down, the width of 

coupling layer for the EP increases but the spectral distance gets smaller. 

5. Conclusions 

In summary, the ROTE-based PT-symmetry system has been proposed and evaluated for biosensing. 

The output spectrum of the system with respect to the gain and the couple strength is analyzed by using 

the coupled-mode theory and the transfer matrix method. The results are mutually verified and the 

PT-symmetry is theoretically confirmed when the gain and the loss are balanced. The electric field 

distribution below/above the critical state of PT-symmetry breaking is provided as an evidence of 
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PT-symmetry breaking. Based on the PT-symmetry system, a label-fee biosensor is constructed and its 

performance is theoretically estimated. The splitting of peak occurs at the EP after the introduction of 

the perturbation, and a smaller perturbation produces a larger sensitivity. The analysis shows that the 

sensor has a theoretical detection limit of 5 × 10-10 IP unit (corresponding to 0.4 ng or 2.2 fmol of CEA) 

and the maximum sensitivity is 1 × 105 nm/IP unit. Our work provides a feasible method for the 

detection of particles with low concentration and would find useful applications in biomedical 

diagnosis, drinking water safety, drug screening and environment protection. 
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