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a b s t r a c t 

A rapid and sensitive detection method of incident light with different orthogonal polarization intensity ratios 

based on the double metal-cladding waveguide has been demonstrated. The middle layer of the waveguide is 

a uniaxial negative crystal lithium niobate, resulting in distinct coupling angles for TE and TM polarization. 

The isolation of the device can reach 42 dB due to well separation of TE and TM polarization. The quantitative 

experiments to measure ratio of TE to TM incident light have been carried out. Meanwhile, this method can 

support polarization detection in ultraviolet, visible, and infrared region. This method will play a significant role 

in optical information processing system and the integrated system. 
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. Introduction 

Polarized beam intensity ratio analyzer (PBA), which is a basic op-

ical element to detect the polarization of the incident light, plays a

ritical role in the photonics system [1] . Over the past decades, several

BAs has been reported in papers [2–18] . There are bulk-type structures

2–6] , grating-type structures [7–10] , fiber-type structures [11–13] , and

aveguide-type structures [14–17] . As is well known, the conventional

ulk-type PBA is popular in free-space optical signal processing. How-

ver, the cumbersome is a significant disadvantage of traditional bulk-

ype PBA, indicating that it is infeasible for application and integration.

herefore, the PBA based-on grating-type has been produced in recent

ears, which can offer desirable performance of polarization modulation

wning to its light weight and small size. Nevertheless, the grating-type

BA is hard to be applied to the field of communications due to high loss

nd harsh process requirements. In general, the fiber-type PBA is widely

tilized in communications. It has excellent transmission characteristics

hat makes it convenient for communications. However, it is difficult

o be designed and fabricated with highly sensitive of detection. Thus,

roducing an especially high-performance PBA suiting for large-scale

pplication in the integrated system is a fiercely desire. 

Actually, the waveguide technology provides a chance due to the dis-

inct advantages, such as small size, low weight, stable, reliable perfor-

ance, and easy integration [14–18] . It is of great interests to implement
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he PBA by utilizing the waveguide. The double metal-cladding waveg-

ide (DMCW), can excite the ultrahigh-order guided modes (UOMs)

hich have many outstanding properties, for example, high modes den-

ity in guided layer, small propagation constant of light, free-space cou-

ling into guided layer at small incident angle, highly sensitive detection

f weakly refractive index and so on [19–22] . Based on these unique

roperties, the DMCW has been used to many achievements in sensors

nd actuators [23–34] . 

In this letter, we demonstrate a new type PBA based on the DMCW,

hich achieves sensitive detection of different orthogonal polarization

ntensity ratios due to distinguishing the TE/TM polarization via the

oupling efficiency of light in waveguide. The DMCW has three-layer

tructure and the middle-guided layer is a uniaxial negative crystal

ithium niobate (LN) which has different refractive indices for orthogo-

al eigen-polarizations, the ordinary o and extraordinary e states. 

In this DMCW, TE and TM polarization resonate at many different

oupling angles. Hence, when the incident light meets the resonance

ngle of one polarization mode, it will be fully coupled into the guided

ayer of DMCW, and the other polarization mode will be completely re-

ected. Meanwhile, the TE/TM polarization light will excite different

odes in DMCW at corresponding incident angle which is coupling an-

le, respectively. In addition, the difference coupling angle between TE

nd TM is only 0.01° that can be distinguished by DMCW. Moreover, our

BA is able to support large wavelength range and wide-angle extent. 
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Fig. 1. (a) Schematic of double metal-cladding waveguide (DMCW). (b)The mode exciting principle of DMCW. (c) Simulated reflected light spectrum of TE and 

TM modes with respect to the incident angles. The calculation is performed by ATR software designed by our team. (d) The diagrammatic drawing of DMCW with 

incident lights at 𝜃1 and 𝜃2 corresponding to (c). (d) Schematics of the PBA system based on DMCW. 

2

 

d  

t  

e  

c  

c

 

n  

b  

c  

c  

t  

g  

s  

s  

d  

F  

l  

o  

r  

t

𝐸  

w⎧⎪⎪⎨⎪⎪⎩
𝑘  

t  

g  

𝜕  

t

𝑟  

w⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
𝑟  

q  
. Method 

The DMCW has many more fascinating characteristics than the tra-

itional all-dielectric waveguide. One of the most significant charac-

eristics is the existing of UOMs at small incident angles 𝜃𝑖 . Hence, the

ffective refractive index of UOMs 𝑁 𝑒𝑓𝑓 = 𝑛 sin 𝜃𝑖 → 0 ( 𝜃𝑖 < 1°) enable the

avity to decrease modes space, resulting that a sub-mm DMCW can ex-

ite more than 1000 modes. 

The DMCW is a three-layer waveguide. A dielectric slab with thick-

ess 𝑑 and dielectric constant 𝜀 1 acting as the guided layer is sandwiched

y thermal evaporation sputtering two metal films, which serve as the

oupling layer and the substrate, respectively. As shown in Fig. 1 (a),

onsidering a situation in which Re ( 𝑛 2 ) = Re ( 𝑛 0 ) < 𝑛 3 < 𝑛 1 , we assume

wo Ag films (layer 0 and layer 2) extend at infinity and the width of

uiding layer 1 is much greater than its thickness. Then we can con-

ider the electric field in waveguide is confined in only one direction

uch as x direction. And the geometric structure and refractive index

istribution of the waveguide are assumed to be constant in y direction.

or guided modes, the electric fields in substrate layer 0 and coating

ayer 2 attenuate exponentially, but in guided layer 1 and air layer 3

scillate periodicity. It consists two waves propagating in opposite di-

ections (TE and TM polarizations). Consequently, for TE polarization,

he electric field in the waveguide can be expressed as 

 𝑦 ( 𝑧 ) = 

⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ 

𝐴 3 exp 
(
− 𝑖 𝜅3 ( 𝑧 − 𝑠 ) 

)
+ 𝐵 3 exp 

(
𝑖 𝜅3 ( 𝑧 − 𝑠 ) 

)
, 𝑠 < 𝑧 < +∞

𝐴 2 exp 
(
− 𝑝 2 𝑧 

)
+ 𝐵 2 exp 

(
𝑝 2 𝑧 

)
, 0 < 𝑧 < 𝑠 

𝐴 1 exp 
(
− 𝑖 𝜅1 𝑧 

)
+ 𝐵 1 exp 

(
𝑖 𝜅1 𝑧 

)
, − 𝑑 < 𝑧 < 0 

𝐴 0 exp 
(
𝑝 0 ( 𝑧 + 𝑑) 

)
, −∞ < 𝑧 < − 𝑑 

(1)
2 
here 

 

 

 

 

 

 

 

𝜅1 = ( 𝑘 0 2 𝑛 1 2 − 𝛽2 ) 1∕2 

𝜅3 = ( 𝑘 0 2 𝑛 3 2 − 𝛽2 ) 1∕2 

𝑝 0 = ( 𝛽2 − 𝑘 0 
2 𝑛 0 

2 ) 1∕2 

𝑝 2 = ( 𝛽2 − 𝑘 0 
2 𝑛 2 

2 ) 1∕2 

(2) 

 0 = 2 𝜋∕ 𝜆 is the propagation constant in vacuum and 𝛽 = 𝑘 0 𝑛 1 sin 𝜃 is

he 𝑥 component of the wave vector 𝑘 . 𝑥 direction is along the propa-

ation direction in waveguide. Using the continuity condition of 𝐸 𝑦 and

 𝐸 𝑦 ∕ 𝜕𝑧 at boundaries 𝑧 = 0 , 𝑧 = 𝑠 , and 𝑧 = − 𝑑 (as shown in Fig. 1 (a)),

he reflection coefficient 𝑟 can be expressed as 

 

𝑇𝐸 = 

𝐵 3 
𝐴 3 

= 

𝑟 32 
𝑇𝐸 + 𝑟 210 

𝑇𝐸 exp (−2 𝑝 2 𝑠 ) 
1 + 𝑟 32 

𝑇𝐸 𝑟 210 
𝑇𝐸 exp (−2 𝑝 2 𝑠 ) 

(3)

here 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

𝑟 32 
𝑇𝐸 = exp (−2 𝑖 𝜙32 ) 

𝑟 210 
𝑇𝐸 = 

exp (−2 𝑖 𝜙12 
𝑇𝐸 ) − exp (2 𝑖 ( 𝜅1 𝑑 − 𝜙10 

𝑇𝐸 )) 
exp (2 𝑖 ( 𝜅1 𝑑 − 𝜙10 

𝑇𝐸 − 𝜙12 
𝑇𝐸 )) − 1 

𝜙10 
𝑇𝐸 = tan −1 

( 

𝑝 0 
𝜅1 

) 

𝜙12 
𝑇𝐸 = tan −1 

( 

𝑝 2 
𝜅1 

) 

𝜙32 
𝑇𝐸 = tan −1 

( 

𝑝 2 
𝜅3 

) 

(4) 

 32 and 𝑟 210 are coefficients without meaning which are created to ac-

uire a clear result. The reflectivity 𝑅 

𝑇𝐸 is equal to 𝑟 𝑇𝐸 𝑟 𝑇𝐸 ∗= |𝑟 𝑇𝐸 |2 .
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b  

F  
nd for TM polarization, the magnetic field in the waveguide can be

xpressed as 

 𝑦 ( 𝑧 ) = 

⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ 

𝐶 3 exp 
(
− 𝑖 𝜅3 ( 𝑧 − 𝑠 ) 

)
+ 𝐷 3 exp 

(
𝑖 𝜅3 ( 𝑧 − 𝑠 ) 

)
, 𝑠 < 𝑧 < +∞

𝐶 2 exp 
(
− 𝑝 2 𝑧 

)
+ 𝐷 2 exp 

(
𝑝 2 𝑧 

)
, 0 < 𝑧 < 𝑠 

𝐶 1 exp 
(
− 𝑖 𝜅1 𝑧 

)
+ 𝐷 1 exp 

(
𝑖 𝜅1 𝑧 

)
, − 𝑑 < 𝑧 < 0 

𝐶 0 exp 
(
𝑝 0 ( 𝑧 + 𝑑) 

)
, −∞ < 𝑧 < − 𝑑 

(5)

With the continuity condition of 𝐸 𝑧 and 𝐻 𝑦 at boundaries 𝑧 = 0 , 𝑧 = 𝑠 ,

nd 𝑧 = − 𝑑, the reflection coefficient 𝑟 can be expressed as 

 

𝑇𝑀 = 

𝐷 3 
𝐶 3 

= 

𝑟 32 
𝑇𝑀 + 𝑟 210 

𝑇𝑀 exp (−2 𝑝 2 𝑠 ) 
1 + 𝑟 32 

𝑇𝑀 𝑟 210 
𝑇𝑀 exp (−2 𝑝 2 𝑠 ) 

(6)

here 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

𝑟 32 
𝑇𝑀 = exp (−2 𝑖 𝜙32 

𝑇𝑀 ) 

𝑟 210 
𝑇𝑀 = 

exp (−2 𝑖 𝜙12 
𝑇𝑀 ) − exp (2 𝑖 ( 𝜅1 𝑑 − 𝜙10 

𝑇𝑀 )) 
exp (2 𝑖 ( 𝜅1 𝑑 − 𝜙10 

𝑇𝑀 − 𝜙12 
𝑇𝑀 )) − 1 

𝜙10 
𝑇𝑀 = tan −1 

( 

𝑛 1 
2 𝑝 0 

𝑛 0 
2 𝜅1 

) 

𝜙12 
𝑇𝑀 = tan −1 

( 

𝑛 1 
2 𝑝 2 

𝑛 2 
2 𝜅1 

) 

𝜙32 
𝑇𝑀 = tan −1 

( 

𝑛 3 
2 𝑝 2 

𝑛 2 
2 𝜅3 

) 

(7) 

Therefore, the reflectivity of TM polarization is obviously different to

he TE polarization with the same incident angle. The total reflectivity

f an incident beam is in a one-to-one correspondence with the intensity

atio of TE and TM. As a result, the measuring the polarization intensity

atio is achieved by monitoring the reflected light intensity. 

In our experiments, the configuration of DMCW is illustrated in

ig. 1 (a). A 500 𝜇m thickness of LN crystal serves as guided layer, and

 35 nm thin silver upper film layer is used to couple the incident light

nto the guided layer. The third layer is a 300 nm thick silver film used

s substrate layer, which prevents the leakage of light. As depicted in

ig. 1 (b), the upper thin silver film is used to couple incident light and

xcite and the UOMs. The DMCW is easy to be excited by free-space

oupling due to the small effective refractive index 𝑁 𝑒𝑓𝑓 . 

For an anisotropic guided layer, DMCW becomes polarization-

ependent due to birefringence of the guided medium. In experiment,

he optical axis of LN is along Z direction, which causes the DMCW to

e sensitive to the polarization of incident light. When the light illu-

inates on the upper layer of the DMCW, the UOMs will be excited

t the coupling angle. As shown in Fig. 1 (c), according to the disper-

ion Eq. (3) and (6) , we simulate the reflected light spectrum of DMCW

or both TE and TM polarization incident lights at the wavelength of

32.8 nm. The reflected light spectrum varies with the incident angle,

nd it demonstrates that the DMCW can support different TE and TM

odes with particular angles. When the beam illuminates at a coupling

ngle 𝜃1 , almost all power of incident light is coupled into the DMCW.

hen attenuated total reflection (ATR) of which full width at half max-

mum (FWHM) is 0.01° will appear on the reflected light spectrum (in-

icated in red line). If the angle of incident light is changed to another

oupling angle 𝜃2 , it leads to another set of modes in DMCW (indicated

n blue line) as shown in Fig. 1 (d). Thus, we can scan the angle of in-

ident light between two angles at least existing one TE coupling angle

for example 𝜃1 ) and the adjacent TM coupling angle (for example 𝜃2 ).

he distinct guided modes in DMCW will provide the polarization in-

ormation of the incident light. Furthermore, TE and TM incident light

an be distinguished by the DMCW as long as the difference between

heir coupling angles ( 𝜃2 to 𝜃1 ) is more than 0.01°, and in experiments

he difference is usually 0.1°, which is well beyond resolution limit of

MCW. 
3 
. Experiment results 

Fig. 2 shows the schematic structure of the proposed configuration,

n this experiment. The He-Ne laser (632.8 nm, 25 mW, USA) is used

o excite the UOMs in the DMCW. Two apertures with diameters of

 mm are inserted to collimate the incident light. The polarizer and

uarter wave plate are employed to transform the circular polarized in-

ident light into various polarized beams, which will be detected by the

BA based on DMCW. The DMCW is vertically located on a computer-

ontrolled goniometer that can adjust the incident angle precisely. As

he beam illuminates on the DMCW, the UOMs are excited, and the re-

ected light will be collected by the detector on the 𝜃∕2 𝜃 goniometer.

n experiment, a polarized beam splitter with optical power meters and

 polarimeter (THORLABS PAX1000) are used to guarantee accurate

easurement of TE and TM components which can serve as a standard

alue. 

There are 5 different polarized beams used to illuminate on the

MCW, respectively, including linear TM polarization, linear TE po-

arization, circular polarization (TE/TM = 1), and two elliptic Polariza-

ions (TM/TE > 1 and TM/TE < 1). The five corresponding reflected light

pectrums are shown in Fig. 3 . The incident light ranges from 1° to 6°,

hich was adjusted by utilizing the goniometer. When the incident an-

les match the mode coupling condition, the incident light will be cou-

led into the guided LN layer, leading to ATR on the reflected light spec-

rum. The peaks and troughs of multifarious polarized beams vary sig-

ificantly from 5 different polarized beams at the same incident angle.

herefore, distinct polarized beams can be separated with each other by

he PBA based on the DMCW. 

According to experimental results, the pure TE or TM polarized beam

an be distinguished, while variable proportions of TE and TM polarized

eam is much more complicated. In this plan, the circular polarized light

nd elliptical light can be distinguished via monitoring the ATR of re-

ected spectrum at same scan range. As shown in Fig. 3 (c), the ATR of

ircular polarized light reflected spectrum displays two same ATR dips

etween 5° to 5.5° At the same time, the light reflected spectrum presents

wo different dips at the same scan range from the two elliptical lights in

ig. 3 (d) and Fig. 3 (e). In this method, a variety of ratios of TE and TM

olarization of incident lights are detected via the DCMW PBA as shown

n Fig. 4 (a). Eight reflected light curves for incident light with kinds of

atios of TM/TE = tan (10°, 20°, 30°, 40°, 50°, 60°, 70°, 80°) in experiments

re plotted. Among the range of 4.9° to 5.2°, different polarization in-

ident lights form distinct dips at coupling angles. Furthermore, as the

atio of TM/TE increases, the position of the ATR dip shifts and the

oupling angle increases. As shown in picture, a monotony increasing

rend means that incident lights with unique polarization components

orrespond to particular points on the graph. Moreover, eight dips in

he picture are used to fit a curve, y = −49 . 42 + 10 . 94 𝑥, ( x ∈ [ 4 . 52 , 5 . 43 ] ) ,
hich indicates the polarization intensity ratio of incident light. In the-

ry, any point on this curve presents a ratio of TE/TM. In other words,

rbitrary polarization intensity ratio can be detected. As shown above,

E and TM polarization show different modes in DMCW resulting in

ifferent ATR spectra. Moreover, various intensity ratios with TE and

M polarization will generate different ATR spectra. A table with co-

rdinate values of troughs can be established. Hence, we can acquire

he polarization ratio by parsing the look-up table. In real application,

rst of all, a well-made DMCW device will be calibrated with a series of

nown polarization beams which are varied in a continuous way. The

atrices of polarization ratios and ATR data are acquired. By choosing

 range of well-coupled angles (For example, 4.9° to 5.2° in Fig. 4 a),

 matrix in which polarization ratios correspond one-to-one with ATR

ips is obtained. Then, we complete the calibration of this device. The

olarization intensity ratio of incident light can be distinguished by the

canning of DMCW. 

Actually, the sensitivity and accuracy of this device is not limited

y DMCW, but restricted by photoelectric detector (PD). As shown in

ig. 4 (b), the difference between TE and TM incident light is usually
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Fig. 2. Configuration of the experimental setup (DMCW, Goniometer, Detector, Collimating aperture, Polarizer, Quarter wave plate, 632.8 nm Laser). 

Fig. 3. Experimental verification of the proposed PAB method with distinct polarized beams at the wavelength of 632.8 nm. (a), (b) The experimental reflected light 

spectrum with pure TM and TE incident light, respectively. (c) The experimental reflected light spectrum with equal amounts of TM and TE. (d), (e) The experimental 

reflected light spectrum with different amounts of TM and TE. 

Fig. 4. (a) The experimental responses of the PBA based on DMCW with kinds of ratios of TM/TE = tan (10°,20°, 30°, 40°, 50°, 60°, 70°, 80°) at the wavelength of 

638.2 nm. (b) Simulation about the different coupling angles with TE and TM. The red arrow shows increase of reflected intensity of TM. 

4 
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reater than 0.1° well over the limit of 0.01° in DMCW. However, as the

ntensity of reflected light increase (for example TM), PD may fail to

istinguish the input signal due to a flattening ATR dip. Hence, this

evice will always work whenever the reflected light can be moni-

ored and recognized by the PD. Moreover, the isolation of our de-

ice is easy to reach 40dB According to the calculations in 632.8 nm

t 5.7934° by ATR software, I TM 

= 5.6 ×10 − 5 , I TE = 0.987, and we get the

solation of I ISO = 42.46dB ( 𝐼 𝐼𝑆𝑂 = −10lg (ITM∕ITE) , I TM 

, I TE are reflected

ight intensity of TM and TE, respectively.) And the measured isola-

ion is determined by coupling efficiency of DMCW and the sensitiv-

ty of the photoelectric detector. In experiment, a DMCW with a 93.7%

oupling efficiency and a photoelectric detector with a 10 5 dynamic

ange are used. The measured intensity of TM polarization is I TM 

= 0.012,

nd the intensity of TE polarization is I TE = 9.6. We acquire the isola-

ion 𝐼 𝐼𝑆𝑂 = −10 lg ( 𝐼 𝑇𝑀 

∕ 𝐼 𝑇𝐸 ) = −10 lg (0 . 012∕9 . 6) = 29 . 03 𝑑𝐵
Significantly, this method based on DMCW can be used in ultraviolet,

isible, and infrared region, which is an excellent advantage for utiliz-

ng in many aspects. In the above experiments, a system designed for

32.8 nm, which contains a 35 nm silver film, a 0.5 mm LN layer, and a

00 nm silver film is proposed. Our device is effective as long as the two

ladding layers exhibit metallic properties. By changing material and

hick of cladding layers, the supported wavelength will extend more. In

nfrared and ultraviolet region, it will have reliable performance. 

. Discussion 

In real applications, the surface of DMCW is not smooth as sim-

lation. We calculate the ATR spectrum with surface roughness data

rom atomic force microscopy (AFM) images of DMCW. In perfect con-

ition simulation, the full width at half maximum (FWHM) is 0.0149°

ith consideration of surface structure roughness, the FWHM become

.0272°, which is broadened by 82%. Therefore, there is often a certain

egree loss of resolution if the Ag films are fabricated roughly. 

Another important thing in application is the irregularity of inci-

ent wave. For non-semi-plane wave incidence, we consider a situation

ith Gaussian incident beam which possesses variety of intensity and

ncident angles. In experiment, a collimating aperture with diameter of

 mm which is one meter from DMCW is used to collimate the incident

ight. Hence, we choose a Gaussian beam with a 0.5 𝑚𝑟𝑎𝑑 divergence

nd 1 mm 

2 spot area as incident wave. The ATR FWHM of Gaussian

eam incidence grows from 0.0149° to 0.0335°,which is broadened by

25%. Therefore, incidence at beam waist is needed in real application

n order to reduce wave irregularity error. 

. Conclusion 

In summary, a new approach to generate a PBA using a DMCW is pro-

osed and experimentally demonstrated. The PBA for 632.8 nm incident

ight with different orthogonal polarization intensity ratio is successfully

ealized. With effective separation of TE and TM incident light, an over

0 dB isolation can be obtained. Moreover, this method can be extended

o infrared and ultraviolet region by changing the material of cladding

ayers. Our system is simple with free-space coupling and compact by

sing waveguide technology, presenting that it is very significant to the

pplications of optical information processing system and the integrated

ystem. 
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