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Abstract. Proposed and demonstrated is an angstrom level optical path 
length (OPL) detection sensitivity polarization multiplexed heterodyne 
acousto-optic interferometric sensor. Because both the phase-coded and 
the reference rf signals in the design are generated by the same optics , 
the heterodyne detected rf signals generated contain correlated phase 
noise characteristics that essentially cancel out during the mixing pro
cess in the rf domain . Hence, the proposed four-beam design leads to a 
super stability OPL sensor with angstrom level experimentally demon
strated measurement stability. A proof-of-concept experiment measures 
the voltage-dependent phase change due to the refractive index change 
of a liqu id crystal sensor chip. © 200s Society of Photo-Optical Instrumentation 
Engineers. [DOI : 10.111 7/1.1914779] 
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1 Introduction 

Optical interferometry is a useful tool in a number of ap
plications such as thickness measurements, surface struc
ture characterization, and optical sensor applications. 1

•
2 A 

number of different types of optical interferometers are 
available and can be selected fo r a particular application.3 

One of the main design issues in optical interferometers is 
mechanical and thermal instabili ty leading to phase noise in 
the interferometer output signals.45

•
6 To allev iate these is

sues, a novel acousto-optic heterodyne interferometer was 
demonstrated that has an in-line des ign providing internally 
generated rf reference signal lead ing to an angstrom optical 
path length (OPL) reso lution.7 This interfero meter uses a 
do uble Bragg ce ll di ffraction approach to measure the 
phase difference between two optical beams. T he most 
do minant source of noise in an interferometer is phase fluc
tuations introduced by ai r currents or temperature di ffer
ences in the optical path. The interfero meter in Ref. 7 has a 
near common optical path so that the temperature, me
cha nical, and atmospheric variations affect both the signal 
and reference beams. Thus at the interferometer output 
while undergoing heterodyne detection, the unwanted 
phase variations are cancelled out. This particular feature of 
the proposed he terodyne scanning interferometer results in 
a low noise level. In thi s paper, it is shown how the inter
ferometer design in Ref. 7 can be greatly improved in op
tical efficiency, power di stribution fl ex ibility, and compact
ness via the use of polarization multiplex ing and lens 
optics.8 In addition, a novel front-end optical sensor chip 
des ig n concept is introduced. The rest of the paper de
scribes the des ign and related experiments for the proposed 
interfero meter. 
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2 Polarization Multiplexed In-Line Heterodyne 
Interferometer Design 

This section begins with a basic introduction to phase sen
siti ve interferometry, explaining why phase noise reduction 
is critical for realizing precision sensing. Note that interfer
ometers invari ably are used to measure the phase difference 
between two optical beams. This phase difference can be 
due to different amounts of di stance traveled by the two 
beams, different refractive indices of the mediums in which 
the two waves are traveling, or a combination of both re
fracti ve index and distance di fferences. The mentioned 
phase difference then produces a fringe pattern that can 
e ither vary in space or in time. Depending upon the fringe 
pattern analysis method, interferometers can be broadly di 
vided into two categories. In one type of interferometer, the 
phase information is encoded in the intensity pattern and 
thi s pattern is recorded on large area detectors, holograms, 
or as images in a CCD camera. The intensity pattern is then 
processed to give the phase information. The phase infor
mation contains phase ambiguity because of wrapping of 
the phase in the 0-21r phase interval. To avoid this ambigu
ity, rigorous phase unwrapping algorithms are used.9 Also 
these types of interferometers are slower because of the 
low-speed recording process and the large image data pro
cessing requirements. Examples of these types of interfer
ometers are Michelson interferometers, Mach-Zehnder in
terfero meters, and Fizeau interferometers such as those 
used fo r surface profi lometry and characterization. 10• 11 

In the other type of interferometer, the phase difference 
is measured directly. As the phase of an optical beam can
not be directl y measured, the heterodyne process is used to 
convert optica l phase data onto a lower radio frequency 
(rf). Examples of such heterodyne interferometers are 
acousto-optic heterodyne interferometers, Zeeman-effect 
in terferometers, and dual frequency interferometers. 12

-
14 In 

all these interferometers, high-speed photodetetors are used 
to extract optica l phase data from the photodetected rf s ig-
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Fig. 1 Schematic diagram of the proposed polarization multiplexed heterodyne scanning interferom
eter including the novel optical sensor chip for internally referenced phase measurements for high 
stability. HWP: half wave plate, BDP: beam displacement prism, P-Pol: horizontal polarization , S-Pol : 
vertical polarization , BS: beam splitter, S: spherical lens, SB: spatial block, AOD: acousto-optic device, 
PD: photodetector. 

nal making these heterodyne interferometers suitable for 
fast temporal effect sensing applications. A convenient 
measure of phase difference is the OPL difference between 
two beams in an interferometer. The OPL between two 
points P(x 1 ,y 1 ,z 1 ,t 1) and Q(x2 ,y2 ,z2 , t2 ) , where x, y, z 
are the space coordinates and t is the time variable, can be 
defined as: OPL = J ~n(x, y,z ,t)ds , where n(x,y ,z, t ) is the 
refractive index and ds is the distance between the two 
points . For the simple case when the OPL change in time 
but not in space, the OPL can be written as: OPL= n (t 1) 

X d, where d is the physical path length traveled by the 
beam and t I is the time instant. The change in OPL at 
another time t 2 i then given by: dOPL = {n.(i2) - n(t 1)} 

X d=dn X d , where d represents variation in the associ 
ated parameter. If OPL is multiplied with the wave number 
K , the phase changed</> is obtained. Here K = 2n-/'ll. , where 
X. is the optical wavelength in free-space. The relative phase 
shift between two beam s in the interferometer can then be 
written as: 

( 1) 

To measure the interferometer sensed phase d</J w ith super 
accuracy, the sen ing rf signal phase noise must be mini
mized when it is considered again t a highly phase stable 
externally generated rf reference signal. A reducing phase 
noise in an interferometer des ign is extreme ly difficult due 
to changing environmental conditions, an alternate ap
proach for measuring the phase difference is to use sensing 

and reference rf signals generated from the interferometer. 
In this case, both rf signals have the same or correlated 
phase noise that can cancel out during the electronic mixing 
proce s in the rf phase meter. For example, in general the 
sen ing signal s(t) and reference signal r(t) from a hetero
dyne interferometer can be written as: 

s( I) = a s cos[ 2 1rf cl + ()s + <Ps,,(t) ] , 

and 

(2) 

where a, (), and </J are the amplitude, phase, and phase noise 
of the respecti ve signal . After e lectronic mixing and low
pas filtering operation by an rf phase meter, the desired 
phase meter signal is given by: 

(3) 

where for example, 8, - (JP= d </>, as in Eq. (1). As seen from 
Eq. (3) , for optimal phase meter ignal i(t) sensitivity, 
<Prn (t) = </>,.,,(t) . Thus, one approach for getting optimal 
sensitivity from a heterodyne interferometer is to achieve 
the </Js11 (1)=</>r11(t) condition. In a practi cal implementa
tion , thi s means designing an optical interferometer such 
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that both the sensing signa l generating optica l beams and 
the reference generating optica l beams suffer the same 
phase noise due to phase variati on generating effects such 
as vibrati ons, a ir current, and temperature flu ctuations. 

Figure I shows how using polarization multiplex ing, an 
optimized interferometer design is reali zed with the des ired 
common phase noise leading to greatly improved detection 
efficiency with a minimum of opt ical components. First a 
combination of a linear polarizer P and a laser prod uces a 
pure linearl y polarized beam. Nex t a ha lf wave pl ate 
(HWP) is used that can change the linear po lari zation o ri
entat ion depending upon the orientation of the opti c axis of 
the HWP with respect to the input beam linear polarization. 
A beam di splacement prism (BOP) then divides the input 
beam into horizontall y (P) and verticall y (S) po larized 
beams. The BOP is ori ented in such a way that the two 
beams are displaced verti call y from each other. One of the 
beams acts as a reference beam while the other beam acts 
as a signal beam. A desired vertical inter-beam displace
ment can be obtai ned by proper se lecti on of the length o f 
the BOP crysta l. The rotation control of the HWP makes a 
powerfu l mechanism to control the relative power in the 
signal and refe rence beams. Specifically, if a linear polar
izer P with its ax is along the horizontal direction is se
lected, and the optic ax is of the HWP is at 0 with respect to 
the polarizer axis, the resultant beam is polari zed at 20 with 
respect to the hori zontal direction. This beam then passes 
through the BOP, which produces reference and signal 
beams with normalized powers of cos2(20) and sin2(20), 
respectively. Hence, any optimum ratio of optical powers 
between the two beams can be obtained by properly select
ing the orientation of the HWP. This in tum provides a 
power control feature for the reference and signal coded 
beam in the proposed sensor. The two S and P pol arized 
optical beams obtained after the BOP are focused into the 
AOO or Bragg cell by a spheri ca l lens S I of foca l length 
F I placed at a di stance of F I from the Bragg cell at the 
respecti ve Bragg angle. The AOD is driven by an rf off c 

frequency. 
The light output from the AOD consists of two undif

fracted de P and S polarized beams of normali zed powers 
of (I - r;) and two + J order positi ve Doppler shifted dif
fracted P and S polarized beams of normalized power r;, 
where r; is the diffraction efficiency of the AOD Bragg cell. 
These de and + I order beams then pass through a lens S2 
of focal length F 2 , which is placed at a di stance of F 2 from 
the AOD. These beams after passing through the lens be
come parallel to each other. Note that the four beams com
ing from S2 are all parallel plane waves and hence have a 
small divergence. Hence, the sensor chip can be placed at a 
convenient di stance for the setup while maintaining the 
same pass return path for the beams and hence preserving 
the Bragg condition in the AOD, e liminating the need to 
place the sensor chip at the foca l length. 7 Note that in the 
Ref. 7 design, the light output at the sensor plane as well as 
at the high-speed pho todetector plane is a vertical line that 
reduces the overall optica l efficiency of the system. The 
proposed Fig. I design achieves an opti ca ll y effic ient point
to-point design with a minimal number of optica l compo
nents. This is because the light beams at the sensor chip are 
small ci rcul ar beams and the beams at the high-speed de-

tectors are foc used points thus creating a power efficient 
system. 

The + I order P-polari zed beam produces a signa l coded 
beam that passes through the active zone of the senso r chip 
and is refl ected from the back su rface with a reflectivity of 
R 1 • On the other hand , the P-polarized de beam and the 
S-polarized de, + l beam pair are reflected back from the 
highl y fl at inacti ve zone of the sensor chip with a re fl ectiv
ity of R 2 . Thus a variab le OPL difference is introduced 
between the sensing beam pair and the reference beam pair 
that depends upon the thi ckness and the refractive index of 
the active zone of the sensor chip. The material of the sen
sor chip can be chosen to be sensi ti ve to the measured 
sensor process variable such as temperature or pressure. 
Note that S-polari zed beam pair (de and + I order) and the 
de P-polari zed beam are reflected from the chip front sur
face and hence do not pass through the sensor chip acti ve 
layer. These four beams are thus reflected back into the 
system and are double diffracted on the return path. The + I 
o rder beams produce a double diffracted (+ l ,+ I) o rder 
beams that become collinear with their respective de beams 
and are stationary. The other pair ( + I, - I) order beam are 
blocked spatially. First a beam splitter (BS) in the return 
path deflects the light at 90 deg and then a polarization 
beam splitter (PBS) is used to separate the P-polari zed and 
S-polarized beam pairs. Photodetector PD 1 detects the sum 
of the P-polarized de with a normalized optical field ampli
tude of [ ( J - r; ) 2 R 2] 112 and the double diffracted ( + I X+ l) 
order beam with a normali zed amplitude of r; ( R 1) 112 . PD2 
detects the sum of the S-polarized de beam with normali zed 
amplitude of[ ( I - r; )2R2 ] 

112 and the double diffracted (+ I 
X + I) order beam with a normalized amplitude of 
r;( R 2) 112. Both PD 1 and PD2 produce heterodyne detected 
sig nal s at 2/ c . An effic ient he terodyne detec tion process is 
implemented when the amplitudes of the respective signals 
are equal. This condition is achieved in the proposed design 
by controlling the orientation of the BOP and the HWP in 
Fig. I, along with power control of the rf signal applied to 
the Bragg cell. The signal from PD 1 acts as a reference 
phase signal while the signal from PD2 is the data signa l 
coded with the OPL variation information. Both the refer
ence phase and the test medium phase 2/ c frequency sig
nal s are fed to an electronic phase meter for sensor param
eter measurements. Note that as the rf drive frequency of 
the AOD is changed to implement one-dimensional scan
ning of the sensing zone, the de beams remain stationary 
while the + I order P-polarized and S-polarized beams 
translate linearly by the same physical di stance on the chip. 
Because the reference zone of the chip is highly flat and the 
+ I o rder beams travel the same optical path length from 
the AOD to the chip, the reference phase at the rf phase 
meter is held constant as needed for process ing. In a prac
tical scenario, the reference chip zone can show some fl at
ness vari ation causing a slight variation in the reference 
phase as the optical beam is scanned. In thi s case, as the 
reference zone optical thickness variation is fixed , one can 
calibrate the sensor by measuring thi s reference phase 
variation and taking it into account for rf phase difference 
processing. Either way, the proposed sensor can be refer
ence phase noise toleran t. As the sensing parameter 
changes , the OPL in the sensor chip changes and produces 
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Reference Signal 

Sensing Signal 

Fig. 2 Oscilloscope traces of the 140-MHz output from the photo
receivers when sensor test material , i.e., a NLC chip, is inserted in 
the system. The AOD drive is 70-MHz. The upper trace is the refer
ence phase data obtained from PD1 while the lower trace is the 
signal phase obtained from PD2 . 

a phase difference between the rf signals feeding the phase 
meter. Thi pha e difference tl<f> can directl y be calibrated 
in terms of the sensing parameter, thus realizing a high 
precision OPL sensor. 

In general, the reflectivity of the active zone R I of the 
sensing chip can be different from the refl ectivity R2 of the 
inactive zone of the sensor chip. This will create reference 
and signal beams of unequal magnitudes and al o a nonop
timal heterodyne signal, which hinders optimal phase de
tection at the phase meter that requires two equal power 
signals for optimal noise rejection . As mentioned earlier, 
the orientation of the HWP and the BDP provide the con
trol of optical power in the reference and signal beams. 
Another important aspect is the different reflectivities of the 
individual pixels that will create a nonoptimal heterodyne 
detected rf signals at frequency 2f c . Thi requires power 
control within the de and the + l order beams. This control 
is provided by the adju ted power of the rf signal app lied to 
the AOD that change the diffraction efficiency of the AOD 
in the propo ed des ign. Thu an optimal power plit ratio 
between the de and the + l en ing beam can be obtained 
for the en ing pixel. Hence, the power split control in the 
reference and signal beam by the ori entation of the HWP 
and the BOP along with the power control of the + 1 order 
beams reali ze a ensing ystem for widely different sens
ing materi al and sen or chjp . 

3 Experimental Demonstration 

Vertically or -polarized light from a 532-nm 15-mW 
Nd:YAG laser pa es through a HWP oriented at 22.5 deg 
to the vertical axi s. A BOP is ori ented at 45 deg to the 
hori zontal direction producing two vertically di placed 
equal power beams with a separation of 2 mm. The upper 
beam is s-polarized while the lower beam is p-polarized. 
These beam pas through the BS and are foc used into an 
AOO at the respecti ve Bragg angle using a F 1 = 10cm bi
convex lens S 1 • The AOO used is a flint glass Bragg ce.11 
with a center frequency off c = 70 MHz and a bandwidth of 
40 MHz. The active AOO aperture is 39 mm X2 mm with 
an access time of IO µ,s . The AOD is driven by a frequency 
synthesizer coupled with a power amplifier with a 40 dB 
gain. 

To demon trate the validity of the proposed architecture, 
a 6-µ,m-thick para lle l-rub nemati c liquid crysta l (NLC) 

400 
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Fig. 3 Experimental data of relative phase shift introduced in the 
NLC chip in the interterometer by varying the amplitude of the volt
age drive signal to the sensing LC pixel. 

chip i used to test the in trument. The chip has four iden
tical LC pixels that can be controlled independently by 
varying a voltage signal to the respective pixel electrode . 
The NLC chip is placed with its nematic director along the 
linear p-polarization of the scanning optical beam . Any 
amount of optical phase hift between O and 330 deg for 
this particular NLC chip, which correspond to an optical 
path length difference of 243.833 nm, can be introduced by 
varying the amplitude of the I KHz square wave voltage 
drive signal applied to the one active pixel in the NLC chip 
that corresponds to the + I order P-polarized beam. ote 
that the other three LC pixels are not driven by the voltage 
signal and thus do not introduce any OPL variation. The 
OPL variation is only introduced in the + l order 
p-polarized beam that create a ignal coded beam. Figure 2 
shows a oscilloscope trace of the detected 2fc= 140 MHz 
sensing and reference signals that feed the phase meter. The 
upper signal is the reference ignal whi le the lower signal i 
the sensor phase coded signal. The phase angle Cl 0= Os 
- Or i a function of the LC chjp voltage and the LC chip 
thickness d. Thi phase difference 6.0 i mea ured u ing a rf 
lock-in pha e meter with an instrument resolution of 0.02 
deg. In the experiment a ± 0.05 deg fluctuation in pha e 
read ings is obtai ned fro m the lock- in phase meter, which 
corre ponds to ex perimenta lly demonstrated resolution of 
0. I deg. This in turn ets the OPL measurement re olution 
of 1.4 A for the demonstrated sen or. Figure 3 shows the 
LC ensor chip active pixel pha e variation ver us the 
pixel dri ve vo ltage. To verify the re ult , the phase retarda
tion of the NLC chip was measured a a functi on of app lied 
voltage by mea uring the u·ansmitted inten ity of the chip 
when placed between two cross-polarizers with the LC 
director of the chip at 45 deg with respect to the polarizer 
a is. The data i in good agreement wi th the re ults ob
tained by the inte1t·erometer measurements. 

4 Conclusion 

In conclusion , we have successfu lly implemented a com
pact mode refl ective heterodyne scanning opti cal interfer
ometer that for example can be u ed to mea ure thickne 
change up to an angstrom ensitivity. The propo ed reflec
ti ve des ign uses an inline rf and optical des ign, in add ition 
to using few optical component in the noncommon path 
scanning arm. This design has inturn led to an interferom
eter demonstration with exceptionall y low pha e noise with 
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a 1.4 A OPL measurement resolution . Hence the proposed 
instrument has the capability to measure path length 
changes on the atomic scale. It is expected that the demon
strated instrument can be a useful tool for biomedical ap
plications involving molecular and cellular mapping. The 
instrument resolution can be further increased by using cus
tom compact packaging mechanics and optics. 
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