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Scanning heterodyne optical interferometers

Nabeel A. Riza®
Center for Research & Education in Optics and Lasers (CREOL), Department of Electrical and Computer
Engineering, University of Central Florida, P.O. Box 162700, Orlando, Florida 32816-2700

(Received 19 December 1995; accepted for publication 25 March)1996

Compact, high performance, scanning heterodyne optical interferometers are introduced for
interferometric phase-based measurement applications. The novel, in-line, almost common-path
optical interferometer design offers robustness to externally induced phase noise via mechanical
vibrations, thermal effects, and other environmental effects. Novel instrument designs are
introduced for both transmissive and reflective interferometry. These instruments use acousto-optic
devices or Bragg cells to implement rapie.g., <50 us/scan spotoptical scanning of the test
medium. Although the read optical beam scans a given test region, the double Bragg diffraction
optical design of the instrument makes the final interfering output beams stationary on the two high
speed photodetectors used for radio frequency signal generation via heterodyne detection. One
photodetector acts as the fixed phase reference, while the other fixed photodetector picks up the test
medium phase information as the optical beam scans the test region. The transmissive design
instrument is built in the laboratory using flint glass Bragg cells. A typical 120 MHz heterodyne
detected signal output had a carrier-to-noise ratio of 108.9 dBc/Hz measuredl#tOakHz offset

using a spectrum analyzer resolution bandwidth of 30 kHz. The corresponding single-sideband
phase noise was estimated-a101.57 dBc/Hz at 160 kHz offset. The measured instrument radio
frequency dynamic range was60 dB or an equivalent of 30 dB optical dynamic range, with a
1/1000 of a fringe cycle phase measurement accuracy. Test medium optical phase mapping was
successfully tested with the instrument using a large argan@hick, birefringent-mode nematic

liquid crystal cell. Our instrument allows the use of high continuous wave or peak power, broad
spectral linewidth, coherent light sources. The instrument can have a high 50% optical power
efficiency. High speed two-dimensional optical scanning of a test medium is possible with our
instrument by using a fixed one-dimensional output high speed detector array, or via the use of high
speed nonmechanical electro-optic deflectors. 1996 American Institute of Physics.
[S0034-674806)01507-9

I. INTRODUCTION erodyne methodsand the sign ambiguity of classical inter-
ferometry, is the heterodyne interferometér In this inter-

It is well known that optical interferometry plays a vital ferometer, a high speed photodetector generates an electrical
and useful role in scientific and industrial applications. Oversignal via heterodyne detection of the interfering signal and
the years, optical interferometry has been used for a wideeference optical beams that have slightly differ@ng., by 1
variety of applications that include measurements of materialiHz) optical frequencies. The phase of this heterodyne de-
thickness and changes in thickness, surface structure charagcted electrical signal relative to an external stable electrical
terization, gas flow, and plasma temperature measuremertignal determines the measured local optical phase of the test
particle velocity measurement, electric and magnetic fieldnedium. An electronic phase-meter is typically used to mea-
sensing, rotation and stress measurements, and a host &ifre the phase between the two electrical sightlsing this
other applications:” Depending on the application require- |ocalized phase information and mechanically scanning the
mentS, one Optical interferometer m|ght be preferred over th%st medium by motion of a detector’ the overall phase dis-
other. One basic phase measurement method, the quasihgipution of the test medium can be reconstructed for test and
erodyne phase-step method, is where the local intensity ofyaluation purposes.
the interference pattern is sampled at fixed phase St€pis One such use of the heterodyne interference method was
method allows only modulo-2 interference measurements; jmplemented for strain measurements via a two reference
and to get a complete phase map, the continuity of the phaggam, holographic interferometric seftipHere, a frequency
function is assumed, and well known phase interpolationyifference of 100 kHz between the two reference beams dur-
techniques are usédrhis method typically offers a 1/100 of ing the reconstruction process was generated using two
a fringe interference phase measurement accuracy. An i”teé'cousto-optic modulatorAOMs) set for opposite Doppler
ferometer that offers higher accuracy, i.e., better than 1/100@Qhfts with one AOM driven by 40 MHz and the other by
of a fringe, interference phase measurement and also dogg 1 MHz. The phase differences between the two 100 kHz
away with both the phase interpolation problémquasihet-  peat signals generated at the output photo-detector pair are
measured using a zero-crossing electronic phase-meter which
3Electronic mail: riza@creol.ucf.edu interpolates the phase angle to 0.1° and also counts the mul-
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FIG. 1. The basic in-line acousto-optic interferometer architecture developed by N. A. Riza for several photonic signal processing applications that include
phased array antenna control, rf signal correlation, convolution, spectrum analysis, and notch filtering operations.

tiples of 360°. One important conclusion of this heterodyne(rf) signal correlatiort® convolution’ notch filtering!® and
experiment was that the heterodyne fringe interpolation techspectrum analysis operatiohsThis interferometric architec-
nique did not restrict the phase measurement accuracy. lure is shown in Fig. 1, and consists of two AO devices or
fact, it was mainly the air turbulence and mechanical holoBragg cells in an in-line configuration, where the first Bragg
gram repositioning that limited instrument performance.  cell acts as an optical beam splitter, and the second Bragg
Another heterodyne interferometer measurement instrueell acts as an optical beam combiner. Thus, using only four
ment was tested recently using phase-locked piezoelectrigptical componentéwo Bragg cells and two lenses-all in
transduce(PZT)-tunable diode-pumped Nd YAG lasers and the path of the interfering optical beams—one is able to re-
acousto-opti¢AO) devices:® A common theme with nearly alize a compact, low component count interferometer. This
all heterodyne interferometers is the use of the Doppler shiftheterodyne/baseband interferometer has an important prop-
ing property of AO devices to generate the color shifts in theerty that is desirable for all optical interferometers; namely,
optical beams used in the interferometry. These AO deviceexcellent mechanical stability and tolerance to optical phase
based interferometers are constructed using several mirrofgstabilities via the almost common-path in-line design. No-
beamsplitters, beam combiners, and possibly a host of othgice that the system is perfectly collinear, except between the
optical and mechanical components laid out over a large tegfyo Bragg cells where the two interfering beams are physi-
area(e.g., 1 nf). Furthermore, mechanical motion of mirrors cally separated, although, still in-line and in close proximity
is typically used for scanning the optical beams used in thge g. 1 cry. Thus, any thermal, mechanical, or air turbulence
interference process for gathering phase data for a given tegffects impinging on this instrument are suffered almost ex-
area. Because each component of the interferometer is & pPQgetly by hoth interfering beams on the photodetector. In fact,
sible source of unwanted phase ndieg., through mechani- - e heterodyne detection operation via optical mixing at the
cal vibration of a mirroy, in general, these heterodyne opti- pngtadiode results in the cancellation of this phase noise.

cal interferometers have to be built on costly air-isolationrne following section gives a concise but instructional ac-
optical tables with special thermal and mechanical wbratpnboum of the inner workings of this interferometer, as this

protection. With _these tWO. I|m|_tat|ons 'F‘_m"?d' €., mgcham- design is closely related to the novel scanning interferom-
cal beam scanning and vibration stability, in this article, Wegters introduced in this article

introduce a new kind of heterodyne optical interferometer As shown in Fig. 1, light from an input laser is Bragg
that has high speed nonmechanical inertialess beam scanniﬂgatched to the first. B;agg cell that is fed by a rf signal

capabilities, plus a compact in-line deSigT‘ for minimizing aircentered at a frequendy.. For low diffraction efficiencies
turbulence and other unstable phase noise effects. (e.g.,<10%) required for linear AO signal modulation, the
first Bragg cell produces a strong undiffracted dc beam and a
IIl. BASIC ACOUSTO-OPTIC IN-LINE weaker, deflected, positive Doppler shiftetll order dif-
'F')\‘F;r oEcRgggu(il\éETER FOR PHOTONIC SIGNAL fracted beam. 'Ijhus,. this first Bragg cel! cregtes the two
beams required in this interferometer. 1:1 imaging optics are
Over the last several years, the author has developed an$ed to image the first Bragg cell plane onto the second
experimentally demonstrated a compact, heterodyne andragg cell plane. Note that the imaging preserves the Bragg
baseband-type optical interferometer architecture for a hoghatching condition at the second Bragg cell that is also fed
of photonic information processing applications such ady a rf signal centered at a frequenfgy. The strong dc beam
phased array antenna/radar corttro® and radio frequency from the first Bragg cell generates a weaker, deflected, nega-
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tive (or positive Doppler shifted,—1 (or +1) order dif- information—we need to keep the final output plane collin-
fracted beam from the second Bragg cell. Note that after thear interfering beams fixed at this detector location. In our
second Bragg cell, the-1 and—1 (or +1) order beams are proposed design in Fig. 2, this is accomplished using Bragg
collinear, implying that the second Bragg cell also acts as diffractions of the signalor tes} beam at both Bragg cells in
beam combiner for the interferometer. Depending on the dethe system. Thus, the double diffraction process prevents the
sired information processing application, thd and—1 or-  scanned beam from moving at the final output/detection
der beams or thet1 and +1 order beamgshown as an plane, and a single fixed photodetector is sufficient to gener-
option) are interfered and heterodyne detected by an apprate the desired phase-modulatedl, Zarrier signal. Never-
priately positioned photodetector or arrays of detectors at ththeless, the test beafthe diffracted orderbetween the two
desired output plane. As shown in Fig. 1, the two-beam inBragg cells does indeed rapidly scan the test medium along
terference can be detected at either the Fourier plane of thee x direction as a stepped frequency linear frequency
second Bragg cell, or the image plane of the second Bragmodulated(FM) signal is fed to both Bragg cells. Thus, the
cell. The beat rf signal generated by the interference sensingstrument performs the required high speed electronically
photodetector is centered at & 2frequency carrier for the controlled optical scanning of the test zone that is inserted in
+1, —1 order case, and is modulated by the required signahe instrument for phase/material feature mapping purposes.
processing transform output signal desired from the photonic  To minimize redundancy, both the theory and the experi-
processor. In the optional case, thd, +1 orders interfere  ment for our proposed interferometer in Fig. 2 are explained
to generate the desired baseband output signal. Becauseagether. Horizontally op-polarized light from a 100 mWw,
Bragg cell is an excellent device for introducing rf or wide- 532 nm, diode-pumped Nd:YAG laser passes through a spa-
band(e.g., 50 MHz to 1 GHz instantaneous bandwjditec- tial filter assembly consisting of an objective les40, NA
trical signals onto the Bragg diffracted optical beam, it thus=0.65 and a 15um diameter pinholeA 5 cm focal length
becomes possible to use this interferometer to optically protFL) spherical lensS is used to collimate the laser light.
cess a variety of electrical signals; in particular, the electroUsing a 30 cm FL cylindrical lens C1, the collimated laser
magnetic interferenc€EMI) sensitive microwave or higher light is Bragg-matched as a line in the first AO deflector
band electrical signals. Thus, the author proposed and exAOD1). AOD1 and AOD2(the second Bragg cell in the
perimentally demonstrated several versions of this interfersystem are flint glass Bragg-cells from IntraAction Corp.
ometer (see Fig. 1 as various significant coherent signal with a center frequency of 70 MHz and a bandwidth of 40
processors!~1° MHz (at 633 nn). Both AODs have an operating wavelength
As mentioned in the Introduction of this article, it would of 400—-700 nm withA=633 nm being the design wave-
be extremely desirable to have an optical heterodyne intedength. The active AOD aperture is 39 n¥ mm and the
ferometer that has good phase/mechanical stability, plus nomccess time is 1@s. The maximum driving power for these
mechanical optical beam scanning capability for rapid in-devices$ 4 W and the input impedance is 8 Both AOD1
spection and evaluation of a test medium. In the rest of thigsnd AOD2 are driven by a sinusoidal signal of frequefgy
article, we will show how a modification to the basic optical from a sweep generator whefg corresponds to the stepped
heterodyngor basebandinterferometer in Fig. 1 will allow frequency at thenth spatial point scanned by the optical
us to realize a novel high speed scanning optical interferombeam on the test medium.varies from 1,2,..N, whereN is
eter with excellent mechanical stability and phase noise supan integer representing the maximum number of scanned po-
pression characteristics. sitions along thex-direction on the test medium. In the ex-
periment, both Bragg cells are driven by 0.73 W single tone
rf signals(in the range from 50 to 90 MHZrom a Wavetek

IIll. PROPOSED SCANNING HETERODYNE OPTICAL model 5135A frequency synthesizer. The Bragg matched dif-

INTERFEROMETER fraction efficiency for the+1 orders measured for this rf
A. Transmissive mode design: Theory and AOD drive power for both Bragg cells was 40%. Using the
experiment well-known Bragg diffraction condition, the deflection angle

Figure 2 shows the novel scanning heterodyne opticaﬁrelaﬁve to the undiffracted dc beanfor these flint glass
agg cell devices with an acoustic signal velocity of

interferometer for transmissive optical sensing applicationé?’r . .
that is also experimentally setup in the laboratory. The overyazs'846 mmks can be approximately given by
all opticz_al layout of our proposed interferometer is _simil_ar to 6q(mrad = [\ (um) X f (MHz)]/[va(mm/us)]. 1)
the earlier developed AO interferometer shown in Fig. 1.
This basic architectural and component similarity gives our his relation along with the FL F1 of the imaging lens S1
proposed interferometer |ts exceptiona' mechanicalﬂetermines the ||m|t5 to the test medium SCan area Of our
vibrational stability and component simplicity. There is alsoProposed interferometer. Using this relation, the dc arid
a critical design difference in which light beams generate thd¢am separation at the test medium plane can be approxi-
desired test medium phase information on the fixadng Mately given by the design relation
the x-direction) heterodyne photodetectors at the output in- Ax —0.F1 )

. dc,+1 dr -+
terference plane. Because we want to form a high speed non- '
mechanical scanning interferometer—where a particulawhere F1 is the FL of the lens S1 after AOD1. These system
beam scans the test medium while a fixed photodetector asues along with scanning along the verticalyedirection
the output interference plane picks up the required phasef the test medium will be discussed later in the article.

2468 Rev. Sci. Instrum., Vol. 67, No. 7, July 1996 Scanning interferometers



a) TOP VIEW:

Sweep Generator | n=1,2,..n,..N

ifl, fa, .. fp, .. I
+

-~ Phase Cali
Fixed Reference ase Calibrator F3 F3

Beam {e.g., NLC cell) & c—>

\ / Spatial

Block

CW Laser .

High Speed

Directior N AOD2 Photo-detector
Spatial Filter Bragg Cell rection Transmissive Bragg Cell Pair
p S1 Test Medium 52 +1, +1) )
X & Fixed Beams
1:1 Imaging o bC
o Ea o E = S = =
Note: F2=F1 in this 1:1 Imaging set-up
b) SIDE VIEW: F3 F3
€ >——>
Ty Photodetector with Mechanically
phase information Scan Point
S Cl Fixed Test detector in y
CW Laser AODI Medium AOD2
““““ []
- - e = o - - - - ‘
) T i Fixed
Spatial Filter reference
St S2 S3  photodetector
ke S
1:1 Imaging -1 AGC Amplifier%7
F1=F2
2-fn (reference)
Test Medium Phase X 2-f (phase data)
Map =<Phase-Meter DC level s
P Zero-crossing AGC Amplifier
AGC: Automatic Gain Control Electronic
NLC: Nematic Liquid Crystal Phase Meter

FIG. 2. The novel scanning heterodyne optical interferometer for transmissive optical measurement and sensing applications.

The light output from AOD1 consists of a dc or undif- and unwanted beam pairs in space to do the spatial filtering.
fracted beam and a1 positive Doppler shifted diffracted Notice from the side view of the system in Fig. 2 that a
beam. These dc andl order beams are 1:1 imaged by a two minimum of two spatially separate high speed detectors are
lens imaging system onto AOD2. The two lenses S1 and Sgequired at the interference plane of the system. This is be-
have FLs F1 and F2, respectively, with=FE2=15 cm, as cause the lower detect@long they direction) generates the
we need to form a 1:1 imaging system. Thd diffracted 2f, frequency phase-reference signal for the electronic
order passes through the test medium and is then diffractachase metefmixer), while the heterodyne detected 2fre-
one more time by AOD2, while a large portion of the dc quency signal coming from the top fixddlong thex-scan
beam from AOD1 passes through AOD2. Thel double direction photo detector contains the test medium phase
diffracted beam produced by AOD1 and AOD2 Bragg dif- data. Note from Fig. Zside view that the reference beams
fractions, and the dc beam originally coming from the laserdo not pass through the test medium. Both the reference-
source, become collinear after AOD2. When the test mediunphase and test medium-phasé,Zrequency signals are fed
is optically scanned in thg-direction by feeding the Bragg to the electronic phase-meter for test medium phase map
cells with a frequency swept signal, only thel double dif- generation. Note that after dc electrical bias removal, the
fracted beam and dc beam from the laser stay fixed on thketerodyne signal generated by the top photodiode can be
photodetector that is positioned at the Fourier plane of thexpressed as
second Bragg cell. The other diffracted beam pair from the . _

Bragg cells does not remain stationary, and is, therefore, 1561, M) = Anm €04 277(2 )t = fml, @)
blocked at the output interference plane using a spatial blockvhile the reference-phase signal from the bottom photo-
A F3=12.5 cm FL lensS3is used the separate the desireddiode can be expressed as

Rev. Sci. Instrum., Vol. 67, No. 7, July 1996 Scanning interferometers 2469



ir(t)=AgnmCcog 27(2 f)t], (4 reference-phase heterodyne detected signal from the bottom
detector at the output plane can be calibrated to have the
appropriate phase relative to the scan signals such that vari-

due to the nonuniform diffraction efficiency of the Bragg OUS, component-based serial signal path phase errors are
cells over the scan range, aAd,, is themnth scan position minimized, tr_]us leading to accurate phase measurements via
dependent variable amplitude level that is determined mainij€ €lectronic zero-crossing phase meter. One high grey-
by the transmittance function of the test medium and the’c@/€ @naloge.g.,>10 bits option for this calibration opti-
Bragg cell diffraction efficienciesd, , is the optical phase Cal Phase shifter array is a parallel-rub birefringent-mode
suffered by the scan beam at theh x-direction scan posi- N.LC device where the NLC dgwce is placed _W|th its nematic
tion andmth y-direction scan position of the test medium. director parallel to thep-polarized incident light from the
Using automatic gain controlle(AGC) amplifiers on both 12Ser. By changing the applied 0-5 V, 1 kHz square wave
the test scan signal chain and the reference signal chaifignal used to drive the NLC device, the phase of the distrib-
fixed amplitude level reference and test scan signals are fedfed reference or dc light beams can be controlled in our
to the phase meter. Constant amplitude signals must be fed {pterferometer. o
the phase meter to get accurate phase data readings as the With no test material in the scan beam path between the
phase meter operates as a signal mixer and low pass filtép0 Bragg cells, and using a 10 times attenuation neutral
that generates a dc level that is proportional to the phas@ensity filter between AOD2 and sphere S3 to prevent pho-
difference between the two signals. This technique has bedRreceiver saturation effects, rf powers-688.52 and-32.5
used previously with high success with better than 0.1° phas@Bm are generated by the scan beam photoreceiver and the
measurement accuragy. reference beam photoreceiver, respectively, when using 60
Note that we have used tlyescan indexm to represent MHz AOD drive signals. Note that because of the large
test medium scanning in the vertical grdirection. This  Physical size of the New Focus photoreceiver package, a
y-direction scanning can be achieved in two ways using th€ube beam splitter was placed after the sphere S3 to generate
system in Fig. 2. In one design, because a vertical line scarf&/0 output planes so that the two photoreceivers could be
the test medium in the-direction via the use of Bragg cells, €asily placed at the two different output planes. Thus, be-
a vertical line also appears at the output interference plan&ause of the splitting of the light energy, lower useful optical
Thus, by mechanically scanning the top detector in théPower is detected in this experiment. Note from the side
y-direction after completing th8l x-scan positions, a com- View in Fig. 2 that the two photodiodes monitor the reference
plete x—y two-dimensional phase map of the test mediumand scan signal beams. A modulation depth of approximately
can be generated. The other approaches which do away wif0% is measured for both 120 MHz signals generated via
the point detectoy motion is to replace the single top de- heterodyne detection at the photoreceivers. Modulation
tector with aK-element linear high speed detector array indepthe= (Vo= Vi (Vimax +Vnin) X100%, whereV,, and
they direction. In this way, the output of the system &e Vmin @re the maximum and minimum voltage levels, respec-
simultaneous 2, frequency phase modulated signals corre-tively, of the 2f,, frequency output signal. Because the zero
sponding to theK resolution points along the-direction on  Doppler shifted reference beam is somewhat stronger than
the test medium. This method does away with mechanicahe double diffracted 2, Doppler shifted scanned be&ne-
motion at the cost of introducing parallel phase-detectiorcall that the Bragg cells were operated at near 40% diffrac-
electronics. Another option is to use a pair of electro-optiction efficiency(d.e), not 50% d.e, a slightly higher dc bias
(EO) y direction deflectors that are cascaded to the twdevel signal is generated in the photodetected signals. Using
AODs?° For instance, nematic liquid crystélLC) devices ac-coupled IntraAction Corp. Model PA-4 power amplifiers
could be used to form one-dimensional optical beamwith 40 dB gain, the dc bias levels are filtered out, and the ac
deflectors’? Also, bulk crystal EO deflectors can be used for signals are amplified for viewing and phase measurements
they-direction beam deflection. These and other options willusing an oscilloscope and a spectrum analyzer.
be described in future work related to these instruments. Figure 3 shows the oscilloscope traces of the amplified
In our experiment, we use two high speed photodetectorsutputs from the reference and scan photoreceivers, when no
from New Focus, Inc. These Model 1801 high speed phototest material is inserted into the system. Note that regardless
receivers have 0.9 mm active diameters with detector operaf the value of the AOD drive frequency required for scan-
tion from dc-120 MHz. Note that at the focal plane of lensning the optical beam, the relative phase between the refer-
S1 where the vertical line shape dc beam passes, we camce and scan photodetector output signals remains constant.
place a programmable optical phase modulation detace In fact, with accurately matched rf cable lengths, and sym-
array of devices along thg direction for phase error can- metrically positioned optical components, the relative time/
cellation and system phase calibration purposes. For inphase delay between the two detected signals should be zero,
stance, possible phase errors in the external reference aag all optical and electrical path lengths are identical. In Fig.
scan signal chain electronics can be calibrated by setting thg we see essentially in-phase refereftop trace and scan
optical phases on this electronically controlled phase shiftesignals(bottom tracg for (a) 60 MHz and(b) 65 MHz AOD
array to the desired values for the spatially differ@@bng drive frequency conditions, generating 120 MHz and 130
they-direction dc reference beams corresponding to the dif-MHz heterodyne detected signals, respectively. Thus, with
ferent+1 order reference and scan signal beams along the no test material inserted in the laboratory instrument, the
direction at the Fourier plane of S1. For instance, thesignal pair generated by the photodetector pair remained in-

where Ay, is a variable amplitude level generated mainly

2470 Rev. Sci. Instrum., Vol. 67, No. 7, July 1996 Scanning interferometers
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FIG. 3. Oscilloscope traces of the amplified outputs from the reference anéG. 4. Oscilloscope traces of the amplified outputs from the photoreceivers
scan photoreceivers, when no test material is inserted into the system. Wghen our test material, i.e., a NLC cell is inserted in the scan beam in our
see essentially in-phase refererit®p tracg and scan signalottom tracg  instrument.(a) corresponds to the 60 MHz scan position, where the NLC
for (@ 60 MHz and(b) 65 MHz AOD drive frequency conditions corre- cell is set to introduce a 180° optical phase shift to the scan beam, (ahile
sponding to two different beam scan positions in the instrument, that gencorresponds to the 65 MHz scan position, where the NLC cell is set to
erate the 120 MHz and 130 MHz heterodyne detected signals, respectivelihtroduce a 90° optical phase shift to the scan beam.

phase over the wide AOD drive frequency bamuthis case,  gpiical phase shift between 0 aner 8adians, based on the

40 tMHT) reqwrelg :‘or optlcatl (tj)iam fﬁannlr:jg 0{ ttr;]e teStgiven extraordinary refractive index of our NLC material, the
mgnegat;aal (;el;s; ri)a S;he )I(gnectr?s rom theory du€ o theé Comy ive NLC material thickness, the cell glass wall thickness,
P n gins. and the glass wall refractive index. Thus, we use this large

Next, a test medium is inserted in the scan beam path_rea(l cm by 1 cm NLC cell to simulate an optical phase
the reference signal and the test scan signal are no Iongg y P P

in-phase—which indicates the different optical path Iengthp,Yate wi.th varying .refractive indices. To simulate test mate-
caused by the different optical refractive index of the testid! optical scanning, we record the heterodyne detected
material compared to the free-space/air medium througfi9nal-pair traces for two different frequencies of Bragg cell
which the reference beams travel. Figure 4 shows the osciRPeration, namely, 60 and 65 MHz, corresponding to differ-
loscope traces of the amplified outputs from the photoreceiveNt Scan points along thedirection on the NLC cell. In the

ers when our test material, i.e., agén thick parallel-rup ~first case[see Fig. 4a)] corresponding to the 60 MHz scan
birefringent mode NLC cell is carefully inserted into the scanPosition, the NLC cell voltage is set to introduce a 180°
beam in our instrument. The NLC cell is placed with its optical phase shift to the scan beam. This 180° optical phase
nematic director along the linegr polarization of the scan- difference relative to the reference beam is clearly shown by
ning optical beam. By changing the voltage level of the 1the equivalent 180° rf phase difference obtained between the
kHz NLC cell drive signal, we can introduce any desiredheterodyne detected 120 MHz reference and scan signal sig-
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nals. Because we are using a 532 nm laser wavelength, a
180° rf phase difference corresponds to a 266/n nm thick
piece of transmissive material with a refractive indexnof

To measure the test material optical thickness at a different
position on the material along the direction, we changed
the AOD drive frequency to 65 MHz. In this second case
[see Fig. 4b)], the NLC cell voltage is set to introduce a 90°
optical phase shift to the scan beam. Once again, this 90°
optical phase difference relative to the reference beam is
clearly shown by the equivalent 90° rf phase difference ob-
tained between the heterodyne detected 130 MHz reference ey ) bl
and scan signal signals. In this case, we simulated test mate- SRE IR | I
rial optical thickness of 133/n nm. Thus, using our instru- bl 2sn \
ment, we can rapidly measure optical material properties of a
test medium, using the heterodyne detected rf phase shifted,
high speed detector output signals.

An important issue related to the phase measurement
accuracy of this instrument is the quality of the heterodyne
detected signals that are used to make phase measurements
via the electronic phase meter. Our experimental instrument

(a)

was built on an optical table with no air isolation, and no 120.00MHZ D 160KHZ
H H H H H ©.ebDBM PRE i D -59.3DB
special precautions were taken to reduce vibrations and air S aRuze s G

currents. Nevertheless, preliminary output signal carrier-to- 30KHZ RBY
noise ratio(C/N) measurements made using a rf spectrum
analyzer indicate that high quality signals are generated by
our instrument. In particular, direct power spectrum noise
measurements are obtained using the rf power spectrum ana-
lyzer with an input filter resolution bandwidi{tRBW) of 30
kHz. Figure %a) shows a measured C#L08.9 dBc/Hz
measured at a160 kHz offset from the 120 MHz carrier.
The output signal rf dynamic range was measured to be 59.3
dB [in Fig. 5b)], with the noise floor level mainly controlled
by the 40 dB gain power amplifier noise floor and the pho-
toreceiver shot noise. Although no direct signal phase noise
measurements were taken at present due to lack of custom ()
instrumentation, we can indeed indirectly estimate this phase
. . . FIG. 5. (@) A measured C/N-108.9 dBc/Hz at a-160 kHz offset from the
noise. It is well known from the radar community that acCCu-120 MHz heterodyne detected signal from the instrumént;shows the
rate power spectrum measurements taken with a rf poweheasured output signal rf dynamic range to be 59.3 dB.
spectrum analyzer can also give an indirect indication of the

single sidebandSSB signal phase nois€. This method is 7y indirectly implies that a 1/1000 of a fringe cycle can be

commonly known as thelirect spectrunmethod, and con-  eaqred using our instrument. These and other important
verts the direct spectrum analyzer power reading to the SS@ystem issues will be discussed later in the article.
phase noise measuremeNf(f), given in dBc/Hz atf,

offset by

B. Reflective mode design: Theory
Np(fm):Pp(fm)_PC_lo log(Bsa) + Pia, ) L . L _
In some application scenarios, it is beneficial to use a

whereP,(f,) is the power level measured in dBm at the  reflective geometry phase measurement setup. One example
offset frequency from thd, carrier frequencyP. is the is when instrument size and weight must be minimized, or
power level measured in dBm at tHe carrier, By, is the  when the test medium itself is naturally reflective in nature,
resolution bandwidth of the spectrum analyzer in Hz, Bpd such as in mirror surface characterization. Since the
is the +2.5 dB error correction for the characteristics of thetransmissive-mode system in Fig. 2 is symmetric around the
spectrum analyzer's logarithmic amplifférUsing our ex-  focal plane of lens S1, it can be reduced in volume by the use
perimentally measured results whefe=120 MHz and of a mirror at the focal plane, thus forming the reflective-
fm=160 kHz(shown in Fig. 3, we getP(f) —P.=—59.3, mode scanning heterodyne optical interferometer shown in
B,;=30 000. Thus, we can estimate the SSB phase noise iRig. 6. Here, the mirror actually folds the system and retraces
the heterodyne detected rf output signals from our experithe light beams through AOD1 for the second Bragg diffrac-
mental instrument to be-101.57 dBc/Hz at 160 kHz offset. tion; thus on the reflected path, AOD1 in Fig. 6 acts as the
Recall that we measured-60 dB rf dynamic range or AOD2 in the transmissive case. Note that appropriate polar-
equivalent 30 dB optical dynamic range for our instrument.zation optics must be used in this design to direct the input
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FIG. 6. The novel scanning heterodyne optical interferometer for reflective optical measurement and sensing applicati@hsoBweiw and(b) 3D views
are shown for this compact assembly instrument.

p-polarized laser light into the optical system and test me+otation power Faraday rotator can also be used instead of
dium, and to deflect the reflectedpolarized light coming the QWP to give the instrument more robustness to compo-
from the test medium towards the photodetectors for heteroment alignment accuracy and wavelength sensitivity. As in
dyne detection. A quarter wave plal®WP) with its axis at  the transmissive interferometer, the reflective interferometer
45° with the incidentp-polarization ensures tha't the light operates on the samel order double Bragg diffraction
_returning back through AOD to the PBSsigolarized and rinciples of Bragg cells, in this case, the single Bragg cell
s therefore deflected by 90° by the PBS. Note the AOD mus OD1. Figure 6 also shows a simple three-dimensional view

operate effectively for botlp- and s-polarized light. With . S
current thin film fabrication technology, it is possible to haveOf our proposed novel scanning optical interferometer where

a QWP deposited on a mirror surface, thus minimizing the®N€ ¢an see the physically separate high speed photodetec-
number of independent optical components as each addiors that are critical for scan signal and reference signal gen-
tional component is an additional phase noise source. A 45eration via heterodyne detection.
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IV. SYSTEM ISSUES AND FUTURE WORK plitude and phase noise values, respectively. From our ex-
In this section, important system issues related to Ouperlmental m;trument, we meaSL_Jred108.9 and—lOl..57
rg}ieBc/Hz amplitude and phase noise values, respectively, at

proposed interferometers are considered. One issue is t+anO kHz offsets. Note that our measured instrument noise
accuracy of the optical phase measurement that depends o ) .
y P P P umbers—108.9 (amplitude and —101.57 dBc/Hz(phasg

several optical and electronic component signal processin " - : .
nd are very similar to the original rf signal noise numbers

characteristics plus the instrument optical and electrical as- .
sembly. First, both the reference and scan signals generaté]&"’nbers 0f—115 (amplitudg and —105 dBc/Hz (phase

by the photodetectors will have very similar phase nois vailable from the instrument external signal processing

characteristics because of the almost common-path optic§lSStTONics, after we have considered the 20 dB noise addi-

architecture of the instrument. This can prove very helpful intion V|a.the two .10 dB N.F. power ampl!fler§ in the signal
ocessing chaifi.e., amplifier at AOD drive input and am-

reducing the phase noise in the processed phase-detector ol ) o :
put signal as the phase-meter via electronic mixing of thepﬁf'er after photodetection Thus, within photodetection

scan and reference signals implements an electronic pha§90t noise I_imits, high quality Br_agg cell rf drive s_ignals will
noise cancellation circuit. Other issues that control phas enerate high C/N rf output signals from the instrument,

measurement accuracy are the standard electronic noi eéadmg to improvements in instrument phase measurement

properties of the phase measuring optoelectronics and eleBCCUracy. . . . .
Another system issue is the overall instrument optical

tronics such as photodiodes, amplifiers, rf cables, power sup-_. ", . )
plies, and low pass filter which have been previously deal fflcllency, as .th's. control_s the type Of. '?‘Ser requweq for a
with in detail in Ref. 6. pamcula_r apphcat_lon. Opthal power efficiency of our instru-
Mechanical and vibrational stability deserves attentionment 75 IS approximately given by
because it is linked to output signal phase noise and, thus, ns=[ 172+ (1= 5)(1— 7)1, (6)
phase measurement accuracy. In our instruments, because of
the small number of optical components.g., fouy that wheren, and », are the first order Bragg diffraction efficien-
make the basic in-line interferometer, plus the almosties for AOD1 and AOD2, respectively. In our experiment,
common-path in-line design where both signal and referenc&e measuredy, = 7,=0.4 (or 40%), giving an overall instru-
optical beams travel in close proximity between the Braggnent efficiency of 0.52% or 52%. Because we used a 100
cells (in the transmissive desigor Bragg cell and mirrofin MW cw laser, and a 10 times reduction neutral density filter
the reflective designthese beams suffer similar phase per-at the output plane, we should have a tota~d.2 mW of
turbations that are cancelled out on heterodyne detection &ptical power for high speed photodetection. In our case,
the photoreceiver. In other words, the phase noise in thBecause all the components had no antirefledtfR) coat-
interfering beams at the output plane is correlated, and th#gs, a slightly lower optical power was measured. Thus,
coherent heterodyne detection process at the photodetectdgpending on the application, a low powerg., 10 mW
cancels this noise. This gives our instrument a robust measer can also be used in our instrument. As discussed briefly
chanical and optical design that has high resistance to vibrdd Sec. Il A, the modulation depth of the output rf signals
tions and other environmental effects. Furthermore, becaudéom the photodetectors is related to the Bragg diffraction
of the almost common-path optical design, a high coherencgfficiencies and hence the optical powetg andPg,,0f the
length, narrow spectral linewidtte.g., 10 kHz laser is not ~ reference(dc) and scan signal+1 X+1) optical beams, re-
required, and the heterodyne detected output rf signal spe&Pectively. This modulation depth of the heterodyne detected
tral linewidths are not altered by the laser linewidth. Thus,output rf signals can be approximately expressed as
high cw or peak power lasers, which typically have broad P
(>10 MH2) spectral line widths, can be used with our instru- My =2V PacPscad (Pt Pscan
mept. Furthermore, becau;e of the bulk-optics nature of.the 21— 5)(1— 50) 717
optical components used in the instrument, a higher optical
power damage threshold is possible, implying use of very
high power(e.g., cw 10 W lasers for applications where Recall that in our experiment, we measurgd- 7,=0.4 (or
high optical power is necessary, such as, combustion, shoak0%). In this case, using E¢7), we should expect the de-
wave, and turbulence experiments. sired output modulation depth af;=0.923. The experimen-
Another instrument design issue that controls the outputal value was approximatelyn,=0.9. The ideal modulation
rf signal noise characteristics is the quality of the Bragg celldepth for high efficiency heterodyne detectionnig=1.0,
drive rf signals. A Bragg cell drive signal with poor ampli- and occurs whemy;=7,=0.5 (or 50%.
tude and phase noise values will propagate this noise through Note that unlike Bragg cell based rf linear signal pro-
the optical instrument, and will result in a similarly poor cessing applications where Bragg cells need to be operated at
amplitude and phase noise output rf signal from the photolow diffraction efficiencies 0&<10% to maintain linear rf-to-
detectors. Thus, a high quality rf sweep generator with lowoptical modulation of the input rf signals to generate high
noise figure power amplifiers must be used to drive thespurious-free two-tone dynamic range output signals—our
Bragg cells. For our experiment, the power amplifiers hadnstrument does not require low diffraction efficiency linear-
specified 10 dB typical noise figureedNFs), while the mode Bragg cell operation. Because only single tone pure
Wavetek model 5135A signal synthesizer hatl25 dBc/Hz  sinusoidal signals are fed to the Bragg cells at any given time
at +100 kHz and—135 dBc/Hz at+100 kHz specified am- in the instrument, no nonlinear intermodulation product

)

N (=) (X=nm)+mm2
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terms within the operational Bragg cell bandwidtit device D,/ 6x~42 spots along the test material. Improvements in
passband are produced via the nonlinear high diffraction both number of scan points and the area scanned can be
efficiency Bragg cell operatioff. Thus, our instrument al- made by careful design of the beam focusing optics, and by
lows high diffraction efficiency(e.g., ;1=7,=0.5 Bragg choosing the optimum AOD. For instance, if we used a GaP
cell operation that results in a maximumg=0.5 or 50% over AOD—such as the one available from Brimrose Corp., Bal-
all optical power efficiency for the system. timore, MD—that has & ,=6.3 mmjus and a bandwidth of
There are several types of commercial Bragg cells thal GHz, using the same optical seffijg., same F1 ann), we
can be used with our instrument. The key differences in th&an now scan a much larger lengthmf=12.67 mm. Thus,
devices are in the rf frequency of operation, AO interactiondepending on the instrument design, both sm&ll00 um
material, piezoelectric transducer size, and the time band<100 um) or moderately largde.g., 1.5 cnx1.5 cm) re-
width product(i.e., device bandwidtlX device time aper- gions of a test medium can be scanned using our systems.
ture) or storage capacity of the device. Most commercial ~ The test medium phase map reconstruction method used
AODs are either rf bandi.e., <100 MHz center frequengy  with our instrument is similar to the two fiber sampling point
devices, or microwave bar(@de., <2 GHz center frequengy scan method described for earlier heterodyne holography
wideband devices. For example, tellurium dioxide and flintsystemg. Previously, the two fiber scan method for interfero-
glass are typical materials used in rf-band devices, whilgyram reconstruction involved two fiber local sampling of the
gallium phosphidéGaP and lithium niobate are typical ma- image plane, where one fiber at the interference plane can be
terials used in microwave-band deviéésTypically, Bragg stationary, i.e., the reference point, while the other fiber me-
cells have time bandwidth products that range from a 400 t@hanically scans the moving fringe pattern on the interfer-
1000 cycles, implying that a high quality AO beam deflectorence plane to generate the phase data. The useful information
can deflect an input laser beam through a maximum of 100€yr phase map reconstruction obtained by this method in-
scan points. For our instrument application, this means thagludes the number of fringes crossed during the scan process
the instrument can rapidly scan a 1000 independent pointgnd the interpolation value of the phase within one fringe. In
along thex direction on the test material. The pOint Scan rateour instrument’ in essence, we imp|ement the same data col-
R depends on the AOD time apertuile and is approxi- |ection and reconstruction process, where here, instead of
mately given byR=1/T, where in this case, the frequency of mechanically moving detectors, we have an electronically
the AOD drive is changed every seconds, with the fre- scanned optical beam to simulate the motion of the moving
quency step rate beingTL/ These are ideal scan conditions, finer/detector. Like the two fiber scan method, we still have a
and various scan system tradeoffs will have to be made basgfed detector that provides the reference phase information
on laser beam illumination profiles, optical component aperoy |ater interpolation. In our case, by electronically scanning
tures, switching speed of AOD drive signal generation eleCyhe read laser beam over the test medium, we have also simu-

tronics, and lens focal lengths. lated a moving fringe pattern at the output interference plane
The active distance the laser beam scans alongxthe \yhere we have placed our two sampling detectors.
direction using AOD1 is approximately given by In conclusion, we have proposed two novel scanning
D ={ Osop— Ostart F1, (8) hgtergdyne opt|caI. interferometers. .One' design is transmis-
sive in nature while the other design is reflective. Other
where variations of this basic design are also possible, including
OiodMrad=[\ () X f o MHZ)1/[v o(mmius)] _hlgh speed 2D _optlcql scanning syste%_s‘[o_ sh_ow basic _
instrument working principles, the transmissive instrument is
and experimentally demonstrated in the laboratory using flint

9 glass rf Bragg cells and a NLC test medium for introducing
spatially varying phase perturbations. Heterodyne detected
Here thestart and stop subscripts correspond to the optical signals having frequencies from 100 to 180 MHz are gener-
scan start and stop positioiand AOD drive frequencig¢s  ated based on the test material beam scan position. Output
respectively. In our experiment using flint glass AODs with asignal C/N and SSB phase noise are measured and estimated,
40 MHz bandwidth centered at 70 MHz, £15 cm, and respectively, providing preliminary phase measurement sen-
using f =50 MHz andfg,,=90 MHz, a total scan length sitivities of 1/1000 of a fringe cycle. Important instrument
of D,=830 um along thex-direction is achieved with our system issues such as beam scan speed, test beam scan area,

Ostarmrad =[N (um) X f g, {MHZ) ]/[v o(MM/us)].

instrument. optical system power efficiency, laser source spectral line-
The Rayleigh resolution optical spot size diameter at thevidth, and AOD rf drive signal quality, have been discussed.
scan plane is approximately given by Other issues such as photodetector rf output signal phase
noise, scan beam spot size, number of scan points, instru-
OX(m) =[2.48\ (um)FUmm)]/[ D4 (mmy], (10 P b

ment mechanical and vibrational stability, instrument cali-
whereD, is the active optical beam diameter at the entrancération, and phase map reconstruction have also been dis-
of lens S1. In our cas® ,~1 cm, thus giving us a beam spot cussed. Future work relates to demonstration of the reflective
size (along thex-direction at the scan plane of19.5um.  design scanning heterodyne optical interferometer and fur-
In our experiment, recall that we have a vertical optical linether optimization of the overall optical and electrical designs
scanning along th&-direction. Based on these design num-for the instruments. Furthermore, these instruments will be
bers, our experimental instrument can scan a total ofested for a variety of interferometric measurement applica-
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