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Introduction to 
interferometric 
measurements 
An extraordinary variety of measure
ments can be made using optical inter
ferometry. Cheap laser diodes can lead 
to inexpensive and accurate sensors 
for such measurements. In most cases, 
interferometric measurements are 
made by interfering two beams so that 
their phase is proportional to the quan
tity being measured. There are two 
basic tasks in building a sensor of this 
type: (1) design the transducer so that 
the measured phase is proportional to 
the desired physical parameter and 
does not depend on other parameters 
that are likely to change, and (2) de
vise an appropriate means for pro
cessing the data from the transducer. 
Figure 1 illustrates four basic types of 
2-beam interferometers, differentiated 
in terms of how they generate detect
able phase changes. 

Type A is a standard 2-beam 
Michelson interferometer: one mirror 

A. Michelson interferometer (longitudinal) B. Diffraction Interferometer (transverse) 

C. Michelson Interferometer (index of refraction) D. Polarizing Interferometer (birefringence) 

FIGURE 1 Different types of 2-beam interferometers 
The term OPD in each figure refers to Optical Path Difference. The interferometric phase, Φ, is related to the 
OPD by Φ = (2π/λ) X OPD, where λ is the wavelength 
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moves to generate the interferometr ic 
signal. If the moving mirror is attached 
to a l inear stage, then the sensor can 
measure the displacement of the stage 
wi th very high prec is ion; if the mir ror 
is mounted to the d iaphragm of a mi
crophone, the interferometer can mea
sure acoust ic pressure fields. In terms 
of the locat ion L of the moving mirror , 
the interferometric phase is Φ = 2π • 
2(L/λ) , where λ is the wavelength of 
the light. 

Type B, wh ich we wi l l refer to as a 
diffractive interferometer, i l lustrates 
the geometry commonly used in laser 
Doppler velocimetry: two beams strike 
a scattering or diffracting surface at 
equal angles on either side of the nor
mal. Light f rom the two beams scat
tered back along the surface normal 
interferes and is sensed by a detector. 
If the scattering surface moves in the 
direct ion shown wi th a veloci ty v, then 
the two scattered beams are Doppler 
sh i f ted in oppos i t e d i rec t i ons by 
amounts v = ±(v /λ )s inθ , so that the 

interference signal is modulated at a 
f requency 2v • sinθ/λ. In terms of the 
lateral surface displacement x, the in
terferometr ic phase is given by Φ = 
2π • 2(x/λ)sinθ. If the surface is a dif
fuse scatterer, the signals wi l l be weak, 
measurement accuracy wi l l be l imited, 
and care and cleverness are needed to 
measure the signal. If the surface is a 
grat ing w i t h the r ight spa t ia l fre
quency, then the signals wi l l be very 
r o b u s t and m e a s u r e m e n t s of ex
tremely high prec is ion are possib le. 

Type C is the same as A, except that 
both mir rors are fixed and interfero
metr ic phase changes are caused by 
changes in the refractive index of a 
material in one arm of the interferom
eter. The relat ionship between inter
ferometr ic phase and refractive index 
n is Φ = 2 π • 2n(d/λ) , where d is the 
length of the refract ive material . Pa
rameters that cause changes in refrac
t ive index inc lude temperature, load, 
and chemical compos i t ion . 

Type D is a polar iz ing interferom

eter: or thogonal polar izat ions of light 
f rom a common source pass through a 
birefringent mater ial , and changes in 
this birefr ingence are moni tored in
terferometr ical ly. A l inear polar izer is 
general ly used to cause components 
of the two polar izat ions to interfere, 
fol lowing wh ich they are detected as 
usual . Th is type of interferometer has 
been used for decades to moni tor 
stress bi refr ingence in t ransparent 
media and sugar content in l iquids. 
More recent app l ica t ions have in
vo lved t ransducers based on the mag
neto-optic and electro-opt ic effects, in 
wh i ch l inear or c i rcu lar birefr ingence 
is induced in glasses and crystals. We 
have used this type of interferometer 
to measure the angular rotat ion of a 
b i refr ingent t ransducer and to re
motely measure the temperature of a 
sapphire crysta l (whose birefr ingence 
is propor t ional to temperature f rom 
roughly -300°C to + 1800°C). The bi 
refr ingence is given by n = (ns-np) 
and the interferometr ic phase is Φ = 
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FIGURE 2 Multiphase detection and recovery of linear phase 

2π • n(d /λ) . 
In all of these interferometers, two 

beams interfere. If the two beams have 
amplitudes A 1cos(ωt) and A 2 cos (ω+Φ), 
then the intensity they generate after 
interfering is just I = A 1

2 + A 2

2 + 
2A 1A 2cos(Φ), which we can rewrite as: 

I = I1 + I 2cos(Φ). 
The prob lem impeding precise phase 
measurement is clear: we have I, we 
want Φ, but there are two other var i 
ables, I1 and I2. If all we wanted was to 
keep track of the phase Φ to wi th in 
1/4-cycle or so, then in most cases it 
would be a reasonable and workable 
assumpt ion that I1 and I2 were con
stants. If, however, we aspire to mea
sure Φ to 1/1000-cycle or better— 
wh ich it turns out is quite poss ib le— 
then we have to recognize I1 and I2 as 
variables and deal w i th them accord
ingly. 

T h e p r e c i s e 
m e a s u r e m e n t 
of p h a s e 
In the equat ion I = I1 + I 2cos(Φ), there 
is one known and three unknowns: we 
need three equations to solve for the 

unknowns and, for reasons that w i l l 
become apparent, we choose the fol
lowing three equations: 

R = I1 + I 2 C O S ( Φ - 2 π / 3 ) 
S = I1 + I 2cos(Φ), and 
T = I1 + I 2 COS(Φ+2π/3 ) . 

These equat ions represent measure
ments that differ only in their inter
ferometr ic phase: it turns out that 
there are a variety of ways to generate 
such signals in pract ice. A n elegant 
way to solve these equations for Φ 
wh ich is the only var iable we care 
about, is to form rat ios of differences: 

A = (R-S)/(T-S), B = (S-T)/(R-T) 
and C = (T-R)/(S-R). 

Clearly, the new var iables A, B, and C 
depend only on Φ: the subtract ions 
get r id of I, and the d iv is ion gets r id of 
I2. Figure 2 shows R, S, and T; A , B, and 
C; and also shows how the l inear por
t ions of A , B, and C can be patched 
together to generate a very nearly l in
ear approx imat ion to phase, Φ A very 
useful aspect of the formulat ion of the 
parameters A , B, and C is the fact that 
they can be generated from R, S, and T 
using only an A /D ch ip . Normal ly an 
A / D has three inputs—for signal, refer

ence, and ground, and the chip gener
ates a digital output represent ing the 
quanti ty (SIG - GND)/ (REF - GND). Us
ing an inexpensive 6 or 8-bit f lash A /D , 
this operat ion can be updated at 10 
MHz . 

Referring to Figure 2, there are six 
different permutat ions of R, S, and T, 
co r respond ing to the s ix different 
branches of A , B, and C. The cho ice of 
wh ich permutat ion to use for a l inear 
representat ion of phase can be made 
based solely on the relative values of 
R, S, and T (Boolean logic). Thus the 
generation of quasi-l inear digital phase 
signals can be accompl ished at very 
high speed and involves only Boolean 
logic and fast A / D s . We have built such 
a processor in the form of a plug-in 
card for a PC (also containing the 
power supp ly to operate the complete 
sensor head): we refer to this card as 
a Multiphase card . It generates a 35-bit 
w o r d represent ing the unwrapped 
(i.e., accumulated) phase, mult ip l ied 
by a user-selected constant. At the 
maximum update rate fmax, and using 6 
N-bit A /Ds , the phase resolut ion is 1 
part in (6 x 2 N) of a cyc le. At a reduced 
update f requency f the phase resolu
t ion is improved by a factor √(fmax/f). 

A lso built into the card is a pair of 
P R O M s : one corrects for the residual 
intra-cycle nonl inear i ty shown in Fig
ure 2, and the other can be used for 
larger scale correct ion factors (e.g., to 
cal ibrate a scale for systematic er
rors) . Us ing a 1000 l ine/ inch scale wi th 
a type B interferometer, the digital 
o u t p u t of t he c a r d m igh t be : 
00003.644178. This wou ld represent a 
scale displacement of 3.644178 inches 
from the point where the zero was 
reset. Because of the high update rate, 
the scale veloc i ty cou ld be more than 
100 ft/sec without losing track of the 
fringe count. 

Two factors combine to l imit the 
measurement precis ion and accuracy. 
The first is signal-to-noise (phase reso
lut ion is l imited to 1/[S/N]-cycle), and 
the second is the extent to wh ich the 
gains and DC-offsets are truly equal 
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for the R, S, and T signals. Inequalit ies 
in these quantit ies lead to systematic 
nonlinearit ies in phase measurements. 

Mult iphase 
interferometer 
configurations 
One of the techniques used to im
prove in ter ferometr ic p rec i s i on is 
phase -s tepped i n te r f e rome t r y , in 
wh ich successive measurements are 
made us ing known and cont ro l led 
phase increments (usually achieved 
by a piezoelectr ic t ransducer in one of 
the beams). This has had some nice 
results, part icular ly in contour ing ap
p l i ca t ions invo lv ing 2-d imens iona l 
fringe patterns. We have sought a s imi
lar approach in wh ich the phase incre
ments can be more prec ise ly con
trol led, and in wh ich the mult iphase 
measurements can be made simulta
neously. 

Figure 3 shows two such implemen
tations. In the first, wh ich is the tech
nique we use for a high prec is ion l in
ear encoder, the two interfering beams 
are at a smal l angle to one another and 
produce an interference fringe pat
tern in the plane of a specia l ly de
signed triphase detector. Th is detector 
has 90 paral lel elements, each 0.001 
in. wide and 0.080 in. high. Every th i rd 
element is wi red in paral le l , so that 
there are three electr ical signals gen
erated, and the interference fringe 
spacing is adjusted so that one inter
ference fringe spans exact ly three ad
jacent detector elements. Clear ly, if 
the fringes move (i.e., if the scale 
moves), the three detector channels 
wi l l generate s inusoidal signals that 
are exactly 120° out of phase wi th one 
another: the three signals are R, S, & T. 

The advantages of this arrangement 
are: (1) the three measurements are 
made simultaneously; (2) the detec
tor array does a very effective job of 
spatially sampling the beams (i.e., val id 
signals are generated even if there are 
spatial variat ions in the intensity of 
the interference fringes); and (3) us
ing s t a n d a r d s e m i c o n d u c t o r 

m ic ro l i t hog raph i c t echn iques , the 
phasing between the channels is very 
prec ise ly contro l led dur ing the manu
facture of the detector. If the fringe 
spacing is off by a few percent, the 
only effect is to reduce the ampl i tude 
(and contrast) of the interferometr ic 
signals. 

A cr i t ica l feature of this configura
t ion is the spat ial f i l tering of the light 
so that only two dif fract ion orders 
interfere: this is what guarantees that 
the interference pattern wi l l be truly 
s inusoidal , and this is the under ly ing 
assumpt ion in prec is ion phase inter
polat ion. 

There are two quite different ways 
to look at this arrangement: you can 
v iew the interference pattern s imply 
as a spatial ly fi ltered image of the scale, 
or you can v iew the signal modulat ion 

that occurs when the scale moves in 
terms of Doppler shifts in the light 
diffracted into the ± 1 orders. 

The second technique shown in Fig
ure 3 appl ies to type D (polarizing) 
in ter ferometers. Here a di f f ract ion 
grating is used as a beamspl i t ter to 
produce three pairs of col l inear inter
fering beams. To produce the needed 
inter ferometr ic phase shif ts, ±1 /3 -
wave plates are put into the outer 
beams and a l inear polar izer at 45° 
serves to produce interference be
tween the orthogonal ly polar ized com
ponents. Because the ± 1 order beams 
generally have a different intensity 
than the 0-order, the gains of the de
tector channels have to be matched 
electronical ly. This scheme works and 
is useful, but is not as robust as the 
approach using the tr iphase detector. 

LINEAR ENCODER SENSOR WITH TRIPHASE DETECTOR 

POLARIZING INTERFEROMETER WITH MULTIPHASE DETECTION 

3 Two techniques for generating multiphase signals 
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FIGURE 4 Two applications of high-resolution interferometry 
Sample 
applications 
Nanoscale: The Nanoscale is a linear 
encoder plus readout head, illustrated 
in Figure 4 (top). The scale has 1250 
lines/inch and the measurement pre
cision is ±0.2 microinch with a 300 
kHz update rate and a maximum sur
face velocity of 100 inches/sec. The 
readout head is based on the concept 
shown at the top of Figure 3, with the 
optical path folded to keep the sensor 
envelope to a size of 1.5" X 1" x 3/4". In 
addition to its high precision, rugged-

ness, and small size, this sensor offers 
the advantage of 0.25" ± 0.05" standoff 
distance (separation between the sen
sor and the scale). The scale can be 
glass, metal, or even Mylar tape. The 
detailed shape of the scale rulings is 
not critical since spatial filtering en
sures that only two beams form the 
interference pattern on the triphase 
detector. The laser diode circuit, de
tector, and detector preamps are con
tained in the readout head, which is 
connected by a single cable to the 
electronics processing card. 

This encoder system is inexpensive 
because its component parts are inex
pensive: laser diodes are mass pro
duced (for CD players), the ICs are 
widely available, and, because of their 
relatively coarse spacing, the scales 
can be produced photographically at 
modest cost. If the master scales are 
made under laser interferometric con
trol in a controlled environment, this 
encoder can offer or exceed the reso
lution and accuracy of a laser inter
ferometer at the price of a standard 
linear encoder. Moreover, the power 
consumption and heat generation are 
very low, the readout head does not 
contact the scale, and the maximum 
scale velocity is very high. 

Remote electric current sensor. This 
sensor is designed to hang on a high 
voltage power line and monitor the 
current. The only links to the sensor 
are four multimode optical fibers. The 
transducer is a type D polarizing inter
ferometer: a laser beam follows a long 
path through a glass plate selected for 
its Verdet constant and relatively low 
sensitivity to temperature. In the pres
ence of a magnetic field, this material 
exhibits circular birefringence propor
tional to the axial magnetic field 
strength (Faraday effect). By using 
multiphase detection for precise in
terpolation, a dynamic range of more 
than 300:1 can be achieved with an 
interferometric sensitivity of only 0.1-
cycle of phase for the maximum oper
ating current of 3000 amperes. It was 
this ability to work at low sensitivity 
that made it possible to use a diamag
netic (vs. paramagnetic) glass for the 
transducer: diamagnetic materials 
have lower Verdet constants than para
magnetic materials, but are much less 
variable with temperature—a critical 
requirement for this sensor. 

Figure 4 (bottom) shows the layout 
of the current sensor with fiber optic 
links. Light from a laser diode comes 
up the input fiber and is approximately 
collimated by a GRIN lens. This light is 
linearly polarized—effectively the sum 
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of left and right-handed circular polar
izations. After making multiple passes 
through the transducer (in a direction 
approximately parallel to the magnetic 
field lines induced by the current 
through the conductor), a phase dif
ference is accumulated that is propor
tional to the current through the con
ductor. After leaving the glass trans
ducer, the two circularly polarized 
beams are converted to orthogonal 
linear polarizations by a 1/4-waveplate 
and caused to diverge by a slight angle 
by a Wollaston prism. The linear 
polarizer (at 45°) after the Wollaston 
prism causes the two beams to inter
fere, forming a parallel fringe pattern 
with a spacing of 0.001" (defined by 
the Wollaston prism). A plastic len
ticular screen (see Figure 4 inset) di
rects light of three different interfero
metric phases to three GRIN lenses, 
which focus the light onto the ends of 
the three output multimode fibers. 
These carry the R, S, and T signals, 
which are processed as before. 

This sensor has been built and it 
works from DC to 100 kHz. Its applica
tion is in load management for the 
electric utility community, where its 
low cost and inherent safety will allow 
it to be used in networks with hun
dreds of sensors. 

Summary 
New techniques for making precise 
measurements of interferometric 
phase, combined with inexpensive la
ser diode sources, provide the basis 
for a new class of low-cost, high-per
formance sensors. Our basic design 
guideline is to keep the optics and 
mechanical components small, simple, 
and rugged, and to embody whatever 
complexity is needed to process the 
signals in digital signal processing 
chips. If the optical paths for the inter
fering beams are equal (or very nearly 
so), wavelength stability of the source 
is not needed. 

Suggested reading 
On the general subject of interferom
etry, Steele's book1 is comprehensive. 
For an exquisitely elegant and com
plete treatment of interference and 
diffraction, Stone's text2 is hard to beat. 
On the subject of multiphase inter
ferometric measurements, papers by 
Mertz, 3 , 4 P. Hariharan et al., 5 and M. 
Hercher and G. Wyntjes6 , 7 will provide 
different viewpoints and further infor
mation. On the subject of laser Dop
pler velocimetry, the book by Durst et 
al. 8 is comprehensive and a pleasure 
to read. The laser diode-based linear 
encoder and associated structured 
detector design are described in a 
patent that should be issued shortly. 
Faraday effect sensors are very nicely 
reviewed from first principles through 
state-of-the-art fiber optic sensors by 
Gordon Day and A.H Rose.9 
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Applications are invited for a tenure 
track position, at the level of 
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development of a new program in 
Optical Physics. The starting date 
wi l l be August 1, 1992. The salary is 
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research program in experimental 
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Indianapolis is the twelfth 
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highly affordable. Indiana Univer
sity-Purdue University is the third 
largest university in Indiana, with 
nearly 28,000 students, 2,000 faculty, 
and 165 degree programs in 17 
schools and divisions. The School of 
Science wil l be moving into new 
research and teaching facilities by 
1993. Interactions are possible with 
other departments within the School 
of Science, with other schools within 
the University such as the School of 
Medicine, and with local industry. 

The Department currently has 
13 faculty members, with research 
programs spanning the areas of 
biological magnetic resonance (NMR 
& EPR), the physics of photosynthe
sis, optical physics, condensed 
matter theory, and particle physics, 
and offers B.S. and M.S. degrees and 
a Purdue University system-wide 
Ph.D. degree. 
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January 15, 1992, a curriculum vitae, 
a statement of research interests, and 
the names of three references to Dr. 
F.C. Thatcher, Chairman, Optics 
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Physics, Indiana U.-Purdue U. at 
Indianapolis, 1125 East 38th Street, 
Indianapolis, IN 46205-2810. IUPUI 
is an Equal Opportunity/Affirma
tive Action Employer. 


