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REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 75, NUMBER 10 OCTOBER 2004

Improved phase modulation for an  en-face scanning three-dimensional
optical coherence microscope

Barbara M. Hoeling, Mary E. Peter, Daniel C. Petersen, and Richard C. Haskell®
Physics Department, Harvey Mudd College, 241 East Twelfth Street, Claremont, California 91711

(Received 18 December 2003; accepted 15 July 2004; published 24 September 2004

We have previously described an inexpensive method for modulating the interferometer of an
en-facescanning, focus-tracking, three-dimensional optical coherence microg0did). In this

OCM design, a reference mirror is mounted on a piezoelectric stack driven at a resonance frequency
of about 100 kHz. We perform a partial discrete Fourier transform of the digitally sampled output
fringe signal. In the original design, we obtained the amplitude of the backscattered light by
summing the powers in the fundamentad) and first harmoni¢2w) of the modulation frequency.

We used the particular piezoamplitude that eliminates the effects of interferometer phase drift.
However, as the reference mirror was stepped to scan at different sample depths, variations in the
back-coupled reference power added noise to the fringe signal at the fundamental piezodriving
frequency. We report here a technique to eliminate the effects of this piezowobble by using instead
the sum of the @ and 3» powers as a measure of the backscattered light intensity. Images acquired
before and after this improvement are presented to illustrate the enhancement to image quality deep
within the sample. €2004 American Institute of PhysicEDOI: 10.1063/1.17905535

I. INTRODUCTION ezoelectric stack driven at resonance. We were able to
achieve a modulation frequency of about 125 kHz, facilitat-
Optical coherence tomography/microscq®CT/OCM)  ing high-speed data acquisition, and we used a displacement
is an imaging technique with micrometer-scale resolutionramplitude of only 350 nm in order to preserve good depth
that can measure the optical properties of biologicakesolution. Since this modulation amplitude of about one
tiSSUGSl.'2 Itis typlcally based on a Michelson interferometer fringe is very small, slow phase drifts due to thermal expan-
with the sample in one arm and a reference mirror in thesion and contraction of the optical fibers can significantly
other. A broadband light source provides a coherence gai@egrade the output signal. In our original design, we circum-
that ensures that the observed interference fringes arise fropented this problem by choosing a certain amplitude of mir-
scatterers located at a well-defined depth within the sampleor oscillation for which the sum of the powers in the funda-
Most OCT systems produce two-dimensional crossmental (w) and first-harmonic (2w) piezofrequency is
sectional images of the sample by translating the sample ghdependent of the phase drift:®
beam in one lateral direction while quickly and repeatedly  However, the output fringe signal at the fundamental pi-
scanning the optical path length of the reference arm. Differ-
ent depths of the sample come into equal path length position
with the reference mirror during such a depth scan, allowing 0_35_'
the determination of fringe amplitude and phase for each ]
volume elementvoxel) along the optical beam. - 0.304

In contrast, our fiber-based optical coherence microscopeg 0 25_'

is designed to take three-dimensioridD) images by per- 2 |
forming a series oén-facescans at different sample depths. @ 0.20-
Galvoscanners move the beam laterally inxaty plane nor- _S T
mal to the beam axis, then the sample hégalvoscanners, "g 0'15'_
fiber end, and focusing lenss stepped down for the next |2 0.10-
x—Yy plane scan while the position of the reference mirror is g 005 .

adjusted to keep the beam waist coincident with the equa &
path length positioii“focus tracking’). The lateral resolution @ 0_00_'
is thus given by the size of the beam waist ofsBn and is ]
preserved throughout the whole 3D scan. Fringes are pro  -0.05 — T T T T 1
duced by oscillating the reference mirror with a small ampli-
tude. As we described earli¢ur design for such a phase Alpha (4rd /1)

modulation involves attaching the reference mirror to a pi-

FIG. 1. (Color) Squares of the Bessel functions as a function of the dimen-
sionless piezoamplitude=4mdy/\. At @=2.63,32=J2, while at a=3.77,
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ezofrequency included a small oscillation due to variations in
the back-coupled reference power caused by a very sligh
rotation of the piezostack as it expanded and contracted 10000_'
While this oscillation could be greatly reduced by careful ]
piezoalignment for one particular position of the reference—  gygq
mirror, it became significant when the piezo was moved toi |
image a deeper plane within the sample, and effectively lim-§  s000
ited imaging to depths of less than 1 mm. Since we are nowg ]
interested in imaging very weakly scattering samples—like"‘ 4000
corneal tissue that in principle allow penetration depths of

12000

several millimeters—this limitation must be overcome. We 2000 ~ ' L
will describe in detail below how we eliminated the effect of T T gyt g 20,30, 4o
this piezowobble by using the sum of the powers in the 2 s s

and 3» harmonic frequencies as our signal, while at the same
time maintaining insensitivity to thermal phase drifts. A com-

parison of images taken with the old and new signal process-
ing methods clearly shows the reduction in noise achievegg. 2. (color Piezowobble noise measured without a sample in each of

with the new scheme. the first four-harmonic frequencies as a function of scanning depth. The
piezostack was driven at 56.85 kHz, the lowest resonance frequency of the
aluminum disk on which it is mounted, and the dimensionless piezoampli-
II. THEORY tude wasa=3.77.

T N T T e T T T — T 1
-1000 0 1000 2000 3000 4000
Depth [um]

With a sinusoidal voltage applied to the piezo, the opti-

— — : 2
cal power output of the OCM interferometer can be written®=2-63(2do=0.418\), the Bessel f“”Ct'O”ﬁ(O‘)_ andJy(a)
as have the same value. The sum of the powers end 2w is,

R _ therefore, independent of the slow phase dpiffor this par-
Pout= Pret+ Psample™ 2VPrePsampiec0d a sinwt + @], ticular piezoamplitud&>® We perform a partial discrete
(1) Fourier transform on our fringe signal and initially chose to
. . . operate our OCM atv=2.63 while using the square root of
where I.Dfef is the optical power in the reference beam, andthe sum of the powers im and 2w as the amplitude of the
P.samplells the baclfscattereq power in the sample beam. Th'faringes for each volume elemefvoxel). This measure of the
dimensionless ple_zoamplltude '_&:477(10/_)" _Wh_ere the fringe amplitude was indeed insensitive to the phase drift,
peak-to-peak amplitude of the piezo-oscillation @,2and though it left us with a signal strength of only 0.2%2V2,

:Ee wa_lvelength”oz_the I_|ght u};]/aafj_un:hs T?e ffre?huencr)]/ of about 60% of what could theoretically be achieved by sum-
e piezo-oscillation iso. The first part of the phase .. 'ihe howers in all harmonics.

(asinwt) of the interference term varies rapidlyw/27
=56.85 kH2 due to the oscillation of the piezomirror. The
second phase termp, is a slow drift on a time scale of a few lil. MEASUREMENT OF THE PIEZOWOBBLE

seconds to a few minutes arising from a variety of factors,  As the piezostack expands and contracts, the reference
such as the temperature variation of the optical fibers in thenirror glued to its surface does not translate perfectly along

interferometer. the optical axis, but rotates slightly during the motion. Con-
The ac-coupled output of the OCM photodetector is duesequently, the optical power reflected back into the reference

to the interference term in Eql): arm fiber[P,¢ in Eg. (1)] can vary periodically, thereby con-
Virererenclt) = Vo CO @ Sin wt + &, ) tributing to the ac-coupled output of the OCM photodetector.

- ) ) ] Careful alignment of the reference mirror in the cat's eye
whereVo = 2VPeiPsampelS the amplitude of the fringe signal. retroreflector can reduce this problem only for one particular
It can be shown that the ac power in this interference signahjrror position, but as the reference mirror is translated to

1S image different depths in the sample, the piezowobble oscil-
ac power inViyerference= 2Va[J2(a) + J5(a) + J2(a) lations become substantial. Figure 2 shows a graph of the
] A power in the first four-harmonic frequencies of the fringe
+ ... ]si? ¢+ 2V J5(a) signal taken without a sample as a function of scanning
+ () + Fa) + ...Jcod ¢ depth. It can be seen clearly that the piezowobble is con-

tained entirely in the fundamental piezofrequency and in-
3 creases very rapidly beyond a depth of 1 mm. In contrast, the
where theJﬁ(a) are the squares of the Bessel functions, anchoise power in the higher harmonics is negligible and inde-
2V233(a)sirt ¢ (or 2V3J3(a)co ¢) is the power in thenth  pendent of the scanning depth.
harmonic frequency if is odd (or even. The fundamental It is important to understand why the effects of piezo-
frequency of the piezo-oscillation correspondsitol. wobble appear only at the fundamental frequercyThe
Figure 1 shows the squares of the Bessel functibns piezo stack responds linearly to the stimulating voltage ap-
throughJ, as a function of the dimensionless piezoamplitudeplied at its resonance frequency, so both mirror displacement
a. It can be seen from this graph that for the special value oind tilt are sinusoidal functions of time at this same fre-
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damental frequency of our ac-coupled photodetector output,
we choose to use the sum of the powersdnatd 3w instead

of those inw and 2w as the measure for the backscattered
light from each voxel. Inspection of Fig. 1 shows that in
order to achieve phase insensitivity for this case, we now
have to operate the piezo with an amplitude @£3.77
(2dy=0.600X\). This reduces the signal strength further by
about 20% from 0.214 2V3 to 0.173x 2V3, but the effects

of piezowobble are eliminated, and the fringe signal is
cleaner, particularly deep in the sample.

Figure 3 shows a comparison of three images of collagen
sponges, which we use as scaffoldings for corneal tissue cul-
tures. These sponges are very weakly scattering and thus
should allow imaging depths of several millimeters. The
color map is the same for all three images and makes use of
the visible color spectrum, with red signifying the highest
scattering amplitude, blue the lowest, and black zero-
backscattered light. In the image on the left, the voxel am-
plitudes were calculated as the square root of the sum of the
powers inw and 2v. The increase of the piezowobble noise
with depth is evident as the “background” color changes
from darker to lighter blue, making it more difficult to dis-
tinguish features at greater depths. In contrast, the images in
the center and on the right were created using the square root
of the sum of the powers inc2and 3w, and no piezowobble
oscillations are present, as can be seen by the evenly dark
“background” color. The image in the center demonstrates
this noise reduction throughout its whole imaging depth of
4.5 mm, while the image on the right displays the improve-
ment in contrast for the features of the sponge throughout the
entire 3 mm thickness of the sponge.

FIG. 3. (_Color) Three volume-rendered OCM images of collagen'sponges. In conclusion, we have shown that eliminating the ef-
IS:; 'ifft 't?:gpeés\'lgr?mx(f 'asnrg2(_4+%2‘Teﬂf;pma:g;§gti?n§ (L)‘_Z'”n%r;he fects of piezowobble greatly reduces the noise in our images,
X 4.5 mm deep and the right imagg0.5 mmx 0.5 mmx 4.0 mm deep ~ €SPecially at greater image depths. By operating the piezo at
were created by using the sum of the powers inahd 3o. the special phase insensitive amplitude and by using the
square root of the sum of the powers im 2nd 3» as our

quencyw. The fringe signal in Eq2) is a nonlinear function  inge amplitude, we have been able to improve the quality
of the mirror displacement, so the power in the fringe signalPf our 3D images considerably.

|s_d|str|_but¢d over many harmonlcs_. In c_:ontrast, the_ Sma”ACKNOWLEDGMENT
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