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High-speed optical coherence domain reflectometry
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We describe a high-speed optical coherence domain reflectometer. Scan speeds of 40 mm/s are achieved with
a dynamic range of >90 dB and a spatial resolution of 17 um. Two applications are presented: the noninva-
sive measurement of anterior eye structure in a rabbit in vivo and the characterization of reflections and

interelement spacing in a multielement lens.

Optical coherence domain reflectometry (OCDR)
has emerged as an attractive method for obtaining
high-spatial-resolution (<10 pm) reflectance mea-
surements of fiber-optic, integrated-optic, and bio-
logical structures.”® Most previous OCDR systems
have achieved high sensitivity and dynamic range
by using narrow-band heterodyne detection by
piezoelectric path-length modulation and lock-in
amplifier techniques. For many applications,
present techniques are unacceptably slow. High
speed is essential for applications to biological and
medical diagnostics, where measurements must be
performed rapidly compared with movement of a
living subject. Speed is also important for process
or assembly line diagnostics, as well as in any appli-
cation that requires high data acquisition rates. By
using a high-speed linear translation stage, OCDR
measurements can be performed at high speeds
with significant simplifications in system design.
In this Letter we demonstrate a new OCDR tech-
nique for high-speed optical ranging measurements.
Speeds approaching 40 mm/s with a dynamic range
of >90 dB and a resolution of ~17 um are achieved.

The basic schematic of the OCDR setup is shown
in Fig. 1. A broadband light source such as a super-
luminescent diode (SLD) is coupled to a fiber-optic
Michelson interferometer. One arm of the inter-
ferometer leads to the sample of interest, and the
other leads to a reference mirror. Fiber-optic and
integrated-optic samples can be directly attached to
the sample arm fiber. For bulk-optical or biological
samples, a probe module is used to direct the beam
onto the sample and to collect the reflected signal.
To aid in sample alignment, we use a fiber-coupled
visible aiming laser. The reflected light beams are
detected at the photodetector. They coherently in-
terfere only when the sample and the reference path
lengths are equal to within the source coherence
length. Heterodyne detection is performed by tak-
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ing advantage of the direct Doppler frequency shift
that results from the uniform high-speed scan of the
reference path length. Recording the interference
signal magnitude as a function of the reference mir-
ror position profiles the reflectance of the sample.
The spatial resolution, scan speed, and dynamic
range of the OCDR system can be designed and opti-
mized according to the desired application. If
we assume a Gaussian line shape, the round-trip
FWHM of the source intensity coherence envelope
(AL) is related to the FWHM wavelength bandwidth
(AA) of the source by
. 2 )‘2
AL lln(2) — A 7 L
where A is the optical wavelength. The Doppler fre-
quency shift (fp) that results from a uniform velocity
scan (v) and the FWHM power bandwidth of the sig-
nal (Af) are given by

fo= 22 @)

4 v
Af = In(4)~ 57 ®
The optimum bandwidth for the bandpass filter is
approximately 2Af. Wider bandwidths will decrease
sensitivity, whereas smaller bandwidths will de-
crease resolution.

Figure 2 shows the measured power spectral den-
sity of the light source (Laser Diode Model LDT-
3201-SMF) and its FWHM value of 17.4 nm.
Figure 3 show the measured interference signal at
the photodetector and the demodulated envelope
obtained by scanning the reference mirror at
37.5 mm/s. This speed was used in all the mea-
surements reported here. Good agreement between
the measured coherence envelope FWHM of 17.2 um
and the theoretical value of 16.7 um [Eq. (1)] was
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Fig. 1. Schematic of the high-speed OCDR system. A-D,
analog-to-digital converter.
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Fig. 2. SLD power spectral density.

obtained. The Doppler frequency shift was mea-
sured at ~93 kHz, also in good agreement with
Eq. (2).

The approximate signal-to-noise ratio (SNR) in
the bandpass filter if we assume shot-noise-limited
detection is given by

_1mnP R,
~ 2 hv NEB’

where 7 is the detector quantum efficiency, P, is the
sample signal power, % is Planck’s constant, v is the
optical frequency, R, is the sample reflectivity, and
NEB is the noise-equivalent bandwidth of the band-
pass filter. As stated above, NEB = 2Af. Using
Eq. (4) and assuming that a SNR = 2 is the limit of
sensitivity, we can calculate the minimum resolv-
able reflectivity. Figure 4 shows the measured
system sensitivity. A neutral-density 2.2 filter fol-

SNR “4)

lowed by a mirror was used to create a sample with a_

reflectivity of —44 dB. More than 90 dB of dynamic
range is obtained at a power of 29.4 yW. The side-
lobes are echoes that are due to imperfect antireflec-
tion coating in the SLD. Their location correlates
well with the optical path length of the SLD. The
filter NEB was 91 kHz, which is 2.3 times the sig-
nal FWHM of Af = 8.9 kHz. With the above data
and n = 0.8, the theoretical dynamic range is calcu-
lated to be 91 dB, indicating that the system has
shot-noise-limited sensitivity.

OCDR provides a noncontact, high-sensitivity,
high-resolution technique for optical ranging. High
scan speeds are especially relevant for medical and
biological diagnostic applications. One ophthalmo-
logic problem of special interest is the noninvasive
measurement of anterior eye dimensions. Measure-
ments of corneal thickness or incision depth are
useful for keratorefractive surgeries®, while mea-

surements of anterior chamber depth are useful in
determining the refractive power of intraocular lens
implants'® as well as in the diagnosis of angle-
closure glaucoma." Although ultrasound ranging
has been used extensively in ophthalmology,? it re-
quires direct physical contact of the eye by an ultra-
sound transducer or saline immersion of the eye in
order to facilitate the transmission of acoustic waves
into the eye. In contrast, OCDR is a noncontact
diagnostic.

In order to demonstrate the clinical potential of
high-speed OCDR, measurements of eye structure
were performed in an anesthetized Dutch pigmented
rabbit in vivo. Figures 5(a) and 5(b) show an OCDR
measurement of the anterior eye along with a sketch
of rabbit eye structure for comparison.’* The out-
put from the sample fiber was collimated with a
20-mm focal-length lens and subsequently focused
into the anterior eye by using a 150-mm focal-length
lens. The depth of field was measured to be ~3 mm
FWHM. The scan speed was 37.5 mm/s, and the
scan range was 7.5 mm. Reflection peaks at the
air-cornea, cornea—aqueous, and aqueous-lens inter-
faces as well as scattering from within the cornea
can be seen. An echo of the air—cornea interface is
also visible. It results from the imperfect SLD facet
coating mentioned above. The refractive indices of
the cornea (n = 1.376) and the aqueous (n = 1.336)
(Ref. 13) were used to determine the measured
cornea thickness of 396 um and the anterior cham-
ber depth of 2.40 mm. The optical power incident
on the sample eye was 29.4 W, far below the Ameri-
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Fig. 3. Interference signal at the photodector and de-
modulated interference envelope.
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Fig. 4. System sensitivity.
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Fig. 5. (a) Measurement of the anterior of a rabbit
eye performed in vivo. (b) Schematic of eye structure.
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Fig. 6. (a) Measurement of multielement laser-diode colli-
mating lens. (b) An x ray of the lens.

can National Standards Institute safe ocular expo-
sure standard of 200 W at 830 nm.

In addition to diagnostics in biological systems,
high-speed OCDR has numerous applications for
noncontact diagnostics of precision mechanical and
optical systems as well as for process control and
monitoring in manufacturing. One example is the
testing of optical components. We investigated the
feedback characteristics of a commercially available
multielement laser-diode collimating lens (Fujinon
LSR-35B) using high-speed OCDR scanning. Diag-
nostics of multielement collimating lenses are impor-
tant because semiconductor laser diodes are known
to be sensitive to feedback. In addition, OCDR pro-
vides a direct measurement of interelement dis-
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tances in the lens assembly. The Fujinon lens was
used to collimate the light output from the sample
arm. Figures 6(a) and 6(b) show the measured re-
flectance profile along with an x ray of the lens.
The lens has five elements and an optical path length
of approximately 23 mm. The maximum scan
length of the reference mirroris 20 mm. Figure 6(a)
was constructed by using a composite of two scans.
The spacing between lenses, the lens thickness, and
the reflection coefficients of the various interfaces
can be seen. Although the reflection amplitudes
are sensitive to alignment, a maximum feedback of
approximately —70 dB arises from the last surface
of the last lens.

In summary, we have demonstrated an OCDR sys-
tem that achieves high-speed, high-sensitivity, and
high-resolution measurements by performing hetero-
dyne detection at the Doppler frequency shift that
results from the high-speed scan. This new tech-
nique makes possible a variety of new OCDR appli-
cations, including diagnostics in medicine and
biological systems and the precision monitoring
of mechanical systems in process control and
manufacturing.
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