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Phase-resolved Frequency Domain Optical Doppler
Tomography

Lei Wang 2, Yimin Wang®®, Mark Bachman 2°°, G.P. Li *¢ and Zhongping Chen 3?4
& Department of Electrical Engineering and Computer Science
® Department of Biomedical Engineering
¢ UCI Integrated Nanosystems Research Facility
9 Beckman Laser Institute
University of California, Irvine

ABSTRACT

We present a phase-resolved optical Doppler tomography (ODT) system at 1310 nm using
frequency domain method. Frequency domain phase-resolved ODT potentially allows for an
increased longitudinal imaging range, signal-to-noise ratio and imaging acquisition rates, which can
dramatically increase the measurable velocity dynamic range. A detailed derivation of phase-
resolved frequency domain ODT and a measurement of flow through micro channel are presented.
This technique can be used to quantify flow in integrated microfluidic devices in which complex
three-dimensional structures and a wide velocity range are present.

K eywords. Optical Doppler Tomography, Flowmetry

INTRODUCTION

Optical Doppler tomography (ODT) is a noninvasive diagnostic technique for imaging
sample structure and the cross sectional velocity distribution of moving scattering media[1]. Early
ODT systems were unable to achieve simultaneously both high imaging speed and high velocity
sensitivity. Phase-resolved ODT [2,3] provides information on flow velocity and variance in this
velocity and several clinical applications of phase-resolved ODT have been reported [3]. We have
also applied this noninvasive imaging technique to quantify micro flow and the result is comparable
to those obtained by conventional testing method [4]. Recently, frequency domain optical
coherence tomography (OCT) has attracted great attention due to its intrinsic advantage in signal-
to-noise ratio. Several research groups have shown that frequency domain OCT has a signal-to-
noise ratio approximately 20 dB higher than that of time domain OCT [9-11]. In addition,
frequency domain OCT does not require any axial scanning and the imaging speed is determined by
either the electronic detection system or the tuning rate of a tunable laser [5-15]. Because parallel
data acquisition can be implemented in frequency domain, high speed A-line data rate is possible.
This provides phase-resolved ODT a better signal-to-noise ratio since the phase noise (caused by
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environmental vibration) will be minimized. Furthermore, higher A-line rate gives larger velocity
dynamics range. Therefore, frequency domain ODT has advantages in applications where imaging
speed and velocity dynamic range is important.  In this paper, we report a frequency domain ODT
system using phase-resolved algorithm to measure flow velocity. Frequency domain phase-
resolved ODT is not only promising for high speed medical application but also important in
quantifying integrated microfluidic devices where complex three-dimensional structures and a
broad velocity range are present. We present phase-resolved ODT images using frequency domain
method at 1310 nm. At this wavelength, bigger penetration depth is expected in biological sample.

PRINCIPLE

Frequency domain ODT system has the same configuration as frequency domain OCT, as
shown in figure 1. The back-routed beams from the reference and sample arms are dispersed by a
grating after exiting from fiber and incidence on a detector array.

1310nm E Mirror

Spectrometer

L{/ Data Acquisition

Fig. 1. Schematic of phase-resolved frequency domain ODT system. SLD,
superluminescent diode; 2x2, fiber coupler; 6, Doppler angle; V, velocity of flow; D,
path difference between sample and reference arms.
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Light with different wavelength is detected by elements of a detector array. With an object
in place in the sample arm, an interference spectrograph is generated at the detector array. The
frequency domain representation of the interference pattern is described by equation (1), where S(w)
denotes the frequency distribution of light source, o is the angular frequency of each wavelength
component, R, and Rsare reflection coefficient of the reference and sample arms, respectively, D is
the path difference between the object and the reference mirror and c is the speed of light in free
space. The initial phase difference is assumed to be zero.

(@) = (IR +S(&R +RR S a)[exp(—j%D c»+exp(+joD c»} )

The spectrograph is modulated at a frequency determined by D. Using the inverse Fourier
transform (IFT), acomplex time domain reflective signal i(t) of the sample is obtained.
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where S(t) isthe IFT of S(w), namely the wave package in time domain and ® denotes convolution.
The first two terms in equation (2) represent the DC component and the last term represents the
corresponding relative time delay with respect to zero path difference. Due to the property of
Fourier transform, a parasite image is also present [6,7,12]. Clearly, different optical path
difference corresponds to different time delay.

“4T.V.cosb

Fig. 2. Geometry of probe beam and single scatter flow through a micro tube. D,
initial path difference; P, zero path difference plane; T, time elapsed; V, velocity of
moving scatter, K, wave vector; C, micro channel

When considering the situation of a single moving scatter and assuming a homogeneous
sample medium, as depicted in figure 2, the optical path difference is now equal to 2:(D+T-Vcosb),
where V isthe velocity of the scatter, 0 is the Doppler angle between the scatter direction of motion
and ODT probe wave vector. The initial position of the moving scatter is D. According to
modulation theorem, the corresponding time domain signal is a function of [2:(D+T-VcosB)/c].
Therefore, if the time delay between two sequential i(t) is known, we can calculate the velocity of
the scatter by equation (3).

Z\/COCSHD' =1, 3)
where T isthe time interval between two sequential A-lines and 4 isthe optical time delay between
two positions. However, it isdifficult to determine the optical delay for each pixel directly. The
optical time delay is extracted by comparing the average phase change between two sequential
complex time domain reflective signals (i(t) )

<l

Ay _
w @
where Ay is the average phase change, w is the average angular frequency of the light source and

mo 1S the center angular frequency if a Gaussian light source is assumed. Using the phase-resolved
method, the phase change is determined by calculating the cross correlation function of two
sequential complex spatial reflective signals [2-3], as described by equation (5).

(4)
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where Im and Re represent imaginary and real components of a complex, * denotes conjugate, N is

the number of sequential data pointsto be averaged and j and j+1 are indices for sequential complex

time domain reflective signals. From equations (3)-(5), the velocity can be evaluated as:
NcosfT Ay

c w

Ay =tan™

(6)

The equation for calculating phase-resolved ODT maintains the same form in both the time domain
and frequency domain, as expected. Due to the periodic property of the triangle function, areliable
velocity estimate is limited in a dynamic range within the time period of [-Ao/2C, +Xo/2C].

Fig. 3. FHowchart for phase-resolved frequency domain ODT signal processing
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Figure 3 shows the signal processing scheme of our phase-resolved frequency domain ODT
system. A background signal (In(w)) was recoded by blocking the sample arm, reducing
considerably the DC component in time domain. After IFT of each A-line data, the time domain
complex signal was correlated with the previous one. To increase the signal-to-noise ratio in the
ODT images, 30 sequential A-lines were used for the calculation of the phase shift of each A-line
pixel.

EXPERIMENTS

A super-luminescent diode centered at 1310 nm with a FWHM of 60 nm (corresponding to
an axial resolution about 10 um) was used as a broad band light source. It delivers atotal power of
8 mW. The back routed beams were dispersed over a 1x512 InGaAs detector array of a 300 mm
imaging spectrograph. The spectrometer had a spectral resolution of approximately 0.2 nm,
corresponding to an imaging depth about 2.2 mm in free space. Although the exposure time was set
to 300 us the spectrum collection rate we achieved was approximately 80 Hz. The rate was limited
by the data transfer rate from the detector controller to the computer. A spectrum of light from the
reference arm was subtracted from each A-line spectrum to minimize the DC component. The
sample arm was tilted at an angle of 84° with respect to the flow direction, in order to get flow
velocity projection. For a demonstration of frequency domain ODT, 2% Intralipid solution was
used asworking fluid. It was driven through a plastic tube (outer diameter: 780 pum; inner diameter:
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260 um) by a syringe pump at a fix pump rate of 0.3 pl/min. The whole experimental setup was
mounted on a floating optical table to reduce the effects of environmental vibrations.

0.0 60dB -200 1 m/s 2001 m/s

Fig. 4. Phase-resolved frequency domain OCT and ODT images. A, OCT image; B,
ODT image; |, top outer surface; Image size, 1 mm x 0.9 mm

Figure 4 shows the structure and velocity images of a plastic tube obtained by frequency
domain phase-resolved ODT. The horizontal scanning range was 1 mm, corresponding to 3000 A-
lines. Every 30 A-lines were used to calculate the intensity and flow velocity of each A-line shown
in figure 3. Fig. 4 A shows the structure image of the plastic tube with Intralipid. The plastic tube
was placed close to the zero path difference position. The top outer surface (1) of the plastic tube
was imaged backward because it lied on the other side of zero path difference position. Fig. 4 B is
the velocity image of flowing Intralipid. The presence of different velocities (property of pressure
driven flow) within the plastic tube was detected, as expected. The velocity was color coded, red
and blue representing opposite flow directions.
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Fig. 5. Velocity profile measured by phase-resolved frequency domain ODT at the
center of the conduit
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A vertical cross section velocity profile at the center of the conduit is shown in figure 5, in
which parabolic like velocity profile was observed. It indicates a laminar flow through the sample
tube, as expected.

As described above, the imaging speed and velocity range are limited by the spectrum data
transferring rate between detector controller and computer. However, high imaging speeds are
possible if a high speed spectrometer is used. Furthermore, high data collection rate can reduce the
phase noise and one does not need an air floated bench and tens averaging to get a good signal-to-
noise ratio. An ultra-high speed spectrometer with 300 KHz spectra acquisition rates is currently
available; if such a high speed spectrometer were used, a frame rate as high as 100 frames/s may be
achieved with a velocity dynamic range of 1000 mnvs at a Doppler angle of 84°. In addition,
longitudinal imaging range can be increased with the use of a high-resolution spectrometer in
conjunction with a large focal depth axicon lens [16]. This would allow for imaging of an object
under athick transparent media accessible, for example in three dimensional microfluidic networks.

CONCLUSION

In summary, we described the method of frequency domain phase-resolved ODT as a
noninvasive flow diagnostic method. Since the imaging rate of the frequency domain method is not
controlled by bus of a mechanical scanning device, this system is more flexible and can acquire
images at faster rates. Furthermore, the velocity dynamic range can be increased considerably.
Given the noninvasive nature of the measurement technique, high signal-to-noise ratio, high speed
acquisition and simple hardware adjustment, frequency domain phase-resolved ODT may be
prefered for real-time applications.
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