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Imaging Transverse Flow Velocity Using Spectral Bandwidth of the 
Doppler Frequency Shift in Phase-resolved ODT 

Hongwu Ren, Zhongping Chen∗, Kjell Morten Brecke, Zhihua Ding,  
Yonghua Zhao, J.  Stuart Nelson 

Biomedical Engineering Center and Beckman Laser Institute, 
University of California, Irvine, CA 92612 

Abstract 

The Doppler bandwidth extracted from the standard deviation of the frequency shift in phase-resolved optical Doppler 
tomography (ODT) is used to image the velocity component transverse to the probing beam. Using a simple geometric 
optics model, the linear dependence of the Doppler bandwidth on flow velocity is theoretically derived and it is found 
that the effective numerical aperture (NA) of the optical objective determines the slope of this dependence. Above a 
certain threshold flow velocity, this linear relationship is in good agreement with experimental data. In the case where 
the angle between the probing beam and flow direction is within ±15 degree to the perpendicular, the Doppler frequency 
shift is very sensitive to angle position while the Doppler bandwidth is insensitive to flow direction. Linear dependence 
of the flow velocity on the Doppler bandwidth allows accurate measurement of flow velocity without precise 
determination of flow direction. In addition, it also extends the dynamic range of the average frequency shift mapping 
method used in the phase-resolved ODT. 
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Introduction 

Optical Doppler tomography (ODT) combines Doppler velocimetry with optical coherence tomography (OCT) [1] for 
noninvasive location and measurement of particle flow velocity in highly scattering media with micrometer-scale spatial 
resolution [2-6]. The principle employed in ODT is very similar to that used in radar, sonar and medical ultrasound. 
ODT uses a low coherence source and optical interferometer to obtain high spatial resolution gating with a high speed 
scanning device such as a rapid scanning optical delay line (RSOD) [7-8] to perform fast ranging of microstructure and 
particle motion detection in biological tissues or other turbid media. To detect the Doppler frequency shift signal induced 
by the moving particles, several algorithms and hardware schemes have been developed for ODT. The most 
straightforward method to determine the frequency shift is using of a small time fast Fourier transform (STFFT) [2-4]. 
However, the sensitivity of this method is mainly dependent on the FFT time window, which limits axial scanning speed 
and spatial resolution when measuring slowly moving blood flow in small vessels that requires high velocity sensitivity. 
However, a phase-resolved technique [5-6] can decouple the Doppler sensitivity and spatial resolution while maintaining 
high axial scanning speed. The limitation of phase-resolved ODT is that the dynamic range of the Doppler frequency 
shift measured is small because of an aliasing phenomenon caused by 2π ambiguity in the arctangent function. In our 
previous paper [6] on phase-resolved ODT, we reported on the use of the standard deviation of the Doppler spectrum to 
locate the microvasculature. In this paper, we demonstrate that standard deviation of the Doppler spectrum can also 
provide quantitative information on flow velocity. Using a simple geometric optics model, the linear dependence of the 
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Doppler bandwidth on the flow velocity is theoretically derived and it is found that the effective numerical aperture 
(NA) of the optical objective in the sample arm determines the slope of this dependence. When flow velocity is much 
higher than that of the Brownian motion of the moving particle, the linear dependence of the flow velocity on the 
Doppler bandwidth allows accurate measurement of flow velocity transverse to the optical axis of the probing light 
beam. 

Principle of Transverse Velocity Measurement 

Phase-resolved ODT solves the compromise between spatial resolution and velocity sensitivity in the STFFT algorithm 
by mapping the phase change between sequential A-line signals for velocity detection. Phase-resolved ODT increases 
the imaging frame rate and it also increases the sensitivity of flow velocity detection by more than 2 orders of 

magnitude. The complex analytical function )(
~
tjΓ  of each A-line ODT digitized fringe signal )(tjΓ  is calculated by the

Hilbert transform 

{ } )(~
)()()()( ti

jjj etAtitt ψ=ΓΗ+Γ=Γ          (1) 

where H, A, ψ , j  and t  denotes the Hilbert transform, the amplitude and phase of the complex function )(
~
tjΓ , A-line

number and RSOD group delay time, respectively. The average Doppler frequency shift and standard deviation of the 
Doppler spectrum for each pixel can be obtained simultaneously by the following equation, respectively, 
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where k is the pixel index, T  is the A-line scanning period, Im  denotes imaginary part and Re denotes real part of the 
complex value, f is the Doppler frequency shift, )( fP  is Doppler power spectrum. From equation (2), the velocity limit 
known as 2π ambiguity velocity range is obtained as,    

s
f fV d

θ
λ

cos4max =    (4)  

Equation (4) indicates that the maximum unambiguous velocity dfVmax  detected by the phase-resolved method is 
determined by the RSOD scanning speed sf , the center wavelength of the optical source λ and cosine of the Doppler 
angleθ .   

There are a number of factors that contribute to the broadening of the Doppler spectrum including Brownian motion, 
velocity gradient and turbulence and focusing beam geometry of the optical probing beam, which is not plane wave. 
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When velocity is high, probing beam geometry dominates the broadening of the Doppler spectrum. The contribution 
from the focusing beam geometry can be derived from the optical geometry as show in Figure 1. When the Doppler 
angle larger than ( )clw2tan 1− , where w  is waist radius of the optical Gausian beam at the focus point and cl is the
optical coherence length, the Doppler bandwidth is determined by the difference between two extreme average Doppler 
frequency shift caused by the two optical rays at the two boundaries of the probing optical beam. The average Doppler 
frequency shift corresponding to these two optical rays can be written as 

λ
φθ )cos(2 −

=
Vfa     (5) 

λ
φθ )cos(2 +

=
Vfb     (6) 

The estimated bandwidth of the Doppler signal derived from the above two equations is 

λ
θ

θφ
λ

eff
bad

NAVVffB
sin4

sinsin4
==−=  (7) 

In this equation, dB is the Doppler bandwidth, V is the flow velocity, φ is the optical aperture angle, θ is the Doppler 
angle and, effNA is the effective numerical aperture. The Doppler bandwidth dB is defined by the above geometrical 

optics method. For a Gaussian optical beam, the Doppler bandwidth eB1 (full width at e1  of maximum spectrum
amplitude) is the inverse of the transit time spent by particles passing through the focus zone of the Gaussian optical 
beam. The relationship between eB1  and dB is:

de BB
81
π

=  (8) 

Considering the relationship between the standard deviation and the Doppler bandwidth for a Gaussian optical beam,  

φ
φ

θ

Intralipid flow in 
capillary tube 

Optical collimator Optical objective 

Figure 1. Probe beam geometry in the sample arm. θ is the Doppler angle between the
optical axis and the flow velocity direction.   
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σ41 =eB   (9) 

the relationship between the standard deviation and effNA  can be derived as, 

λ
θπ

σ
8

sin effNAV
=       (10) 

If we include the contributions from Brownian motion and other factors that are independent of the macroscopic flow 
velocity, equation (10) can be modified as, 

b
NAV eff +=
λ
θπ

σ
8

sin
               (11) 

where b  accounts for bandwidth spectrum broadening from all of these sources. From the above theoretical result, the 
standard deviation is linearly dependent on velocity above a background value, and the effective numerical aperture 

effNA of the optical objective in the sample arm determines the slope of this velocity dependence. Knowing effNA , the 
measurement of the standard deviation can be used to determine the flow velocity. The flow velocity detected by the 
Doppler bandwidth method will be limited by the aliasing phenomenon being described by sf≤σ . However, because 
the Doppler bandwidth and standard deviation are much smaller than the average frequency shift in the flow conditions 
encountered in most case, the Doppler bandwidth can extend the detection range of flow velocity. The range of velocity 
detection using the Doppler bandwidth method is determined by, 
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From equations (4) and (12), we can determine the ratio of the range of velocity detection for these two methods when 
they are directly applied with no phase unwrapping methods used, 
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The experiment system used for the Doppler bandwidth measurement has been previously described [5-6]. The optical 
source for the fiber interferometer is a low coherence ASE broadband source, whose output power, center wavelength, 
and bandwidth is 5 mW, 1300 nm and 65 nm, respectively. The source is coupled to the source arm and split into 
reference and sample arms by a 3-dB 22×  coupler.  A rapid-scanning optical delay line (RSOD) in a group delay 
scanning mode is used for 500 Hz A-line scanning, and an E-O phase modulator at 500 kHz with a ramp signal is used 
as a carrier frequency producer to implement a heterodyne detection scheme. In the sample arm shown in Figure 1, an 
exchangeable optical collimator and an optical objective ( ×20 , 35.0.,.AN ) are used to focus the optical beam to the 
center of a capillary tube whose inner diameter is 900 µm for M-mode imaging. A 0.1% intralipid solution composed of 
particles (0.356 micrometer diameter) is used as the turbid media, and a syringe pump driven by a high-resolution 
translation stage controls its flow through the capillary tube. In the detection arm, the signal from the photodector is 
amplified with a bandpass preamplifier and then sent to a A-D conversion and data acquisition board sampling at 5 
MHz, the number of data points for each A-line data acquisition is 4096. The A-line scanning of RSOD, phase 
modulation of the E-O phase modulator and data acquisition of the data acquisition board are synchronized in order to 
get precise alignment of the original phase of the sequential A-line scans.   
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Results and Analysis 

The standard deviation images of the intralipid flow in the center section of the capillary tube for different effNA , 
Doppler flow angle θ  are captured for a velocity from 0 to 960 sm /µ . The position of the focus point of the optical 
probing beam is fixed to the center of the tube. The profiles of the flow standard deviation images for three velocities are 
shown in Figure 2.  We extract the center part of every flow standard deviation profile for a velocity from 0 to 
960 sm /µ to study the relationship between Doppler bandwidth and velocity.  The extracted result from the center part 
of every standard deviation profile corresponds to the top of the parabolic flow profile in the tube. The experimental 
standard deviation data and theoretical curves from equation (11) are shown in Figure 3 when effNA  equals 0.09 and 
0.05 at Doppler angle 77°. The solid and dotted lines are the theoretical curves and experiment results respectively. The 
theoretical and experimental curves are in good agreement for velocities higher than 300 sm /µ . For effNA  equals 0.09 and

0.05, the background b is 66 and 64.5 Hz, respectively. At low flow velocity, the standard deviation is constant. This is 
because at low velocity Brownian motion, which is independent of the macroscopic flow velocity, dominates the 
Doppler bandwidth. The regime for velocities higher than 300 sm /µ  is dominated by Doppler bandwidth broadening 
originated from the optical beam geometry. Figure 3 indicates that the slope of the Doppler bandwidth dependence on 
velocity is proportional to effNA . The standard deviation experimental data and theoretical calculations for different 
angles and two effNA  values 0.09 and 0.05 at a velocity of 698 sm /µ  are shown in Figure 4. Figure 4 indicates that the 
dependence of Doppler bandwidth is insensitive to Doppler angles around 90°. The background b when the effective NA 
equals 0.09 and 0.05 is 65.6 and 64.8 Hz, respectively. Therefore the Doppler bandwidth component in the standard 
deviation can be used in this situation to measure transverse velocity. It can be used in intravascular imaging blood flow 
using endoscopic optical coherence tomography where the Doppler angle is around 90°, and most of the blood vessels 
are parallel to the surface of the skin, so this method has its merit for this reason.  From Figure 3, it was determined that 
there is no aliasing phenomenon even though the velocity has reached 960 sm /µ , which is much higher than the largest 
measurable velocity with the average Doppler frequency shift mapping method described by equation (4). This is 
because the standard deviation is only a small fraction of the average Doppler frequency shift as explained by equation 
(13). The ratio M theoretical curves are plotted in Figure 5 for two different effNA . Figure 5 indicates that the 
unambiguous detection range of velocities using the Doppler bandwidth mapping method can be many (10~20) times 
larger than the corresponding average Doppler frequency shift mapping method when the Doppler angle is in the range 
from 70° to 85°. Therefore the Doppler bandwidth mapping method is a promising tool for overcoming the 2π ambiguity 
of velocity detection in the average Doppler frequency shift mapping method.   

Conclusion 

In conclusion, the Doppler bandwidth can be used to measure flow velocity transverse to the probing beam direction. 
Using a geometric optics model, the linear dependence of the Doppler bandwidth on flow velocity is theoretically 
derived and it is found that the slope of this dependence is determined by the effNA  of the optical objective. Above a 
certain threshold flow velocity, this linear relationship is in good agreement with experimental data. In the case where 
the angle between the probing optical beam and flow direction is within ± 15 degree to the perpendicular, the average 
Doppler frequency shift is very sensitive to angle position while the Doppler bandwidth is insensitive to flow direction. 
Linear dependence of the flow velocity on the Doppler bandwidth allows accurate measurement of flow velocity without 
precise determination of flow direction. Finally, this technique also extends the dynamic range of the average Doppler 
frequency shift mapping method used in the phase-resolved ODT. 
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Figure 2.  Standard deviation flow profile in the center of the capillary 

Figure 3. Standard deviation dependence on velocity and effNA at Doppler angle

77 degree°, the solid line is theoretical curve from equation (11).  For effNA  equals
0.09 and 0.05, the background b is 66 and 64.5 Hz, respectively. 
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Figure 4. Standard deviation at different Doppler flow angles for two effNA  0.09 and

0.05 when the flow velocity is 698 sm /µ . The background b when the effective
NA equals 0.09 and 0.05 is 65.6 and 64.8 Hz, respectively. 

Figure 5. Ratio of the detection range of velocity by the Doppler bandwidth and
average frequency shift mapping methods. The scanning frequency rate of the RSOD
is 500, and the background of standard deviation b is 70 Hz, which corresponds to the
value determined in our experiment.   
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