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A compact flow velocity sensor based on dielectric optical microresonators is demonstrated. In this novel LiDAR-

based sensor concept, velocity Doppler shifts fromMie-scattered light are determined using whispering gallerymode

(WGM) optical resonators. The microresonators could replace Fabry–Perot interferometers and other optical

frequency discriminators often employed in remote sensing applications, thereby significantly reducing the size

and weight of the measurement system, making it suitable for flow diagnostics for both earthbound and airborne

platforms.Two sets of experiments are carriedout to assess the feasibility of the sensor concept. In the first-level proof-

of-concept experiments, the tangential velocity of a solid rotating disk is measured using a sphere microresonator,

with encouraging results. In follow-up experiments, velocity measurements near the exit of an air jet nozzle are

carried out. The air is seeded with water droplets, and the Mie-scattered light is analyzed using on-chip ring

resonators. Both single-point and jet profile measurements are made. The results demonstrate the feasibility of a

WGMmicroresonator-based flow sensor.

Nomenclature

c = speed of light, m/s
D = diameter of nozzle at exit, mm
dA = differential overlap area, m2

E1 = electric field distribution of coupling side 1, V/m
E2 = electric field distribution of coupling side 2, V/m
E�
2 = complex conjugate of E2, V/m

k0 = wave vector of incident light, rad∕m
kS = wave vector of collected light, rad∕m
m = circumferential integer mode number
n = refractive index
Q = resonator optical quality factor
R = radius of resonator, m
r = radial distance from the jet centerline, mm
V = velocity vector, m/s
Va = projection of velocity vector along (kS − k0) direction,

m/s
x = streamwise distance from nozzle exit plane, mm
α = angle between k0 and kS, rad
Δf = Doppler frequency shift, Hz
Δλ = wavelength shift, m
δλ = resonator linewidth in the wavelength spectrum, m

η = coupling efficiency from mode overlap integral
θ = angle between k0 and V, rad
κ = angular product factor
λ = operating wavelength, m
λR = relative wavelength, pm
ρ = concentric misalignment between fiber and telescope

focus, μm
ΩR = disk rotational speed in revolutions per second, Hz

I. Introduction

A IR- and space-borne optical measurements have gained
increased importance over the last few years due to the interest

in characterizing atmospheric quantities, such as the temperature
profile [1,2], chemical species and contaminant concentration [3–
6], and cloud formation and weather forecasting [7–11]. In addition
to applications in Earth science, atmospheric characterization is of
interest for interplanetary missions, especially for Mars. Air data
sensing is of strong interest, and has been accomplished by stationary
and mobile instrumentation using terrestrial (fixed research station
and motor vehicle based), airborne (drones, weather balloons, air-
planes), as well as low-Earth orbit (both CubeSats and traditional
satellite missions) platforms [12–15]. Another type of atmospheric
measurement relates to the entry, descent, and landing of spacecraft,
entry demonstrator modules, and sounding rockets [16–19]. In these
applications, the parameter of interest is the speed of the craft moving
through a stagnant atmosphere.
Existing earthbound and airborne systems employing nonintrusive

optical methods for wind measurements consist of a variety of
techniques, such as laser Doppler velocimetry [20–23], particle
image velocimetry [24,25], and laser imaging detection and ranging
(LiDAR) systems using coherent Doppler measurements [26–28].
Airborne sensing in the absence of aerosols is typically performed
using LiDAR systems with direct detection capabilities [29],
which can offer robust and highly sensitive measurements, as well
as high signal-to-noise ratios. However, their sensing elements
(analyzing the backscattered light for Doppler shift) often employ
Fabry–Perot interferometers operating in imaging mode along with
two-dimensional cameras [30,31], or other, similarly complex and
bulky, optical systems. These signal analysis modules are generally
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more susceptible to external disturbances (especially vibration). This
paper proposes an alternate approach for the analysis of the scattered
light in which a whispering gallery mode (WGM) optical micro-
resonator, alongwith a photodetector (photodiode or photomultiplier
tube), is used to determine the Doppler shift. The approach signifi-
cantly reduces the size and weight of the detection subcomponent of
remote sensing systems, particularly in the case of Fabry–Perot-
based instruments. As shown in Fig. 1, the Fabry–Perot interferom-
eter and the two-dimensional array detector are replaced by a WGM
microresonator and a photodetector.
In the present study, two sets of experiments are designed and

performed. As a first step, the concept is tested by measuring the
tangential velocity of a solid rotating disk. Several signal processing
options are considered in these experiments. With the experience
gained from these results, a second set of experiments is performed,
this time near the exit plane of a water spray nozzle.

II. Measurement Principle

In typical direct detection Doppler LiDAR systems (Fig. 1, left),
the backscattered light from particulates or gas molecules is captured
and directed (either by using a set of collecting optics or via an optical
fiber) to a Fabry–Perot interferometer. At the output of the interfer-
ometer, the interference pattern is captured by a charge-coupled-
device camera, and the movement of the pattern due to the Doppler
shift in the collected light is analyzed to determine the gas velocity. In
this configuration, thewavelength of the laser is fixed and the Fabry–
Perot interferometer is used in the imaging mode. In the proposed
configuration (Fig. 1, right), a scanning laser is used, and the scattered
light is coupled into a single-mode optical fiber or a waveguide, and
directed to a WGM resonator. The WGM resonator is a circular
dielectric cavity (in the present study we use both sphere- and ring-
shaped resonators). The collected light is tangentially introduced into
the resonator via evanescent coupling from a single-mode optical
fiber or an on-chip waveguide, as shown in Fig. 2. The optical fiber/
waveguide serves as an input/output conduit. When the input light is
tuned across a narrow wavelength range (by scanning the laser),
optical resonances are observed as sharp dips at the output of the
fiber/waveguide, as depicted in the figure. For a resonator of radiusR
and refractive index n, the approximate resonance condition is given
by

2πRn � mλ (1)

This measurement technique is similar to that of frequency-
modulated continuous wave interference systems [32]. In this case,
the WGM resonators act as temporally ultrastable wavelength dis-
criminators, and Doppler shifts are directly determined from shifts in
the transmission spectrum (see Fig. 2). The main advantage of this
approach is the measurement of the Doppler shift as direct time-
domain delay instead of relying on the frequency and phase mea-
surements obtained fromoptical heterodyning.WGMresonators also
typically possess extremely high optical quality factors Q, where
Q � λ∕δλ. HighQ-factors are associated with low optical losses and

narrow resonance linewidths. For certain microresonator geometries,
Q values can be as high as 107 or 108 [33]. LargeQ values allow for
extremely high resolution in the measurement of wavelength shifts
(due to exceedingly small resonance linewidths), which has led to the
development of several WGM-resonator-based sensor concepts in
recent years. These sensor concepts include force [34], pressure [35],
wall pressure [36], wall shear stress [37], electric field [38], as well as
magnetic field sensors [39]. In the present application, a small change
in the wavelength of the scattered light shifts the location of the dips
in the transmission spectrum shown in Fig. 2, allowing for the
detection of Doppler shifts caused by changes in the particle
velocities.
As described in Fig. 3, when the incident laser wave vector k0,

collecting wave vector kS, and velocity vector are all on the same
plane, the relationship between the WGM frequency shift and the
velocity of the gas is given by [40]:

Δf � 2Va

λ
sin

�
α

2

�
(2)

The projection Va of the velocity vector along the direction kS −
k0 is

Va � V ⋅ �kS − k0� (3)

Therefore, the velocity magnitude can be expressed in terms of
Doppler wavelength shift as

V � −
c ⋅ Δλ
2λ

1

�cos θ�cos α − 1� � sin θ sin α� sin
�
α
2

� (4)

Fig. 1 Left: generalized Fabry–Perot-based LiDAR; right: proposed WGM resonator-based system.

Fig. 2 Schematic representation of the WGM resonator and its oper-
ation.

Fig. 3 Doppler angles and measured velocity on a plane.
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Setting κ � �cos θ�cos α − 1� � sin θ sinα� sin�α∕2�, Eq. (4)
becomes

V � −
c ⋅ Δλ
2λκ

(5)

where κ ∈ �−2; 2�.

III. Rotating Disk Experiment

A. Experimental Setup

A schematic of the experimental setup is shown in Fig. 4. The
output of the 9 mW, 639 nm Littman–Metcalf cavity diode laser is
focused on the edge of the rotating disk [41]. The scattered light from
the edge of the disk is collected, collimated, and subsequently
reduced in diameter to facilitate the coupling into a single-mode
optical fiber. The mode-field diameter of the fiber core is ∼3.6 μm.
The fiber-coupled light is then directed through a tapered section of
the fiber, where it is coupled into a∼500 μm-diameter spherical silica
resonator. The transmitted light is collected by a photodiode, and its
output is discretized by a 12-bit analog-to-digital converter. The data
is analyzed on a desktop computer. Amagnetic tachometer is used to
determine the rotational speed of the disk. Approximately 1.6 mWof
light scattered from the disk’s edge is captured by the collecting
optics, and about 13.5 μW is coupled into the optical fiber. The light
power captured by the photodetector after the tapered fiber region is
approximately 0.05 μW. This corresponds to a total light loss of
∼99.63% between the collecting fiber coupler and the photodetector,
which is poor, but not unexpected, given the significant insertion and
scattering losses in the fiber coupling and tapering sections, respec-
tively. Additional losses from setupmisalignment are also significant
due to the highly specular surface of the rotating disk. Thus, optical
coupling and transmission efficiency pose a challenge in the current
setup. When an optical fiber is used for coupling light into the
resonator, the fiber must be tapered down to a diameter of ∼10 μm
to sufficiently expose the evanescent field, resulting in significant
additional light loss through scattering in the tapered region. This loss
can be mitigated by using the integrated waveguide–ring resonator
system, such as that presented in the next set of experiments. The
integrated resonator–waveguide system does not require tapering for
efficient light coupling between the waveguide and the resonator.
Thus, the only significant coupling loss occurs at the input and output
ends of the waveguide. For a more comprehensive description of the
experimental setup and procedure, the reader is referred to [42].

B. Results

The laser wavelength is scanned at a rate of 700 Hz by a ramp-
waveformdriver signal froma function generator. The disk frequency
ΩR is varied between 48 and 240 rotations per second, corresponding

to edge tangential velocities of 14.3 m∕s and 71.6 m∕s, respectively.
The collected signal (transmission spectrum) is digitized at 6000 data
points per wavelength scan, phase-locked, and ensemble-averaged
over approximately 600 successive laser scans for each disk speed.
Figure 5 shows the transmission spectra in the vicinity of a selected
WGM resonance dip for a single laser scan. The corresponding ramp
signal (driver voltage) is also shown for reference. As the disk’s
rotational frequency increases, the resonances move to the right
(longer wavelengths) due to the Doppler shift.
The Doppler shifts vs disk rotational speed are shown in Fig. 6.

Data processing consists of phase-locked averaging of 600 individual
laser scans to obtain an ensemble-averaged transmission spectrum at
a given disk rotational speed. Two sets of experiments are performed
with two different setups, at two different times. The measured
Doppler shifts are determined by applying cross correlation between
each ensemble-averaged scan and a reference scan. The reference
scans used correspond to disk rotational frequencies of 48 Hz for
experiment 1 and 60 Hz for experiment 2. The optics are set up such
that α � −90 deg and θ � −180 deg (referring to Fig. 3). The solid
line represents the WGM shifts calculated using Eq. (4). The dotted
lines represent the systematic uncertainty of the measured Doppler
shift due tomisalignment inα and θ.WGMshifts for two sets of angle
misalignments,	3 deg and	5 deg, are shown in the figure. Even a
relatively modest angle misalignment affects the measured Doppler
shifts considerably, resulting in the slightly different slopes obtained
in the two sets of measurements.
Several factors influence the signal quality in the preceding experi-

ments. Imperfections in the disk concentricity and edge flatness cause

Fig. 4 Setup for the rotating disk experiment.

Fig. 5 Transmission spectra around the selected resonance for
several ΩR.

Fig. 6 WGM shift for various disk rotational speeds.
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the edge of the disk to “wobble,” leading to considerable degradation
and loss of signal on the collection side, resulting in poor signal-to-
noise ratios. This is further amplified due to the freestanding nature of
the optics, and the high precision required in free-space-to-fiber
coupling. As explained in Sec. IV, use of integrated optics signifi-
cantly improves alignment stability and signal quality. Despite these
factors, the experiments demonstrate the feasibility of the measure-
ment technique.

IV. Jet Velocity Measurements

A. Experimental Setup

An improved opto-electronic arrangement is set up and measure-
ments are made at the exit of an internal-mixing water-atomizing
spray nozzle. Mie scattered light is collected and analyzed to deter-
mine Doppler shifts. The nozzle exit is circular, with a diameter of
D � 1.27 mm. The nominal droplet diameter is ∼25 μm.
For these experiments, pigtailed on-chip microring resonators and

integrated waveguides are used instead of the sphere resonators and
tapered optical fibers employed previously. A schematic of the
experimental setup is shown in Fig. 7.
Referring to Fig. 3 and Eq. (5), larger jκj values yield higher

resolutions in measured velocity. Figure 8 shows the variation of
jκj with α and θ. The experiment is set up to measure the streamwise
velocity, with the incident and collection optics directions both at 45°
to the jet axis. This results in laser beam and light collection angles of
α � 90 deg and θ � 135 deg, resulting in jκj � 1, as highlighted
in Fig. 8.

A solid-state continuous-wave tunable laser is used for this experi-
ment, with a nominal power and a wavelength of 120 mW and
461 nm, respectively. The laser wavelength is scanned by varying
the voltage on the piezo-mechanical element that acts on the laser
resonator cavity grating. The mode-hop-free frequency scanning
range of the laser is ∼20 GHz. The probe waist, with a diameter of
∼4 μm, is formed using a set of focusing lenses, as shown in Fig. 7. A
benchtop telescope is used as the collection optic. At the output of the
telescope, a free-space-to-fiber adapter feeds collected light into a
single-mode optical fiber. At the other end, the fiber is pigtailed into a
microchip that contains an embedded waveguide and ring resonator.
On the opposite end of the chip, light from the waveguide terminates
at a photomultiplier tube (PMT) (Fig. 7). Light coupling from the
telescope into the single-mode fiber is of chief concern, as the largest
signal loss is incurred in this step. The coupling efficiency η between
the telescope and the fiber can be calculated from the overlap integral
[43]:

η � j R E1E
�
2 dAj2R jE1j2 dA
R jE2j2 dA

(6)

Subscripts 1 and 2 refer to the telescope and fiber sides, respec-
tively. An estimate of the electric field distribution for the optical fiber
used is calculated using finite-element analysis, and is displayed in
Fig. 9. The solid line in the figure represents the fiber core with a
diameter of 3 μm. The field distribution of the free-space light
coming from the telescope and focused on the fiber face is assumed
to be Gaussian with a diameter of 4 μm. The coupling efficiency
values are calculated using Eq. (6) for a range of concentric misalign-
ment values ρ. The dependence of η on ρ is plotted in Fig. 10. The
maximum possible coupling efficiency is ∼93.57% when ρ � 0.
The figure also demonstrates that even a small misalignment

results in a significant reduction in coupling efficiency. This high-
lights the difficulty in using freestanding optical components for this
type of coupling (as is the casewith the presented preliminary experi-
ments), as opposed to using a fully integrated optical system, such as
Bragg gratings, for coupling.
Ring resonator–waveguide chips are fabricated using the silicon-

nitride-on-insulator method, which affords robust waveguide–
resonator coupling. The diameter of the resonators is ∼800 μm. The
on-chip design also results in well-defined and isolated WGM dips.
The free-spectral range of the resonators is ∼65 GHz. In this con-
figuration, the resonator supports only one WGM mode, unlike the
sphere resonator–fiber arrangement, where multiples of spatial (in
the spherical resonator) and transverse (in the fiber waveguide)
modes can exist within the tuning range (see Fig. 5).

Fig. 7 Experimental setup for the jet velocity measurements.

Fig. 8 Variation of jκj with α and θ. The circle indicates the configura-
tion used in the present experiment. Fig. 9 Electric field distribution for optical fiber core (V∕m).
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Due to thermal instability, the laser wavelength drifts over time. As
shown in Fig. 7, a second resonator is used to account for the wave-
length drift of the laser. This reference microresonator is also pig-
tailed and is used along with the sensing resonator to remove the
effect of laser wavelength drift from the data. Approximately 10% of
the light from the laser is directed through a 90∶10 beam splitter into a
series of mirrors and lenses that focus onto a single-mode optical
fiber. This is then coupled into the pigtailed reference resonator and
terminated at another PMT. Both resonators are enclosed in the same
environment to minimize external effects. The PMT outputs are
digitized by a 12-bit analog-to-digital converter, and processed on
a personal computer to determine the WGM shifts.
The resonators must be calibrated against a reference. This is

necessary because the scanning range of the laser is smaller than
the free-spectral range of the resonator, as discussed in the next
section. A Fabry–Perot interferometer (FPI) with a narrow free-
spectral range (∼1.5 GHz) is used as the reference. Part of the laser
output is directed into the FPI, and the rest is coupled into each of the
two resonators, one at a time. The calibration results are shown
in Fig. 11.
The Q-factors are calculated for each resonator from the trans-

mission spectra at λ � 461 nm. The Q-factors for the sensing and
reference resonators are determined to be ∼4 × 105 and ∼2 × 105,
respectively. These factors are modest due to the small resonator
diameters (∼800 μm). Employing larger resonators would increase
these factors significantly. On-chip ring resonators with diameters of
25 mm are reported to have Q-factors as high as 107 [33].
The laser is tuned by changing the voltage into the piezo-actuator

that controls its cavity length. This input voltage is a double-sided
ramp (triangular) signal with a DC bias. The ramp component of the
signal tunes the laser to reveal the transmission spectrum of the
resonators, while the bias voltage on the ramp changes the location
of the resonances in the transmission spectrum, mimicking the
Doppler shift. The resonator shifts in the graphs (y axis) are shown

in terms of the bias voltage into the laser, whereas the actual wave-
length shifts (x axis) are determined from the FPI. The error bars
along x axis represent the uncertainty related to the minimum meas-
urablewavelength shift from the FPI. Using a conservative approach,
it is taken to be the half-width at half-max of the FPI resonance peak
(estimated to be ∼5.9 fm). The error bars along y axis are the root-
mean-square deviations between the measured WGM shifts and the
linear fit. They are calculated to be ∼6.7 mV for the sensing reso-
nator, and ∼5.3 mV for the reference resonator.

B. Results

As indicated in Fig. 7, a triangular waveform from a function
generator drives the laser frequency, corresponding to a scanning
range of	20 GHz. This is within mode-hop-free tuning range of the
laser. Although it is sufficientlywide to resolve one full resonance dip
and capture the WGM shifts, it is smaller than the resonators’ free-
spectral ranges (∼65 GHz). The driving signal and the PMToutputs
are fed to the data acquisition system. Figure 12 shows a sample laser
voltage input, as well as the corresponding reference and sensing
resonator spectra, over a time period covering two cycles of the scan.
The location of the WGM dips is calculated for each positive and
negative ramp. Therefore, the segment shown in the figure contains
four individual measurements.
Two sets of measurements are carried out. In the first, the optical

probe is located at a fixed position in the flow and the jet is switched
on and off in quick successions for the same supply pressure. The
objective of the experiment is to gauge the ability of the system to
track large, sudden WGM shifts. In the second, velocity profiles are
measured across the jet. For both experiments, the data is postpro-
cessed to determine the WGM shifts and the corresponding velocity.
Three different signal processing approaches are used to determine
the WGM shifts: direct dip-detection, Cauchy–Lorentz function-
fitting, and cross correlation. Direct dip-detection (where the mini-
mum value and its spectral location is detected) has the shortest
processing time. However, this is at the expense of accuracy, espe-
cially when the signal-to-noise levels are low. Cross correlation also
possesses a small computational footprint, but requires additional
preprocessing of the signal, especially with triangular-waveform
scanning, rendering it more time consuming for larger data sets.
Although Lorentzian fitting is computationally more taxing, it
requires minimal preprocessing, offers the highest accuracy, and is
capable of measuring shifts well below the full-width at half-max of
theWGMdip.With the Lorentzian fitting, aWGMshift resolution of
∼11.7 fm (16.5 MHz) is achieved, which translates into a velocity
resolution of ∼3.8 m∕s in the current configuration.
The on/off measurements are performed at the centerline of the

nozzle at x∕D � 0.787. The jet is turned on and off by opening and
closing the supply valve. TheWGM shifts are calculated through the
Lorentz function-fitting technique, and are then converted to velocity
using Eq. (5) and the resonator calibration curves of Fig. 11. A typical
result with several successive on/off states is shown in Fig. 13. Here,
V represents the streamwise mean velocity [Eq. (4) and Fig. 8]. The
total record length (integration time) for each data point in the figure

Fig. 11 Calibration for microresonators against the Fabry–Perot interferometer: Sensing resonator (left); reference resonator (right).

Fig. 10 Coupling efficiency vs concentric misalignment between fiber

core and telescope focus.

Article in Advance / SALAMEH ETAL. 5

D
ow

nl
oa

de
d 

by
 E

lie
 S

al
am

eh
 o

n 
D

ec
em

be
r 

16
, 2

02
1 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/1

.J
06

09
00

 



is 3.5 s, with the laser scanning at a rate of 2 Hz. Therefore, each data
point is the average of 14 individual WGM spectra. The error bars
represent the velocity resolution uncertainty of 3.8 m∕s, based on the
smallest detectable WGM shift discussed earlier.
Profiles of themean streamwise velocity are obtained bymounting

the jet nozzle on a high-precision three-dimensional-translation
stage. Figure 14 shows the velocity profile at x∕D � 1.5. Each data
point represents the average of 48 individual laser scans, correspond-
ing to a total integration time of 12 s per data point. Although some
scatter in the data is present, the results clearly show the potential core
region at the center (with the uniform velocity), and the surrounding
shearing layer. The error bars along x direction represent the best
precision of the translation stage. The error bars along y direction
represent the velocity uncertainty related to the WGM measurement

resolution, as described earlier. It is worth noting that the jet profile
measurements are carried out using a small nozzle, which contributes
to measurement error due to the uncertainty in the probe positioning.

V. Conclusions

The proof-of-concept experiments demonstrate the viability of a
WGM microresonator-based speed sensor. The jet results presented
in Figs. 13 and 14 are encouraging, and the relatively large opticalQ-
factors of the resonators allow for high-velocity resolutions. The
Lorentzian fitting of the resonances yields a shift resolution of
∼11.7 fm (16.5 MHz), which translates to a velocity resolution of
3.8 m∕s for the jet experiment setup. A full backscatter (monostatic)
configuration would further improve this resolution considerably.
The Q-factors of the ring resonators used in the current jet experi-
ments are modest relative to typical WGM resonators, due to their
small diameters. Employing larger resonators would increase these
factors significantly. Another important consideration in the present
sensor is the power of collected light reaching the detector. The
coupling of free-space light into a single-mode optical fiber requires
high precision in optical alignment. It is evident from the preliminary
jet experiments that using standalone components for collecting
optics and fiber ends results in substantial coupling losses. Use of
integrated optics and grating-based couplers would significantly
improve signal levels. Further, tuning the resonators (for example,
via mechanical strain) instead of the input light to obtain the WGM
spectra would allow using a fixed-wavelength laser, greatly simplify-
ing the optical configuration. Because of its exceptional spectral
filtering capabilities, the proposed microresonator-based sensor
concept could possibly be extended to molecular scattering (Ray-
leigh–Brillouin) to measure other atmospheric quantities such as
temperature, chemical species, and pollutants.
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