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Ultrafast ultrasound imaging by optical polymer
microring resonator array and a dual optical
frequency comb: a theoretical concept

Ahmed S. Bahgat®,? Jean Provost,® Denis Seletskiy,? and Yves-Alain Peterc®*

2Polytechnique Montréal, Department of Engineering Physics, Montréal, Québec, Canada
PMontréal Heart Institute, Montréal, Canada

ABSTRACT. Ultrasound imaging is typically based on the use of arrays of piezoelectric transduc-
ers that can both emit and receive ultrasound. It has recently been shown that
on-chip optical microresonator transducers can achieve massive improvements in
minimizing footprint and increasing both ultrasound sensitivity and bandwidth;
however, the construction of practical arrays remains an open problem. We study
the feasibility of making an array of optical microresonators for ultrafast imaging. As
a proof of concept, we propose the design of a linear array of polymer microring
resonators with equally spaced resonance frequencies. Optical dual-comb setup
simultaneously interrogates the whole array’s ultrasound perturbation by assigning
each microring to a single comb tooth. Using an optical frequency comb for detection
provides an efficient way of sampling a large array of transducers while using only
a single balanced heterodyne detection scheme per branch.
© The Authors. Published by SPIE under a Creative Commons Attribution 4.0 International License.

Distribution or reproduction of this work in whole or in part requires full attribution of the original
publication, including its DOI. [DOI: 10.1117/1.JOM.4.3.034502]
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1 Introduction

Ultrasound sensors using polymer optical microring resonators (MRRs) and their optical readout
received significant attention in the last decade.'” When these MRRs are exposed to ultrasound
stimulation, a shift in the resonance frequency is observed due to the change in the microcavity
physical parameters. Due to optical resonant enhancement, detection of transmitted/reflected
light tuned near the resonance can generally exhibit high sensitivity to an amplitude of the incom-
ing pressure wave, translating to low noise-equivalent pressure. Such resonator-based ultrasound
sensors have a wide acoustic bandwidth response, compact footprint, immunity to electromag-
netic interference,” robust operation, and are poised to potentially exhibit quantum-limited detec-
tion capabilities. The next challenge is signal interrogation from an array of sensors. The most
common technique for optical detection of the ultrasound signal from a single MRR is a power
detection method.® In this technique, an optical probe at a fixed optical wavelength is used to
interrogate the transmission function of the resonator, where the wavelength of the probe is
adjusted to where the on-resonance transmission function varies linearly with wavelength.
The shift in the resonator’s transmission spectrum due to the ultrasound perturbation causes
a variation in the transmitted optical power, which is detected by a high-speed photodiode con-
nected to an advanced oscilloscope system.!” Although this technique is effective when applied

*Address all correspondence to Yves-Alain Peter, yves-alain.peter@polymtl.ca

Journal of Optical Microsystems 034502-1 Jul-Sep 2024 e Vol. 4(3)


https://orcid.org/0000-0001-8738-9204
https://orcid.org/0000-0003-4528-3596
https://doi.org/10.1117/1.JOM.4.3.034502
https://doi.org/10.1117/1.JOM.4.3.034502
https://doi.org/10.1117/1.JOM.4.3.034502
https://doi.org/10.1117/1.JOM.4.3.034502
https://doi.org/10.1117/1.JOM.4.3.034502
https://doi.org/10.1117/1.JOM.4.3.034502
mailto:yves-alain.peter@polymtl.ca
mailto:yves-alain.peter@polymtl.ca
mailto:yves-alain.peter@polymtl.ca

Bahgat et al.: Ultrafast ultrasound imaging by optical polymer microring resonator. . .

I/P OFC
Coupling
optical fibers

Microring resonators

Fig.1 Schematic of the proposed imaging setup. Ultrasound disturbance (scattering from a tissue)
is imaged via an array of optical MRRs. Ultrasound disturbance modulates transmitted light
through each spectrally distinguishable resonator, thus providing spectro-spatial multiplexing,
enabled by the light-sound interaction and an OFC readout. OFC readout teeth are assigned indi-
vidually to each MRR in the linear array, as defined by the indicated color code.

to a single laser frequency, it cannot be directly applied to simultaneously read-out signals from
an array of MRRs. To achieve such simultaneous readouts, multiple laser sources and corre-
sponding sensors connected to wavelength-division multiplexing are required. However, this
approach leads to a bulky and expensive system.>” One of the promising techniques in high-
precision multispectral signal interrogation is the optical frequency comb (OFC), in which a
spectrum of mutually coherent frequency-equidistant single-mode lasers can be introduced
simultaneously. Some researchers introduced digital optical frequency combs (DOFC) spectros-
copy in ultrasound detection with materials other than polymers;>!%!! however, much research is
needed including the integration of OFCs in ultrasound detection and the development of cost-
effective materials. Despite the full spectrum given by the DOFC in a certain optical bandwidth,
the limited optical bandwidth and crosstalk during demodulation put more constraints on the
performance of the microresonator arrays in these techniques.'?

The schematic of our proposed setup is shown in Fig. 1, where we consider an example of
ultrafast imaging of a tissue exposed to an external ultrasound source. A two-dimensional (2D)
array of optical MRRs detects ultrasound waves’ localized disturbance to construct the dynamic
image of blood flow. Ring arrays are arranged in row branches where each ring linear array
branch is interrogated with an equally power-split input optical signal and is then coupled to
an individual photodiode for signal detection. This design permits an independent and symmetric
array design; hence, in this work, we focus primarily on the design of linear arrays. A dual OFC
configuration is proposed to be used for parallel signal interrogation in our work. As shown in
Fig. 2, consider an example of a linear array of five-ring resonators with different radii, with
proposed values in between 50 and 80 um, (R, R,, R3, R4, Rs) having distinguishable transmis-
sion spectra and interrogated by OFC modes which are assigned one by one to the resonance of
each ring following the power detection method.

Due to a large difference in the periods of optical and ultrasound waves, each comb tooth can
be used to resolve microsecond ultrasound dynamics. Then, as shown in Fig. 2, each comb tooth
is uniquely overlapped with the corresponding resonance spectrum of MRRs. The resulting
spectro-spatial multiplexing can be used to detect the ultrasound excitation of each of them.
The readout is accomplished via a reference OFC and with a detuning in the tooth spacing, such
that the optical beat frequencies of corresponding tooth pairs can be shifted into the RF baseband
for electrical detection. Dual-comb detection configuration allows the spectral response of the ring
array to be measured rapidly and without any systematic limitations of conventional techniques.'?

A schematic of the dual OFC used in our design is shown in Fig. 3. Two coherent laser
beams that have slightly different optical frequencies [f/, f, = (f; + 6f)] are fed into two sep-
arate identical electro-optic phase modulators (EOMs). To maintain coherence, these two optical
frequencies are driven from the same laser source and one branch is frequency shifted by of
using, for example, acousto-optic frequency shifter. EOMs are driven by two RF signals with
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Fig. 2 Example of a five-microring transmission spectrum and corresponding OFC in power detec-
tion method mode. Each microring resonance is assigned individually to a single OFC tooth. The
demultiplexing of the final readout of the OFC gives the corresponding disturbance at each MRR.

Synchronous
trigger

f mZ:f ml +Af

Fig. 3 Schematic of dual-comb interrogation experimental setup of microresonator linear array.
OFC, optical frequency comb; EOM, electrooptic modulator; PZT, piezoelectric transducer; SG,
signal generator; PC, polarization controller.

a slight RF frequency shift [f,,1, f2 = (1 + Af)] and are generated by a two-tone phase-sta-
bilized RF generator working at the GHz regime (5 to 15 GHz). One of these two combs will act
as a local oscillator signal, while the other will be used for signal interrogation of the ring array
configuration. To detect the variation in the optical signal due to the ultrasound perturbation, a
balanced heterodyne detection scheme is used. In this technique, the interrogated signal is mixed
with the local oscillator signal through a (50:50) fiber beam splitter/combiner. Then, the two
photodiode currents are differentially amplified to minimize random errors.

This proposed scheme is different from the already introduced DOFC in the literature.®!2
First, the RF bandwidth f},, of EOMs determines the optical spectral spacing between each two
comb teeth, while the number of generated comb teeth 7 is controlled by the input RF power that
defines the total optical bandwidth to be (n — 1) * f,,. While in the DOFC technique, the RF
bandwidth fy,,, of the used electrooptic intensity modulator defines the total optical bandwidth,
and the optical spectral spacing between every two teeth is fy,,/(n — 1). This main difference
does not force the resonance frequencies of the microring array to fit within a very narrow optical
bandwidth f,, and hence reaching an ultra-high quality factor, while it is better from the
sensitivity aspect, is not the limit anymore for increasing the number of elements of the array,
like in the case of the DOFC technique.!”> The number of elements will be limited to the number
of the generated comb teeth. Furthermore, down-converting the optical band to RF band in the
dual-combs scheme makes the detection of these combs an easy task with a common photodiode
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bandwidth attached to a common digitizer and reduces processing time and simplifies electronic
complexity. Moreover, the introduced comb readout technique provides optical amplification of
the detected signals and suppresses crosstalk between the interrogation combs. In this work, we
investigated a detailed overview of the theory and design of polymer optical MRR array for
acoustic imaging systems and employed the detection technique of optical-dual frequency comb
to measure the ultrasound response of the MRR array. A careful choice of both the ring radii and
the frequency comb parameters is being introduced to comply with the power detection method of
the array simultaneously. An overview of the expected device’s performance is also introduced.

2 Theoretical Background

2.1 Ultrasound Detection Mechanism by Microring Resonators

MRR is a type of whispering gallery mode (WGM) resonator that consists of a ring-shaped
waveguide, acts as a resonant optical cavity, coupled to a bus waveguide forming optical input
and output,'* Fig. 4(a). The gap between the waveguide and the MRR is on a scale of optical
wavelength and tailored to reach critical coupling to achieve high-Q resonances.

If a wideband optical signal is input to the waveguide, then, output intensity resonance dips
(output intensity is minimum) occur in the transmission spectrum representing the resonance
wavelength 4, of the WGM resonator and depend mainly on the geometry and waveguide optical
parameters. It can be expressed as'’

mi, = 2mRn.g (/?'w R)7 (1)

where m is the azimuth mode number, R is the radius of the microring, and ngg(4,, R) is the
effective refractive index (RI) of the guided mode as a function of the resonance wavelength and
the ring radius. When exposed to ultrasound perturbation, the microring responds to the ultra-
sound waves in two manners. First, the ring waveguide is deformed by acoustic pressure that
changes the shape and optical field distribution. This waveguide deformation is remarkable in
elastic materials with low Young’s moduli, such as polymers.'® Second, the optical RI of the
material itself is perturbed by the strain induced by acoustic pressure linked to the elasto-optic
effect in the material.'” When the ultrasound perturbation occurs, a detectable time-dependent
shift in 4, can be measured, as shown in Fig. 4(b), and is given as

AL, Al n Aneff’
Ar l Meff

(@)

where [ and Al are the length of the resonator, which is the microring circumference, and the
induced change in the length, respectively. The sensitivity S of the ultrasound sensor is a key
parameter in evaluating the performance of the ultrasound detector. It is defined as the change of
optical transmission 7" under the unit acoustic pressure amplitude P and is given as

- ar o dneff d/lr dar

3)

T AP dP dngc di,’

() (b)

~
o
~

%

Transmission T
dT'/dX

Transmission T

Ap Wavelength A
Wavelength A

Fig. 4 (a) Microring ultrasonic sensor, (b) ultrasonic signal detection by power-variation method
due to optical resonance shift, and (c) the derivative of transmission power with respect to the
wavelength 1 showing the probing wavelength 1, at maximum sensitivity.

Journal of Optical Microsystems 034502-4 Jul-Sep 2024 e Vol. 4(3)



Bahgat et al.: Ultrafast ultrasound imaging by optical polymer microring resonator. ..

The first term dn.g; /dP represents the change of the RI in the polymer waveguide induced
by applied acoustic pressure considering factors, such as Young’s modulus, the elasto-optic
coefficients of the polymer, and the waveguide’s cross-sectional shape. As per the second term
dA,/dng, it can be derived from the resonance equation and is given by 2zR/m = A, [/ng.
Finally, dT/dA, is the change in transmission associated with A, and is defined as the slope
of the linear region obtained at the rising or falling edge of the resonance dip. So, as shown
in Fig. 4(c), the transmission derivative shows two peaks at the linear parts of the transmission
spectrum representing the maximum slope of its linear parts at the rising or falling edges while it
is approaching zero value at the other parts of the spectrum.

2.2 Optical Frequency Comb

If we consider an electrooptic phase modulator (EOM) of z optical phase shift voltage of V.
A continuous wave laser source feeds the EOM at an optical angular frequency @, and an electric
field amplitude of E,,. The modulator is electrically driven by a sinusoidal waveform using an RF
generator at an angular frequency w,,. The electrical potential is given by [V (¢) = V,, sin(2zf,1)]
where V, is the peak voltage. At the output of the modulator, the optical field experiences a phase
shift [Ap = zV(t)/V, = ¢ sin(w,,1)], that controls the output optical field. The time domain
representation of the total electric field of the generated comb is given as'®

Eo ei(@o+ pon)t 4)
where p is the comb teeth index, and J,(¢) is Bessel function of order p of a certain constant
phase ¢,. The frequency domain representation of the generated OFC is described as'®

= E ZJ ($0)8(@ — (0 + pe,y)). )

From Eq. (5), we see that the modulated signal forms a comb of equidistant laser modes
separated by the RF modulation frequency. In addition, the phase amplitude, which depends
mainly on V_, controls the number and the amplitude of the comb teeth following the
Bessel function of the first kind J,,. If we consider having two combs that are slightly shifted
in frequency by Af, shown in Fig. 5, one is the local oscillator, and the other is subjected to the
ultrasound disturbance function in the form of quadrature Gaussian pulse G ,(t) at each comb
index p, then the real term of Eq. (4) for both combs is

=Ey Z G, ()4, (gor) cos((@y + pw,)1),
p=—00
= Ep Z (Po2) cos((wa + pw,i2)1), (6)
p=—c0
fréf firdf I s
—Zf,lnz—ZAf S =4 firéf * i Af +2f1m1+24f f+6f
fi+6f !

-3 fo- 34 + 334

ﬁ_3fm1 fZ_mel fl_fml f1 f1+fm1 ﬁ+2fm1 f1+3f"I1
Optical frequency (THz)

Fig. 5 Optical frequency domain of optical dual-combs, red: local oscillator comb, blue: signal
interrogation comb.
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0 JAf-5f] of [24f-6f] Af+of [3Af-6f] 2Af+f 3Af+6f
RF frequency (MHz)

Fig. 6 RF domain down-converted beat frequency between every two pairs of the dual-comb
teeth.

where w,, w,, ,,, and ®,,, are the angular frequencies of corresponding optical and RF
frequencies f1, f», f..1, and f,,, respectively. Interfering the two electric field components
in the fiber beam combiner results in two complementary signals at each output branch.
Each optical signal contains a DC component, a beat frequency at a difference of line-to-line
frequencies (shown in Fig. 6), and a high frequency (addition of line-to-line frequencies). Due to
its electronic bandwidth limitation, the photodiode only responds to the first two signal contri-
butions, namely the DC component and the beat frequency. Suppose that there is an equal split-
ting ratio and that the photodiode responsivities are matched R. In that case, the differential
amplifier will eliminate the DC components, and only a combination of the beat frequencies
is observed. Finally, the output current of the differential amplifier with gain A is given in
Ref. 19, while taking a discrete number of comb teeth (2N + 1)

N
ipa = 2ARE Ey, Z G, ()] ,(do1)J p(Po2) cos((@) + pwyy — @y — pw,p)t)

p=—N
N
= 2AREq Ep Z G, (t)J ,(o1)J »(dbo2) cos(2z|pAf + 5f]1). (7N
p=—N

Analysis using the down-conversion to zero-baseband technique® is done in Eq. (7) for the
extraction of the time-varying G, () ultrasound signal of each comb tooth of index p. In this
technique, the acquired time-domain sampled signal is shifted every time by e~?27PA/+/It wyith
different p, so each time a different comb tooth with index p is centered at zero frequency.
Analysis of one comb tooth with index p = 0 is being introduced and it is the same analysis
techniques for the rest of the comb teeth. Then, the shifted voltage signal is expressed as

N.N#0
vpa(t) = CGo(1)Jo(o1)Jo (o) +C Z G,(1)J (1) p(bo2) cos(2z|pAf +25f(t), (8)

p=-N

where C is a constant combining the constant terms including the load resistance R. Applying
low pass (LP) filter, set to match the acoustic bandwidth, will remove the higher frequency terms

which are given by the summation term in Eq. (8). The acoustic signal éo(t) of this carrier
frequency can then be expressed as

~ _ Dpa(t)
Golr) = Clo(dbo1)Io(bo2)’ ©

where Tpa (7) is the filtered measured signal. Band pass (BP) filtering can be used to narrow the
detection acoustic bandwidth and to reduce the noise.
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3 Design and Simulation

3.1 Microring Array
Toward the experimental realization of our concept, we propose a design focus on a C-band
tunable laser source and electrooptic modulators operating around 1550 nm, ensuring low-cost
and efficient performance associated with the C-band optics. Nanoimprinted polystyrene is used
as the device layer that has an RI &~ 1.57 *' at the working wavelength. A thin layer of PDMS is
considered for top cladding to isolate the fabricated devices from any contaminants in the meas-
urement medium, usually water, that will improve the device performance while minimizing
acoustic reflection loss as the acoustic impedance of PDMS matches the water impedance.”?
The bottom cladding material is a 5 ym-thick silicon wet thermal oxide layer. The waveguide
cross-section is a rectangle of 1.4 ym X 2.0 um, guaranteeing single-mode operation at the work-
ing wavelength. The nanoimprinting technique consists of two crucial steps: 1) fabrication of
a hard silicon mold using a well-developed fabrication process that can reach down to 10 nm
critical dimension, and 2) transferring the silicon mold patterns to the polystyrene material using
the nanoimprinting machine. Due to this nanoimprinting fabrication technique, a 100 nm-thick
residual layer of PS was considered in the calculation. Using a finite element method solver, the
effective RI of the rings for TE-mode was extracted as a function of the bending radii within a
6 nm optical wavelength range, as shown in Fig. 7. As we introduced before, we use each OFC
tooth and assign it to one of the side slopes for each MRR’s spectrum. This condition challenged
the choice of the ring resonances to be spectrally equally spaced by Af, and a quality factor that
guarantees at least a resonance optical bandwidth of Af,/2. In addition, the optical resonance
3 dB bandwidth (6f,) should be greater than half of the frequency spacing between the comb
teeth, i.e., (6f, < f,,/2), to comply with the power detection method limitations.® Reducing the
optical resonance 3 dB bandwidth (6f,) requires the attainment of high-quality factor Q reso-
nances that can be achieved by reaching the critical mode coupling condition and controlling
the surface roughness in nanoimprinting mold fabrication.”*?*** The proposed minimum quality
factor to comply with our design is set to 5 x 10* which can be achieved with the proposed
fabrication technique and the working optical wavelength by controlling the coupling gap
between the MRRs and the bus waveguide.

For acoustic imaging, the standard spatial resolution for acoustic frequency range f,coustic =
1 ~ 10 MHz limits the spacing between the geometrical centers of the rings to be one acoustic
wavelength for the highest frequency (= 150 um), and hence it defines the upper limit of the radii
of the rings. In addition, the smaller the radius, the higher the optical bend loss, which limits
the quality factor Q; hence it defines the lower rings’ radii limit to be =~ 60 um. Considering the

80
1.5092
1.509

—~ 75

\81/ 1.5088

aot

E 1.5086

< 70

o

V) 1.5084

k=

=

b 1.5082

M 65
1.508
1.5078

60 : ‘ ‘ : ‘
1547 1548 1549 1550 1551 1552 1553
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Fig. 7 Extracted effective index of the polymer waveguide at different bending radii using RSoft
Femsim. Color bar: effective Rl of the waveguide.

Journal of Optical Microsystems 034502-7 Jul-Sep 2024 e Vol. 4(3)



Bahgat et al.: Ultrafast ultrasound imaging by optical polymer microring resonator. . .

Table 1 Matlab script results of five rings’ radii following the detection criterion.

R (um) Azimuthal index (m) Resonance frequency (THz) Af (GHz) Q

70.5 431 193.5194 — 5.01 x 10*
71.15 435 193.5289 9.5 5.06 x 10*
1.80 439 193.5384 9.5 5.11 x10*
72.45 443 193.5478 9.4 5.15x 10*
731 447 193.5572 9.4 5.20 x 10*

resonance condition [Eq. (1)], there are multiple dependent variables that we need to choose
carefully to achieve these resonances, in return providing great control for tailoring the optical
design to the specifics of the imaging application. A custom algorithm using MATLAB software
was then used to optimize all the parameters in the resonance equation to extract the ring radii
that have the exact spectral spacing in the resonance frequencies. Table 1 gives an example of five
rings with a = 9.4 GHz resonance spectral spacing with free spectral range (FSR) of % 3.2 nm to
ensure that each resonance in the interrogation bandwidth comes from different ring radii, taking
into account the fabrication process limitation (we considered 50 nm as our critical dimension) of
the nanoimprinting mold while using the electron beam lithography for patterning hard mask.
Experimentally, FSR values are not exactly the same for all the microrings due to the small
change between the ring radii. Distinguishing these slightly different values of FSR, during the
resonance characterization step, enables checking the corresponding resonance spectrum related
to each microring. This information will help during the final image construction as we will
discuss in Sec. 3.2.

To have an overview of the sensor sensitivity described in Eq. (3), the first two terms can be
either simulated or calculated to estimate the sensitivity. COMSOL multiphysics simulation is
used to extract the first term by calculating the effective index of refraction for various applied
mechanical pressure representing the ultrasound perturbance. Figure 8 shows the extracted sim-
ulation results and a linear fit that gives this term to be dn.g/dP = —7.897 X 107> MPa~! for
an acoustic pressure range of 0 to 4 MPa.'®? As per the second term dA, /dny, it is ~1.032 um,
for the first ring, as an example. So with the current design parameters, the spectral sensitivity is
calculated as dA,/dP = (=7.897 x 107> MPa~!) x (1.032 um) ~ —81.50 pm/MPa.

1.4995 ‘
:L o Extracted data
£ 1.49945 7\\ - - -Linear fitting
g R
g .
o 14994} 82
% m dn 5 1
£ \ B — 7897 x 1075 M Pa~
© 1.49935 + \‘1
2 R
)=
5 1.4993 1 N
2
£ 149925 -
45 N
£ 1.4992 e
m . I \q
1.49915 : : : L
0 1 2 3 4

Pressure (MPa)

Fig. 8 Extracted effective index of the polymer waveguide when exposed to acoustic pressure.
Inset: calculated electric field distribution of TE mode.
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Fig. 9 Representation of the simulated ultrasound pulses assigned to each ring resonator.

3.2 Simulated Interrogation of Ultrasound Signals

EOMs can be adjusted based on the exact spacing between the ring resonators and within
their optical bandwidth. As shown in Table 1, the average spectral spacing between the rings’
resonances is 9.43 GHz which defines f,,. Af, 6f are to be chosen to be 90 and 20 MHz
respectively, based on the photodiode electronic bandwidth and the frequency of the detected
ultrasound that leads to five carrier frequencies in the down-converted signal 20, 70, 110, 160,
and 200 MHz. We proposed to measure an ultrasound pulse at a center frequency of 5 MHz and a
bandwidth of approximately 80%. The proposed photodiodes have an electrical bandwidth of
500 MHz. Let us consider the scattered ultrasound signal from a certain source is represented by
a series of ultrasound pulses that have a certain propagation delay as shown in Fig. 9. Figure 10
shows the simulated detected ultrasound demonstrated by optical power variation on each comb
tooth representing its corresponding MRR. Fourier transform of the simulated signal that rep-
resents the expected output signal from the heterodyne detection after ultrasound disturbance as

0.7 ~

)

=
5 0.6

0.5 o st pmo ol

0.4

0.3

0.2 p=+2 p=—2

0.1+ .
0 / , 5 X
7 (%]
193.56 193.54 193.52 10350 &
Optical frequency (THz)

Optical comb amplitude (a

Fig. 10 Representation of the power variation of the five OFCs subjected to ultrasound disturb-
ance over a simulation time interval of 10 us from the MRR array.
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Fig. 11 Fourier transform representation of the simulated signal.

measured by the electronic digitizer is shown in Fig. 11. We extracted each ultrasound pulse
signal from its corresponding carrier RF frequency by shifting the whole frequency spectrum
to the zero baseband of each carrier frequency. The signal is extracted then by applying a
Butterworth low-pass filter with order 5 and bandwidth of 20 MHz. A band-pass infinite impulse
response filter is used to reduce any noise coming from any sources out of the acoustic transmitter
bandwidth. The filtered bandwidth is as narrow as the ultrasound transducers which is in the
range of +2 MHz. Figure 12 shows the final filtered signal corresponding to the detected acous-
tic disturbance by the ring resonators array, which is delayed in correspondence to the arrival time
of the acoustic wave on each individual element (i.e., ring resonator). These detected delays will
be further used for the image construction. This technique offers no limitation on the detected
ultrasound frequency as long as sufficient sampling can be achieved.

C\ll 1
I OH(WW
s -1 ‘ ‘ ‘

0 2 4 6 8 10
v—li 1
e -1

0 2 4 6 8 10
o 1
I o Jv~
g ‘ ‘ ‘ ‘

0 2 4 6 8 10
v_T_ 1
I OW
=1 : : : :

0 2 4 6 8 10
C_T_ 1
I On[\f J‘}b“—
S : : : :

0 2 4 6 8 10

time (us)

Fig. 12 The filtered signal from all the carrier frequencies after applying down-conversion to zero

baseband method.
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4 Discussion

Adding experimental insight, careful polarization control during experiments should be consid-
ered, as the given optimization parameters for the design are only for the chosen TE-mode. The
other supported single mode (i.e., TM-mode) has effective refractive indices that differ from
the extracted values for TE-mode, Fig. 7, and hence the designed array will have a completely
different spectrum.

In addition, the resonance frequencies and the quality factors given by the theoretical opti-
mization method may be affected by any variations imposed by fabrication uncertainties.'>
However, the tunable nature of the introduced dual OFC can overcome these variations if the
resonance spacing between each pair of rings is still within the working optical bandwidth of
the electrooptic modulator. Furthermore, the ultrasound disturbance can be detected from either
side of the resonance slopes, which provides a good opportunity for the tunability of the dual
OFC to succeed within a reasonable sensitivity range around the probing wavelength 4,,. Another
possible solution is taking into consideration the thermooptic coefficient of the suggested poly-
styrene material to retune the resonance spectrum by tuning the index of refraction of each ring
using localized heaters.**’

The MMRs are known for their wider acoustic bandwidth, theoretically a few hundred MHz,
limited only by the thickness of the device layer making it suitable for high-frequency applica-
tions, such as photoacoustics. The dual OFC technique can be also tuned to fit with these high
frequencies by choosing the right parameters for Af and §f by the relation |pAf + §f|, which
defines the carrier frequencies. Jf is constrained by the available commercial optical frequency
shifters while we have full control to choose Af taking into consideration our photodiode and
digitizer electrical bandwidth. The maximum acoustic bandwidth is limited to half of the fre-
quency difference between each two consecutive carrier frequencies in the RF domain.

The proposed dual OFC technique provides flexibility in detection as the RF bandwidth of
EOMs determines the spacing between the generated comb teeth, while the parameter V, con-
trols the number of comb teeth generated at a certain input RF power, so that, the theoretical
maximum number of simultaneously detected MRRs is only limited by the number of frequency
comb teeth that can be generated. Furthermore, as discussed before, the minimum quality factor
is limited by f,,/2 that does not impose unachievable restrictions on the performance of MRRs,
which are expected to be primarily affected by fabrication uncertainties.

5 Conclusion

In conclusion, a complete insight into ultrasound detection using MRRs and parallel interrog-
ation using dual OFCs generated by EOMs was introduced. The performance aspects of the
MRRs, as well as the dual OFCs, were introduced. The discussed techniques provided an effi-
cient way for ultrasound imaging in both slow-acting or ultrafast phenomenon in biomedical
tissue. OFC-based techniques provide high signal-to-noise ratios, enabling sensitive optical mea-
surements of the resonators’ spectrum. The ultrafast nature of OFCs allows real-time assessment
of tissue motion and visualization of rapid physiological events, such as 3D volumetric blood
flow dynamics, cardiac function, and tissue elasticity.
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