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Abstract

Frequency-domain photoacoustic microscopy (FD-PAM) could leverage a high-Q resonant ultrasound
transducer to suppress out-of-band noise and lower the noise-equivalent pressure (NEP) for truly simultaneous
multi-wavelength functional imaging. In practice, however, conventional continuous-wave direct modulation
makes it difficult to stay within the narrow resonance, leading most implementations to rely on low-Q broadband
detectors instead. To obtain accurate and stable hemoglobin oxygen saturation (sO,) measurements, we
implement an acousto-optic modulator (AOM)-based interferometric modulation scheme in FD-PAM, enabling
the practical use of a high-Q resonant ultrasound transducer while preserving truly simultaneous dual-
wavelength excitation. FD-PAM with interferometric modulation operates robustly within the narrow bandwidth
of the high-Q transducer and supports clean spectral separation (SSIM = 0.97 between frequency-separated
channels), as well as quantitative sO, estimation with <2% within-group variation across oxygenated, mixed,
and deoxygenated conditions. We anticipate that this approach will be useful for monitoring drug-induced

changes in hemoglobin oxygen saturation and quantitatively evaluating therapeutic response.
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1. Introduction



Photoacoustic (PA) imaging is a hybrid modality in which pulsed or intensity-modulated light generates
ultrasound within biological tissue via thermoelastic expansion. Leveraging wavelength-dependent absorption
and spectroscopic analysis[1-4], PA provides structural and functional measurements (e.g., sO,, total
hemoglobin, lipids, melanin, blood flow, fibrosis)[5—-11] and has been broadly applied in ophthalmology,
dermatology, neurology, oncology, and cardiology[12—16]. Conventional time-domain photoacoustic imaging
and microscopy remain the dominant implementations in the field and continue to advance rapidly through
improvements in imaging speed, system performance, and biomedical/clinical applications[17-21]. However,
guantitative sO, imaging is often limited by temporal interleaving between wavelengths, which degrades
spatiotemporal correspondence, and can be further affected by pulse-to-pulse energy variability in pumped

solid-state pulsed sources, ultimately reducing functional accuracy.

In contrast, frequency-domain PAM (FD-PAM) inherently supports truly simultaneous multi-wavelength
excitation without temporal interleaving, preserving spatiotemporal correlation and enabling precise functional
guantification (e.g., s0,)[22,23]. Moreover, CW-based modulation generates tone-like narrowband
photoacoustic responses that can be efficiently extracted by frequency-selective demodulation, providing strong
rejection of out-of-band noise[24]. In conventional FD-PAM, a function generator is commonly used to directly
modulate the CW excitation intensity via laser current injection, and the resulting acoustic tone is recovered by
phase-sensitive detection (e.g., lock-in amplifiers or I/Q demodulation), which enables robust amplitude/phase
readout with an effectively narrowed detection bandwidth [25—-27]. This direct-modulation scheme is limited by
restricted modulation depth, imprecise frequency placement for narrowband detection, and bias-point/amplitude
drift, while large-signal injection further causes harmonic distortion and nonlinear dynamics that degrade the
linear modulation range and tone purity[28—30]. In principle, employing a high-Q resonant ultrasound transducer
in FD-PAM would concentrate detection within a very narrow passband, enhancing sensitivity and lowering the
effective noise-equivalent pressure (NEP)[31], yet accurately placing and maintaining the modulation within

such a bandwidth is difficult and has remained a practical challenge.

Here we report an FD-PAM system that, by using a high-Q resonant ultrasound transducer, enables reliable,
high-precision functional imaging. To accommodate the high-Q transducer, we introduce the interferometric
modulation scheme with two acousto-optic modulators (AOM). This approach precisely places distinct beat
frequencies for two excitation wavelengths within the transducer's narrow passband, and its near-unity
modulation depth increases the modulated optical-intensity component, improving image contrast while
mitigating the impact of amplitude noise. We validate the system on representative phantoms and blood
samples, demonstrating narrowband resonant operation and compatibility with truly simultaneous multi-

wavelength acquisition without temporal interleaving.



2. Methods

2.1 FD-PAM system employing interferometric modulation with high-Q resonant
ultrasound transducer
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Figure 1. High-sensitivity frequency-domain photoacoustic microscopy (FD-PAM) with interferometric
sinusoidal modulation. (a) Optical layout employing an interferometric modulation scheme with two acousto-
optic modulators (AOM) and a high-Q resonant ultrasound transducer. (b) Diffraction pattern after the grating,
showing spatial separation of the 488 nm and 515 nm lines. (c) Measured beam profiles after the PBS,
demonstrating collimated, size-matched beams at both wavelengths. (d) Temporal waveform of the
interferometrically modulated 488 nm and 515 nm beams measured by the photodetector. (e) Magnified view
of the waveform in (d), highlighting the sinusoidal intensity modulation in the microsecond time scale. (f) Fourier

transform of (d), showing two distinct modulation peaks at the assigned beat frequencies. (g) Representative



raw photoacoustic (PA) signal of blood sample recorded with the high-Q resonant ultrasound transducer. (h)
Fourier transform of the photoacoustic signal recorded with the high-Q resonant transducer, demonstrating
precise detection of the dual-wavelength—-modulated components. Abbreviations: BS, beam splitter; FG,
function generator; M, mirror; L, lens; PBS, polarization beam splitter; PD, photodetector; OB, objective lens;

WT, water tank; Amp, RF amplifier.

Figure 1(a) depicts the FD-PAM setup. A continuous-wave argon-ion laser provides strong emission lines at
488 nm and 515 nm, which are spatially separated by a diffraction grating (Fig. 1(b)) and selected for dual-

wavelength sO, imaging near the hemoglobin isosbestic region.

For each wavelength, the beam is split by a beam splitter into two arms; one arm is frequency-shifted using a
cascaded acousto-optic modulator (AOM) pair and then recombined with the unshifted arm to generate a stable
beat signal via interferometric intensity modulation. The beat frequencies are set to Af = 5.115 MHz (488 nm)
and 5.123 MHz (515 nm) by the cascaded AOM configuration (+1st order followed by —-1st order), as detailed
in Sec. 4.2. Beam expanders homogenize the beam profiles and provide size-matched beams to ensure stable
interference and an identical beam waist at the sample (Fig. 1(c)). The wavelength-tagged beams are combined
at a polarization beam splitter (PBS) and delivered to the sample to generate photoacoustic (PA) signals. A
fraction of the excitation light is monitored by a reference photodetector (PD) to estimate the sample-side fluence

(see Sec. 4.3 for calibration and wavelength-dependent detector compensation).

The temporal waveform measured by the PD exhibits sinusoidal intensity modulation for both wavelengths,
allowing verification of the modulation depth as well as the 8 kHz frequency separation between the two
modulation tones (Fig. 1(d)). Figure 1(e) shows a zoomed-in view of Fig. 1(d), clearly visualizing the
microsecond-scale sinusoidal modulation. The Fourier transform of the PD signal reveals two distinct peaks
corresponding to the assigned modulation frequencies for the 488 nm and 515 nm channels (Fig. 1(f)); a

theoretical description of the modulation scheme is provided in Sec. 2.2.

The photoacoustic signals are detected using a high-Q resonant ultrasound transducer, which was a custom-
built piezoceramic bowl transducer. When the two modulated beams are focused onto the sample located at
the focal point of the transducer, a representative raw PA waveform of blood sample is obtained (Fig. 1(g)). Its
Fourier spectrum (Fig. 1(h)) shows two resolvable frequency-tagged components at the assigned beat
frequencies, confirming that both tones lie within the narrow resonant bandwidth (<100 kHz) of the transducer
while remaining separable due to the 8 kHz spacing. The isolated frequency-tagged components are then used

to reconstruct the dual-wavelength PA signals and compute sO,.

In summary, high-modulation-depth interferometric excitation enhances PA generation efficiency, while on-
resonance narrowband detection with a high-Q resonant transducer suppresses out-of-band noise, enabling

high-sensitivity dual-wavelength FD-PAM.



2.2 Analytical comparison of CW laser modulation schemes for FD-PAM

We analytically derive and compare the detected intensity envelopes produced by direct current (DC)
modulation and interferometric (beat) modulation. Here, t denotes time (s), f, the optical carrier frequency (Hz,
~hundreds of THz), and f,,,q/ Af the imposed intensity/beat modulation frequency (Hz, MHz range). The
photodetector measures the optical irradiance (W - m~2) or power (W) averaged over optical cycles; therefore,
the experimentally relevant quantity is the envelope I(t) « (E2(t)), rather than the optical carrier oscillation at
fo- Throughout this section, E (t)denotes the optical electric field at the detector (V - m™1), while I(t)denotes the
corresponding time-averaged irradiance (W - m~2) (equivalently proportional to PD voltage, depending on the

readout chain).

To enable a fair comparison—and to reflect CW ANSI/MPE constraints—both modulation schemes are
constrained to the same peak irradiance, i.e., I,,,,, is identical in the two cases. Accordingly, all envelopes are
peak-normalized such that max{/(t)} = 1, isolating the effect of modulation depth and waveform on the spectral

component at the modulation frequency.
In direct laser modulation, the optical field is modeled as
Ef(t) = Eq [1 + mcos(2m fioat)]cos(2mfyt),

where E, is the field amplitude (V-m™!) and m € [0,1] is the intensity-modulation index (dimensionless). The

detected irradiance satisfies 1(t) « (E2(t)). Averaging over optical cycles yields the intensity envelope,
I (t) o E§ [1 4 mcos(27 finoat)]-

Enforcing equal peak normalization max{l(t)} = Inax = 1gives

1
R [1+ mcos(2T froat)],

(peak)
I t) =
o 1+

which spans I, = (1 —m)/(1+ m) to I,,.x = 1. In typical direct-modulation implementations using a function
generator and current driver, the achievable modulation depth is often limited and remains below unity under

practical operating conditions.

In interferometric modulation, two frequency-offset CW fields are interfered (general unequal-amplitude case):



E1(t) = Epy cos(2mfot), E,(t) = Eqgzcos(2m(fy + Af)D),

where E,;, E,, are field amplitudes (V- m™1) and Af(Hz) is the imposed frequency offset (e.g., set by the AOM

drive frequencies). The detected envelope is obtained from I(t) « ((E; + E;)?), yielding

et (t) < I + I, + 2/T, ,cos(2mAf t),

with I; « E2, /2 and I, « E2,/2 denoting the time-averaged irradiances of each interfering arm (W - m~2). The

corresponding beat modulation depth (visibility) is

Imax - [min _ 2\/ 11]2

Imax + [min B 11 + 12 '

Mhet =

which approaches unity only when the interfering arms are power-balanced (I; =1,). The corresponding
noiseless time-domain waveforms for the CW outputs, the individual arms after the AOMs (before interference),
and the recombined heterodyne signal, together with the dual-tone superposition used in this work, are provided
in Supplementary Fig. S1 for clarity.

In our implementation, the photodiode trace in Fig. 1(d) yields m;.; = 0.83 (from measured I, and I,,;;). We
note that my,.; can be increased toward unity by more closely balancing the interfering arm powers (for each

wavelength channel), whereas the present experiments did not explicitly optimize for perfect balance.

2.3 Frequency-domain PA generation model

The absorbed power density (volumetric heating function) in photoacoustics, H(r, t)[W/m3] is written as
H(r,t) = pq(r) O(r,t),

where p, (r)is the optical absorption coefficient [m™1] and ®(r, t) is the optical fluence rate (irradiance) [W/m?].

In our FD scheme, the fluence rate is harmonically modulated as
d(r,t) = Ope(r) + Py (r)cos(wt), w = 2wAf,

where Afis the modulation (tagging) frequency.

The generated photoacoustic pressure p(r, t)follows the thermoelastic wave equation in the linear regime,

() _
ot?

dH(r, t)
at -’

c2V2p(r,t) =T

where c;is the speed of sound [m/s]and T'is the Griineisen parameter (dimensionless). Substituting the
harmonic heating function yields 0H/ dt « —w p,(r)®4.(r)sin(wt) , indicating that harmonic heating at

wgenerates an acoustic response at the same frequency. Accordingly, the pressure amplitude at wscales with



wTu, P4, Up to acoustic propagation and detection factors.

Thermal diffusion in FD operation can be characterized by the thermal diffusion length

5. = 2a
th — w!

where ais the thermal diffusivity [m?/s]. In FD excitation, thermal confinement can be interpreted by comparing
d;:pWith a characteristic optical/absorber dimension L; localized temperature oscillations are maintained when
d:n < L, which is increasingly satisfied at MHz-range modulation.
For completeness, the frequency-domain form of the wave equation can be written by expressing the pressure
as p(r,t) = R{p(r, w)e't}, yielding a Helmholtz-type equation

iwl

rw), =,
c? cs

(V2+k2)p(r,w) = —

where H(r, w)is the complex amplitude of the harmonic heating term. This representation makes explicit that
the detected signal at the tagging frequency is governed by the product of (i) the harmonic heating strength and
(i) the acoustic propagation and detection transfer functions.

Finally, the measured spectrum is shaped by the frequency response of the high-Q resonant ultrasound

transducer (UST), which acts as a narrowband filter. The detected signal can be expressed as

S(@) = Hysr(w) P(@) + N(w),

where Hygr(w)is the transducer transfer function, P(w)denotes the acoustic pressure spectrum at the detector,
and N(w)is additive noise. As a result, wavelength-encoded tones that are precisely placed within the narrow
UST passband are preferentially detected, enabling robust frequency-tagged demodulation for functional
quantification.

2.4 FD-PAM system setup with resonance transducer
The functional FD-PAM imaging system employed a multi-line argon-ion laser (LS200A, Dynamic Laser, USA)
as the excitation source. Two output wavelengths—488 nm and 515 nm—were selected using a transmission

diffraction grating, with a beam expander installed beforehand to improve diffraction efficiency.

Each wavelength was modulated using a pair of acousto-optic modulators (AOMs; 1-M110-2C10B6-3-GH26,
G&H, UK). The AOMs were driven by four RF sources, with modulation frequencies tuned to generate beat
signals for frequency tagging of each wavelength. The modulated beams were combined and delivered to the
sample through a polarizing beam splitter (PBS). A portion of the combined beam was also directed to a
photodetector (PD) for real-time fluence monitoring.



Photoacoustic signals were detected using a custom-built piezoceramic bowl transducer (Ferroperm-Piezo,
USA). To determine the transducer’s resonance frequency in water, the driving frequency of one AOM was tuned
while monitoring PA signal amplitude. The peak response was observed at 5.118 MHz, and this value was used

to match the beat frequency during imaging. The measured 3-dB bandwidth of the transducer was 100 kHz.

The detected PA signals were amplified in two stages using a 25 dB low-noise amplifier (ZFL-500, Mini-Circuits,
USA) and a 40 dB broadband amplifier (ZX60-100VHX+, Mini-Circuits, USA), then digitized using a high-speed
acquisition board (ATS9350, AlazarTech, USA). For full-field imaging, a two-axis motorized stage was used to
raster-scan the sample. All acquired signals were processed using FFT to extract the amplitude components

corresponding to the modulated wavelengths.

2.5 Frequency tagging with cascaded AOMs
We generated a stable beat tone for each wavelength using two acousto-optic modulators (AOMs) arranged in
series and operated on opposite diffraction orders, providing precise control of the optical frequency shift while

maintaining high interferometric contrast.

AOML1 was aligned to transmit only the +1st-order diffracted beam, imparting a nominal +80.000 MHz shift. The
beam then entered AOM2, aligned to the —1st-order path to impart a tunable —f,om, Shift. The net optical
frequency after the pair becomes f, + faom1 — faom2: When interfered with the unshifted arm, the heterodyne

beat frequency is

Af = |fA0M1 _fAOle-

We first swept Af while monitoring the PA amplitude in water to identify the resonant ultrasound transducer
response; the peak occurred at 5.118 MHz with a measured 3-dB bandwidth =100 kHz. After locating the
resonance, we placed the tag frequencies within this passband to maximize sensitivity and minimize detuning-
induced roll-off. For dual-wavelength operation, tags were set to 5.115 and 5.123 MHz: the 8 kHz spacing
ensures clean FFT separation, while the +3-5 kHz detuning from the 5.118 MHz center preserves on-resonance

sensitivity with negligible amplitude roll-off.

2.6 Laser fluence calibration and wavelength-dependent sensitivity compensation
Accurate hemoglobin oxygen saturation quantification requires reliable normalization of photoacoustic (PA)
signals to laser fluence. Since direct laser intensity measurement at the sample is not feasible during imaging,

we employed a two-step correction strategy as shown in Fig. 2.

First, to estimate sample-side fluence indirectly, we calibrated the output of a reference photodetector (PD)
placed after the PBS against that of a sample-side PD. Due to the absence of separate polarization control for
the 488 nm and 515 nm beams, the PBS splitting ratio differed between wavelengths. We corrected this by
acquiring PD signals at various power levels, extracting modulation amplitudes via FFT, and applying linear

fitting. The calibrated reference PD output closely predicted sample-side fluence (Fig. 2a,b).



Second, we compensated for the wavelength dependence of photodiode's responsivity. Even after fluence
calibration, differences in spectral responsivity caused discrepancies in how optical power was converted to
electrical signal. To address this, we normalized the PD-derived laser intensity by the corresponding PA signal,
revealing a lower effective sensitivity at 488 nm. Applying the earlier calibration factor corrected this mismatch

and aligned the 488 nm response with that of 515 nm (Fig. 2c).

This two-step procedure enabled accurate, real-time fluence estimation and consistent normalization across

wavelengths, improving the robustness of functional PA measurements.
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Figure 2. (a, b) PBS-induced splitting ratio calibration for 488 nm and 515 nm wavelengths, respectively.
Reference PD readings were linearly fitted to sample PD measurements and used to generate calibrated
reference values. (c) Sensitivity compensation across wavelengths. After normalization by PA intensity,

wavelength-dependent variation was corrected using the calibrated fluence data.

2.7 Oxygen saturation sample

To evaluate the performance of the FD-PAM system in oxygen saturation estimation, blood samples with
controlled oxygenation levels were prepared. Blood samples were de-identified and research-use-only materials.
The samples were divided into three groups: oxygenated, deoxygenated, and a 1:1 volume mixture.

Oxygenated blood was prepared by exposing the sample to pure oxygen gas until the saturation level stabilized

near 100%. Deoxygenated blood was obtained by bubbling carbon dioxide gas through the sample until a



minimal oxygen saturation level was reached. The mixed sample was created by combining equal volumes of

the oxygenated and deoxygenated samples.

To minimize optical and acoustic interference from white blood cells, they were removed via centrifugation,
ensuring that the resulting photoacoustic signal originated primarily from hemoglobin. Each sample was placed
in a transparent capillary tube and sealed to prevent gas exchange with the environment. The capillaries were
submerged in a water bath to ensure efficient acoustic coupling with the ultrasound transducer. Imaging was
then performed using the FD-PAM system at the two selected wavelengths (488 nm and 515 nm), chosen for

their differential absorption by oxyhemoglobin and deoxyhemoglobin.

3. Results

3.1 Spectral decomposition and image fidelity verification using black hair

We evaluated frequency-based spectral decomposition using a black human hair phantom (Fig. 3(a)).
Photoacoustic (PA) waveforms were demodulated in the frequency domain (FFT) at the assigned beat

frequencies to yield two images, each corresponding to one modulated wavelength (Fig. 3(b),(c)).

To assess spatial fidelity between the simultaneously acquired wavelength-tagged images, we computed the
structural similarity index (SSIM). A fixed intensity threshold was applied beforehand to suppress background

and restrict the comparison to relevant high-intensity PA regions.

The measured SSIM of 0.97 (Fig. 3(d)) indicates excellent geometric and morphological agreement between
the two frequency-separated images, confirming that frequency tagging preserves spatial integrity and does not
introduce misregistration or distortion. This property is critical for functional imaging, where pixel-wise spectral

analysis (e.g., sO, mapping) requires precise spatial correspondence across wavelengths.

w/o filtering 5.115 MHz 5.123 MHz (d) "—j SSIM 0.97
(488 nm) (515 nm)

b o
] ]
PA intensity Similarity

Figure 3. Frequency-based separation of photoacoustic images and structural similarity analysis. (a) PA image
of black hair without frequency filtering. (b,c) Frequency-separated photoacoustic image at 5.115 MHz (488 nm

excitation) and 5.123 MHz (515 nm excitation), respectively. (d) SSIM map comparing the images in (b) and (c).



Scale bar: 200 pm.

3.2 Oxygen saturation estimation

We assessed the accuracy and consistency of oxygen-saturation (sO,) estimation using prepared blood
samples at three oxygenation states—oxygenated (Oxy), mixed (1:1 Oxy:Deoxy), and deoxygenated (Deoxy)—
as shown in Fig. 4(a). For each strip, five 5 x 5-pixel ROIs were manually selected along the vertical direction

(positions 1-5 from top to bottom; dashed boxes) to compute the mean and standard deviation of sO,.

Frequency-tagged reconstruction yielded well-separated sO, levels across the three groups (Fig. 4(b)): Oxy,
97.8% + 1.74%; 1:1 mixed, 51.5% + 1.34%; and Deoxy, 6.19% * 1.23% (mean + s.d., n = 5 ROIs per group,
each 5 x 5 pixels). The low within-group variation indicates stable quantification and high spatial fidelity between
the simultaneously acquired wavelength channels.

These results confirm that the proposed FD-PAM system accurately discriminates multiple hemoglobin
oxygenation levels over a physiologically relevant range. We note that the scans used a servo-driven
mechanical stage rather than a high-speed scanner (galvo/MEMS); the reduced temporal correlation between

adjacent ROIs within the same strip may modestly contribute to the observed variance.
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Figure 4. sO, PA image and corresponding oxygen saturation analysis. (a) Photoacoustic image of oxygen
saturation (sO,) in blood samples with three different oxygenation states: Oxy, mixed (1:1), and Deoxy. (b) Bar
plot showing oxygen saturation values across five ROIs per blood sample, confirming distinct sO, levels with

low within-group variability. Scale bar: 200 pm.

4. Discussion

To obtain more reliable functional information, we implemented an interferometric modulation scheme in FD-
PAM to enable the use of a high-Q resonant transducer. The AOM-based interferometer provides full-depth
sinusoidal intensity modulation and precisely places two distinct modulation frequencies within the transducer’s
narrow receive bandwidth (< 100 kHz). This architecture supports simultaneous multi-wavelength excitation
without temporal multiplexing, enabling stable quantification and high spatial fidelity between the

simultaneously acquired wavelength channels.



Spectral separation was verified with a black hair phantom: the two wavelength-tagged PA channels were
cleanly decomposed, and an SSIM of 0.97 confirmed that spatial and morphological information was preserved.
For sO, estimation, the system clearly separated oxygenated, mixed, and deoxygenated blood samples with
low within-group variation; across five regions of interest (each 5 x 5 pixels), the mean within-ROI standard
deviation did not exceed 1.74%, indicating stable, reproducible quantification under simultaneous dual-

wavelength operation.

Compared with conventional time-domain PAM (TD-PAM), which uses pulsed excitation and broadband
ultrasonic detection to enable time-of-flight—-based depth gating, our implementation employs a resonant high-
Q transducer operated at a specific narrowband frequency. Because the measurement is intentionally confined
to a narrow frequency band and does not rely on time-of-flight reconstruction, it does not provide axial
sectioning (depth gating). Accordingly, it is not intended for general depth-resolved imaging, but rather for en-
face functional mapping in targets where the most informative contrast is inherently surface-weighted. In many
practical scenarios, the effective optical penetration depth is limited and functional readouts are dominated by
superficial vasculature or near-surface composition, such that surface-weighted measurements can still
provide actionable information. For example, in cardiovascular assessment, identifying the presence and
spatial distribution of lipid-rich components near the luminal surface of plagues is clinically relevant even
without full depth discrimination, and repeated en-face mapping at a consistent plane can be prioritized for
longitudinal monitoring. Overall, the high-Q strategy is chosen to maximize frequency specificity and sensitivity
and to suppress out-of-band noise, thereby improving the robustness and repeatability of functional

guantification in these surface-weighted use cases.

Several practical constraints remain. Although prior FD-PAM studies have demonstrated in vivo imaging, the
present prototype was designed primarily to validate the signal-formation principle of simultaneous dual-tone
excitation with high-Q narrowband detection rather than to serve as a fully optimized in vivo platform. In its
current form, the transmission-type geometry and servo-driven raster scanning make in vivo imaging
impractical due to limited accessibility and animal positioning constraints and increased susceptibility to motion
artifacts from respiration and heartbeat, which can compromise quantitative sO, mapping. Future
implementations will address these limitations by transitioning to a reflection-mode configuration and adopting
faster beam scanning such as galvanometric or MEMS scanners to increase throughput and improve temporal

consistency.

More broadly, the proposed scheme is not limited to an argon-ion laser and, in principle, should be compatible
with compact CW diode lasers or fiber lasers, provided that sufficient optical power and coherence are available
to sustain stable self-heterodyne interference and that the frequency control is stable enough to place the
modulation tones within the high-Q transducer passband. Compared with the current argon-laser-based free-
space setup, diode or fiber laser sources could simplify operation and packaging and may offer improved long-

term stability in practical systems [32].



In summary, we enable FD-PAM to use a high-Q transducer by introducing a two-AOM interferometric
modulation scheme that precisely places each beat frequency within the narrow passband and achieves near-
unity modulation depth. Looking ahead, we expect that this approach could play an important role in precisely
monitoring drug-induced changes in hemoglobin oxygen saturation, thereby supporting quantitative evaluation

of therapeutic response.
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