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Abstract  
Low-noise wideband ultrasound detection using polymer microring resonators are demonstrated. Optical 
detection of ultrasound can overcome the challenges of realizing high-frequency two-dimensional 
ultrasound detection arrays using piezoelectric technology, including increased noise level in small 
elements, the complexities of the electrical interconnects, and the fabrication difficulties. A 
nanoimprinting technique was used to fabricate the polymer microring resonators operating at 1.5 µm 
optical wavelength. These devices are highly sensitive to ultrasound and have a noise-equivalent pressure 
of 0.3 kPa over 1–100 MHz. The –6-dB detection bandwidth was measured to be over 100 MHz. To form 
a dense and large element-count two-dimensional array, addressing multiple microrings using the same 
bus and smaller microring diameters are required. We experimentally confirmed the feasibility of using a 
single bus waveguide to address four-ring elements by means of wavelength division multiplexing. These 
results demonstrate the potential of polymer microring resonators for sensitive, high-frequency, two-
dimensional ultrasound detection arrays.  
Keywords: ultrasound detectors, acoustic detectors, low noise detection, wideband, high frequency 
ultrasound, microring resonators, optical waveguides, optical resonators, polymer photonics.  
 
1.  Introduction 
 
The high resolution provided by the high-frequency ultrasound and photoacoustic 
imaging allowed studies of biomedical objects at a smaller size. Conventionally, 
piezoelectric transducers are used. However, there are major challenges in using 
piezoelectric transducers to achieve high-resolution real-time ultrasound and 
photoacoustic imaging. Small piezo-transducer element size compromises signal-to- 
noise ratio (SNR) and the detection sensitivity. High element count of 1-D and 2-D 
dense array configurations result in increased complexity of electrical interconnects and 
fabrication difficulties. An alternative to resolve these problems is to use resonant 
optical ultrasound transducers (ROUTs) [1-2]. There are several unique advantages in 
ROUTs. First, the SNR mainly depends on probing optical power rather than detector 
size. Second, addressing of 1-D arrays can be realized by sharing a single bus 
waveguide. Third, small element sizes of 10-100 µm is easy to make with current 
fabrication technologies.  
In this paper, we present the development of a type of ROUTs: polymer resonator for 
optical ultrasound detection (PROUD). In section 2, theoretical background for 
ultrasound detection using polymer microring resonators is presented and device 
preparation is described. In section 4, experimental demonstration of PROUD as a low 
noise-equivalent-pressure (NEP) and wide bandwidth ultrasound detector is presented. 
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Experimental confirmation of a four-element array is also given. In section 4, we 
discuss the benefits of low NEP ultrasound detectors in photoacoustic imaging. 
 
2.  Principles and fabrication of devices 
 
2.1 Optical methods of ultrasound detection 
 
As shown in Fig. 1(a), the microring resonator device consists of a straight waveguide 
coupled with a microring, where the microring serves as an optical cavity. Resonance 
occurs when the round-trip phase experienced by the guided wave in the microring is 
equal to multiples of 2π, i.e.  
                                                          Lnm effc =λ

                                                         (1) 

where m and λc are the resonance order (an integer) and the resonance wavelength, 
respectively, neff is the effective index, and L is the circumference. At resonance, it can 
be shown that the total field of optical wave returning to the coupler is π out of phase 
with the optical wave propagating through the coupler region in the straight waveguide, 
resulting in destructive interference. Therefore, the transmission spectrum, shown in 
Fig. 1(b), will have resonance dips.  
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Figure 1. (a) Schematic of microring resonator, (b) resonance spectrum, (c) ultrasound detection using 
microring resonators. 

 
In microring ultrasound sensors, incident acoustic waves cause a strain field, slightly 

deforming the waveguide dimension. The change in waveguide cross section directly 
alters the effective refraction index of the guided mode. Moreover, the refractive indices 
of the waveguide material and water (surrounding the waveguide) will also be modified 
by the strain via the elasto-optic effect. Thus, the resonance condition was shifted. 
Detailed theoretical analysis is given in our previous publication [1].  Ultrasound 
detection is accomplished as shown in Fig. 1(c). Probing the device at a fixed 
wavelength [2] with a high slope in the transmission spectrum, the output intensity, 
modulated by the ultrasound wave, can be recorded by a high-speed photodetector. 
Accordingly, high Q resonators will lead to high sensitivity. 
 
2.2  Device  preparation 
 
A nanoimprint technique [3] is used due to its simple process, high fidelity, and precise 
dimension control. Detailed fabrication processes of Polystyrene (PS) waveguide can be 
found in [4]. In our design, the cross section of waveguides is 2 × 2 µm2 for single-
mode operation at an optical wavelength of 1550 nm. The separation in the coupling 
region between the microring and straight waveguides is typically several hundred 
nanometers. The microrings have a diameter of 100 µm. In the following experiments, 



  

fibers are glued at the cleaved edges of the silicon substrate for easy ultrasound 
measurement. To improve fiber-waveguide modal mismatch, a 10.5-µm mode-field-
diameter single-mode fiber was spliced to a 4.8-µm mode-field-diameter single-mode 
fiber. Very low loss between the two fibers can be achieved using the fusion splicer 
(FSU 995 FA, Ericsson, Newnan, GA). With the splicing, the coupled power into the 
waveguide can be enhanced about 5 times by a simple estimation using beam 
propagation method. An output multimode-mode-fiber with a 62.5-µm core diameter 
was used to collect most output light.  
 
3.  Experimental methods and results 
 
3.1 Experimental setup 
 
Fig. 2 shows the setup used for NEP and sensitivity measurement of a PROUD device. 
The input fiber of the glued device was connected to a continuous wave tunable laser 
source (HP 8168F, Agilent Technologies, Santa Clara, CA). The output fiber was 
connected to a photodetector (1811-FC, New Focus, San Jose, CA), which has a dc 
output gain of 1 V/mA and ac output gain of 40 V/mA with an electrical bandwidth of 
25 kHz–125 MHz. The photodetector output to a digital oscilloscope (WaveSurfer 432, 
LeCroy, Chestnut Ridge, NY) for data collection. The device is surrounded in deionized 
water. Using dc output, the spectrum, shown in Fig. 3(a), is measured by scanning the 
tunable laser wavelength. The Q factor was estimated to be 6000. A suitable wavelength 
near the center of the resonant slope is then chosen. The off-resonance optical power 
shows only 9% of the laser light transmitted to the photodetector. Better coupling 
efficiency can be achieved by further improving the fiber-waveguide modal matching.  

 
Figure 2. Schematic  of experimental setup. TL: tunable laser;  

UT: ultrasound transducer; PD: photodetector. 
 
3.2  Sensitivity 
 
A 20 MHz unfocused transducer (V316, Panametrics NDT,Waltham,MA) with a 3.18 
mm diameter was used to insonify the microring. We first calibrated the transducer with 
a polyvinylidene fluoride (PVDF) membrane hydrophone, which has 28 µm membrane 
thickness and a 500 µm active element [5] (Center for Industrial and Medical 
Ultrasound, University of Washington, Seattle, WA). The acoustic coupling medium 
was de-ionized water. A peak pressure of 30 kPa is measured when the transducer is 
driven by a 10 V peak-to-peak one-cycle 20 MHz sinusoidal wave from a function 
generator (33250A, Agilent Technologies). Next, a PROUD device was used and 
operated at the optical probing wavelength 1555.51 nm with input power 5.5 mW.  



  

 
                            (a)                                                  (b)                                                    (c) 

Figure 3. (a) Optical transmission spectrum at input power = 4.2 mW. (b) Measured acoustic signal by 
PROUD at λb = 1555.51 nm and input power = 5.5 mW. (c) Spectrum of acoustic waveform of (b). 

Ultrasound signals were detected by the ac output of the photodetector. Fig. 3(b) shows 
a detected waveform and Fig. 3(c) shows the spectra of the signal and an acoustic signal 
measured by the hydrophone. Due to reflections of the pulse within the silicon substrate, 
the main pulse signal was followed by the ringing waveform, which can be eliminated 
by using different materials or structures. 
 
Since an output voltage of 332 mV was measured under a 30 kPa acoustic pressure, the 
sensitivity of the PROUD device was 11 mV/ kPa. The NEP is defined as the ratio of 
noise-equivalent optical power to sensitivity and is a measure of the minimum 
detectable pressure of the sensor. The root mean-square noise levels were 1.5, 2.2, and 
2.5 mV over 1–25, 1–50, and 1–75 MHz bandwidths, respectively. Therefore, the 
corresponding NEPs were 0.14, 0.20, and 0.23 kPa by extrapolating the sensitivity to 
higher frequencies. The extrapolation is valid since all the bands are well below the −3 
dB detection bandwidth, shown in next section, of the device. Similar NEP level is 
found in a Fabry–Pérot ROUT with a detection bandwidth of 20 MHz and a detector 
diameter of 50 µm [6]. Compared with a 75 µm piezoelectric polyvinylidene fluoride 
(PVDF) transducer (HPM075/1, Precision Acoustics, Dorchester, Dorset, UK; 
http://www.acoustics.co.uk/products/hpm075-1), an NEP lower bound of 6 kPa [=(60 
µV)/(10 nV/Pa)] over a 100 MHz bandwidth considering only the noise from its 
matched preamplifier (HP1, Precision Acoustics), the PROUD device is 20 times more 
sensitive.  
 

 
                                                       (a)                                                  (b)                                                

Figure 4. (a) Acoustic signal detected by PROUD and laser pulse profile detected by photodetector.  
(b) Estimated spectrum over 100 MHz at -6 dB. 

 
3.3 Frequency response 
 
To measure the detection bandwidth of a PROUD device, a wideband optoacoustic 
source was used. A 100 nm thick chromium film, deposited onto a glass substrate, was 
illuminated with a wide-spot nanosecond laser pulse.  A planar acoustic wave with a 



  

temporal profile duplicating that of the excitation laser pulse shape is then generated [7]. 
In this experiment, the distance between the chromium film and the PROUD device is 
540 µm. A 532 nm pulsed frequency-doubled Nd-YAG laser (Surelite I-20, Continuum, 
Santa Clara, CA) with a spot size of 4.5 mm in diameter was used for illumination. The 
acoustic coupling medium was de-ionized water. Fig. 4(a) shows a laser pulse detected 
by photodetector and the generated acoustic pulse measured by the PROUD device. The 
frequency response, shown in Fig. 4(b) is estimated by taking the difference of the two 
spectra and compensating acoustic attenuation coefficient of 2.2 × 10-4 dB/mm MHz2 in 
water [8]. The detection bandwidth of the PROUD device was over 100 MHz at −6 dB. 
 
3.4 Four-element array 
 
Fig. 5(a) shows a microring array consisting of four microrings with a single 
input/output bus waveguide. Each microring is designed to have a slightly different 
diameter, 1.0 µm variance per ring, and thus have different resonant wavelengths. Each 
ring is addressed through the same bus waveguide using the corresponding resonance 
wavelength of the ring. The measured spectrum is shown in Fig. 5(b). Due to TE/TM 
modes presented in the waveguide, more than four resonances are observed in one free 
spectral range. Fortunately, since one of the two resonances caused by different 
polarization is weaker in amplitude, we are able to address each ring without difficulty. 
Spatial response is confirmed experimentally using different probing wavelengths. Note 
that the overlap of resonance spectrum can be avoided by careful design of microring 
sizes. In the future, polarization maintaining fibers or improved waveguide design (such 
as cross section) can be used to suppress one mode for easy addressing.  

 
4.  Discussion 
In medical imaging, photoacoustic signals are typically 20 to 40 dB weaker than the 
ultrasound signals. Dense 2-D arrays are usually used for 3-D photoacoustic imaging 
due to lower laser-generated acoustic signals. Thus, PROUD’s high sensitivity 
combined with the feasibility of array configurations make it a good candidate for 
photoacoustic imaging with high contrast. One quantitative example is given to show 
the improvement in imaging depth by using the PROUD array devices. Let us compare 
photoacoustic imaging of a 80 µm sphere object using a 2-D arrays of 40×40 PROUD 

Figure 5. (a) Schematic of four-element array. (b) Measured transmission spectrum of (a). 
(c) Spatial response of each ring when isonified by the ultrasound waves. 

 



  

elements and a detection bandwidth range of 0-50 MHz with using similar size PVDF 
piezoelectric detectors. The effective NEPs are 5 Pa and 80 Pa, respectively. A 40 µm 
bloodlike water-based object with an effective optical absorption coefficient of µeff

blood 
= 5 cm−1 (typical for blood absorption coefficient of µeff

tissue = 1 cm-1) is considered. The 
peak acoustic pressure at the detector surface, is given by [10]  
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where R=20 µm is the object radius, c=1500 m/s is the sound speed, β=360×10−6 K−1 is 
the thermal expansion coefficient, J0=20 mJ/cm2 is the surface optical fluence, CP=4.2 
kJ/kg K is the specific heat capacity, A=5 dB/cm is the ultrasound attenuation in the 
tissue, and z the object depth. The estimated imaging depths by using PROUD and 
PVDF detector arrays are 7.5 and 1.3 mm, respectively. Therefore over fivefold 
improvement can be achieved by using PROUD device. Wide bandwidth is necessary 
for high-resolution ultrasound and photoacoustic imaging. Furthermore, the flat spectral 
response from dc to 100 MHz is particularly advantageous because photoacoustic 
imaging reconstruction of multiscale anatomical structures relies on sound generated at 
a wide bandwidth, corresponding to various scale of the object.  
 
5.  Conclusions 
We demonstrated an ultrasound sensor with high sensitivity and wide detection 
bandwidth. We also experimentally show that a single bus waveguide can be used to 
probe a 1-D array of microring elements by wavelength multiplexing. These features 
show the potential of the PROUD device for high-frequency ultrasound detection arrays 
with advantages in imaging depths, multiscale photoacoustic imaging reconstruction, 
and a simple addressing scheme in array configurations. Our current PROUD device has 
a diameter of 100 µm, which limits its angular response for high-frequency ultrasound 
detection. It is possible to design microrings with diameter in the range of 20-40 µm to 
enhance the angular sensitivity by operating the PROUD at visible wavelength, which 
has much less water absorption loss as compared to the infrared light.  
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