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ABSTRACT   

Optoacoustic imaging is a rapidly developing area of biomedical imaging due its combination of rich optical 
contrast and ultrasound depth penetration. Just like conventional pulse-echo ultrasound imaging, optoacoustic 
tomography relies on the use of ultrasound detector arrays with a large number of elements. The precise 
knowledge of the transducer’s sensitivity is crucial for the prediction of its performance for a given imaging 
task. Sensitivity characteristics such as the central frequency and bandwidth are routinely characterized. 
However, this characterization is typically performed solely under normal incidence since the measurement of 
the angle and frequency depended sensitivity (directivity) is difficult and time consuming with existing 
ultrasound characterization methods. We present a simple and fast characterization method for broadband 
directivity measurements of the angular transducer sensitivity based on the optoacoustic effect. The method 
utilizes a thin absorbing suture in order to generate omnidirectional and broadband optoacoustic signals, 
which are calibrated using a needle hydrophone. We applied this method to characterize and compare the 
directivity of a conventional piezoelectric (PZT) transducer to the directivity of a capacitive micromachined 
ultrasonic (cMUT) transducer. Both technologies showed a similar broadband response at normal incidence 
and the PZT transducer displayed a more than two times larger signal to noise ratio at normal incidence. 
However, the cMUT transducer’s sensitivity was significantly less angle-depended and outperformed the 
PZT’s sensitivity for angles larger than 20°.  
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1. INTRODUCTION  
Optoacoustic (OA) tomographic imaging depends on the appropriate selection of ultrasound (US) detectors in 
order to accurately reconstruct the broadband responses generated in tissues1–4. Often, only the detector’s 
sensitivity and bandwidth under normal incidence are considered when making this selection. However, the 
angle and frequency depended sensitivity (directivity) also plays an important role in enabling accurate 
reconstructions. Conventional US probes made from piezoelectric materials such as lead zirconate titanate 
(PZT) mainly emit and receive US waves under normal incidence, resulting in a good signal-to-noise (SNR) 
ratio in pulse-echo mode. However, this strong directivity is not a desirable characteristic for OA imaging 
systems as it results in limited-view image artifacts and reduces the overall resolution of the reconstructed 
images2,5. The precise knowledge of the transducer directivity is therefore required to make an informed 
decision about the transducer selection when building an imaging system. This directivity information can 
furthermore lead to a reduction in image artefacts in the OA image reconstruction, as it can help correct for 
the reduced sensitivity at larger angles, thus improving image quality and resolution. While piezocomposite 
transducers have dominated the US imaging field6, the emerging technology of capacitive micromachined 
ultrasonic transducers (cMUT) has seen a rapid development in the last decade7,8. The possible integration of 
US transducer elements with amplifying and receiving electronics in one silicon chip hold great potential for 
highly sensitive yet affordable cMUT transducer arrays with thousands of elements. While such cMUT arrays 
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would be a great tool for both US and OA imaging, the development of cMUT arrays is costly and the 
characterization is difficult9–12.  

Here we introduced a calibrated optoacoustic characterization method for broadband directivity measurements 
of the angular transducer sensitivity. The method utilizes a simple absorbing suture in order to generate 
omnidirectional and broadband OA signals, which were characterized using a calibrated needle hydrophone. 
The calibrated optoacoustic source was used to compare the frequency dependence of the angular sensitivity 
of a conventional piezoelectric (PZT) and a capacitive micromachined ultrasonic (cMUT) transducer with 
similar size and central frequency. 

2. METHODS 
Figure 1 shows a schematic representation of the experimental setup used to characterize the transducers 
broadband directivity on the left in comparison to a conventional US characterization scheme shown on the 
right. In the presented system, the ultrasound directivity measurement relies on the generation of broadband 
ultrasound waves by the optoacoustic effect. At the heart of the setup is an optoacoustic line source, formed 
by a highly absorbing surgical suture with a 100 µm diameter and 4 mm length. In order to excite broadband 
OA signals, the suture was illuminated with short 16 mJ laser pulses. The directivity of an ultrasound 
transducer measures how sensitive the transducer is to plane waves incident under different angles. 
Conventional emit-receive directivity measurements employ a rotating ultrasound emitter in order to generate 
acoustic plane waves under different angles, as shown on the right in Fig. 1 whereas the presented method 
shown on the left of Fig. 1 measures the directivity using a simple linear translation of the tested transducer 
along one axis. As indicated in Fig. 1, the angle between the normal of the ultrasound wavefront and the 
normal of the transducer then only depends on the lateral position (along the y-axis) of the transducer. A 
complete directivity measurement was performed using a custom-made MATLAB script which controlled the 
laser, the linear stage as well as the data acquisition system. For each transducer position, several laser shots 
were triggered and a data acquisition system digitized and recorded the ultrasound time signals for each laser 
shot. 
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Figure 1. Illustration of the ultrasound transducer characterization based on the optoacoustic generation of 

broadband pulses shown on the left compared to conventional pulse-echo ultrasound characterization 
shown on the right.  

The proposed characterization method was calibrated using a needle hydrophone. First, a calibrated PVdF 
needle hydrophone with a 1 mm diameter was used together with a matching wide-band amplifier and a DC 
coupler in order to characterize the broadband nature of the generated OA signals. The directivity 
measurement method proposed here is based on the assumption that the long surgical suture emits nearly ideal 
cylindrical waves when illuminated with pulsed laser radiation. To interrogate this assumption, we used a 
second PVdF needle hydrophone with a 75 µm diameter which we translated by means of the motorized 
linear stage. The 75 µm hydrophone has a very low directivity, performing almost like an idea point detector. 
To objectively compare the broadband directivity of conventional PZT transducers against the directivity of 
cMUT transducers, two linear arrays with almost identical geometry and similar central frequencies of 
approximately 5 MHz were characterized. The transducer sensitivity and directivity were then obtained by 
recording US time signals that were processed and analyzed using a custom-made MATLAB script.  

3. RESULTS AND DISCUSSION  
Figures 2a) and 2b) display the OA time signal and spectra of the surgical suture respectively. Figure 2a) 
shows the expected N-shaped OA response of a cylindrical source13. Figure 2b), calculated as the Fourier 
transform of the time signal in Fig 2a) demonstrates the broadband nature of the generated OA signals with a 
central frequency of approx. 5.5 MHz and an almost 150% -6 dB bandwidth of 8 MHz. Hence, the 
combination of 10 ns laser pulses and 100 µm diameter suture is well suited to characterize the directivity of 
transducers with a 5 MHz central frequency. The analysis of the 75 µm diameter hydrophone data (not 
shown) revealed a 6 dB decrease in OA signal amplitude over an angular range of ±40°, which is in good 
agreement with the literature for a hydrophone of that size14, proving the omnidirectional nature of the emitted 
OA signals.  
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Figure 2. Optoacoustic signal emitted by a 100 µm diameter and 4 mm length surgical suture when illuminated 

with 10 ns laser pulses (16 mJ per pulse energy). a) Time signal converted to depth using the speed of 
sound, showing the characteristic symmetric, N-shaped optoacoustic response. b) Broadband OA spectrum 
emitted by the surgical suture, calculated as the Fourier transform of a).  

Figure 3 shows both the PZT and cMUT transducer directivities based on the respective signal-to-noise ratios 
(SNR). Figures 3a) and 3b) display the depth signals recorded for different angles of incidence for the PZT 
and cMUT transducer respectively, with the cMUT transducer clearly recording signals at angles as high 55°. 
Figure 3c) display the absolute SNRs as a function of the incidence angle, indicating the favorable sensitivity 
of the PZT transducer (blue circles) at normal incidence with a maximum SNR of 266, more than twice that 
of the cMUT (orange dots) with a SNR of 108.  

    
Figure 3. Comparison of PZT and cMUT transducer sensitivity characterized using the optoacoustic effect. 

Figures a) and b) show the sinogram, i.e. the depth signals recorded for different transducer positions and 
angles of incidence for the PZT and cMUT transducer respectively. Figures c) and d) display the signal-to-
noise ratio (SNR) as a function of the incidence angle, with c) showing the absolute SNRs and d) showing 
the SNR relative to the maximum respectively.  The PZT transducer has a favorable SNR at normal 
incidence as shown in c). However, the cMUT transducers shows a much less rapid decline in the SNR for 
larger angles of incidence and outperforms the PZT at angles higher than 20°.  

Figure 3d) shows the SNRs relative to their respective maximum, where the cMUT demonstrates a much less 
rapid decline in the SNR for larger angles of incidence. Consequently, the cMUT outperforms the PZT and 
shows a large SNR at incidence angles higher than 20° as displayed in Fig. 3c).  

The SNR based analysis shown Fig. 3 already provides important information regarding the angle-dependent 
sensitivity of both transducers. However, by applying the Fourier transform to the time signals shown in 3a) 
and b) one can obtain and analyze the angle and frequency depended sensitivity using the sensitivity maps 
shown in Figure 4. Figure 4a) shows the sensitivity maps of both the PZT (left) and the cMUT (right) 
transducers as a function of both angle and frequency. It is evident from these sensitivity maps, that the 
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cMUT transducer shows a much broader angular sensitivity, especially in the frequency between 2 MHz and 
6 MHz. While the sensitivity maps in Figures 4a) allow an intuitive and qualitative comparison of the 
transducer spectral sensitivity, Figures 4b) and 4c) enable an easier quantitative comparison of the PZT’s 
(blue, dashed line) and cMUT’s (orange, solid line) performance. Figure 4b) showcases the spectral 
sensitivity of both transducers for discrete angles of 0°, 20° and 40°. The sensitivity as a function of the 
frequency at normal incidence (0°, top in Fig. 4b) displays the characterization that is typically performed for 
US transducers. Both transducers show a similar broadband sensitivity with the cMUT’s sensitivity shifted to 
slightly higher frequencies. A clearly advantageous performance of the cMUT transducer is observed for 
incidence angles of 20° and 40°, where the cMUT is significantly more sensitive over the entire frequency 
range. Similarly, Fig. 4c) showcases the angular sensitivity of both transducers for discrete frequencies of 3 
MHz, 6 MHz and 9 MHz. The PZT’s angular sensitivity varies little with Frequency and is reduced by almost 
20 dB for angles of 20° and above. In contrast, the cMUT’s sensitivity drops by only slightly more than 10 dB 
for angles as large as 45° at 3 MHz and 30° at 6 MHz. At 9 MHz the cMUT shows a similar decrease in 
sensitivity as the PZT while still outperforming the PZT’s sensitivity for all angles.  

 
Figure 4. Frequency and angle dependent directivity characterization of PZT and cMUT transducers with an 

overview shown in a) and detailed quantitative comparisons shown in b) and c). a) Directivity maps of both 
the PZT (left) and cMUT (right) transducers with  the directivity plotted as a function of both frequency (x-
axis) and incidence angle (y-axis). b) Comparison of PZT (blue, dashed line) and cMUT (orange, solid line) 
sensitivity as function of the frequency for different incidence angles of 0°, 20° and 40°. c) Comparison of 
PZT (blue, dashed line) and cMUT (orange, solid line) sensitivity as function of the incidence angle for 
different frequencies of 3 MHz, 6 MHz and 9 MHz. 

 

4. CONCLUSION 
Here, we presented a methodology for accurate characterization of the broadband directivity of ultrasound 
transducers used in optoacoustic imaging systems. Our method allows the investigation of the transducers 
frequency response both under normal incidence as well as for arbitrary and large angles of incidence and 
with a flexible frequency range. The validity of the propose method was validated using calibrated 
hydrophones to both analyze the broadband nature of the emitted signals as well as to confirm their uniform 
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propagation. We compared a conventional piezo-electric PZT transducer to a cMUT transducer with almost 
identical element geometries. The cMUT array showed a significantly larger angular sensitivity compared to 
the PZT transducer. The advantageous directivity of cMUT technology leads to fewer reconstruction artifacts, 
improving both the resolution and the signal to noise ratio of the reconstructed images. The directivity 
measurement can be adapted to the desired frequency range by changing the size of the line source, thereby 
changing the frequency of the emitted OA signals. No ultrasound emitter is required; the measurements are 
fast and simple, as they require no complicated alignment, and no additional hardware such as a rotation 
stage. The proposed method is readily applicable in existing OA tomography system and can help select the 
transducer best suited for OA imaging.  
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