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Abstract

Tight integration of CMUT arrays with integrated circuits can make active impedance matching 

feasible for practical imaging devices. In this paper, negative capacitance-based impedance 

matching for CMUTs is investigated. Simple equivalent circuit model based calculations show 

the potential of negative capacitance matching for improving the bandwidth along with electrical 

power transfer and acoustic reflectivity, but the model has limitations especially for acoustic 

reflectivity evaluation. For more realistic results, an experimentally validated CMUT array model 

is applied to a small 1-D CMUT array operating in the 5–15MHz range. The results highlight 

the difference between electrical power transfer and acoustic reflectivity as well as the tradeoffs 

in SNR. According to the results, ideal negative capacitance termination matched to the CMUT 

capacitance provides the broadest bandwidth and highest SNR if acoustic or electrical reflections 

are of no concern. On the other hand, negative capacitance and resistance matching to minimize 

acoustic reflectivity provides both lower reflection and closer to ideal SNR as compared to 

electrical power matching. It is observed that acoustic matching also reduces acoustic crosstalk 

and improves array uniformity. While several challenges for integrated circuit implementation 

are present, negative capacitance-based impedance matching can be a viable broadband active 

impedance matching method for CMUTs operating in conventional and collapsed mode as well as 

other ultrasound transducers with mainly capacitive impedance.
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Index Terms—

Capacitive micromachined ultrasonic transducer (CMUT); negative capacitance; broadband 
impedance matching; acoustic reflectivity; electrical power transfer

I. INTRODUCTION

One of the main advantages of capacitive micromachined ultrasonic transducers (CMUTs) 

is ease of electronic integration, which can be achieved through wafer bonding, monolithic 

post-CMOS processing, or flip-chip bonding methods [1]–[10]. This integration capability 

enables implementation of 2-D imaging arrays with small element sizes and high impedance 

values to achieve high SNR and bandwidth, along with multiplexing capabilities for reduced 

number of cables for catheter-based applications [11]–[13]. In these implementations, a 

significant, but not fully utilized advantage of electronics integration is the capability to 

implement different impedance matching schemes for CMUT elements, including active 

matching circuits. This is important, as the electrical impedance levels of CMUTs are 

generally higher than their piezoelectric counterparts, typical voltage-based or current-based 

frontend terminations using low-noise amplifier structures increase the electrical and 

acoustic reflection from CMUT arrays due to mismatched impedance levels.

There has been a few studies on improvements in terms of power transfer and acoustic 

reflection for CMUTs in the literature [14], [15]. Impedance matching of CMUT using a 

resistance only load has been explored in detail including the impact of backing on acoustic 

reflectivity [15]. It is found that assuming a real acoustic radiation impedance for the CMUT 

and limiting the termination to an optimized resistance, significant reduction in acoustic 

reflectivity and increased sensitivity can be obtained when CMUT elements are biased 

closed to the collapse voltage. Inductive tuning, which seems like a straightforward approach 

for a capacitive transducer, has not been considered for practical reasons.

An interesting approach to impedance matching for CMUTs that suitable for integrated 

circuit implementation is to cancel the capacitive part of the CMUT impedance using a 

negative capacitance circuit [16]. These active circuits are commonly used to cancel parasitic 

capacitance and broaden the system bandwidth [17]. This approach has been suggested 

to minimize acoustic reflection over a broad frequency range for CMUTs, and has been 

demonstrated using discrete components, but a detailed analysis is not provided [14]. 

In that study, as well as others [15], electrical power transfer is not differentiated from 

acoustic reflectivity, and a real radiation impedance is assumed for the CMUT. Although 

minimum acoustic reflectivity is highly desirable, it may not occur along with the condition 

for maximum power transfer from the transducer: The former happens when acoustic 

impedance matching is achieved between medium and the CMUT surface [18] while the 

latter is obtained under complex conjugate electrical impedance matching (maximum power 

transfer impedance matching) at the interface of the CMUT and front-end electronics 

(electrical port) [19]. As noted below, this difference can be important for small sized 

transducers and array elements where simple 1-D equivalent circuit analysis is not suitable.

Rezvanitabar et al. Page 2

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In this paper, a detailed analysis of CMUT arrays with an impedance matching network 

is performed with a focus on negative capacitance based matching. First, the small signal 

lumped equivalent circuit calculations are presented to provide insight into the bandwidth, 

sensitivity, and SNR with different matching schemes. Calculations of electrical and 

acoustic reflectivity for small and large area CMUTs highlight the differences between 

the two figures and the need for more complex array models. Based on those results, an 

experimentally verified accurate model is used to evaluate the impact of terminations on 

single element and a small CMUT array, and the results are compared with the equivalent 

circuit approach. Different aspects of the negative capacitance matching and its realization 

using integrated circuits are discussed followed by concluding remarks.

II. Impedance Matching Metrics and Analysis Methods

A. Figures of merit for impedance matching

Impedance matching in ultrasonic transducers is generally used for two different purposes: 

maximum power transfer from acoustic to electrical domain and minimizing acoustic 

reflections from the surface of the array. Given the complex electrical input impedance 

of the CMUT array element, loaded with fluid and including interactions with other array 

elements, ZCMUT(ω), the frequency dependent electrical power reflection coefficient at the 

electrical interface as a function of frequency [20] is given as:

RE(ω) 2 =
Zin(ω) − ZCMUT*
Zin (ω) + ZCMUT

2
(1)

where * denotes complex conjugate and Zin(ω) is the input impedance of the receiver 

electronics. As expected from the maximum power transfer theorem, power reflection is 

minimized by complex conjugate matching in the electrical domain. Note that this figure 

is relatively straightforward to calculate once ZCMUT is known, as all electromechanical 

interactions in CMUT are properly included in a single complex number. Consequently, for 

a limited and relevant bandwidth of the CMUT array element (from ω1 to ω2) one can 

define an effective power reflection coefficient,

ERE =
∫ω1

ω2 RE(ω) 2dω
ω2 − ω1

(2)

To highlight the difference between the acoustic and electrical reflection coefficient, one 

can consider the acoustic pressure reflection coefficient at the mechanical interface of a 

transducer and radiation medium, similar to a 1-D plane wave reflection coefficient,

RA(ω) = Zina(ω) − Zrad(ω)
Zina(ω) + Zrad(ω) (3)

where Zina(ω) is the complex mechanical impedance seen looking into the mechanical port 

of the CMUT and Zrad(ω) is the complex radiation impedance of the medium including 

array effects [21]-[23]. Note that unlike the electrical power reflection coefficient, minimum 
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acoustic reflectivity does not require complex conjugate matching and difference becomes 

significant when the radiation impedance is complex [24].

Equation (3) is convenient to use with a simple 1-D equivalent circuit and provides 

accurate insight for large area transducers. However, for realistic CMUT array elements 

with arbitrary or sub-wavelength dimensions, a more complex coupled electrical-acoustic 

model considering membrane and array dynamics should be used. The acoustic reflectivity 

can then be evaluated through electrical signals due to multiple reflections (echoes) between 

an ideal flat target and the CMUT array. In that case one can define an effective acoustic 

reflection coefficient at the CMUT array surface as:

RAE(ω) 2 = V 2(ω) 2

V 1(ω) 2 (4)

where |V1(ω)|, |V2(ω)|, are the electrical signals in frequency domain for the first and second 

echoes, respectively, obtained at the receiver electronics terminals. Then, similar to the 

effective electrical power reflection, ERE, one can define an effective acoustic reflection 

coefficient, ERA, over a frequency band of interest as:

ERA =
∫ω1

ω2 RAE(ω) 2dω
ω2 − ω1

(5)

Another important metric for receiver performance is the achievable signal to noise ratio 

(SNR). This figure is calculated from the ratio of the output signal voltage to the voltage 

noise on the termination impedance due to the CMUT element and termination impedance. 

These figures can be calculated as a function of frequency and integrated over a bandwidth 

to arrive an effective SNR for different termination schemes indicated in Fig. 1.

B. Equivalent Circuit Based Analysis

Conventional small signal equivalent circuit for a CMUT [25] with a parallel negative 

capacitance termination (−C//RL), is shown in Fig. 2. Here, n=VDCC0/g is the 

electromechanical transformation ratio, in which VDC is the applied DC bias, C0 is the 

CMUT capacitance, and g is the gap between CMUT plates with the bias. The −C0 element 

represents the spring softening due to the electromechanical coupling with applied bias [26]. 

The force Fin is given by the blocked pressure and device area, i.e. Fin = 2Pin × A. Given this 

equivalent circuit, the reflectivity at the mechanical (acoustic) port can be found from (3) as

RA(ω) = Zina(ω) − Zrad(ω)
Zina(ω) + Zrad(ω)

= Zmem + n2Z − Zrad
Zmem + n2Z + Zrad

(6.1)

where
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Z = 1
C0 − C jω‖RL − 1

C0jω (6.2)

and the power reflection coefficient defined in [20] for the electrical power transfer to the 

load, RL, is given by

RE(ω) 2 =
RL − ZCMUT,Matcℎing*
RL + ZCMUT,Matcℎing

2
(7)

where ZCMUT, Matching is the input electrical impedance of the CMUT including the negative 

capacitance, and * denotes the complex conjugate.

To estimate the impact of parallel negative capacitance, one can first assume a limiting 

case where Zrad is real (such as Zrad = A × ρc, for a large transducer), C is chosen to 

be arbitrarily close to C0 so that the 1
C0 − C jω‖RL ≈ RL. By defining a short circuit 

mechanical impedance Zms = Zmem − n2
jωC0

, [27] at the softened (short circuit) mechanical 

resonance frequency of the CMUT, (Zms=0) both acoustic and electrical power reflection 

coefficients vanish by choosing RL =
Zrad

n2  indicating a perfect match. The bandwidth of this 

matching depends on the variation of the membrane mechanical impedance with frequency 

and its relative value as compared to Zrad as the output voltage is given by

V out ≈ RL

RL + Zrad + Zms
n2

× Fin
n = Zrad

2Zrad + Zms
× Fin

n (8)

Since CMUT membrane mechanical impedance is usually designed to be significantly 

smaller than the radiation impedance, giving the CMUT its broad bandwidth, one should 

expect (−C//R) matching to provide a broadband matching and output voltage frequency 

response limited by the membrane design. This is in contrast with (L//R) matching, where 

the capacitance is cancelled only around a narrow frequency band. As will be discussed 

later, although this approach seems to reduce the output signal level as compared to an open 

circuit termination by voltage division, (−C//R) matching eliminates the capacitive drop off 

and can yield higher output signal levels in a broader frequency range.

For arbitrary sized transducers, frequencies and negative capacitance values, one can choose 

load resistance values to minimize the expressions in (6) and (7) to reduce the acoustic 

reflectivity and increase electrical power transfer at a desired frequency, respectively. This 

yields

RLE = n2

Zrad* + Zms* − C0 − C jω
−1

, (9)

for electrical power transfer. The resistance value for minimizing acoustic reflectivity can be 

obtained by evaluating the expression in (6.1), since a closed form expression is not trivial. 
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As in the case of microwave circuits [28] these values are not the same, as Zrad is complex 

and Zms is non-zero in general, and they depend on CMUT size and membrane design.

In addition to output signal levels for different terminations, the equivalent circuit can also 

be used to evaluate the noise voltage spectrum due to the thermal mechanical noise of the 

CMUT and the load resistance, through the expression

vn2 = 4kTRe Zin_e(ω) , (10)

where Zin_e(ω) is the electrical input impedance at the output terminal including the load 

resistance. Note that this approach assumes noiseless receiver electronics and hence is an 

ideal case. Nevertheless, to gain insight into these matching schemes on signal bandwidth, 

SNR and reflectivity, one can use the equivalent circuit approach, albeit with its limitations.

C. Equivalent Circuit Analysis Results

The equivalent circuit analysis is used to evaluate performance metrics for two square­

shaped 5-MHz single-element CMUTs. As detailed in Table I, SE_CMUT1 has side length 

of 161 μm and SE_CMUT2 has side length of 659 μm, roughly corresponding to λ/2 

and 2λ at 5MHz respectively in the simulation medium, which is water. These sizes are 

chosen to explore the limitations of the equivalent circuit approach leading to the need 

for more accurate analysis. The membranes are modeled as lossless mass-spring systems 

Zmem = j ωmeff −
keff

ω , where membrane equivalent mass and stiffness and collapse 

voltage are obtained using the FEA and BEM analysis [29] and the radiation impedance 

is calculated for square apertures as described in [30].

Fig. 3 shows the variation of |RA(ω)| and |RE(ω)| at 5 MHz for C=0.99C0 and C=0.95C0 

for SE_CMUT1 (top) and SE_CMUT2 (bottom). As seen in the C=0.99C0 curves for 

SE_CMUT1, the load resistance for minimizing acoustic reflectivity (RL = 520 kΩ) and 

electrical power reflectivity are significantly different, and power reflection is minimized at 

RL = 767 kΩ as predicted by (9). As expected, the minima are reduced with improved 

matching with the CMUT capacitance. This match is limited to 99% as exact match 

would cause stability issues in practical implementation. More importantly, it is seen that 

acoustic reflectivity is larger than unity at certain resistance values which is not physical, 

while electrical reflectivity is always below unity, indicating the limitation of this simple 

1-D equivalent circuit formulation for the acoustic reflectivity analysis of small sized 

transducers. Calculations for SE_CMUT2 show that the optimal resistances are closer to 

each other (RL = 33.5 kΩ for acoustic and RL = 35.5 kΩ for electrical power) as expected 

from the above analysis and the validity of the 1-D acoustic reflectivity improves with 

increasing transducer size. Note that in this large transducer case the imaginary part of the 

electrical impedance is due to C0, and hence one can extract RL for best electrical match 

from a parallel RC model fitting.

To illustrate the broad bandwidth of (−C//R) matching approach as compared to (L//R) 

matching, |RA(ω)| and |RE(ω)| are evaluated as a function of frequency for the optimal 

electrical load resistance value for SE_CMUT2 for these two different matching schemes. 

Rezvanitabar et al. Page 6

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4 shows the main advantage of negative capacitance-based matching: significantly 

higher bandwidth as compared to inductive matching. It is also observed that acoustic 

reflectivity formulation breaks down at low frequencies where the effective CMUT size is 

deep subwavelength, indicating the need for a different approach for realistic cases.

Impact of different matching schemes on the output signal and achievable SNR levels is also 

investigated on the SE_CMUT2 example to provide further insight. In addition to (−C//R) 

and (L//R) matching, the case of only −C matching, i.e. −C in parallel with 1GΩ (−C), and 

1GΩ (OC-open circuit) conditions are also included for comparison. Fig. 5 shows that with 

an open circuit termination such as the case of a voltage amplifier, negative capacitance 

provides a nearly flat output response as it removes the impact of the reduction in impedance 

due to the CMUT capacitance and parasitic capacitance. This is a well-known use of 

negative capacitance circuits for bandwidth enhancement and equalization [16]. Note that 

in this case high bandwidth is achieved with high acoustic and electrical reflectivity. With 

(−C//R) matching, the broad bandwidth is retained with ~5 dB lower output signal, but the 

acoustic and electrical reflectivity are significantly reduced as seen in Fig. 4. Interestingly, 

the voltage sensitivity is significantly (>20 dB) higher than the open circuit termination 

in the bandwidth of interest. Therefore, (−C//R) termination can provide higher sensitivity 

(output signal) and bandwidth as compared to a typical high impedance voltage amplifier 

termination. Finally, as expected, (L//R) matching has a narrowband response.

Corresponding noise voltage calculations, which take the CMUT thermal mechanical noise 

and the noise due to the termination resistance into account, are shown in Fig. 6. The results 

indicate that with (−C//R) and (L//R) terminations there is about 3 dB degradation in the 

SNR as compared to open circuit or −C type terminations. This points to a trade-off between 

reduced reflectivity and SNR. However, in many cases the noise in the system is not limited 

by the CMUT and termination impedance noise but by other noise sources such as transmit 

receive switch resistance and amplifier noise [31]. In those cases where the dynamic range 

is limited by these other noise sources, the significant increase in signal level and bandwidth 

achieved with (−C//R) matching (Fig. 5) can increase the overall SNR and dynamic range, 

even with the additional noise due to the active circuitry. As noted later, this is a subject for 

further research.

D. Coupled Time Domain Model Based Analysis

Although the simple equivalent circuit analysis provides guidance for negative capacitance 

matching optimization, it does not consider the complex CMUT membrane and array 

dynamics with acoustic interactions. Higher order membrane vibration modes, which are 

significant in determining the CMUT performance and bandwidth are also not considered 

[32]. Furthermore, evaluation of acoustic reflectivity using a 1-D model is not adequate 

for smaller sized CMUT array elements as discussed above, pointing to the need for 

an approach such as in (4) to evaluate RAE(ω). Therefore, for a more realistic and 

comprehensive analysis, an experimentally verified SIMULINK based CMUT array model 

is used [33]. In this time domain model receive mode voltage and current are expressed by
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V (t) = V DC − i(t) × ℱ−1 ZT(ω)

i(t) = dQ(t)
dt = d(V (t) × C(t))

dt
(11)

where Ƒ−1 is the inverse Fourier transform, V(t) is the voltage across variable capacitor 

C(t), a time-varying capacitor in electrical domain, i(t) is the output current of the variable 

capacitor, and ZT, is the termination impedance including the matching circuit and the load. 

These load and matching circuit impedances as well as any parasitic capacitance can be 

included in the model directly or as finite impulse response (FIR) filters. For the case of an 

ideal −C//R matching, the method could be further simplified by separating the termination 

impedance and matching circuit to obtain output voltage and current as:

V (t) = V DC − i(t) × R

i(t) = dQ(t)
dt = d(V (t) × (C(t) − C))

dt
(12)

In the model, the CMUT array element impedance, ZCMUT*  can be extracted by simulating 

the output current to a Gaussian input voltage pulse in short-circuit termination to be used 

for noise calculations as well as obtaining the RC model parameters [32].

E. Coupled Time Domain Model Results

For comparison with the equivalent circuit results, SE_CMUT2 is simulated using the time 

domain model to extract the impedance and RC model fit in the frequency band of 2.5 to 

7.5 MHz. This results in R=55 kΩ at 5 MHz (different from the simple equivalent circuit), 

which is used to determine the element values for the L//R and −C//R matching circuits. 

Figure 7 shows the electrical power reflection coefficient as a function of frequency for 

different terminations including OC (1 GΩ) and −C (−20.57 pF//600 kΩ) cases. Note that 

the resistance value for −C termination are limited to smaller values as compared to OC 

case, due to the numerical instabilities observed while simulating cases with high −C and 

R values. As compared to Fig. 4, the L//R matching result is similar with a narrowband 

matching and OC and −C matching results in unity reflection. The −C//R termination 

provides low power reflection over a significantly broader bandwidth, but as compared 

to the equivalent circuit based results, crosstalk effects are seen at low frequencies and 

the bandwidth at the high frequency end is limited by higher order membrane vibration 

modes. The effective electrical reflection, ERE, calculated using (2) over the 2.5–7.5 MHz 

bandwidth is obtained to be 92.96% for L//R, and 18.75% for −C//R matching.

To obtain the acoustic reflectivity RAE(ω) using (5), the transient simulation capability of 

the model is utilized. The CMUT element is excited with a short pulse and multiple time 

domain echo signals from a perfect planar reflector at a certain distance (in this case 7.5 

mm) are simulated as shown in Fig. 8(a). The ratios of the second to first echo spectra [Fig. 

8(b)] in dB over the frequency range of interest are used to compare the ERA of different 

receiver electrical terminations. In this particular case, the signals and RAE(ω) are shown for 

the optimized case of ERA with R=90 kΩ. The acoustic reflectivity curves are similar for all 
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cases except for −C//R case which reduces the reflectivity over a broad range in the targeted 

bandwidth. In contrast with the equivalent circuit model, the resistance for −C//R matching 

minimizing ERA is larger than the value minimizing ERE. Also, unlike the electrical power 

reflection, in a realistic case the acoustic reflection RA will not be totally eliminated at 

any frequency as the space between the CMUT membranes and the area outside the array 

are modeled as a rigid baffle. Furthermore, the improvements in RA are relative since the 

individual echo levels depend on diffraction, i.e. the distance between the CMUT array and 

the planar reflector, in addition to the CMUT array acoustic impedance, leading to a plot in 

dBs. Nevertheless, this metric can be used to investigate and minimize acoustic reflectivity 

of the CMUT array by comparing it for different terminations.

III. Application to a CMUT Array

CMUT imaging arrays are usually formed by subwavelength elements with large number of 

membranes. Therefore, based on the preceding results, impact of negative capacitance-based 

impedance matching on bandwidth, acoustic reflection, and possible SNR for an array of 

CMUT elements is best analyzed using the time domain model. A small 1-D CMUT array 

designed to operate in a frequency range suitable for intracardiac echocardiography (ICE) 

imaging is used as an example. The properties of the array operating at a center frequency 

(f0) of 9 MHz and demonstrating 65% fractional bandwidth (FBW) are listed in Table I [34]. 

The 3-element array as shown in Fig. 9 is not large, but nevertheless with 240 individual 

membranes it shows the dominant acoustic crosstalk effects and thus deemed suitable to 

interpret the impact of electrical matching on array crosstalk and to perform a parametric 

study for ERE and ERA optimization. The array element impedance is approximated as an 

(16 kΩ // 7.38 pF) for a DC bias of 90% collapse at 36V bias, where the capacitance value is 

the static capacitance, Co, at this bias. To obtain the time domain voltage signals, pulse echo 

signals from the center and side elements are obtained by exciting the center element with a 

50-ns-width 36-V unipolar pulse.

Fig. 10 shows the first and second echo signals at the terminals of the center and edge 

elements for a perfect reflector 1 cm away from the array for OC (1GΩ), −C (−7.01 

pF ∥500 kΩ), L//R (45 μH ∥16 kΩ), and −C//R (−7.31 pF ∥105 kΩ) terminations. These 

values correspond to perfect complex conjugate matching for L//R matching at 9 MHz 

and optimum negative capacitance acoustic matching. Also included in the graphs are 

zoomed in version of the second echo signals for ease of comparison. Negative capacitance 

(−C) termination provides the maximum amplitude for the first echo signal, and (−C//R) 

termination generates larger output signal as compared to the OC case. Maximum reduction 

in echo amplitude from first to the second echo is obtained in (−C//R) case, as expected, 

indicating the improvement in acoustic reflectivity. In addition, the ringing in the echo 

signals is minimized indicating a broader bandwidth. This is clearly seen in Fig. 11, where 

the frequency spectrums for the first echo signals for the center and edge elements are 

plotted. These trends are in line with the general predictions of the 1-D equivalent circuit 

model, but there are significant differences and additional information provided by the 

coupled time domain model. Negative capacitance (−C) termination provides nearly flat 

frequency response, but it also enhances a higher order membrane mode around 15 MHz, 

which causes the ringing in Fig. 10(b). Similar to SE_CMUT2 case, the resistance value for 
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optimum acoustic matching is significantly larger than the resistance for optimum electrical 

power transfer. Importantly, this model provides information on the array behavior. Proper 

broadband matching termination affects the CMUT array response such that the array 

elements show similar responses with negligible mismatch in frequency components of their 

spectra [Fig. 10(d)]. Comparison of the curves shows that the difference between edge and 

center elements is smallest for (−C//R) matching. The uniformity of the of the CMUT 

array response is improved as the acoustic crosstalk effects are reduced when the array 

absorbs most of the incident acoustic energy, an important advantage of broadband acoustic 

matching.

To further emphasize the reduction in scattered pressure from the CMUT array elements, 

Fig 12. shows the acoustic pressure echo signals at the CMUT surface. The first pressure 

pulse is the same for all receiver terminations since during the transmit pulse the CMUT 

is connected to the same pulser. The impact of receiver termination is seen during the 

second pressure pulse as it gets reflected from the CMUT array and radiates back toward 

the medium. The inset focused on the second pressure pulse clearly indicates that −C//R 

termination significantly reduces the scattered pressure.

To observe overall trends and tradeoffs between electrical, acoustic matching and SNR 

for different matching schemes, effective electrical power reflectivity (ERE) and effective 

acoustic reflectivity (ERA) in the 5–15 MHz range are calculated for the CMUT array 

as a function of load resistance and negative capacitance. Fig. 13 includes these results 

as well as the −C and L//R matching cases as single points for comparison. Note that 

the resistance only matching case corresponds to the case discussed in [15], therefore this 

graph provides a comprehensive comparison for different termination schemes. Negative 

capacitance impedance matching improves the ERE and reaches a minimum at R=16–19 kΩ 
with less than −8 dB when the magnitude of C is over 0.9Co, as expected from conjugate 

impedance matching.

When ERA (normalized to the OC case) is evaluated for similar resistance and capacitance 

cases, as shown in Fig. 14, it is seen that −C//R matching shows improvement over purely 

resistive or L//R matching after C=0.9Co. An important point to note is that the resistance 

value minimizing acoustic reflectivity is 105 kΩ, which is significantly larger from the value 

for minimum ERE. This is in contrast with the equivalent circuit model and justifies the need 

for accurate modeling.

To see the impact of −C//R matching on the overall achievable SNR, this figure is evaluated 

as a function of termination resistance and several C values. To calculate the SNR, total 

RMS noise is obtained by integrating the power spectral density (PSD) of the noise voltage, 

as calculated in (10), over the bandwidth of interest (5–15 MHz), and the peak value of 

the first echo signal is chosen as the signal level. Fig. 15 shows the SNR variation as well 

as the SNR achieved by −C and OC termination cases. Minimum ERE and ERA cases are 

also indicated. As in the case of equivalent circuit analysis, ideal OC and −C terminations 

provide higher SNR. The case of −C termination here seems to provide higher SNR which 

may be due to its impact on the acoustic crosstalk, hence the CMUT impedance. In any 

case, with this voltage amplifier detection scheme, there is a tradeoff between SNR and 
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acoustic or electrical matching. If there is no concern with electrical or acoustic matching, 

−C matching will provide both larger bandwidth and SNR. Similarly, with R only matching, 

larger resistances will improve SNR. Since increasing load resistance improves the SNR 

one should minimize acoustic reflectivity rather than increasing electrical power transfer for 

better potential SNR. As a result, it is possible to achieve SNR close to the ideal OC case 

while providing higher bandwidth and low acoustic reflectivity.

IV. Discussion

The simple equivalent circuit analysis shows that by closely matching the CMUT 

capacitance with a negative capacitance, the bandwidth of the receiver can be significantly 

improved as high frequency roll off due to device and parasitic capacitance can be 

prevented. This approach has been used in electrical circuits for the same purpose. With 

large area CMUTs, choosing the resistance according to the formula given in (9), both 

the electrical and acoustic reflectivity can be improved with a small degradation in SNR. 

A more accurate model considering the higher order membrane modes and array effect 

confirms the general trend for bandwidth, but it provides information on limits of bandwidth 

improvement. It indicates that load resistance for minimum acoustic reflectivity is larger 

than required for maximum electrical power transfer.

Importantly, the coupled model shows that with reduced acoustic reflectivity in a broad 

bandwidth, the non-uniformity of the CMUT array is reduced. This is probably due to less 

acoustic energy scattered from the array reducing the crosstalk, resulting in less energy 

traveling along the surface of the array and reflecting from the edges. Therefore, negative 

capacitance based broadband impedance matching can improve the imaging performance of 

the CMUT arrays by not only reducing the clutter due to undesired echoes, but also with 

more ideal array behavior over a larger bandwidth.

Overall, the analysis suggests that once an R//C model is obtained for the CMUT in 

the bandwidth of interest, using a circuit generating negative capacitance close to −C 

value and a load resistance larger than R will provide a good compromise with SNR, 

bandwidth, and acoustic reflectivity. Cancelling transducer capacitance in a broadband 

impedance matching approach is likely to be useful for other types of transducers such 

as bulk piezoelectric transducers and piezoelectric micromachined ultrasonic transducers 

(PMUTs) whose characteristic is dominated by a capacitive response. In fact, negative 

capacitance-based controllers with piezoelectric actuators have already been suggested for 

broadband vibration suppression [35], [36].

While the analysis here is performed for non-collapsed mode CMUT, it is applicable 

to collapsed mode CMUTs as the overall impedance [37], [38] and acoustic crosstalk 

behavior are similar [39]. The active circuitry providing negative capacitance can be 

tunable to accommodate the large capacitance changes with the DC bias in the collapsed 

mode operation [40], [41]. As seen in Figs. 13 and 14, tunability would be important as 

performance of negative impedance matching can change significantly over a small range of 

capacitance.
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A limitation of the present analysis in terms of acoustics is the perfectly rigid and infinite 

baffle condition. The impact of a more realistic baffle can be analyzed using coupled FEA as 

done for the case of CMUT with backing in [15].

In terms of electronics, the main compromise with negative capacitance-based impedance 

matching is the need for additional active circuits which increases complexity, power 

consumption, and noise level. Integrated circuit topologies suitable for this purpose include 

a transconductance-based impedance converter as mentioned in [42]. These circuits basically 

use a positive feedback to make a negative capacitance from a unit capacitor, and a 

capacitive or resistive ratio increases or decreases the impedance magnitude [43]-[45]. 

However, circuits using a positive feedback topology raises the possibility of feedback 

control loop instability; therefore, this issue needs to be further considered.

Although it is clear that negative capacitance circuitry improves the bandwidth of the 

system, its impact on overall system SNR will depend on the dominant noise sources. For 

CMUT thermal noise limited detectors [7], [46], [47] (as represented the OC condition 

here), added circuits may decrease the SNR, whereas in cases where noise due to other 

sources such as transmit-receive switches are significant, the system SNR can be improved 

along with the bandwidth. Note that CMUT output current detection methods assuming ideal 

short circuits are not considered here as cancelling CMUT capacitance does not have an 

impact in that case. However, realistic TIA implementations have finite input impedance 

and can be modified with negative capacitance matching. These issues related to practical 

integrated circuit implementation will be investigated in detail in future studies.

V. Conclusion

A comprehensive analysis of impedance matching for CMUT array elements shows that 

negative capacitance-based impedance matching provides improved performance in a broad 

bandwidth in terms of electrical power transfer, acoustic reflectivity with a compromise in 

SNR as compared to thermal noise limited case. When a CMUT array is analyzed with 

complex membrane and array dynamics, optimum impedance condition for maximum power 

transfer do not coincide with the minimum acoustic reflectivity condition. While negative 

capacitance and a high resistance provides high SNR and bandwidth, it suffers from high 

acoustic and electrical reflection. Targeting minimum acoustic reflectivity provides a better 

SNR-bandwidth tradeoff as compared to minimizing electrical reflection. Simulations on 

CMUT array behavior also indicate that the uniformity of the CMUT array improves with 

broadband impedance matching as the undesired membrane vibrations are damped. Noting 

that negative capacitance-based matching can be tunable, it can especially be useful for 

collapsed mode CMUTs where capacitance and frequency response changes significantly 

with DC bias. The trade-off between the increased front-end electronics complexity, power 

consumption and system SNR needs to be further analyzed for practical implementations.
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Fig. 1. 
Circuit model for a CMUT element, in which the CMUT element is a linear time varying 

capacitor terminated by a load impedance. Also shown are the −C//R and L//R matching 

topologies.
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Fig. 2. 
Mason’s small signal equivalent circuit for a capacitive micromachined ultrasonic transducer 

(CMUT) in receive mode. Zrad and Zmem are the total impedances which are the normalized 

impedances multiplied by effective area.
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Fig. 3. 
Reflectivity magnitude as a function of the termination resistance for (−C//R) termination for 

SE_CMUT1 (C0 = 1.72 pF, TOP) and for SE_CMUT2 (C0=27.56 pF, BOTTOM).
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Fig. 4. 
SE_CMUT 2 reflectivity magnitude as a function of frequency for different matching 

schemes. Capacitance and resistance are optimized for minimum electrical power reflection.
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Fig. 5. 
SE_CMUT2 output voltage signal for different terminations.
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Fig. 6. 
SE_CMUT2 output voltage noise spectrum for different terminations.
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Fig. 7. 
Comparison of electrical power reflection coefficient for OC, −C, L//R and −C//R 

terminations calculated using the coupled time domain analysis.
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Fig. 8. 
(a) Pulse-echo voltage signals obtained at the SE_CMUT2 receiver electronic terminals 

as a function of time for effective acoustic reflection coefficient calculation. (b) Effective 

acoustic reflection coefficient from Eqns. 4 and 5 for different terminations.
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Fig. 9. 
1-D CMUT array geometry used in the array analysis. Each element is 2 membranes wide 

and 40 membranes long. Center (light) and edge elements (darker) are denoted with different 

shading.
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Fig. 10. 
Simulated CMUT responses for different receiver terminations employing the pulse-echo 

model (the plane reflector is placed 1 cm away from the CMUT: (a) Open-circuit (1 GΩ) 

termination; (b) −C termination (−7.01 pF ∥500 kΩ); (c) Narrowband matching circuit with 

parallel L and R (45 μH ∥16 kΩ) termination. The resistor value is based on complex 

conjugate matching at the electrical port; (d) Broadband matching circuit with parallel −C 

and R (−7.31 pF ∥ 105 kΩ) termination. The resistor value is based on minimum acoustic 

reflectivity.
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Fig. 11. 
Normalized frequency spectrums of the echo signals for different terminations for the center 

(top) and edge (bottom) element of the CMUT array. Broadband negative capacitance 

matching provides the broadest fractional bandwidth and smallest difference between the 

center and edge elements.
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Fig. 12. 
Simulated pulse-echo output acoustic pressure of the CMUT at 2 cm distance with different 

terminations (the plane reflector is placed at 1 cm distance from the CMUT). The broadband 

matching by negative capacitance significantly decreases the reflected output pressure.
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Fig. 13. 
Variation of ERE with varying parallel resistance for different terminations, including 

resistance only matching. Negating the CMUT capacitance provides better power transfer 

with maximum power transfer over the 5–15 MHz bandwidth. The points corresponding to 

optimal L//R and minimum acoustic reflectivity are also shown.
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Fig. 14. 
Variation of ERA with varying parallel resistance for different terminations, including 

resistance only matching. Negating the CMUT capacitance provide better acoustic 

reflectivity and the minimum ERA is achieved in a different −C//R value as compared to 

the resistive load for maximum power transfer.
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Fig. 15. 
Calculated SNR for different terminations. EM and AM designations indicate the optimal 

conditions for electrical power and acoustic matching conditions, respectively, for the 

corresponding matching approach.
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TABLE I

SINGLE ELEMENT CMUTS AND 1-D CMUT ARRAY ELEMENT PROPERTIES

Parameter SE_CMUT1 SE_CMUT2 CMUT Array

No. of Membranes 4 64 80 (per element)

Membrane Size 78 × 78 μm2 78 × 78 μm2 46 × 46 μm2

Electrode Area Coverage 59% 59% 68%

Membrane Spacing 5 μm 5 μm 6 μm

Membrane Thickness 1.5 μm 1.5 μm 2.2 μm

Vacuum Gap 125 nm 125 nm 95 nm

Dielectric Relative Permittivity 15 15 6.3

SixNy Isolation Thickness 40 nm 40 nm 200 nm

Collapse Voltage 14 V 14 V 40 V
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