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Abstract

This paper presents an active impedance matching scheme that tries to optimize electrical power 

transfer and acoustic reflectivity in ultrasound transducers. Leveraging negative capacitance-based 

impedance matching would potentially improve the bandwidth and electrical power transfer while 

minimizing acoustic reflection of transducer elements and improve uniformity while reducing 

acoustic crosstalk of transducer arrays. A 16-element transceiver front-end is designed which 

employs an element-level active capacitive impedance cancellation scheme using an element-level 

negative impedance converter. The ASIC fabricated in 180-nm HVBCD technology provides 

high-voltage pulses up to 60 V consuming 3.6 mW and occupying 2.5 mm2. The front-end 

ASIC is used with a 1-D capacitive micromachined ultrasonic transducer (CMUT) array and its 

acoustical reflectivity reduction and imaging capabilities have successfully been demonstrated 

through pulse-echo measurements and acoustic imaging experiments.
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I. INTRODUCTION

Integration of ultrasonic transducer arrays with their associated electronics has transformed 

a variety of ultrasound imaging and sensing applications, particularly those that benefit from 

the integration of 1-D and 2-D imaging arrays with their electronics such as Intravascular 

Ultrasound [1], Intracardiac Echocardiography [2], [3], transesophageal Echocardiography 

[4], and Point-of-care Ultrasound [5], [6]. Micromachined arrays are interfaced with their 

readout electronics for signal detection and amplification [7]–[9]. However, typical voltage- 

or current-based low-noise amplifiers as the first stage in the readout interface electronics 

introduce mismatches into terminating transducer array elements and cause electrical and 

acoustic reflections leading to reverberations, eventually degrading the overall transducer 

array and imaging performance. Employing proper impedance matching can preserve the 

signal-to-noise ratio (SNR) and minimize acoustic reflections.

There are a few research works in the literature that focus on this issue and address 

it comprehensively. For instance, employing backing materials has been reported for 

improving acoustic reflections and signal detection. However, such a solution is desired for 

a medium with a known target or for a narrow frequency band, and its tunability is limited 

[10], [11]. In addition, a few studies report manipulating terminations electronically such as 

adding a resistive termination [10], [12]. As a straightforward approach to tuning capacitive 

transducers, inductive tuning has been reported but has its own limitations including narrow 

bandwidths and large sizes. Post-processing techniques on the echo data in the backend 

have also been proposed for improving acoustic reflections [13] which cannot be applied 

to the general context due to their limited performance. Therefore, novel approaches are 

needed to provide feasible broadband matching and to distinguish the trade-off between 

electrical power transfer and acoustic reflectivity and the optimum termination for those 

conditions. A recent article [14] discusses the trade-off between these two aforementioned 

conditions and a detailed analysis has been reported employing a CMUT model and an 

experimentally-validated model for CMUT elements.

Negating the capacitive reactance of the ultrasound transducer element provides a broad 

bandwidth for CMUT element operation regardless of the CMUT operation regime. Adding 

such a matching circuitry not only minimizes acoustic reflections but also improves 

signal detection. It can be realized by leveraging active circuitry for negative capacitor 

implementation and is particularly of high importance because of its integration capability 

and electronic tunability, providing higher miniaturization and improving overall system 

performance.

In this article which is an extension of [15], the analysis of adding a negative capacitance-

based impedance matching is presented with the focus mostly on the circuit design and 
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performance analysis validated by experimental results. Section II presents the detailed 

analysis of adding the matching circuitry including signal and noise analyses. Presented in 

Section III is the proposed architecture including the element-level impedance matching and 

the details of the front-end design for interfacing a 16-element CMUT array. The electrical 

and acoustic characterization along with the imaging experiment are discussed in Section IV, 

and the concluding remarks are presented in Section V.

II. IMPEDANCE MATCHING ANALYSIS

A. Electrical Power Transfer vs Acoustic Reflectivity

In order to evaluate the power transfer and acoustic reflectivity in the receive mode, CMUT 

elements can be modeled as linear time-invariant networks and can be interpreted by their 

scattering parameters [16]. As shown in Fig. 1, an ultrasound transducer element is an 

electro-acoustic converter whose reflection coefficients are defined in two different domains, 

i.e., acoustic and electrical. Similar to any transducer, reflection coefficients describe the 

effectiveness of coupling. In Fig. 1, the acoustic reflection coefficient in the acoustic domain 

is defined at the interface of a transducer and the radiation medium and is given by

Γin = Zin − Zrad
Zin + Zrad

, (1)

where Zin is the input mechanical impedance of the transducer at the mechanical port 

and Zrad is the radiation impedance of the medium [17], [18]. On the contrary, the power 

reflection coefficient in the electrical domain is defined at the interface of a transducer and 

the readout circuitry and is given by

Γout
2 =

ZL − Zout*
ZL + Zout

2
, (2)

where * denotes complex conjugate, Zout is the output electrical impedance of the transducer 

at the electrical port, and ZL is the load impedance representing the input impedance of 

the readout circuitry. According to reflection equations, the electrical power reflection is 

minimized when the complex conjugate condition in the electrical domain is satisfied while 

the acoustic reflection is minimized when the input mechanical impedance of the transducer 

matches the radiation impedance of the medium. The termination provided by the readout 

circuitry affects both reflection coefficients since an ultrasonic transducer connects the 

electrical domain to the acoustic domain through electromechanical coupling and subtly one 

may notice that the optimum termination for minimizing electrical power reflections does 

not coincide with the optimum load for optimum acoustic reflection.

Adding a matching circuitry at the electrical port can manipulate reflection coefficients 

for achieving optimum conditions of electrical and acoustic matching [19]. To delve into 

this, exploring (1) and (2) requires to use of an equivalent circuit model for ultrasonic 

transducers. Without loss of generality, Fig. 2 shows the equivalent circuit model for a 

1-D CMUT element. Zrad and Zmem are the total impedances which are the normalized 

impedances multiplied by the effective area.1 In this small-signal equivalent circuit model, 

Rezvanitabar et al. Page 3

IEEE Trans Biomed Circuits Syst. Author manuscript; available in PMC 2023 October 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the electromechanical transformation is represented by its ratio, n = VdcC0/g, where C0 is 

the CMUT capacitance, g is the gap between CMUT plates, and Vdc is the applied DC 

bias. The spring softening due to the electromechanical coupling with the applied bias is 

represented by the −C0 element.

The role of a matching circuitry at the electrical interface is mainly negating the effect of the 

capacitive reactance of the CMUT element. Knowing the inefficiency of inductive matching, 

a negative capacitor can provide a better matching. Given a negative capacitor and an ohmic 

load connected to the CMUT element, the electrical power reflection coefficient is given by

Γout
2 =

RL − Zout*
RL + Zout

2
, (3)

where Zout*  is a complex conjugate of the output electrical impedance of the CMUT element 

including the negative capacitor, −C. The maximum electrical power transmission requires 

minimizing the electrical power reflection. The optimum ohmic load can, therefore, be 

expressed as

RLE, opt = mag n2

Zrad* + Zms* − C0 − C jω
−1

, (4)

where Zms*  is the complex conjugate of the short-circuit mechanical impedance. For 

minimizing the acoustic reflection, however, a closed-form expression is not trivial. It 

is noteworthy to mention that these two optimum ohmic load values are not equal and 

this introduces a trade-off in the design. Optimum load values for minimizing acoustic 

and electrical reflections depend on the CMUT design. To illustrate these concepts and 

variations, the equivalent circuit model in Fig. 2 is used to evaluate a 5-MHz 64-membrane 

CMUT element. The performed analysis using C0 = 21.65 pF and L = 46.79 μH shows 

that adding a negative capacitor can provide a preferred response over a broad bandwidth, 

improving the acoustic reflectivity while the degradation in SNR can be acceptable (~3 dB) 

even in the worst-case scenario. As shown in Fig. 3, the inductive matching has provided 

a narrowband response around the center frequency and the short circuit termination 

attenuates the output signal over the desired bandwidth. Adding a negative capacitor with 

an ohmic termination can provide similar broadband responses with respect to only negative 

capacitors but it significantly reduces acoustic reflectivity. In contrast, −C matching provides 

signal gain and bandwidth with no SNR loss while having higher acoustic and electrical 

reflectivity. The noise response shows similar trends in Fig. 4. The negative capacitor with 

an ohmic termination has a constant noise response over the frequency which is similar to 

the only negative capacitor response and has an improvement of ~5 dB in noise reduction. 

It is noteworthy to mention that the actual SNR depends on the active circuitry and transmit/

receive switches in the receive path. As expected and shown in Fig. 5, adding a negative 

capacitor with an ohmic termination improves both electrical and acoustic reflectivity 

over a broad bandwidth and the ohmic termination can be tuned to maximize the desired 

1Note that a capacitive divider is preferred because of silicon implementation.It not only occupies a smaller footprint but also is more 
robust against the process, voltage, and temperature (PVT) variations.
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reflectivity. Overall, an expected improvement of ~14 dB can be achieved for the lower band 

up to 10 MHz while it decreases to 8 dB for up to 20 MHz.

Another impact of impedance matching is on the acoustic crosstalk in the array [20]–

[22]. Acoustic crosstalk, basically non-ideal coupling between array elements, degrades 

the bandwidth of the individual elements as well as the array imaging performance. For 

crosstalk analysis, a 5-element CMUT array is used whose elements have properties similar 

to the one used for the single-element analysis, and the calculations are performed using a 

custom-developed simulation program described in [23]. The center element is pulsed, and 

the crosstalk is analyzed through the displacement of the neighboring CMUT membranes. 

The center element is terminated at the short circuit while the remaining elements are 

terminated with short circuit (~0.1 Ω), open circuit (~1 GΩ), inductive matching (50 μH||70 

kΩ), and negative capacitance matching (−20.57 pF||600 kΩ). Illustrated in Figs. 6(a)–6(d) 

are the crosstalk analysis results for different terminations. As clearly seen in the figures, 

the spurious displacement is significantly reduced both in space (lateral axis) and in time 

(vertical axis) for Fig. 6(d). Considering the average displacement of each element, the 

simulated displacement of the farthest element with respect to the center achieves the 

greatest improvement when a negative capacitance matching is used. This is expected as the 

edge element of the array has a rigid surface beyond it and hence it gets impacted more by 

the immediate reflections at that boundary condition. For instance, when one considers the 

time-averaged displacement over the whole time period, the crosstalk is reduced by more 

than 10× for negative capacitance matching with respect to no matching. This reduction in 

crosstalk is improved by more than 12.5× with respect to short circuit or inductive matching. 

Therefore, with negative capacitive matching, one expects improvements in crosstalk and 

image quality.

B. Circuit Analysis

Adding an ideal negative capacitor to a CMUT receiver circuit would potentially increase 

the SNR or its degradation can be negligible. However, there are other factors that have 

an impact on the SNR and a detailed analysis is required. In Section II.A, a noiseless 

negative capacitor is assumed for exploring the impact of negating the capacitive reactance 

of the CMUT element. The realization of a negative capacitor requires active circuitries 

that introduce new noise sources in the calculation [24], [25]. Moreover, a receiver path 

includes a high-voltage switch in series with the CMUT element that turns off the receive 

path during transmit mode where the CMUT element is used as both receive and transmit 

element. In order to analyze the noise performance, two different cases are studied. In one 

case the low noise amplifier structure is different and the second one covers a more favorable 

case. For the noise analysis, the CMUT model consists of a noise source, the mechanical 

impedance transferred to the electrical domain, and the CMUT capacitance. In the first case, 

a trans-impedance amplifier is considered that can provide ohmic terminations with small 

values. The trans-impedance amplifier uses a common model in which a resistive-feedback 

structure is applied [26]. The structure model includes a noiseless amplifier with its current 

and voltage noise sources. In addition, the negative capacitor model consists of a noiseless 

negative capacitor with current and voltage noise sources. Adding both current and voltage 

noise sources guarantees any correlation, but one may want to remove one of the noise 
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sources, depending on the topology. In other words, it can be proved that both voltage and 

current sources are essentially sufficient for representing the noise of linear CMOS circuits 

[27]. This is necessary since adding only a voltage noise source for circuitry with a finite 

input impedance implies an incorrect result that the output noise vanishes when the source 

impedance becomes large. Adding a parallel current noise source, therefore, resolves this 

issue since the current noise source still produces noise at the input in the case that the 

source impedance of the preceding stage is surmised to have a large value.

Fig. 7 shows the equivalent circuit for noise calculation in which the noise is derived for the 

input node. For simplicity, Zmech/n2 and the input impedance of TIA are replaced by R0 and 

RL in the following calculations. The total current noise power spectral density (PSD) at the 

interface of the CMUT and electronics is given by

In, tot
2 = In, in

2 + In, m
2 + In, a

2 + 4kT
RL

+ V n, m
2

1
(( − C)jω)2

+ 1
RL

+ 1
R0

1
C0 − C jω

2

V n, a
2 .

(5)

where the noise source of the switch is neglected. To include effect of a switch noise source, 

a switch resistor in series with a voltage noise source is added to the interface [see Fig. 7]. 

The contribution of the switch noise to the overall input-referred noise is given by

In, SW
2 = 4kTRSW

RSW + RL
1

( − C)jω
2 . (6)

To have a better insight into the signal-to-noise ratio (SNR), signal analysis is performed. 

Following the same assumption as stated for the noise analysis, the signal ratio is given by

S2
S1

= V node, w/( − C)
V node, w/o( − C)

2

=
R0

1
C0jω RL

1
( − C)jω

R0
1

C0jω RL

2

= 1 + RLC0jω

1 + RL
R0

2

,

(7)

where S2 and S1 are the signal power for the case with the negative capacitor and the case 

without the negative capacitor, respectively. Adding the switch resistor to the calculations, 

the signal ratio is given by
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S2
S1

= V node, w/( − C)
V node, w/o( − C)

2
=

R0
1

C0jω RSW + RL
1

( − C)jω

R0
1

C0jω RSW + RL

2

. (8)

In the general case, larger resistors are required for matching trade-offs. Therefore, a voltage 

amplifier is used for signal amplification with high input impedance, and a resistor is 

added at the interface for matching. Assuming the same voltage and current noise sources 

for the voltage amplifier as the amplifier A’s noise sources in Fig. 7, the input current 

noise at the interface is similar to (5), where the resistor RL is replaced with the matching 

resistor. Consequently, (6)–(8) are valid for the general case. It is worth noting that the 

main contributors are the transducer element, the switch, and the termination resistor 

among all noise sources. Certainly, the C2ω2 term associated with the voltage noise of 

the amplifier increases its contribution to the total input current noise at higher frequencies. 

If the transducer element noise contribution dominates which most likely happens in the 

case of large 1-D CMUT elements, the SNR increases with respect to an open-circuit or a 

short-circuit termination.

III. CIRCUIT ARCHITECTURE

A. Overview

A typical ultrasound array imaging system front-end uses high voltage pulsers for pressure 

signal generation and high voltage switches to protect the receiver amplifiers connected to 

each array element. In this particular application of intracranial ultrasound considered here, 

the imaging speed is not that critical as low frame rate imaging of the stationary brain tissue 

is targeted. Therefore, a single receiver chain is used after a low voltage multiplexer as 

shown in the transceiver front-end block diagram of Fig. 8. This structure is suitable to study 

negative capacitance matching as this feature can be turned on and off to study its impact on 

overall system performance.

B. Front-End Design

The proposed transceiver front-end includes a negative capacitor at the receiver which 

compensates the total capacitance at the interface node including the CMUT capacitance 

and any parasitic presented at the interface node. A transmitter path consists of level-shifters 

and a high-voltage pulser is used for exciting each element. A receiver path consists of 

an element-level negative impedance converter, a low-noise trans-impedance amplifier with 

programmable time-gain compensation, and a buffer for driving the output node before 

connecting to a digitizer.

To generate sufficient pressure waves emitted from the CMUT element, high-voltage 

excitation is required. On-chip high voltage pulses are available thanks to the high-voltage 

technology nodes. However, added extra layers for high-voltage operation make high-

voltage transistors bulkier than their standard CMOS transistors thus occupying a larger 

silicon area. Fig. 9 shows the schematic of the high-voltage pulser. The generated low-

voltage pulse widths with an amplitude of 1.8 V from the control line (in general from 
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a beamformer) go through a low-voltage inverter and then a cross-coupled regenerative 

pair provides high and low voltages for level shifters in which the pulses are shifted up 

to provide pulses that have an amplitude of 5 V, the operating gate-source voltage for high-

voltage transistors. These 5-V pulses are sufficient for driving the pull-up and pull-down 

transistors at the output stage. The laterally-diffused MOS transistors at the output stage 

tolerate much larger drain-source breakdown voltages. Employing a high-voltage design, 

this pulser generates unipolar pulses up to 60 V, driving CMUT elements up to 5 MHz for 

this particular design.

Each transducer element includes a high-voltage switch circuitry to isolate the receiver path 

from high-voltage pulses. A high-voltage transistor is in series with the transducer element 

and the low-noise amplifier. The on-resistance introduced by the high-voltage switch 

compromises the presented impedance at the CMUT element output and the frequency 

response and overall noise of the receiver chain. Smaller on-resistances decrease the switch 

effect while requiring larger device sizes. On the other hand, larger devices add larger 

parasitics degrading the noise performance and frequency response.

To realize a negative capacitor, one may want to use an impedance converter employing 

positive feedback. A positive-feedback OpAmp is employed as illustrated in Fig. 10. Z1 and 

Z2 can form a resistive or capacitive divider.1 To calculate the input impedance, Zin, offered 

by this circuit, one surmises that the OpAmp has a gain of A and one pole (first-order 

frequency response, Av(s) = A
1 + s/p  Hence, the input impedance is given by

Zin(s) = −
1 + (1 + A)Z2

Z1

A − 1 + Z2
Z1

× 1
sC ×

1 + s
p

1 +
Z2
Z1

1 +
(1 + A)Z2

Z1

1 − s
p

1 +
Z2
Z1

A − 1 +
Z2
Z1

. (9)

In a realistic case, the OpAmp gain is large enough (A >> 1) and the simplified input 

impedance is given by

Zin(s) = − Z2
Z1

× 1
sC ×

1 + s
Ap

1 − s
Ap

1 +
Z2
Z1

.
(10)

For achieving −25 pF of capacitance, a unit capacitor of 800 fF is used. As this structure 

introduces a positive pole in the frequency response of the negative capacitor circuitry, 

additional precautions are required to maintain the proper operation of the negative capacitor 

and avoid stability issues. A trans-impedance amplifier is employed in the receiver chain 

to convert the current signal received from the transducer element to a voltage signal. The 

receiver chain is ended by a buffer for driving the output node before digitization. The 

trans-impedance schematic is depicted in Fig. 11 where a two-stage amplification is used in 
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which a miller capacitance compensates for the frequency response. It leverages time-gain 

compensation by adding additional circuitry controlled by two bits.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The proof-of-concept front-end SoC prototype for intracranial ultrasound imaging, including 

the element-level impedance matching technique, has been fabricated in 180-nm HV BCD 

technology. Recalling low frame-rate imaging, the SoC consists of 16 transmitters and HV 

isolation while sharing one receiver path and interfaces with a 16-element 1-D CMUT array 

supplied from three voltage lines. As illustrated in Fig. 12, the ASIC occupies 3.16 mm × 

0.822 mm including the bonding pads with an average power consumption of 3.6 mW. The 

floor plan of each transmitter and HV isolation designed for 160-μm-pitch of a 1-D CMUT 

array occupies 0.08 mm2 of the silicon area.

A. Electrical Characterization

For electrical characterization, the ASIC was wire bonded to a daughter printed circuit board 

(PCB). Each transmitter was tested separately, and control signals with pulse widths of 

100 ns were applied to the pulsers while the receiver chain was deactivated. The measured 

unipolar pulses are shown in Fig. 13(a) with different amplitudes of up to 58 V and a pulse 

width of 100 ns. For the receiver chain measurements, the transmitters were deactivated 

and the CMUT array was used in the collapsed mode.1 The capacitance was in the 50–55 

pF range for the DC bias in the 100–140 V range. The frequency response of the receiver 

chain was measured by adding the proper input signal directly. The gain of the receiver 

chain is shown in Fig. 13(b) for four different gain settings controlled by two bits. Note 

that the CMUT element was not connected to the receiver chain for gain measurements. 

Fig. 14 illustrates the noise performance of the receiver chain for different gain settings. The 

CMUT element was then connected to the receiver chain for noise measurements with and 

without negative capacitance matching and at different gain levels. As depicted in Fig. 14, 

noise measurements showed no discernible degradation in noise performance with matching 

for any of the gain settings, indicating that the noise is degraded by the large CMUT 

capacitance. That is, the noise performance of the receiver path hinges essentially upon the 

CMUT element in this case.

B. Acoustic Characterization

For acoustic characterization of the designed ASIC along with the CMUT array, a 

commercially available 16-element CMUT array (PHILIPS model CM-12) was wire bonded 

to the chip. Pulse-echo responses of all elements were collected. As shown in Fig. 15, 

the first element was excited and the responses of all elements were collected in the first 

experiment. A hard flat reflector was used for high echo signals. It shows that the frequency 

responses of the elements were improved in terms of both bandwidth and uniformity. As 

shown, a tighter distribution was observed and ~3–4 dB increase in the frequency response 

at higher frequencies pushed the upper cut-off frequency further resulting in bandwidth 

improvement achieved in the 1.5–5 MHz range.

1Note that the CMUT capacitance changes with the DC bias voltage.
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A critical experiment to evaluate the impact of negative capacitance matching is the pulse-

echo measurement using one of the array elements. A CMUT element with 120-V DC 

bias was used in front of a close target. As illustrated in Fig. 16, the echo signal received 

from the CMUT element terminated with negative capacitance-based matching reduces the 

reverberations and the second detected echo decreases to ~200 mV from ≥550 mV in the 

case that there is no matching applied. Reduction in multiple echo levels (reverberations) 

significantly reduces the acoustic noise floor resulting in increased sensitivity of the 

transducer element. To explore the acoustic reflectivity with respect to the CMUT DC bias, 

echo amplitudes of all elements were collected with and without matching for different 

DC bias values. The echo envelopes are shown in Figs. 16(b) and 16(c) where 0 dB 

describes the maximum for each bias level normalized to its maximum. Compared to 

broadband matching, the readout without matching exhibits longer echoes, thus elongating 

the unwanted response. A significant reduction in acoustic reflectivity was observed where 

adding element level impedance matching reduces the echo signals drastically. Particularly 

at 140-V DC bias, the echo signals after the third echo are negligible. It is noteworthy to 

mention that proper matching resulted in uniformity of the system for all array elements 

at each bias level. Furthermore, this significant improvement has been obtained with sub-

optimal negative capacitance matching, as the negative capacitance circuit provides ~25 pF 

of compensation while the CMUT capacitance is in the 50–55 pF range.

C. Imaging Experiment

As an ultimate experiment to illustrate the impact of broadband matching, the imaging 

setup illustrated in Fig. 17 was used, where the 16-element CMUT array was employed for 

imaging a 3-wire custom-made phantom in an FC70 filled imaging tank. FC70 is a dielectric 

liquid with an acoustic impedance similar to water and acoustic attenuation of ~0.1–0.8 

dB/mm/MHz at ~2–5 MHz. This dielectric fluid provides electrical isolation for uncoated 

CMUT dies. The phantom was made of wires with a thickness of 600 μm and spacing of 2.3 

mm, and the closest one was placed 8 mm away from the CMUT array, as shown in Fig. 17. 

For performing the imaging experiment, the synthetic aperture method was employed where 

each transducer element was used as a transmitter and received echo signals were collected 

from all transducer elements, as depicted in Fig. 18. For image reconstruction [28], offline 

dynamic transmit and receive beamforming was applied and the intensity of each image 

pixel was calculated. Leveraging the standard delay-and-sum beamforming, the calculated 

pixel intensity in the Cartesian coordinates is given by

I(x, y) = ∑
i = 1

Nt
∑
j = 1

Nr
S(K),

K = fs
c × di + dj ,

(11)

where (x,y) is the pixel coordinates and S is the sampled echo data. K is the sample index, 

and di and dj are the distance between the object and the active transmitter element and the 

object and the active receiver element, respectively.
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Imaging experiments were performed for two cases. In the first case, the US transceiver was 

used while the matching was off. In the second case, the US transceiver collected pulse-echo 

data while the negative capacitance-based matching was employed. Applying a CMUT bias 

of 110 V, the reconstructed images are shown in Fig. 19 with a 20-dB dynamic range. As 

expected, adding matching improved resolution and image contrast. Also, adding a negative 

capacitor improves the power transfer, in this case, resulting in an improved SNR. The first 

echo amplitude for both cases is plotted and depicted in Fig. 19(c) where the peak amplitude 

increased by more than 200 mV (in this case 50%) when the US transceiver turned element-

level impedance matching on. The image SNR analysis shows that the SNR was improved 

by 4.5 dB, 1.8 dB, and 1.6 dB for the first, second, and third wire, respectively. In addition 

to the SNR improvement, the axial resolution, which is mainly determined by the bandwidth 

was improved, as clearly seen for the first target.

Table I summarises the performance of this work and compares it with the state-of-the-

art ultrasound solutions for various applications. As expected, the performance of the 

ultrasound imaging systems can be improved by adding a proper impedance matching 

network for each element.

V. CONCLUSION

In this paper, the trade-off between electrical power transfer and acoustic reflectivity 

has been discussed and the effect of a negative capacitor-based impedance matching has 

been presented. Design details of the matching network and its noise analysis have been 

described. Adding an element-level broadband matching network for capacitive transducers 

improves the transducer performance and it can be compatible with the size constraints 

in the monolithic integration of electronics with ultrasonic arrays. It reduces acoustic 

reflectivity and improves the minimum detectable signal that results in SNR improvement 

and consequently resolution and contrast of ultrasound images. An ASIC designed for 

intracranial ultrasound imaging verifies the effect of element-level matching through pulse-

echo measurements and acoustic imaging experiments.
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Fig. 1. 
A two-port network model for a transducer element.
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Fig. 2. 
Mason’s small-signal equivalent circuit for a CMUT element in the receive mode. Zrad 

and Zmem are the total impedances which are the normalized impedances multiplied by the 

effective area.
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Fig. 3. 
The output voltage for different terminations. A 5-MHz 64-membrane CMUT element is 

used for analysis. −C matching can provide a broadband response.
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Fig. 4. 
The output noise for different terminations. A 5-MHz 64-membrane CMUT element is used 

for analysis. −C matching can provide a flat noise response with noise improvement.
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Fig. 5. 
Electrical (Rel) and acoustic (Rac) reflectivity for different terminations. A 5-MHz 64-

membrane CMUT element is used for analysis. −C matching improves both acoustic and 

electrical reflectivity over a broad bandwidth.
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Fig. 6. 
Crosstalk analysis results for different terminations: (a) short circuit (~0.1 Ω), (b) 

inductive matching (50 μH||70 kΩ), (c) open circuit (~1 GΩ), (d) negative capacitance 

matching (−20.57 pF||600 kΩ). Considering the average displacement of each element, 

the displacement of the farthest element with respect to the center achieves the greatest 

improvement when a negative capacitance matching is used.
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Fig. 7. 
The equivalent circuit for the noise analysis. A switch resistor and its associated voltage 

noise source are added to the equivalent circuit model.
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Fig. 8. 
Simplified block diagram of the proposed architecture of the transceiver front-end with 

element-level impedance matching for low frame rate applications such as intracranial 

ultrasound.
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Fig. 9. 
The schematic of the proposed high-voltage pulser. The output stage uses LDMOS 

transistors to tolerate high-voltage pulses. Low-voltage and high-voltage transistors are 

marked in the schematic.
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Fig. 10. 
The schematic of the proposed negative capacitor. A capacitive ratio is used for tuning the 

negative capacitor.
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Fig. 11. 
The schematic of the trans-impedance amplifier with miller . compensation. A 2-bit control 

is used for time-gain compensation.
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Fig. 12. 
Die microphotograph fabricated in 180-nm HV BCD technology (left); Edge of 1-D CMUT 

array (right).
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Fig. 13. 
(a) The measured pulses of up to 58 V generated by the pulser with a pulse width of 100 ns, 

(b) The measured frequency response of the RX chain with the variable-gain TIA (excluding 

the CMUT element).
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Fig. 14. 
The measured input-referred noise of the RX chain with the variable-gain TIA (including the 

CMUT element).
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Fig. 15. 
The measured frequency response of the array elements collected from pulse-echo 

measurements. The first element was excited, and the responses of all elements were 

collected with and without matching. A hard flat reflector was used for high echo signals.
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Fig. 16. 
(a) Measured echoes in the pulse-echo experiment (FC70/air interface with the 2.7-mm 

height of FC70), (b) the effect of the proposed matching on multiple echoes (2nd echo and 

the next ones) vs. CMUT bias utilizing single-element US TRX. CMUT array operates in 

the collapsed mode for each of the 120-V, 130-V, and 140-V levels.
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Fig. 17. 
The test setup for the imaging experiment. A 3-wire custom-made phantom is used as the 

imaging target.

Rezvanitabar et al. Page 30

IEEE Trans Biomed Circuits Syst. Author manuscript; available in PMC 2023 October 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 18. 
Synthetic aperture (SA) imaging method.
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Fig. 19. 
(a), (b) Imaging results from the 3-wire target (Dynamic Range of 20 dB). The target 

phantom with the closest depth of 8 mm, wire spacing of 2.3 mm, and the wire thickness 

of 0.6 mm was immersed in FC70 (acoustic attenuation ~0.1–0.8 dB/mm/MHz at ~2–5 

MHz). (c) improving the first received echo from a target at 6 mm with negative capacitance 

matching.
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