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Abstract—In this paper, a dual-mode low-power, high dynamic-
range receiver circuit is designed for the interface with a capacitive
micromachined ultrasonic transducer. The proposed ultrasound
receiver chip enables the development of an in-probe digital beam-
forming imaging system. The flexibility of having two operation
modes offers a high dynamic range with minimum power sacri-
fice. A prototype of the chip containing one receive channel, with
one variable transimpedance amplifier (TIA) and one analog to
digital converter (ADC) circuit is implemented. Combining vari-
able gain TIA functionality with ADC gain settings achieves an
enhanced overall high dynamic range, while low power dissipation
is maintained. The chip is designed and fabricated in a 65 nm stan-
dard CMOS process technology. The test chip occupies an area of
76 µm × 170 µm. A total average power range of 60–240 µW for
a sampling frequency of 30 MHz, and a center frequency of 5 MHz
is measured. An instantaneous dynamic range of 50.5 dB with an
overall dynamic range of 72 dB is obtained from the receiver circuit.

Index Terms—CMUT, digital beamforming, in-probe ultra-
sound receiver, ultrasound transceiver.

I. INTRODUCTION

U LTRASOUND imaging is widely utilized for medical
imaging diagnosis because it exhibits good resolution and

meanwhile, is cheap and is harmless to the human body. Ca-
pacitive micromachined ultrasonic transducers (CMUTs) have
recently emerged as an alternative to piezoelectric transduc-
ers using MEMs technology [1]. The CMUT technology offers
advantages such as a wider bandwidth and a better integration
with electronics either through silicon vias [2]–[4] or monolithic
integration [5]–[7].

Modern real-time three-dimensional (3D) ultrasound imaging
systems require fully-populated two-dimensional (2D) trans-
ducer arrays with both a large number of elements (hundreds
or thousands) and a very small pitch. The growing number of
transducers leads to an increasing number of cables required to
process the signals. To avoid this, a smart signal processing is
required in the tip of the probe to reduce the number of chan-
nels to the external imaging system [8]–[10]. It also prevents
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the system connection cables, as the most expensive part of the
system, from becoming too bulky to connect each element of the
transducer array to a separate system of electronics. Moreover, a
front-end circuit located close to the array can lead to improved
receiver sensitivity.

Several constraints apply for the design of such in-probe re-
ceiver electronics. (i) Compact circuit design: Given the area
constraint due to the compact size of each CMUT element and
the limited space available in the probe tip, an area efficient
design is required. (ii) Low power consumption: Since the ul-
trasound system requires many receive channels, the average
power dissipation within the probe must be optimized. This
puts a strict limit on the power budget of the receiver chain,
including low noise amplifier (LNA), variable gain amplifier
(VGA), and ADC circuitry. (iii) High dynamic range design: To
accurately monitor both small and large signals, a high dynamic
range is required. This requires a low noise flexible receive cir-
cuit design with a relatively high gain setup and the ability to
dynamically change the gain as with the input level changes.

Fig. 1 shows a typical ultrasound receiver system block dia-
gram for one readout channel. To build an ultrasound image, the
receiver system stores the received pulses from a focal point,
aligns them in time, and adds multiple channels coherently. In
analog beamforming (ABF) (Fig. 1(a)), the output signals from
each transducer are amplified through a VGA, which functions
as a time-gain-compensation amplifier (TGC) to compensate
for attenuation of the return signal. The signals are then delayed
and summed with the other channels inside a group. Then, the
cables transport the analog data to a signal processing unit,
which digitizes the data and obtains the final ultrasound image.
In a digital beamforming (DBF) imaging system (Fig. 1(b)), the
echo signals from the TGC amplifiers in all the readout channels
are ultimately converted to digital with ADCs inside the probe,
and a digital beamforming is also performed. DBF architectures
have advantages over ABF, as finer adjustments is achieved by
bringing the digital system closer to the ultrasonic transducers.
However, one significant challenge is the high power consump-
tion as an ABF imaging system needs only one ADC for all the
channels, whereas a DBF system requires dedicated ADC for
each single channel. Sharing the ADC between receiver chan-
nels in [11] is a solution where a 16:1 analog multiplexer is used
to share the ADC for 16 channels instead of providing 16 ADC
channels. However, the shared A/D converter scheme needs to
perform 16 iterative operations, accessing different channels, to
complete one scan. Additionally, this architecture requires extra
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Fig. 1. (a) An analog vs. (b) digital receive ultrasound beamforming scheme.

digital controls. In [12], an analog-digital-hybrid beamforming
architecture is used for the receive beamformer design, where
64 channels are fed to eight 8-channel ABFs, and then 8 outputs
of the analog beamformer are applied to a DBF circuit. By using
this method, the number of ADCs is reduced by 8 times. How-
ever, using this hybrid architecture, the ABF still has high power
demands and large amounts of analog memory are required.

In this paper, a very low-power, high-dynamic-range receiver
circuit design, as a partial implementation of a DBF system, is
presented. A variable gain TIA amplifier and an ADC circuit are
implemented as the key building blocks for one receive chan-
nel. The circuit is reconfigured for two modes of operation; at
the beginning of the hearing phase where the ultrasound return
signal is close to the full-scale voltage, the CMUT output signal
is directly coupled to the ADC circuit, thus the circuit operates
in a low power mode. ADC gain correction techniques are then
employed to obtain a constant SNR at the output as the input
signal attenuates [13]. With the input signal reflected from very
deep tissue being too weak, it is not practical for the ADC to
maintain a constant SNR; hence, an amplifier is plugged into
the system to provide a high enough gain to map the signal
to the ADC input dynamic range, thus a high dynamic range
is obtained in this alternative mode. The circuit was imple-
mented using 65 nm CMOS technology, where the CMUT ultra-
sound transducer equivalent circuit was replaced by an on-chip

Fig. 2. (a) Input/output dynamic range of an ideal time-gain-compensation
scheme (b) Time gain compensation block diagram.

equivalent circuit. Based on the promising results of a low power
consumption, small area, and reasonably high dynamic range,
the receiver circuit design can be scaled up in the future to a
fully-integrated receiver circuit, capable of reading out a 2D
array with hundreds of ultrasound elements.

The rest of this paper is organized as follows: In Section II,
an ultrasound time-gain-compensation scheme is presented. In
Section III, the receiver chip design is described, where different
dynamic range enhancement techniques are discussed based
on the design specification. Section IV presents the proposed
configurable receiver circuit design and a detailed gain range
for each sub-block. The CMOS chip experimental results are
given in Section V, and the conclusion is drawn in Section VI.

II. ULTRASOUND TIME GAIN COMPENSATION SCHEME

During the receive cycle, the acoustic signal penetrates
through the body with an attenuation rate of 1 dB/cm/MHz.
For a 5 MHz center frequency and a 4 cm penetration depth,
the signal attenuation is around 40 dB (2 × 4 × 5), where the
prefactor 2 accounts for the return path. Adding a minimum
display resolution of 50 dB [14], an approximate total dynamic
range of 90 dB is required to process this signal over the full
receive interval. This dynamic range is far beyond the range of
a practical ADC. On the other hand, additional dynamic range
can be achieved using multiple channels. For instance, in an
ultrasound receiver system, a total of 128 channels increases
the dynamic range by 21 dB (10 × log(128)), which still leaves
70 dB of dynamic range to be handled by the ADC.

Fig. 2(a) shows the dynamic range of the input signal xt

consisting of two parts: the instantaneous dynamic range, which
depends on the characteristics of the medium, and the dynamic
range, which results from propagation attenuation. By limiting
the SNR of the ADC to the instantaneous dynamic range and
introducing a time gain compensation amplifier that maps the
attenuated signal to the available instantaneous dynamic range
of the ADC, a great deal of power is saved while still maintaining
a wide dynamic range.
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Fig. 3. (a) Proposed dual mode receive circuit architecture and (b) power
consumption over the entire receive period.

The system-level noise model for the ultrasound receiver is
illustrated in Fig. 2(b). Considering xt as transducer input signal
and input to the VGA, the signal to noise ratio (SNR) of the
receiver is obtained by dividing the output signal power to the
output noise power as follows:

SNR =
(AV GA .xt)2

n2
adc + A2

V GAn2
V GA + A2

V GAn2
C M U T

=
1

1
SN RA D C

+ 1
SN RV G A

+ 1
SN RC M U T

≈ min(SNRC M U T ||SNRV GA ||SNRADC ) (1)

The CMUT thermal-mechanical noise is denoted as n2
C M U T ,

and the VGA and ADC input referred noise are denoted as n2
vga

and n2
adc , respectively. Ideally, a constant SNR is desired over

the entire receive period, where SNRC M U T is the ultrasound
input signal dynamic range, SNRV GA is the signal to noise
ratio at the VGA output, and SNRADC is the ADC SNR. For
an ADC with N bit resolution and a full-scale range input signal,
a signal to noise ratio equal to 6.02N + 1.76 (dB) is obtained.
Over the receive cycle, AV GA is adjusted in such a way that
a constant SNRADC is obtained by maintaining a full-scale
ADC input signal. At the beginning of each receive period, the
input signal is very large, hence, SNRC M U T >> SNRADC .
Thus, the output SNR is decided by the SNRADC . Over the
receive interval, the signal strength attenuates as it penetrates
through tissues. Therefore, SNRC M U T starts to become com-
parable with the SNRADC , and the Dynamic Range (DR) of
the input signal starts to have a large effect on the output SNR.
Alternately, in order not to degrade the output SNR, the VGA
output noise level should be adaptively adjusted in such a way
that nV GAAV GA << nADC over the instantaneous dynamic
range of the input signal.

III. RECEIVER CIRCUIT ARCHITECTURE

Fig. 3 shows the proposed circuit, which provides the flexi-
bility of operating either in a low power consumption (mode1),
or a high dynamic range mode (mode2). Fig. 4 demonstrates
input/output dynamic range of the proposed dual mode com-
pensation scheme. At the beginning of a receive cycle after the

Fig. 4. Input/output dynamic range of the proposed dual mode compensation
scheme.

transmit pulses, the received signal from the transducer is close
to the full-scale voltage. Therefore, the ADC can directly handle
the input signal (mode(1)), and the TIA is bypassed by switch S1
in Fig. 3. Over time, as the received ultrasound signal becomes
too weak, an ADC design which can handle such a small signal
is no longer practical. Thus, a VGA is used to amplify the weak
signal and map it to the ADC full-scale voltage (mode(2)). In
this design, coarse discrete gain settings of a TIA amplifier are
combined with the ADC reconfigurability to maintain a constant
SNR at the output node. In the operating mode(1), as the switch
bypasses the TIA from the receiver path, the bias current to the
TIA is also switched off. As a result, the average power con-
sumption of the TIA is largely conserved in the entire receive
period (See Fig. 3(b)).

A. Analog to Digital Converter

Requiring a small area due to the limited die area available for
each receiver channel, with a high enough sampling rate and a
reasonable dynamic range is the major concern in the ADC de-
sign for the ultrasound imaging application. For a digital beam-
forming scheme, the sampling rate of the ADC converter can be
determined by the target sampling resolution, where the sam-
pling time step determines the delay resolution. In this design, to
achieve a delay resolution of around 30 ns, a sampling frequency
of 30 MHz is required. For a target transducer center frequency
of 5 MHz with 100% bandwidth, the bandwidth of the reflec-
tion signals will be 2.5–7.5 MHz. Therefore, an oversampling
ratio of 2 for the ADC is considered. The effective bit resolu-
tion is determined based on the characteristics of the medium.
In this work, the target medium is the tissue in human organs,
which requires at least 50 dB of image resolution [14]. There-
fore, the required effective bit resolution of the A/D converter is
9-bit.

Considering the need for a dedicated ADC for each receive
channel in DBF architecture, the ADC as the most power hun-
gry block has to maintain a very small power consumption.
The pipeline ADCs are approximately one order of magnitude
less energy efficient than successive approximation(SAR) and
Delta sigma ADCs [15]. Delta sigma ADCs are power efficient
along the higher resolution ADC [16], and SAR type ADC ap-
pears to be the architecture that is most energy efficient over a
broad range of low to medium resolution [17]. Another key de-
sign guideline for digital beamforming system is the ADC area
efficiency, considering the area constraint due to the compact
size of each CMUT element and the limited space available in
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Fig. 5. SAR ADC architecture.

Fig. 6. (a) Conventional switching vs. (b) monotonic switching for N bit DAC
array.

the probe tip. Owing to their simple architecture, a very small
area can be achieved with the SAR ADC architecture. As a re-
sult, A SAR-type ADC converter was selected due to its low area
and low power consumption in the target medium frequency.

1) SAR ADC: A diagram of a SAR ADC is shown in Fig. 5.
The analog input signal is sampled and held first, and a com-
parison is made to determine if the input voltage is less than
or greater than the DAC voltage. To obtain a DAC voltage, a
binary search algorithm is conducted until it converges on the
input signal. A switched capacitor network for sampling the
input signal and implementing the DAC switching network is
employed to minimize the power consumption.

Fig. 6 shows a conventional N-bit fully-differential binary-
weighted capacitor network [18]. At the sampling phase, the
bottom plates of the capacitors are charged to Vin, n and Vin, p ,
and the top plates are reset to the common-mode voltage Vcm .
Next, the largest capacitor 2N is switched to the reference
voltage Vref , and the other capacitors are switched to Vss , where
N is the ADC resolution. The comparator then performs the first
comparison on the DAC output voltages Vdac, n and Vdac, n . If

Fig. 7. Proposed split-capacitor reconfigurable DAC array.

Vin, p is higher than Vin, n , the most significant bit (MSB) is
assigned to be ‘1’. Otherwise, the (MSB) is assigned to be ‘0’,
and the largest capacitor is reconnected to ground. Then, the
second largest capacitor is switched to Vref . The comparator
does the comparison again. The ADC repeats this procedure
until the least significant bit (LSB) is decided. The conventional
DAC switching operation is based on the trial-and-error search
procedure, which is not an energy-efficient switching scheme.
Fig. 6(b) shows a monotonic switch for an N-bit DAC array.
By sampling the input signal directly on the top plate of the
capacitors array, the comparator directly performs the first com-
parison without consuming any energy [19]. Moreover, the total
DAC capacitor is reduced by two times. In a monotonic switch-
ing scheme, the switching in the DAC network is performed in
either an upward or downward direction.

2) Split-Capacitor DAC Array Design: Fig. 7 shows the
schematic of a 9-bit SAR ADC used in the receiver design.
To avoid large variance in the common mode voltage of the
comparator input [20], the first five MSB capacitors are split
into half, and each differential array switches in complemen-
tary directions. Unlike the monotonic switching scheme, the
switching in the DAC network is performed in both upward and
downward directions, hence, a constant common mode voltage
is maintained. A customized small-value metal-metal capacitor
was used to save power and area in the DAC switching network.
A minimum unit capacitor value is chosen to be 0.5 fF resulting
in a total capacitance of 256 fF in a differential 9-bit ADC [17].
An asynchronous dynamic digital SAR Logic was designed to
simplify circuits and minimize the switching activities.

3) Configurable Gain ADC: In this design, ADC gain tech-
niques were used to enhance the dynamic range of the ADC
[13]. The DAC switching network voltage for the positive and
negative half-circuit is as follows:

Vdac, p = Vin, p + 0.5
6∑

i=1

Ci

Ctot
Vref (2bi − 1)

−
9∑

i=7

Ci

Ctot
Vref bi

Vdac, n = Vin, n − 0.5
6∑

i=1

Ci

Ctot
Vref (2bi − 1)

−
9∑

i=7

Ci

Ctot
Vref (1 − bi) (2)
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where Vref is the reference voltage of the DAC, Ctot is the
total capacitance at each DAC output node (i.e., Cdac + Ccf g ),
and Ccf g and Cdac are the configuration capacitor and the DAC
capacitance, respectively. As the equation suggests, with Vin, p

and Vin, n scaling, the DAC swing can be scaled with the same
ratio by either tuning the Vref or adjusting the Ctot . By adjust-
ing the DAC switching voltage range, the quantization noise is
updated as follows:

Pq =
LSB2

12
=

1
12

(
Vref

2N
.

Cdac

CC f g + Cdac

)2

(3)

In this work, the DAC swing voltage adjustment is performed by
connecting a programmable parallel capacitor to the main DAC,
as shown in Fig. 7, and adjusting an external Vref voltage.

B. TIA Circuit Design

Different types of amplifiers have been employed to measure
CMUT current signal. These include switch capacitance charge
integrating amplifiers [21], charge based amplifiers [22], [23]
and transimpedance amplifiers [2], [7], [24], etc. Among them,
transimpedance amplifier employs a resistive feedback to read-
out the CMUT current signal. In order to maximize the received
input current, the TIAs provide low input impedance, which
make them suitable for high impedance CMUTs readout [25].
Moreover, no dc settling network is required, as in charge based
amplifiers, and no charge injection issue is present in the design
of such amplifiers, as in switched capacitor amplifiers. Detailed
discussions on tradeoff between the gain, and bandwidth and
noise performance of these amplifiers are presented in [7], [24].

The schematic of the resistor feedback TIA and its full tran-
sistor implementation are depicted in Fig. 8 [26]. Having the
goal of minimizing the chip area in mind, a single-stage simple
cascode common source amplifier with a gain of −70 V/V is
used. On the other hand, a less accurate transimpedance gain due
to the low DC gain could be corrected digitally during signal
processing. Therefore, a simpler design is likely a good tradeoff.
Ideally, the TIA gain should vary in such a way that the gain in-
creases continuously with time to match the rate of attenuation
(See Figs. 1 and 2). However, very fine steps are required to
implement such a design which complicates the design of the
amplifier. In this design, to make the implementation simple,
8 discrete gain steps are provided, which are programmed by
the 3-bit digital inputs, decoded and applied to the switches in
the feedback resistor network (See Fig. 8(b)). The TIA amplifier
is usually followed by an anti-aliasing filter that is preceded by
an ADC. The anti-aliasing filter avoids the ADC from mapping
high-frequency noise and extra signals beyond the maximum
CMUT operating frequency. In this design, M9 and M10 are
used as MOS-capacitors to filter out-of-band noise.

Fig. 8(c) depicts the wide swing cascode current mirror used
to generate the bias voltages for the TIA amplifier. The bias
current Ibias is switched off in operating mode (1), to turn
the TIA power consumption off and reduce the total power
consumption. A fast TIA wake-up within 20 ns is obtained.

Fig. 8. (a) TIA amplifier topology (b) Resistor feedback TIA full transistor
implementation (c) TIA bias circuit.

IV. CONFIGURABLE GAIN RECEIVER DESIGN

Fig. 9 illustrates the receiver circuit interface to the CMUT
ultrasound in different operating modes. The small-signal model
for a CMUT element is represented by a capacitor, resistor
and a current source in parallel, as shown in Fig. 9(a). The
capacitor CC M U T , is the parallel-plate capacitance between the
CMUT element membrane and the common node; The resistor
RC M U T , is the medium mechanical load at the CMUT surface
that is transformed to the electrical port. The small signal current
source iC M U T , is the current produced by the CMUT element
and is proportional to the CMUT element area and its sensitivity.
In this work, the front-end circuit has been designed based on
the CMUT electrical parameters as shown in Fig. 9(a) [27].

In Fig. 9(b) the CMUT is connected to a TIA amplifier, where
the I/V conversion for the iC M U T is performed by the TIA.
The TIA gain varies (RF ) in such a way that a constant voltage
(RF iC M U T ) is obtained at the ADC input as the iC M U T gets
weaker. In Fig. 9(c) the CMUT is directly coupled to the ADC
input; as a result, the I/V conversion is preformed at the ultra-
sound input node, where the voltage formed at the ADC is
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Fig. 9. (a) CMUT equivalent small signal model (b) CMUT interface to ADC
in mode(2) (c) CMUT interface to TIA in mode(1).

simply equal to: iC M U T (RC M U T ||CC M U T ). Ideally, the
switching occurs automatically, and it is a part of the automatic
gain compensation (AGC) unit. In this design, the switching
between different modes is performed manually.

In the next sections, the implementation of the ADC and
maximum and minimum gain range requirements of the TIA
circuit are elaborated based on the design specification.

A. Configurable SAR ADC Design

In this work, the DAC swing voltage adjustment is performed
in two different ways [13]:

(1) By connecting a parallel capacitor to the main DAC,
as shown in Fig. 7, the DAC swing is modified by a ratio
of Cdac/(Cdac + CC f g ). However, to create multiple signal
swings, more parallel capacitors and switches are required,
which in turn increases design complexity and occupies more
area. Moreover, a higher parasitic DAC increases the DAC set-
tling time and in return limits the ADC performance.

(2) By adjusting the Vref connected to the DAC switches, the
DAC switching voltage is modified by a ratio of Vdd/Vref . How-
ever, a lower reference voltage weakens the driving capacity of
the switches connected to Vref , which can cause incomplete
DAC settling; as a result, Vref can only be tuned in a certain
designed range.

For a Vref equal to full-scale voltage, the noise power for the
DAC array and the comparator is simulated to be 0.5 mVrms
and 1 mVrms, respectively. As the Vref and Ccf g start to scale,
the quantization noise scales with the same ratio, and the DAC

thermal noise scales with
√

K T
Cd a c +Cc f g

, while the comparator

noise remains constant. For instance, when the Vref is set to 0.5
V, the comparator noise is simulated to be equal to the quan-
tization noise(i.e., 1LSB). This puts another practical limit on
how far the dynamic range can be pushed by using the ADC
gain techniques. In this prototype, an external voltage source is
used as Vref , which is varied from 0.7 V to 1 V, and a Ccf g

of 40fF to a total Cdac of 128fF is added. The gain setting

TABLE I
ADC GAIN SETTING

Vin (Vp -p , d if f ) DR(dB) Vref (V ) Ccf g (fF ) Ctot (fF )

1.8 50.5 1 0 128
1.5 50.2 0.7 0 128
0.9 50 0.7 40 168

Fig. 10. The schematic of the system noise components for a fully differential
TIA.

and the dynamic range of the ADC are summarized in
Table I.

B. TIA Gain Range Design

The TIA gain varies with the transducer current in such a way
that the signal strength at the TIA output (i.e., the ADC input)
is constant over time. In this design, a constant output voltage
needs to be maintained at the TIA output for the Vref and Ccf g

equal to 0.7 V and 40 fF, respectively.
1) Minimum TIA Gain: With the input signal being too

low to be directly handled by the ADC and still too high for
a high gain TIA, the TIA needs to provide a low gain for
large input signals to avoid saturation of the next stage. Al-
ternatively, to maintain a smooth transition in the ADC in-
put voltage between two different modes as shown in Fig. 9,
the requirement for the minimum gain must be fulfilled as
follows:

VADC = iC M U T (CC M U T ||RC M U T ) = iC M U T RF, min

= > RF, min = 5 kΩ (4)

2) Maximum TIA Gain: At the TIA high gain setup, the
receiver is optimized for a small-signal CMUT current. The
CMUT and TIA output referred noise seen at the ADC input
should be smaller than the ADC’s noise (v2

ADC ) by a predefined
margin. Otherwise, the dynamic range of the ADC would be
scarified.

A schematic of the noise sources of a differential TIA and the
CMUT element is plotted in Fig. 10. The noise contribution of
each half-circuit, as well as the CMUT is depicted individually.
Ignoring the CMUT and amplifier parasitic capacitance, the
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Fig. 11. Maximum TIA gain requirement analysis.

differential output noise power is expressed as:

v2
out, dif f = 2

[
R2

F i2RF
+ (1 + RF

ZC M U T
)2v2

amp

]

+ 4R2
F i2C M U T (5)

where i2RF is the thermal noise of the feedback resistor; ZC M U T

is the CMUT impedance equal to CC M U T ||RC M U T ; v2
amp =

v2
amp,p = v2

amp,n is the input equivalent voltage noise of the
core amplifier. By referring the output noise to the CMUT input
node, the input current referred noise is described as:

i2in =
v2

out, dif f

RF
2 = 2

[
i2RF

+ v 2
a m p

(RF ||ZC M U T )2

]

+ 4i2C M U T (6)

Assuming RF >> Zin and a noise figure of 3 dB in which the
amplifier contributes the same amount of noise as the CMUT, a
total input referred current noise of 10.8 nArms for 2.5–7.5 MHz
is calculated at the TIA input node. As shown in Fig. 11, the
maximum TIA gain is then determined as follows:

RF,max = 10log

(
v2

ADC

i2in

)

= 20log

(
650 uV rms

10.8 nA

)
− 3 dB = 92.5 dBΩ

=> RF,max = 42 kΩ (7)

The total measured power consumption is summarized in
Table II for different TIA/ADC gain settings. A maximum
differential gain of 97 dBΩ is obtained at the center frequency
of 5 MHz.

3) Bandwidth Consideration: In this design, the overall
bandwidth of the system is influenced by different switching
modes. The bandwidth in each switching mode is described as
follows: In switching mode(2), assuming the TIA’s input is a
virtual ground, the bandwidth is mostly determined by the TIA.

TABLE II
TOTAL MEASURED POWER CONSUMPTION FOR DIFFERENT TIA/ADC GAIN

SETTINGS AT 30 MHZ CLOCK FREQUENCY

Vin p -p ,d if f Differential
TIA

gain(dBΩ)

total
power(μW)

Vref (V) Cf g (fF)

1.8 0 60 1 0
1.3 0 60 0.7 0
0.9 0 60 1 40
0.53 86 240 0.7 40
0.33 89 240 0.7 40
0.24 92 240 0.7 40
0.18 95 240 0.7 40
0.13 97 240 0.7 40

The TIA transfer function is as follows:

vout

iC M U T
=

RF w2
n

s2 + 2ζwns + w2
n

(8)

wn =
√

gm

RF [CAAF + CDAC ]CC M U T
(9)

ζ =
1

RF CC M U T
+ 1

RF [CA A F +CD A C ] + 1
RC M U T CC M U T

2wn

(10)

where CAAF is the anti-aliasing capacitor in the TIA preceded
by the ADC (see Fig. 8), and gm is the transconductance of the
TIA input transistor. The values of which are chosen in such
a way that a ζ range of 0.9–1.12 and a bandwidth range of
7.5 MHz to 10 MHz are obtained.

In switching mode (1), as shown in Fig. 9(c), the BW is
determined by the CMUT itself (RC M U T ||CC M U T ), as well as
the loading of the rest of the system. Having a high capacitive
CMUT, a smaller bandwidth than the previous switching mode
is obtained, which can be compensated in digital domain system
design and is beyond the scope of this paper.

V. MEASUREMENT

Fig. 12 shows the test chip manufactured in a 65 nm CMOS
process technology with a core chip area of 170 μm × 76 μm.
The ADC in the core circuit occupies 118 μm × 76 μm, and
the TIA occupies 50 μm × 70μm. For the ADC layout de-
sign, the symmetrical DAC arrays are placed sidewise, while
the comparator and the digital logic are located in the middle.
Custom-designed metal-metal capacitor arrays are employed
to implement the DAC switching array. A central symmetrical
layout is designed to increase matching between the capacitor
element units. For the TIA layout design, the fully sym-
metrical input stages are placed aside, while the variable
feedback network is placed in the middle. The TIA input stage is
implemented by cascading the minimum-sized unit cells, where
the poly pitch is fixed in the design. This results in a regular
pattern and a uniform density design [26], [28]. A CMUT ultra-
sound transducer R/C equivalent circuit was also implemented
on chip to form an ultrasound-receiver test circuit for the receiver
circuit measurement.



1060 IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS, VOL. 11, NO. 5, OCTOBER 2017

Fig. 12. Test chip micrograph.

Fig. 13. Setup for measuring the test chip.

A. Measurement Setup

The test setup for the measurement is demonstrated in Fig. 13.
An RC equivalent of the CMUT element is implemented on
the chip. A parallel capacitor equal to CC M U T and two series
resistors equal to RC M U T /2 are located after the pad. This test
structure uses the Norton equivalent voltage input connected in
series with the CMUT resistance RC M U T . An RF balun circuit
was used to convert the single-ended voltage to the differential
signal. The differential voltage signals are applied to the CMUT
resistor to imitate a differential current source Vin,dif f /RC M U T

at the input of the CMUT source model. The ADC output bits
are captured using an R&S RTE digital oscilloscope with 10
logic channels, where a bus decoder generates an analog signal
from the digital input signals. The analog data from the built-in
DAC in the oscilloscope is then imported to cadence to perform
the FFT of the signal.

The ADC requires a DC common mode input voltage roughly
at 0.5 VDD . Hence, in a switching mode(1), in which the CMUT
is directly coupled to the ADC input, an external common mode
voltage is required. In the real-life CMUT, the easiest way to
create the voltage required would be a resistor voltage divider,
which is switched on and off upon the TIA being turned off and
on, respectively.

An oscilloscope shot of the output ADC voltage and the input
voltage is shown in Fig. 14 for the two extreme TIA/ADC gain
settings. Fig. 14(a) shows the ADC waveform and the measured
output spectrum with the input voltage level close to the full
scale voltage (1.8 Vp-p, dif f ). An SNDR of 50.5 dB is measured
for the ADC with a sampling clock of 30 MHz and an input
signal of 5 MHz (CMUT center frequency). Fig. 14(b) shows
the maximum gain configuration for the TIA and ADC and
a minimum input voltage of 130 mVp-p, dif f applied. For this
gain setting, Vref of 0.7 V is applied, and the Ccf g is connected
to the DAC capacitor network. With a −26 dBV input voltage
applied, an SNR of 49.1 dB is achieved.

B. Dynamic Range Measurements

The receiver dynamic range is defined by calculating the
ratio of the maximum input signal to the minimum input signal,
which obtains SNR=0 dB at the ADC output. In this section, the
dynamic range of the receiver circuit is measured for different
scenarios, where different gain settings are applied for the TIA
alone, ADC alone, and TIA/ADC together.

Fig. 15 shows the receiver output SNDR at the ADC output
versus the input amplitude swept from 0 V to the full-scale
voltage of 1.8 Vp-p, dif f . The gain setting is only applied to the
ADC and the TIA is bypassed. The peak instantaneous dynamic
range is measured to be 50.5 dB. Thanks to the configurable gain
feature of the ADC, the dynamic range is extended to 54 dB.
Therefore, the receiver system is optimized compared to the
conventional ADC design, as it offers a wider dynamic range
for the system.

Fig. 16 illustrates the instantaneous SNR at the receiver cir-
cuit output for different TIA and ADC gain settings. The circuit
detects small input signals of −76 dBV up to large signals of
−4 dBV, which results in an overall dynamic range of 72 dB.
The switching between different gain settings as (1) Ccf g dis-
connected, Vref = 1 V, (2) Ccf g disconnected, Vref = 0.7 V, (3)
Ccf g connected, Vref = 1 V (4) Ccf g connected, Vref = 0.7 V
and TIA gain from 0 dB to (6, 9, 12, 15, 18) dB creates a saw-
like behavior, as shown in Fig. 16. In this work, this switching
is performed manually, but in a full receiver, it should be part of
the AGC, based on the input signal power.

C. Summary of Measurement Results

The measurement results for the TIA and ADC standalone
and the total chip are reported in Table III. To measure the
receiver TIA separately, a buffer is included in the design to
drive the interconnect cable and scope capacitor. A 180 μW
power consumption is measured for the TIA at 1 V supply
voltage. Excluding the biasing circuit power consumption, the
core TIA amplifier consumes 120 μW. The measurement result
demonstrates a gain range of −0.5 dB∼18 dB at the center
frequency of 5 MHz. The TIA transimpedance gain range of
79–97 dBΩ is calculated directly, by dividing the measured
chip voltage gain and the series input resistor of RC M U T .

An Agilent E4445A spectrum analyzer was used for the noise
measurements. To find the noise figure of the TIA, the noise



ATTARZADEH et al.: LOW-POWER HIGH-DYNAMIC-RANGE RECEIVER SYSTEM FOR IN-PROBE 3-D ULTRASONIC IMAGING 1061

Fig. 14. (a) Minimum gain and (b) Maximum gain configuration for receiver chip.

TABLE III
SUMMARY OF THE RECEIVER CHIP MEASUREMENT

RC M U T 10 kΩ
CC M U T 5.5 pF
Center Frequency 5 MHz
CMUT Bandwidth 2.5–7.5 MHz

Technology 65 nm
TIA Gain Range 79 ∼ 97 dBΩ
TIA Power 180 μW
TIA Area 76 μ × 50 μm
TIA Bandwidth 7.5 MHz
HD2 −62 dB
HD3 −35 dB∼−50 dB
Input Referred Noise(@ 2.5–7.5 MHz) 4.8 pA/

√
Hz

NF 3 dB∼6.5 dB

Sample Rate 30 MHz
ADC Power @Fs = 30MHz 60.1 μW
SNDR @Fin=15MHz 50.3 dB
Area 76 μm × 118 μm
FOM 4.5 fJ/conv.step
DNL 0.97 LSB
INL 1.08 LSB

Total Average Chip (TIA+ADC) Power 150 μW
Total Chip Dynamic Range 72 dB
Total Chip Area 76 um × 170 um
Total NF 4.7 dB ∼ 55 dB

spectral density for the TIA, with and without a source circuit,
is shown in Fig. 17. A total output-referred noise integrated over
a bandwidth of 2.5–7.5 MHz is measured to be −64 dBm for
the CMUT/TIA circuit and −67 dBm for the TIA standalone
circuit. Hence, a 3 dB noise figure was measured for the tar-
get signal bandwidth, which indicates that the CMUT element

generates the same thermal-mechanical noise as the front-end
electronics. The input-referred noise current density is calcu-
lated offline from the measured output noise spectral density, to
be 4.8 pA/

√
Hz at the center frequency of 5 MHz.

The performance of the ADC was measured at 1 V supply,
a sampling frequency of 30 MS/s and a near-Nyquist input
frequency. The ADC achieves an SNDR of 50.5 dB, which
equals to an ENOB of 8.1 bits. The ADC consumes 60.1 μW
in total, which analog and digital circuits consume 50% of
each. The peak FoM of 4.5fJ/conv.step with the definition
of FoM = Power/(2EN OB Fs), is obtained at 30 MS/s. The
peak INL and DNL are measured to be −0.89 / 1.08 LSB and
−0.97 /0.90 LSB, respectively.

Table IV summarizes the measurement results and compares
them with those of recent receiver circuits designed for ultra-
sound applications. The comparison indicates that the proposed
receiver design demonstrates significant power and area reduc-
tion compared with the recent works. The measured power
consumptions for the TIA and the ADC are 180 μW and
60 μW, respectively. Considering the TIA to be powered off
for Vin > 450 mV (see Table II), an average power range of
60 μW ∼ 240 μW for the test receiver circuit is obtained. The
TIA power consumption can be further reduced by sharing
the biasing circuit among other TIA amplifiers. In some ultra-
sound systems, delay compensation techniques may be used to
produce better delay resolution than the time resolution obtained
with Nyquist rate sampling. A thorough coverage is beyond the
scope of this work, but examples of such systems can be found
in [29]–[31].

This work focused on the receive part of the front-end
circuitry. Therefore, CMUT bias circuits and receive chain



1062 IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS, VOL. 11, NO. 5, OCTOBER 2017

Fig. 15. Measured SNDR versus input full scale voltage for various ADC
settings of Vref and Ccf g and Fs = 30 MHz.

Fig. 16. Measured SNR at ADC output for various TIA and ADC gain settings
at Fs = 30 MHz.

Fig. 17. Measured short circuit output voltage noise density for TIA
with/without CMUT source circuit for the bandwidth 2.5−7.5 MHz

TABLE IV
PERFORMANCE COMPARISON

This work [32] [33] [23]

Preamp Gain(dBΩ) 79-97 – 96.6 109
Bandwidth(MHz) 7.5 – 5.2 140

VGA Gain(dB) – – – 0–30
Bandwidth(MHz) – – – 60

ADC Resolution 9 10 – –
Conversion
Speed(MS/s)

30 20 – –

Dynamic
Range(dB)

72 56.8 60.5 83.2

Total
chip

Power Consump-
tion(mW)

0.06 ∼
0.240

170 14.3 3.3

Chip size(mm2 ) 0.012 3.74 0.9 –
Technology 65 nm 0.25 um 0.18 um 0.35 um
Number of
channels

1 8 1 1

protection circuitry are not considered. However, in a com-
plete ultrasound system, protection switches are required to
protect the low voltage amplifier form the high voltage trans-
mit pulses. Moreover, other blocks will contribute to the
total power consumption which are not considered in this
paper.

VI. CONCLUSION

A dual-mode receiver circuit is presented. The receiver circuit
is designed for the interface with a capacitive micro-machined
ultrasonic transducer (CMUT). The proposed ultrasound re-
ceiver chip enables the development of an in-probe digital beam-
forming imaging system. A prototype of the chip containing one
receive channel with one variable gain transimpedance ampli-
fier (TIA) and one analog to digital converter (ADC) circuit
is fabricated using a 65 nm CMOS process technology. The
proposed circuit provides the flexibility of operating in either a
low power consumption or a high dynamic range mode. Com-
bining the variable gain TIA functionality with the ADC gain
setting achieves an enhanced overall high dynamic range while
maintaining a low power dissipation. Due to its low power and



ATTARZADEH et al.: LOW-POWER HIGH-DYNAMIC-RANGE RECEIVER SYSTEM FOR IN-PROBE 3-D ULTRASONIC IMAGING 1063

small area, the receiver circuit can be scaled up in the future
to a fully-integrated receiver circuit capable of reading out a
2D array with hundreds of ultrasound elements. The test chip
size is 76 um × 176 um and a total average power range of
60 μW − 240 μW for a sampling frequency of 30 MHz is ob-
tained, where a 1 V power supply, a clock sampling frequency
of 30 MHz, and a CMUT center frequency of 5 MHz are used.
An instantaneous dynamic range of 50.5 dB with an overall
dynamic range of 72 dB is measured.
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