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Abstract
This paper describes the design of a front-end circuit consisting of an integrated preamplifier with
a Sallen-Key Butterworth filter for very-high-frequency ultrasonic transducers and a low-power
handheld receiver. This preamplifier was fabricated using a 0.18-μm 7WL SiGe bi-polar
complementary metal oxide semiconductor (BiCMOS) process. The Sallen-Key filter is used to
increase the voltage gain of the front-end circuit for high-frequency transducers which are
generally low in sensitivity. The measured peak voltage gain of the frontend circuits for the
BiCMOS preamplifier with the Sallen-Key filter was 41.28 dB at 100 MHz with a −6-dB
bandwidth of 91%, and the dc power consumption of the BiCMOS preamplifier was 49.53 mW.
The peak voltage gain of the front-end circuits for the CMOS preamplifier with the Sallen-Key
filter was 39.52 dB at 100 MHz with a −6-dB bandwidth of 108%, and the dc power consumption
of the CMOS preamplifier was 43.57 mW. Pulse-echo responses and wire phantom images with a
single-element ultrasonic transducer have been acquired to demonstrate the performance of the
front-end circuit.

I. Introduction
Ultrasound imaging systems at higher frequency (>20 M Hz) have better spatial resolution
for many medical imaging applications than those at lower frequency (a few hertz to 15 M
Hz) [1], [2]. The first stage of the receiver unit in an ultrasonic imaging system usually
contains a preamplifier and a filter, which can affect the performance of the system to a
significant degree. The design of a high-frequency front-end circuit which can be integrated
into a receiving channel of an array is a challenge [3]. First, electrical impedance matching
is one of the important issues, especially for very-high-frequency ultrasound preamplifiers
because the performances of these preamplifiers are limited by parasitic impedances of the
transistors, discrete components, and chip pad as the frequency increases [3]. Second, cable
loss is another issue of concern for integrated preamplifier design. Cable loss may be
reduced by connecting the integrated preamplifiers as closely to the transducer as possible.
Third, integrated preamplifiers must be implemented in the multi-channel format to reduce
the footprint size of the layout. Fourth, multi-channel preamplifiers consume more dc power
than single-channel preamplifiers, limiting the battery life of a handheld receiver.

Operational amplifiers have been widely used for frontend preamplifier design of an
ultrasonic receiver. However, the gain for these devices is high in the low-frequency region
but the bandwidth is limited, as shown in Figs. 1 and 2. To extend the bandwidth in the
frequency domain, a feedback loop consisting of resistors and capacitors may be used [4].
However, this may lead to oscillation of the preamplifier and generate higher thermal noise
[4]. Matching or optimization of the performances with additional components could be
difficult because of the high input impedance of an operational amplifier.
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To overcome these problems, a novel integrated preamplifier has been designed and
fabricated. By comparing CMOS and bi-polar complementary metal oxide semiconductor
(BiCMOS) devices, one can provide design guidelines for the optimal performance of the
integrated preamplifier for high-frequency ultrasonic transducers. CMOS and BiCMOS
device characteristics are summarized in Table I. This data comparison is collected from
literature and IBM technology documents [6]–[8].

This design has been shown to have wider bandwidth and higher gain even for high-
frequency operations because its performance can be controlled by off-chip resonant tank
circuits, as shown in Fig. 3, which are a more stable architecture without a feedback loop.
Impedance matching is achievable with off-chip inductors and capacitors, equivalent
capacitances of the electrostatic discharge devices, and capacitance of the transistor. With
this topology, the input impedance, frequency, and bandwidth can be tuned and optimized
for the best performance.

One of the important issues of multi-channel integrated preamplifiers is dc power
consumption. Operating at a higher frequency consumes more power because a preamplifier
working for a higher center frequency occupies a wider bandwidth than the preamplifier at a
lower center frequency. This novel preamplifier uses fewer transistors and lower values of
resistances than operational amplifiers, thus generating a lower noise figure and requiring
less power consumption.

II. Architecture, Design, and Fabrication
This first prototype chip contains eight BiCMOS and CMOS preamplifiers for the purpose
of comparing the performances of both integrated preamplifiers. A block diagram of the
integrated preamplifier with an active Sallen-Key Butterworth low-pass filter is shown in
Fig. 4.

The common-source and common-gate amplifier are two commonly used low-noise
amplifier topologies. For a common-gate amplifier, there is no gate-drain capacitance in the
transistor (M1), providing better reverse isolation, but it inherently has a worse noise
performance than a common-source topology. However, the common-source amplifier can
use cascade structures to reduce the isolation, improving the stability of the circuit.
Therefore, the common-source topology with a cascade structure is preferred over the
common-gate with a cascade structure for better noise performance.

The source-degenerated integrated preamplifier (Fig. 5) is a viable alternative to operational
amplifiers because it has more optimal impedance matching, higher operating frequency,
and lower dc power consumption [6]. An analysis of the source-degenerated integrated
preamplifier is described subsequently.

The input impedance of the source-degenerated integrated preamplifier is defined as

(1)

where Ztr is the input impedance of the preamplifier, Ccap is the de-coupling capacitor, Lg is
the gate inductance of the transistor M1, CESD is the total capacitance of varactor diodes, Ls1
is the source inductance of the transistor M1, gm1 is the small signal transconductance of the
transistor M1, and Cπ1 is the parasitic base-emitter capacitance of the transistor M1.

Choi et al. Page 2

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2013 March 06.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



With this topology, the imaginary term of (1) should be zero to match 50-Ω resistance.
Although the reactive part of the impedance of an ultrasonic transducer at resonance has
often been approximated as a capacitor such that a long cable or an inductor may be used to
match the impedance of the receiving electronics, the equivalent circuit of the input
impedance of an ultrasonic transducer over the whole bandwidth is actually a fairly complex
network consisting of resistive, inductive, and capacitive components.

A. BiCMOS Preamplifier
The architecture of a BiCMOS integrated preamplifier is shown in Fig. 6. All chip pads are
protected by hyperabrupt varactors for electrostatic discharge (ESD) protection devices [9].

A new approach is needed for impedance matching for high-frequency ultrasonic
transducers/arrays. If there is no source inductor, the input impedance (1) can be simplified
to

(2)

Eq. (2) shows that electrical impedance matching with the high-frequency ultrasonic
transducer can be determined by de-coupling capacitance, off-chip inductance, the
equivalent capacitance of the hyperabrupt varactors and the inner capacitances of the
transistor M1. Therefore, this allows us to have a means to manipulate the matching
condition for the transducer more accurately and help optimize the performance of the
integrated preamplifier.

The large signal transductance of the first-stage preamplifier can be replaced by

(3)

where gm1HBT is the small signal transconductance of the HBT(M1), iout1 is the drain
current of transistor M1, and Vin1 is the gate voltage of transistor M1.

Therefore, the voltage gain of the first-stage preamplifier can be represented as

(4)

where gm2MOS is the small-signal transconductance of M2, Rd1 is the load resistance and
inner resistance of the transistor M2, Ld1 is the load inductance, Cd1 is the load capacitance
and inner capacitance of the transistor M2, and Zd1 is the load impedance of the first-stage
preamplifier.

The voltage gain of the second-stage preamplifier is defined as

(5)
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where gm3MOS is the transconductance of the MOSFET M3, Rd2 is the load resistance with
inner resistance of the first- and second-stage preamplifier, and Ld2 is load inductance of the
first- and second-stage preamplifier The voltage gain of the preamplifier is given by

(6)

The voltage gain can be improved by increasing the value of load impedance and
transconductance, and by decreasing the value of load capacitance, gate-source capacitance
of the transistor M1, and hyperabrupt varactor.

The center frequency and −3-dB bandwidth of the integrated preamplifier depend on the off-
chip components and inner impedance of the first- and second-stage preamplifiers and are
given by

(7)

(8)

where Wp is the resonant center frequency of the integrated preamplifier and BW is the −3-
dB bandwidth of the integrated preamplifier.

For noise analysis of the preamplifier design, the flicker noise (also called the 1/f noise) and
thermal noise from the transistors are usually considered. First, the flicker noise is dependent
on the surface of the semiconductor devices [4], [8]. Generally, the HBT shows lower 1/f
noise than MOSFETs because the flicker noise of the HBT is attributed to the base-emitter
junction current in the substrate [9]. For the low-frequency operation of the preamplifier, the
flicker noise is more dominant than the thermal noise. The input-referred flicker noise
equation is given by

(9)

where K is the process-dependent constant on the order of 10−25V2F, Ae is the emitter
junction area of HBT, IB is the base current of HBT, and f is the operating frequency

The flicker noise decreases as the frequency is increased. Further, transistors with larger
width and length generate less 1/f noise. However, for the high-frequency preamplifier, the
thermal noise is a more dominant factor than the flicker noise. Unlike flicker noise, thermal
noise can be reduced by proper design, e.g., increasing transconductance (gm1HBT). For the
common-gate MOSFET M2, the noise term can be neglected because of the large output
impedance [10], [11]. With high gain in the first stage of the preamplifier, the noise term of
the second stage can be neglected. Therefore, the noise figure of the BiCMOS preamplifier
can be simplified to
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(10)

where rb is the base resistance of the HBT.

The transconductance of HBT is theoretically higher than that of MOSFET, thus generating
a lower noise figure for the BiCMOS preamplifier than for the CMOS preamplifier [8], [9].

B. CMOS Preamplifier
Compared with the architecture of the BiCMOS preamplifier, the HBT device M1 is
replaced by MOSFET M1 in the CMOS preamplifier. Fig. 7 shows the architecture of a
CMOS integrated preamplifier and its component values as listed in Table II.

The input impedance of a CMOS preamplifier is defined as

(11)

where Cgs1 is the parasitic gate-source capacitance of the transistor M1.

The voltage gain of the CMOS preamplifier can be represented as

(12)

where gm1MOS is the transconductance of the MOSFET M1.

The noise figure of the CMOS preamplifier can be written as

(13)

where rg is the gate-resistance of MOSFET M1.

C. Active Sallen-Key Butterworth Filter
An active Sallen-Key Butterworth filter is used to increase the voltage gain of the front-end
circuits for the high-frequency transducer. With a Sallen-Key filter topology, the high-
voltage gain may affect the stability. A large capacitor (C8) is used to reject unwanted noise
from the power supply [12]. The architecture of the Sallen-Key filter is shown in Fig. 8.

If the open-loop gain (Av) of the operational amplifier is infinite, the transfer function of the
Sallen-Key Butterworth low pass filter can be simplified as
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(14)

Therefore, the operational frequency (fn), open-loop gain (An), and quality factor (Q) of this
active Sallen-Key Butterworth low pass filter can be represented as

(15)

The operational amplifier which is used for this filter is the voltage feedback amplifier
(OPA843, Texas Instruments Inc., Dallas, TX).

D. Fabrication of Integrated Preamplifier
The integrated preamplifier chip was fabricated using the IBM BiCMOS 7WL process
(Armonk, NY) and these preamplifiers are packaged in 40-pin dual in-line packages (DIP)
from MOSIS (Marina del Rey, CA). Electrical matching is one of the most important factors
to be considered in the design of an integrated preamplifier for high-frequency ultrasonic
transducers. In the chip layout, mismatched circumstances are usually caused by gradient
effects, which can be compensated by using multiple fingers and adjusting the length size of
the transistor [13]– [14]. Simulation results show that transistor devices having two fingers
yield the optimal performance.

Another important issue in the layout is the noise. Noise source reduction from transistor
substrate coupling is needed. Therefore, shielding rings like substrate rings for integrated
preamplifiers are used to reduce the substrate noise [14]. The connection between the ESD
devices and PADS should be as short as possible to reduce the parasitic capacitances. These
ESD devices are capable of protecting the preamplifiers from abrupt short pulses within a
few nanoseconds. All input and output pins are connected to hyperabrupt varactors because
high voltages are typically used to excite ultrasonic transducers [9], [15]. A
microphotograph of the top-layout is shown in Fig 9.

III. Experimental Results
A. Measurement Procedure of Integrated Preamplifier and Front-End Circuits

Each of the selected preamplifiers with an active Sallen-Key Butterworth low-pass filter was
measured and tested with a lithium niobate (LiNbO3) ultrasonic transducer to obtain the
pulse-echo responses and wire phantom images. The S-parameters are useful performance
indicators of circuits or systems because other parameters are technically more difficult to
measure at high frequencies. The S-parameters (gain, input and output reflection coefficient,
and noise figure), the input third-order intercept point (IIP3), the output 1-dB output
compression point (P1dB), and the output third-order intercept point (OIP3) of the integrated
preamplifier with the gain of the front-end circuit were measured. Impedance matching
conditions can be described with input reflection coefficient (S11) and output reflection
coefficient (S22), swept from 20 to 240 M Hz, and they should be below −10 dB for the
desired center frequency. The reverse gain (S12) is the reverse isolation from the output port
to the input port. A low value of S12 shows good isolation in the circuit.

The noise figure measurements were carried out with a spectrum analyzer (EE4401B,
Agilent Technologies, Santa Clara, CA) and a high-gain amplifier (AU-1114, MITEQ,
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Hauppauge, NY). For noise figure measurements, the gain method was used [16], [17]. This
method requires a high gain to measure the performance. Because the gain of integrated
preamplifier itself was not sufficient, another high-gain amplifier was added to measure the
noise figure. Therefore, the integrated preamplifier and an additional amplifier (AU-1114)
were used at the same time. If the gain of the amplifier is already determined, the noise
figure of the cascade can be calculated as

(16)

The noise figure of the multiple-stage amplifier is given by

(17)

Therefore, the noise figure of the integrated preamplifier for a two-stage system can be
represented as

(18)

IIP3, OIP3 and OP1dB are useful parameters to determine the linearity of the preamplifier.
For the IIP3 measurement, an attenuator (HAT-30+ 30-dB attenuator, Mini-Circuits,
Brooklyn, NY) was used because of the limited voltage range of the function waveform
generator (AFG3252, Tektronix, Beaverton, OR). The IIP3 measurement point was obtained
based on 10 M Hz two-tone spacing from the center frequency (90 and 110 M Hz). The
OIP3 is measured with 10 M Hz two-tone spacing between 60 and 140 M Hz and OP1dB is
also measured by increasing input power until the gain is saturated between 60 and 140
MHz.

B. Measured Data of the Integrated Preamplifier, Filter, and Front-End Circuits
Fig. 10 shows the measured performances of the BiCMOS and CMOS preamplifier, and its
front-end circuit and the data are summarized in Table III.

The measured input reflection coefficient and output reflection coefficient values show that
the lowest point deviates slightly from 100 M Hz, although they demonstrate desirable
performances which should be less than −10 dB at 100 M Hz. The measured noise figure of
CMOS preamplifier shows that it drops rapidly from 50 M Hz. Therefore, the simulated
lowest noise figure of the CMOS preamplifier is 6.5 dB at 100 M Hz, but the measured
noise figure at 100 M Hz is 5.61 dB and the measured lowest noise figure is 3.51 dB at 70 M
Hz. The difference between simulated data and measured data may come from the off-chip
components such as inductors and capacitors, because the simulation model of the parasitic
impedances for the off-chip components from the manufacturers is not sufficient to obtain
accurate data. The reverse gain is approximately −50 dB around 80 M Hz, which represents
good isolation from output port to input port. From Fig. 10(f), the measured voltage gain is
the summed result of Figs. 10(e) and 10(f) and the buffer. We place the buffer in the last
stage to compensate for the degraded performances of the active filter in the higher
frequency range (>120 M Hz) because a high voltage gain (about 15 dB) and impedance
mismatch in the active filter would degrade the performance of the front-end circuit in the
high-frequency range.
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From Fig. 10(h), the dot-dashed lines with circles stand for the fundamental output power of
the BiCMOS and CMOS preamplifier. The dashed lines with squares and dashed lines with
crosses stand for the third-order intermodulation product of BiCMOS and CMOS
preamplifier. The output power at 1 dB compression point (OP1dB) versus frequency and
output third-order intercept point (OIP3) are shown in Figs. 10(i) and 10(k). The OIP3 of the
BiCMOS preamplifier is around 11 or 12 dBm and that of the CMOS preamplifier is
between 17 and 21 dBm, between 60 and 140 M Hz. The OP1dB of the BiCMOS
preamplifier is between 2 and 5 dBm and that of the CMOS preamplifier is between 6 and 9
dBm, between 60 and 140 M Hz. The high gain and limited supply voltage cause the
integrated preamplifiers to have a relatively low linearity performance; however, the
performance can be improved by modifying the preceding stages, such as filter and buffer
[18].

The voltage gain of the front-end circuits could be variable to avoid clamping of the signal.
The maximum voltage gain of the BiCMOS and CMOS preamplifier is around 24 dB.
Therefore, the maximum echo signal should be around 114 mV limited by the supply
voltage. The echo signals in the experiment were so low (<50 mV) that the clamping of the
signal was avoided. If the echo signal is more than 114 mV, the voltage gain of the
preamplifier should be variable. This means that the resonant-load tank circuits for each
cascade amplifier must use variable resistors to control the voltage gain. Otherwise, the
voltage gain of the active Sallen-Key filter must be made variable or the voltage gain of the
power amplifier which triggers the transducer must be adjustable.

C. Pulse-Echo Responses of a Ultrasonic Transducer With Front-End Circuits
A pulse-echo response measurement is commonly made to evaluate the performance of an
ultrasonic transducer and associated electronics [19]. The LiNbO3 transducer (Fig. 11) was
tested in a water tank with quartz as a reflector. A monocycle generator (AVTECH AVB2-
THE-C, Avtech Electrosystems Ltd., Ottawa, Ontario, Canada), expander, limiter, and
designed front-end circuits were used in the measurement, and the echo signal from the
transducer was recorded with an oscilloscope (LeCroy 9350AL, LeCroy Corp., Chestnut
Ridge, NY). Input and output 50-Ω coaxial cables (Pomona 2249-C-60, Pomona Electronics
Inc., Everett, WA) were used. Table IV shows the parameters of an ultrasonic transducer.

The echo data of the transducer (Fig. 11) showing the center frequency, −6-dB bandwidth,
and received peak-to-peak voltage are shown in Fig. 12.

Because the integrated preamplifier has negative voltage gain, the pulse-echo data show an
inverted waveform. Pulse-echo responses including the front-end circuits exhibit
comparable performances to a Panametrics 5900PR (Olympus NDT Inc., Waltham, MA),
with lower ring down and smoother spectrum shape.

D. Wire Phantom Images of an Ultrasonic Transducer With Front-End Circuits
The wire phantom consisted of 4 tungsten wires: one 6-μm-diameter and three 20-μm-
diameter. All wire phantom images (Fig. 13) were acquired with an ultrasound
biomicroscope (UBM) system developed in-house and are displayed in a 50 dB dynamic
range. The mechanic motor was controlled by servo motor controller in Labview (National
Instruments, Austin, TX) to scan a cross-section of the wires. The generated RF signals were
received by a 12-bit data acquisition board (Gage Applied Technologies, Lockport, IL) and
the wire phantom images were post-processed in Labview.

The images show a comparison of the axial and lateral resolution between a Panametrics
5900PR and the frontend system. The axial and lateral resolution of the frontend circuits
based on the BiCMOS and CMOS preamplifier show better SNR than the Panamterics
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5900PR in Fig. 14; the data are summarized in Table V. The −6-dB axial and lateral
resolution of the front-end circuits based on the BiCMOS preamplifier are 14 and 30 μm in
Figs. 14(b) and 14(d). The −6-dB axial and lateral resolution of the front-end circuits based
on the CMOS preamplifier are 13 and 21 μm in Figs. 14(f) and 14(h). The −6-dB axial and
lateral resolution of the Panametrics 5900PR with 40 and 38 dB gain are 14 and 23 μm in
Figs. 14(a), 14(c), 14(e), and 14(g). Therefore, the axial and lateral resolutions of the front-
end circuits based on the both CMOS and BiCMOS preamplifier are compatible to those
obtained with Panametrics 5900PR.

The integrated preamplifiers are shown to yield lower noise figure and dc power
consumption at higher frequencies than devices reported in the literature. However, in these
devices, off-chip inductors and capacitors would be needed to optimize their performances.
Table VI gives a comparison of the integrated preamplifiers for ultrasonic transducer
applications published in the literature and this design.

For CMUT applications or commercial ultrasound analog front-end circuits, the operational-
amplifier-based preamplifier without impedance matching circuits is used. The designed
preamplifier uses fewer transistors and lower values of resistances than an operational-
amplifier-based preamplifier, thus generating lower noise figure (2.9 dB) and smaller power
consumption (49.53 mW) than an operational-amplifier-based preamplifier (150 mW power
consumption from Wygant et al. [26], 10 dB noise figure from Kim et al. [28]). It also has
more freedom in choosing the resonance center frequency because the center frequency can
also be determined by off-chip inductors and capacitors rather than by the transistors and
feedback loop resistors in the operational-amplifier-based topology. The designed
preamplifier must use inductors and capacitors for matching electrical impedance and
improved voltage gain, causing the size of the chip to be larger than an operational-
amplifier-based preamplifier if the operating frequency of the preamplifier is relatively low.
Therefore, this designed preamplifier could be more desirable if the operating frequency of
the devices is a few hundred megahertz to allow integration without the external inductors
so that the inductance values of the resonant-load tank and impedance matching circuits can
be lower, thus reducing the spaces in the chip. If the operating frequency of the transducer is
low, active inductor design using transistors is also an alternative way to replace the off-chip
passive inductor [29], [30]. The drawback is that the active inductor may degrade the noise
performance of the preamplifier, while reducing the chip space.

IV. Conclusion
This paper reports the design and measured performances of an integrated preamplifier and
filter chain with a single-element ultrasonic transducer. In these integrated preamplifiers,
impedance matching with a high-frequency ultrasonic transducer, voltage gain, center
frequency, −6-dB bandwidth, and noise figure can be more easily controlled than in
operational amplifiers. The measured peak voltage gain of the BiCMOS preamplifier with
the filter was 41.28 dB at 100 M Hz, the −6-dB bandwidth was 91%, and dc power
consumption of the BiCMOS preamplifier was 49.53 mW. The peak voltage gain of the
CMOS preamplifier with the filter was 39.52 dB at 100 M Hz, the −6-dB bandwidth was
108%, and dc power consumption of the CMOS preamplifier was 43.57 mW. These
experimental results show good performance of the integrated preamplifier compared with a
Panametrics 5900PR and other preamplifiers for high-frequency transducers. This effort
represents the first step in the eventual realization of a complete integrated high-frequency
receiving system.
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Fig. 1.
Change in voltage gain of the operational amplifier with operating frequency.
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Fig. 2.
Schematic of operational preamplifier for ultrasound transducer from Morizio [5].
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Fig. 3.
Change in voltage gain of the BiCMOS preamplifier with operating frequency.
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Fig. 4.
The architecture of a preamplifier with Sallen-Key Butterworth filter.

Choi et al. Page 18

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2013 March 06.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Input part of the source-degenerated integrated preamplifier.
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Fig. 6.
Architecture of a BiCMOS integrated preamplifier.
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Fig. 7.
Architecture of a CMOS integrated preamplifier.
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Fig. 8.
Architecture of an active Sallen-Key Butterworth low pass filter.
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Fig. 9.
Microphotograph of the preamplifier chip.
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Fig. 10.
Measured performances of an integrated preamplifier and its front-end circuits. (a) Lowest
input reflection coefficient: −17.42 dB at 103 M Hz for BiCMOS preamplifier and −27.63
dB at 93 M Hz for CMOS preamplifier. (b) Lowest output reflection coefficient: −21.94 dB
at 95 M Hz for BiCMOS preamplifier and −22.18 dB at 102 M Hz for CMOS preamplifier.
(c) Reverse voltage gain: −50.67 dB at 80 M Hz for BiCMOS preamplifier and −51.97 dB at
80 M Hz for CMOS preamplifier. (d) Lowest noise figure: 2.9 dB at 100 M Hz for BiCMOS
preamplifier and 3.51 dB at 70 M Hz for CMOS preamplifier. (e) Voltage gain of integrated
preamplifier: for BiCMOS preamplifier, peak voltage gain is 25.8 dB at 100 M Hz, −3-dB
bandwidth is 82%, and −6-dB bandwidth is 130%. For CMOS preamplifier, peak voltage
gain is 24.08 dB at 93 M Hz, −3-dB bandwidth is 79%, and −6-dB bandwidth is 183%. (f)
Voltage gain of front-end circuits: for BiCMOS preamplifier and filter, voltage gain is 41.28
dB at 100 M Hz, −3-dB bandwidth is 33%, and −6-dB bandwidth is 91%. For CMOS
preamplifier and filter, voltage gain is 39.52 dB at 99 M Hz, −3-dB bandwidth is 58%, and
−6-dB bandwidth is 108%. (g) Voltage gain graph of Sallen-Key active Butterworth filter:
16.35 dB at 80 M Hz. (h) IIP3 of an integrated preamplifier: IIP3 of BiCMOS preamplifier
is −12 dBm and IIP3 of CMOS preamplifier is −3.5 dBm. (i) Output power at 1 dB
compression point (OP1dB) versus frequency. (j) Output third-order intercept point (OIP3)
versus frequency.
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Fig. 11.
Photo of high-frequency transducer.
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Fig. 12.
(a) LiNbO3 focused transducer’s pulse-echo response using Panametrics 5900PR (gain = 40
dB): center frequency is 82.91 M Hz, −6-dB bandwidth is 51.58%, and received peak-peak
voltage is 1769 mV. (b) LiNbO3 focused transducer’s pulse-echo response using BiCMOS
preamplifier with Sallen-Key filter: center frequency is 78.23 M Hz, −6-dB bandwidth is
51.70%, and received peak-peak voltage is 1812 mV. (c) LiNbO3 focused transducer’s
pulse-echo response using Panametrics 5900PR (gain = 38 dB): center frequency is 82.76 M
Hz, −6-dB bandwidth is 53.73%, and received peak-peak voltage is 154 6mV. (d) LiNbO3
focused transducer’s pulse-echo response using CMOS preamplifier with Sallen-Key filter:
center frequency is 83.54 MHz, −6-dB bandwidth is 52.33%, and received peak-peak
voltage is 1468 mV.
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Fig. 13.
Wire phantom images: (a) a transducer and Panametrics 5900PR with 40 dB gain, (b) a
transducer and designed front-end system based on BiCMOS preamplifier, (c) a transducer
and Panametrics 5900PR with 38 dB gain, and (d) a transducer and designed front-end
system based on CMOS preamplifier.
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Fig. 14.
(a) Axial resolution of Panametric 5900PR with 40 dB gain. (b) Axial resolution of designed
front-end system based on the front-end circuits based on BiCMOS preamplifier. (c) Lateral
resolution of Panametric 5900PR with 40 dB gain. (d) Lateral resolution of designed front-
end circuits based on the BiCMOS preamplifier. (e) Axial resolution of Panametric 5900PR
with 38 dB gain. (f) Axial resolution of designed front-end circuits based on the CMOS
preamplifier. (g) Lateral resolution of Panametric 5900PR with 38 dB gain. (h) Lateral
resolution of designed front-end circuits based on the CMOS preamplifier.
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TABLE I

The Off-Chip Component Values for BiCMOS Preamplifier.

Component Category Value

Ccap dc coupling capacitor 25 pF

Lg Gate inductor 200 nH

Cd1 Load capacitor 12 pF

Ld1 Load inductor 120 nH

Rd1 Load resistor 20 Ω

Ld2 Load inductor 120 nH

Rd2 Load resistor 20 Ω

Cout dc coupling capacitor 30 pF
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TABLE II

The Off-Chip Component Values for CMOS Preamplifier.

Component Category Value

Ccoup dc coupling capacitor 30 pF

Lg Gate inductor 150 nH

Cd1 Load capacitor 12 pF

Ld1 Load inductor 150 nH

RL1 Load resistor 20 Ω

Ld2 Load inductor 150 nH

RL2 Load resistor 20 Ω

Cout dc coupling capacitor 30 pF
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TABLE IV

The Parameters of a Single-Element 100-MHz Ultrasonic Transducer.

Center frequency −6-dB bandwidth Focus Aperture size

79.21 MHz 50.35% 2.28 mm 1.3 mm
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TABLE V

Comparison Data of −6-dB Axial and Lateral Resolution.

Panametrics 5900PR
with 40 dB gain

Front-end circuits based
on the BiCMOS

preamplifier
Panametrics 5900PR

with 38 dB gain

Front-end circuits based
on the CMOS
preamplifier

−6-dB axial resolution
(μm)

14 14 14 13

−6-dB lateral resolution
(μm)

23 30 23 21
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