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Abstract: A novel Class-C pulsed power amplifier with a voltage divider integrated with a high-
voltage transistor and switching diodes is proposed to reduce DC power consumption and increase
the maximum output power for handheld ultrasound instruments. Ultrasonic transducers in ultra-
sound instruments are devices that convert electrical power into acoustic power or vice versa, which
are triggered by power amplifiers. Efficient power conversion is also very important to avoid thermal
issues in handheld ultrasound instruments owing to limited battery power and excessive heat genera-
tion caused by the enclosed structures of the handheld ultrasound instruments. Consequently, higher
output power and lower DC power consumption are desirable for a power amplifier. Therefore,
a circuit to control power amplifiers was developed. The measured output power (94.66 W) and
DC power consumption (2.12 W) when using the proposed circuit are better than those when using
the existing Class-C pulsed power amplifier (74.90 W and 2.77 W, respectively). In the pulse-echo
measurement mode, the echo amplitude (12.34 mVy,.,) and bandwidth (27.74%) of the proposed
Class-C pulsed power amplifier were superior to those of the existing Class-C pulsed power am-
plifier (4.38 mVp.p and 23.25%, respectively). Therefore, the proposed structure can improve the
performance of handheld ultrasound instruments.

Keywords: handheld ultrasound instruments; ultrasonic transducers; Class-C pulsed power amplifiers

1. Introduction

Handheld ultrasound instruments are extensively used in hospitals for various pur-
poses, including the analysis of different parts of human anatomy, such as the abdomen,
pleura, and in the fields of urology, obstetrics, and gynecology [1-3]. Owing to develop-
ments in semiconductor and ultrasonic transducer technologies, ultrasound instruments
are considered to be one of the fastest growing diagnostic modalities, which are expected
to achieve significant breakthroughs in the medical market [4-6]. Because of the portabil-
ity of ultrasound instruments among the various imaging modalities, their utilization by
physicians in emergency rooms and in ambulance vehicles is increasing consistently [7,8].
Therefore, several technical issues, such as batteries, heat, and sensitivity, are currently
being considered in the hardware design of ultrasound instruments [1].

High-end ultrasound instruments are benchtop-type models utilizing an alternating
current (AC) cord [9,10]. Conversely, handheld ultrasound instruments are connected to a
laptop, tablet, or smartphone and require the use of a portable battery [11,12]. Owing to
the availability of only limited battery power, certain handheld ultrasound instruments
even have the additional option of large-sized solar power panels [8,13,14]. The ultrasonic
transducer is a core component in the ultrasound instrument, which performs high-voltage
operations, generating unwanted heat [15,16]. This situation can deteriorate the sensitivity
performance of handheld ultrasound instruments. Therefore, a cooling fan or heat-pipe
structures are required to reduce the unwanted heat in ultrasound instruments. When
compared to mechanical scanning systems, electronic scanning systems in ultrasound
instruments can avoid the noise generated from mechanical motors [16,17]. However,
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cooling fans in ultrasound instruments can increase the high-frequency noise, resulting
in a reduction in the signal-to-noise ratio of ultrasound instruments [6]. Additionally, the
limited structural sizes in handheld ultrasound instruments can cause the heat pipe and
cooling fans to work inefficiently. Owing to battery limitations and unwanted heat, only a
limited number of the ultrasonic transducers are used, thereby reducing the viewing angle
of the scanning range and the sensitivity of the handheld ultrasound instrument [1].

For ultrasonic transducers, several linear power amplifiers such as Class-A, Class-
AB, and Class-B power amplifiers have been developed. The 80 MHz Class-A pulsed
power amplifier was designed for intravascular ultrasound applications [18]. The 6 MHz
bandwidth Class-AB power amplifier using a lookup table scheme was implemented for
ultrasound probe transducers [19]. The 15 MHz Class-AB power amplifier was designed
to drive a large current capability for low impedance ultrasonic transducers [20]. The 6.5
MHz Class-B pulsed power amplifier was designed for low-distortion ultrasonic transducer
applications [21].

To reduce unwanted heat production, the Class-C pulsed power amplifier, which is a
nonlinear power amplifier, can be used [22]. When compared to linear power amplifiers,
the Class-C pulsed power amplifier requires relatively lower direct current (DC) bias
voltages to trigger the main transistors; thus, precise DC bias voltage control is required to
stabilize pulsed power amplifier performance [22]. Therefore, a voltage divider integrated
with high-voltage transistors and switching diodes is proposed for Class-C pulsed power
amplifiers. Figure 1 describes the concept of the proposed circuit for Class-C pulsed power
amplifiers. As shown in Figure 1a, input signals are sent to the transistor and passed
through the proposed bias circuit, which works as a low-impedance circuit. Ideally, input
signals do not affect the DC power. As shown in Figure 1b, the DC current generated
from the DC power source can be transmitted with a minimum voltage drop because the
proposed circuit works as a high-impedance circuit.

DC power
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with high
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Input—-l Transistor I—» Output Input—>| Transistor |—> Output

(a)

(b)

Figure 1. Concept of novel Class-C pulsed power amplifier structures. Signal paths when (a) input
signals were blocked in the bias circuit and (b) DC current was provided to the transistor.

Section 2 describes the operating mechanism of the proposed Class-C pulsed power
amplifier and presents a detailed analysis of the operation of the proposed circuit with low-
and high-impedance values. Section 3 demonstrates the improvements in the measured
results when using the pulsed Class-C power amplifier with the proposed circuit. Section 4
presents the conclusion of the paper.
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2. Materials and Methods
2.1. Implementation of Class-C Pulsed Power Amplifiers

The schematic and implemented printed circuit board of the Class-C pulsed power
amplifier are shown in Figure 2. As shown in Figure 2a, the Class-C pulsed power amplifier
with voltage divider was implemented as a two-stage power amplifier. Input and output
matching circuits were used to obtain 50 () resistance at the input and output sides to
minimize power reflections. A electrolytic capacitor (Cgs; and Cpg;) and two decoupled
capacitors (Cgsy, Cgss, Cpsp, and Cpg3) were used to reduce the ripple current from the DC
power supply [23]. A shunt choke inductor (L41) was used to avoid the voltage drop from
the DC power supply. In the voltage divider, the DC bias voltage was determined by the
ratio of the fixed resistor (Rc1) to the variable resistor (Rc,) because a single choke inductor
has sufficiently large inductance to avoid the voltage reduction from two resistors. The
primary transistor (H;) is an n-channel RF power transistor with a 945 MHz bandwidth.
The power resistors were used to avoid component breakage under high-voltage operation.

Figure 2b shows the proposed voltage divider with a high-voltage transistor and
switching diodes. Two resistors (Rp; and Rt3) were used to endure the high DC current
due to the low equivalent resistance in the high-voltage switching diodes and the high-
voltage n-channel transistor, working as a current sink path flowing from the input port and
DC power supply simultaneously. A circuit with only a voltage divider and a one-choke
inductor (Lcp) was also used to avoid the voltage drop from the DC power supply. Another
additional inductor (L.;), combined with high-voltage transistors and switching diodes,
merely worked to filter the high-current pulse coming from the input port. More detailed
analysis is presented in the next section. Figure 2c shows the implemented two-stage
Class-C pulsed power amplifiers on the fabricated printed circuit board.

Figure 2. Cont.
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Figure 2. (a) Schematic of Class-C pulsed power amplifier with voltage divider; (b) schematic of
voltage divider integrated with transistor and switching diodes; and (c) implemented printed circuit
board of Class-C pulsed power amplifier structures.

2.2. Analysis of Class-C Pulsed Power Amplifiers

As described in Figure 1, the voltage divider with a high-voltage transistor and
switching diodes must block unwanted input signals from Vg point to Vp point (Figure 2b)
and pass the maximum possible DC voltages. Figure 3 shows the equivalent circuit model
of the transistor and switching diodes.

As shown in Figure 3a, the equivalent circuit model of the high-voltage switching
diodes (D) is simplified into one capacitance (Cp;) because the parasitic resistances of
switching diodes are negligible [24-26]. Assuming the parasitic resistances of transistors
are negligible, one high-voltage transistor (Tc3) can be converted to have three parasitic
capacitances, i.e., gate-source, gate-drain, and drain-source capacitances (CgsTCSI ngTCSz
and Cggrcs, respectively). To further simplify the equivalent circuit of the high-voltage
transistor, the three parasitic capacitances were converted into one capacitance (Crcs).
Therefore, the equivalent circuit model of the voltage divider with a high-voltage transistor
and switching diodes can be obtained as illustrated in Figure 4.
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Figure 3. Equivalent circuit models of (a) switching diodes and (b) transistor.

Figure 4. Equivalent circuit models of voltage divider with high-voltage transistor and switching diodes.

As shown in Figure 4, the two resistors (Rc; and R¢p) and one inductor (Lcp) are
precisely the same components obtained in a voltage divider; consequently, these compo-
nents were removed to analyze the equivalent circuit. Excluding these components, the
equivalent circuit has a typical -network-type structure [27-29]. Therefore, the transfer
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function of the voltage divider with the high-voltage transistor and switching diodes can
be obtained according to Equation (1).

\% 1
D,out — - (1)
VG,in 14 (m//jZﬂchcl)
Ron+ ey )/ ey
where {. is the input frequency.
\% 1
D,out — . (2)

VG,in ~ 4--2¢ 2 L1 (Cp1+Ce1) +27tfCp1 Cei1Rp1 La
} 1—47m fc (1+j27tf.Cp1Rpy ) (1—472£ 2L Cr3)

Because 47%f.2L.;Cr3 is less than one and L (Cpy + Ccy) is larger than 27tf.Cp1C1RpiLes,
the equivalent circuit model can be simplified into Equation (3). To reduce unwanted input
signals, large capacitances (Cp; and C¢) and inductance (L) are preferable.

VD,out ~ 1

~ . 3
Vgin 1 —4m£2La(Cp1 +Ccr) )

Another purpose of the voltage divider integrated with the high-voltage transistor
and switching diodes is to reduce the DC voltage reduction. As shown in Figure 2b, the
capacitor indicates an infinite impedance, and the inductance indicates zero impedance
for DC analysis. Therefore, we can obtain an equivalent circuit model for DC analysis
(Figure 5).

RTC3§\ VA

Figure 5. Equivalent circuit models of voltage divider with high-voltage transistor and switching
diodes for DC analysis.

If the resistor (Rtc3) demonstrates a large resistance to avoid the flow of a DC current
for the high-voltage transistor (Tc3), the DC bias voltage can be similarly obtained between
the independent voltage divider and the voltage divider with a high-voltage transistor
and switching diodes. Therefore, the gate voltage (Vi) can be obtained according to
Equation (4). Therefore, this result shows that the gate voltages of the Class-C pulsed
power amplifiers are the same.

Rer

)Vp ~ (1+ R—G)VD, @)

Rea/ /Ry

Ve=(1+
( Rey

where Vp is the DC supply voltage.
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The output power and DC power consumption equations of the Class-C pulsed
power amplifiers with the independent voltage divider and with the voltage divider
integrated with high-voltage transistor and switching diodes are the same. However, the
equations are different for the conduction angles, output currents, and output voltages.
As mentioned previously, the high-voltage transistor library for power amplifier design is
not accurate for power amplifier simulation. Additionally, the output current and voltage
of the Class-C pulsed power amplifier can be measured using voltage and current probes
in the oscilloscope, thereby obtaining the measured performance of the Class-C pulsed
power amplifiers as demonstrated in the subsequent section. The output power (Op) of the
Class-C pulsed power amplifiers can be expressed according to Equation (5) [25,30].

R
Op = o'~ (2¢ —sin2¢)-vo, ®)

where Ry is the output resistor, ® is the conduction angle, and v and iy are the output
voltage and current, respectively, of the Class-C pulsed power amplifiers.

The DC power consumption (Pp) of the Class-C pulsed power amplifiers can be
expressed according to Equation (6) [25,30].

L, .
Pp = VD-E(sde — ¢ coso), (6)

where Vp is the DC supply voltage and I, is the DC current.

The transistor simulation libraries do not demonstrate high accuracy while designing a
power amplifier, even for sub-decibel levels [31,32]. Therefore, a power amplifier designed
using the simulation results was not considered in this research. However, an equivalent
circuit model analysis and measured results of power amplifiers were considered to validate
the proposed circuit.

3. Results and Discussion
3.1. Class-C Pulsed Power Performances

To verify the effect of the power transfer characteristic of ultrasonic transducers, the
output power of the Class-C pulsed power amplifiers was measured. The ultrasonic
transducers should be triggered by the single or multi-cycle pulse signals generated by
the pulsed power amplifiers [33,34]. Therefore, we applied such pulse signals from the
arbitrary function generator in the measurement.

Figure 6a,b shows the schematic and photograph of the output power measurement
setup. The pulse sine waveform generated from an arbitrary function generator (DG5701,
Rigol Inc., Beijing, China) was the input of the Class-C pulsed power amplifier. The
amplified output power of the Class-C pulsed power amplifier after passing through a
power attenuator was measured with the 100:1 high-voltage and high-current probes in the
oscilloscope (MDO4104C, Tecktronix, Inc., Santa Clara, CA, USA). Figure 6¢,d shows the
measured power gain of the Class-C pulsed power amplifiers versus the input voltages
and frequencies, respectively.

As shown in Figure 6¢, the measured output power when using the voltage divider
with a high-voltage transistor and switching diodes (94.66 W) was higher than that when
using the voltage divider independently (74.90 W) at 25 MHz and 5 V., input. As shown in
Figure 6d, the measured power gain of the Class-C pulsed power amplifier with the voltage
divider integrated with a high-voltage transistor and switching diodes was also higher
than that of the Class-C pulsed power amplifier with the independent voltage divider at 20
and 25 MHz.
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Figure 6. (a) Measurement setup and (b) photograph of the measurement setup for Class-C pulsed
power amplifier output power. The output power of a Class-C pulsed power amplifier with only
a voltage divider and with voltage divider integrated with a high-voltage transistor and switching
diodes versus (c) input voltage and (d) frequency.

Figure 7 shows the measured DC power consumption versus the input voltage and
frequency of the Class-C pulsed power amplifiers with an independent voltage divider
and with a voltage divider integrated with high-voltage transistor and switching diodes.
To evaluate the battery power consumption in handheld ultrasound instruments, the DC
power consumption of the power amplifier must be evaluated as the amplifier is one of
the most power-consuming components in the handheld ultrasound instrument. From
Figure 7, it can be observed that the measured DC power consumption of the Class-C
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pulsed power amplifiers is constant. As shown in Figure 7, the measured DC power
consumption corresponding to the input voltage or frequency of the Class-C pulsed power
amplifier with the voltage divider integrated with a high-voltage transistor and switching
diodes (2125 mW) was less than that with the independent voltage divider (2725 mW).
Therefore, the proposed circuit is more suitable for reducing battery consumption in
handheld ultrasound instruments.

-- Voltage divider . ) _ -= Voltage divider
§«>3-0X8|_tage divider with transistor and diode % gé)_tage divider with transistor and diode

DC power consumption (

3
£
‘E 2775 mW
o
O e e e e e e e e 24 25 MW = - - - . . . . .
20001 m g_ 2000 /)—()—Q—()—O—()—()—)—(
c
3
1 ] g -
000 5 1000
3
o
o
Q
0 T T T T T .2 T T T T
o 1 2 3 4 5 8 090 20 30 40 50
Input voltage (V) Frequency (MHz)
(a) (b)

Figure 7. DC power consumption versus (a) input voltage and (b) frequency of the Class-C pulsed
power amplifier with an independent voltage divider and with a voltage divider integrated with
high-voltage transistor and switching diodes.

3.2. Ultrasonic Transducer Performances with Class-C Pulsed and Proposed Power Amplifiers

Pulse-echo measurement is a benchmark for characterizing the performances of the de-
veloped ultrasonic transducers or hardware electronics [35]. This is because the bandwidth
and amplitude of the echo signals generated by ultrasonic transducers are directly related
to the image resolution and sensitivity of the ultrasound instrument, respectively [36].
Figure 8a,b shows the pulse-echo measurement setup and its photograph, respectively,
when using the developed power amplifier and ultrasonic transducers. The arbitrary
function generator generated five cycles, 5 V., and a pulsed sinusoidal waveform of
25 MHz. The received waveform was amplified by the designed Class-C pulsed power
amplifier, triggering 0.25” immersion type ultrasonic transducers (V324, Olympus Cor-
poration, Waltham, MA, USA). When the amplified pulse signals trigger the ultrasonic
transducer, the discharged pulse signal can pass through the preamplifier. Therefore, a
limiter constructed using a 50 () resistor shunt with a parallel diode was used to protect the
preamplifier [37]. The acoustic echo signal received from the quartz target was converted
into an electrical echo signal by using the ultrasonic transducers. The weak electrical
echo signal was amplified using a 6 dB gain non-inverting preamplifier (AD8001, Analog
Devices, San Jose, CA, USA) to display the echo signal on the oscilloscope.

The echo amplitude and pulse width were measured as these parameters are related
to the sensitivity and axial resolution of the ultrasonic transducer, respectively [38]. The
echo amplitude is the peak-to-peak amplitude difference between the highest positive
voltage and the lowest negative voltage. As shown in Figure 8c,d, the echo amplitude
when using the voltage divider with high-voltage transistor and switching diodes was
2.81 times higher than when using the independent voltage divider. The pulse widths
when using the independent voltage divider and when using the voltage divider with
high-voltage transistor and switching diodes were similar to each other (401.11 ns and
400.47 ns, respectively). The pulsed power amplifier design is required to consider the
occurrence of a larger ring-down effect when compared to a continuous wave power
amplifier [26,39]. The ring-down voltages are also related to the axial resolutions of the
ultrasound instruments [40].
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Figure 8. (a) Schematic and (b) photograph of the pulse-echo measurement setup. Measured
echo amplitude of the ultrasonic transducer trigger by the Class-C pulsed power amplifier when
using (c¢) an independent voltage divider and (d) a voltage divider with high-voltage transistor and
switching diode. Measured echo bandwidth of an ultrasonic transducer triggered by a Class-C pulsed
power amplifier when using (e) an independent voltage divider and (f) a voltage divider with a

high-voltage transistor and switching diode.
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The —6 dB bandwidth and center frequency are related to the image resolution of
the ultrasonic transducers. From Figure 8e f, it can be observed that the bandwidth when
using the voltage divider with high-voltage transistor and switching diodes was 17.26%
superior to that when using the voltage divider independently. The center frequencies when
using the voltage divider independently and when using the voltage divider with high-
voltage transistor and switching diodes were similar to each other (20.87 and 20.98 MHz,
respectively). Therefore, we can confirm that the proposed circuit improves the performance
of the pulsed power amplifier with respect to the echo amplitudes, ring-down voltages,
and —6 dB bandwidth.

Table 1 shows the comparison performance of the developed power amplifier with
the currently developed power amplifier for ultrasound applications.

Table 1. Summarized performance of the comparison data of the power amplifiers.

Frequency or

Output Output

Papers Bandwidth Class Mode Voltage Power Gain Efficiency Application
[41] 25 MHz Class-B - - 1697 dB - Piezoelectric
Transducer
Piezoelectric
[42] 6.5 MHz Class-AB 90 Vpp - 40.9 dB - Transducer
o Piezoelectric
[19] 6 MHz Class-AB 180 Vpp - - 44% Transducer
Piezoelectric
[20] 15 MHz Class-AB 60 Vpp - - - Transducer
Piezoelectric
[43] 25 MHz Class-AB 31.5 Vpp - - - Transducer
o Piezoelectric
[44] 8.6 MHz Class-AB 180 Vpp - - 30% Transducer
[45] 24 MHz Class-AB 180 Vpp - - - Transducer
[46] 25 MHz Class-C - - 17.14 dB - Piezoelectric
Transducer
[47] 25 MHz Class-C - - 14.96 dB - Piezoelectric
Transducer
[48] 3.5 kHz Class-D - - 435 dB - Dielectric Elastomer
Transducer
MRI-compatible
[49] 1.01 MHz Class-DE - 0.8W - 90% Piezoelectric
Transducer
[50] 42.05 kHz Class-E 58.76 Vpp - - - Langevin Transducer
[51] 41 kHz Class-E - 40W - - Langevin Transducer
Sandwiched
[52] 29.29 kHz - 161.01 Vpp - - - Piezoelectric
Transducer
This work 25 MHz Class-C - 94.66 W - - Piezoelectric
Transducer

4. Conclusions

A Class-C pulsed power amplifier with a voltage divider integrated with high-voltage
transistor and switching diodes was proposed to improve the thermal evaporation and
increase the echo amplitude because compact-sized handheld ultrasound instruments
demonstrate the limitations of unwanted heat generation and limited battery life. Therefore,
this scheme can aid in increasing the number of ultrasonic transducer array elements, thus
increasing the sensitivity while also improving the field of view.

The Class-C pulsed power amplifier was used to reduce the thermal problem caused
by the low conduction angle of the current. However, this Class-C pulsed power amplifier
demonstrated a technical challenge for obtaining stable DC bias voltages that can sustain
consistent performance when compared to a Class-A pulsed power amplifier. Therefore, a



Energies 2022, 15, 7836 12 of 14

voltage divider with a high-voltage transistor and a switching diode was applied to the
Class-C pulsed power amplifier.

The measured output power of the Class-C pulsed power amplifier when using the
voltage divider integrated with the high-voltage transistor and switching diode (94.66 W)
was higher than that of the Class-C pulsed power amplifier when using the voltage divider
independently (74.90 W), when 25 MHz, five-cycle, and 5 V., input voltages were pro-
vided. In addition, the measured DC power consumption of the Class-C pulsed power
amplifier when using the voltage divider with high-voltage transistor and switching diode
(2125 mW) was lower than that of the Class-C pulsed power amplifier when using the volt-
age divider independently (2775 mW), for the same input conditions. Therefore, the Class-C
pulsed power amplifier when using the voltage divider with a high-voltage transistor and
switching diode demonstrated better suitability for handheld ultrasound instruments.

To test the capability of the proposed circuit, a typical pulse-echo measurement was
performed. The echo amplitude when using the voltage divider with a high-voltage
transistor and switching diodes (12.34 mVy,.,) was higher than that when using the voltage
divider independently (4.38 mVy.p). The —6 dB bandwidth when using the voltage divider
with high-voltage transistor and switching diodes (27.74%) was also wider than that when
using the voltage divider independently (23.23%). Therefore, the proposed circuit can be
considered as a potential candidate to improve the sensitivity and image resolution of
handheld ultrasound instruments.
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