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Abstract: In ultrasonic systems, power amplifiers are one of the most important electronic components
used to supply output voltages to ultrasonic devices. If ultrasonic devices have low sensitivity and
limited maximum allowable voltages, it can be quite challenging to detect the echo signal in the
ultrasonic system itself. Therefore, the class-J power amplifier, which can generate high output
power with high efficiency, is proposed for such ultrasonic device applications. The class-J power
amplifier developed has a power efficiency of 63.91% and a gain of 28.16 dB at 25 MHz and 13.52 dBm

input. The pulse-echo measurement method was used to verify the performance of the electronic
components used in the ultrasonic system. The echo signal appearing with the discharged high
voltage signal was measured. The amplitude of the first echo signal in the measured echo signal
spectrum was 4.4 V and the total-harmonic-distortion (THD), including the fundamental signal and
the second harmonic, was 22.35%. The amplitude of the second echo signal was 1.08 V, and the THD,
including the fundamental signal and the second harmonic, was 12.45%. These results confirm that a
class-J power amplifier can supply a very high output echo signal to an ultrasonic device.

Keywords: class-J power amplifier; high output power; high efficiency; ultrasonic device

1. Introduction

Ultrasound is a sound wave with a frequency of 16 kHz or higher, a frequency range above
the hearing threshold of humans [1]. Ultrasound technology is used in a variety of fields, such as
cleaning or fingerprint recognition in a living room, parking assistance devices in autonomous vehicles
using ultrasonic distance measurement, and image-based diagnosis of muscles, tendons, and internal
organs [2–5]. It is also used for the nondestructive testing and measuring of material defects and the
thickness of objects [6].

In an ultrasonic system, the front-end, consists of a transceiver (transmitter + receiver) [3,7].
The transmitter is used to drive ultrasound devices by transmitting an output signal across a desired
frequency range [8]. The reflected ultrasonic signal of such an ultrasound device is so small that a
signal with an appropriate power amplifier output is required for accurate detection [6].

Figure 1 shows a simplified block diagram of the typical ultrasonic system [9]. The front-end
transceiver (power amplifier, expander, preamplifier, limiter, and analog-to-digital converter (ADC)) in
an ultrasonic system plays an important role in determining system sensitivity [10]. The expanders
and limiters reduce unnecessary ring-down of the signal and block unwanted high voltage pulses [9].
The ADC processes the signal digitally for each image, and echo signals generated by the ultrasound
device are processed and transmitted to the monitor.
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Figure 1. Ultrasonic system block diagram.

Since the output and frequency characteristics of the ultrasonic transducer can be affected
by the power amplifier, it is important to design the power amplifier according to the transducer
characteristics [11]. Ultrasound systems require high quality images, achieved through several system
attributes such as high output voltage, low noise figure, and high efficiency [12]. However, it is hard to
achieve optimal power amplifier performance simultaneously [13–15].

Several power amplifiers have been developed for use in ultrasonic transducers. These can be
divided by class models [16]. There are several features depending on the class models. The class-A
power amplifiers have exceptionally high linearity but extremely low power efficiency [17]. The class-B
power amplifiers have high linearity but moderate power efficiency. A class-C power amplifiers
have a slightly higher power efficiency but low linearity [18]. For example, class-A and class-B
power amplifiers have been suggested for general bench-top ultrasound systems to obtain high
sensitivities [19]. In addition, the development of a class-C power amplifier for a point-of-care
ultrasound system has been used to obtain high power efficiency [20]. The class-D power amplifiers
have high efficiency with relatively low power loss and have been used to increase the high intensity
power in the low frequency ultrasonic transducers [21–24]. The class-E power amplifiers provide high
power efficiency and efficient switching but have extremely low linearity [21,24]. Some types of power
amplifier might be suitable for low frequency transducer applications. For example, The class-D power
amplifier was developed for high-power piezoelectric loads [25,26]. On the other hand, a class-E
power amplifier was developed for 41.5 kHz piezoelectric ultrasonic transducers in favor of a specific
frequency ranges [23,27]. Since the sensitivity of an ultrasound system generally depends on the
voltage or power gain of the device, it is useful for the power amplifier of the ultrasound device to be a
high-voltage or high-power amplifier [28,29]. A class-J power amplifier, boasting the advantages of
high power and efficiency, have been used in telecommunication baseband systems [30,31]. Similarly,
ultrasonic systems also require high output power with high efficiency, especially for miniaturized
ultrasonic transducers used in the intravascular or intracardiac ultrasound systems which need to be
triggered by high power signals with adequate power efficiency [6]. The maximum applied voltages of
these small-size transducers are quite limited, so that effective power transfer could be more preferable
to stabilize performance [32]. The previously developed class-S power amplifier has wide bandwidth
to be covered for wideband ultrasonic transducer [29]. However, class-J power amplifier was designed
to have high output power with high efficiency.

Therefore, we also designed the class-J power amplifiers used for superficial anatomy or
intravascular applications because these frequency bands provide small depth of penetration, but good
spatial resolution. Consequently, class-J power amplifiers at 25 MHz with high power and efficiency in
ultrasound systems are the first to be designed for such low sensitivity ultrasound devices.
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The class-J power amplifier proposed in this paper is designed to short circuit the high frequency
components (of more than the third order) to satisfy the high power and high efficiency requirements
collectively. A complete short circuit of the high frequency components spanning more than three
orders is ideal but is affected through external matching. Therefore, a class-J power amplifier with
external matching circuits was designed to improve output power efficiency.

This paper consists of the following sections. Section 2 analyzes the schematic, mathematical
analysis, and simulation of a class-J power amplifier. Section 3 presents the results obtained with a class-J
power amplifier. Pulse-echo experiments were further used to evaluate the ultrasonic transducers as
they are a performance measurement method used to evaluate the performances of an ultrasound
system or an ultrasound transducer. Finally, Section 4 presents conclusions about the research.

2. Materials and Methods

The proposed class-J power amplifier short-circuits the harmonic components of the third order
and delivers power to the load using only the first fundamental signal and the second harmonic load.
The load impedance of the second harmonic was designed so that the reactance component has a
larger value than the resistance component [31,33]. Therefore, the voltage and current waveforms of
the fundamental signal and the second harmonic have a phase difference of 45◦ and 90◦, respectively.
Since there is a voltage gain of the fundamental signal due to the second harmonic component being
present, a power loss of cos 45◦ can be compensated for, and a high output is expected. In addition,
the proposed amplifier was designed to have a higher output by adopting a two-stage configuration.

2.1. Analysis of the Class-J Power Amplifier

Class-J power amplifiers, unlike class-A and class-B power amplifiers, allow the superposition of
current and voltage to increase the power transfer and efficiency capabilities [33,34]. Assuming that
the drain current and voltage waveforms of a designed class-J power amplifier have only a DC
component (IDC and VDC), a fundamental frequency component (Ifundamental and Vfundamental), and a
second harmonic component (Isecond and Vsecond), the drain current and drain voltage are expressed as
follows in Equation (1) [30,31]. The drain current and drain voltage of the first stage, total current of
the first stage power amplifier (Itotal(1) and Vtotal(1)), and the second stage total current and voltage of
the designed class-J power amplifier (Itotal(2) and Vtotal(2)) are expressed as follows.

Itotal(1),(2) = IDC + Ifundamental + Isecond

= IDC + IDC
π
2 × sin(θ) − IDC

2
3 × cos(2θ)

, (1)

Vtotal(1),(2) = VDC + Vfundamental + Vsecond

= VDC + VDC × α× sin(θ) −VDC × β× cos(2θ)
, (2)

where the variables of α and β in Equation (2) represent the voltage magnitudes of the fundamental
frequency load and the second harmonic load, and θ represents the conduction angle. The calculus
yields two maximum and two minimum values for α and β terms, respectively. When β has a minimum
value and α has a maximum value, α and β variables can be stated as

√
2 and 1

2 , respectively. Therefore,
the α and β variables used in Equation (2) can be represented by Equation (3).

Vtotal(1),(2) = VDC + VDC ×
√

2× sin(θ) −VDC ×
1
2
× cos(2θ). (3)

Class-J power amplifiers have a 90◦ phase difference with a larger reactance than the resistance
of the second harmonic load to increase power [30,31,34]. To achieve the highest values α and β

of the fundamental frequency load and the second harmonic voltage waveform, the fundamental
frequency load needs to have a phase difference of 45◦. Therefore, the second harmonic voltage and
the fundamental frequency voltage are represented by Equations (4) and (5).
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Vsecond = −
1
2
× cos(2(θ+

π
4
)), (4)

Vfundamental =
√

2× sin(θ+ π+
π
4
). (5)

Therefore, as shown in Figure 2, the fundamental frequency voltage (Vtotal) and the fundamental
frequency current (Itotal) in the class-J power amplifier are 45◦ ahead or behind depending on
whether the reactance component of the second harmonic load is a capacitance component or an
inductance component.
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As a result, the voltage gain of the fundamental frequency load exists due to the second harmonic
component, so the power loss of cos 45◦ can be compensated, which is useful to yield high output power.

Normalizing the output voltage and output current (IDC = Ipeak/π) flowing through the load can
be represented by the Equations (6) and (7) [30,31]. The currents and voltages at the first and second
stages Itotal(1),(2) and Vtotal(1),(2) are as follows.

Itotal(1),(2) =
Ipeak

2
× sin(θ) −

2× Ipeak

3π
cos(2θ), (6)

Vtotal(1),(2) =
√

2×VDC × sin(θ+ π+
π
4
) −

1
2
× cos(2(θ+

π
4
)). (7)

The DC power consumption (PDC) of the two-stage class-J power amplifier can be expressed
by multiplying the DC voltage (VDC(1) and VDC(2)) with DC current (IDC(1) and IDC(2)) as shown in
Equation (8). Using Equations (1) and (3), the DC power equation of the designed class-J power
amplifier can be represented as follows by in Equation (8).

PDC = VDC(1) × IDC(1) + VDC(2) × IDC(2) = VDC(1) ×
Ipeak(1)

π
+ VDC(2) ×

Ipeak(2)

π
, (8)

PDC can be expressed as follows using Equations (6) and (7). PDC value depends on the total
voltages and currents with their phase differences [30,31].

PDC =
Vtotal(1)

√
2 sin(θ+ π+ π

4 ) −
1
2 cos(2(θ+ π

4 ))
×

Itotal(1)
π
2 sin(θ) − 2

3 cos(2θ)

+
Vtotal(2)

√
2 sin(θ+ π+ π

4 ) −
1
2 cos(2(θ+ π

4 ))
×

Itotal(2)
π
2 sin(θ) − 2

3 cos(2θ)

. (9)
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The output power (POUT) of the class-J power amplifier can be expressed by multiplying the
DC voltage (VDC(1) and VDC(2)) with output current (Ipeak(1) and Ipeak(2)) as shown in Equation (10).
Using Equations (1) and (3), the output power equation of the designed class-J power amplifier can be
represented as follows by in Equation (10).

POUT =
1
2
(

Ipeak(1)

2
×VDC(1) ×

√

2× cos(
π
4
)) +

1
2
(

Ipeak(2)

2
×VDC(2) ×

√

2× cos(
π
4
)), (10)

POUT can be expressed as follows through Equations (6) and (7). POUT value depends on the total
voltages and currents with their phase differences [30,31].

POUT =
1

16
× {

Vtotal(1) ×
√

2 cos(π4 )
√

2 sin(θ+ π+ π
4 ) −

1
2 cos(2(θ+ π

4 ))
×

Itotal(1) ×π

π
2 sin(θ) − 2

3 cos(2θ)

+
Vtotal(2) ×

√
2 cos(π4 )

√
2 sin(θ+ π+ π

4 ) −
1
2 cos(2(θ+ π

4 ))
×

Itotal(2) ×π

π
2 sin(θ) − 2

3 cos(2θ)
}

. (11)

Efficiency (η) of the two-stage class-J power amplifier can be found as output power divided by
DC power. Through Equations (9) and (11), the efficiency is expressed as follows [35].

η =
POUT

PDC
, (12)

The power added efficiency (PAE) of two-stage class-J power amplifier can be obtained by
subtracting the input power (PIN) from the output power (POUT) and dividing the result by the DC
power consumption (PDC) [36]. Through Equations (9) and (11), the PAE of the designed class-J power
amplifier can be derived as shown in Equation (13) [37].

PAE =
POUT − PIN

PDC
× 100%. (13)

2.2. Schematic of the Class-J Power Amplifier

Figure 3a is a schematic of a class-J power amplifier design. A bias voltage of 3.5 V was applied
to the gates to be amplified in a two-stage class-J power amplifier. The gate and drain inductors
(L1, L4, L10, and L11) applying the DC voltage use a choke inductor to minimize the DC voltage
drop. As shown in Zin (C1, C2, L2, L3, R3, and R4) and Zout (L14, C14, R14, and R15) of Figure 3a,
50 Ω impedance matching was performed to match the center frequency at the input and second
stage of the first stage together with the components of the power amplifier. In the phase part of
the first stage and the second stage of Figure 3a, the phase matching circuits (C5, C6, L5, L6, R7, C12,
L12, R12, and R13) were constructed to generate each phase difference between the second harmonic
signal and the fundamental frequency components that are characteristic of the class-J power amplifier.
In addition, an electrolytic capacitor (220 µF) and three other capacitors (0.1 µF, 1000 pF, and 47 pF)
were used between the DC power supply and the resistor to reduce the noise signal of the DC power
supply. As shown in Figure 3b, the stability network through the R–C device (C3 and C11, and R6 and
R11) is formed in the gate part of each transistor to form a frequency band stabilization role. Therefore,
high gain could be achieved.

The inductive-resistive matching circuit was not used because it may not be suitable for certain
high-frequency transducer which generate long ring-down in the echo signals. The reason is that ring
down affects axial resolution in certain high-frequency transducer operation. Several matching circuit
structures were also used using the series capacitor with shunt inductor or series inductor with shunt
capacitor [38]. Conventional class-J power amplifiers have shorted more than the third harmonics
through the internal capacitors of transistors operating in the GHz band [31,33,34]. The class-J power
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amplifier in this paper shorted the frequency through external matching for operation in the MHz band
because of the ultrasonic transducer frequency ranges. As shown in Figure 3c, the R-L-C device (C7, C15,
L7, L 15, R8, R 16, C8, C 16, L8, L 16, R9, R 17, C9, C 17, L9, L 17, R10, and R 18) was connected to short the
third harmonic component. Therefore, the external matching network reduces harmonic distortions,
generating high efficiency. Table 1 lists the device values for the designed class-J power amplifier.
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Figure 4 shows the S-parameter simulation data of the designed class-J power amplifier.
The S-parameter values such as S(1,1) or S(2,2) less than −10 dB at a specific frequency suggests well
matched input or output ports [31,39,40]. The S(1,1) and S(2,2) parameters are input and output
reflection coefficient S-parameters [41,42]. These data indicate whether the input and output at the
input and output ports are well matched for a specific frequency band [43]. Figure 4a shows the input
reflection coefficient S(1,1), which was designed as −23.99 dB at 25 MHz. Figure 4b shows the output
reflection coefficient S(2,2), which was designed as −26.71 dB. The S(2,1) is related to the power gain
of the power amplifier [44]. Figure 4c shows the transfer coefficient S(2,1), which was designed to
be 32.82 dB at 25 MHz. Therefore, this simulation data confirmed that the best performances were
achieved at 25 MHz.
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Table 1. Numerical values of the circuit elements depicted in Figure 3.

Component Description Component Description

C1 390 pF L1, L4, L10, L11 1 µH
C2, C3, C10, C11 1000 pF L2, L3, L6, L13, L14 470 nH

C4 27 pF L5, L8 68 nH
C5 1500 pF L7 100 nH
C6 270 pF L9, L17 39 nH

C7, C15 39 pF L12 390 nH
C8, C9 41 pF L15 120 nH

C12 820 pF L16 56 nH
C13 120 pF R1 650 Ω
C14 750 pF R2 180 Ω

C16, C17 43 pF R3, R4 110 Ω
R8, R9, R10 3 Ω R5 120 Ω

R16, R17, R18 3 Ω R6, R11 100 Ω
R12, R14 10 Ω R7 30 Ω

R13 4 Ω R15 80 Ω
R19 2 kΩ R20 360 Ω
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Figure 4. S-parameter simulation data of designed class-J power amplifier. (a) S(1,1), (b) S(2,2),
and (c) S(2,1).

Figure 5a shows the voltage (Vtotal) and current (Itotal) waveforms of the drain over time.
The voltage and current waveforms with phase difference were measured. Figure 5b shows the phase
differences over the frequency band. A phase difference of approximately 43◦ was shown in the 25 MHz
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fundamental frequency, and a phase difference of approximately 82.4◦ was measured in the 50 MHz
second harmonic frequency. The phase difference of the fundamental frequency load of an ideal class-J
power amplifier is 45◦ [30,31,33]. The phase difference of the second harmonic load is 90◦, so it was
designed to be close to these values.
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Figure 5. (a) Simulated drain voltage (Vtotal) and current (Itotal) waveforms over time and (b) Simulated
voltage (Vtotal) and current (Itotal) phase differences over frequency.

The simulated results of the power amplifiers are different to the measured results because the
power amplifier simulation library cannot accurately contain temperature variances of the components
and external environment [30,45,46]. Even so, the measured current data was also not accurate
so we measured the PAE and the gain of the power amplifier [43,47]. The ultrasonic devices are
nonlinear devices with respect to different frequencies and voltages [48]. Therefore, the power amplifier
performances need to be measured to be applied to ultrasonic transducers. In the next chapter, we will
show the measured performance results of the power amplifiers using pulse-echo responses.

3. Results

Figure 6 shows the printed circuit board (PCB) of the class-J power amplifier composed of
two-stage. Power resistors, high-power choke inductors, and electronic capacitors were used to
function fully in high voltage environments.
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3.1. Performance Analysis

Figure 7a,b shows the experimental evaluation method used to measure the power gain and
power efficiency of the class-J power amplifier itself. In the function generator, a 5-cycle sinewave
was generated with respect to the operating frequency or amplitude of the input voltage. The pulse
repetition interval (PRI) is 10 ms. To prevent damage due to overvoltage of the oscilloscope, we used a
100 W, 40 dB attenuator. External coolers and heat sinks were also used to obtain accurate measurement
data. In Figure 8, the power gain, power efficiency, and output voltage were measured as a function of
input voltage and frequency.
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(b) the measurement environment.

Figure 8a shows the performance measurement when the input power of a class-J power amplifier
was in the range of −10 to 13.5 dBm at 25 MHz. At an input of 13.5 dBm, the DC current was 980 mA
and the output was 41.69 dBm. In addition, the 1-dB compression point (P1dB) of the designed power
amplifier was measured. P1dB represents the maximum power point available before reaching the
saturation power of the power amplifier, the output power at the point where the power gain of the
power amplifier was reduced by −1 dB [37]. P1dB of the designed power amplifier was measured
with an output power of 39.5 dBm at the input 10.44 dBm where the gain was reduced by −1 dB.
In addition, when the input was 13.52 dBm, the output was 41.69 dBm. Figure 8b shows the performance
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measurements when the input power of a class-J power amplifier was in the range of −10 to 13.5 dBm

at 25 MHz. At an input of 13.5 dBm the gain was measured at 28.17 dB. The reduced point of −1 dB
was 29.45 dB, and the P1dB was 10.44 dBm. Figure 8c shows the power gain versus frequency at the
input of 3 VP-P. The PAE of 63.91% was measured at an input of 13.52 dBm. The PAE also increased
with input increments, which shows that the designed power amplifier has both high power and high
efficiency. Table 2 summarizes the measured output power, power gain, and the PAE versus input
power of the designed class-J power amplifier.

Sensors 2020, 20, x FOR PEER REVIEW 11 of 20 

 

 

 
(a) 

 
(b) 

 
(c) 

Figure 8. (a) Input power versus output power; (b) input power versus power gain; (c) input power 
versus PAE observed in a class-J power amplifier with an input frequency of 25 MHz. 

Table 2. Output power, gain, and power added efficiency of the designed class-J power amplifier 
performance, corresponding to different inputs. 

Pin [dBm] Pout [dBm] Gain [dB] PAE [%] 
−10 20.34 30.34 0.51 
−7 22.95 30.03 0.93 
−4 26.06 30.04 1.88 
−1 29.08 30.14 3.78 
2 32.08 30.04 7.53 
5 34.81 29.85 13.54 
8 37.53 29.52 25.34 

11 39.99 29.01 43.29 
13.52 41.69 28.17 63.91 

 
Figure 9a shows the power gain versus frequency at an input of 3 VP-P. The gain was measured 

at 28.16 dB at the center frequency of 25 MHz. In addition, the bandwidth at –6 dB was 148% and the 
bandwidth at –3 dB was 104%. Figure 9b shows the PAE versus frequency at an input of 3 VP-P. At 
the center frequency of 25 MHz, the PAE was highest, at 63.91%. Table 3 shows the input frequency, 
measured output power, measured power gain and PAE. 

-10 -5 0 5 10 15

20

30

40 Pout = 39.5 dBm

P o
ut

 [d
B m

]

Pin [dBm]

 Pout [dBm]

P1dB = 10.44 dBm

-10 -5 0 5 10 15
20

25

30

35

40

Gain -1dB G
ai

n 
[d

B]
Pin [dBm]

 Gain [dB]

-10 -5 0 5 10 15
0

10

20

30

40

50

60

70

PAE (13.52 dBm) = 63.91[%]

PA
E 

[%
]

Pin [dBm]

 PAE [%]

Figure 8. (a) Input power versus output power; (b) input power versus power gain; (c) input power
versus PAE observed in a class-J power amplifier with an input frequency of 25 MHz.

Table 2. Output power, gain, and power added efficiency of the designed class-J power amplifier
performance, corresponding to different inputs.

Pin [dBm] Pout [dBm] Gain [dB] PAE [%]

−10 20.34 30.34 0.51
−7 22.95 30.03 0.93
−4 26.06 30.04 1.88
−1 29.08 30.14 3.78
2 32.08 30.04 7.53
5 34.81 29.85 13.54
8 37.53 29.52 25.34

11 39.99 29.01 43.29
13.52 41.69 28.17 63.91

Figure 9a shows the power gain versus frequency at an input of 3 VP-P. The gain was measured
at 28.16 dB at the center frequency of 25 MHz. In addition, the bandwidth at −6 dB was 148% and
the bandwidth at −3 dB was 104%. Figure 9b shows the PAE versus frequency at an input of 3 VP-P.
At the center frequency of 25 MHz, the PAE was highest, at 63.91%. Table 3 shows the input frequency,
measured output power, measured power gain and PAE.
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Figure 9. (a) Output power of a class-J power amplifier versus frequency with an input voltage of
3 VP-P, (b) PAE of a class-J power amplifier versus frequency with an input voltage of 3 VP-P.

Table 3. Output power, gain, and power added efficiency of the designed class-J power amplifier
performance, corresponding to frequencies.

Frequency [MHz] Output [VP-P] Gain [dB] PAE [%]

5 16.8 14.96 2.97
10 48.8 24.23 25.76
15 69.6 27.31 52.49
20 68.8 27.21 51.27
25 76.8 28.16 63.91
30 70.4 27.41 53.70
35 58.8 25.85 37.44
40 50.4 24.51 27.48
45 40.8 22.67 17.97
50 32.0 20.56 11.02

3.2. Pulse-Echo Analysis

Pulse-echo experiments are a basic indicator of the performance testing ultrasonic components or
systems, including ultrasonic transducers [49–51]. Ultrasonic waves were generated by applying an
electrical signal to a transducer with a piezoelectric effect [52]. The electrical signal from the transducer
was detected based on the wave reflected from the target. In this paper, ultrasonic experiments and
measurements were performed using a 25 MHz transducer as shown in Figure 10. A single element
transducer provided by Olympus (Shinjuku-ku, Tokyo, Japan) was employed for the pulse-echo test.
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As shown in Figure 11a, a DC voltage was applied to the gate and drain through the DC power
supply, and the frequency and input voltage were changed through the function generator. The water
tank was 80% filled with double distilled water, which is similar to the blood in a person’s body [53–55].
The signal was amplified by the power amplifier and 100% reflected by the quartz target through
the transducer in the water tank. The reflected ultrasonic signal was amplified by the pre-amplifier
and measured by the oscilloscope. Figure 11b shows the circuit model of the expander and limiter.
The limiter was connected in parallel with a pair of diodes and a resistor to protect the oscilloscope and
pre-amplifier by removing high voltage signals [56]. The expanders had a pair of diodes connected in
series to reduce the ring-down of the signal [9,57].
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Figure 11. (a) Pulse-echo signal measurement setup for a class-J power amplifier; (b) Expander and
limiter circuit model.

Figure 12a shows the waveforms of pulse-echo measurements with a class-J power amplifier using
an ultrasonic transducer. Discharged signals that passed through the pre-amplifier were detected,
and the first and second echo signals reflected by the target (quartz) were measured using the ultrasonic
transducer. The target (quartz) reflected 100% of the ultrasonic signal [58,59]. Figure 12b shows the
output signal of the class-J power amplifier and its expander circuit. In addition, Figure 12c shows
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the limiter after the ultrasonic transducer. The waveform of the class-J power amplifiers was passed
through expanders and limiters which have non-linear components such as diodes. Therefore, some
distorted waveforms must be shown in Figure 12c. Additionally, the harmonic signal through the fast
Fourier transform (FFT) was analyzed to find the total harmonic distortion (THD). The THD represents
the distortion caused by unnecessary harmonic components in a signal. The THD can be calculated
using Equations (14)–(16) [60–62].

THD =

√
Second.Harmonic2 + Third.Harmonic2

Fundamental
, (14)

THD (dB) = 20 · log THD, (15)

THD (%) = 100 · THD. (16)
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Figure 12. (a) Pulse-echo experiment of class-J power amplifier; (b) the output of the class-J power
amplifier and expander; (c) the received discharged signal of the limiter after the transducer.

Class-J power amplifiers boast a high output power by delivering the load as a component of the
fundamental and second harmonics. Figure 13a shows the first echo signal with 4.4 V amplitude and
512 ns pulse width. Figure 13b shows a second echo signal with 1.08 V amplitude and 512 ns pulse
width. Figure 13a,b show that the echo signals have very high outputs.
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Figure 13. (a) First echo signals from a class-J power amplifier with an input voltage of 3 VP-P and input
frequency of 25 MHz; (b) second echo signals from a class-J power amplifier with an input voltage of
3 VP-P and input frequency of 25 MHz.

Figure 14a shows the FFT for the first echo signal as shown in Figure 13a. The fundamental,
second, third, and fourth harmonic components were measured as −18.33 dB at 25 MHz, −35.08 dB at
50 MHz, −51.77 dB at 75 MHz, and −60.09 dB at 100 MHz. With the fundamental signal and second
harmonics, the harmonic content above the 3rd order was significantly reduced. After converting the
dB value into voltage, the calculated THD was −13.02 dB (22.35%). Figure 14b shows the FFT for the
second echo signal as shown in Figure 13b. The fundamental, second, third, and fourth harmonic
components were measured as −27.91 dB at 25 MHz, −51.51 dB at 50 MHz, −64.08 dB at 75 MHz,
and −64.08 dB at 100 MHz. The calculated THD was −18.1 dB (12.45%). Comparing Figure 14a,b,
Figure 14a has a fundamental signal and second harmonic with high output but a slightly high THD.
Figure 14b shows a reduced fundamental signal and several harmonics (relatively reduced), with the
advantage of a small output with low signal distortion. According to the result in Figure 14a, the echo
signals have 24% and 16.5% of the −6 dB bandwidth at 25 MHz and −6 dB bandwidth of the designed
class-J power amplifier is 148% in Figure 9 which can sufficiently be covered.
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Table 4 shows the performance comparison between the developed class-C, D, and E power
amplifiers and the class-J power amplifier proposed in the paper. These are used for different conditions
of operating frequency, input voltage, output power, and for different transducer application types.

Table 4. Summarized performances of class-C power amplifier [20], class-D power amplifier [26],
class-E power amplifier [23], and the developed class-J power amplifier.

Parameters Class-C Class-D Class-E Our Work

Input voltage 5 [VP-P] 2.5 [VP-P] 5 [VP-P] 3 [VP-P]
Output power 30 [dBm] 39.54 [dBm] 29.03 [dBm] 41.69 [dBm]

Frequency 25 [MHz] 41 [KHz] 1010 [KHz] 25 [MHz]
PAE – – – 63.91[%]

Drain efficiency – – 90[%] –

Application Piezoelectric
transducer

Langevin
transducer

MRI-compatible
Piezoelectric transducer

Piezoelectric
transducer

4. Conclusions

Class-J power amplifiers have been used in RF or telecommunication systems due to the advantages
of their high power with high efficiency. Miniaturized ultrasonic transducers also require high power
with limited maximum allowable voltages, thus a class-J power amplifier with external matching
circuit was designed to be used for such ultrasonic devices with low sensitivities.

Class-J power amplifiers deliver load power in terms of a fundamental signal and second harmonic
components. In the fundamental signal, the drain voltage and current waveforms have 45◦ of phase
difference and the second signal has 90◦ of phase difference, making it suitable for use in an ultrasound
transducer in the MHz range because the power amplifier’s high efficiency and output can trigger such
an ultrasonic device. The designed class-J power amplifiers are suitable for high frequency ultrasound
systems that require the use of relatively low sensitivity ultrasound transducers, or for intravascular
ultrasound systems with miniaturized ultrasound transducers that require high output and low heat.

To design a class-J power amplifier, external matching was added to the short-circuit components
above the third harmonic, and enhanced output and gain values were obtained. When 3 VP-P was
applied at 25 MHz, the output power was 41.69 dBm, the gain 28.16 dB, and the PAE 63.91%. In the
pulse-echo experiment, there was a difference between the first echo signal and the second echo signal.
In the first echo, the signals with fundamental signals and harmonic components were measured
at 4.4 V with a THD of 22.35%. The second echo signals with fundamental signals and harmonic
components were measured at 1.08 V amplitude and 12.45% THD.

As a result, the class-J power amplifiers have both high output and efficiency, capable of generating
a very high echo signal output. Consequently, our designed class-J power amplifiers would be beneficial
for such ultrasonic transducer applications.

Author Contributions: Conceptualization, K.Y., S.-H.K., and H.C.; methodology, K.Y. and H.C.; validation, K.Y.
and H.C.; data curation, K.Y. and H.C.; writing—original draft preparation, K.Y. and H.C.; supervision, H.C.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant funded by the
Korea government (MSIT) (No. 2020R1A2C4001606). This work was supported by the World Class 300 Project
(R&D) (S2520804, The Wired And Wireless Laparoscopic Ultrasonic Surgical System Development Using Single
Crystal Piezoelectric Material) of the MOTIE, MSS (Korea).

Acknowledgments: The authors thanks the American English editing services for scientific papers through the
Editage service.

Conflicts of Interest: The authors declare no conflict of interest.



Sensors 2020, 20, 2273 16 of 18

References

1. Hoskins, P.R.; Martin, K.; Thrush, A. Diagnostic Ultrasound: Physics and Equipment; Cambridge University
Press: Cambridge, UK, 2019.

2. Rumack, C.M.; Levine, D. Diagnostic Ultrasound E-book; Elsevier Health Sciences: Oxford, UK, 2017.
3. Daniels, J.M.; Hoppmann, R.A. Practical Point-of-care Medical Ultrasound; Springer: New York, NJ, USA, 2016.
4. Shung, K.K. Diagnostic Ultrasound: Imaging and blood flow measurements; CRC Press: London, UK, 2015.
5. Miele, F.R. Ultrasound Physics and Instrumentation; Pegasus Lectures, Inc.: Forney, TX, USA, 2013.
6. Zhou, Q.; Lam, K.H.; Zheng, H.; Qiu, W.; Shung, K.K. Piezoelectric single crystal ultrasonic transducers for

biomedical applications. Prog. Mater. Sci. 2014, 66, 87–111. [CrossRef] [PubMed]
7. Qiu, W.; Yu, Y.; Tsang, F.K.; Sun, L. A multifunctional, reconfigurable pulse generator for high-frequency

ultrasound imaging. IEEE Trans. Ultrason. Ferroelectr. Freq. Control. 2012, 59, 1558–1567. [CrossRef]
[PubMed]

8. Qiu, W.; Yu, Y.; Chabok, H.R.; Liu, C.; Tsang, F.K.; Zhou, Q.; Shung, K.K.; Zheng, H.; Sun, L. A Flexible
Annular-Array Imaging Platform for Micro-Ultrasound. IEEE Trans. Ultrason. Ferroelectr. Freq. Control. 2012,
60, 178–186. [CrossRef]

9. Szabo, T.L. Diagnostic Ultrasound Imaging: Inside Out; Elsevier Academic Press: London, UK, 2013.
10. Iniewski, K. Medical Imaging; Wiley Online Library: Hoboken, NJ, USA, 2009.
11. Smith, N.B.; Webb, A. Introduction to Medical Imaging: Physics, Engineering and Clinical Applications; Cambridge

University Press: Cambridge, UK, 2010.
12. Qiu, W.; Wang, X.; Chen, Y.; Fu, Q.; Su, M.; Zhang, L.; Xia, J.; Dai, J.; Zhang, Y.; Zheng, H. A Modulated

Excitation Imaging System for Intravascular Ultrasound. IEEE Trans. Biomed. Eng. 2016, 64, 1935–1942.
[CrossRef]

13. Reynaert, P.; Steyaert, M. RF Power Amplifiers for Mobile Communications; Springer Science and Business
Media LLC: Berlin/Heidelberg, Germany, 2006.

14. Choma, J. Electrical Networks: Theory and Analysis; Wiley-Interscience: Hoboken, NJ, USA, 1985.
15. Eroglu, A. Introduction to RF Power Amplifier Design and Simulation; CRC Press: Boca Raton, FL, USA, 2018.
16. Raghavan, A.; Srirattana, N.; Laskar, J. Modeling and Design Techniques for RF Power Amplifiers; Wiley: Hoboken,

NJ, USA, 2007.
17. Lee, T.H. The Design of CMOS Radio-Frequency Integrated Circuits; Cambridge University Press: Cambridge,

UK, 2006.
18. Razavi, B. RF Microelectronics; Prentice Hall: Upper Saddel River, NJ, USA, 2011.
19. Park, J.; Hu, C.; Li, X.; Zhou, Q.; Shung, K.K. Wideband linear power amplifier for high-frequency ultrasonic

coded excitation imaging. IEEE Trans. Ultrason. Ferroelectr. Freq. Control. 2012, 59, 825–832. [CrossRef]
20. Choi, H. Development of a Class-C Power Amplifier with Diode Expander Architecture for Point-of-Care

Ultrasound Systems. Micromachines 2019, 10, 697. [CrossRef]
21. Thomas, R.E.; Rosa, A.J.; Toussaint, G.J. The Analysis and Design of Linear Circuits; Wiley Publishing: Hoboken,

NJ, USA, 2011.
22. Benoit-Bird, K.J.; Au, W.W.L. Echo strength and density structure of Hawaiian mesopelagic boundary

community patches. J. Acoust. Soc. Am. 2003, 114, 1888–1897. [CrossRef]
23. Christoffersen, C.; Wong, W.; Pichardo, S.; Togtema, G.; Curiel, L. Class-DE Ultrasound Transducer Driver

for HIFU Therapy. IEEE Trans. Biomed. Circuits Syst. 2015, 10, 375–382. [CrossRef]
24. Cripps, S.C. Advanced Techniques in RF Power Amplifier Design; Artech House: Norwood, MA, USA, 2002.
25. Agbossou, K.; Dion, J.-L.; Carignan, S.; Abdelkrim, M.; Cheriti, A. Class D amplifier for a power piezoelectric

load. IEEE Trans. Ultrason. Ferroelectr. Freq. Control. 2000, 47, 1036–1041. [CrossRef]
26. Dong, X.; Yuan, T.; Hu, M.; Shekhani, H.; Maida, Y.; Tou, T.; Uchino, K. Driving frequency optimization of a

piezoelectric transducer and the power supply development. Rev. Sci. Instrum. 2016, 87, 105003. [CrossRef]
27. Yuan, T.; Dong, X.; Shekhani, H.; Li, C.; Maida, Y.; Tou, T.; Uchino, K. Driving an inductive piezoelectric

transducer with class E inverter. Sens. Actuators A Phys. 2017, 261, 219–227. [CrossRef]
28. Postema, M. Fundamentals of Medical Ultrasound; Taylor and Francis: New York, NJ, USA, 2011.
29. You, K.; Choi, H. Wide Bandwidth Class-S Power Amplifiers for Ultrasonic Devices. Sensors 2020, 20, 290.

[CrossRef] [PubMed]
30. Cripps, S.C. RF Power Amplifiers for Wireless Communications; Artech House: Norwood, MA, USA, 2006.

http://dx.doi.org/10.1016/j.pmatsci.2014.06.001
http://www.ncbi.nlm.nih.gov/pubmed/25386032
http://dx.doi.org/10.1109/TUFFC.2012.2355
http://www.ncbi.nlm.nih.gov/pubmed/22828850
http://dx.doi.org/10.1109/TUFFC.2013.2548
http://dx.doi.org/10.1109/TBME.2016.2631224
http://dx.doi.org/10.1109/TUFFC.2012.2261
http://dx.doi.org/10.3390/mi10100697
http://dx.doi.org/10.1121/1.1612484
http://dx.doi.org/10.1109/TBCAS.2015.2406119
http://dx.doi.org/10.1109/58.852087
http://dx.doi.org/10.1063/1.4963920
http://dx.doi.org/10.1016/j.sna.2017.05.021
http://dx.doi.org/10.3390/s20010290
http://www.ncbi.nlm.nih.gov/pubmed/31947972


Sensors 2020, 20, 2273 17 of 18

31. Walker, J.L. Handbook of RF and Microwave Power Amplifiers; Cambridge University Press: Cambridge,
UK, 2011.

32. Nakamura, K. Ultrasonic Transducers; Elsevier BV: Amsterdam, The Netherlands, 2012.
33. Mimis, K.; Morris, K.; McGeehan, J. A 2GHz GaN Class-J power amplifier for base station applications.

In Proceedings of the 2011 IEEE Topical Conference on Power Amplifiers for Wireless and Radio Applications,
Phoenix, AZ, USA, 16–19 January 2011; Volume 16, pp. 5–8.

34. Andersson, C.M.; Gustafsson, D.; Yamanaka, K.; Kuwata, E.; Otsuka, H.; Nakayama, M.; Hirano, Y.;
Angelov, I.; Fager, C.; Rorsman, N. Theory and Design of Class-J Power Amplifiers with Dynamic Load
Modulation. IEEE Trans. Microw. Theory Tech. 2012, 60, 3778–3786. [CrossRef]

35. Allen, P.E.; Holberg, D.R. CMOS Analog Circuit Design; Oxford University Press: Oxford, UK, 2002.
36. Huijsing, J.; Steyaert, M.; van Roermund, A.H. Analog Circuit Design: Sensor and Actuator Interface Electronics,

Integrated High-Voltage Electronics and Power Management, Low-Power and High-Resolution ADC’s; Springer
Science & Business Media: Berlin, Germany, 2013.

37. Razavi, B. Design of Analog CMOS Integrated Circuits; McGraw-Hill Science: New York, NJ, USA, 2002.
38. Huang, H.; Paramo, D. Broadband electrical impedance matching for piezoelectric ultrasound transducers.

IEEE Trans. Ultrason. Ferroelectr. Freq. Control. 2011, 58, 2699–2707. [CrossRef]
39. Mondragon-Torres, A.F.; Mayhugh, T.; De Gyvez, J.P.; Silva-Martinez, J.; Sánchez-Sinencio, E. An Analog

Integrated Circuit Design Laboratory; Institute of Electrical and Electronics Engineers (IEEE): Hoboken, NJ,
USA, 2004; pp. 91–92.

40. Choma, J.; Chen, W.K. Feedback Networks: Theory and Circuit Applications; World Scientific Pub Co Pte Lt.:
Singapore, 2007.

41. Gray, P.R. Analysis and Design of Analog Integrated Circuits; John Wiley & Sons: Hoboken, NJ, USA, 2009.
42. Leyssenne, L.; Kerherve, E.; Deval, Y. Reconfigurable RF Power Amplifiers on Silicon for Wireless Handsets;

Springer Science and Business Media LLC: Berlin/Heidelberg, Germany, 2011.
43. Li, Z.; He, J. The Extension of Linear Coding Method for Automated Analog Circuit Design; Springer Science and

Business Media LLC: Berlin/Heidelberg, Germany, 2013; Volume 7929, pp. 480–487.
44. Fabbro, P.A.D.; Kayal, M. Linear CMOS RF Power Amplifiers for Wireless Applications; Springer Science and

Business Media LLC: Berlin/Heidelberg, Germany, 2010.
45. Dawson, J.L.; Lee, T.H. Feedback Linearization of RF Power Amplifiers; Springer Science and Business Media

LLC: Berlin/Heidelberg, Germany, 2004; p. 45.
46. Sechi, F.; Bujatti, M. Solid-state Microwave High-Power Amplifiers; Artech House: Norwood, MA, USA, 2009.
47. Colantonio, P.; Giannini, F.; Limiti, E. High Efficiency RF and Microwave Solid State Power Amplifiers; Wiley:

Hoboken, NJ, USA, 2009.
48. Zhu, B.; Fei, C.; Wang, C.; Zhu, Y.; Yang, X.; Zheng, H.; Zhou, Q.; Shung, K.K. Self-Focused AlScN Film

Ultrasound Transducer for Individual Cell Manipulation. ACS Sens. 2017, 2, 172–177. [CrossRef]
49. Jeong, J.J.; Choi, H. An impedance measurement system for piezoelectric array element transducers.

Measurement 2017, 97, 138–144. [CrossRef]
50. Shung, K.; Zippuro, M. Ultrasonic transducers and arrays. IEEE Eng. Med. Boil. Mag. 1996, 15, 20–30.

[CrossRef]
51. Bakalyar, D.M.; Hill, C.R.; Bamber, J.C.; Ter Haar, G.R. Physical Principles of Medical Ultrasonics; Wiley Online

Library: Hoboken, NJ, USA, 2004.
52. He, Z. Optimization of acoustic emitted field of transducer array for ultrasound imaging. Bio-Medical

Mater. Eng. 2014, 24, 1201–1208. [CrossRef]
53. Mason, T.J.; Peters, D. Practical Sonochemistry; Elsevier BV: Amsterdam, The Netherlands, 2002.
54. Qiu, W.; Chen, Y.; Li, X.; Yu, Y.; Cheng, W.F.; Tsang, F.K.; Zhou, Q.; Shung, K.K.; Dai, J.; Sun, L. An Open

System for Intravascular Ultrasound Imaging. IEEE Trans. Ultrason. Ferroelectr. Freq. Control. 2012, 59,
2201–2209. [CrossRef]

55. Qiu, W.; Zheng, H. High-Resolution Ultrasound Imaging System. In Multimodality Imaging; Springer Science
and Business Media LLC: Berlin/Heidelberg, Germany, 2019; pp. 257–273.

56. Qiu, W.; Zhou, J.; Chen, Y.; Su, M.; Li, G.; Zhao, H.; Gu, X.; Meng, D.; Wang, C.; Xiao, Y.; et al.
A Portable Ultrasound System for Non-Invasive Ultrasonic Neuro-Stimulation. IEEE Trans. Neural Syst.
Rehabilitation Eng. 2017, 25, 2509–2515. [CrossRef]

http://dx.doi.org/10.1109/TMTT.2012.2221140
http://dx.doi.org/10.1109/TUFFC.2011.2132
http://dx.doi.org/10.1021/acssensors.6b00713
http://dx.doi.org/10.1016/j.measurement.2016.10.053
http://dx.doi.org/10.1109/51.544509
http://dx.doi.org/10.3233/BME-130921
http://dx.doi.org/10.1109/TUFFC.2012.2446
http://dx.doi.org/10.1109/TNSRE.2017.2765001


Sensors 2020, 20, 2273 18 of 18

57. Atkinson, P.; Bowra, J.; Milne, J.; Lambert, M.; Jarman, B.; Noble, V.; Lamprecht, H.; Lewis, D.; Harris, T.;
Gangahar, R.; et al. LO042: Sonography in Hypotension and Cardiac Arrest (SHoC) - Hypotension:
Derivation of an evidence-based consensus algorithm for the integration of point of care ultrasound into
resuscitation of hypotensive patients. CJEM 2016, 18, S44. [CrossRef]

58. Edelman, S.K. Understanding Ultrasound Physics; Baker & Taylor: Charlotte, NC, USA, 2012.
59. Choi, H. Development of negative-group-delay circuit for high-frequency ultrasonic transducer applications.

Sens. Actuators A Phys. 2019, 299, 111616. [CrossRef]
60. Sedra, A.S.; Smith, K.C. Microelectronic Circuits; Oxford University Press: New York, NJ, 1998.
61. Choi, H.; Ryu, J.-M.; Choe, S.-W. A novel therapeutic instrument using an ultrasound-light-emitting diode

with an adjustable telephoto lens for suppression of tumor cell proliferation. Measurement 2019, 147, 106865.
[CrossRef]

62. Choi, H.; Choe, S.-W.; Ryu, J.-M. A Macro Lens-Based Optical System Design for Phototherapeutic
Instrumentation. Sensors 2019, 19, 5427. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1017/cem.2016.79
http://dx.doi.org/10.1016/j.sna.2019.111616
http://dx.doi.org/10.1016/j.measurement.2019.106865
http://dx.doi.org/10.3390/s19245427
http://www.ncbi.nlm.nih.gov/pubmed/31835391
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Analysis of the Class-J Power Amplifier 
	Schematic of the Class-J Power Amplifier 

	Results 
	Performance Analysis 
	Pulse-Echo Analysis 

	Conclusions 
	References

