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Abstract

:

High-intensity focused ultrasound (HIFU) is a noninvasive therapy that uses focused ultrasound to treat a part of the tissue; high temperatures can damage tissues by heat. HIFU has many applications in the field of surgery and aesthetics and is used increasingly in everyday life. In this article, we discuss the mainboard design that controls the HIFU system with the ability to create a multistep sine wave compatible with many different applications. The signal used to trigger the transducer is a sinusoidal signal with a frequency adjustable from 0.1 to 3 MHz. In addition, the power supplied to the HIFU transducer is also controlled easily by the configuration parameters installed in the control circuit board. The proposed control and design method generates a voltage signal that doubles the supply voltage, thereby reducing the current on the MOSFET. The hardware design is optimized for a surface-mounted device-type MOSFET without the need for an external heat sink. In tests, we conducted a harmonious combination of two output signals to activate the same HIFU probe. The results showed that the energy transferred to the HIFU transducer increased by 1.5 times compared to a single channel. This means that the HIFU treatment time is reduced when using this method, with absolutely no changes in the system structure.
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1. Introduction


In recent years, high-intensity focused ultrasound (HIFU) has reemerged as a minimally invasive and nonionizing therapeutic modality for the treatment of a variety of solid tumors (both malignant and benign), including liver, prostate, breast, and soft-tissue sarcoma [1,2,3]. New biomedical applications of this therapeutic method are also being explored, such as hemostasis and gene therapy [4]. Pioneering studies have demonstrated that HIFU, with spatial-peak temporal-average intensities (IsPTa) between 500 and 104 W/cm2 at the beam focus [5], can produce necrotic lesions in deep-seated tissue through thermal coagulation and cavitation disruption, with minimal damage to the surrounding tissues [6,7,8].



In general, a HIFU system consists of at least two components: the HIFU transducer and the HIFU controller board [4,9,10,11,12]. The HIFU transducer converts stimulated electrical signals to create a focused ultrasound at one point and generate heat to burn cells. The HIFU controller board generates an electrical pulse signal to excite the HIFU transducer [13,14]. However, modern HIFU systems also incorporate other expansion devices, such as motion controllers or magnetic resonance imaging (MRI) systems, to increase the effectiveness of treatment [15,16]. HIFU transducers require a large amount of energy during work, so the transducer excitation signal is usually a bipolar pulse signal [17,18]. In bipolar pulse types, bipolar sine signals are often used in HIFU systems [9].



A lot of research has been conducted on HIFU, such as designing HIFU transducers, designing controllers for HIFU devices, and applying HIFU in medical treatment. Carlos Christoffersen and colleagues presented the practical implementation of an integrated MRI-compatible CMOS amplifier capable of directly driving a piezoelectric ultrasound probe suitable for HIFU therapy [19]. The amplifiers operate in class DE mode, without the need for an output matching network. The limitation of this study is that the HIFU controller circuit capacity is relatively small, at only 800 mW. Chris Adams and colleagues presented a design for the HIFU controller board based on reduced pulse-width modulation (PWM) (high-resolution PWM), proposed as an algorithmic solution to design a converted waveform [9]. In that study, the signal to trigger the HIFU transducer is a five-step modulated sine signal [9]. Jeesu Kim and colleagues presented a real-time system with a combination of the HIFU system and photoacoustic thermometry [20]. The HIFU system they used is quite large. In this study, we discuss the design of a complete HIFU controller board for real-time systems that can be combined with external devices, such as motion controllers and MRI systems.



This paper has three main contributions: the first is a complete HIFU system. We present this compact system with high amount of flexibility that can be used with many different types of probes (with frequency varying from 0.1 to 3 MHz). In addition, the transducer’s energy can be adjusted based on changing the transducer signals’ amplitude. The second HIFU transducer excitation signal is a five-step sinusoidal signal generated by the HIFU excitation module design on the field-programmable gate array (FPGA) platform for high flexibility, accuracy, and high-order harmonic suppression. The design consists of two channels that can generate two independent signals and can also be combined into one signal for higher power without changing the system switching structure. Third, we have calculated the parameters for the MOSFET control circuit to optimize the operation of the MOSFET and reduce the power dissipation. Specially designed heat sinks for MOSFET use a printed circuit as a heat sink to help compact design works with large capacity without the support of fans and external heat sinks.



The rest of this paper is organized as follows: Section 2 describes the completed design of the HIFU system. The implementation of the hardware and code is introduced in Section 3. Details of the setup for testing and the results are presented in Section 4. Finally, concluding remarks are given in Section 5.




2. Materials and Methods


Figure 1 presents the description of the HIFU system proposed in this article. The complete model of the HIFU transducer controller system consists of three main parts: the power supply module, the control signal generator module, and the high-power circuit module to trigger the HIFU transducer. The power supply module created three sets of dual power supplies (+/−48 V) and (+/−24 V) to power the circuit. The control circuit generates the trigger signal for the MOSFET. The power circuit generates the signal to control the HIFU transducer. The high-power circuit consists of N–P MOSFET pairs that generate a high current signal and trigger the HIFU transducer. The power supply for the system uses power with a voltage range of 48–60 V, and the signal amplifier is capable of amplifying the load current up to 10 A for the total power consumption on the HIFU probe to more than 100 W.



This design uses many power components with high switching frequency, so it also consumes a power source and dissipates a large amount of heat. The lifetime of all semiconductor devices is inversely proportional to their operating temperature. Within a switching device, there are two main losses: resistive and switching. Both increase the temperature of the switching device. The resistive element is an I2R loss due to the current through the device, and it is “on” resistance. Heat is also generated each time the device is switched on, due to its current voltage (IV) characteristic [21,22,23]. This loss is proportional to the switching frequency. The consideration of the cooling design for these components is an important issue mentioned in this study [24,25].



In addition, the MOSFET in the power circuit must also operate at high frequencies (about 2 MHz), so the calculation of circuit parameters in the schematic design and the arrangement of components in the layout also play an essential role in improving the output signal quality to trigger the HIFU transducer. Details of this design are presented in greater depth later in this article.



We proposed that a system can generate the HIFU transducer control signal with the sinusoidal waveform of five steps. We can easily control the power supplied to the transducer by controlling voltage levels during sine wave modulation. Some waveforms that can be generated by the model are presented in Figure 2.



2.1. PCB Thermal Characteristics


In our design, the power components are the surface-mounted device (SMD) type, so the heat dissipation for selected printed circuit board (PCB) components does not use other external heat sink components. Important properties related to heat dissipation on PCBs are given priority in this section [26].



The FR-4 is one of the most commonly used PCB materials and is the National Electrical Manufacturers Association’s designation for a flame retardant, fiberglass-reinforced epoxy laminate. A by-product of this construction is that FR-4 has very low thermal conductivity. Figure 3a shows a typical cross-sectional geometry for a two-layered FR-4 board [22,27].



Using the thermal conductivity values in Table 1, the thermal resistance for an FR-4 board can be calculated by adding the thermal resistances of the layers.




    R  T H   P C B     =  R  T H   l a y e  r 1      +  R  T H   l a y e  r 2      + ⋯ +  R  T H   l a y e  r N        



(1)





For a given layer, the thermal resistance is given by the formula:


   R  T H   =  l  λ ∗ A    



(2)




where l is the layer thickness, λ is the thermal conductivity, and A is the area normal to the heat source.




2.2. Designing Thermal Vias


An inexpensive way to improve thermal transfer for FR-4 PCBs is to add thermal vias-plated through-holes (PTH) between conductive layers. Drilling holes create vias and copper plate them in the same way that a PTH or via is used for electrical interconnections between layers. Figure 3a describes the structure of PCB two layers with thermal vias, and Figure 3b describes the structure of thermal via in FR-4.



Appropriately adding vias improves the thermal resistance of an FR-4 board. The thermal resistance of a single via can be calculated by the same formula, θ = l/(  λ ∗ A  ). The copper coating inside the boring has an outside radius    r o    of 1.27 mm and an inside radius    r i    of 0.8 mm. Its length is 1.6 mm, which corresponds to the core thickness of the PCB. The effective cross-section is


  A = π  r 2  =     1.27 − 0.8    2  ∗ π = 0.694      mm   2   



(3)







The resulting thermal resistance for a single via is, therefore,


   R  T H   v i a     =  l  λ ∗ A   =   1.6 ∗   10   − 1     3.98 ∗ 0.694 ∗   10   − 2     = 5.79     0 C  W     



(4)







However, when N vias are used, the area increases by a factor of N vias, resulting in


   R  T H   v i a s     =  l   N  v i a s   ∗ λ ∗ A   =   5.79    N  v i a s      



(5)







As there is an insulating layer that can conduct heat, the equivalent thermal resistance of the PCB is calculated using the following formula: and it includes two heat-resistant layers arranged in parallel:


   R  T H   v i a s , F R 4     =      1   R  T H   v i a s       +  1   R  T H   F R 4           − 1    



(6)







Table 1 describes the thermal resistance of several different materials.



In this design, we used a PCB-type FR-4 with two layers (top and bottom layers). The thermal via has a diameter of    r o    = 1.27 mm and    r i    = 0.8 mm, as described above. Therefore, the thermal resistance of the PCB is calculated as follows (Figure 4).


   R  T H   P C B     =  R  T H   t o p     +  R  T H   v i a s , F R 4     + ⋯ +  R  T H   b o t t o m      



(7)




where    R  T H   t o p       is the PCB thermal resistance of the top layer, and    R  T H   b o t t o m       is the PCB thermal resistance of the bottom layer.




2.3. Heat Transfer


Within the JEDEC enclosure, heat is transferred from the DUT to the PCB and surroundings by three basic mechanisms: conduction, convection, and radiation. Conduction is the process by which heat transfers from high-temperature parts to low-temperature parts that are in contact with each other. In this study, we look mainly at the process of thermal conductivity from the silicon die to the PCB. Figure 5a shows the heat transfer from the semiconductor junction to the copper clip and from the clip to the encapsulate—in addition to the junction through the silicon die to the mounting base, and from the mounting base to the PCB [28].



The heat generated within a device must be transferred through many layers for dispersal to the ambient environment. Figure 5b shows the heat transfer paths and the equations to calculate the transfer rate.



The    R  t h   c − h       can be seen as the thermal resistance when the package is mounted on the infinite heat sink by an ideal case-to-heat sink interface. The value of RCS depends on the mounting method.



MOSFET data sheets contain a parameter    R  t h   j − a      , the thermal resistance from the junction to the ambient environment. The heat can be dissipated from the device to its surroundings in a typical application. For an SMD, such as an SMD MOSFET, this is highly dependent on the type of PCB on which it is mounted. The type of PCB material, the thickness of copper, and the shape of the copper footprint all contribute to    R  t h   j − a      . The    R  t h   j − a       is the thermal resistance from the working surface of the silicon crystal to the surrounding environment.



The    R  t h   j − a       is defined as the temperature difference between the junction and the ambient environment that transfers one watt of power to the environment. It is given by:


   R  t h   j − a     =    T J  −  T A   P   



(8)




where:




	
   R  t h   j − a       is measured in °C/W,



	
   T J    is the junction temperature (°C),



	
   T A    is the ambient temperature (°C),



	
 P  is the heating power dissipated inside MOSFET (W).








For the PCB design, the heat sink area for MOSFETs is selected according to the standardized values in the following Table 2.




2.4. Proposed Signal Generator Method


Among various methods for ultrasound transducer excitation, the radio-frequency linear amplifier delivers the lowest distortion sinusoidal wave over a wide frequency band. Despite these benefits, drawbacks of high-power loss, a bulky size, and heavy weight have limited its use in modern ultrasound transducer excitation circuits. Advances in power electronics technology have led to the proposal of using switched-mode power converters for ultrasound transducer excitation [29,30,31]. A switched-mode power converter with a PWM technique has been used to generate a high-power analog waveform with low harmonic distortion, provided that the switching frequency is at least ten times that of the baseband frequency [30,32]. For baseband frequencies lower than a few tens of kilohertz, the PWM method provides high energy efficiency and, therefore, is used widely in state-of-the-art commercial audio amplifier systems. However, for most HIFU applications, the acoustic frequency ranges from a few hundreds of kilohertz to several megahertz [9,29,33,34]. The use of a switched-mode power converter with the PWM technique would be a challenge because the switching loss of power MOSFETs, which is directly proportional to the switching frequency, would significantly reduce the amplifier efficiency at switching frequency higher than a few megahertz (MHz) [2]. In this study, we used the P-Channel MOSFET (IRF9540) and N-Channel MOSFET (IRF540) to create a multistep sine-shaped signal. The parameters of these two types of MOSFETs are described in Table 3 and Table 4.



2.4.1. Ac-Coupled Gate-Drive Circuits


There are many methods to trigger MOSFET. In this study, we used the MOSFET excitation method by using a C capacitor in series between the driver MOSFETs and the MOSFET. The MOSFET driver model using a capacitor is described in Figure 6.



Accordingly, the total charge delivered through the coupling capacitor during turn-on, turn-off, and consecutive on time of the MOSFET is shown in Equations (8) and (9). VC determines the voltage across the coupling capacitor shown in Equation (10):


   Q  C ,   O N   =  Q G  +    V  D R V   −  V C     R  G S     ∗  D   F  s w      



(9)






   Q  C ,   O F F   =  Q G  +    V C     R  G S     ∗   1 − D    F  s w      



(10)






   V C  =  V  D R V   ∗ D  



(11)




where Fsw is the switching frequency, and D is the duty cycle of Fsw.




2.4.2. Calculating the Coupling Capacitor


The amount of charge going through    C C    in every switching cycle causes an alternating current (AC) ripple across the coupling capacitor on the switching frequency basis. The ripple voltage can be calculated based on the charge defined previously, as shown in Equation (11):


     Δ V   C  =    Q G     C C    +    V  D R V   −  V C     C C  ∗  R  G S     ∗  D   F  s w      



(12)







Taking into account that    V C    =   D ∗  V  D R V    , Equation (12) can be rearranged to yield the desired capacitor value as well:


   C C  =    Q G    Δ  V C    +    V  D R V     Δ  V C  ∗  R  G S     ∗     1 − D   ∗ D    F  s w      



(13)







A good rule of thumb is to limit the worst-case AC ripple amplitude (Δ   V C   ) to approximately 10% of    V  D R V    .




2.4.3. Startup Transient of the Coupling Capacitor


At power-up, the initial voltage across    C C    is zero. As the output of the driver starts, switching the direct current (DC) voltage across the coupling capacitor builds up gradually until it reaches its steady-state value,    V C   . The duration to develop    V C    across    C C    depends on the time constant defined by    C C    and    R  G S    . Therefore, to achieve a target startup’s transient time and a certain ripple voltage of the coupling capacitor at the same time, the two parameters must be calculated:


  τ =  R  G S   ∗  C C  = >  R  G S   =  τ   C C     



(14)




which yields a single solution. Substituting the expression for    R  G S     from the second equation, D = 0.5 for the worst-case condition, and targeting Δ   V C    = 0.1 ×    V  D R V    , the first equation can be solved and simplified for a minimum capacitor value as shown in Equation (14):


   C  C , M I N   =   20 ∗  Q G  ∗ τ ∗  F  s w      V  D R V   ∗   2 ∗ τ ∗  F  s w   − 5      



(15)







Once    C C   , MIN is calculated, its value and the desired startup time constant (τ) define the required pull-down resistance. A typical design trade-off for AC-coupled drives is to balance efficiency and the transient time constant. The higher current must be allowed in the gate-to-source resistor for a quicker adjustment of the coupling capacitor voltage under varying duty ratios.



According to the datasheet described in Table 3 and Table 4 and Equation (14), the switching frequency of the MOSFET is 5 MHz,    V  D R V     = 12 V. We chose the value    C C    = 10 nF and    R  G S     = 50 kΩ.




2.4.4. Power Dissipation on MOSFETs


Satoshi Tamano and colleagues described the reasons for MOSFET’s destruction in detail. Therefore, in this study, we focus on calculating the power loss of the MOSFET when operating and dissipating this energy by heat dissipation to prevent the MOSFET from being damaged by overheating [12].



During MOSFET operation, energy loss is converted into heat, which occurs mainly in three parts: energy loss on MOSFET, power loss on-resistance, and conduction loss during MOSFET switching. To determine whether or not a MOSFET is suitable for a particular application, we must calculate its power dissipation, which consists mainly of diode power dissipation, resistive, and switching losses [21,22]:



In our example, the conduction losses in the diode are given by the following:


   P  D i o d e   =   1 − D   ∗  I  o u t   ∗  V F   



(16)






   P  M O S F E T   =  P  D i o d e   +  P  R E S I S T I V E   +  P  S W I T C H I N G    



(17)







As a MOSFET’s power dissipation depends significantly on its on-resistance,    R  D S   O N      , calculating    R  D S   O N        seems a good place to start. However, a MOSFET’s    R  D S   O N        depends on its junction temperature, TJ. In turn, TJ depends on both the power dissipated in the MOSFET and the thermal resistance, θJA, of the MOSFET. However, to simplify the design and ensure the safety factor, we choose    R  D S   O N        as the maximum value provided by the manufacturer in the datasheet at    T J    = 125 °C.



The power loss while the MOSFET turn on (power dissipated on    R  D S   O N      ) is calculated according to the formula:


   P  R E S I S T I V E   =    I  L O A D     2  ∗  R  D S   O N       ∗ D  



(18)







The power loss during turn-on and turn-off MOSFET is calculated by the following formula:


   P  S W I T C H I N G   =    C  R S S   ∗  V  I N     2  ∗  F  S W   ∗  I  L O A D     /  I  G A T E    



(19)




where    C  R S S     is the MOSFET’s reverse–transfer capacitance (a datasheet parameter),    F  S W     is the switching frequency, and    I  G A T E     is the MOSFET gate driver’s sink/source current at the MOSFET’s turn-on threshold (the VGS of the gate-charge curve’s flat portion).



In addition, to charge the capacitor at the G gate of the MOSFET, the MOSFET driver also needs to use one power. This part of energy is also divided into two main parts:    P  G A T E     to charge G capacitor and    P  S W _ G A T E     open-close the G gate. This power is calculated using the following formulas:


   P  G A T E   =    Q G  ∗  V  D R V   ∗  F  S W      



(20)






   P  S W _ G A T E   =    Q G  ∗ D ∗  F  S W     ∗      R  O F F      R  O F F   +  R  G A T E     +    R  O N      R  O N   +  R  G A T E        



(21)







The total power consumption of the MOSFET driver circuit is calculated by the formula:


   P  D R I V E R   =  P  G A T E   +  P  S W _ G A T E    



(22)







The values    Q G  ,    R  O F F   ,  R  O N     are found in the datasheet of MOSFET and MOSFET driver (UCC27525) [38].



Based on the MOSFET and MOSFET driver parameters in the datasheet and the HIFU driver system parameters, we have the power dissipation results of the MOSFET described in Table 5 and Table 6.




2.4.5. Heat Sink Design


We used the equation


   T J  =    R  J C   +  R  C S   +  R  S A     ∗  P  M O S F E T    



(23)




where    T A    = 25 °C,    T J    = 125 °C, and the    R  J C     and    R  C S     values come from the device datasheets.



We need to perform this calculation for the two different devices, the diode and the MOSFET, but with only one junction from the heat sink to the ambient environment, as we put both devices onto the same heat sink. The losses in both the MOSFET and the freewheeling diode cause temperature differences in the thermal resistor network, as shown in Figure 7.



Based on the MOSFET operating parameters in Table 2 and Table 3, and the required power dissipation during operation, the cooling parameters for each MOSFET are recalculated and described in Table 7.



The two types of MOSFET used in the design are IRF540 (N-channel) and IRF9540 (P-channel) used in our design with a package of TO-263 and the heat sink design mentioned in the section above we have the link. The area of PCB needed to dissipate these MOSFET is described in Table 7.




2.4.6. Signal Generator Method


As mentioned above, the HIFU controller system in this study can generate sine signals with five levels. However, when operating at high frequencies, it is possible to use sine signals with three or five levels. The voltage of this sine signal has a peak–peak value of –48 to 48 V. This sine-shaped signal is generated by switching on five pairs of MOSFETs (P-N), with different voltage levels in each MOSFET pairs. Figure 7 describes the names and locations of these MOSFET pairs in our design. The switching order of these MOSFET pairs is shown as follows:



The process of switching a MOSFET to produce a five-step sine wave is described in Figure 8 for a periodic sine wave with cycle   T = π ∗ ω  . The switching time of MOSFETs is divided into 12 parts, with the smallest division being     π ∗ T   / 6  . Therefore, we can change the MOSFET’s switching time to avoid the Q9 and Q10 MOSFETs operating at high frequencies. For a four-level sine wave, the switching time of the MOSFET is     π ∗ T   / 6  , where T is the period of the desired sine wave.






3. Implementation of the HIFU System


After completing the calculations for the MOSFET driver circuit as well as the heat dissipation area needed for the MOSFET, we proceeded to design the hardware for this circuit board. The hardware was designed on Altium Designer V.20 software. The software to create MOSFETs was written on the Vivado V17.4 software for the Zynq7000 series made on the ZedBoard kit. Details of these design parts are presented below.



3.1. Circuit Implementation


Figure 9 describes the schematic design and layout of a part of the circuit. In this design, the part includes the MOSFET driver and MOSFET. The component parameters are described in the schematic, and the layout gives the details of these components. The location of these components is essential in optimizing the power MOSFET trigger signal. At the same time, the heat sink for MOSFET is also made by the copper part on the PCB.



Figure 10 describes the entire layout design of this hardware. Details of the area of the copper heat sink on the circuit on this layout are described in Table 8.




3.2. Firmware Implementation


After completing the implementation hardware, we proceeded with the firmware implementation for the FPGA. This firmware was written on Vivado v17.4 software in VHDL language. The firmware was written for the FPGA chip on ZedBoard and used only the FPGA resource without the Arm 9 core in the chip. The main modules of firmware are described in Figure 11. The clock signal for the system was 100 MHz. The output signal included ten PWM pulses to supply ten MOSFETs to create different types of pulses. In addition, there are ten additional signals that enable PWM out, select the PWM frequency, and select the type of pulse for the transducer.



Details of the firmware that generate the MOSFET trigger signal from the FPGA are described in Figure 11. In Figure 11a, we used block diagrams of the Vivado program. The module clocking wizard, ZYNQ7, is the intellectual property (IPs) core provided by Xilinx. We created the IP core VHDL_PWM_Generator in VHDL language to generate PWM signals. Input signals (PWM_E, SELECT_FRE, SELECT_SIGNAL_LEVEL) are connected to SW (0→7) and output signals that are connected to JA and JB ports. Figure 11b details the connections in the firmware.





4. Experimentation and Results


After finishing the hardware and firmware on FPGA, we tested this design. The test steps are as follows. First, we tested the MOSFET excitation signal generated from the FPGA and the output signals of the MOSFET pairs as well as the output sine waveform of this design. Second, we tested the temperatures on the MOSFET with different types of loads and with different capacities to ensure a stable working temperature of the MOSFET. Third, we performed a transducer test to observe and the temperature increase on the HIFU transducer on chicken meat. The experimental system we describe is as in Figure 12.



4.1. Testing the Signal Excitation HIFU Transducer


In this test step, we generated different types of pulses from our designed circuit. The types of pulses generated for testing included bipolar square pulses, three-step sinuses, and five-step sinuses. We used the following equipment for our tests. The source device included three sets of voltage generators +/−24 V, a voltage source of +/−12 V, an oscilloscope device (MSOX 2024A) to view signals, and electrical load devices for power consumption. Figure 13 describes the signals generated from the FPGA to trigger MOSFETs to create a 5-level sine wave signal.



Based on Figure 13a, we saw clearly that, at low-frequency (250 kHz), the output signal is described clearly as a five-step sine signal. However, at a higher frequency Figure 13b (1 MHz), the signal is no longer clearly distinguishable as before.



Figure 13c,d clearly describes the combination of two outputs that produce a signal with twice the voltage of a single signal (96 V versus 48 V), which also means more power to the load. With the low-frequency signal (250 kHz), the distinction between signal levels is quite clear, and the energy is highly concentrated at the central frequency (250 kHz). However, with a higher frequency (2 MHz), the output signal is distorted, and the distinctions of the ranks are no longer clear, but the energy is still highly concentrated at the central frequency (2 MHz).



In Figure 13e, there is a PWM signal generated from the FPGA to generate a 5-order sine wave with a frequency of 250 KHz. These signals with an amplitude of 3.3 V are fed into two PINs (INA and INB) of the MOSFET driver UCC27525. The signal OUTA of UCC27525 will trigger the P Channel MOSFET and the signal OUTB of UCC27525 will trigger the N channel MOSFET.




4.2. Evaluate the Ultrasound Wave Generated from the HIFU Transducer


In this test, we measured the shape and intensity of the ultrasonic generated by the HIFU controller board with a 5-step sine wave and a 2-step square wave. We then evaluate the efficiency of a 5-step sine wave compared to a 2-step square wave with the HIFU transducer. The experimental model is described in Figure 14.



Tests included a HIFU controller board to generate a 5-step sine wave and a 2- step square wave to trigger the HIFU transducer (2 MHz). The ultrasonic wave signal is captured by a high frequency transducer to assess the intensity and harmonics of the ultrasonic waves produced by the HIFU transducer. The signal from the high frequency transducer is fed into a 40 dB amplifier module operating at 12 V. The output signal of the amplifier module will be observed on the oscilloscope (MSOX 2024A).



Based on the results described in Figure 15a,b, we clearly see that the ultrasonic signal generated by the 5-level sine wave has a higher amplitude (Peak-Peak as 3.3 V with 5-level and 1.17 V with 2-level), and the lower harmonic is smaller than the 2-level sine wave. These are also outstanding advantages of the 5-step sine method using HIFU transducer control compared to the conventional square wave method. Therefore, the energy efficiency and the heat generating effect using the 5-step sine wave are also much higher than that of the 2-step square wave.




4.3. Electrical Power Consumption and MOSFET Temperature Rise


In this test, we measured the temperature and energy consumption of the HIFU board with the resistor load type. We used a 50-Ohm resistor as the load. The test model is described in Figure 12 and Figure 16a. The power supply for the circuit board is described as shown in Figure 16a. We used four power supplies for the HIFU board, including +/−24 V and +/−12 V. The test was carried out in a laboratory with a temperature of about 20 °C. We kept the circuit board running continuously for a period of 5 min. The test was conducted with channel 1 and the combination of channels 1 and 2. The energy consumption results are described in Table 9 and Table 10 and Figure 16.



The results described in Table 9 and Table 10 are the average values we observed and calculated based on the measuring devices in about 5 minutes of operation of the HIFU board.



Based on the results described in Table 9 and Table 10, we see that, when the frequency of the HIFU board output signal is increased, the power consumption on the +/−12 V part reduces the load power to the load mainly depending on the +/−24 V source.



As the frequency increases, so does the power of the power supply, and the heat dissipation on the MOSFETs is greater. When channel 1 is combined, two energy transmits to the load increasing cavity 1.5 times compared to channel 1 only.



The results are described in Figure 16, which was taken with a thermal camera (FLIR i5). Based on the results in Figure 16, we can see clearly that, when operating at a low-frequency of 250 kHz, the heat dissipation on the circuit board is quite even in three areas: (Q1, Q2), (Q3, Q4), and (Q7, Q8). However, the temperature on the MOSFETs (about 40 °C) is also nearly two times higher than the ambient temperature (20 °C).



For frequencies higher than 1 and 2 MHz, the increase in temperature in the MOSFET region (Q3, Q4) is the highest, followed by region (Q1, Q2). The temperature on the MOSFETs (about 65 °C) is always three times higher than the ambient temperature (about 20 °C). The MOSFETs produce a relatively large amount of heat.



In PCB, the heatsink areas for MOSFET (Q1, Q2) and (Q3, Q4) are quite similar. However, the temperature of MOSFETs Q1 and Q3 is higher than Q2 and Q4 because the P-Channel MOSFETs dissipate more heat during operation time.




4.4. Testing Thermal Generator with HIFU Transducer and Chicken Meat


In this test, we measured the thermal tissue damage ability (we used chicken for testing) of the HIFU system we designed above. The HIFU transducer we used H-148 (from SONIC USA [34]). The experimental model is described in Figure 17. For the power supply, we used the source as described in Figure 16a. As the HIFU transducer H-148 operates at 2 MHz, experiments were conducted only at 2 MHz. Experiments included using channel 1 to activate a HIFU transducer and combining channels 1 and 2 to activate a HIFU transducer. The results are described in Figure 17b.



Based on the results described in Figure 17b, we can see that the captured chicken tumor is burned after about 20 s. When the time was increased to 40 s, the area quickly destroyed the spread by about six times. When the time was increased to 60 s, the area of destruction continued to increase by two times compared to the previous one. When the time was increased to 90 s, the area of tissue destruction continued to increase many times compared to the previous tests.



Our tests were conducted with channel 1 and the combined channels 1 and 2. The results in Figure 17b show that the destroyed tissue area of the combined channel is much larger than that of channel 1 alone. This has significant implications for markedly reducing the HIFU treatment time.



In addition, during the experiment, we found that the unstable energy dissipation usually fluctuates. This may be caused by the unstable operation of the HIFU load. During the operation, HIFU generates sound waves and creates water waves, leading to changes in the water section in the water tank. In addition, the temperature of the MOSFETs increased; we installed a small fan in areas (Q1, Q2) and (Q3, Q4). The total power consumption of these two fans was 1.5 W. We noticed that the power consumption decreased after we installed the fan. The results are described in Figure 18.



Based on the results in Figure 18, we can see that the working capacity of the HIFU transducer is about 60 W. The MOSFETs get hot after a period of operation, which leads to an increased power consumption of 80 W. The use of additional fans will help dissipate thermal energy faster and bring the power down to about 65 W. Failure to use the fan may result in the burning of the MOSFET. Using a fan also saves about 10% in energy.



After performing tests to evaluate the design, we make a table comparing this design with previous works. The results are described in Table 11.



The results described in Table 11 show that our design has outstanding features compared with previous studies. The advancements described include operating frequency range, output power, output voltage, and output signal type. These parameters are well suited for many HIFU applications.





5. Conclusions


In this study, we presented the complete design of a HIFU system (HIFU-01, Ohlabs Corp., Nam-gu, Busan, Korea, (accessed on 15 May 2020, www.ohlabs.co.kr) for tissue burning. The transducer excitation frequency is adjustable from 0.1 to 5 MHz. The maximum output power is about 100 W, and the maximum supply voltage is about 60 V.



Our design can be used with two outputs simultaneously. The control signal is built on the FPGA platform, so it is very flexible when changes are needed. The hardware design mainly used is the SMD-type MOSFETs, with the heat sink design done directly on the PCB without an additional heat sink. The design can combine two channels into one, with the output power increased by 1.5 times compared to using only one channel. The output signals are carried out with a multistep sine wave, which helps reduce the harmonics of the signal.



The use of a 5-level sine wave to excite the HIFU transducer has been shown to be significantly effective when the sound wave intensity at the center frequency is greater and the high harmonic is smaller than the conventional square wave method. This is of therapeutic importance in helping to reduce treatment time and reduce damage to healthy cells.



In the chicken marketing test, we can clearly see the advantage of combining two output signals with burning chicken tissue faster than using just one channel. This design also doubles the voltage of the output signal compared to the supply voltage. For large power consumption and long-term design, it is necessary to install a cooling fan. The cooling fan helps to increase the components’ lifespan and also helps to save on the energy of the system.
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Figure 1. Proposed HIFU controller system. 






Figure 1. Proposed HIFU controller system.



[image: Electronics 10 01299 g001]







[image: Electronics 10 01299 g002 550] 





Figure 2. Proposed HIFU signal generator method. 
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Figure 3. (a) Structure of two-layered FR-4 PCB with thermal vias; (b) thermal vias. 
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Figure 4. Schematic thermal resistance of the two PCB layers. 
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Figure 5. (a) Heat dissipate inside IC to copper of PCB and surface of PCB to the air; (b) schematic thermal resistance of two PCB layers and the SMD component. 
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Figure 6. Proposed MOSFET driver circuit for the HIFU system [37]. 
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Figure 7. Proposed HIFU high-power signal generator circuit: (a) output with 3 level, (b) output with 5 level. 
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Figure 8. Proposed sinusoidal signal generator method: (a) five-level, (b) four-level. 
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Figure 9. Proposed MOSFET pair driver circuit for the HIFU system: (a) schematic; and (b) layout with copper thermal dissipation area and thermal vias. 
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Figure 10. 3D layout of the HIFU high-power signal generator circuit. 
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Figure 11. Firmware (a) design block based on Vivado; (b) signal connection and control MOSFET pair from FPGA to the HIFU power board. 
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Figure 12. (a) Setup of the HIFU system with the resistor load, (b) combination of two outputs of the HIFU signal generator circuit. 
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Figure 13. The output signal of HIFU power board: single output at frequency (a) 250 kHz, (b) 1 MHz, two outputs become one output at frequency (c) 250 kHz, (d) 1 MHz, (e) signal control MOSFET pair from FPGA with a five-level signal output and a frequency at 250 kHz. 
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Figure 14. (a) Block diagram of HIFU experiment system; (b) the real HIFU experiment system. 
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Figure 15. Output signal from high frequency transducer with: (a) 5-level sine wave, (b) 2-level square wave for excitation 2 MHz HIFU transducer. 
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Figure 16. Thermal dissipation of power MOSFETs on PCB with a combination of two outputs: (a) at frequency 250 kHz, (b) at frequency 1 MHz, and (c) at frequency 2 MHz, (d) at frequency 3 MHz. 
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Figure 17. (a) Setup of the HIFU transducer with chicken meat and a water tank, (b) comparison of the burned area of chicken meat, using the HIFU system with a different time between the single channel output and the combined two outputs. 
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Figure 18. Comparison of the power consumption of the HIFU system with and without the fan. 
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Table 1. Typical thermal conductivities of FR-4 board layers including vias.
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	Layer/Material
	Thickness (µm)
	Thermal Conductivity (W/(cm °C))





	Top layer copper
	35
	3.98



	FR-4
	1588
	0.002



	Bottom layer copper
	35
	3.98



	Solder mask
	25
	0.002
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Table 2. Typical and maximum thermal resistance.
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Package Type

	
Thermal Resistance (One Square Inch)




	
Typical (Rth(JA))

	
Max (Rth(JA))






	
D-Pak

	
20.2

	
26.3




	
D2-Pak

	
18.8

	
23.3




	
SO-8

	
33.5

	
50.0




	
SOT-223

	
27.2

	
60




	
TSSOP8

	
60.9

	
83.0
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Table 3. Parameters of IRF9540NS (To-263) [35].
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	Symbol
	Parameter
	Ratings





	ID
	Drain Current-Continuous (Max@TC = 25 °C)
	−23 A



	TJ
	Operating Junction Temperature Range
	−55 to 175 °C



	RθJC
	Thermal Resistance, Junction-to-Case
	1.1 °C/W



	RDS(on)
	Static Drain–Source On-Resistance (Max at TJ = 125 °C)
	117 mΩ



	Crss
	Reverse Transfer Capacitance
	240 pF



	Qg
	Total Gate Charge
	97 nC



	VSD
	Drain–Source Diode Forward Voltage
	−1.6V
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Table 4. Parameters of IRF540NS (To-263) [36].
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	Symbol
	Parameter
	Ratings





	ID
	Drain Current-Continuous (Max@TC = 25 °C)
	33A



	TJ
	Operating Junction Temperature Range
	−55 to 175 °C



	RθJC
	Thermal Resistance, Junction-to-Case
	1.15 °C/W



	RDS(on)
	Static Drain–Source On-Resistance (Max at TJ = 125 °C)
	44 mΩ



	Crss
	Reverse Transfer Capacitance
	40 pF



	Qg
	Total Gate Charge
	71 nC



	VSD
	Drain–Source Diode Forward Voltage
	1.2 V
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Table 5. Power dissipated of IRF9540NS (TO-263).
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Symbol

	
Ratings

	
PMOSFET

	
PDRIVER






	
ILOAD

	
3 A

	
10.84 W

	
1.94 W




	
RDS(ON)

	
117 mΩ




	
VIN

	
48 V




	
FSW

	
2 MHz




	
D

	
0.5




	
IGATE

	
0.5 A




	
Crss

	
240 pF




	
VSD

	
1.6 V




	
QG

	
97 nC
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Table 6. Power dissipated of IRF540NS (TO-263).






Table 6. Power dissipated of IRF540NS (TO-263).





	
Symbol

	
Ratings

	
PMOSFET

	
PDRIVER






	
ILOAD

	
3 A

	
3.5 W

	
1.42 W




	
RDS(ON)

	
44 mΩ




	
VIN

	
48 V




	
D

	
0.5




	
FSW

	
2 MHz




	
IGATE

	
0.5 A




	
Crss

	
40 pF




	
D

	
0.5




	
VSD

	
1.2 V




	
QG

	
71 nC
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Table 7. Copper area of PCB heat sink for TO-263.
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	Symbol
	No of Vias
	Top Area (cm2)
	Bottom Area (cm2)





	IRF9540NS
	20
	3.5
	3.5



	IRF540NS
	20
	3.5
	3.5
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Table 8. Copper area of PCB heat sink for TO-263 with different MOSFETs.
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	Symbol
	No. of Vias
	Top Area (cm2)
	Bottom Area (cm2)





	IRF9540(Q1)
	32
	3.84
	4.6



	IRF540 (Q2)
	36
	3.98
	4.1



	IRF9540(Q3)
	21
	3.5
	5.4



	IRF540 (Q4)
	23
	4.02
	4.2



	IRF9540(Q5)
	34
	3.63
	5.1



	IRF540 (Q6)
	32
	3.7
	5.3



	IRF9540(Q7)
	18
	2.2
	5.7



	IRF540 (Q8)
	30
	3.8
	5.3



	IRF9540(Q9)
	24
	3.39
	4.9



	IRF540 (Q10)
	26
	3.96
	4.7
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Table 9. Power consumption on channel 1 with differences in voltage level.
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Power Consumption (W)






	
Frequency

	
+24 V

	
−24 V

	
+12 V

	
−12 V




	
250 KHz

	
9.5

	
8.2

	
2.8

	
1.6




	
1 MHz

	
14.5

	
11

	
2.2

	
1.6




	
2 MHz

	
17.5

	
13

	
1.4

	
1.3




	
3 MHz

	
20.5

	
13.5

	
1.1

	
0.8
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Table 10. Combination of two-channel power consumption with differences in voltage level.
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Power Consumption (W)






	
Frequency

	
+24 V

	
−24 V

	
+12 V

	
−12 V




	
250 KHz

	
15

	
12

	
2.8

	
1.6




	
1 MHz

	
18

	
13

	
2.1

	
1.6




	
2 MHz

	
21.5

	
15

	
1.2

	
1




	
3 MHz

	
28.5

	
19

	
0.8

	
0.8
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Table 11. The comparison with previous research.
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	Our Design
	Ref [39]
	Ref [40]
	Ref [9]





	Frequency
	0.1→5 MHz
	2 MHz
	1.54 MHz
	1.1 MHz



	Max Output Voltage (V)
	±48
	±20
	±12
	± 12



	Max Output Power (W)
	≥100
	-
	50
	35



	Shape of Ouput
	Multi-level sinusoidal
	Square
	Square
	Multi-level sinusoidal
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