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ABSTRACT
Recently, lots of experiments of Non-invasive brain stimulation has been carried out in
small animals. Based on the previous research pulsed ultrasound under certain frequency
and intensity has shown an effective control of animal reactions like moving tails and
legs. The goal of this research is to build a headstage for mice that can generate
ultrasound with accurate frequency and modulate the output ultrasound with different
Pulse Repetition Frequency (PRF) as well as Sonication Duration (SD). The haeadstage
will be applied in biological experiments and monitor the reactions from mice
(moustache movement) under different ultrasound characteristics. The work of this
research includes building block diagram for the whole circuit, selecting suitable
commercial chips online and integrating them on a Printed Circuits Board (PCB). Plenty
of testing is done to make sure that the circuit achieve the correct function and find the
suitable values for components that achieve highest efficiency and output power. The
testing results show that the circuits is able to generate ideal sine wave with 500kHz and
1MHz frequency. The class E power amplifier is able to deliver 10W power to the
transducer with 60% efficiency. The modulation of ultrasound can be achieved by
programming the micro-controller .

Key Words: Pulsed ultrasound, Brain stimulation, Headstage, Commercial chip, PCB,
Modulation
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Chapter 1

Introduction
1.1 Significance
Brain stimulation has a wide range of application in clinical treatment and biological research.
Recently, a lot of therapeutic utility of brain stimulation in treating numerous neurological and psychiatric
diseases has been done [1]. For example, deep brain stimulation (DBS) is able to alleviate the symptoms
of Parkinson Disease [2], it is also used in treatment of other diseases like dystonia [3], Tourette
Syndrome [4], Depression and Obsessive Compulsive Disorder [5]. For all these clinical DBS treating
program, the stimulation parameters need to be set in a certain range and slightly modified based on
patient’s body conditions [6]. A typical real-time close-loop DBS system shown below is able to monitor
the brain environment activities and adjust the stimulation parameters based on the data collected [7].
With the help of this system, it is possible to monitor patient’s reaction on different stimulation signals
and change therapeutic schedule to achieve the best therapeutic benefits and minimize its side effect.

Figure 1.1. Real-time closed-loop deep brain stimulation system [7].
In biological research, brain stimulation can help us better understand the brain functions. By
monitoring the reaction of animals when stimulating different parts of the brain it is possible to see how
1

these movements are related to brain control. And dynamic mapping of brain circuits by monitoring and
modulating brain activity can enhance the understanding of the underlying neural circuits [8].
Plenty of stimulation methods have been proposed but are limited by low resolution, penetration or
by highly invasive procedures. Pharmacological and chemical methods lack brain target specificity and
require numerous metabolism. Electrical methods, such as deep-brain stimulation, offer a higher targeting
specificity but require surgery and brain impalement with electrodes [9]. Transcranial magnetic
stimulation (TMS) use coil driven by high current pulses to generate different magnetic field, leading to
induction of current in the conductive tissue of the brain. This method does not require surgery and
invasive brain implant, but suffers from low spatial resolution [10]. Optogenetic-based methods using
light-activated ion channels can offer ideal spatial resolution, it allows neuronal activity to be stimulated
by specific wavelengths of light and give us a better understanding of different neural circuits and how
they contribute to normal and pathological brain functions. However, this method may require genetic
alteration which is pretty risky for creatures [11]. Taken all this limitations into consideration, it is really
important to carry out a better stimulation methods for neuro-stimulation. And pulsed ultrasound is a
good choice for the stimulation source. The main advantages is that it offers a mesoscopic spatial
resolution of a few millimeters, and does not require exogenous factors or surgical invasion.
Similar to previous methods, ultrasound stimulation also needs an accurate control to make it
effective. And the goal of this research is to build a modulation circuits to take control of the frequency,
pulse repetition frequency and intensity of ultrasound signal sent to mouse brain, then provide better
understanding of how the movements of mice is related to the activity of brain.
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1.2 Current Research on Ultrasound Stimulation
Recently, a lot of research have been done on ultrasound stimulation, the results show not only
activation and suppression of neural activity but also good spatial resolution. For example, Tyler and his
group is the world’s leader in using low frequency (0.25-0.65MHz) pulsed focused ultrasound for mouse
brain stimulation. They proved that ultrasound can can stimulate intact brain circuits with a frequency of
0.35MHz, 1.5kHz pulse repetition frequency and Spatial-peak temporal-average intensities (ISPTA) of
36.2mW/cm2 [12]. In the paper they also examined how acoustic frequencies and intensities across the
frequency ranges (0.25, 0.35, 0.425, and 0.5 MHz) influenced US-evoked fine-wire electromyograms
(EMG) responses from the triceps brachii of mice. The results show that lower frequencies produced
more robust EMG responses and

lower intensities triggered more robust EMG responses. They

successfully construct functional activity maps using antibodies against c-fos cells. Pulsed ultrasound
(0.35 MHz, 50 c/p, 1.5 kHz PRF, 500 pulses) having an ISPTA = 36.20 mW/cm2 was transmitted along a
vertical axis parallel to the sagittal plane through underlying brain regions once every 2 s for 30 min to
achieve an approximately 2mm lateral spatial resolution. Hyungmin Kim and his group succeed in using
low intensity transcranial focused ultrasound to selectively stimulate the rat abducens nerve located above
the base of the skull [13]. They monitored abductive eyeball movement to the side of sonication at
frequency of 350 kHz, 0.36-msec tone burst duration (TBD), 1.5-kHz pulse repetition frequency (PRF),
and the overall sonication duration of 200 msec. Edin Mehic and his group seek to increase anatomical
specificity to neuromodulation with modulated focused ultrasound [14]. Their research are done in a
frequency range of 250kHz - 700kHz and spatial peak temporal average intensities of 0.1–10 W/cm2.
They show the results of successful rate of tail and leg movements when stimulating different area of the
brain and indicate by simulating which part of the brain the most robust induced motions can be observed.
A lot of papers have been searched to find specifications about the ultrasound signal used for stimulation
in order to have a better idea what is the ideal output signal and how to modulate it. The results are shown
in Table 1.1.
3

Figure 1.2 Construction of ultrasound stimulation of intact brain circuits [12].

Figure 1.3 Current ultrasonic neuromodulation setup [13].
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Table 1.1 Ultrasound Specifications Record
Organism

f

DC

TBD

PRF

SD

ISPTA

ISPPA

Reference

(kHz)

(%)

(ms)

(kHz)

(ms)

(W/cm2)

(W/cm2)

Rats

350-500

30-67.5

0.2-0.45

1.5-2.5

53-67

0.0360.142

-

[12]

Rat nerve

350&650

50.0

0.50

1.0

300

-

10

[13]

Human

500

36.0

0.36

1.0

500

8.600

-

[15]

Rats

650

5.0

0.50

0.1

-

0.300

-

[16]

Rats

350-650

-

1-5

-

300

2.5-2.8

-

[17]

Rats

350

50.0

0.50

1.0

300

3.000

-

[18]

Rats

1680

1.0

10.00

0.001

-

-

-

[19]

Rat cell

500

0.02-0.2

0.02

0.01-0.1

-

0.0160.093

-

[20]

Rats

320

46.0

0.23

2.0

250

-

-

[21]

Human skull

500

36.0

0.36

1.0

500

5.86

23.87

[22]

hippocamal
neurons

7750

0.2

1.00

0.002

-

50-150

-

[23]

Rats

500

60.0

0.40

1.5

133

0.0570.086

-

[24]

cat auditory
nerve

5000

-

0.068

-

-

-

30

[25]

Human brain

350

14.0

2.00

0.07

500

11.8

-

[26]

Human brain

350

100.0

10.00

0.1

1000

54.8

-

[26]

Human
tissue layer

500

36.0

0.36

1.0

500

-

5.90

[27]

Rabbits
tissue

690

5.0

0.50

0.1

-

0.16

3.3

[28]

TBD - Tone Burst Duration PRF - Pulse Repetition Frequency
DC - Duty Cycle

SD - Sonication Duration

ISPTA - Spatial peak temporal average intensities ISPPA - Spatial peak pulse average intensities
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In conclusion, ultrasound has not only shown its potential to be an effective noninvasive tool for
stimulating neural activity with a small latency of tens of ms, but also a good choice for brain activity
imaging due to its higher spatio-temporal resolution of 100 µm and 1 ms in depth. In this research, the
goal is to build a headstage to create ultrasound with different frequency and intensity and monitor the
mice activities of leg and moustache movement.

1.3 Thesis Organization
The thesis will be organized in the following order: Chapter 2 focus on introduction of Proposed
PCB design for the whole circuits. At first the top level block diagram is given, circuits schematic and
PCB layout will also be shown. Chapter 3 will talk about design procedures and testing results of class E
power amplifier, micro-controller, voltage controlled oscillator, DC-DC converter, voltage regulator and
gate driver separately. In Chapter 4 the overall circuits testing results will be shown. Finally, Chapter 5 is
for explaining the problems appeared in the experiment and what to do for progress in the future.

6

Chapter 2

Proposed PCB Board for Ultrasound Modulation with Off-the-shelf Components
2.1 Block Diagram of Ultrasound Modulation Circuit
For the circuit design of ultrasound modulation, the first thing need to do is to consider what blocks
are needed for this system. As mentioned before, the goal of this research is to build a headstage for rat
brain, so battery will be the choice for power supply. Then power management unit (PMU) is needed to
generate suitable power supply for each block. Moreover, voltage controlled oscillator (VCO) is also a
must to generate ideal square wave with certain frequency. Also, VCO is not able to drive the transducer,
a power amplifier is needed to drive the transducer to generate acoustic pressure with enough intensity.
Transducer is not a pure resistor, it has imaginary part, as well. In order to achieve high efficiency, a
matching circuit should be added between power amplifier and transducer. Finally a micro-controller is
required to create control signal for generating ultrasound with different pulse repetition frequency. The
block diagram is shown in Figure 2.1.

Figure 2.1 Block diagram of ultrasound modulation system.
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2.2 Printed Circuits Board Schematic and Layout
After designing the block diagram for the whole system, the next step will be deciding design details
of each block. First of all, for the power management unit, the number of power levels should be figured
out for the system. Based on the testing results of transducer, power amplifier needs to deliver 10 W
power to the transducer. A large supply voltage is needed for power amplifier, which usually can not be
provided by battery. In order to have a power supply with high voltage and power delivery, a DC-DC
converter is needed in the design. After searching for available components on Digikey website,
TPS55340 from Texas Instrument and 10V input voltage is selected for the system. NRF24LE1 from
Nordic companyis chosen as the micro-controller, and for VCO, LTC6906 from Linear Technology
become the final choice. Since LTC6906 does not have an enable pin, buffer SN74LVC1G06 and
transmission gate SN74LVC1G3157 from Texas Instrument is added after VCO so micro processor can
have better control of VCO. The components mentioned above are all low voltage components and have
small power consumption. So voltage regulator LP2980 from Texas Instrument with 3.3V fixed output is
selected for the power supply of all this components. Since power mosfet usually have large input
capacitance and higher threshold voltage, a gate driver is needed before Mosfet because VCO is not able
to directly drive it. The supply voltage for gate driver is set to be 5V. And another voltage regulator
LP2980 with fixed 5V output is chosen. In order to test the performance of more gate drivers and power
mosfets, footprint of UCC27321(Texas Instrument) and IXD630(IXYS Integrated Circuits Division)is put
on the board for gate driver testing, Si7812DN(Vishay) and SiR618DP(Vishay) is selected for power
Mosfet testing.
Two boards are designed for the research. The first board only contains micro-controller, gate driver,
power mosfet and matching circuits. This board is mainly designed for a better understanding of how
class E power amplifier is working. It provides important information on how to select suitable value for
each components to achieve better output power and efficiency and how much supply voltage and power
is needed on the second board. The second board contains all the components mentioned above. The
8

circuits schematic and PCB layout of two boards is shown in Figure 2.2, Figure 2.3, Figure 2.4 and Figure
2.5, the design tool is Altium.

Figure 2.2 Circuits Schematic of board 1.

Figure 2.3 PCB Layout of board 1.
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Figure 2.4 Circuits Schematic of board 2.

Figure 2.5 PCB Layout of board 2.
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Chapter 3

Circuit Design Details
3.1 Design of Class E Power Amplifier
In this section a brief introduction to the theory of class E power amplifier is given, then explain the
reason for choosing it. Simulation and testing results of class E power amplifier operating at 1MHz and
500kHz is shown. Then an analysis of efficiency loss is given.
3.1.1 Introduction to Class E Power Amplifier
Class E can achieve high efficiency, which makes it a popular choice in high power delivery system.
When compared with class A,B and C power amplifiers, class E power amplifier has higher efficiency
because the transistor operates at on/off switch and the load network shapes the voltage and waveform to
prevent simultaneous high voltage and high current in the transistor, which minimize the power loss in
transistor during transitions. Theoretically, class E power amplifier can achieve 100% efficiency in the
most idea case.
Typical class E power amplifier circuit is shown in Figure 3.1. The circuit include a transistor, a
choke inductor, a shunt capacitor, a series tuned circuits L0 and C0 as well as load and its matching circuit.

Figure 3.1 Typical class E power amplifier circuits.
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In the calculation for circuits specifications, several assumptions are made. First of all, the choke
inductor is considered to be ideal. It should have zero series DC resistance and infinite reactance at the
operating frequency so the current flow through the choke inductor should be constant. Secondly, the
series resonant circuits is regarded as ideally tune to frequency required. Any mismatch at the resonant
circuits will introduce a net series reactance jX into the circuits

X  2fL0 

1
2fC0

(3.1)

L0 and C0 should have large quality factor Q so the load current is considered to be sinusoidal. The
transistor used here should be regarded as an ideal switch, which means zero saturation voltage, zero
saturation resistance, and infinite OFF resistance. The total shunt capacitance should be the sum of shunt
capacitor here and parasitic capacitor in parallel at the switch. And the value is independent from voltage
across it.
To achieve highest efficiency in class E power amplifier, it is very important to meet the requirement
of zero voltage switching(ZVS) and zero current switching(ZCS). This can be easily understood by the
conditions listed below:
1. The voltage across the switch should return to zero at the end of the OFF state(exactly before the
switch turns on), which will help decrease the power dissipation caused by the simultaneous imposition of
substantial voltage and current on the switch, during the OFF → ON transition.
2. The voltage across the switch reaches zero at the end of the OFF state with zero slope(dv/dt = 0).
The current flow through transistor of ON state is zero. This can help decrease the transition time as well
as minimize the power loss during transition.
3. The current through the switch returns to zero at the end of the ON state (just before the switch
turns OFF). This decreases the energy dissipation caused by the simultaneous imposition of substantial
voltage and current on the switch during the ON → OFF transition.
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4. The current through the switch reaches zero at the end of the ON state with zero slope(di/dt = 0).
The voltage across the transistor is 0 at the beginning of OFF state is zero, this help decrease the
mistuning of the amplifier and allow slow turn-off of the switch without large power loss.

Figure 3.2 Ideal transaction wave form in class E power amplifier [30]
A lot of algebra calculation is done to decide the values of all these parameters. Frederick H.
RAAB’s paper [29] has shown a detailed calculation in achieving ZVS and ZCS transition. As it is really
difficult to understand all the derivation procedure, details of calculation and verification will not be given
at this time. Except for achieving ZVS and ZCS transition, there are also some other ways to increase the
efficiency of class E power amplifier. For example Xiuqin Wei and his group focused on the effect of
nonlinear Drain-to-Source capacitances and tried to eliminate its influence [30]. Firas Mohammed Ali AlRaie come up with the idea of increasing efficiency by adding a input matching network to the circuit [31].
Jungjoon Kim gave an idea of optimizing the efficiency of class E power amplifier by using selfgenerated harmonic current and voltage [32]. These papers all provide me with very important
information about what kind of parameters are really important in designing class E power amplifier.
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3.1.2 Design Procedure of Class E Power Amplifier
As mentioned above, the algebra calculation for class E power amplifier is pretty complicated, no
details is given to those parts. From papers of Nathan Sokal, the inventor of class E amplifier, explicit
form equations are found to calculate the values of the network elements at any output power and loaded
quality factor QL [33]. The equations are listed below:

R  0.5768(

Cshunt 

C0 

L0 

2
VDD
0.451759 0.402444
)  (1 

)
POUT
QL
QL2

1
0.91424 1.03175
0 .6
(1 

) 2
2
5.44658R
QL
QL
 LD

1
1
1.01468
0 .2
(
)(1 
) 2
R QL  0.104823
QL  1.7879  LD

QL  R

(3.2)

(3.3)

(3.4)

(3.5)



From these formula a rough calculation can be done to decide the value for all the components in the
circuits. After calculation, simulations are done for class E power amplifier in NI Multisim. After
implementing the circuits in Multisim, the next step will be ordering suitable components from Digikey
Website and do testing on the board. Usually the testing result is not as good as it is in simulation, It takes
a lot of time to make changes to the circuits to find the best set up for highest efficiency and output power.
Nathan Sokal’s paper provides some really useful instruction graphs [33]. Figure 3.3 shows how the
voltage across the switch is related to the value of Cshunt, L0 and C0. Expanded relation of C0 and Cshunt to
drain voltage is shown in Figure 3.4.
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Figure 3.3 Effects of adjusting load-network components [33].

Figure 3.4 C0 and Cshunt adjustment procedure [33].
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2.2.3 Simulation Results in Multisim
The model of Mosfet 2SK2980 is chosen in the library of Multisim for simulation, because it has a
close threshold voltage and similar parameters to the Mosfet ordered on digikey. First of all simulation of
class E power amplifier operating at 1MHz is done. The circuits schematic is shown in Figure 3.5, and
simulation results is shown in Figure 3.6.

Figure 3.5 Circuits schematic of class E power amplifier operating at 1MHz.

Figure 3.6 Simulation result of class E power amplifier operating at 1MHz.
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In simulation the best setup for the circuit should be 16.5μH for choke inductor, 1nF for shunt
capacitance, 680pF for C0 and 39μH for L0. A 50Ω load is chosen as the load. The quality factor of the
load is 5. At this time output power is 580mW and input power is 586.6mW, the efficiency reaches 98.9%.
Then simulation for class E power amplifier operating at 500kHz is done. The circuits schematic is shown
in Figure 3.7, and simulation results is shown in Figure 3.8.

Figure 3.7 Circuits schematic of class E power amplifier operating at 500kHz.

Figure 3.8 Simulation result of class E power amplifier operating at 500kHz.
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2.2.4 Testing Result of Class E Power Amplifier
The testing result of class E power amplifier is not as good as the results in simulation. A lot of
important parameters are neglected in simulation and the components are also not ideal enough. Some
important testing results are listed below. The experiment set up is shown in Figure 3.9.

Figure 3.9 Experiment set up of testing class E power amplifier.
There is a reason that 16.5μH inductance is chosen for choke inductor, initially the value is set to be
33μH, the best testing result is shown in Figure 3.10. Operating frequency is 1MHz.

Figure 3.10 Best testing result of using 33μH choke inductor at 1MHz.
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The best set up appears at Cshunt = 0.4nF, C0 = 680pF. Output power reaches 273.5mW at 5V supply
voltage, with input power of 465mW and an efficiency of 58.8%. The efficiency is far from the ideal
circumstances, the main problem might be the low quality factor of the choke inductor, the one tested has
a quality factor of only 12. Then new samples are ordered from coilcraft with a quality factor of
54(1812FS-333). The testing result of that inductor is shown in Figure 3.11.

Figure 3.11 Best testing result of using high Q choke inductor at 1MHz.

The best set up appears at Cshunt = 0.4nF, C0 = 620pF. Output power reaches 294.5mW at 5V supply
voltage, with input power of 410mW and an efficiency of 71.8%. The efficiency increases for 16%, seems
that this is a reason for the loss in efficiency. Then the supply voltage is increased to see whether the
circuits can keep the efficiency. In simulation the efficiency doesn’t drop when increasing the supply
voltage, and the wave structure is the same. See from the formula, supply voltage also doesn’t influence
the value of circuits components. But life is always hard. New problems exists after increasing the supply
voltage. The results is shown in Table 3.1. And the wave structure of 15V supply voltage is shown in
Figure 3.12.
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Table 3.1 Performance of high Q choke inductor at different supply voltage
Rload

C0

Cshunt

Output
power

Supply
voltage

Input
current

Input
power

(Ω)

(pF)

(nF)

50

620

50

Efficiency

(mW)

(V)

(mA)

(mW)

0.4

294.5

5

82

410

71.8

620

0.4

324.2

6

85

510

63.6

50

620

0.4

372.6

7

88

616

60.5

50

620

0.4

402.9

8

92

736

54.7

50

620

0.4

434.0

9

95

855

50.8

50

620

0.4

473.2

10

99

990

47.8

50

620

0.4

690.3

15

108

1620

42.6

50

620

0.4

936.2

20

120

2400

39.0

(%)

Figure 3.12 Wave structure of using high Q choke inductor at 15V supply voltage.

The efficiency dropped for more than 30% at 20V supply voltage, and there is a change at the wave
structure. It is obvious that some part of the circuits is not working well. As for the previous inductor, the
test result also shows an efficiency drop of about 12% at 20V supply voltage. The result is not acceptable
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because large power is needed to deliver to the transducer, if by using 20V supply voltage can only
deliver 1W power to the transducer, it will be really hard for the design of power management unit. After
carefully checking the datasheet of these two inductors, one possible reason is found for the bad
performance of the circuits at high supply voltage. The current flow through the choke inductor maybe
exceed the limitation of the inductor, which will damage a lot to their performance. The inductor with
high Q has only 800mA saturation current, while the previous one has 2A. This may also somehow
explain why the previous inductor suffer from less efficiency loss. In order to solve this problem, two
33μH inductor are connected in parallel so it can tolerate higher current. The testing result is shown in
Table 3.2. And the wave structure at 20V is shown in Figure 3.13

Table 3.2 Performance of two choke inductor in parallel at different supply voltage
Rload

C0

Cshunt

Output
power

Supply
voltage

Input
current

Input
power

(Ω)

(pF)

(nF)

50

642

50

(mW)

(V)

(mA)

(mW)

0.67

321.9

5

90

450

71.5

642

0.67

800.0

8

142

1136

70.4

50

642

0.67

1242.6

10

177

1770

70.2

50

642

0.67

2766.0

15

264

3960

69.8

50

642

0.67

3159.4

16

282

4512

70.0

50

642

0.67

3571.5

17

299

5083

70.3

50

642

0.67

4005.4

18

317

5706

70.2

50

642

0.67

4457.0

19

334

6346

70.2

50

642

0.67

4948.7

20

350

7000

70.7

21

Efficiency
(%)

Figure 3.13 Wave structure of two choke inductor in parallel at 20V supply voltage.
The graph show that by connecting two inductor in parallel the problem of efficiency drop at high
supply voltage get solved. Higher output power and efficiency is also achieved at the output. This is the
reason for choosing 16.5μH as choke inductance. As for amplifier operating at 500kHz, the best testing
result is shown in Figure 3.14.

Figure 3.14 Best testing result of class E power amplifier operating at 500kHz.
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The best set up for 500kHz is C0 : 1300pF, Cshunt : 3.2nF, L0 : 78μH, Lchoke : 16.5μH. The output
power reaches 357.9mW at 5V supply voltage, with an input power of 555mW and an efficiency of
64.5%. Then by increasing the supply voltage to 15V, the output power reaches 3.1752W, with input
power of 5.13W and an efficiency of 61.9%. Although the problem of efficiency drop at high voltage is
solved, new problems appeared, the maximum drain voltage has already reached close to 75V at this time,
which is the limitation of Vds of the transistor Si7812N. In order to deliver 10W power, new transistor
should be selected for larger drain voltage toleration. Finally Sir618DP is selected for the reason that it
has 200V Vds toleration and similar input capacitance as Si7812DN. However it also has larger on
resistance, which may cause larger power loss in the circuits. Recently the best testing result is shown in
Figure 3.15. This testing is done on board2 since it has been fabricated out.

Figure 3.15 Best testing result of new transistor operating at 500kHz.
There is a little distortion at gate voltage. This is mainly caused by the ringing at the supply voltage
of my gate driver. Filter capacitor should be put between Vdd and ground. On the new board the Vdd of
gate driver is directly connected to the output of voltage regulator. So when directly connecting Vdd to
DC supply, this problem appears. The best set up is Lchoke : 16.5μH, Cshunt : 3nF, C0 : 1500pF, L0 : 78μH.
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The output power reaches 355mW at 5V supply voltage, with an input power of 590mW and an
efficiency of 60.2%. When increasing the supply voltage to 25V, output power reaches 8.82W with 15W
input power, the efficiency is about 58.8%. This is the best testing result get from the components
available in lab. Further testing is needed to achieve higher efficiency.

2.2.5 Analysis of Efficiency Loss in Class E Power Amplifier
Theoretically class E power amplifier can achieve 100% efficiency. But in testing the efficiency
achieved is only 60-70%. There are several reasons for the loss in efficiency:
1. Nonideal LC Components. In the previous calculation, L0 and C0 are considered to be ideal
components, but in real circumstances they are not. Let’s assume QL0 is the quality factor of L0 and Qc0 is
the quality factor of C0. Then the equivalent series resistance of the L0 and C0 is given:

r

L
1
RQ  X RQ



QL 0 CQC 0
QL 0
QC 0

(3.6)

The equivalent load of the Class E amplifier is R + r, then the efficiency drop to:



R
1

R  r 1 r
R

(3.7)

Since the power loss due to the inductor usually dominates the power loss due to the capacitor,
taking this into the calculation of previous formula:



1
Q  1.1525
1
QL 0

(3.8)

2. Non-ideal choke inductor. The ideal choke inductor should have zero DC resistance and infinite
reactance at the operating frequency. However, it is no a good idea to use inductor with large inductance.
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Because it usually takes larger size, weight and cost. Inductor with low quality factor will introduce a
large dc resistance into the circuits, which decrease the efficiency a lot.



RDC
RDC  Rchoke

(3.9)

3. Transition time. Transistors are not ideal switches, it has nonzero transition times and, especially
at high frequencies, the switching time may be a significant part of the whole period. the power loss
during the OFF→ON transition is negligible, because at the end of OFF state, the current is almost zero,
and the drain voltage is also close to zero. However, the situation is completely different at the ON→OFF
transition. At this time there is large current in the circuits, and the drain voltage is increasing rapidly, if
the transition time is large, the power loss at this transition will also be large.
4. Vds toleration of the transistor. When doing testing, some times the drain voltage will increase to a
really large value at high supply voltage. Which is close to the maximum Vds that the transistor can
tolerate, this may also cause worse performance of the transistor, if letting transistor operate at high Vds
for a long time, there is a possibility of burning it.
5. On resistance of the transistor. The active on resistance is given as Ron. It is assumed to be
constant during the ON state and independent of the current flow through it. Since there is large current
flow through the transistor, although the value of it is small, usually around 100mΩ, the power
consumption can not be neglected.
6. Thermal performance of the components. The testing results show that the output wave structure
changed as when increasing the supply voltage. This doesn’t happen in simulation, and see from the
formula, the supply voltage should not influence the efficiency. The reason is that at high power
delivering cause a large increase in components temperature. Some components may suffer from bad
thermal performance. For example, the LC resonant circuits is pretty sensitive to the change in inductance
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and capacitance, when there is a little change at its value due to the increase in temperature will cause a
large efficiency drop to the amplifier.

3.2 Design of Micro-controller
3.2.1 Introduction to NRF24LE1
In order to have good control of the circuits, NRF24LE1 from Nordic company is chosen as the
micro-controller. It is a member of the low-cost, high-performance family of intelligent 2.4 GHz RF
transceivers with embedded microcontrollers. For the application layer nRF24LE1 offers a rich set of
peripherals including: SPI, 2-wire, UART, 6 to 12 bit ADC, PWM and an ultra low power analog
comparator for voltage level system wake-up. The block diagram of the whole chip is shown in Figure
3.16.

Figure 3.16 Block Diagram of NRF24LE1 [34].
In application a square wave output with accurate frequency control is needed. Seeing from the block
diagram, the internal 16MHz oscillator can be used for generating the desired output. By changing the
way of coding, ideal output square wave with variable frequency can be generated at the output..
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3.2.2 Design Details and Testing Result of Micro-controller
At the beginning several testing are done to find whether it is possible to generate the input square
wave by using micro-controller so there is no need to put a voltage controlled oscillator(VCO) on board.
Although NRF24LE1 has an internal 16MHz oscillator, that is the minimum cycle in the chip. It may take
several cycles for the generated signal reach the output pin. The experiment set up is shown in Figure 3.17.
Application circuits is shown in Figure 3.18.

Figure 3.17 Experiment set up on board1 for programming NRF24LE1.

Figure 3.18 Application circuits of NRF24LE1[34].
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After soldering all the components on the board, programming of the chip is done using NRFgo
motherboard, different ways of coding are done for finding accurate control of the output wave frequency.
The testing result is shown in Table 3.3

Table 3.3 Testing result of NRF24LE1
Code

Output frequency

Time cycles

While(1) {P14 = ~P14}

1.33MHz

12

While(1) {P14 = ~P14;

727KHz

22

48.48KHz

330

50KHz

320

571.4KHz

28

421KHz

38

186KHz

86

1.33MHz

12

P14 = P14}
While(1) {
for(a=0; a<1; a++)
P14 = ~P14;
P14 = P14}
While(1) {
for(a=0; a<1; a++)
P14 = ~P14;}
While(1) {P13 = ~P14;
P14 = P13}
While(1) {P14 = ~P14;
b = 1}
While(1) {a = ~P14;
P14 = a}
While(1) {
While(0)
P14 = ~P14}
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The results show that the maximum frequency this micro-controller can provide is 1.33MHz. And is
pretty hard to generate accurate 1MHz and 500kHz square wave because all the operation takes several
time cycles. The fastest operation takes 10 time cycles. So it is better to put a VCO on board to generate
desired input signal. Pin p14 is chosen as the output signal on board1. The output wave structure of
1.33MHz square wave is shown in Figure 3.19.

Figure 3.19 Output wave structure of NRF24LE1 with maximum frequency.
The yellow line in the picture shows the output of micro-controller, the blue line shows the output of
gate driver. The results also prove that micro-controller is able to drive gate driver directly. Based on the
previous data collected, 1kHz is selected as the pulse repetition frequency.All components of microcontroller are soldered on the second board, the setup is shown in Figure 3.20. By changing the code,
output square wave with 1kHz is achieved. The code is shown in Figure 3.21 and the output wave is
shown in Figure 3.22.
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Figure 3.20 Experiment set up on board2 for programming NRF24LE1.

Figure 3.21 Code for generating 1kHz output square wave.
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Figure 3.22 Output wave structure of micro-controller.

3.3 Design of Voltage Controlled Oscillator
3.3.1 Introduction to LTC6906
LTC6906 is a precision programmable oscillator that is versatile, compact and easy to use. It has an
adjustable frequency range from 10kHz to 1MHz and a low power consumption, which is beneficial to
the battery-powered system.
LTC6906 is also very easy to program by using a resistor connected to its set pin. The formula for
calculating resistance is shown below:

f out 

1MHz 100k
(
)
N
Rset

(3.10)

N is decided by the input of pin DIV. N = 1 when connecting DIV pin to ground. N = 3 when
leaving the pin open. N = 10 when connecting it to the Vdd. In application only frequency at 500kHz and
1MHz are needed, so DIV pin is connected to ground.
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3.3.2 Design Details and Testing Result of VCO
The application circuits of LTC6906 is shown in Figure 3.23.

Figure 3.23 Application circuits of LTC6906.

The transducer arrived now in the lab is operating at 500kHz, so the work is focused on generating
output square wave with 500kHz. Based on the calculation formula, a 197kΩ resistor is connected at the
SET pin. And put a trimmer with 5kΩ adjustable range in series with it so it is possible to have accurate
control of the frequency of output waves. An RC filter with R = 160Ω and C = 10μF is put at the input,
which provides a 100Hz low-pass filter while dropping the supply voltage only about 10mV. For making
use of the GRD pin, a “guard ring” is put on the PCB board to absorb the leakage current. It surrounds the
SET pin and the end of RSET to which it is connected. The GRD pin voltage is held within a few millivolts
of the SET pin voltage, so any leakage path between the SET pin and the guard ring generates no leakage
current. By adjusting the trimmer 500kHz square wave is generated at the output, the wave structure is
shown in Figure 3.24.
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Figure 3.24 Output wave structure of VCO.

3.4 Design of DC-DC Converter
3.4.1 Introduction to TPS55340
From the previous testing result a supply voltage of about 30V is needed for delivering 10W power
to the transducer, this is too large for a battery, that is the reason for adding a DC-DC converter to the
circuits. This DC-DC converter should be able to offer this supply voltage and also the power. After
searching available chips on Digikey website, the final choice is TPS55340 from Texas Instrument.
TPS55340 is a monolithic, nonsynchronous, switching regulator with integrated 5-A, 40-V power switch.
It has a wide input voltage range, from 2.9V - 32V, and also a wide output voltage range, from Vin to 38V,
its switching frequency is adjustable from 100 kHz to 1.2 MHz. An important graph related to power
delivery is shown in Figure 3.25.
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Figure 3.25 Efficiency vs output current of TPS55340 with 24V output [35].
The graph shows that when the output voltage is set to be 24V, and switching frequency is set to be
600kHz, with a 12V input voltage, the maximum load current can reach about 2A, which means the
system is able to deliver about 48W power at 12V input with high efficiency. For the whole system, 10V
battery is selected as the power supply, this chip should be able to deliver 10W power to transducer taking
the efficiency of class E power amplifier into consideration. In conclusion, TPS55340 should meet all
requirements for the DC-DC converter. The functional block diagram of the chip is shown in Figure 3.26.

Figure 3.26 Functional block diagram of TPS55340 [35].
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3.4.2 Design Procedure of DC-DC Converter
DC-DC converter is a very important block for entire circuits, this part is also very sensitive to
design parameters. It is required to be cautious when choosing components for the external components
for TPS55340. The design procedure is shown below:
1. Selecting switching frequency. Higher switching frequency will allow for smaller valued inductor
and output capacitors so it can save more area. While lower switching frequency cost larger area but offer
higher efficiency. For the trade off of efficiency and size, 600kHz is selected as the switching frequency.
Based on its resistance versus frequency graph in the datasheet, a 78.7kΩ resistor is connected from pin
FREQ to ground.
2. Selecting inductor. The selection of the inductor affects steady-state operation as well as transient
behavior and loop stability. Inductor value, dc resistance and saturation current are three important
parameters when selecting suitable inductor for the circuits. Based on the formula on datasheet, finally
10μH inductor 74437368100 from Würth Elektronik is chosen. It has a saturation current rating of 12.5 A,
RMS current rating of 5.2 A, and typical DCR of 27.0 mΩ.
3. Selecting input capacitor and output capacitor. The output capacitance is mainly selected to meet
the requirements for the output ripple (VRIPPLE) and voltage change during a load transient. Based on the
calculation in datasheet, three 4.7-μF, 50-V, 1210 X7R ceramic capacitors are put in parallel as output
capacitor. A 10μH capacitor is selected as input capacitor, An additional 0.1-μF capacitor is located close
to the VIN and GND pins for extra decoupling.
4. Setting output voltage. The output voltage can be changed by selecting the FB pin resistor RSH and
RSL, An internal voltage reference provides a precise 1.229V voltage reference at the error amplifier. The
calculation for output voltage is shown below:

Vout  1.229  (

RSH
 1)
RSL

(3.11)
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In application, 10kΩ resistor is selected as RSL, For RSH, a 178kΩ resistor is connected in series with a
trimmer, which has 10kΩ adjustable resistance range, which can provide a better control the output
voltage by adjusting the trimmer.
5. Selecting soft-start time. TPS55340 has a built-in soft-start circuit which significantly reduces the
start-up current spike and output voltage overshoot. When the IC is enabled, an internal bias current
source (6 μA, typical) charges a capacitor(CSS) on the SS pin. In application, a 0.047μF ceramic capacitor
is used as the soft-start capacitor.
6. Selecting the Schottky Diode. High-speed rectification is needed for optimum efficiency. Based
on the recommendation in datatsheet, a Diodes Inc B540-13-F in an SMC package is used with voltage
and current ratings of 40 V and 5 A.
7. Compensating the Control Loop. An external resistor and ceramic capacitor are connected to the
COMP pin to provide a pole and a zero. This pole and zero, as well as the inherent pole and zero of a
boost converter, determine the closed-loop frequency response. This is important for converter stability
and transient response. The calculation of compensation loop is very complicated, no details will be given
for the calculation in this paper. Based on the formula shown in datasheet, 2.63kΩ resistor and 0.1μF
capacitor are selected for the compensation loop, a 100pF capacitor is connected in parallel with
compensation loop to add a high-frequency pole at a frequency 100 times the target bandwidth.
The application circuits of TPS55340 is shown in Figure 3.27.
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Figure 3.27 Application circuits of TPS55340 as a boost converter.
3.4.3 Testing Results of DC-DC Converter
After soldering all the components on board 2, the performance of DC-DC converter is tested, the
results of 5V input is shown in Figure 3.28 and result of 10V input is shown in Figure 3.29.

Figure 3.28 Output of DC-DC converter with 5V input.
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Figure 3.29 Output of DC-DC converter with 10V input.
The blue line shown in the graph is the output of the DC-DC converter, the pink line refers to the
signal coming into the SW pin, this is very similar to the application curve shown in the datasheet. DCDC converter is working well.
The graph shows that after adjusting the trimmer to a suitable value, 25.6V output voltage is
achieved, when increasing the input voltage from 5V to 10V, the voltage increases a little, from 25.6V to
28.4V. And some ringing appears, its frequency is the same as the switching frequency. Next step a 50Ω
load is connected at the output of DC-DC converter. And it doesn’t cause a decrease of output voltage, the
current shown on the DC supply is 1.3A, input power is 13W. Output power is 12.5W. So the efficiency
of this DC-DC converter reaches 96.2%.
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3.5 Design of Voltage Regulator
3.5.1 Introduction to LP2980
The LP2980-N is a 50mA, fixed-output voltage regulator designed specifically to meet the
requirements of battery-powered applications. It has a wide input voltage range from 2.1V to 16V, and
5V, 4.7V, 3.3V, 3V, 2.5V output version. In application, 3.3V output voltage regulator is chosen as the
power supply of micro-controller and VCO, and 5V output voltage regulator is chosen as the power
supply for gate driver and transmission gate. Its typical application circuits is shown in Figure 3.30. An
input capacitance of 1μF and output capacitance of 2.2μF is needed to make it work.

Figure 3.30 Application circuits of LP2980 [36].

3.5.2 Testing Result of Voltage Regulator
In application, the battery voltage should be 10V. So after connecting all the components of voltage
regulator, 10V DC supply is put at the input, the output wave structure is shown in Figure 3.31. The pink
line shows the output of 5V voltage regulator, the blue line shows the output of 3.3V voltage regulator.
The green line shows the output of VCO.
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Figure 3.31 Out put of VCO and two voltage regulators with 10V input voltage.
Since the measurement in oscilloscope is not that accurate, multimeter is used to measure the exact
output of these two voltage regulator. The results show accurate output voltage of 3.3V and 5V. So that
verifies that these two voltage regulators are working well.

3.6 Design of Gate Driver
3.6.1 Introduction to UCC27322
Power mosfet usually has larger threshold voltage and input capacitance, which exceeds the loading
ability of VCO, that is the reason to put a gate driver between VCO and the gate of the transistor.
UCC27322 from Texas Instrument is a good choice for the circuits. It has a wide Vdd working range from
4.5V-16V. And its datasheet shows that the propagation delay time is only 60ns-90ns with a 10nF load.
The input capacitance of the Mosfet is around 800pF. So theoretically this gate driver should meet
requirements for driving the power mosfet.
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3.6.2 Testing Result of Gate Driver
The testing result of gate driver is shown in Figure 3.32. The pink line is the output of VCO, the blue
line show the output of transmission gate and the green line refers to the output of gate driver.

Figure 3.32 Out put of VCO, transmission gate and gate driver.
The wave structure shows that VCO is able to drive the gate driver directly, and the gate driver is
working well.
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Chapter 4

Overall Circuit Testing Result
In this chapter the testing results of the entire circuits on board2 is given, all the components are
soldered on the board2, and the board setup is shown in Figure 4.1.

Figure 4.1 Entire board setup.
Since the transducer is still in testing, a 50Ω high power resister (15W toleration) is connected as the
load. Qw-MS3010D is selected as the DC power supply for the whole circuit.

Figure 4.2 DC power supply QW-MS3010D.
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The wave structure at the output of gate driver as well as power mosfet is shown in Figure 4.3 and
detailed output sine wave is shown in Figure 4.4.

Figure 4.3 Gate driver and power Mosfet output waveform.

Figure 4.4 Output wave structure of power amplifier.
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The above wave structure show that the system is working well. In Figure 4.3, a pulse repetition
frequency of 1kHz is achieved, and the frequency for each cycle is 500kHz. In figure 4.4, an ideal sine
wave is generated at the output of power mosfet. The system achieves an output power of 9.18W, with an
input power of 1.6W. The efficiency is about 57.4%. The input power includes the power consumption of
all the components in the system.
Although the entire system is working, there are still some problems left to be solved. This will be
discussed in the next chapter.
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Chapter 5

Conclusion and Future Work
In this work, a proposed PCB board for ultrasound modulation with off-the-shelf components is
designed. The circuit successfully generate 9W output power with 57% efficiency and achieve a pulse
repetition frequency of 1kHz. However, there are still some problems for this system left to be
implemented:
1. Low efficiency at the class E power amplifier. The final efficiency of the whole system is only
57%, and the maximum efficiency of class E power amplifier is around 65%, which does not reach
expectation. Low quality factor of inductors, mismatch at the resonant circuit, bad thermal performance,
limitation of power Mosfet can be possible reasons for this efficiency loss. In some research work [37][40] a 90% efficiency is achieved for class E power amplifier. The next step should be increasing the
efficiency of the whole system.
2. Failure at the output of micro-controller. During the testing, sometimes the output of microcontroller became unstable and even shut off. There are several possible reasons for this problem. A large
ringing is monitored at the power supply, which cause large ringing at the input of micro-controller.
What’s more, a ringing is monitored at the ground, which affects the PROG pin and causes a failure at the
output pin. Additionally, maybe some parts are not well soldered, since the input current changes a lot
when the failure appears. Finally, PCB layout design maybe a reason, the cross of the wires as well as
unsuitable size can cause problem.
3. Large size. The size of this board is 10cm × 5cm. Which is too large for a mouse headstage.
Larger value, higher quality factor and better thermal performance components usually costs more area
but offers higher efficiency. It is very important to find a trade off. This board is still designed for testing.
More footprints are put on the board to test the performance of different components. As long as the best
set up is found. A new PCB with smaller area can be designed to achieve the same function.
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For future work, the most important thing is to increase the efficiency of power amplifier. There are
several ways for implementing the whole system.
1. Find suitable inductors on the internet, which has higher quality factor, large saturation current,
small series resistance and better thermal performance.
2. Use variable capacitors to find the best setup for shunt capacitor and resonant capacitor.
3. Add filter capacitors and block inductors for decreasing the ringing at power supply.
4. Redesign PCB layout for better routing and placement.
It is hoped that this system can achieve an efficiency close to 90%. So the system can deliver more
power to the output with smaller supply voltage.
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