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Abstract 

The pressure at different organs is highly regulated in the human body, which is a key indicator 

of health in many chronic conditions. Monitoring these pressures remotely and precisely 

provides useful information for managing health and treating disease. To measure these 

pressures, less invasive and miniaturized implantable devices are required. Creating highly 

miniaturized pressure sensors would allow them to be deployed by minimally invasive methods 

such as an injectable pressure sensor. However, creating injectable sensors requires highly 

integrated pressure sensor signal conditioning circuits to be developed as current methods are 

larger than those that can be included in an injectable device. Miniaturization to this level is 

only possible through creating an ASIC which includes all functions to allow sensor readout, 

power reception and data transfer. This work investigated a low-power, injectable pressure 

sensor readout ASIC in a 180 nm CMOS process to support injectable capacitive pressure 

sensors. 

The ASIC was developed in a step-by-step process with three fabrication runs of XFAB XH018 

CMOS which allowed subcircuits to be tested throughout the development and to achieve the 

design of a pressure sensor readout ASIC. The first ASIC, a capacitance to frequency converter 

ASIC was designed, fabricated and tested which confirmed the function of 1.8V LDO, bandgap, 

oscillator and VCO circuits with a wirelessly powered PCB coil. Then, a second ASIC was 

designed to improve the accuracy of the first ASIC using a new switched-capacitor (SC) analog 

front end (AFE) and a SC single-slope ADC with an inductive wireless power supply and load 

shift keying (LSK) for a wireless data transfer, which was also fabricated and tested. It 

confirmed the function of the SC AFE (capacitance to voltage), I2C, 500 kHz RC oscillator, 

2.5V HV LDO and LSK circuits.  

The third ASIC corrected an issue identified in the second ASIC testing where logic errors lead 

to corruption of the digital data in the single-slope ADC. Finally, a complete system ASIC that 

met all requirements was designed and fabricated with the major addition being the 

incorporation of a 19-bit capacitance to digital converter utilizing a Δ∑ADC. The ASIC was 

evaluated for accuracy and power consumption in a custom-designed bench top rig which 

incorporated a pressure-controlled environment, a wireless power transfer system and a data 

receiver implemented in a Field Programmable Gate Array (FPGA). This confirmed the ASIC 

met the technical requirements of injectable pressure sensors.  



II 

 

In summary, three different types of pressure sensor readout ASIC were fabricated and tested. 

The final ASIC had a 265 µW power consumption at 1.8 V power supply and 575–900 mmHg 

absolute measuring range with a better than 1 mmHg accuracy. This ASIC is a key step towards 

the development of high precision wireless injectable pressure sensors for applications such as 

Intracranial Pressure (ICP), compartment and cardiovascular pressure monitoring.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



III 

 

Acknowledgments 

 

I wish to express my utmost appreciation to my supervisors, Dr Daniel McCormick, Dr Robert 

John Gallichan and Associate Professor David Budgett for providing me with this exciting 

research project and for their patient guidance, glowing advice and inspiring encouragement 

throughout my research and studies.  

 

I would also like to thank the University of Auckland Doctoral Scholarship and the chip 

fabrication opportunities that supervisors provided.  

 

Special thanks go to my previous supervisor Dr Rezaul Hasan who gave me an introduction to 

CMOS design during my Master's degree at Massey University.  

 

Lastly, I would like to appreciate my family for their constant motivation and unconditional 

support throughout my studies. 



List of Contents 

IV 

 

Table of Contents 

Abstract  ................................................................................................................................. I 

Acknowledgments ................................................................................................................. III 

Table of Contents .................................................................................................................. IV 

List of Tables ........................................................................................................................ VII 

List of Figures ..................................................................................................................... VIII 

List of Symbols and Abbreviations .................................................................................... XV 

Chapter 1  Introduction ........................................................................................................... 1 

1.1 The big picture: a network of injectable implantable devices. .................................... 1 

1.1.1 Pressure measuring approach ............................................................................... 3 

1.2 Challenges for Designing Pressure Sensing Implants ................................................. 3 

1.2.1 Invasiveness ......................................................................................................... 3 

1.2.2 Long-term monitoring. ......................................................................................... 4 

1.2.3 Packaging materials. ............................................................................................ 4 

1.3 Current Applications of Pressure Sensing Implants .................................................... 4 

1.3.1 Monitoring intracranial pressure (ICP). ............................................................... 5 

1.3.2 Monitoring intraocular pressure (IOP)................................................................. 5 

1.3.3 Monitoring cardiovascular pressure. .................................................................... 6 

1.3.4 Monitoring bladder pressure. ............................................................................... 7 

1.3.5 Monitoring intra-abdominal pressure (IAP). ....................................................... 8 

1.4 Thesis Objectives ........................................................................................................ 8 

1.5  Thesis Organization..................................................................................................... 8 

Chapter 2  Review of Capacitive Pressure Sensor Interface Methods .............................. 10 

2.1 Review of Interface Types ........................................................................................ 10 

2.2 ADC review............................................................................................................... 16 

2.3 BGR Circuits review ................................................................................................. 17 

2.4 SoC injectable pressure sensors review .................................................................... 23 

2.5 Conclusions ............................................................................................................... 24 

Chapter 3  Capacitance to Frequency Converter ................................................................ 25 

3.1 Converter operating principle.................................................................................... 25 

3.2 Porting of the design onto the ASIC ......................................................................... 26 

3.2.1 ASIC design software (Tools) ........................................................................... 26 

3.2.2 Choice of CMOS technology for the ASIC (180nm) ........................................ 29 

3.2.3 ASIC design conversion to hardware ................................................................ 30 



List of Contents 

V 

 

3.2.4 Tape out and testing ........................................................................................... 30 

3.3 Detailed Circuit Block Description ........................................................................... 32 

3.3.1 Low-dropout Regulator Design ......................................................................... 32 

3.3.2 Bandgap Reference Circuits Design .................................................................. 37 

3.3.3 Switched Capacitor Sampling Circuit Design ................................................... 38 

3.3.4 SC Subtraction Op-amp Design ......................................................................... 40 

3.3.5 Ring Oscillator Design ....................................................................................... 41 

3.4 Performance of the Capacitance to Frequency Converter ......................................... 42 

3.4.1 AFE (Capacitance to voltage) Simulation Results............................................. 42 

3.4.2 Capacitance to Frequency Simulation Results ................................................... 43 

3.4.3 Capacitance to Frequency ASIC Test Results ................................................... 48 

3.5 Conclusions ............................................................................................................... 52 

Chapter 4  Capacitance to Digital Converter  ...................................................................... 54 

4.1 Capacitance to Digital Conversion Principal ............................................................ 54 

4.2 Detailed Circuit Block Description ........................................................................... 55 

4.2.1 The Rectifier and Shorting Control Circuit ....................................................... 55 

4.2.2 2.5V HV LDO Circuit........................................................................................ 56 

4.2.3 Analog Front End (AFE) ................................................................................... 60 

4.2.4 Single Slope ADC .............................................................................................. 62 

4.2.5 BGR for Voltage Bias ........................................................................................ 64 

4.2.6 Power-on-Reset Circuit and 500kHz RC Oscillator .......................................... 66 

4.3. Performance of this ASIC ......................................................................................... 68 

4.3.1 Simulation Results ............................................................................................. 69 

4.3.2 Test Results ........................................................................................................ 71 

4.5 Updated version of capacitance to digital converter ................................................. 74 

4.6 Conclusions ............................................................................................................... 76 

Chapter 5  High Precision Capacitance to Digital Converter ............................................ 77 

5.1 Converter’s Principle................................................................................................. 77 

5.2 Detailed Circuit Block Description ........................................................................... 78 

5.2.1 The Rectifier and Shorting Control Circuit ....................................................... 78 

5.2.2 Analog front end (AFE) ..................................................................................... 79 

5.2.3 Δ∑ADC .............................................................................................................. 82 

5.3. Simulation results of this ASIC ................................................................................. 86 

5.4 FPGA system for testing the ASIC in Chapter 5 ...................................................... 89 

5.4.1 Customized I2C master for reading the ASIC and decoding the data ............... 90 

5.4.2 The 4-digit 7 segment display ............................................................................ 90 

5.4.3 UART-USB bridge ............................................................................................ 91 

5.4.4 Logging and decoding of the digital data into pressure values on a PC ............ 92 

5.4.5 Summary of performance and issues encountered ............................................. 93 

5.5. Test results of this ASIC ........................................................................................... 94 

5.5.1 ΔΣ test ................................................................................................................ 95 

5.5.2 Wireless power and wireless data test ............................................................... 98 

5.5.3 Wireless pressure sensor test ........................................................................... 101 

5.5.4 Injectable pressure sensor ................................................................................ 105 

5.6 Conclusions ............................................................................................................. 107 

Chapter 6  Conclusion and Future Work .......................................................................... 108 



List of Contents 

VI 

 

6.1 Conclusion ............................................................................................................... 108 

6.2 Contributions ........................................................................................................... 110 

6.2 Future Work ............................................................................................................ 111 

References ............................................................................................................................. 113 

Appendix A: Verilog Code .................................................................................................. 118 

Appendix B: Publications .................................................................................................... 138 

Appendix C: Capacitive pressure sensor data sheet ......................................................... 140 

 

 



List of Tables 

VII 

 

List of Tables 

Table 2. 1  Performance Comparison of the Capacitance to Time Converters ..................................... 12 

Table 2.2  Performance Comparison of the Capacitance to Frequency Converters ............................. 14 

Table 2.3  Performance Comparison of the Capacitance to Voltage Converters .................................. 14 

Table 2.4  Classification of ADC Architectures [82] ............................................................................ 16 

Table 3. 1  Performance of the Two-stage Op-amp for BGR_LDO ..................................................... 34 

Table 3. 2  Parameters of Each BGR Components ............................................................................... 36 

Table 3. 3  Performance Comparison of the AFE ................................................................................. 43 

Table 3. 4  Performance Comparison of the Interface Circuits ............................................................. 47 

Table 4. 1. Performance Comparison of the Interface Circuits ............................................................. 70 

Table 4. 2. Power Consumption of Each Block. ................................................................................... 70 

Table 5. 1 POWER CONSUMPTION OF EACH BLOCK ............................................................................... 88 

Table 6. 1 COMPARE PERFORMANCE OF CHIPS TO EACH OTHER ....................................................... 109 

Table 6. 2 Performance Comparison of the Interface Circuits ............................................................ 109 



List of Figures 

VIII 

 

List of Figures 

Fig. 1.1 Wireless power implantable pressure monitoring and stimulating system. ........................ 2 

Fig. 1.2 Illustration of the implantable intraocular pressure sensor inside the eye [33]. .................. 6 

Fig. 1.3 An experimental setup for wireless pressure sensing [33]. ................................................. 6 

Fig. 1.4 A radiograph of wireless pressure monitor implant with a stent [44]. ................................ 7 

Fig. 1.5 A wireless less-invasive implant for blood pressure monitoring [45]. ............................... 7 

Fig. 1.6 Wireless implantable bladder pressure monitoring [51]. .................................................... 7 

Fig. 2.1 Passive inductive pressure sensor [4]. ............................................................................... 10 

Fig. 2.2 Typical CDC architectures (a) capacitance-to-time converter followed by a time-to-digital 

converter, (b) capacitance-to-frequency followed by the frequency-to-digital converter, (c) delta-

sigma modulator followed by a decimation filter and (d). capacitance-to-voltage converter followed 

by an ADC ........................................................................................................................................... 11 

Fig. 2.3 LC oscillation method. (a) Green’s transducer. (b) The balanced LC oscillator transducer. 

 ........................................................................................................................................... 13 

Fig. 2.4 Simplified 1st stage of capacitance to a bitstream converter using delta-sigma method. . 14 

Fig. 2.5 Block diagram of the implantable pressure sensor [57]. ................................................... 16 

Fig. 2.6 Bandwidth Vs effect number of bits for listed ADCs from the literature [82]. ................ 17 

Fig. 2.7 PTAT and CTAT voltages (a) Forward voltage (VF) versus current for the quasi-diode 

bipolar transistor                                                                                 (b) The temperature dependence 

of VF Vs the transistor’s current. .......................................................................................................... 18 

Fig. 2.8 The low voltage reference with a simple structure. .......................................................... 18 

Fig. 2.9 Another fundamental BGR circuit. ................................................................................... 19 

Fig. 2.10 Low BGR circuit. .............................................................................................................. 20 

Fig. 2.11 Conventional bandgap circuit with curvature compensation by adding an INL current. .. 20 

Fig. 2.12 Conventional curvature-compensation BGR using the different temperature coefficients 

of resistors. ........................................................................................................................................... 21 

Fig. 2.13 BGR using subthreshold MOSFET proposed by Giustolisi.............................................. 22 

Fig. 2.14 PTAT current reference providing IB for the BGR circuits shown in Fig. 2.13. .............. 23 

Fig. 3.1 System architecture of the C-V converter showing the sense (Cx) capacitor. The grey big 

box indicates components included on the C-V converter. ................................................................... 25 

Fig. 3.2 Capacitive pressure sensor die from Protron (See Appendix C for more information) with 

which the AFE is designed to work. ..................................................................................................... 26 

Fig. 3.3 Linux tools for downloading shown in the Cadence website 

(https://downloads.cadence.com/ESDOldWeb/Welcome.eo). ............................................................. 27 



List of Figures 

IX 

 

Fig. 3.4 The IC design process flow and the tool used (a) for designing analog integrated circuits. 

(b) for designing digital/mixed signal integrated circuits ..................................................................... 29 

Fig. 3.5 Key features of the 180nm (XH018) technology from XFAB. ......................................... 30 

Fig. 3.6 The XFAB MINI@SIC service provided by EUROPRACTICE in 2022. (a) Technology 

fabrication options. (b) The pricelist. .................................................................................................... 31 

Fig. 3.7 Schematic of LDO. ........................................................................................................... 32 

Fig. 3.8 Schematic of op-amp1 used in LDO. ................................................................................ 32 

Fig. 3.9 Transient analysis simulation results of LDO with 2 kHz and 1 mA switching load. ...... 33 

Fig. 3.10 Schematic of BGR for LDO. R3 is added to reduce the current mismatch through M3 and 

M4. ........................................................................................................................................... 33 

Fig. 3.11 Op-amp2 used in BGR for LDO. ...................................................................................... 34 

Fig. 3.12 Post layout simulation of Vref in BGR Versus temperature with different supply voltage. . 

 ........................................................................................................................................... 36 

Fig. 3.13 BGR for voltage and current bias circuits. ........................................................................ 36 

Fig. 3.14 Switched-capacitor sampling circuit. ................................................................................ 38 

Fig. 3.15 Simplified SC sampling circuit using internal reference capacitor C1. (a) Sampling mode 

(H=vdd, S=gnd). (b) Amplification mode (H=gnd, S= vdd). ............................................................... 38 

Fig. 3.16 Post layout simulation of SC sampling circuit’s output with BGR bias. .......................... 39 

Fig. 3.17 SC Subtractor op-amplifier. .............................................................................................. 40 

Fig. 3.18 Post layout transient analysis of SC op-amp. .................................................................... 40 

Fig. 3.19 Ring oscillator. .................................................................................................................. 41 

Fig. 3.20 AFE Layout (170 μm×560 μm). ....................................................................................... 41 

Fig. 3.21 Post layout simulation of AFE output versus capacitance change from 6-7 pF with 

different vdd and temperature. .............................................................................................................. 42 

Fig. 3.22 Application circuit for the C-F converter showing the sense (Cx) and reference (Cr) 

capacitors. The black line indicates components included on the C-F converter ASIC. ...................... 43 

Fig. 3.23 Voltage-controlled oscillator. ............................................................................................ 44 

Fig. 3.24 Post layout transient analysis of VCO frequency value versus control voltage with vdd 

and temperature variation. .................................................................................................................... 44 

Fig. 3.25 Ring oscillator. .................................................................................................................. 45 

Fig. 3.26 C-F converter Layout (180μm×300μm). ........................................................................... 45 

Fig. 3.27 The frequency output of the C-F converter when Cx=6pF. .............................................. 45 

Fig. 3.28 Post layout simulation of F_count versus capacitance change from 6-7 pF with different 

vdd and temperature. ............................................................................................................................. 46 

Fig. 3.29 PCB testing boards for the fabricated CFC chip. Four different PCB boards were made. 

The top right one (IPT circuits on it) is the backside of the top middle one. Three PCBs have coils and 

one does not. The middle bottom one has two variable capacitors on i ................................................ 47 



List of Figures 

X 

 

Fig. 3.30 Measured regulated 2.5 V DC output received power from the PCB coil (15 × 15 mm2) 

with a 720 kHz transmitting frequency. ................................................................................................ 48 

Fig. 3.31 (a) Micrograph of the CFC fabricated in 180nm XFAB CMOS technology (1.5 × 1.5 

mm2 for the whole chip, 180 × 560 µm2 for CFC and LDO) in Apr. 2019. (b) Wire bonded CFC die. 

(c) Wire bonded CFC die on the PCB. (d) Wire bonded sensor on the PCB. (e) Completed PCB (16 × 

37 mm2). 48 

Fig. 3.32 (a) LDO test setup. (b) Measured PSRR of LDO with a 0.1 µF capacitor load. ............... 49 

Fig. 3.33 The whole device testing with pressure and temperature changing, and wireless power 

supply. 50 

Fig. 3.34 Measured frequency output from the CFC ASIC under the room temperature and 

standard atmospheric pressure. The CFC converted the pressure to the 2.13MHz signal on a 1.12kHz 

carrier. Pressure can be determined from the measured modulation frequency. .................................. 51 

Fig. 3.35 (a) Measured voltage output under room temperature and standard atmospheric pressure. 

(b) Measured voltage output when another probe is also measuring the Cx+ signal. ........................... 52 

Fig. 3.36 Modified CFC diagram. Seven unity-gain buffers are added. The ring oscillator is 

changed to a dependent RC oscillator as highlighted in red colour. ..................................................... 52 

Fig. 4.1 The system architecture of the capacitive pressure sensor interface showing the sense 

(Cx) capacitor........................................................................................................................................ 54 

Fig. 4.2 Capacitive pressure sensor die from Protron with which the interface is designed to work. 

 ........................................................................................................................................... 55 

Fig. 4.3 The rectifiers and shorting control circuit. The components shown with a dotted line are 

external. ........................................................................................................................................... 55 

Fig. 4.4 (a) A six-layer PCB (printed circuit board) for inductive power transfer testing with a full 

bridge rectifier and commercial low-dropout regulator (ADP7118AUJZ-2.5-R7). (b) Measured 

regulated 2.5 V DC output voltage from the PCB coil (15 × 15 mm2) with a 720 kHz transmit 

frequency. ........................................................................................................................................... 56 

Fig. 4.5 Schematic of the 2.5V high voltage (HV) low dropout (LDO). ....................................... 56 

Fig. 4.6 Schematic of op-amp1 used in the 2.5 V HV LDO. ......................................................... 57 

Fig. 4.7 Post layout transient analysis sweep of the 2.5 HV LDO with 2 kHz and 1 mA switching 

load. ........................................................................................................................................... 57 

Fig. 4.8 Schematic of bandgap reference (BGR) for HV LDO. R2 is added to reduce the current 

mismatch through M3 and M4. ............................................................................................................. 58 

Fig. 4.9 (a) Test PCB (49 mm × 24 mm) (the fabricated IC die (1.5 mm × 1.5 mm) was directly 

wire-bonded on it) (b) 2.5 V HV LDO and 1.8 V LDO test setup. (c) Measured regulated 1.8 V DC 

output (red) from a sine wave input (blue) with a 5 MHz frequency. (d) Measured PSRR of LDOs 

with a 2.2 µF filter capacitor. ................................................................................................................ 59 

Fig. 4.10 The analog front end (AFE). ............................................................................................. 60 



List of Figures 

XI 

 

Fig. 4.11 Post layout simulation of AFE over a −40 to 120 °C temperature range with 1.8 V supply, 

Cref = 5.5 pF and Av = 4. Results show that the Vout changes approximately 900 mV for a 6 to 7 pF 

capacitance range. Temperature dependence is low due to the use of the BGR bias source and SC 

sampling method. .................................................................................................................................. 61 

Fig. 4.12 Single slope ADC with I2C output. The analog to digital converter (ADC) uses a 

switched capacitor integrator and clocked comparator. The integrator voltage per step (clock Φ2) is 

1.3 mV. ........................................................................................................................................... 62 

Fig. 4.13 Rail-to-rail input clocked comparator used in the single-slope ADC. .............................. 63 

Fig. 4.14 (a) Post layout simulation of ADC together with AFE and I2C when the capacitive 

MEMS pressure sensor (Cx) = 6 pF. The C-V output voltage is 0.59 V and the ADC digital decimal 

output is 299. (b) Zoom of AFE output, Vi (Integrator output), and SDA_M from 20.73 to 20.81 ms in 

(a). The simulated RMS total current consumption is 180 uA. ............................................................ 64 

Fig. 4.15 BGR for providing bias voltages Vb1–Vb5. ..................................................................... 65 

Fig. 4.16 The post-layout simulation results of BGR with a temperature range of −40 to 125 °C and 

vdd range of 1.75–1.85 V. (a) The current flow of M2 (1.925 uA ± 81 nA). (b) Vb4 (0.85 V ± 3.6 

mV). ........................................................................................................................................... 65 

Fig. 4.17 2-T low power bandgap. The Total current is 127pA at 1.8V supply. .............................. 66 

Fig. 4.18 Simulation results of 2-T BGR. (a) temperature and supply dependence of the voltage 

reference and (b) total supply current under the same conditions......................................................... 66 

Fig. 4.19 Power-on-reset circuit for AFE and ADC. ........................................................................ 67 

Fig. 4.20 Post layout transient simulation results of the power-on-reset circuit. ............................. 67 

Fig. 4.21 500 kHz RC oscillator. ...................................................................................................... 68 

Fig. 4.22 The simulation results of the RC oscillator with a temperature range of −40 to 125 °C and 

vdd range of 1.75–1.85 V. (a) Frequency output. (b) Duty cycle. ........................................................ 68 

Fig. 4.23 The ASIC layout in 180 nm technology (xh018). The total chip size is 1.5 × 1.5 mm2. .. 69 

Fig. 4.24 Post layout simulation of C-D digital output. (a) Digital output versus temperature with 

Cx = 6, 6.5, and 7 pF. (b) Digital output versus capacitance change with temperatures of −20, 27, and 

80 °C. ........................................................................................................................................... 69 

Fig. 4.25 Micrograph of the fabricated chip (1.5×1.5 mm2) in 180nm technology (xh018). ........... 71 

Fig. 4.26 AFE with an IPT and a variable capacitor (Cx, JZ150, 3–15 pF) testing setup. ............... 71 

Fig. 4.27 Measured 9V rectified voltage (vdd3, top) and AFE output (Vout, bottom). ................... 72 

Fig. 4.28 AFE with an IPT and a MEMS capacitive pressure sensor (Cx, 6–7 pF) testing setup. ... 72 

Fig. 4.29 Measured AFE output versus pressure change with temperatures of 24, 52 and 80 °C. ... 73 

Fig. 4.30 Test results of single slope ADC connected with the AFE from an oscilloscope. (1) SDA 

(2) SCL (3) Integrating signal (4) Input of the ADC (output of the AFE). ........................................... 73 



List of Figures 

XII 

 

Fig. 4.31 Measured I2C output from the ASIC and wireless data received from a primary inductive 

power transfer coil using a Clevercope device. .................................................................................... 74 

Fig. 4.32 The system architecture of the updated version. Trim and temperature sensing circuits are 

added. ........................................................................................................................................... 74 

Fig. 4.33 The schematic of the trimming circuit. ............................................................................. 75 

Fig. 4.34 One-unit pfuse trimming circuit. There are 12 units in the trimming_3b block. The power 

consumption is only 2 µA. .................................................................................................................... 75 

Fig. 4.35 The I2C_trimm digital circuit layout (128 µm×142 µm). ................................................. 75 

Fig. 4.36 The ASIC layout in 180 nm technology (xh018). The total chip size is 1.5 × 1.5 mm2. .. 76 

Fig. 5.1 The system architecture of the capacitive pressure sensor interface showing the sense 

(Cx) capacitor........................................................................................................................................ 77 

Fig. 5.2 Capacitive pressure sensor die from Protron with which the interface is designed to work. 

 ........................................................................................................................................... 77 

Fig. 5.3 The rectifier and shorting control circuit. The components shown with a dotted line are 

off-chip. ........................................................................................................................................... 78 

Fig. 5.4 (a) A PCB for an IPT experiment with a full bridge rectifier and commercial low-dropout 

regulator (ADP7118AUJZ-2.5-R7). (b) Measured regulated 2.5 V DC output received power from the 

PCB coil (15 × 15 mm2) with a 720 kHz transmitting frequency. ........................................................ 78 

Fig. 5.5 The AFE. Cx and Cr are the sense capacitor and reference capacitor, respectively. Both 

capacitors are external components and can be connected through the bond pads Cx+, Cm and Cr+. 79 

Fig. 5.6 Post layout simulation of AFE with 1.8V supply and 0–15pF Cx. ................................... 79 

Fig. 5.7 The schematic of rail-to-rail buffer (op2) ......................................................................... 80 

Fig. 5.8 (a) The switch used in the AFE. (b) Switch on-resistance versus drive through voltage of 

the switch ........................................................................................................................................... 80 

Fig. 5.9 Two-stage Δ∑ modulator. .............................................................................................. 82 

Fig. 5.10 An ideal linear model of the two-stage Δ∑ modulator in Z domain. ............................. 82 

Fig. 5.11 A fully differential operational amplifier is used in the Δ∑ modulator. ......................... 83 

Fig. 5.12 The schematic of the clocked comparator in Δ∑ modulator. ......................................... 83 

Fig. 5.13 Power spectral density of ΔΣ modulator (post-layout simulation results) with -6 dBFS 

(Vin_amp=250 mV) and 210 Hz sinusoidal input. SNR=94 dB, ENOB=17.1 bits. It was calculated 

from the bit stream of the ΔΣ modulator output. .................................................................................. 84 

Fig. 5.14 Analog input versus duty cycle of modulator output (50% Duty cycle @Vin_p=0.6 V). 

The Vin_n is connected to 0.6 V bias voltage. ..................................................................................... 84 

Fig. 5.15 Simulated SNR VS input levels (-80, -60, -40, -20, -15, -10, -8, -6, -4, -2, 0 dBFs) at 

different temperature (-15, 27, 80 °C). .................................................................................................. 85 



List of Figures 

XIII 

 

Fig. 5.16 ΔΣADC (ΔΣ modulator plus decimation filter) output (converted from 18 bits digital 

output of ΔΣADC) Vs five different temperatures (-40, 0, 40, 80, 120 °C) and supply variation with 

very small input voltage change............................................................................................................ 85 

Fig. 5.17 The ASIC layout in 180 nm technology (xh018). The total chip size is 1.5 mm×1.5 mm 86 

Fig. 5.18 Transient analysis of C-D output. ..................................................................................... 87 

Fig. 5.19 C-D output (converted from the 19-bit digital output of ΔΣADC) Vs input capacitance 

change (a) from 1–15 pF with a 1 pF step increasing. (b) from 6–6.001 pF with a 0.1 f step increasing. 

 ........................................................................................................................................... 87 

Fig. 5.20 C-D analog value output (converted from the 19-bit digital output of ΔΣADC) Vs (a) 

temperature variation for capacitance measurement (Cx = 6 and 7 pF). (b) sensitivity of the 

temperature measurement circuit. ......................................................................................................... 87 

Fig. 5.21 Photograph of the fabricated die (1.5 mm×1.5 mm) from XFAB. .................................... 88 

Fig. 5.22  The Basys 3 Artix-7 FPGA Artix7 FPGA used in the experiment. A USB 2.0 Cable A 

Male to Micro B Male cable was used to connect the FPGA to a laptop for programming and 

powering. Highlighted part descriptions with the grey colour are the features used in the experiment. .. 

 ........................................................................................................................................... 89 

Fig. 5.23 Verilog simulation results for I2C master in Vivado. ....................................................... 90 

Fig. 5. 24 Verilog simulation results for the 4-digi 7 segment display and the I2C master in Vivado. 

 ........................................................................................................................................... 91 

Fig. 5.25 Verilog simulation results for the UART-USB bridge with a 460800 baud rate using the 

Vivado. (a) for transmitting the pressure data (data_Ct_save).  (b) for transmitting the temperature 

data (data_Vt_save). ............................................................................................................................. 92 

Fig. 5.26 Serial port settings for communication with the UART-USB bridge on MobaXterm. The 

speed was set to the baud rate of 460800. ............................................................................................. 92 

Fig. 5.27 Logging both data_Ct_save (pressure) and data_Vt_save (temperature) data on a 

computer. ........................................................................................................................................... 93 

Fig. 5.28 Testing the ASIC power consumption with an 1.8 V DC voltage supply. The ASIC die 

was wire boned on a test PCB board using 25µm gold wire. ............................................................... 94 

Fig. 5.29 Testing setup for the power spectral density of the delta-sigma modulator ...................... 94 

Fig. 5.30 Measured power spectral density of ΔΣ modulator with -6 dBFS (Vin_amp=250 mV) and 

1kHz sinusoidal input. .......................................................................................................................... 95 

Fig. 5.31 Reading DC input voltage using FPGA Artix 7 and PC. .................................................. 96 

Fig. 5.32 Plotting the recorded data versus input DC voltage. (a) Recording the detected voltage 

(calculated from digital number) by reading the 4-digit 7 segment display using FPGA. (b) Recording 

the detected raw digital number through a UART-USB bridge using FPGA and PC, r^2 = 0.99994. . 96 

Fig. 5.33 Histogram of the measured ∆ΣADC output data with a ten-hour ramp up (-0.2-1.2 V) DC 

input. ........................................................................................................................................... 97 



List of Figures 

XIV 

 

Fig. 5.34 (a) Differential nonlinearity (DNL) of the ΔΣ ADC. (b) Integral nonlinearity of the ΔΣ 

ADC ........................................................................................................................................... 97 

Fig. 5.35 Wireless power and data transfer with demodulating circuits. ......................................... 98 

Fig. 5.36 Wireless power and data transfer testing setup. ................................................................ 99 

Fig. 5.37 Measured signals from wireless powered PCB (AFE) and demodulator PCB (Received 

data and demodulated data). ................................................................................................................. 99 

Fig. 5.38 Final demodulator circuit. ............................................................................................... 100 

Fig. 5.39 Final demodulator testing with a customize designed demodulator PCB. ...................... 100 

Fig. 5.40 Measured signal using the cleverscope (a) Amplified signal A and filtered signal B.  (b) 

Amplified signal A and the final demodulator signal C. .................................................................... 100 

Fig. 5.41 The PCB board for testing the AFE and ΔΣADC with a variable capacitor as an input 

(Cx). ......................................................................................................................................... 101 

Fig. 5.42 (a) Testing the ASIC with a variable capacitor. (b) Measured waveforms using an 

oscilloscope that includes AFE and I2C output. ................................................................................. 101 

Fig. 5.43 Measured ΔΣ ADC output versus input capacitance change. ......................................... 101 

Fig. 5.44 The PCB board for testing the AFE with a MEMS capacitive pressure sensor as an input 

(Cx). ......................................................................................................................................... 102 

Fig. 5.45 Pressure testing setup. ..................................................................................................... 103 

Fig. 5.46 Measured pressure change using wireless power and data transfer. The measured data for 

both pressure rising and pressure falling has a good alignment. ......................................................... 103 

Fig. 5.47 Plot the calculated pressure using the measured digital number in Fig. 5.46 with the 

LINEST square function in excel. The calculated pressure for both measured pressure rising and 

pressure falling has a good alignment. ................................................................................................ 104 

Fig. 5.48 The measured pressure accuracy in Fig. 5.46. ................................................................ 104 

Fig. 5.49 The schematic of the injectable pressure sensor. ............................................................ 105 

Fig. 5.50 Wire bonding the ASIC and the capacitive pressure sensor onto a tiny PCB (3.7 mm×7.2 

mm) to build an injectable pressure sensor. ........................................................................................ 105 

Fig. 5.51 Final pressure sensor device (3.7 mm×7.2 mm) on a coin. ............................................. 106 

Fig. 5.52 A demonstration of an injectable pressure sensor (0.6 mm×10 mm). ............................. 107 

 

 



List of Symbols and Abbreviations 

XV 

 

List of Symbols and Abbreviations 

 

ADC Analog to Digital Converter 

ASIC Application-specific Integrated Circuit 

AFE Analog Front end 

BGR Bandgap reference 

BJTs Bipolar Transistors 

CAD Computer-Aided Design 

CMOS Complementary Metal Oxide Semiconductor 

CFC Capacitance to Frequency Converter 

CTAT Complementary To Absolute Temperature 

CSF Cerebrospinal Fluid 

CMRR Common Mode Rejection Ratio 

CVC Capacitance to voltage converter 

DRC Design Rule Check 

DAC Digital to Analog Converter 

EDA Electronic Design Automation 

FVC Frequency to Voltage Converter 

GB Gain Bandwidth 

ICs Integrated Circuits 

ICP Intracranial Pressure 

IOP Intraocular Pressure 

IAP Intra-abdominal Pressure 

Itol Total Current 

ICMR Input Common-Mode Range 

LVS Layout vs Schematic 

LPF Low-Pass Filter 



List of Symbols and Abbreviations 

XVI 

 

LSK Load shift keying 

LDO Low Drop Output regulator 

MOSFET Metal Oxide Semiconductor Field Effect Transistor 

mmHg                                         millimeters of mercury 

mmHgA                                      millimeters of mercury absolute 

MEMS Micro-Electro-Mechanical Systems 

NMOS N-Type Metal-Oxide-Semiconductor 

Op-amp Operational amplifier 

OCMR Output Common-Mode Range 

PMOS P-Type Metal-Oxide-Semiconductor 

PEX Practices Extraction 

PSD Power Spectral Density 

PLL Phase-Locked Loop  

PTAT Proportional to Absolute Temperature 

PSRR  Power-Supply Rejection Ratio 

PM Phase Margin 

RF Radio Frequency 

SC Switched-Capacitor 

SoC System-on-a-chip 

SR Slew Rate 

ST Setting Time 

SAR Successive Approximation 

TCs Temperature constants 

VLSI                                          Very-Large-Scale Integration 

VCO                                           Voltage Control Oscillator 

Vth Threshold Voltage 

ΔΣ Delta-sigma 



Chapter 1  Introduction 

1 

 

Chapter 1  Introduction 

 

This thesis is about the development of signal conditioning application-specific integrated 

circuits (ASICs) to enable injectable devices to be implanted in the body. This opens the 

possibility to make surgery less invasive, allow distributed measurement and stimulation sites, 

and enable multiple physiological parameters to be monitored in order to deliver therapy. Our 

Implantable Device Group (IDG) has developed a concept of a network of stimulators based 

on a central microcontroller and three key ASICs to deliver a flexible, miniature implant 

network. The first two ASICs are the wireless power/communications ASIC and the 20-channel 

optical and electrical stimulator ASIC. This thesis is about the last component: the universal 

biosignal acquisition ASIC. This is designed to allow the measurement of signals typically 

encountered in the body, including bioelectric, pressure (or strain) and temperature.  

1.1 The big picture: a network of injectable implantable devices. 

 

The human body is a highly integrated biological system, and often diseases are not isolated to 

a single location. For an active implantable device, it is reasonable to assume that 

measurements and stimulation (or actuation) may also be more effective when distributed. 

Stimulators have been used in cochlear implants, pacemakers and deep-brain stimulation to 

name a few instances. These applications either stimulate with fixed parameters that are 

adjusted by clinicians or use closed-loop stimulation where parameters are usually predefined 

and static or at best measured close to where stimulation is occurring. Having the ability to 

monitor physiological signals remotely from the stimulation site could lead to improved 

treatment via electrical or optical stimulation. For example, monitoring arm tremors in 

Parkinson’s disease helps the adjusting stimulation parameters in the brain. This form of 

closed-loop stimulation presents a range of challenges. All implantable devices face challenges 

related to implant size, packaging materials, power requirements, power supplies, data transfer, 

and accuracy of sensing and stimulation over their lifetime. However, closed-loop stimulation 

requires not only data transfer from an external reader to a stimulator implant but also from a 

sensor implant to the external reader.   

 



Chapter 1  Introduction 

2 

 

 

Fig. 1.1 Wireless power implantable pressure monitoring and stimulating system.  

An illustrative application for networked implantable devices is shown in Fig. 1.1. There are 

two implants, one is dedicated to measuring blood pressure near the heart, the second to 

providing neural modulation in the brain. These implants need power (assumed to be delivered 

from outside the body and using radio frequency (RF) electromagnetic fields), and a 

communication system to eliminate the unpractical approach of running physical wires within 

the body. An implant may measure a variety of signals such as pressure, bioimpedance, heart 

rate, etc., with a sensor array. Generally, the analog sensor signal will become an analog voltage 

signal. Getting this analog signal digitized as soon as possible is a good approach to reducing 

the number of sources of noise. In this example, the analog signal is converted to a digital signal 

using a custom-designed delta-sigma analog to digital converter (ADC) ASIC, which is then 

transmitted outside of the human body using an external coil. This signal is received, processed 

and then transmitted to the implant in the brain by the external transceiver. The implant in the 

brain works as a stimulator that can stimulate nerves and neurons. The injectable pressure 

implants, the stimulator implants, the external RF power transmitter and the external 

transceiver could form a network to monitor, stimulate and treat some diseases. 

The aim of this thesis is to design an injectable wireless implantable device for intracranial 

pressure (ICP) and cardiovascular pressure monitoring as highlighted in Fig. 1.1. 
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1.1.1 Pressure measuring approach 

Measuring these signals requires a range of sensors and circuits to convert the physiological 

signals into electrical signals, condition the signals, compensate for temperature and convert 

them to digital signals.    

Piezoresistive or capacitive pressure sensors are typically used to detect pressure changes by 

measuring the change of electrical resistance or deflection of a flexible diaphragm. Capacitive 

pressure sensors are often cited with the advantage of higher pressure sensitivity [1], lower 

temperature drift and lower power consumption than piezoresistive sensors [1][3], making 

them a good choice for implantable medical applications. They are also popular for implantable 

devices as they can be made using hermetic packaging processes [4]. For medical, they can 

also be incorporated into devices made of biocompatible and hermetic sealable materials (glass, 

ceramic, metal), particularly in very small devices.   

In this project, a capacitive pressure sensor will be used. A capacitive pressure sensor could 

potentially be interfaced directly to a sigma-delta modulator with an analog front end (AFE). 

Temperature measurement can be easily implemented with a bipolar junction transistor which 

can be integrated into micro-integrated circuits.  

1.2 Challenges for Designing Pressure Sensing Implants 

 

1.2.1 Invasiveness 

Large implants exemplified by deep brain stimulation (DBS) and pacemaker devices are not 

desirable as their size makes implantation challenging and creates side effects. For instance, 

the DBS is too large to be deployed on the head or in the brain. Also, leads are needed to 

connect the device to the stimulation site in the subthalamic nucleus (STN), which could fail 

or prevent the use of magnetic resonance imaging (MRI) scans due to the radiofrequency (RF) 

heating surrounding the leads in tissue [5]. Additionally, the size of the device could cause 

pressure sores and pocket infections. 

Larger implants such as pacemakers can address a range of medical conditions where their size 

can be accommodated. However, miniaturizing implantable devices such as ICP, intraocular 

pressure (IOP) and blood pressure monitoring are still needed, especially when we consider 

multiple implants at different locations such as a sensor and separate stimulator.  
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To miniaturize an implantable device, we must consider the sensor, electronics and power 

source. The sensor can be miniaturized through the use of a micro-electromechanical system 

(MEMS) pressure sensor. Using ASICs allows many of the discreet components to be 

combined onto one chip decreasing the component count and PCB area. The power supply is 

challenging to miniaturize. Batteries require a lot of space. Smaller batteries can be used at the 

expense of the device's lifetime. An alternative to batteries is wireless power transfer. This 

removes the need for batteries but there are limits on how small the coil can be made while still 

receiving sufficient power.  

1.2.2 Long-term monitoring. 

Long-term monitoring requires long-lasting power sources and low sensor drift or the ability 

to recalibrate drift. The first problem can be solved by using inductive power transfer. Sensor 

drift can be characterized into sensitivity drift and offset drift. Both are affected and slowly 

change with the environment, mechanical fatigue and mechanical aging [6], which is not easily 

solved, but can be minimised through sensor design and material choice.   

Assuming that an implantable device is made from a material that does not have mechanical 

stiffness changes and mechanical fatigue, the drift only comes from an implanted environment 

such as dynamic fluid, temperature change and tissue encapsulation. There is also a possibility 

of electronic system drift, such as aging.  

1.2.3 Packaging materials. 

In considering biocompatibility, several points must be considered when choosing packaging 

materials [1][7][8]: (a) acceptable implantable material such as low cytotoxicity, (b) hermetic 

encapsulation to protect the implant device, (c) causing minimal foreign body response over a 

long timeframe [9], (d) ability to withstand chemical sterilization processes or autoclave 

sterilization heat [10][11].  

Moreover, many useful designs can be considered, such as using flat corners [12], 

encapsulating devices in a drug-based coating [13][14] and choosing a durable membrane 

material for the capacitive pressure sensor [15][16]. 

 

 

1.3 Current Applications of Pressure Sensing Implants 
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In this section, we review current applications and approaches for implant design to understand 

the state of the art. 

1.3.1 Monitoring intracranial pressure (ICP).  

ICP is the pressure between the brain tissue inside the skull and the cerebrospinal fluid (CSF). 

The normal pressure for a supine healthy adult is about 7–15 mmHg [17]. Everyone’s body has 

various mechanisms, such as absorption and production of CSF, to keep the ICP stable within 

a certain range. The upper limit of normal ICP pressure is 20 – 25 mmHg for head-injured 

adults, and 15 mmHg for hydrocephalus [17]. Once exceeding the limit, treatment is needed. 

Hydrocephalus is one of the most common pediatric neurological disorders with the congenital 

condition occurring in 3 out of 1000 live births [18][19]. The condition occurs when the 

production of cerebral spinal fluid (CSF) does not match the rate of removal causing an increase 

in ICP. Prior to the invention of ventricular shunts, hydrocephalus was a uniformly fatal 

condition. These shunts divert CSF from the ventricle to another site (peritoneum, atrium, 

pleura) where the excess can be absorbed. These devices have helped millions survive 

hydrocephalus since their invention in the late 1950s [20]; however, they have a significant 

complication rate and 50% will fail and require surgical revision within two years of insertion 

[21][22]. Detection of shunt failure requires medical imaging and places a large burden on the 

health care system [23]. A wireless implantable pressure sensor that could detect shunt 

blockage would reduce healthcare costs and dramatically improve the quality of life for patients 

with hydrocephalus.  

1.3.2 Monitoring intraocular pressure (IOP).  

Millions of people are suffering from glaucoma which could lead to irreversible optical nerve 

damage and visual field loss [24]–[27]. Glaucoma is a kind of eye disease caused by the 

increase of intraocular pressure (IOP). IOP is the pressure between the ocular fluid called 

“aqueous humour” and its container (the anterior chamber of the eye) [28]. The normal IOP 

range is about 10–21 mmHg [29][30]. Most glaucoma IOP is greater than the normal range due 

to the lower speed of aqueous outflow than the inflow caused by the increased resistance of the 

fluid flow in the drainage pathway [28]. Glaucoma has a connection with loss of vision and 

leads to blindness without treatment [28]. However, early glaucoma is typically asymptomatic 

and is hard to detect without a pressure measurement, which leads to the delay of early 

treatment, such as reducing the IOP with eye drops. Moreover, the IOP of patients who have 

had surgery is measured by an ophthalmologist at intervals longer than several months [31]. 
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Therefore, a wireless pressure measuring implant for continuous IOP monitoring in the case of 

glaucoma patients [32] as shown in Fig. 1.2 and Fig. 1.3 could improve patient treatment.  

 

Fig. 1.2 Illustration of the implantable intraocular pressure sensor inside the eye [33]. 

 

Fig. 1.3 An experimental setup for wireless pressure sensing [33]. 

1.3.3 Monitoring cardiovascular pressure. 

Over 5 million people in the US and about 15 million all over the world experience heart failure 

[34]–[36]. It is a condition where the heart cannot pump enough blood to the body [37]. It has 

a 30%–40% death rate within the first year after diagnosing and almost a twofold percentage 

over the next five years [38]–[40]. Monitoring blood pressure helps doctors prescribe 

modifications for heart failure. One of the most popular devices for blood pressure 

measurement is a cuff sphygmomanometer owing to its low risk and simple operation 

compared to invasive methods [41]. Both the inflating and deflating processes of the 

sphygmomanometer will make some noise and may make patients feel discomfort with 

continuous blood pressure measurements [42]. Intra-arterial blood pressure measurement is 

considered the most accurate way in the existing methods [43]. However, this method is limited 

to use in clinics with professionals and has a risk of hemorrhage and inflammation because it 

inserts an intravascular cannula needle that carries an electronic pressure transducer to measure 

blood pressure. Therefore, it is desirable to explore a tiny wireless implantable pressure 

transducer with the advantages of continuous monitoring over a long period. Two examples 

are demonstrated in Fig. 1.4 and Fig. 1.5. 
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Fig. 1.4 A radiograph of wireless pressure monitor implant with a stent [44]. 

 

Fig. 1.5 A wireless less-invasive implant for blood pressure monitoring [45]. 

1.3.4 Monitoring bladder pressure. 

Incontinence is a normal medical problem and is caused by various reasons such as aging and 

spinal injury. Catheter insertion-based diagnoses and monitoring techniques are still commonly 

used in clinics. However, they are inconvenient (can only be done by a professional stall in a 

hospital), painful, unreliable and induces complications by catheters and wires [46]–[48]. 

Therefore, treatment could be improved by a wireless implant for measuring bladder pressure, 

which could be inserted into a bladder mucosa layer through a cystoscope for long-term, 

continuous monitoring [49][50]. The application for monitoring bladder pressure is depicted in 

Fig. 1.6.          

 

Fig. 1.6 Wireless implantable bladder pressure monitoring [51]. 
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1.3.5 Monitoring intra-abdominal pressure (IAP). 

Multifactorial reasons cause abnormal pressure in the abdomen, such as sleep apnea, edema 

and pneumothorax. Long-term IAP monitoring can provide valuable information for treatment 

[52]–[55].  Current IAP monitoring by measuring stomach distension or strain sensors attached 

to the trachea above the sternal notch [56] is not precise measuring in location, lacks accuracy 

and is limited to use in clinics. It is desired to design a wireless implantable IAP sensor that 

can work in the thoracic cavity during breathing.   

1.4 Thesis Objectives 

The overall aim of this thesis is to develop a signal conditioning ASIC that enables the creation 

of highly miniaturized wireless injectable pressure sensors. Meeting this miniaturization aspect 

requires all systems to be integrated onto the same ASIC, excluding the pressure sensor and 

wireless power pickup. That is, the ASIC must incorporate the analog signal conditioning, data 

converter, wireless power receiver, data transfer and all ancillary circuits.   

The objectives therefore are: 

1) To develop an analog front end to interface a capacitive pressure sensor. This includes 

implementing temperature measurement to support sensor calibration. 

2) To compare different ADC types in the context of injectable pressure sensors including 

factors such as accuracy, power consumption and sample rate.  

3) To develop an ADC suitable for long-term pressure and temperature acquisition with 

state-of-the-art power consumption and with appropriate precision for typical 

physiological pressures. 

4) To develop an onboard power receiver circuitry to rectify and regulate wireless power. 

5) To develop a wireless data transfer system compatible with wireless power transfer.  

6) To combine the ADC and analog front end with wireless power and wireless data 

transfer in one chip (SoC) and fabricate in CMOS. 

7) To evaluate the performance of the SoC in a bench top setting for accuracy and power 

consumption.  

8) To create a proof-of-concept implant combining the SoC with a pressure sensor and 

wirelessly communicating with it. 

1.5  Thesis Organization  

The thesis is arranged sequentially with subsystems designed, fabricated and tested in three 

separate ASICs. This approach allowed the final complex ASIC to be developed in a way where 
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sub-systems could be fabricated and tested throughout the project to manage risk. This leads to 

a series of papers describing the design of each ASIC.  Chapter 2 reviews the literature related 

to different approaches to design BGR, AFE and ADCs. In Chapter 3, LDO and BGR, 

capacitance to voltage and voltage to frequency circuit designs are presented. An ASIC was 

fabricated and tested to evaluate these designs. Chapter 4 describes a capacitance to digital 

converter design based on capacitance to voltage and then voltage to digital number principle 

which includes improved versions of the previous LDO, BGR, AFE and a new SC single-slope 

ADC designs. Another ASIC was fabricated and tested to quantify their performance. This is 

followed by Chapter 5 where the most complex component – a delta-sigma ADC – was 

designed, fabricated and tested. The ASIC also incorporated temperature measurement, 

wireless power and wireless data functions. The ASIC was built into a proof-of-concept 

implant and pressure wirelessly measured on the bench top. Finally, Chapter 6 summarizes 

results from the research, the issues and challenges emerging from this research, and suggests 

possible directions for future work. Chapters 3–5 are derived from papers and there are some 

repeated images among these chapters.  
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Chapter 2  Review of Capacitive Pressure Sensor Interface 

Methods 

This chapter outlines the common methods used for capacitive pressure sensor readout circuits 

including analog front ends (AFE) which convert capacitance to voltage, analog-to-digital 

converters (ADC) which convert analog voltages to digital signals, and band-gap voltage 

references (BGR) which provide stable, temperature-insensitive reference voltages for 

capacitance to digital readout circuits. 

2.1 Review of Interface Types 

 

For a fully implantable device without batteries, a sensor, sensor interface circuitry, wireless 

data telemetry and wireless power are typically needed.  To interface with a capacitive pressure 

sensor, the combination of analog front-end (AFE) (commonly a capacitance to voltage 

converter) and analog to digital converter (ADC) topology is typically utilized. For the AFE, 

there is a variety of choices, such as capacitance to frequency [33], capacitance to time [44] 

and switched-capacitor (SC) sampling [45][57]–[60].  Given the high resolution, but relatively 

low sampling rates required for physiological pressure measurement,  dual-slope [61], 

successive-approximation  [57][62]–[64] and delta-sigma [65]–[68] ADCs are typically used. 

There are also some interface methods such as oscillation frequency shown in Fig. 2.1 [4] that 

do not need an ADC. This method offers low complexity at the expense of poor sensitivity, 

frequency instability and susceptibility to stray capacitance [69].  

 

Fig. 2.1 Passive inductive pressure sensor [4]. 

Considering wireless powering and data links, the vast majority of devices utilize RF or 

inductive methods such as in [44] [45]. Recently, ultrasonic links have been proposed for both 

power recovery and data transmission. However, ultrasonic links are highly directional and 

alignment of the transmitter and receiver is challenging  [57].          
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Although a number of studies have independently investigated AFEs, different capacitance to 

digital converters and wireless powering and data transfer methods, few studies focus on 

developing a fully functional system-on-chip (SoC) for high resolution and low power 

capacitive pressure sensing with wireless power and data transfer. Even fewer have recent 

designs targeting injectable devices. Developing an accurate, low-power and miniaturized 

capacitance readout circuit for wireless pressure monitoring is a key focus of this research. The 

SoC developed in this work is small enough that it could improve the deliverability and expand 

the applications of implantable pressure sensors of the implantable devices. 

In detail, the resolution of the readout circuit needs to be smaller than 1mmHg to monitor 

physiological pressures over the range of atmospheric pressures. For instance, ICP 

measurement arguably requires better resolution than blood pressure as ICP has a small mean 

and waveform magnitudes. The ICP dynamics [70][71] can predict fluid build-up via features 

such as slow waves which can be smaller than 1 mmHg in magnitude. Pulmonary pressure 

monitoring has similar requirements to ICP and could require an accuracy of 1mmHg or less 

[72]. 

 

                                (a)                                                                                           (b) 

 

                                       (c)                                                                                           (d) 

Fig. 2.2 Typical CDC architectures (a) capacitance-to-time converter followed by a time-to-digital converter, (b) capacitance-to-

frequency followed by the frequency-to-digital converter, (c) delta-sigma modulator followed by a decimation filter and (d). capacitance-to-

voltage converter followed by an ADC 

Fig. 2.2 shows the most common architectures used for capacitance to digital conversion. 

Capacitance readout approaches can be broadly grouped into the followed categories.  

(1)  Capacitance-to-time measurement 

Capacitance to time methods commonly utilise the charge time of the capacitor from a current 

source or RC time constant to generate a time-based output such as a pulse width modulated 
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signal [73][74][75][44]. A trade-off exists between sampling rate and resolution in capacitance 

to time converters, and a long sampling time would be required to get a very high resolution. 

Table 2. 1 presents the measurement range, accuracy and power requirements for recent 

capacitance to time designs. Chow et al. [44] describe an implantable pressure sensor with both 

wireless power and wireless data transfer. It was designed in 130nm CMOS technology and 

utilized two identical current sources to charge the capacitive pressure sensor and reference 

capacitor separately. Then both charged capacitors’ voltages are compared to each other, which 

generates a pulse output that is proportional to the pressure sensor’s capacitance. The operating 

temperature range was not provided by the author. Dean and Rane  [74] also used a capacitance 

to time AFE but with a narrow high-state pulse as an input to reduce the nonlinearity of the 

capacitance reading. Both [74] and [75] implemented the capacitance to time AFEs on a PCB 

rather than an ASIC, and therefore the ASIC technology and area are marked NA. Some values 

such as temperature range and accuracy are marked NA as they were not given in these papers. 

Lee et al.[76] presents a capacitance to time converter in 0.35 µm technology, which is similar 

to a single slope ADC. Several properties, such as temperature, resolution, etc., are also marked 

NA as they were not included by the authors. 

Table 2. 1  Performance Comparison of the Capacitance to Time Converters 

C2T reported [44] [74] [75] [76] 

Technology (µm) 0.13 NA NA 0.35 

Supply (V) 2.2 5 3.3 3 

Temperature (˚C) NA NA 18–70 NA 

Capacitance range (pF) 5.23–5.56 0.7 p–20 p 33–4700 10–30 

Resolution (fF) 3.32 246mV/pF NA NA 

Accuracy 3.25% NA 2% NA 

Output frequency (kHz) 0.2  175 NA  NA 

Power (µW) 3.2 W NA NA NA 

Area (mm2) 0.49 NA NA NA 

 

(2) Capacitance to frequency converters 

 

(a) 

Oscillator FVC
f + fo ∆

Cx CsL V0
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(b) 

Fig. 2.3 LC oscillation method. (a) Green’s transducer. (b) The balanced LC oscillator transducer. 

The oscillation frequency methods, including RC and LC oscillation methods, are perhaps the 

most popular and are used to act as the capacitance transducer in many general-purpose 

applications [77] such as in the simple wireless capacitive pressure sensor [4]. A simple LC 

oscillation method is shown in Fig. 2.3(a).  The oscillation frequency change can be calculated 

as  

  
( )2

o
x

x s

f
f C

C C
 = 

+
 

(1.1) 

where fo is the standing oscillator frequency, and Cs is the total stray capacitance in parallel 

with Cx. The drawback of this method is that its baseline is affected by the stray capacitator’s 

drift. A method used to minimize the influence of stray capacitance is shown in Fig. 2.3(b) 

where a reference oscillation and low pass filter (LPF) are added. The baseline in equation (1.1) 

is reduced by a reference oscillator through a mixer and then a frequency to voltage converter 

(FVC) or digital counter can be used to measure the low-frequency signal. LC oscillation 

methods offer low complexity while suffering the disadvantages of poor sensitivity, frequency 

instability and poor stray capacitance immunity [77]. A performance comparison for 

capacitance to frequency methods is shown in Table 2.2. Both [78] and [79] were implemented 

in 0.35 µm technology and a 3.2 V power supply. They have a similar theory of operation to 

the single-slope ADC. The difference is that these capacitance to frequency converters have an 

output which is a pulse width modulated rather than a multi bits digital signal. Akar et al. [4] 

presented a simple LC capacitance to frequency converter. Several properties, such as 

temperature, resolution, etc., are marked NA as they were not provided by the authors. 
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Table 2.2  Performance Comparison of the Capacitance to Frequency Converters 

C2F reported [4] [78] [79]  

Technology (µm) NA 0.35 0.35 

Supply (V) NA 3.2 3.2 

Temperature (˚C) NA NA NA 

Capacitance 

(pF) 
2–2.35 1.5–2.5 4–24 

Sensitivity 

(mV/fF) 
NA NA NA 

Accuracy NA 0.26% 10.28% 

Output frequency 

(kHz) 

95–103 

MHz 
0–1 MHz 0.5–500 

Power (µW) NA NA 6400 

Area (mm2) NA 0.056 1.015 

 

(3) Capacitance to a bitstream converter. 

A capacitive pressure sensor can potentially be interfaced directly to a sigma-delta modulator 

without the need for an AFE [80]. The input voltage of the sigma-delta modulator can be fixed 

and then the sampling capacitor of the modulator can be replaced by the capacitive pressure 

sensor as shown in Fig. 2.4.  

 

Fig. 2.4 Simplified 1st stage of capacitance to a bitstream converter using delta-sigma method. 

(4)  Capacitance to voltage converters 

Table 2.3  Performance Comparison of the Capacitance to Voltage Converters 

Pressure sensor 

reported 
[45] [57] [81] [79] 

Technology (µm) 1.5 0.18 0.13 0.35 

Supply (V) 2 NA 2.4 3.2 

Temperature (˚C) NA NA NA NA 

Vref+
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Vrefp
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Capacitance 

(pF) 
2–2.2 10–12 0.1–1.64 4–24 

Sensitivity 

(mV/fF) 
10 NA NA NA 

Accuracy NA NA NA 10.28% 

Output frequency 

(kHz) 
1 1 NA 0.5-500  

Power (µW) 24 800 mW 0.939 6.4 mW 

Area (mm2) NA 1.77 NA 1.015 

 

Capacitance to voltage converter (CVC) circuits convert capacitance directly to an analog 

voltage output that can be converted to a digital output by an ADC. Switched capacitor (SC) 

circuits have become one of the most popular CVC converter types, which use switches to 

transfer the charge from a sampling capacitor to an output voltage in two phases. A bandgap-

voltage-reference can be very accurate and stable, which can be utilized to charge the sense 

capacitor to a constant voltage in the first phase. In the second phase, switches connect the 

sense capacitor to an op-amp output through a reference capacitor. The charge stored on the 

sense capacitor is converted to a voltage based on the ratio between the sense and reference 

capacitor. Because SC circuits measure the steady-state charge on the sense capacitor, 

impedance changes between the sense capacitor and readout circuit that would change the 

resonant frequency or RC time constant do not affect the SC output voltage. Furthermore, as 

the output voltage of an SC circuit is independent of any time constant or pulse width, there is 

less trade-off between sampling rate and accuracy. Table 2.3 summarises a range of recent SC 

and other C2V circuits. Both [45] and [57] describe pressure sensor implants with a capacitance 

to differential voltage converter. Both have a wireless power supply and wireless data transfer 

function. Both [79] and [81] utilized a capacitance to a single-ended voltage output converter 

for the capacitance measurement. Unfortunately, some information was not provided by the 

authors, such as the temperature, the accuracy of the converter, etc. 

 

An example of a whole wireless pressure readout system using a SC sampling circuit is 

depicted in Fig. 2.5, where the AFE samples the resistive pressure changes and the sampled 

signal is converted into a digital signal by SAR ADC.  
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Fig. 2.5 Block diagram of the implantable pressure sensor [57]. 

2.2 ADC review 

The analog front ends presented in the previous section convert a capacitance to an analog 

signal in time, frequency or voltage. The capacitance to voltage method requires an ADC to 

convert the analog voltage into a digital signal before it can be transmitted wirelessly outside 

the body. A range of ADC architectures is investigated below. 

Table 2.4  Classification of ADC Architectures [82] 

Conversion Rate Nyquist ADCs Oversampled ADCs 

Slow Integrating (serial) Very high resolution > 14 bits 

Medium Algorithmic  

1-bit Pipeline 

Successive approximation (SAR) 

Moderate resolution > 10 bits 

Fast Flash 

Folding and interpolating 

Multiple-bit pipeline 

Low resolution > 6 bits 

The input of an ADC is normally an analog voltage from 0 to Vref, and its output is a digital 

code (“1” or “0”). The classification of different types of ADCs is shown in Table 2.4 cited 

from [82]. There are two common classifications of ADCs: Nyquist rate and oversampled. 

Nyquist rate ADCs conversion rates are equal to the Nyquist rate. They can be very fast, while 

their resolution is limited to 10–12 bits due to circuit non-idealities and component matching 

[82]. Oversampled ADCs, including delta-sigma ADCs, have comparatively slow conversion 

rates, but achieve higher resolution (> 14 bits) which is required in the monitoring of many 

biosignals such as pressure where the pressure range is possibly large due to atmospheric 

variation but the actual physiological pressure required to be measured is very small.   
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Fig. 2.6 Bandwidth Vs effect number of bits for listed ADCs from the literature [82]. 

Fig. 2.6 illustrates the input frequency versus effect number of bits (ENOB) of cutting-edge 

ADCs. As we can see, a wide ENOB region is dominated by ∆∑ADCs, compared with SAR 

ADCs. ENOB of ∆∑ADCs ranges from low frequencies of tens or hundreds of Hz with high 

resolution about 22 bits, to medium-high frequency about hundreds of MHz with medium–high 

resolution about 12 bits. SAR ADCs have the largest frequency band (Bw), ranging from 

hundreds of megahertz with medium-resolution of about 10–11 bits to dozens of gigahertz with 

low-resolution of about 5–6 bits. The limiting factors for both cutting-edge bandwidth (Bw) and 

ENOB are clock jitter for high-speed applications and thermal noise for low-frequency and 

high-resolution applications, [82]. Therefore, ∆∑ADCs is a good option for monitoring tiny 

biosignal changes with high resolution, low frequency and low power consumption.  

 

2.3 BGR Circuits review 

A precise voltage reference is necessary for both analog and digital circuits, such as ADCs, 

DACs, operational amplifiers, PLL and oscillators. Bandgap voltage references (BGR) are the 

primary method of creating a stable, temperature-independent voltage on a CMOS integrated 

circuit.  

Temperature independence cannot be obtained directly by semiconductor technology. It is 

achieved through the combination of two opposite temperature coefficients (TCs). In 1964, the 
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theory of temperature independence was first published by D. Hilbiber in [83]. This creative 

idea provides a proportional-to-absolute-temperature (PTAT) current and complementary to 

absolute temperature (CTAT) voltage as shown in Fig. 2.7. 

 

         

                                        (a)                                                                         (b) 

Fig. 2.7 PTAT and CTAT voltages (a) Forward voltage (VF) versus current for the quasi-diode bipolar transistor                                                                                 

(b) The temperature dependence of VF Vs the transistor’s current. 

 

                     

Fig. 2.8 The low voltage reference with a simple structure. 

By combining a PTAT source and a CTAT source, a great number of bandgap reference circuits 

(BGR) were created. For example, R. Widlar proposed the first bandgap circuit temperature-

compensated voltage reference in 1971 in [84]. Its core circuit is shown in Fig. 2.8. The voltage 

reference voltage can be expressed as: 
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 2
ln

3
BE T

R
V V n

R
= +

 
(2. 2) 

Where VBE has a negative TCs about -1.5 mV/K when VBE=VT ln(Ic/Is) ≈750 mV and T=27 °C 

as shown in Fig. 2.7 (b). ΔVBE has a positive TCs equal to +0.087mV/K as shown in1.5/ Fig. 

2.7 (a). In order to get a zero TC VREF:  

 1
0 1.5 0.086 ln

2

R
n

R
= − + 

 
(2. 3) 

By choosing the R1/R2 and n properly to make: 

 ln 1/ 2 17.2n R R   (2. 4) 

the temperature-independent voltage can be obtained. Thus, the minimum reference voltage: 

 Vref ≈ 750 𝑚𝑉 + 17.2 ∗ 26 𝑚𝑉 ≈ 1.2 𝑉 (2. 5) 

To produce this voltage, the power supply is thus greater than 1.2 V. The BGR shown in Fig. 

2.8, its minimum supply voltage, output voltage and temperature drift are 9 V, 5 V and 0.02 

percent/ °C, respectively. In this case, we assume β2 is very high so that the base current can 

be neglected. Thus, this current variation due to temperature and processing effects increases 

the error and drift of the reference voltage. 

Another fundamental BGR circuit was proposed by A.P. Brokaw in 1974 as shown in Fig. 

2.8 [85]. It only needs two three-terminal transistors and one single control loop. 

This output voltage is:  

 
1 1,2

2 1

2
REF BE BE

R
V V V

R
= + 

 
  (2. 6) 

 

Fig. 2.9 Another fundamental BGR circuit. 
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Fig. 2.10 Low BGR circuit. 

After that, a large number of BGR circuits are published based on lower voltage supply, lower 

temperature variation and without resistors or bipolar transistors. For a lower voltage supply 

BGR, the fundamental circuits formed by a resistively shunted current to reduce VBE and 

VBE were presented by H. Banba in 1999, which is shown in Fig. 2.9. 

This output voltage can be expressed as: 
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Fig. 2.11 Conventional bandgap circuit with curvature compensation by adding an INL current. 

For the lower temperature variation, there is precision curvature-compensated technology, such 

as adding a second odder temperature-dependent term at the reference voltage to compensate 

the nonlinearity of the temperature-dependent voltage VBE1 by adjusting the ratio of C2/C1 [86] 

Vcc

-

+

Vref

Va

Vb

P1 P2 P3 I3

R1
R2R3 R4

Va Vb

N

I3

op amp

- +

vdd

Q1 Q2

R1 R2

R3

R3

M1 M2 M5

Vref

IPTAT

Vc

A

1 N

Q3

M2

1

R5

R4

IPTAT

I
N L

INL



Chapter 2  Review of Capacitive Pressure Sensor Interface Methods 

21 

 

or by adding an INL current with one extra resistor and bipolar transistor [87] [88]or employing 

the different temperature coefficients from p-diffusion resistors (1.65×10-3) and a high-resistive 

poly resistor (-1.05×10-3) [89]. This conventional BGR uses the first two methods to do 

curvature-compensation shown in Fig. 2.10 and its output voltage is:  

 

2 1,2

3 2 2

2 0 4,5
REF BE BE NL

R R R
V V V V

R R R

 
= +  + 

   

  (2. 8) 

The third method is shown in Fig. 2.11. Its reference voltage can be expressed as: 

 
32
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(2. 9) 

where, the ratio of R2/R1 is temperature independent due to the same material. However, the 

resistor R3/R1 is temperature-dependent as they use different materials. Therefore, the odd non-

linear temperature-dependent term of ΔVBE1,2 can be cancelled by R3/R1ΔVBE1,2. 

 

      

Fig. 2.12 Conventional curvature-compensation BGR using the different temperature coefficients of resistors. 
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Fig. 2.13 BGR using subthreshold MOSFET proposed by Giustolisi. 

For the design of BGRs without bipolar transistors, G. Giustolisi suggested using subthreshold 

MOSFET in [90]. The circuits are presented in Fig. 2.12 and Fig. 2.13. 

 
           

KN. Leung proposed the gate-source voltages of a PMOS and NMOS transistor operating in a 

saturation region [91] to replace BJT. Its schematic is shown in Fig. 2.14. This BGR voltage 

is: 

There are many more BGR designs in the literature, but they are not required or not relevant 

as the prior works possess appropriate accuracy and power consumption for the wireless 

implantable pressure sensor application. For instance, much of the recent work on low-noise 

BGR requires special technologies such as bipolar junction transistors which are not available 

in the 180 nm (XH018) technology that we are using [92][93]. In other cases, the works 

examine issues relevant to the development of references for smaller process nodes [94][95].  

In this application, several low-power and curvature compensated bandgap reference circuits 

were investigated and designed for providing bias voltages as described in the following 

chapters. 
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Fig. 2.14 PTAT current reference providing IB for the BGR circuits shown in Fig. 2.13. 

2.4 SoC injectable pressure sensors review 

To date, little research has focused on injectable pressure sensors. For example, E. Johannessen 

proposed an injectable osmotic glucose sensor (3.6 × 8.7 mm) in [96], which utilized a pressure 

transduce, an ASIC, three capacitors and a 1.22 μH coil for inductive powering and LSK 

wireless data transmission at a distance of 7 mm. L. Inhee discussed a general idea for 

developing an injectable pressure sensor in an IEEE BioCAS conference [97]. The advantage 

of this design technique was using a stack placement with wire bonding connections for 

components which could make the injectable pressure sensor as small as 1.6×2.0×3.2 mm3. 

The authors proposed a rechargeable battery with CMOS photovoltaic cells and energy 

harvester circuits in order to tackle the absence of a wireless power supply and to reduce the 

implant size [96]. However, energy harvesting with photovoltaic cells is not suitable in many 

applications due to the lack of light. A recent article surveyed the current injectable 

neurostimulators technologies, biocompatible materials and different design techniques such 

as using small non-rechargeable batteries, RF energy harvesting and inductively coupled links 

[98]. The authors concluded that bio-sensors and bio-ASICs are the keys to the overall 

performance of this kind of device. Moreover, a review in [99]  outlined different types of 

injectable systems for the brain, spinal cord, eye, ear, ventral cavity organs and subcutaneous 

tissue, which suggested improvements in bendable electronics are needed to provide stability 

and high performance.   

 

vdd

Mp2

Mp4
Mp5Mp3 Mp4

CP

Rp

M9
Mp7

Mp1

I
B



Chapter 2  Review of Capacitive Pressure Sensor Interface Methods 

24 

 

2.5 Conclusions 

 

In this chapter, we reviewed different implantable pressure sensor interfaces, which include 

capacitance to time, capacitance to frequency, capacitance to bitstream and capacitance to 

voltage. Then, different ADC and BGR circuits were reviewed. Sensor resolution, accuracy, 

power consumption and size are key constraints for an implantable pressure sensor. The SC 

sampling AFE method outlined in section 2.1 achieves good accuracy and requires µW power 

consumption. It also has the prospect of being completely included on an integrated circuit 

which allows it to be as small as possible. Section 2.1 reviewed the current injectable research, 

which is a promising field which requires new research in the design of the sensors, ASICs and 

soft materials. A sequential approach was taken in this work. Initially, an AFE was developed 

to sample capacitance to voltage and voltage was converted to frequency through a voltage-

controlled oscillator. Next, a single slope ADC was used to convert voltage directly to a digital 

signal. Lastly, a delta-sigma ADC was developed to achieve superior precision. Throughout 

this process, the AFE was refined and improved.  
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Chapter 3  Capacitance to Frequency Converter1 

 

This chapter presents a capacitance to frequency converter (CFC) 

implemented in 180 nm (XH018) CMOS technology intended for 

pressure monitoring in the body. The XH018 platform was chosen as 

it has an ultra-low noise feature and is built for an actuator, sensor 

interface and smart sensor applications. The CFC is designed to sense 

capacitance from 6 pF to 7 pF which corresponds to a pressure change from 300 mmHgA to 

1000 mmHgA for the capacitive pressure sensor used and a frequency output range of 1.8MHz 

to 13.4 MHz.  

3.1 Converter operating principle  

The first capacitance readout circuit investigated in this thesis was a capacitance to voltage 

AFE using a new switched capacitor circuit which is described below.  It has the advantage of 

low power consumption, simple structure, low fabrication cost, low-temperature sensitivity and 

high linearity.  

 

Fig. 3.1 System architecture of the C-V converter showing the sense (Cx) capacitor. The grey big box indicates components included on 

the C-V converter. 

 
The content of this chapter is adapted from our previous publications with permissions from the authors and publishers: 

© CC BY 4.0 2020 MDPI open access. Reprinted, with permission, from C. Zhang, R. Gallichan, D. M. Budgett and D. McCormick, A 

Capacitive Pressure Sensor Interface IC with Wireless Power and Data Transfer. Micromachines, 11 (10), 2020. 

© 2019 Elsevier. Reprinted, with permission, from C. Zhang, R. Gallichan, D. M. Budgett and D. McCormick, “A precision low-power 

analog front end in 180 nm CMOS for wireless implantable capacitive pressure sensors” Integration, vol. 70, pp. 151-158, 2020. 

© 2019 IEEE. Reprinted, with permission, from C. Zhang, R. Gallichan, S. Lapshev, D. M. Budgett and D. McCormick, “A Low Power 
Capacitance to Frequency Converter in 180nm CMOS for an Implantable Capacitive Pressure Sensor” In 2019 IEEE Biomedical Circuits and 

Systems Conference (BioCAS), pp. 1-4, Oct. 2019. 
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Fig. 3.2 Capacitive pressure sensor die from Protron (See Appendix C for more information) with which the AFE is designed to work. 

The block diagram of this AFE is shown in Fig. 3.1. It has five external pins as shown at the 

edge of the diagram. Pins Cx+ and Cx- are connected to the external capacitive MEMS pressure 

sensor [33][44] available from Protron Mikrotechnik and shown in Fig. 3.2. This pressure 

sensor was tested and can measure approximately 300–1000 mmHgA ambient pressure 

corresponding to a 6–7 pF capacitance range. There is also an internal on-chip 1pF reference 

capacitor in the SC sampling block. The other three pins are vdd, gnd and voltage signal output.  

The sensor’s capacitance is initially sampled to a voltage signal by the SC sampling circuit then 

amplified by the SC subtractor op-amp. All bias voltages and currents are provided by the 

bandgap reference block. The vdd (2.1 V–3.3 V) input is converted to a stable supply voltage 

vdd1 (1.8 V) by the LDO which supplies all other blocks on the IC. The switching clock is 

generated by the internal ring oscillator. Vdd1 and gnd pins for inverter and oscillator are not 

shown here for simplicity.  

3.2 Porting of the design onto the ASIC 

3.2.1 ASIC design software (Tools) 

There are a variety of EDA tools which can be used for designing an ASIC, such as Synopsys, 

Mentor and Cadence. The most commonly used is Cadence, which was used for designing all 

ASICs presented in the thesis. Fig. 3.3 is a chart of all the IC design tools available from the 

Cadence download support website. Those tools were installed on a server due to the 

requirement for processing power and because they can only be installed on Linux operating 

systems. Six tools highlighted with a black square box were used for the ASIC design in the 

thesis. They are: 

1) IC618 or named as Virtuoso, is the main IC design tool for schematic, Verilog, layout, 

and etc. design.  

2) SPECTRE211, is a build-in simulator in IC618 after it is installed in Cadence. It is for 

simulating the analog circuits and post-layout parasitic. 
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3) ASSURA41, is also a build-in layout verification tool in the IC618 after it is installed. 

It can be used for the Design Rule Check (DRC) of the layout, Layout Versus 

 
Fig. 3.3 Linux tools for downloading shown on the Cadence website (https://downloads.cadence.com/ESDOldWeb/Welcome.eo).  
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Schematic (LVS) and parasitic (QRC) extraction. Calibre is another tool from Mentor 

Graphics that was used instead of ASSURA41 in the thesis as it was available and is 

the most commonly used tool for this purpose in both academic and industrial 

environments. 

4) XCELIUM, is a build-in simulator in IC618 for mixed-signal circuits.  

5) GENUS211, is a Verilog to gate-level netlist synthesizer. 

6) INNOVUS211, is a digital circuits layout tool for the synthesized gate-level netlist. 

 

         
(a)                                                                                                    (b) 
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Fig. 3.4 The IC design process flow and the tool used (a) for designing analog integrated circuits. (b) for designing digital/mixed signal 

integrated circuits 

The ASIC designs described within this thesis contain both analog and digital circuits. Analog 

circuits are electronic systems with a continuously variable signal, in contrast to digital circuits 

where signals usually take only two levels with distinct timing events. That difference leads to 

the different IC design processes for both analog and digital circuits shown in Fig. 3.4. For 

instance, the design of the AFE requires precise simulations of the circuit voltages and currents 

under a range of process variables and temperatures. Whereas exact voltage levels are not 

necessarily important when implementing digital circuits, provided the implementation of the 

correct mathematical function. Therefore a range of tools were used throughout the thesis 

depending on the circuit type and design goals. 

3.2.2 Choice of CMOS technology for the ASIC (180nm) 

For both analog and digital circuits design, the second step is to choose a suitable technology 

that contains the symbol, functions, layout rules, etc. In this thesis, we chose a 180nm modular 

analog mixed-signal high-voltage technology from XFAB. This technology was developed by 

XFAB for applications such as AFEs for sensors, high voltage and power processing circuits 

(e.g. applications requiring > 5V) and efficient logic circuits, all of which are necessary to 

implement high-precision mixed-signal circuits such an implantable pressure sensor ASIC. For 

instance, the AFE has to directly interface with the pressure sensor and detect capacitive 

changes in the range of aF (10^-18 Farad). A high voltage LDO is utilized to protect the low 

voltage sub-blocks from the high voltage received from the wireless power receiver, and also 

regulates the high voltage to a stable low voltage supply for the sub-blocks. A high-precision 

ADC presented in chapter 5 requires a combination of precision analog circuits and digital 

signal processing to implement the decimator in the delta-sigma converter. Fig. 3.5 below 

presents the main features of this fabrication process. This process was also used for the 

development of other ASICs in our lab [100] and it is advantageous to choose this process as 

it allows the integration of multiple projects (system on a chip). 
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Fig. 3.5 Key features of the 180nm (XH018) technology from XFAB. 

3.2.3 ASIC design conversion to hardware 

The ASICs presented in the thesis contain both analog and digital circuits. Both of them were 

designed with a slightly different process as shown in Fig. 3.4 (a) and (b). In terms of analog 

circuit design involved in the thesis, the process in Fig. 3.4 (a) was used. Virtuoso (or IC618) 

and Spectre were firstly employed to build the schematics and followed with the simulations. 

After all the functions were verified in the simulations, schematics were laid out using Virtuoso. 

The DRC, LVS and QRC were done to verify the layout using Calibre from Mentor graphics. 

This was followed by a post-layout simulation with the parasitic extracted from the QRC in 

Virtuoso using the simulator, Spectre. The design process in Fig. 3.4 (a) was also used for 

designing a small-scale digital circuit, such as the clock generator, I2C and the 11 bits counter 

in Chapter 4. For a large-scale digital circuit, Fig. 3.4 (b) is preferred and was used for the 

digital decimation filter and I2C in Chapter 5. The digital functions were written in Verilog in 

Virtuoso and simulated with Xcelium. Xcelium can be used to simulate analog circuits as well 

for mixed-signal integrated circuits design. The automation digital circuits placement and 

layout tool, INNOUVS, was then used for the layout of the digital circuit with the synthesized 

gate-level netlist generated by GENUS. Then, the layout verification and post-layout 

simulation were the same as the analog circuits design process.         

 

3.2.4 Tape out and testing  

After the layout was done, it was exported as *.gds file and sent to EUROPRACTICE which 

provides multi-wafer project services and also a MINI@SIC service with a lower price as 
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shown in Fig. 3.6.  This MINI@SIC service has two runs every year with a price of 4,065 Euros 

per block, with all ASICs developed in this thesis fitting on a single block. EUROPRACTICE 

will then send the *.gds file to the foundry, XFAB for fabrication. The fabrication time took 

about six months.  

 
 
      (a) 

 
      (b) 

Fig. 3.6 The XFAB MINI@SIC service provided by EUROPRACTICE in 2022. (a) Technology fabrication options. (b) The pricelist.  

Once the physical die was received, it was wire-bonded with a wire bonder (TPT HB10)  

available in-house at the ABI to gold finish PCBs (ENIPIG) for testing. Test and simulation 

results were compared to verify the function of the fabricated ASIC.  
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3.3 Detailed Circuit Block Description 

3.3.1 Low-dropout Regulator Design 

 

Fig. 3.7 Schematic of LDO. 

 

Fig. 3.8 Schematic of op-amp1 used in LDO. 

The LDO circuit is shown in Fig. 3.7. The bandgap reference block provides the bias voltage 

Vb and reference voltage Vref for op-amp1 depicted in Fig. 3.8. Because the total number of 

stages including the op-amp and the power PMOS output stage is two, a single-stage op-amp 

is used to help maintain the stability of the LDO. By adding a 1 pF capacitor and 40 kΩ resistor 

(Miller compensation) between the op-amp1 and power PMOS stage, the load capacitance at 

the LDO output (vdd1) can be any value (0–infinite). Under no-load, Va+ is equal to Va- and 

the LDO output is, 
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Fig. 3.9 Transient analysis simulation results of LDO with 2 kHz and 1 mA switching load. 

When the LDO is connected to an output load, any decrease in vdd1 due to additional load 

current will result in a proportional decrease in Va+. As a result, the op-amp1 output decreases 

(absolute gate to source voltage of power PMOS increases), which leads to the PMOS output 

current increasing to match the load current maintaining Va+ equal to Va-. Thus, the feedback 

loop holds vdd1 constant which provides a regulated stable supply with a maximum 2 mA 

output current.  

 

Fig. 3.10 Schematic of BGR for LDO. R3 is added to reduce the current mismatch through M3 and M4. 
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Fig. 3.11 Op-amp2 used in BGR for LDO. 

A 2 kHz sine wave input signal is used to test the LDO over the temperature range -40–125 ˚C. 

The load is a 1.8 kΩ resistor in series with a 2 kHz switch from vdd1 to ground which is not 

drawn in Fig. 3.7. The transient test of this LDO is shown in Fig. 3.9. The regulated output 

voltage vdd1 is 1.8 V±15 mV. The bandgap schematic used in the LDO is illustrated in Fig. 

3.10 which is cited from [101]. M1 and M2 consist of a novel zero-power startup circuit. If the 

BGR does not start when the power is on, M3 and M4 are off and their gate voltage is vdd. M1 

and the diode-connected transistor M2 will be turned on, which will inject current into R2 and 

Q1. This will force the op-amp differential input to be negative and the output to go low 

ensuring a correct start-up of the BGR. Upon startup, the voltage at point A will increase from 

0 to about 1.2 V and the gate voltage of M3 and M1 will decrease from vdd (Max=3.3 V) to 

about 2.5 V which is less than the sum of the threshold and source voltage of M1, about 2.6 V 

(the sum of M1 and M2 Vth, and 1.2 V). Therefore, the startup circuit (M1) will be completely 

turned off after BGR start-up. In addition, this BGR has a low-temperature effect by utilizing 

curvature compensation. 

Table 3. 1  Performance of the Two-stage Op-amp for BGR_LDO 

Symbol Meaning Post layout simulation 

Av (dB) Open-loop gain 112 @10 Hz 

70 @ 2 kHz 

GB (MHz) Gain bandwidth 3.7 

CMRR (dB) Common mode rejection ration 143 @ 10 Hz 

129 @ 2 kHz 

PSRR+ (dB) Positive Power-Supply Rejection Ratio 119 @ 10 Hz 

118 @ 2 kHz 

PSRR- (dB) Negative Power-Supply Rejection Ratio 115 @ 10 Hz 

70 @ 2 kHz 
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PM (degrees) Phase Margin 47 @ 1 pF 

ICMR (volts) Input common-mode range 0.09–3.3 

OCMR (volts) Output common-mode range 0.084–2.9 

SR (V/µS) Slew rate 3.54 @ 1 pF 

ST (µS) Setting time 0.17 @ 1 pF 

Itol (µA) Total current 18 

 

In Fig. 3.10, the second-order temperature-dependent terms are added by utilizing different 

temperature coefficients of poly resistors to cancel the nonlinear, temperature-dependent 

voltage VBE1. R1 to R3 are N+ poly resistors with a temperature coefficient -1.38×10-3/K, and 

R4 is a P+ poly silicided resistor with a temperature coefficient (2.92×10-3/K). Thus,  

2 4
1 1,2 1,2

1 1

REF EB EB EB

R R
V V V V

R R

 
= +  +  

     

 

(3. 2) 

  

where, the ratio of R2/R1 is temperature independent due to the same material (N+ poly). The 

ratio of R4/R1 is temperature-dependent as they are made of a different material. The first linear 

temperature-dependent term from the Taylor series of VEB1 with temperature can be cancelled 

by (R2/R1) ×∆VEB1,2. The higher odd non-linear temperature-dependent term can be cancelled 

by (R4/R1) ×∆VEB1,2.  

Fig. 3.11 illustrates the two-stage op-amp schematic employed in this BGR. This two-stage 

PMOS input op-amp has a wide input and output common-mode range, which can also be 

employed in the subsequent circuits. The DC bias voltage of M5 and M6 is Vb, which comes 

from BGR_LDO and provides a temperature and supply insensitive bias current to the op-amp. 

The 0.45 pF capacitor and 42 kΩ resistor compensate and stabilize the amplifier. The long 

transistors are chosen in order to obtain low power consumption at the price of sacrificing some 

gain bandwidth, phase margin and power-supply rejection ratio. The threshold voltage of 3.3 

V NMOS and PMOS in this xh018 technology is about 0.7 V and -0.65 V. The post-layout 

simulation performance for this op-amp in Cadence at 1 pF capacitance load is described in 

Table 3. 1. 
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Fig. 3.12 Post layout simulation of Vref in BGR Versus temperature with different supply voltage. 

 

Fig. 3.13 BGR for voltage and current bias circuits. 

The post-layout simulation is slightly different from the schematic simulation because it 

simulates the parasitic capacitance and resistance which value varies with a different layout. 

The post layout transient analysis of Vref in this BGR_LDO is shown in Fig. 3.12 over a 

temperature range of –40–125 ˚C with supply voltage steps from 2.1–3.3 V. The reference 

voltage has a maximum voltage variation of        120 µV under these conditions. A 5000-point 

post layout Monte Carlo simulation was run with a 3σ variation for Vref giving max deviations 

of 1.191 V ± 42 mV. The process variation was predicted by the Monte Carlo simulation. 
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M3–5=5 µm/1.1 µm ×5 R3=250 kΩ R6=20 kΩ Vb2=500 mV 

R1=250 kΩ R4=62 kΩ Vb=300 mV Vr2=800 mV 

3.3.2 Bandgap Reference Circuits Design 

The bandgap reference used for the LDO is powered directly from the rectified, wireless power 

supply. Its accuracy is appropriate for the LDO reference voltage, however, the capacitance to 

voltage converter requires a lower reference voltage and lower supply sensitivity. Therefore, a 

second bandgap circuit supplied from the regulated LDO output is used to bias the capacitance 

to voltage AFE. The simple cascode current mirror structure commonly used in bandgap 

reference circuits is hard to be used in this application due to the 1.8 V supply constraint. Thus, 

a sub-1V BGR structure shown in Fig. 3.13, is utilized [102]. The bias voltage Vb for this BGR 

structure can be expressed as,  

2 4
1 1,2 1,2

1 1

REF EB EB EB

R R
V V V V

R R

 
= +  +  

     

 

(3. 3) 

 

where VEB1 is the base-emitter voltage of bipolar transistor Q1, which is negatively 

proportional to the thermal voltage VT. ∆VEB1,2 is positively proportional to VT. Thus, Vb can 

be made insensitive to temperature variation. The components’ parameters and voltage output 

value for the BGR are described in Table 3. 2.  

The two-stage op-amp schematic employed in this BGR has the same structure as op-amp2 

shown in Fig. 3.11. The differences in this BGR are lower power consumption with 1.8 V 

NMOS and PMOS (0.6 and -0.65 threshold voltage respectively) transistors, and different 

parameters. Post layout transient analysis of Vb in this BGR with vdd1 supplied from the LDO 

was run over a supply voltage and temperature change of 2.1–3.3 V and –40–125 ˚C, 

respectively. The bias voltage Vb has a maximum voltage variation of 0.6 mV over these 

conditions. A 5000-point post layout Monte Carlo simulation was run with a 3σ variation for 

Vb, Vr1, Vb2 and Vr2 giving max deviations of 300 mV ± 20 mV, 400 mV ± 27 mV, 500 mV 

± 33.5 mV and 800 mV ± 53.6 mV respectively.     
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3.3.3 Switched Capacitor Sampling Circuit Design 

 

Fig. 3.14 Switched-capacitor sampling circuit. 

 

Fig. 3.15 Simplified SC sampling circuit using internal reference capacitor C1. (a) Sampling mode (H=vdd, S=gnd). (b) Amplification 

mode (H=gnd, S= vdd). 

Fig. 3.14 shows the single-ended switched-capacitor (SC) sampling circuit. All switches 

consist of n-well isolated NMOS transistors with W/L=1 µm/1 µm and their substrates are 

connected with their sources to reduce switching noise. The control signal of switches S and H 

come from the oscillator as shown in Fig. 3.1. Capacitor Cx is a 6-7 pF external capacitive 

pressure sensor and C1 is a 1 pF internal reference capacitor. The DC voltage bias Vr1, Vb and 

Vb1 are provided by the BGR as shown in Fig. 3.1. For the SC sampling circuit shown in Fig. 

3.14, when it is working in sampling mode (S equals to gnd and H equals to vdd), the SC 

sampling circuit can be simplified to Fig. 3.15 (a). In this situation, this circuit operates as a 

unity gain buffer (Vout equals Vb) and the negative port of op-amp is automatically biased at 

a DC voltage equal to Vb. When switching to the next phase (amplification mode), the SC 

sampling circuit can be simplified to Fig. 3.15 (b). Because the switching is much quicker than 

the Cx discharge, the charge on the right side of Cx is still stored on Cx, C1 and the negative 

gate of the op-amp, providing an accurate DC bias voltage Vb to the op-amp during this 

amplification mode. Thus, this SC sampling op-amp is insensitive to the input offset voltage. 

At the same time, the left bias voltage of Cx switches from Vb to Vr1. According to the law of 

conservation of electric charge, the right-side capacitor’s voltage, Vout, can be expressed as, 
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Because C1, Vr1 and Vb are fixed, Vout can be used to measure Cx. Note that C1 has 

approximately 10% variation due to process variation. For this reason, some very precise 

capacitive pressure sensor application interface utilizes an external reference capacitor for C1. 

In this study, 10% process variation in C1 will lead to 10% Vout variation without trimming 

and will require off-chip calibration.  

 

Fig. 3.16 Post layout simulation of SC sampling circuit’s output with BGR bias. 

The post layout transient analysis of this SC sampling circuit with BGR biasing is depicted in 

Fig. 3.16. Overall, it has a stable voltage output with a 2.3% worst case voltage change when 

the supply voltage and temperature change from 2.1–3.3 V and -40–125 ˚C. When the SC 

sampling circuit works in sampling mode, the voltage output is Vb=0.3 V as shown in Fig. 

3.16. At the next clock phase, Vout at Cx=6 pF is 890 mV ± 2 mV and 990 mV ± 2.3 mV at 

Cx=7 pF. These results are slightly smaller than the schematic simulation with 900 mV at    

Cx=6 pF and 1 V at Cx=7 pF. This difference is caused by the parasitic capacitance and 

resistance of the NMOS switches used in the SC sampling circuit. Nevertheless, the output 

voltage change of approximately 100 mV (890–990 mV) over the range of Cx capacitance (6–

7 pF) is not large enough compared to vdd1 (1.8 V) for accurate measurement with an ADC or 

a voltage to frequency converter as used in this chapter. Thus, an SC subtractor amplifier is 

needed to reduce the DC voltage and amplify this difference.  
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Fig. 3.17 SC Subtractor op-amplifier. 

 

Fig. 3.18 Post layout transient analysis of SC op-amp. 

3.3.4 SC Subtraction Op-amp Design 

The schematic of the SC subtraction op-amp is depicted in Fig. 3.17. The op-amp structure 

used here is the same as the op-amp shown in Fig. 3.11. The DC bias of the positive and 

negative inputs to the op-amp is also provided by Vb and the negative feedback path, 

respectively. C3 is used to suppress the glitch signal. Vb, Vb1 and Vr2 are bias voltages and 

provided by the BGR. The analysis for the SC op-amp is the same as the SC sampling circuit. 

The only difference is that the switching phase for SC op-amp and SC sampling circuits is the 

opposite. Thus, the close loop gain of this SC subtractor op-amp in amplification mode can be 

expressed as, 

2

1

( 2)
C

Vout V Vr
C

+=  −

   

 

(3. 5) 

 

H

H

Vb

V+

Op amp

-

+

Vb

Vr2

v
d

d
g

n
d

V
b

1

S

S H S

H

C2

Vb

Vout

C1

M1

M2

M3

M4 M5

M6 M9

gnd

C3

1.2pF

0.3pF

0.5pF

1.3

1.2

1.1

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

V
o

u
t 

(V
)

7.06.56.05.55.04.54.03.53.02.52.01.51.00.50.0
Time (ms)

Cx=7pF, Vdd=1.6~2V, Temp=-40~125 C˚

Vdd=1.6V, Temp=-40 C˚

Vdd=1.7V, Temp=-40 C˚

382mV

Cx=6pF, Vdd=1.6~2V, Temp=-40~125 C˚



Chapter 3  Capacitance to Frequency Converter 

41 

 

where the value of C1 and C2 are shown in Fig. 3.17. Therefore, the closed-loop gain is 4. V+ 

is the output of the SC sampling circuit. 

 

Fig. 3.19 Ring oscillator. 

 

Fig. 3.20 AFE Layout (170 μm×560 μm). 

Fig. 3.18 shows the post layout transient analysis of SC op-amp with temperature and vdd 

variation. During the first amplification mode (0 – 0.25 ms), the output is zero because the DC 

bias voltage for the negative input has not been set up yet. In the next phase (0.25 –0.5 ms), it 

is set to 0.3 V. Then, the input signal from the SC sampling circuit shifts down its DC value by 

Vr2 (800 mV) before being amplified to 680 ± 6.8 mV at Cx=6 pF and 1070 ± 5.8 mV at Cx= 

7 pF. Thus, the voltage range (100 mV) coming from the SC sampling circuit is amplified with 

a gain of 3.9 by the SC op-amp, which is slightly less than the schematic simulation gain of 4. 

As shown in Fig. 3.18, the gain is independent of vdd and temperature variation.    

3.3.5 Ring Oscillator Design 

The switch signals, S and H, are provided by the ring oscillator shown in Fig. 3.19. Vb2 

provided by the BGR controls the oscillator frequency by setting the current through M1, M4 

and M7. The circuits use long channels in both NMOS and PMOS devices resulting in a small 

controlled current and hence can provide a low clock frequency. This oscillator’s output has a 

moderate variation with temperature and supply voltage because both affect the transistors’ 
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threshold voltages and drain to source voltages. The clock output from the ring oscillator is 

1.63 ± 0.4 kHz with 5000, 3σ post layout Monte Carlo runs. 

3.4 Performance of the Capacitance to Frequency Converter 

3.4.1 AFE (Capacitance to voltage) Simulation Results 

The layout of this AFE is shown in Fig. 3.20. The post-layout simulation was run over the 

entire capacitance range with the same range of conditions as in Fig. 3.18. The peak voltage of 

the AFE output is plotted in Fig. 3.21 over a 6-7 pF capacitance change with a range of 

temperature and supply values. Vout is only modestly affected by temperature and vdd 

variation. 

 

Fig. 3.21 Post layout simulation of AFE output versus capacitance change from 6-7 pF with different vdd and temperature. 

The worst-case error of approximately 3.25% occurs with an input capacitance of Cx=6 pF. 

The performance comparison of the proposed AFE interface is presented in Table 3. 3. 

Reference [79] used the same AFE structure but with less accuracy and much higher power 

consumption. [103] utilized the same 180nm technology for the analog front end but its 

sensitivity is worse and power consumptions are higher than this work. Temperature results 

cannot be compared as it was not presented in [78][79][103][104]. Compared with previous 

work, this capacitance to voltage AFE has good sensitivity, a small chip area, low-temperature 

sensitivity and one of the lowest power consumptions. Furthermore, the low power supply 

sensitivity of this design makes it suitable for use with a regulated output in a wirelessly 

powered application.  
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Table 3. 3  Performance Comparison of the AFE 

Pressure sensor 

reported 
This work [103] [78] [79] [104] 

Technology (µm) 0.18 0.18 0.35 0.35 0.35 

Supply (V) 2.1–3.3 1.8 3.2 3.2 3 

Temperature (˚C) -40–125 NA NA NA NA 

Capacitance 

(pF) 
6–7 0–27 1.5–2.5 4–24 2.5–2.82 

Sensitivity 

(mV/fF) 
0.39 0.017 NA NA 3.88 ns/fF 

Accuracy 3.25% NA 0.26% 10.28% NA 

Analog front end SC FM-FVC C-F SC PWM 

Output frequency 

(kHz) 
1.6  NA 0–1 MHz 0.5-500  25  

Power (µW) 201 378 NA 6.4 mW 54 

Area (mm3) 0.095 0.18 0.056 1.015 0.09 

 

3.4.2 Capacitance to Frequency Simulation Results  

 

Fig. 3.22 Application circuit for the C-F converter showing the sense (Cx) and reference (Cr) capacitors. The black line indicates 

components included on the C-F converter ASIC. 
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Fig. 3.23 Voltage-controlled oscillator. 

 

Fig. 3.24 Post layout transient analysis of VCO frequency value versus control voltage with vdd and temperature variation. 

The amplified signal from the SC subtractor op-amp is used to act as an input control signal 

(Vtr) to the VCO as depicted in Fig. 3.22 and Fig. 3.23. Vtr controls the VCO frequency by 

controlling the drain to the source current of M1, M4 and M7. The larger the controlled current, 

the higher the output frequency. When the Vtr is in the sampling mode as shown in Fig. 3.15 

(a), Vi is connected to the ground and the VCO output is zero.  

Fig. 3.24 describes the post layout transient analysis of VCO frequency value versus control 

voltage with different vdd and temperature. This VCO frequency output has a moderate 

variation with temperature and supply because the transistors’ threshold voltage is dependent 

on temperature and drain to source the voltage of the transistor is dependent on the supply 

voltage. Both have a small effect on the sensitive control current.  Overall, the frequency 

increases with the control voltage from 1.8 MHz to 13.4 MHz. There is some non-linearity in 

the voltage to frequency conversion which would have to be compensated digitally along with 

the temperature. These could be done in the external receiver based on a look-up table or 

polynomial fit for instance.       
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Fig. 3.25 Ring oscillator. 

 

Fig. 3.26 C-F converter Layout (180μm×300μm). 

 

Fig. 3.27 The frequency output of the C-F converter when Cx=6pF. 

The switch signals, S and H, are provided by the ring oscillator that the schematic shows in Fig. 

3.25. The ring oscillator’s schematic is almost the same as the VCO. The difference between 

these circuits is using a larger length of NMOS and PMOS in Fig. 3.25, which produces a 

smaller controlled current and hence can provide a lower clock frequency. The clock output 

from the ring oscillator is 1.63 ± 0.4 kHz with 5000, 3σ post layout Monte Carlo runs. 
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Fig. 3.28 Post layout simulation of F_count versus capacitance change from 6-7 pF with different vdd and temperature. 

The layout of this CFC is shown in Fig. 3.26. The post-layout simulation for the whole circuit 

is presented in Fig. 3.27. When Cx equals 6 pF, the CFC has 537 periods per sampling cycle. 

When Cx=7 pF, the count increases to 4100. Thus, the capacitance can be measured by 

counting the number of  

cycles (F_count) with a microcontroller. F_count is plotted in Fig. 3.28 over a 6-7 pF 

capacitance range with a range of temperature and supply values. The F_count value is affected 

by temperature and vdd variation when the capacitance is unchanged and hence affects the 

accuracy. The effect at Cx=7 pF reaches the maximum where the inaccuracy is about 11%. By 

counting the frequency number, the average capacitance resolution, 0.28 fF, represented by 1 

count can be calculated as shown in Fig. 3.28. The performance comparison of the proposed 

CFC is presented in Table 3. 4. This work has the advantage of high resolution, low power 

consumption, and small chip area compared with previous interface circuits in the literature. 
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Table 3. 4  Performance Comparison of the Interface Circuits 

Pressure sensor 

reported 
This work [103] [78] [79] [104] 

Technology 

(µm) 
0.18 0.18 0.35 0.35 0.35 

Supply (V) 1.8 1.8 3.2 3.3 3 

Resolution 

(fF) 
0.28 32.2 2.4 0.49 46.5 

Capacitance 

(pF) 
6–7 0–27 1.5–2.5 -0.5–0.5 2.5–2.82 

Analog to 

digital 

converter 

C-F FM-FVC C-F 
Delta-sigma 

ADC 
PWM 

Output 

frequency 
1.6 kHz NA 0–1 MHz 1 MHz 25 kHz 

Power 72 µW 11.8 mW NA 1.4 mW 0.705 mW 

Area (mm3) 0.054 0.18 0.056 0.048 0.09 

 

 

Fig. 3.29 PCB testing boards for the fabricated CFC chip. Four different PCB boards were made. The top right one (IPT circuits on it) is 

the backside of the top middle one. Three PCBs have coils and one does not. The middle bottom one has two variable capacitors on i 

The complete process of designing a low-power CFC in a standard 0.18 µm CMOS technology 

has been described in detail. It includes BGR, SC sampling circuit, SC op-amp, VCO and  

oscillator circuits. The SC sampling circuit converts the 1 pF capacitance change to 

approximately 100 mV discrete voltage change. This voltage change is amplified with an SC 

op-amp to 400 mV that is insensitive to temperature and power supply variation. Finally, the 

amplified voltage is converted to a frequency output by the VCO. By counting the frequency 

pulse number, 0.28 fF resolution can be achieved with 1 count. It can be easily read by the 

1
7

m
m
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microprocessor. The clock signal and bias voltage are provided by the internal oscillator and 

BGR, respectively. The CFC consumes an average current of 40 µA at a 1.8 V voltage supply 

and occupies 0.054 mm3. 

 

Fig. 3.30 Measured regulated 2.5 V DC output received power from the PCB coil (15 × 15 mm2) with a 720 kHz transmitting frequency. 

3.4.3 Capacitance to Frequency ASIC Test Results  

 

    (a)                                                                (b) 

   

 (c)                                                                  (d)                                                                    (e) 

Fig. 3.31 (a) Micrograph of the CFC fabricated in 180nm XFAB CMOS technology (1.5 × 1.5 mm2 for the whole chip, 180 × 560 µm2 for 

CFC and LDO) in Apr. 2019. (b) Wire bonded CFC die. (c) Wire bonded CFC die on the PCB. (d) Wire bonded sensor on the PCB. (e) 

Completed PCB (16 × 37 mm2).  

The inductive power transfer (IPT) circuit was implemented on a PCB and tested before the IC 

was received from the foundry.  The testing PCB boards are shown in Fig. 3.29. The PCB coil 

was designed using an online Texas Instruments coil designer. It is 15×15 mm2 and 6 layers 

with 4 oz-Cu copper thickness. The inductance of this fabricated PCB coil, 75 µH (up to           
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2.8 MHz), was measured using an Impedance Analyzer (E4990A, KEYSIGHT), which is 3 µH 

bigger than simulated and then, the inductive wireless power transfer was tested. The 

transmitter coil was set to 11.5 V peak to peak voltage with 720 kHz frequency, which was 

generated by applying a sine wave from a combined oscilloscope and signal generator (CS448 

Clevercope) to a power amplifier (CS1070). A regulated 2.5 V stable DC voltage was measured 

from the fabricated PCB using the Clevercope CS448. The maximum distance for wireless 

power receiving was about 3.5 cm. The measured power transfer data was exported and plotted 

in Fig. 3.30 using MATLAB. 

         

(a)                                                                                         (b) 

Fig. 3.32 (a) LDO test setup. (b) Measured PSRR of LDO with a 0.1 µF capacitor load. 

The CFC die is presented in Fig. 3.31 (a), which was fabricated by XFAB in Germany through 

MINI ASIC EUROPRACTICE Multi Product Wafer (MPW) service in April 2019. The die 

size was constrained to 1.5 mm×1.5 mm by this MINI MPW service. Different die sizes can 

be chosen with a general MPW service at a more expensive cost. In Fig. 3.31 (a), both CFC 

and LDO are visible. The capacitance to voltage (CVC) part, not visible, is covered by top 

layer metal. The CVC part of the circuit does not include a VCO block. The reason we put the 

CVC layout separately is that we want to test and verify whether the capacitance to voltage 

part works properly inside the CFC. Each pad is highlighted with a dotted line box. We used 

the TPT  HB10 wire bonder to ball bond the sensor and IC die directly onto the PCB with a 

combination of 25 µm and  17 µm gold wire as shown in Fig. 3.31 (b)–(e). The on-chip 1.8 V 

LDO was first tested with a variable DC power supply and variable temperature. The setup for 

testing the LDO is shown in Fig. 3.32(a). The measured LDO output was 1.8 V ± 2 mV when 

the power supply changed from 1.9 to 3.6 V and the temperature changed from 27 °C to 100 °C. 

The measured average current consumption of this LDO from three IC samples is 48 µA        

(5.5 µA bigger than simulated shown in Fig. 3.7) with room temperature and increased to 
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57 µA when the temperature rises to 100 °C. The power supply rejection ratio (PSRR) of LDO 

was tested by applying a 1.9–3.6 V sine wave supply voltage with a frequency sweep using a 

signal generator and frequency response analysis from the Clevercope CS448 and the power 

amplifier. The measured PSRR is depicted in Fig. 3.32(b). The PSRR at 1 kHz with a 0.1 µF 

capacitor load is 49.3 dB. 

 

Fig. 3.33 The whole device testing with pressure and temperature changing, and wireless power supply.   

During the IC testing, we found that the frequency output and CVC output are light-sensitive, 

but the LDO is not, which could be that the die surface is sensitive to light and it produces 

some electrons when exposed to light which are captured by the switched capacitor sampling 

circuits. As a result, we used black tape to cover the IC die which fixed the light-sensitivity 

problem.   

Next, the CFC function was tested. The whole device was put into a small, customized pressure 

chamber (internal volume=2.57×3×5.7 cm3) and tested with a wireless power supply, variable 

temperature and variable pressure. This allows precise control of the chamber pressure to very 

high accuracy (better than 0.1 mmHg accuracy). The test setup is displayed in Fig. 3.33. We 

tested five chips (three with wireless power and two with a DC power supply) in the pressure 

chamber under different pressures and different temperatures. However, this frequency output 

did not vary as expected. The frequency output was observed using the Clevercope as depicted 

in Fig. 3.34. We can see the 1.12 kHz sampling clock, which was produced by the internal ring 

oscillator for SC sampling and SC op-amp circuits, and the 2.13 MHz square waves (as shown 

by the circled image). With a smaller timescale, we can see the modulated square wave as 

shown in  Fig. 3.34. The pressure can be determined from the modulation frequency. We 

measured average current consumption for CFC IC including the on-chip LDO was 93 µA with 

Tran. coil
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a 2.5 V DC voltage supply. Also, we created a live MATLAB code that can interface with the 

Clevercope, obtain the live stream and count the number of small square waves. The number 

of square waves did not vary much with pressure or capacitance and remained around 1000.  

We also tested the CFC with a variable capacitor (3–15 pF, Manufacturer Part Number is 

JZ150). The high-density square waves quickly appear and disappear when the capacitor 

changes. This could be caused by the small measuring range (6–7 pF) and circuit design 

problems.  

 

Fig. 3.34 Measured frequency output from the CFC ASIC under the room temperature and standard atmospheric pressure. The CFC 

converted the pressure to the 2.13MHz signal on a 1.12kHz carrier. Pressure can be determined from the measured modulation frequency. 

We tested the CVC part to find the circuit design issue. The measured CVC output voltage is 

presented in Fig. 3.35. Firstly, we observed some small oscillations at the edge of the square 

wave which were coming from the parasitic capacitance of the probe. We verified this issue by 

simulation of the CVC with a 50 pF capacitor. This error could be fixed by adding a buffer at 

the output of the CVC.  
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(a)                                                                                              (b) 

Fig. 3.35 (a) Measured voltage output under room temperature and standard atmospheric pressure. (b) Measured voltage output when 

another probe is also measuring the Cx+ signal.  

Secondly, an unexpected behaviour was output voltage fluctuation occurred when we 

connected the IC to a 6-7 pF capacitive sensor. The peak voltage fluctuated from one cycle to 

another cycle even though the capacitance did not change as shown in both Fig. 3.35(a) and 

(b). This issue results from an interaction between the oscillator and the BGR from the bias 

voltage Vb2 (0.5 V) that controls the oscillating frequency. The BGA bias voltage outputs, 

including Vb2, are very stable and have a small capacitance and high impedance but cannot be 

directly used to drive a load. The current draw on these bias voltages resulted in the bias 

voltages dropping below what was expected. We reproduced this CVC output voltage 

fluctuation in simulation. Once we changed the Vb2 from BGR to DC bias voltage 0.5 V in 

simulation, this peak voltage fluctuation disappeared.  

 

Fig. 3.36 Modified CFC diagram. Seven unity-gain buffers are added. The ring oscillator is changed to a dependent RC oscillator as 

highlighted in red colour. 

In total, the voltage output from the SC op-amp was not as expected. The voltage signal was 

distorted due to the oscillating feedback effect from the BGR and some current leaking between 

the BGR and SC sampling, and between SC sampling and SC op-amp. We verified that again 

in the simulation and the solution was to add unit gain buffers between them and use the RC 

oscillator without analog voltage control as shown in the modified CFC diagram in Fig. 3.36, 

especially for low power and sensitive circuit design. The circuit design problems revealed the 

issues that we had during testing the first ASIC (CFC converter). This debugging experience 

was the key contributor to the next two ASIC designs in Chapter 4 and Chapter 5. 

3.5 Conclusions 
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In this chapter, a low-power CFC in standard 0.18 µm CMOS technology for a wireless implant 

was designed, fabricated and tested. It includes LDOs, a BGR, an SC sampling circuit, an SC 

op-amp and oscillator circuits. The SC sampling circuit converts the 1pF capacitance change 

to a discrete voltage change of approximately 100 mV. This voltage change is amplified by an 

SC op-amp to about 400 mV and is insensitive to temperature and power supply variation. The 

clock signal and bias voltage are provided by the internal oscillator and BGR, respectively. 

This AFE consumes an average current of 74.5 µA at 2.1–3.3 V supply and occupies             

0.095 mm3 area.  

The LDO, bandgap, oscillator and VCO worked as simulated. While the converter does not 

fully work, circuit modifications are suggested. We have simulated the changes to verify they 

addressed the issues. Nonetheless, this first ASIC proved that the systems worked as designed 

when used in isolation.  

In addition, to avoid the main effects of process variation for the reference capacitor, an 

external capacitive pressure sensor with a fixed reference capacitor can be used, or an internal 

MEMS pressure sensor with the same process as transistors can be chosen. An alternative 

voltage to digital converter instead of a VCO can be employed to reduce the power supply and 

temperature variation effect and improve the readout accuracy. 
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Chapter 4  Capacitance to Digital Converter 2 

 

This chapter describes a capacitive pressure sensor interface SoC with 

improved accuracy designed in 180 nm XFAB XH018 CMOS 

technology for an implantable capacitive pressure sensor, which has a 

wireless power supply and wireless data transfer function.  

4.1 Capacitance to Digital Conversion Principal  

The accuracy of the capacitance to frequency converter using a VCO in the last chapter is 

dependent on temperature and power supply variation. Thus, a capacitance to digital converter 

with improved accuracy was designed. The system block diagram of this design is shown in 

Fig. 4.1. It interfaces with an external capacitive MEMS pressure sensor (Cx) available from 

Protron Mikrotechnik [105] shown in Fig. 4.2. This pressure sensor can measure approximately 

300–1000 mmHg absolute pressure corresponding to a 6–7 pF capacitance range according to 

the datasheet from Protron Mikrotechnik. The external (secondary) coil provides power to the 

ASIC and also works as a near-field antenna for transmitting out the data. All bias voltages and 

bias currents are provided by a new bandgap reference (BGR) block. The switching clocks are 

generated by the internal RC oscillator. 

 

Fig. 4.1 The system architecture of the capacitive pressure sensor interface showing the sense (Cx) capacitor. 

 
The content of this chapter is adapted from our previous publications with permissions from the publishers and authors: 
© CC BY 4.0 MDPI open access. Reprinted, with permission, from C. Zhang, R. Gallichan, D. M. Budgett and D. McCormick, A 

Capacitive Pressure Sensor Interface IC with Wireless Power and Data Transfer. Micromachines, 11 (10), 2020. 
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Fig. 4.2 Capacitive pressure sensor die from Protron with which the interface is designed to work. 

4.2 Detailed Circuit Block Description 

4.2.1 The Rectifier and Shorting Control Circuit 

Fig. 4.3 shows the inductive power transfer (IPT) and shorting control circuit. The 2.5 V high 

voltage (HV) low-dropout (LDO) regulator regulates the output of the four Schottky diode 

rectifiers to the 2.5 V DC output and also protects other blocks from high voltage. An LTSpice 

simulation and experiment were done with discrete components in order to choose the proper 

value of the inductance (PCB coil) and capacitance (capacitor C1) to make them resonate and 

receive maximum power at 720 kHz. The experimental results in Fig. 4.4b show that the desired 

resonant working point can be obtained by choosing approximately 720 kHz as the transmit 

frequency when using a 72 µH coil and a 680 pF capacitor C1, which is consistent with our 

previous theoretical analysis from 𝑓 = 2𝜋√𝐿𝐶. The full-bridge rectifier and HV LDO now 

have been integrated into the current ASIC, as shown in Fig. 4.3. The 2.5 V HV LDO will be 

introduced later. 

 

Fig. 4.3 The rectifiers and shorting control circuit. The components shown with a dotted line are external. 
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(a) (b) 

Fig. 4.4 (a) A six-layer PCB (printed circuit board) for inductive power transfer testing with a full bridge rectifier and commercial low-

dropout regulator (ADP7118AUJZ-2.5-R7). (b) Measured regulated 2.5 V DC output voltage from the PCB coil (15 × 15 mm2) with a 720 

kHz transmit frequency. 

In Fig. 4.3, Rct1 is responsible for providing power to the other blocks. The extra rectifier, 

Rct2, can provide a higher control logical high voltage to the gate of the shorting switch M1 

(18 V HV transistor, Vthn = 1.6 V, Vthp = 1.9 V) compared to using the control high voltage 

from the output of Rct1 and thus guarantee M1 to operate in the triode region. The control 

logical signal Vc comes from the modulated serial data (SDA) of the I2C output, SDA_M. The 

simulated peak current draw at “1” is approximately 60 mA when the power switch is fully 

turned on, which can be detected at the primary coil side shown in Fig. 4.1. 

4.2.2 2.5V HV LDO Circuit 

 

Fig. 4.5 Schematic of the 2.5V high voltage (HV) low dropout (LDO). 

The 2.5 V HV LDO circuit is shown in Fig. 4.5. The input, vdd3, is from the output of Rect1, 

and the output of this HV LDO is vdd2 (2.5 V). The bandgap reference block provides bias 

voltage Vb and reference voltage Vref for op-amp1 depicted in Fig. 4.6. All transistors in HV 

LDO are 18 V HV transistors. Under no-load Va+ is equal to Va- and the LDO output is 
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1 2
2 2.5

2

R R
vdd Vref V

R

+
= =  (4. 1) 

The feedback loop holds vdd2 constant, which provides a regulated stable supply with a 

maximum current of 4 mA. 

 

Fig. 4.6 Schematic of op-amp1 used in the 2.5 V HV LDO. 

The 2.5V HV LDO was simulated with a DC input voltage stepped from 4–18 V to emulate 

the worst-case voltage output from rect1 over the temperature range −40 to 120 °C. The load 

is a 2.5 kΩ resistor in series with a switch (emulating 1 mA digital circuits load) from vdd2 to 

ground operating at 2 kHz, which is not drawn in Fig. 4.5. The simulation result is shown in 

Fig. 4.7. The simulated regulated voltage vdd2 is 2.524 V ± 29 mV. 

 

Fig. 4.7 Post layout transient analysis sweep of the 2.5 HV LDO with 2 kHz and 1 mA switching load. 

The bandgap schematic used in this HV LDO is illustrated in Fig. 4.8, which is modified from 

[30]. In this circuit, the BGR voltage is about 2 V and is provided by the HV NMOS transistors 

M1 and M2 rather than BJT (bipolar junction transistor). The transistors M5–M12 consist of a 

new zero-power start-up circuit for HV BGR. First, we assume the BGR does not start, i.e., 

when power is on, M3 and M4 are off, and their gate voltage is vdd3. At the same time, the 
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power-on signal is delayed by two inverters (M9–M12) and one capacitor (C1), which is 

transferred into a pulse signal by the inverters M7 and M8. M6 and the diode-connected 

transistor M5 will be turned on by the pulse, which will inject current into M1. This will force 

the op-amp differential input to be negative and the output to go low, ensuring a correct start-

up of the BGR, and the start-up circuit (specifically, M6) will be completely turned off after 

the start-up pulse. The reference voltage is 

𝑉𝑟𝑒𝑓 = 𝑉𝐺𝑆1 +
𝑅3

𝑅1
𝛥𝑉𝐺𝑆1,2 = 2 𝑉 (4. 2) 

where the ratio of R3/R1 is temperature independent due to the same material (P+ poly). The 

first linear temperature-dependent term from the Taylor series of VGS1 with temperature can 

be cancelled by (R3/R1) × ∆VGS1,2. The two-stage op-amp schematic employed in this BGR 

is the same as op-amp1 shown in Fig. 4.6. The post layout transient analysis of Vref over a 

temperature range of –40 to 125 °C with supply voltage steps from 4 to 18 V is 2 V ± 24 mV. 

 

Fig. 4.8 Schematic of bandgap reference (BGR) for HV LDO. R2 is added to reduce the current mismatch through M3 and M4. 

The capacitance to the digital converter core is designed with 1.8 V transistors and requires an 

accurate reference voltage and an accurate 1.8 V supply. Therefore, a second 1.8 V LDO 

designed with 3.3 V transistors and with the power supplied from the 2.5 V HV LDO output 

(vdd2) is used to power the core. The topology of this 1.8 V LDO is the same as that of the 2.5 

V HV LDO. We designed the 1.8 V LDO in a previous chip [107] and directly integrated it 

into the current ASIC.  
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(a)                        (b) 

 

(c)       (d) 

Fig. 4.9 (a) Test PCB (49 mm × 24 mm) (the fabricated IC die (1.5 mm × 1.5 mm) was directly wire-bonded on it) (b) 2.5 V HV LDO 

and 1.8 V LDO test setup. (c) Measured regulated 1.8 V DC output (red) from a sine wave input (blue) with a 5 MHz frequency. (d) 

Measured PSRR of LDOs with a 2.2 µF filter capacitor. 

The testing results of the 2.5 V HV LDO and 1.8 V LDO are described below. We used a TPT 

HB10 to ball bond the IC die directly onto a PCB with 17 µm gold wire as shown in Fig. 4.9 

(a). The 2.5 V HV LDO input was connected to a signal generator (Clevercope CS448) and a 

power amplifier (CS1070). An oscilloscope was used to monitor the output of the 1.8 V LDO 

as shown in Fig. 4.9 (b). The 2.5V HV LDO output is connected to the 1.8 V LDO. The 1.8 V 

regulated voltage (vdd) was measured as the input voltage (vdd3) was changed from 2.5–7 V 

as shown in Fig. 4.9 (c). It can also work up to 18 V. 

Due to the use of two regulators, the power supply rejection ratio (PSRR) from the input (vdd3) 

to output (vdd) has a very high bandwidth. The PSRR was tested by applying a 7 to 9 V sine 

wave voltage to the supply (vdd3) with a frequency sweep from 100 Hz to 65 MHz using a 

signal generator, power amplifier and frequency response analysis tool within the Clevercope 

oscilloscope. The measured PSRR is depicted in Fig. 4.9 (d). The PSRR increases from          
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81.3 dB to 110 dB as the frequency rises from 100 Hz to 360 KHz and then remains flat until 

1 MHz where it begins to fall to 61 dB at 10 MHz with a slope of -40 dB/dec. 

4.2.3 Analog Front End (AFE) 

The new analog front end (AFE), i.e., SC capacitance to voltage converter, is shown in Fig. 

4.10. It consists of a switched capacitor sampling circuit (op amp2), buffer (op amp3), and 

switched capacitor op-amp (op amp4). Op amp2 and op amp4 have the same structure as op 

amp1 shown in Fig. 4.6. Op amp3 is an NMOS input two-stage op-amp. All switches are made 

by the transmission gate shown at the bottom left in Fig. 4.10.  

 

 

Fig. 4.10 The analog front end (AFE). 

The control signal of switches S1–S4 is shown in Fig. 4.11, which is generated with an RC 

oscillator and several digital circuits. Some delays in the control signal and resistors R1–R4 

are used in order to reduce current leakage and switching noise. The switching noise at the 

input of op amp 2 and op amp 4 can reach up to 2.5 V without using this method, which exceeds 

the maximum transistor operating voltage of 1.98 V and thus can reduce the transistors’ lifetime 

or cause direct damage. It should be noted that the sampling frequency, 62.5 kHz (16 us), is 

chosen in order to reduce the current leakage from the Cx+ pad while switch S1 is open (S1 = 

0). This total current leakage (or voltage drop) is proportional to time.  
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Fig. 4.11 Post layout simulation of AFE over a −40 to 120 °C temperature range with 1.8 V supply, Cref = 5.5 pF and Av = 4. Results 

show that the Vout changes approximately 900 mV for a 6 to 7 pF capacitance range. Temperature dependence is low due to the use of the 

BGR bias source and SC sampling method. 

Thus, the higher the sampling frequency, the lower the total current leakage (voltage drop) will 

be at the pad Cx+. With the 62.5 kHz sampling frequency, the voltage drop simulated with 

pads is 57 µV at point Cx+ and 570 µV at Vout. With a lower sampling frequency such as 1 

kHz, the voltage drop at Vout can go hundreds of millivolts, which would affect the accuracy 

of the AFE dramatically. This current leakage phenomenon is caused by the discharging of Cx 

and Cr through the ESD pads, which can only be found when the AFE is simulated with ESD 

pads. In addition, the reference capacitance (Cr) and amplification gain capacitance (C1) are 

tuneable by manually connecting En_S0 and EN_S1 pins to gnd or vdd, providing the ability 

to scale the input range as a design feature, as shown at the bottom in Fig. 4.10. For the specific 

sensor (Cx: 6 pF–7 pF) in this paper, we can choose Cr = 5.5 pF and Av = 4 to get the best 

resolution by simulating the EN_S0 = gnd, EN_S1 = gnd. In general, this AFE has two 

functions. One is capacitance to voltage sampling accomplished from V1 to V2. The sampling 

voltage V2 can be expressed as, 
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When the sensor Cx changes from 6 to 7 pF, V2 decreases from 1.558 to 1.336 V in theory. 

The post layout simulated result of V2 is 1.556 V ± 5.9 mV to 1.335 V ± 5.0 mV when Cx 

changes from 6 to 7 pF and the temperature changes from −40 to 120 °C, as shown in Fig. 4.11-

V2. The buffer, op amp3, is used to shift the DC voltage from 0 V in V2 to 1.7 V so that the 

sampling voltage can be amplified to within 1.8 V. The second function of the AFE is voltage 

amplification from V3 to Vout, 
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With the condition 0.2 𝑉 ≤ 𝑉𝑜𝑢𝑡 ≤ 1.8 𝑉, we can derive the measurable Cx range: 5.67 𝑝𝐹 ≤

𝐶𝑥 ≤ 7.48 𝑝𝐹. When the sensor Cx changes from 6 to 7 pF, the Vout increases from 0.567 to 

1.457 V in theory. The simulated Vout is 0.589 V ± 10.5 mV to 1.495 V ± 13 mV when Cx 

changes from 6 to 7 pF with the temperature varying from −40 to 120 °C, as shown in Fig. 

4.11-Vout. Thus, the sensitivity of the AFE is 0.9 mV/fF. In addition, if connecting EN_S0 = 

vdd (Av = 2), EN_S1 = gnd (Cr = 5.5 pF), the measurable Cx range is wider: 5.8–11.6 pF but 

with smaller sensitivity. With EN_S0 = gnd (Av = 4), EN_S1 = vdd (Cr = 7.5 pF), the 

measurable Cx range is 7.7–10.2 pF. Connecting EN_S0 = vdd (Av = 2), EN_S1 = vdd (Cr = 

7.5 pF), the measurable Cx range is 8–15.9 pF. Thus, this C-D converter has a measurable 

range of 5.7–15.9 pF. 

4.2.4 Single Slope ADC 

The AFE output voltage is digitized by a single slope ADC, as shown in Fig. 4.12. This ADC 

utilizes a switched capacitor integrator, which is independent of temperature variation and thus 

has the same temperature-independent property as a dual-slope ADC. The control signals for 

this integrator are Φ1, Φ1d, Φ2, and Φ2d. They are non-overlapping clock signals generated 

from a clock generator circuit [108], which is not shown here. The integrating voltage per step 

from V1 to Vi can be expressed as, 

𝑉𝑖 = (𝑉𝑏5 − 𝑉𝑏4)
𝐶1

𝐶2
= 50 𝑚𝑉 ⋅

2

55
= 1.82 𝑚𝑉 (4. 5) 

 

Fig. 4.12 Single slope ADC with I2C output. The analog to digital converter (ADC) uses a switched capacitor integrator and clocked 

comparator. The integrator voltage per step (clock Φ2) is 1.3 mV. 

However, the post layout simulated result for Vi is 1.3 mV due to the coupling parasitic 

capacitance of C2, which is estimated to be 1.07 pF. The schematic of the clocked comparator 

is shown in Fig. 4.13. 
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The rail-to-rail input structure is used for this comparator because the input voltage (Vi) varies 

from 0.2 to 1.8 V. There is also an SR latch connecting with V2+ and V2-, which is not shown 

in Fig. 4.13 for simplicity. The post layout transient simulation results of ADC with AFE and 

I2C at 6 pF input capacitance are presented in Fig. 4.14. The AFE output is stable at 598 mV 

when Cx = 6 pF, as shown in Fig. 4.14a-(AFE), and its zoomed view in Fig. 4.14b-(AFE). The 

voltage Vi and counter are initially reset to Vb4 (0.2 V, as shown in Fig. 4.14b-(Vi) and 0, 

respectively, by a reset signal at the beginning of every byte. Then, Vi starts to integrate from 

0.2 V to its maximum voltage near vdd, and at the same time, the counter starts to count the 

clk1 until Vi is higher than Vin (AFE output). Then, the counted number (D<10:0>) is stored 

in an 11-bit temporary register (shown in Fig. 4.14a-D<10:0>) and transferred to a serial output 

(SDA) by the I2C digital circuit. The counter was designed in Verilog using Cadence Xcelium 

which was then synthesized to gate level Verilog language using Cadence Genus. 

 

Fig. 4.13 Rail-to-rail input clocked comparator used in the single-slope ADC. 

Its Verilog script is illustrated in Appendix A. A shorting control signal SDA_M (Vc) is also 

generated to control the shorting rectifier in Fig. 4.3. Cycle by cycle details for the AFE, Vi, 

and SDA_M can be seen in more detail in Fig. 4.14b. 
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(a) 

 

(b) 

Fig. 4.14 (a) Post layout simulation of ADC together with AFE and I2C when the capacitive MEMS pressure sensor (Cx) = 6 pF. The C-V 

output voltage is 0.59 V and the ADC digital decimal output is 299. (b) Zoom of AFE output, Vi (Integrator output), and SDA_M from 

20.73 to 20.81 ms in (a). The simulated RMS total current consumption is 180 uA. 

4.2.5 BGR for Voltage Bias 

The bias voltages Vb1–Vb5 used in AFE and ADC are from a simple BGR shown in Fig. 4.15. 

A circuit consisting of M8–M10 ensures correct start-up. Assuming this BGR does not start 

when the power is on, Va is 0 and Vb is vdd (1.8 V), which will turn on M10 and then M3,4. 

Finally, Va increases to 1.454 V and turns off M9. Then, Vb decreases to 0 V and turns off 

M10. The bias voltage, such as Vb4, can be expressed as, 
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𝑉𝑏4 =
𝑉𝑡ℎ1

𝑅1 + 𝑅2

(𝑅3 + 𝑅4) = 0.2 𝑉 (4. 6) 

where Vth1/(R1 + R2) is the current that flows through M3, 4, or 5. Vth1 is the threshold 

voltage of M1, which is negative temperature-dependent as is R2 (High-Ohmic N + Poly1). R1 

(N-well) is positive temperature-dependent. R1 and R2 can be selected such that the 

combination of R1 and R2 has the same negative temperature-dependent ratio as Vth1, which 

makes the current (Vth1/(R1 + R2)) independent of temperature variation, as shown in Fig. 

4.16a. This current is mirrored to R3 and R4 from M5. By choosing R3 and R4 properly, the 

bias voltage Vb4 can be curvature-compensated as shown in Fig. 4.16b. The analysis is the 

same for Vb3 and Vb5. The bias voltage Vb1 (1.7 V) nears vdd, which needs a low drop output 

regulator circuit (M7, R9-R12 and one op-amp). A unit gain buffer (not shown here) follows 

each bias voltage (Vb3–Vb5) to prevent the loading of the bias voltages. 

 

Fig. 4.15 BGR for providing bias voltages Vb1–Vb5. 

  

(a) (b) 

Fig. 4.16 The post-layout simulation results of BGR with a temperature range of −40 to 125 °C and vdd range of 1.75–1.85 V. (a) The 

current flow of M2 (1.925 uA ± 81 nA). (b) Vb4 (0.85 V ± 3.6 mV). 
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In addition, a low-power 2-T BGR (formed by two transistors) was also designed. Its schematic 

is shown in Fig. 4.17. Both transistors M1 and M2 work in the subthreshold region. M1 is a 

native transistor that has a negative threshold voltage of 0.18 V. According to [109], Vref can 

be expressed as, 

1 1 1 11 2
2 1

1 2 2 2 2 2

/
( ) ln( )

/

ox
ref th th T

ox

C W Lm m
V V V V

m m C W L





 
= − + 

+  

 (4. 7) 

By sizing the transistors M1 and M2 properly, Vref can be temperature insensitive. The 

simulation results of Vref and current consumption Vs temperature variation at different power 

supplies are depicted in Fig. 4.18. But the process variation has a large effect on this 2-T BGR 

Vth and thus reference voltage accuracy. A trimming circuit can be added to solve the process 

effect.   

 

Fig. 4.17 2-T low power bandgap. The Total current is 127pA at 1.8V supply. 

        

  (a) Vref VS temperature @ different VDD                                                    (b) Total current  

Fig. 4.18 Simulation results of 2-T BGR. (a) temperature and supply dependence of the voltage reference and (b) total supply current under 

the same conditions. 
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generated by M1–M4, which produces an 84 µs power-on delay signal (Va) by charging the 

capacitor C1. The slowly increasing voltage, Va, can be seen in Fig. 4.20-(Va) when the power 

is on. Then, Va is transferred to a POR signal (84 us) by the following Schmitt trigger and 

inverter. In addition, M5–M7 are used to produce a brown-out (BOR) signal. If the power 

supply dips during operation, the BOR can automatically reset the AFE and ADC similar to 

the POR. The transient simulation results are presented in Fig. 4.20. The 46 us BOR signal is 

generated after the power drops to 0.4 V. The average current consumption of the POR circuit 

is 15 nA. 

 

Fig. 4.19 Power-on-reset circuit for AFE and ADC. 

 

Fig. 4.20 Post layout transient simulation results of the power-on-reset circuit. 

All the clock signals come from the 500 kHz RC oscillator shown in Fig. 4.21. The threshold 

voltage of M1, M3, and M5 has a negative temperature-dependent property, as does R1–R3 
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different power supplies are shown in Fig. 4.22. Typically, the vdd is from 1.8 V LDO and 

very stable. Thus, the frequency (495 ± 6.3 kHz) is sufficiently accurate for our application 

across temperatures at a 1.8 V supply. The duty cycle (50 ± 0.46%) is independent of both 

power supplies and temperature variation. It is worth noting that this RC oscillator features low 

power consumption, an average of 3.2 uA at the 1.8 V supply. 

 

Fig. 4.21 500 kHz RC oscillator. 

  

(a) (b) 

Fig. 4.22 The simulation results of the RC oscillator with a temperature range of −40 to 125 °C and vdd range of 1.75–1.85 V. (a) 

Frequency output. (b) Duty cycle. 
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Fig. 4.23 The ASIC layout in 180 nm technology (xh018). The total chip size is 1.5 × 1.5 mm2. 

  

(a) (b) 

Fig. 4.24 Post layout simulation of C-D digital output. (a) Digital output versus temperature with Cx = 6, 6.5, and 7 pF. (b) Digital output 

versus capacitance change with temperatures of −20, 27, and 80 °C. 
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1000 mmHgA), as depicted in Fig. 4.24b, which equals 1.4 fF (0.98 mmHg) resolution or 9.4 

Effective Number of Bits (ENOB) in simulation. 

The performance comparison of the proposed wirelessly powered C-D is presented in Table 4. 

1. [44] and [57] have a better resolution than the current work but require higher power 

consumption and have lower data rates. Although [33][45] have lower power consumption, 

they do not achieve the same resolution or pressure range. Temperature dependence cannot be 

compared as it was not presented in [33][44][45][57]. Compared with previous academic work 

with the same function, this C-D has the advantage of low-temperature sensitivity, wide 

pressure range, and a comparable trade-off between resolution and power consumption. More 

detail about the power consumption on each block is described in Table 4. 2. 

 

Table 4. 1. Performance Comparison of the Interface Circuits 

Pressure Sensor Interface This Work 

JSSC 

[33] 

2011 

TBE 

[44] 

2010 

JSSC 

[57] 

2018 

JSSC 

[45] 

2009 

Technology (µm) 0.18 0.13 0.13 0.18 1.5 

Supply (V) 1.8 1.5 2.2 2.1 2 

Temperature (°C) −20 to 80 27–45 NA NA NA 

Capacitance 
6–7 6.4–6.5 5.23–5.56 10–12 pF 2–2.2 

(pF) 

Pressure range (mmHgA) 300–1000 750–817 760–810 600–1100 750–950 

Resolution 
0.98 1.32 0.5 0.78 1 

(mmHg) 

AFE SC C-F C to time SC SC 

ADC Single slope No need Schmitt trigger SAR Cyclic 

Wireless power Inductive Inductive RF mRF Ultrasonic Inductive RF 

Wireless data transfer backscatter backscatter mRF Ultrasonic FSK 

Data rate (kHz) 0.05 NA 0.2 0–1 1 

Power (W) 7.8 m 2.3 µ 3.2 800 m 36 µ 

 

Table 4. 2. Power Consumption of Each Block. 

Pressure 

Sensor 

Interface 

Bias 

Circuit 
AFE ADC Oscillator 

Power-on 

Reset 

1.8 V 

LDO 

2.5 V 

HV 

LDO 

Data 

Transmission 
Total 

Voltage (V) 1.8 1.8 1.8 1.8 1.8 2.5 4.2 0.2 (rms) - 

Current (µA) 52 68 56.8 3.2 0.015 42.5 94 2.95 m (rms) 3.27 m 

Power (µW) 93.6 122.4 102.24 5.76 0.027 106.25 394.8 590 1.4 mW 
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4.3.2 Test Results  

 

Fig. 4.25 Micrograph of the fabricated chip (1.5×1.5 mm2) in 180nm technology (xh018). 

 

Fig. 4.26 AFE with an IPT and a variable capacitor (Cx, JZ150, 3–15 pF) testing setup.  

The CFC die is presented in Fig. 4.25. The pad Vout is the AFE output. “+~” and “-~” are two 

special ESD pads for coil input and can work at a voltage range of -18–42 V. The AFE with 

IPT and a variable capacitor test setup is shown in Fig. 4.26. The IC on the PCB was powered 

by a primary coil (about 2.3 µH) with a 22 nF series capacitor which was connected to a power 

amplifier (1.2 V amplitude and 710 kHz sine wave output). 
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A 9V rectified voltage (vdd3) and a stable AFE output (Vout) were measured as depicted in 

Fig. 4.27. When tuning the variable capacitor (3–15 pF) on the PCB, the amplitude changed 

between 0 to 1.8 V. Manually changing the connection of En_S0 from 0 (Av=4) to 1.8V (Av=2) 

and then repowering the circuit halved the AFE output voltage as expected.   

 

Fig. 4.27 Measured 9V rectified voltage (vdd3, top) and AFE output (Vout, bottom).  

The measured AFE output frequency was 62.94 kHz (a period of 15.89 µs) shown in Fig. 4.27, 

which is close to the simulated period 16 µs and also proves that the low power 500 kHz RC 

oscillator works.   

 

Fig. 4.28 AFE with an IPT and a MEMS capacitive pressure sensor (Cx, 6–7 pF) testing setup. 

The AFE was also tested with a MEMS pressure sensor [15] and IPT. The test setup is shown 

in Fig. 4.28. The PCB was put into a small, customized pressure chamber (internal volume = 

2.57×3×5.7 cm3). We measured the AFE output voltage versus different pressure changes at 

24 °C, 52 °C and 80 °C. The measured results were recorded and plotted in Fig. 4.29. The AFE 

output increases as the pressure rise and the temperature increasing have a negative effect on 

AFE output voltage. This temperature dependence of AFE output is caused by the pressure 

sensor itself as we did not see any temperature effect on the AFE output with a fixed 
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capacitance value of Cx. Thus, this temperature effect originates in the pressor sensor, and 

would need to be compensated for by calibration in the external receiver. 

 

Fig. 4.29 Measured AFE output versus pressure change with temperatures of 24, 52 and 80 °C.  

Next, we tested the single-slope ADC. The test results are shown in Fig. 4.30. All shapes of 

measured signals are the same as the simulated shown in Fig. 4.14 (a). The measured address 

(10101) of SDA is also the same as designed. But we found two main problems. One is that 

the slope of the integrating signal (about 0.3 mV) is much smaller than the post-layout 

simulation of the integrating signal (1.3 mV). This problem was caused by the total parasitic 

capacitance of the whole chip and the process variation on the capacitors C1 and C2 in equation 

(4. 5), which are estimated to be serval fF less on C1 and serval pF more on C2.  Another issue 

was that the digital number did not change as the input voltage (AFE output) changed. This 

issue resulted from the smaller integrating step which triggers the comparator multiple times 

and resets the counter in the digital circuit.   

 

Fig. 4.30 Test results of single slope ADC connected with the AFE from an oscilloscope. (1) SDA (2) SCL (3) Integrating signal (4) Input 

of the ADC (output of the AFE).  

The wireless data transmission, or load shift keying (LSK) load modulation, was also tested. 

The testing results are presented in Fig. 4.31. The SDA data from I2C output is successfully  

received from a primary inductive power transfer coil as shown at the bottom of Fig. 4.31.  
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Fig. 4.31 Measured I2C output from the ASIC and wireless data received from a primary inductive power transfer coil using a Clevercope 

device. 

4.5 Updated version of capacitance to digital converter 

 

 

Fig. 4.32 The system architecture of the updated version. Trim and temperature sensing circuits are added. 

To fix the problems found in the single-slope ADC testing, we redesigned the capacitance to 

digital converter. Its system block is shown in Fig. 4.32. The trimming circuits for Cr, C1(Fig. 

4.10) and Ci (Fig. 4.12) were designed to extend the sensitivity and measurable range of the 

AFE and to make the integrating step adjustable. The trim circuit diagram is depicted in Fig. 

4.33. I2C_trimm is a digital logic circuit for trimming and it was designed using Verilog 

language. The script “I2C_in_trimming_32b” is available in Appendix A. The layout of this 

I2C_trim circuit is shown in Fig. 4.35. I2C_trimm has two input configure pins which are 

SDA_Trim and SCL_Trim. The Trimming_32b block consists of 12 pfuse trimming units. One 

of them is shown in Fig. 4.34. The 30 kΩ resistor protects the circuit when the power is on.   

Tue, 24 Nov 4:19:45 pm2020,
C: \ st r eam\st r eam 11-24_15-30-36\st r eam_2020-11-24_15-30-36_2020- .apc

SCL

SDA

Data rece ived

I2C

BGR

generator

Clock
Oscillator

RC

C-V

LDO

2.5V HV

500 kHz

Rectifier 

Shorting

Cx AFE

Control LDO

1.8V

Single slope

ADC

Coil

Primary

Coil

Secondary

Powering

Data uplink

Trim
circuit sensing

Temperature



Chapter 4  Capacitance to Digital Converter 

75 

 

 

Fig. 4.33 The schematic of the trimming circuit. 

 

Fig. 4.34 One-unit pfuse trimming circuit. There are 12 units in the trimming_3b block. The power consumption is only 2 µA.  

 

Fig. 4.35 The I2C_trimm digital circuit layout (128 µm×142 µm).  

The initial value of the pfuse is 35 Ω and the buffer’s output is “0”. When I2C_trimm logical 

sends “1” command to the gate of M2 for 10 µ seconds. The pfuse will be burned and its 

resistance value will jump to 100 kΩ. At the same time, the buffer’s output will change to “1”. 

In addition, the counter used in the single-slope ADC was also redesigned only allowing the 

counter to be reset once during a measurement cycle. The netlist for the new counter, 

“counter_redesign”, is shown in Appendix A. In addition, a simple temperature sensing circuit 
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provided by a BGR was also included to compensate for the temperature variation of the 

capacitive pressure sensor. The layout of the updated capacitance to digital converter is 

presented in Fig. 4.36. 

 

Fig. 4.36 The ASIC layout in 180 nm technology (xh018). The total chip size is 1.5 × 1.5 mm2. 

4.6 Conclusions 

 

In this chapter, a low-power capacitive pressure sensor interface IC with wireless power and 

data transfer was designed in a standard 0.18 µm CMOS technology and described in the 

system and transistor levels.  

This IC was tested and can be directly powered by an inductive power transfer circuit only 

using an external coil and several capacitors. 300–975 mmHgA pressure change was measured 

utilizing the AFE and the pressure sensor at different temperatures with a wireless power 

supply. Wireless data transfer was also achieved through LSK. Although the ADC part did not 

work as simulated, a modified version of the counter has been designed and sent for fabrication 

to rectify these issues. 

To optimize the resolution, a delta-sigma ADC will be designed to replace the single-slope 

ADC which is illustrated in the next chapter.  
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Chapter 5  High Precision Capacitance to Digital Converter3 

This chapter presents a high precision interface circuit design in 

180nm XH018 CMOS technology for an implantable capacitive 

pressure sensor, which was implemented with a delta-sigma ADC.  

 

5.1 Converter’s Principle 

The system block diagram of this design is shown in Fig. 5.1. It interfaces with an external 

capacitive MEMS pressure sensor (Cx) available from Protron Mikrotechnik and is shown in 

Fig. 5.2[105]. This pressure sensor can measure approximately 300–1000 mmHgA ambient 

pressure corresponding to a 6–7 pF capacitance range according to the datasheet from Protron 

Mikrotechnik. A reference capacitor Cr can be connected to the AFE reference input to adjust 

the measurement range of this capacitance to digital converter (C-D). The external (secondary) 

coil provides power to the ASIC and also works as a near-field antenna for transmitting the 

data. All bias voltages and bias currents are provided by the bandgap reference (BGR) block. 

The switching clocks are generated by the internal 500 kHz RC oscillator. 

 

Fig. 5.1 The system architecture of the capacitive pressure sensor interface showing the sense (Cx) capacitor.  

 

Fig. 5.2 Capacitive pressure sensor die from Protron with which the interface is designed to work.  

 
The content of this chapter is adapted from our previous publications with permissions from the publishers and authors: 
© CC BY 4.0 MDPI open access. Reprinted, with permission, from C. Zhang, R. Gallichan, D. M. Budgett and D. McCormick, A 

Capacitive Pressure Sensor Interface IC with Wireless Power and Data Transfer. Micromachines, 11 (10), 2020. 
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5.2 Detailed Circuit Block Description 

5.2.1 The Rectifier and Shorting Control Circuit 

 

Fig. 5.3 The rectifier and shorting control circuit. The components shown with a dotted line are off-chip. 

 

                              (a)             (b) 

Fig. 5.4 (a) A PCB for an IPT experiment with a full bridge rectifier and commercial low-dropout regulator (ADP7118AUJZ-2.5-R7). (b) 

Measured regulated 2.5 V DC output received power from the PCB coil (15 × 15 mm2) with a 720 kHz transmitting frequency. 

Fig. 5.3 shows the inductive power transfer (IPT) and shorting control circuit [106] 

implemented in the ASIC. The 2.5 V high voltage (HV) low drop out (LDO) regulator regulates 

the output of the Schottky diode full-wave rectifier to a 2.5V DC, and also protects the 

following blocks from high voltage. LTspice simulation and experiments have been done with 

discrete components in order to choose the proper value of inductance (PCB coil) and 

capacitance (capacitor C1) to make them resonate and receive maximum power at 720 kHz. 

The experimental results in Fig. 5.4 (b) show that the desired resonant working point can be 

obtained by choosing an approximately 720 kHz transmit frequency when using a 72 µH coil 

and 680 pF capacitor C1, which is consistent with our previous theoretical analysis from 

1/ (2 )f LC= . The full-wave rectifier (Rct) and 2.5 V HV LDO now have been integrated into 

the current ASIC as shown in Fig. 5.3.  

In Fig. 5.3, Rct is responsible for providing power to the other blocks and also provides a 

control logical high voltage, vdd3, to the gate of the shorting switch M1 and M2 (18 V HV 
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transistor, Vthn=1.6 V, Vthp=1.9 V) to guarantee M1 and M2 operate in the triode region. The 

control logical signal Vc comes from the serial data (SDA) of the I2C output and the level 

shifter.  The change in load with a "1" when M1 and M2 are on can be detected at the primary 

coil side shown in Fig. 5.1. The maximum current that the shorting switches can handle is 

approximately 60 mA. 

The 2.5 V HV LDO, 1.8 V LDO and BGR have been described in our previous design in 

section 4.2.2, section 3.2.1 and section 3.2.2, respectively. 

5.2.2 Analog front end (AFE) 

 

Fig. 5.5 The AFE. Cx and Cr are the sense capacitor and reference capacitor, respectively. Both capacitors are external components and 

can be connected through the bond pads Cx+, Cm and Cr+.  

 

Fig. 5.6 Post layout simulation of AFE with 1.8V supply and 0–15pF Cx.  

The analog front end (AFE) shown in Fig. 5.5 uses a SC capacitance to voltage converter. It 

consists of a switched capacitor sampling circuit (op1) and rail-to-rail buffer (op2). The 

structure of op1 is the same as the op-amp shown in Fig. 3.11 and it has a 11 µA current 

consumption. The input voltage of op1 is maintained close to 0.6V while the output of op1 runs 

from 0 to vdd (1.8 V), so a rail-to-rail buffer (op2) was designed to prevent loading at the output 

Op1
-

+

Cr

Op2
-

+

0.8V Vout

Cx+ Cm

Cx

Φ1 Φ1

Φ1
Φ2 Φ2

Φ2 

Φ1d

0.6V

Φ2 

Φ1d

0.8V

0.6V 0.6V
8pF

C1

C2 C3

Φ3

2pF 1pF
2,4pF

0~15pF

Vb3

Vb3

Vb2

Vb2 Vb2

C +r



Chapter 5  High Precision Capacitance to Digital Converter 

80 

 

of op1. The schematic of op2 is shown in Fig. 5.7. The rail-to-rail buffer, op2, consists of two 

differential amplifiers which are both stabilized using Miller compensation. The output 

transistors, M8 and M14, are biased separately. The current consumption of op2 is 13.5 µA. 

 

Fig. 5.7 The schematic of rail-to-rail buffer (op2) 

 

          
(a)                                                                                                               (b) 

Fig. 5.8 (a) The switch used in the AFE. (b) Switch on-resistance versus drive through voltage of the switch 

All switches use transmission gates to reduce current leakage and minimize the range of switch-

on resistance. The schematic and simulation results of the switch are presented in Fig. 5.8. With 

proper sizing of transistors M1 and M2 by simulations, the variation of switch-on resistance 

was reduced to around 20 Ω from several thousand ohms if only a single transistor was used 
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as a switch. The control signals for switches, Ф1, Ф1d, Ф2, Ф2d, are non-overlapping clock 

signals which are generated by a standard non-overlapping clock generator from [108] and an 

RC oscillator designed in Fig. 4.21. It should be noted that the sampling frequency, 62.5 kHz 

(16 us) is chosen in order to reduce the current leakage from the Cx- bond pad while switch 

Ф1 is low and Ф2 is high. This total current leakage (or voltage drop) is proportional to time. 

Thus, the higher the sampling frequency, the lower the total current leakage (voltage drop) will 

be at the pad Cx-. With the 62.5 kHz sampling frequency, the voltage drop simulated with the 

pads is 57 µV at point Cx+ and 570 µV at Vout. With lower sampling frequency such as 1 kHz, 

the voltage drop at Vout can go hundreds of millivolts and would affect the accuracy of AFE 

dramatically. This current leakage phenomenon is caused by the discharging of Cx+ and Cm 

through the ESD pads which can only be found when the AFE is simulated with ESD pads. In 

addition, the capacitance (Cr) is tuneable by manually connecting En_S0 to GND or vdd. For 

the specific sensor (Cx: 6 pF–7 pF) in this paper, we can choose C1= 4 pF by connecting EN_S0 

to gnd. Capacitance to voltage sampling is accomplished by op1 and buffered by op2. The 

sampled voltage, Vout can be expressed as, 

 
𝑉𝑜𝑢𝑡 = 𝑉𝑏2 + 𝑉𝑏3 ⋅

𝐶𝑥 − 𝐶𝑟

𝐶1
 

   = 0.6 𝑉 + 0.8 𝑉 ⋅
𝐶𝑥 − 4 𝑝𝐹

8 𝑝𝐹
 

  (5. 1) 

When the sensor, Cx , changes from 6 pF to 7 pF, Vout increases from 0.8 V to 0.9 V. With the 

condition, 0.1 V≤ Vout ≤ 1.7 V, we can derive the measurable Cx range: 0 pF≤ Cx ≤ 15 pF. Fig. 

5.6 presents the post-layout simulation results of AFE with capacitance increases from 0 pF to 

15 pF.  

 



Chapter 5  High Precision Capacitance to Digital Converter 

82 

 

5.2.3 Δ∑ADC 

 

 

Fig. 5.9 Two-stage Δ∑ modulator. 

 

Fig. 5.10 An ideal linear model of the two-stage Δ∑ modulator in Z domain. 

The AFE output voltage is digitized by a Δ∑ADC (Δ∑ modulator plus decimation filter). The 

Δ∑ modulator is shown in Fig. 5.9. This ADC utilizes a standard two-stage differential 

modulator structure. Its linear model is presented in Fig. 5.10. Under linear analysis, the 

transfer function in the Z domain can be written as 

 1 2( ) ( ) (1 ) ( )Vout z Vin z Z E z−= + −    (5. 2) 

where the quantizing noise E(Z) is reduced by (1-Z-1)2. The control signals for this integrator 

are Ф1, Ф2, Ф1d, Ф2d. They are non-overlapping clock signals generated from a standard non-

overlapping clock generator circuit [108] which is the same as the one used in the AFE circuit 

and not shown here.  
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Fig. 5.11 A fully differential operational amplifier is used in the Δ∑ modulator. 

 

 

Fig. 5.12 The schematic of the clocked comparator in Δ∑ modulator.   

Both structures of fully differential operational amplifiers are the same and are shown in Fig. 

5.11. The bias voltages A and B have Vth+Vov and Vth+3Vo, respectively, which is the same 

for bias voltages D and C. Bias voltage E equals to C while it is separated from bias voltage C 

using a current mirror to avoid noise effect on C from the charging and discharging capacitors 

in CMFB. The op-amp in the first stage consumes 26.5 µA and has a gain of 85 dB at 1 kHz 

and drops to 51 dB at 500 kHz. The PM is 53 degrees with the help of Miller compensation 

while the second stage op-amp has a lower power consumption (10.5 µA), lower gain at 500 

kHz (48 dB) and a PM of 66 degrees. The schematic of the clocked comparator is depicted in 

Fig. 5.12. It consists of a preamplifier, latch and SR latch stages. When the control clock is 

logic high, the comparator is enabled. Both input signals (Vin+ and Vin-) are pre-amplified, 

compared by the latch and then the compared results are retained in the SR latch. When the 

control lock is logic low, the comparator is disabled.  
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Fig. 5.13 Power spectral density of ΔΣ modulator (post-layout simulation results) with -6 dBFS (Vin_amp=250 mV) and 210 Hz 

sinusoidal input. SNR=94 dB, ENOB=17.1 bits. It was calculated from the bit stream of the ΔΣ modulator output. 

 

Fig. 5.14 Analog input versus duty cycle of modulator output (50% Duty cycle @Vin_p=0.6 V). The Vin_n is connected to 0.6 V bias 

voltage. 

The post-layout simulation results of the ΔΣ modulator in the frequency domain are shown in 

Fig. 5.13. The power spectral density (PSD) is calculated with a 500 kHz sampling frequency, 

256 oversampling ratio (OSR), 32,768 samples and plotted with a Hanning window. The 

calculated signal-to-noise ratio (SNR) and the effective number of bits (ENOB) are 94 dB and 

17.1 bits, respectively, within 1 kHz bandwidth, which is slightly smaller than the simulation 

results obtained from the schematic simulation in Cadence, MATLAB and CppSim. In addition, 

the duty cycle of the modulator output linearly increases with the rising of the input DC voltage, 

which is plotted in Fig. 5.14. When Vin_p equals Vin_n (0.6 V), the duty cycle of the output 

is 50%. The SNR VS input levels at different temperatures are plotted in Fig. 5.15. The SNR 

reaches a peak (about 97 dB @ -4 dBFs input) and then decreases when the input amplitude 

reduces from 0 dBFs (Vin_amp=500 mV) to -80 dBFs (Vin_amp=0.05  mV).  
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Fig. 5.15 Simulated SNR VS input levels (-80, -60, -40, -20, -15, -10, -8, -6, -4, -2, 0 dBFs) at different temperature (-15, 27, 80 °C). 

 

Fig. 5.16 ΔΣADC (ΔΣ modulator plus decimation filter) output (converted from 18 bits digital output of ΔΣADC) Vs five different 

temperatures (-40, 0, 40, 80, 120 °C) and supply variation with very small input voltage change.  

To further verify the accuracy of the ΔΣ modulator, a transient analysis was done, and the 

results are shown in Fig. 5.16. The y-axis is calculated from the 19-bit digital output of the 

decimation filter from the following equation, 

 
19

_
og_ (1 )*2 0.4

2

Digital number
Anal value = − −    (5. 3) 

This equation is derived from several digital numbers and matches all other simulation points 

very well. Moreover, with the temperature rising, the curve shape of the ΔΣ output follows the 

curvature compensated reference voltage which is generated from a BGR. This BGR design 

was illustrated in our previous design in section 4.2.5. There is a 1.29 mV output variation due 

to temperature change from -40 to 120 °C. It reduces to 0.12 mV when the temperature changes 
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from 0-50 °C. Compared with temperature variation, VDD variation (1.75–1.85 V) has a 

negligible effect on the ΔΣ output.   

The decimation filter and I2C were implemented in Verilog, which was then synthesized and 

routed using Genus and Innovus, respectively. Their Verilog scripts are presented in Appendix 

A. The over-sampling ratio (OSR) of this decimation filter is 256. Thus, the input signal 

bandwidth is,  

 
𝑓𝑏 =

𝑓𝑠

2 × 𝑂𝑆𝑅
=

500 𝐾𝐻𝑧

512
= 0.98 𝐾𝐻𝑧   (5. 4) 

5.3. Simulation results of this ASIC 

 

Fig. 5.17 The ASIC layout in 180 nm technology (xh018). The total chip size is 1.5 mm×1.5 mm  

The ASIC layout is shown in Fig. 5.17. The sensitive analog circuitry (1.8V LDO & Bias, AFE 

and Δ∑ modulator) is covered by a top metal layer called METTPL and surrounded by a ground 

wall formed from the top layer to the bottom layer. In addition, the connection wires for Cx+, 

Cr+, Cm and DSM_i are guarded by GND. The pads DSM_i and DSM_o are the Δ∑ 

modulator’s input (AFE output) and Δ∑ modulator’s output, respectively. They can be used to 

test the Δ∑ modulator independently by connecting En_S1 to vdd (Δ∑ and AFE will be 

disconnected internally. DSM_i can be connected with a testing input signal such as sine wave 

signal) or monitor AFE output and Δ∑ output by connecting En_S1 to GND (Δ∑ and AFE will 

be connected internally). "+~" and " -~" are two special ESD pads for AC input and can work 

at a voltage range of -18–42 V.  
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Fig. 5.18 Transient analysis of C-D output. 

 

                     (a)        (b) 

Fig. 5.19 C-D output (converted from the 19-bit digital output of ΔΣADC) Vs input capacitance change (a) from 1–15 pF with a 1 pF step 

increasing. (b) from 6–6.001 pF with a 0.1 f step increasing. 

 

                     (a)        (b) 

Fig. 5.20 C-D analog value output (converted from the 19-bit digital output of ΔΣADC) Vs (a) temperature variation for capacitance 

measurement (Cx = 6 and 7 pF). (b) sensitivity of the temperature measurement circuit. 

The transient analysis of the C-D output is shown in Fig. 5.18. There is a 19-bit capacitance 
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measurement, 19-bit temperature measurement and a 27-bit address every 23 ms (43 Hz). 

During the long period of address data, no current flows through M1 and M2 and wireless 

power can charge the capacitors C1–C4 as shown in Fig. 5.3. The binary data of Cx at 6 pF 

and temperature at 27 °C in Fig. 5.18 can be converted back to an analog voltage (807.3 mV 

and 577.6 mV) using Eq. (3). The simulation of this ASIC with different capacitance is 

presented in Fig. 5.19. The output of C-D linearly increases with the increasing input 

capacitance and saturates when Cx reaches 14 pF as shown in Fig. 5.19 (a). With a much 

smaller capacitance increase (0.1fF step), each C-D output point can still be matched with the 

input. Thus, with the Protron sensor (6–7 pF/300–1000 mHgA), this interface has a simulated 

0.07 mmHg (0.1 fF) resolution. The temperature effect for both capacitance and temperature 

measurements is simulated and the results are shown in Fig. 5.20. With the temperature 

variation from -40 to 120 °C, the converted analog value of capacitance has a maximum effect 

of ±4 mV at 6pF capacitance input, which equals about ±0.5% accuracy and improves to ±0.1% 

when operated between -20 to 60 °C in Fig. 5.20 (a). Fig. 5.20 (b) presents a linear decrease 

for temperature measurement as the input temperature increase. More detail about the power 

consumption of this ASIC is shown in Table 5. 1 

Table 5. 1 POWER CONSUMPTION OF EACH BLOCK 

Pressure sensor interface Voltage (V) Current (µA) Power (µW) 

Bias Circuit 1.8 65.5 118.08 

AFE 1.8 29 52.2 

ADC 1.8 37 66.6 

Oscillator 1.8 3.2 5.76 

Power on Reset 1.8 0.015 0.027 

1.8 V LDO 1.8 25 45 

2.5 V HV LDO 4.2 94 394.8 

Data Transmission 0.093 (rms) 2.73 m(rms) 253.9 

Total - 2.98m 936.4 

 

       

Fig. 5.21 Photograph of the fabricated die (1.5 mm×1.5 mm) from XFAB.  
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5.4 FPGA system for testing the ASIC in Chapter 5 

An FPGA was used to test the ASIC functions, such as the customized I2C function and the 

function of decoding the received wireless data. An FPGA was chosen as it has the ability to 

decode the digital and analog signals received from the test PCBs in real-time. The Xilinx 

family of FPGAs were chosen and the software Vivado was the development environment. 

There are a variety of FPGA options from Xilinx that could work together with the 

programming software Vivado. These include SoCs, 7 Series, UltraScale and Versal ACAP 

FPGA. The Basys 3 Artix-7 FPGA (7 Series) was utilized in the experiment as it has the 

required features and was available on a cost-effective development board from Digilent as 

shown in Fig. 5.22 (part number 410-183).  A USB 2.0 Cable A Male to Micro B Male cable 

was used to connect the FPGA to a laptop for both programming and powering. The description 

with a grey highlighted colour was the feature used in the experiment. 

 

Fig. 5.22  The Basys 3 Artix-7 FPGA Artix7 FPGA used in the experiment. A USB 2.0 Cable A Male to Micro B Male cable was used to 

connect the FPGA to a laptop for programming and powering. Highlighted part descriptions with the grey colour are the features used in the 
experiment. 
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5.4.1 Customized I2C master for reading the ASIC and decoding the data 

The process for each function implemented in FPGA is similar to the digital circuit design 

described in Fig. 3.4 (b). For instance, the customized I2C master was written in Verilog and 

simulated using the software Vivado. The Verilog was then synthesized, implemented and 

translated into a bitstream which can be uploaded into the FPGA through the USB cable.  The 

customized I2C master was implemented into the FPGA in order to read the I2C output from 

the ASIC and also to decode the received wireless data (i.e. the SDA signal). Simulation results 

of the I2C master are presented in Fig. 5.23. Both i2c_sda and i2c_scl are the emulated I2C 

output signals from the ASIC output using the Verilog code (I2C in CDII shown in Appendix 

A). The internal 100MHz reference clock and i2c_sda were utilized for recreating the signal, 

i2c_scl_created and sda_start. The i2c_scl_created was created to represent the i2c_scl when 

i2c_scl was absent from the received wireless data which only has the i2c_sda signal. The 

sda_start was created as a trigger signal for loading, saving, sending and displaying the 

measured pressure and temperature data to registers, data logging computer and on the 4-digit 

7 segment, respectively. The 19-bit pressure data (data_Ct_save) read once the first five bits 

(address data) from i2c_sda were detected “11010”. For example, Fig. 5.24 shows the received 

19-bit data_Ct_save is 65518 in decimal which is sent from the I2C. The next 5-bit address 

data from the i2c_sda output is “10110” which is the temperature address. The 19-bit 

data_Vt_save (saved temperature data) is obtained in serial once the temperature address is 

detected. The Verilog code for the I2C_master_CDII_1 is shown in Appendix A.  

 

Fig. 5.23 Verilog simulation results for I2C master in Vivado.  

 

5.4.2 The 4-digit 7 segment display 

The 4-digit 7 segment display was used to display the measured 19-bit pressure data or 19-

temperature data in real-time by choosing the switch (SW0) state on the FPGA. The measured 

19-bit data was translated into a voltage using the below function. This voltage is a 

reconstructed ADC input voltage from the ASIC. Excel was used to fit a second-order 

polynomial to the measured 19-bit data using the function LINEST in excel. It was then 

implemented in Verilog as:   
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data [18:0] = (sw[0] == 1)?  (117300000-data_Ct_save [18:0]*277)/10000 : (117300000-

data_Vt_save [18:0]*277)/10000; 

For instance, Fig. 5. 24 shows the data [18:0] is 1998 calculated from the temperature data 

(data Vt_save [18:0] 351301) using the above function, which means 199.8mV and can be 

displayed on the 4-digit 7 segment display on the FPGA by activating the four different anodes, 

seven different cathodes and one decimal point cathode with a certain refreshing frequency 

using the Verilog code shown in Appendix A. 

 

 
Fig. 5. 24 Verilog simulation results for the 4-digi 7 segment display and the I2C master in Vivado. 

5.4.3 UART-USB bridge 

The UART-USB bridge was implemented on the FPGA in Verilog in order to send both 

data_Ct_save (pressure data) and data_Vt_save (temperature data) to the computer for data 

logging. Every eight bits (one starting sign bit with high and 7-bit code) such as 1011 0000 (48) 

and 1100 0001 (65) from the UART-USB represents one character (ASCII) such as “0” and 

“A”. The bit rate was set to 460800 Hz using the 100MHz reference internal clock from the 

FPGA. Fig. 5.25 (a) and (b) present the Verilog simulation results for sending the pressure and 

temperature data (data_Ct_save and data_Vt_save) respectively to the computer through the 

TxD port of the UART-USB bridge. The pressure and temperature data are separated by two 

spaces.  

 
(a) 
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(b) 

Fig. 5.25 Verilog simulation results for the UART-USB bridge with a 460800 baud rate using the Vivado. (a) for transmitting the pressure 

data (data_Ct_save).  (b) for transmitting the temperature data (data_Vt_save).  

5.4.4 Logging and decoding of the digital data into pressure values on a PC 

On the computer side, the software called MobaXterm was used to log the data from the UART-

USB to the computer. The settings for receiving the serial data are shown in Fig. 5.26. The 

speed of 460800 bits per second was selected to match the UART-USB baud rate from FPGA. 

Once the ASIC is powered on and connected to the FPGA, the serial port monitor window in 

the MobaXterm will start to log the data as depicted in Fig. 5.27. The recorded digital data for 

different pressure values can be converted to pressure values using the coefficients found by 

the LINEST function in Excel.  

 
Fig. 5.26 Serial port settings for communication with the UART-USB bridge on MobaXterm. The speed was set to the baud rate of 

460800.  
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Fig. 5.27 Logging both data_Ct_save (pressure) and data_Vt_save (temperature) data on a computer. 

 

5.4.5 Summary of performance and issues encountered 

The test platform based on an FPGA was chosen to implement the complex test functions 

required to decode and log data from the ASIC. This included the custom I2C, 4-digit 7 segment 

display and UART-USB bridge which had to operate at high speed in order to capture the data 

in real-time. Some issues were encountered during the Verilog function design and 

implementation for the FPGA. For instance, there is a trade-off between using Verilog IP for 

the functions from Vivado and building customized Verilog functions. The latter one was 

chosen, despite more development time because it was more flexible (allowed modification) 

and portable (less complexity such as less input and output pins for connections) compared to 

the Verilog IP. Most of the design problems encountered were debugged using the Verilog 

simulation tools Vivado. However, some issues required testing on a real FPGA with the 

assistance of the Analog Discovery 2 from Digilent which provides both oscilloscope and logic 

analyser functionality. For instance, the analog functions of the wireless data receiver were 

debugged using Analog Discovery 2, such as determining the approximate signal amplitude 

received and the appropriate amplification circuitry before digitization.   
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5.5. Test results of this ASIC 

 

Fig. 5.28 Testing the ASIC power consumption with an 1.8 V DC voltage supply. The ASIC die was wire boned on a test PCB board using 

25µm gold wire.  

This ASIC die (1.5 mm×1.5 mm), as shown in Fig. 5.21, is designed in 180 nm CMOS (xh018) 

technology (layout is shown in Fig. 5.17) and fabricated by XFAB. The ASIC was wire-bonded 

onto a PCB with 25 µm gold wire using a wire bonder machine, which is shown in Fig. 5.28 

(top left). A variable capacitor (Cx, JZ150, 3–15 pF) shown on the PCB was also used to test 

the AFE and ADC. 147 µA current consumption was measured with a 1.8 V DC power supply 

as shown in  Fig. 5.28 (bottom right). It is slightly higher than the simulated current 

consumption of 118.8 µA for both AFE and ADC shown in Table 5. 1. 

 

Fig. 5.29 Testing setup for the power spectral density of the delta-sigma modulator  
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Fig. 5.30 Measured power spectral density of ΔΣ modulator with -6 dBFS (Vin_amp=250 mV) and 1kHz sinusoidal input.  

5.5.1 ΔΣ test 

Next, the power spectral density (PSD) of the ΔΣ modulator was measured using the 

cleverscope in order to verify the ΔΣ ADC in the frequency domain. The test setup is shown in 

Fig. 5.29. A 1 kHz sinusoidal wave with 250 mV amplitude and 600 mV DC offset was 

connected to the input of the ΔΣ modulator (D_i pin). The PSD was plotted from the output 

data of the ΔΣ modulator (D_o pin) using the cleverscope, which is shown in Fig. 5.30. The 

spurious-free dynamic range (SFDR) is 52 dBc, which takes the difference between the signal 

power and third harmonic power. These measured results are not as good as the simulation 

results presented in Fig. 5.13. The reason is that the ΔΣ modulator doesn’t have a pin for the 

500 kHz sampling clock. Thus, the PSD of the ΔΣ modulator cannot be calculated precisely as 

the bitstream of the ΔΣ modulator cannot be locked correctly without the original clock from 

the ASIC. Also, the jitter and phase noise of the on-chip RC oscillator could degrade the ΔΣ 

modulator performance. 

 

 

 

-6dB

-72dB

-90dB
100Hz 1kHz 10kHz 100kHz
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Fig. 5.31 Reading DC input voltage using FPGA Artix 7 and PC. 

Then, we tested the transient response of the ΔΣ ADC by connecting the input of the ΔΣ 

modulator to a DC voltage as shown in Fig. 5.31. The DC input voltage was converted into 19-

bit digital number by the ΔΣ ADC, which was collected through the I2C output (SDA and SCL) 

of the ASIC using FPGA and then calculated back to voltage value from the digital number by 

the extracted equation (using LINEST square function in excel), 

 DC voltage = 1.173 − 2.77 ∗ 10−6 ∗ digital_number (5. 5) 

This equation was also implemented with Verilog code in FPGA (I2C_master in Appendix A). 

The results were displayed on the 4-digit display. We increased the DC voltage from            0-

1.1 V, the recorded voltage is depicted in  Fig. 5.32 (a). There is a variation between 0.9-1.1 V, 

which could be caused by the mismatch of the extracted equation (5. 5).  

    

(a)                                                                                          (b) 

Fig. 5.32 Plotting the recorded data versus input DC voltage. (a) Recording the detected voltage (calculated from digital number) by 

reading the 4-digit 7 segment display using FPGA. (b) Recording the detected raw digital number through a UART-USB bridge using FPGA 

and PC, r^2 = 0.99994. 

In order to record the 19 bits of raw data, a UART-USB bridge in Verilog (shown in Appendix 

A) was programmed in the FGPA to send the data to a PC directly. In addition, the DC input 

voltage was replaced by a ramp voltage (0-1.2 V with a 20-minute rise time) generated by a 

Digilent analog discovery 2 and we collected the 19-bit digital number from the PC COM port. 

The recorded raw data is plotted in Fig. 5.32 (b), which has a 0.99994 R square value after 

linear regression. 

A histogram of the measured raw digital data with a ten-hour ramp up (-0.2-1.2 V) DC input 

signal from a signal generator is plotted in Fig. 5.33. The bin size is 2^15 and the bin width is 

15.97. Differential nonlinearity (DNL) is calculated using MATLAB and shown in Fig. 5.34 

(a). The Maximum DNL is about one least significant (LSB). Its integral nonlinearity (INL) is 

also plotted in Fig. 5.34 (b), which has a maximum of 200 LSB. 
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Fig. 5.33 Histogram of the measured ∆ΣADC output data with a ten-hour ramp up (-0.2-1.2 V) DC input. 

 

(a)                                                                                                          (b)   

Fig. 5.34 (a) Differential nonlinearity (DNL) of the ΔΣ ADC. (b) Integral nonlinearity of the ΔΣ ADC 
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5.5.2 Wireless power and wireless data test 

 

Fig. 5.35 Wireless power and data transfer with demodulating circuits.  

The wireless power for the ASIC was received through inductive coupling between two coils 

as shown in Fig. 5.35. The primary coil transfers power to the secondary coil and the secondary 

coil sends data to the primary coil using load modulation as described in section 5.2.1. A 

demodulator was added, shown in Fig. 5.35, to demodulate the load modulated signal. The 

demodulator consists of a full bridge rectifier (Rct) and low pass filter to convert the AC load 

modulated signal to a digital signal.   

Fig. 5.36 shows the setup for testing those functions. The primary coil was driven by the power 

amplifier with a 720 kHz and 300 mV amplitude sine wave signal from points (+A, -A) 

generated by the cleverscope (signal generator) in order to provide wireless power to the 

secondary coil. The ASIC received power successfully and the AFE output voltage was 

measured as shown in Fig. 5.37 (AFE). At the same time, the SDA data was detected at points 

(A+, A- in the schematic) from the primary side as plotted in Fig. 5.37 (received data). The 

received data was then demodulated by the demodulator circuit and the result is also shown in 

Fig. 5.37 (Demodulated data).  
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Fig. 5.36 Wireless power and data transfer testing setup.  

 

Fig. 5.37 Measured signals from wireless powered PCB (AFE) and demodulator PCB (Received data and demodulated data). 

The demodulated data had a DC offset, which was floating and depended on the magnitude of 

the wireless power signal which varied with the coupling distance between the primary and 

secondary. The floating DC offset is removed by using a filter and comparator as illustrated in 

Fig. 5.38. An amplifier gain of 2.2 is used to avoid the DC voltage saturation at the first stage 

(differential to single-ended signal transfer). Next, the DC offset of the amplified signal A is 

extracted by a unit gain buffer and a RC low pass filter, which forms a DC voltage B shown in 

Fig. 5.40 (a). The demodulated signal at A is then compared to the DC at B and a digital signal 

C is extracted. The C is independent of the floating DC offset of A and presented in Fig. 5.40 

(b). The demodulator output can be directly read by the FPGA for decoding and then the 

decoded data can be recorded by the computer as shown in Fig. 5.39. 
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Fig. 5.38 Final demodulator circuit.   

 

Fig. 5.39 Final demodulator testing with a customize designed demodulator PCB. 

     

(a)                                                                                                                  (b) 

Fig. 5.40 Measured signal using the cleverscope (a) Amplified signal A and filtered signal B.  (b) Amplified signal A and the final 

demodulator signal C. 
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5.5.3 Wireless pressure sensor test  

 

Fig. 5.41 The PCB board for testing the AFE and ΔΣADC with a variable capacitor as an input (Cx).  

           

(a)                                                                                                          (b)   

Fig. 5.42 (a) Testing the ASIC with a variable capacitor. (b) Measured waveforms using an oscilloscope that includes AFE and I2C output. 

 

Fig. 5.43 Measured ΔΣ ADC output versus input capacitance change. 

To test the AFE and ΔΣADC, a variable capacitor Cx is first employed as an input as shown in 

Fig. 5.41. The ASIC was powered with a 1.8V DC supply and an oscilloscope was used to test 

the AFE output (D_i) and I2C output (SDA and SCL) as presented in Fig. 5.42 (a). The 
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measured results are shown in Fig. 5.42 (a) which are correlated with the simulation results 

plotted in Fig. 5.18. The AFE and SDA outputs contain one capacitance measurement (Cx) and 

one temperature measurement (VT) in serial.       

Then, the variable capacitor, Cx, was gradually tuned by hand. The analog voltage change of 

the AFE output was observed and the data for Cx and VT were recorded through SCL and SDA  

using FPGA and UART-USB as plotted in Fig. 5.43. During the tuning of the variable capacitor, 

the measured temperature was stable. 

 

Fig. 5.44 The PCB board for testing the AFE with a MEMS capacitive pressure sensor as an input (Cx).  

Next, the variable capacitor was replaced with a MEMS capacitive pressure sensor (0.6×1.2 

mm, 6-7 pF) as shown in Fig. 5.44. Both the ASIC and the pressure sensor were wire-bonded 

using 25 µm gold wire on the PCB. After capacitors and resistors were soldered, the PCB was 

put in a sealed chamber with a pressure tube connected as depicted in Fig. 5.45.  
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Fig. 5.45 Pressure testing setup.  

 

Fig. 5.46 Measured pressure change using wireless power and data transfer. The measured data for both pressure rising and pressure 

falling has a good alignment. 

The pressure was controlled by the pressure calibrator (Fluke, 720 LP) through LabVIEW. The 

PCB was powered wirelessly from a primary coil driven by a power amplifier. The data was 

also transmitted wirelessly from the PCB coil to the primary coil, which was illustrated in detail 

in the previous section 5.4.2. The raw digital data was recorded for pressure both rising and 

falling with a step of 25 mmHgA between 575–950 mmHgA and plotted in Fig. 5.46. Then, 

the digital number was converted back to pressure data using the 3rd and 5th order LINEST 

square function in excel, respectively, as plotted in Fig. 5.47. By calculating the difference 
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between the measured pressure and applied pressure, we got the pressure accuracy, ±0.5 

mmHgA between 575 mmHg to 900 mmHg, which is shown in Fig. 5.48. 

 

Fig. 5.47 Plot the calculated pressure using the measured digital number in Fig. 5.46 with the LINEST square function in excel. The 

calculated pressure for both measured pressure rising and pressure falling has a good alignment. 

 

Fig. 5.48 The measured pressure accuracy in Fig. 5.46.  
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5.5.4 Injectable pressure sensor 

 
Fig. 5.49 The schematic of the injectable pressure sensor. 

 
Fig. 5.50 Wire bonding the ASIC and the capacitive pressure sensor onto a tiny PCB (3.7 mm×7.2 mm) to build an injectable pressure 

sensor. 

After tested the ASIC on a development PCB, we designed a small PCB (3.7 mm×7.2 mm) for 

mounting the ASIC and the pressure sensor in order to demonstrate the concept of an injectable pressure 

sensor. Its schematic is presented in Fig. 5.49. Apart from the ASIC, there is one resistor (R1), one coil, 

one pressure sensor (Cx) and four capacitors (C1 – C4). C1 and the coil were used to sense the wireless 

power and transmit data. R1, C1-C4 were used to stabilize and filter the voltage coming from the full-

bridge rectifier, 2.5 V LDO and 1.8 V LDO, respectively.  The wire bonder was used to connect the 

ASIC, pressure sensor and PCB as shown in Fig. 5.50. Then, a UV Epoxy was used to protect the ASIC 

and the wire bonding as presented in Fig. 5.51 (a) with a New Zealand ten-cent coil for comparison. 

We tested this tiny PCB with a PCB coil shown in Fig. 5.44 and it had the same output as we measured 

CxASIC
Coil

Secondary

680pF

2.2μF

vdd3

22μF

vdd

22μF

vdd18V GND

10kΩ

C3 C4

C2R1

C1



Chapter 5  High Precision Capacitance to Digital Converter 

106 

 

in section 5.4.3. A small ferrite-core coil suitable for an injectable sensor could be developed in future 

work.  

       

Fig. 5.51 Final pressure sensor device (3.7 mm×7.2 mm) on a coin.  

The ASIC design fabricated in this chapter was constrained in size by the process rules from 

the Europractice Mini@asic prototype fabrication service. This fixed the dimension of the 

ASIC at approximately 1.5 mm × 1.5 mm. However, the ASIC could be laid out again to reduce 

the chip size to further reduce the size of the injectable sensor. This would require using the 

more expensive 10 mm2 MPW fabrication service followed by custom dicing to create a 0.6mm 

wide die to match the Proton sensor width. A concept for an injectable pressure sensor using 

this reduced size ASIC is presented in Fig. 5.52. The ASIC, sensor and a few 0201 capacitors 

could be connected to a long aspect ratio coil to create a long thin electronics module. Small 

pickup coil designs are enabled by the ASIC’s low power consumption of 936 µW meaning 

that rod cores as described in [111] are appropriate. The final size would be dependent on the 

encapsulation system, but it is expected that the device could be smaller than 1mm in diameter. 

For instance, glass packaging as used in animal RFID identification tags would be an 

appropriate technology to create an injectable hermetically sealed implant. This would require 

the development of a means of interfacing the Proton sensor to the body which does not reduce 

the effectiveness of the hermetic seal or the creation of a new capacitive sensor fabricated into 

the implant wall such as done by [4]. 
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Fig. 5.52 A demonstration of an injectable pressure sensor (0.6 mm×10 mm).  

5.6 Conclusions 

 

The complete process of designing a low-power capacitive pressure sensor interface IC with 

wireless power and data transfer in a standard 0.18 µm CMOS technology has been described 

in the system and transistor levels. This IC is powered by an inductive power transfer circuit. 

The capacitance change of the sensor is converted into a digital number by the AFE and 

Δ∑ADC. Wireless data transfer is achieved through load modulation with a SDA digital signal 

from the ADC and I2C. The proposed ASIC and pressure sensor were tested with a wireless 

power and pressure change. The detected pressure was received wirelessly through the load 

modulation. The data was then demodulated by the proposed demodulator, decoded by the 

FPGA and recorded by the computer. This AFE, ADC, 1.8 V LDO, bias, and oscillator fulfil a 

±0.5 mmHg accuracy and consume an average current of 147 µA at 1.8 V supply.  

Finally, we implemented this ASIC and pressure sensor onto a tiny PCB to show that it is 

possible to build an injectable pressure sensor with this proposed highly integrated ASIC and 

capacitive pressure sensor.

10mm
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Chapter 6  Conclusion and Future Work  

6.1 Conclusion  

In conclusion, three ASICs for injectable and implantable pressure sensors in 180 nm CMOS 

technology have been designed, fabricated, and tested, which are illustrated in Chapters 3–5, 

respectively.  

Initially, an AFE was developed to sample capacitance to voltage and voltage was converted 

to frequency through a voltage-controlled oscillator, which is presented in Chapter 3. This 

chapter verified the function of the LDO, bandgap, oscillator and VCO. While the converter 

does not fully work, circuit modifications are suggested. We have simulated the changes to 

verify they addressed the issues. Nonetheless, this first ASIC proved that the systems worked 

as designed when used in isolation.  

In order to improve the pressure measuring accuracy in Chapter 3, a new AFE and a SC single-

slope ADC were used to convert capacitance directly to a digital signal in Chapter 4. It was 

tested and can be directly powered by an inductive power transfer circuit using an external coil 

and several capacitors. 300–975 mmHgA pressure change was measured utilizing the AFE and 

the pressure sensor at different temperatures with a wireless power supply. Wireless data 

transfer was also achieved through LSK. 

Lastly, a new AFE and a 19-bit SC delta-sigma ADC were developed to achieve superior 

precision (±0.5 mmHgA) in Chapter 5. Throughout this process, the AFE was refined and 

improved. A demodulator circuit was also proposed to demodulate the wireless data received 

at the primary side. An FPGA was used to decode the demodulated data and send it to a 

computer for recording. It achieved the detection of pressure changes from 575 mHg–               

975 mmHg with a wireless power supply and wireless data transmission. It was also 

miniaturized onto a smaller PCB and it proved the possibility of an injectable pressure sensor 

as it could be small, accurate and thin.  

Table 6. 1 compares the performance of proposed ASICs to each other. They were designed 

and fabricated in 180 nm CMOS technology. Even though all of them used the same SC 

structure for the AFE, the capacitance (pressure) measure range was different. It was improved 

from the 1pF measure range to 15 pF through the changing of AFE design from the first ASIC 

to the final ASIC. In addition, the measured accuracy of the third ASIC in Chapter 5 was ±0.5 

mmHg. While the power consumption of the third ASIC was dropped with the disadvantage of 
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a lower data rate. The accuracy that was not measured for the ASIC presented in Chapters 3 

and Chapter 4 is marked as NA. 

Table 6. 1 COMPARE PERFORMANCE OF CHIPS TO EACH OTHER 

Pressure sensor interface ASIC in Chapter 3 ASIC in Chapter 4 ASIC in Chapter 5 

Technology (µm) 0.18 0.18 0.18 

Supply (V) 1.8–3.3 1.8–18 1.8–18 

Temperature (˚C) in simulation -40–120 -40–120 -40–120 

Capacitance  

(pF) 
6–7 5.7–15.9 0–15 

Pressure range (mmHgA) NA 300–975 575–975 

Accuracy 

(mmHg) 
NA NA ±0.5 

AFE SC SC SC 

ADC VCO SC Single slope Δ∑ 

Wireless power Inductive coil Inductive coil Inductive coil 

Wireless data NA LSK LSK 

Data rate (kHz) 1.6 0.05 0.043  

Power (W) NA 1.4 m 936.4 µ 

 

Compared to the literature shown in Table 6. 2, the final work has better accuracy than the 

results reported in [33]. Although [33] and [45] report lower power consumption, they do not 

achieve the same accuracy or pressure range. Unreported temperature data is marked with NA 

in Table 6. 2. Some temperature data are marked with NA as they were not mentioned by the 

authors. Compared with previous academic work with the same function, this C-D has the 

advantage of a wide pressure range and good accuracy.  

Table 6. 2 Performance Comparison of the Interface Circuits  

Pressure sensor interface 
ASIC in Chapter 

5 

JSSC 

[33] 

2011 

TBE 

[44] 

2010 

JSSC 

[57] 

2018 

JSSC 

[45] 

2009 

Technology (µm) 0.18 0.13 0.13 0.18 1.5 

Supply (V) 1.8 1.5 2.2 2.1 2 

Temperature (˚C) NA 27–45 NA NA NA 

Capacitance  

(pF) 
6–7 6.4–6.5 5.23–5.56 10–12 pF 2–2.2 

Pressure range (mmHg) 575–900 750–817 760–810 600–1100 750–950 

Accuracy 

(mmHg) 
±0.5 1.32 0.5  0.78 1 

AFE SC C-F C to time SC SC 

ADC Δ∑ No need Schmitt trigger SAR Cyclic  

Wireless power Inductive  Inductive RF mRF Ultrasonic Inductive RF 

Wireless data transfer backscatter backscatter mRF Ultrasonic FSK 

Data rate (kHz) 0.043  NA 0.2 0–1 1 
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Power (W) 936.4 µ 2.3 µ 3.2 800 m 36 µ 

 

6.2 Contributions 

This thesis covers the implementation of a highly miniaturized SoC which supports the creation 

of injectable pressure sensors. This was achieved through developing and testing circuits that 

meet the objectives set in section 1.4. The separate sub systems which were tested in several 

CMOS fabrications rounds were combined into a final ASIC which was tested with a pressure 

sensor and shown to be appropriate for integration into an injectable pressure sensor. This 

contributes to a major missing component that enables injectable pressure sensors, which have 

not been developed previously. The SoC can be developed into an injectable pressure sensor 

as described in the next section covering future work.   

Along the way, many systems were designed and tested on silicon.  

(1) Designed three different and high-precision low-power SC AFEs for reading a 

capacitive pressure sensor (Sections 3.3.1, 4.2.3 and 5.2.2) 

(2) Designed an 11-bit SC single-slope ADC and 19-bit Δ∑ADC (Sections 4.2.4 and 5.2.3, 

respectively) 

(3) Designed a series of digital circuits, such as I2C and decimation filter (Appendix A) 

(4) Designed an IPT circuit capable of working over a wide range of input voltages (Section 

4.2.1) 

(5) Designed an LSK near-field wireless data transfer circuit (Sections 5.2.1) 

(6) Designed a demodulator circuit for wireless data demodulation (Section 5.4.2) 

(7) Designed a new temperature-compensated RC oscillator (Section 4.2.6) 

(8) Fabricated a new SoC for injectable implantable pressure sensor (Chapter 5) 

 

Based on the work, two journals and one conference paper have been published online, 

Journal: 

❖ C. Zhang, R. Gallichan, D. M. Budgett and D. McCormick, A Capacitive Pressure Sensor 

Interface IC with Wireless Power and Data Transfer. Micromachines, 11 (10), 2020. 

❖ C. Zhang, R. Gallichan, D. M. Budgett and D. McCormick, “A precision low-power analog 

front end in 180 nm CMOS for wireless implantable capacitive pressure 

sensors” Integration, vol. 70, pp. 151-158, 2020. 

Conference: 
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❖ C. Zhang, R. Gallichan, S. Lapshev, D. M. Budgett and D. McCormick, “A Low Power 

Capacitance to Frequency Converter in 180 nm CMOS for an Implantable Capacitive 

Pressure Sensor” In 2019 IEEE Biomedical Circuits and Systems Conference (BioCAS), pp. 

1-4, Oct. 2019. 

6.2 Future Work 

Recommended future work to improve the ASIC and make progress towards a reliable 

injectable device includes:  

(1) Designing an AFE with lower noise and a wider voltage output range which could 

improve the reading accuracy and sensitivity. For example, the current AFE in section 

5.2.2 has a 100 mV range corresponding to 1 pF capacitance change. This 100 mV 

range can be extended to such as 1 V with a low noise SC op-amp. 

(2) Designing a low-noise on-chip oscillator could improve the AFE and ADC accuracy. 

For instance, the current on-chip low-power RC oscillator has a high jitter and phase 

noise which affects both AFE and ADC sampling accuracy. A low noise on-chip LC 

oscillator [112] could be a good approach as it has a higher Q than the RC oscillator 

and hence prospects for better phase noise. 

(3) The current ASIC geometry was constrained by the Europratice MPW service. A longer, 

narrower die could be fabricated directly through the foundry MPW service or by sub-

dicing of the die through a dicing service. This would allow a longer but narrower 

implant further increasing its suitability as an injectable sensor.     

(4) Packaging the sensor hermetically enables long-term implantation, including using 

glass and other materials to make sensors on the device surface which are both hermetic 

and biocompatible such as the CardioMEMS device. 

(5) Incorporating a longer range data transfer system such as impulse-based modulation 

methods where data and power are transferred sequentially providing greater data 

transfer ranges [113][114]. 

(6) Making an external wireless power transmitter and receiver based on the bench top 

designs in section 5.4.2. 

(7) Long-term tests of this chip and the whole system for accuracy such as drift. The drift 

is a gradual degradation of the ASIC, sensor and other components.  
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(8) Testing the implant (which has the ASIC) with animal experiments. This would be a 

good test of the accuracy, biocompatibility, long-term performance, reader system, etc 

as a step toward showing the device is safe and effective before moving to humans. 
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Appendix A: Verilog Code 

/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////// 
//Verilog HDL for "Single slope ADC in CD1.1", "counter" "functional" 

//Author: Chaoping Zhang 

/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////// 
module counter (input clk_1, reset, output [10:0] count ); 

reg[10:0] count_reg; 

reg[10:0] count_reg_save; 
reg state; 

assign     count = count_reg_save; 

always @(posedge clk_1) 
 if (~reset)  

  case (state) 

   0: begin 
    state <= 1'b1; 

     count_reg <= 10'b0000000000; 

      end 
   1:  count_reg <= count_reg+1; 

  endcase 

 else begin 
  count_reg_save <= count_reg; 

  state <= 1'b0; 

 end 
endmodule 

/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////// 
//Verilog HDL for "Single slope ADC in CD1.2", "counter_redesign" "functional" 

//Author: Chaoping Zhang 

/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////// 
module counter_redesign (input clk_in, reset,rst_power_on, D_in, output [10:0] count, output rst_integrator, output reg s_signal); 

reg[10:0] count_reg; 

reg[10:0] count_reg_save; 
reg state;   //flag for stopping counting 

reg state1; 

assign rst_integrator = ~state | reset;  
assign count = count_reg_save; 

always @(posedge reset or posedge !rst_power_on) 

 if (!rst_power_on) 
  s_signal <= 1'b1;  

 else      

  s_signal <= ~s_signal;  
always @(posedge clk_in or posedge reset) 

 if (reset) 

  state1<= 1'b0; 
 else begin 

  case (state && state1) 

   0: begin               //Stopping counting  
     count_reg <= 10'b0000000000; 

    state1<= 1'b1; 

      end 
   1:  count_reg <= count_reg+1; 

  endcase 

 end 
always @(posedge D_in or posedge reset) 

 if (reset) 

  state <= 1'b1;  
 else if(state) begin      

  count_reg_save <= count_reg; 

  state <= 1'b0;    //Stopping counting 
 end 

endmodule 

 
/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////// 

//Verilog HDL for "Trimming circuit with I2C in CD1.2", " I2C_in_trimming_32b" "functional" 

//Author: Chaoping Zhang 
/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////// 

module I2C_in_trimming_32b (   inout wire  i2c_sda, 

    inout wire i2c_scl, 
 input wire reset, 

 input wire clk, 

 input wire [3:0] T_pfuse_o_Cr,   //used to translate trimmed bit 
 input wire [3:0] T_pfuse_o_Av,   //used to translate trimmed bit 

 input wire [3:0] T_pfuse_o_Ci,   //used to translate trimmed bit 



Appendix A: Verilog Code 

119 

 

 output reg [3:0] T_pfuse_Cr,    //Turn on trimming 
 output reg [3:0] T_pfuse_Av,    //Turn on trimming 

 output reg [3:0] T_pfuse_Ci,    //Turn on trimming 

 output reg [9:0] D_Trim_Cr, 
 output reg [9:0] D_Trim_Av, 

 output reg [9:0] D_Trim_Ci);    //Output translated bits 

reg [2:0] state; 
reg [4:0] count;  

reg [3:0] count2; 

reg start_read; 
reg STATE_IDLE; 

reg STATE_START; 

reg [1:0] STATE_ADDR; 
reg [2:0] STATE_RW; 

reg [2:0] STATE_WACK; 

reg [2:0] STATE_DATA; 
reg [2:0] STATE_WACK2; 

reg [2:0] STATE_STOP; 

  
reg [3:0] saved_addr_r; 

reg [4:0] saved_data; 

reg sda_o; 
reg start_T_pfuse; 

reg start_T_register; 

reg start_T_register_d; 
 

assign i2c_sda = sda_o ? 1'bz : 1'b0;   // generate tri-states 
 

always @(posedge i2c_scl or posedge reset) 

 if (reset) 
  start_T_register_d <=  0; 

 else if (state == 6)  

  start_T_register_d <=  start_T_register; 
//Detect start for reading 

always @(posedge i2c_sda) 

 if (i2c_scl)  

  start_read <=  1; 

 else  

  start_read <=  0; 
always @(negedge i2c_scl or posedge start_read or posedge reset) begin 

 if (reset)  

  start_T_pfuse <= 0; 
 else if (start_read) begin 

  STATE_IDLE <= 0; 

   STATE_START <= 1; 
  STATE_ADDR <= 2; 

   STATE_RW <= 3; 

   STATE_WACK <= 4; 
  STATE_DATA <= 5; 

  STATE_WACK2 <= 6; 

  STATE_STOP <= 7; 
 

  start_T_pfuse <= 0; 

  start_T_register <=  0; 
  sda_o <= 1'b1; 

  state <= 1; 

 end 
 else begin    ///////////////////////////////////Reading 

  case (state) 

 
   STATE_IDLE:begin //idle   0 

    state <= STATE_START; 

   end  
     

   STATE_START:begin //start   1 

    state <= STATE_ADDR; 
    count <= 3; 

   end  

   STATE_ADDR: begin //msb address bit  2 
    saved_addr_r[count] <= i2c_sda; 

    if (count == 0) state <= STATE_RW; 

    else count <= count-1; 
     

   end    
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   STATE_RW: begin //Check the addr 3 
    if (saved_addr_r == 4'b1011) begin //end with "1" is master is writing. 

     sda_o <= 1'b0;      // generate i2c_ack 

     state <= STATE_WACK; 
    end else if (saved_addr_r == 4'b1101) begin 

     sda_o <= 1'b0;      // generate i2c_ack 

     state <= STATE_WACK; 
    end else begin 

     state <= STATE_STOP; 

     sda_o <= 1'b1; 
    end 

   end  

      
   STATE_WACK: begin   //wack 4 

    state <= STATE_DATA; 

    count <= 4;  
    sda_o <= 1'b1;      // release i2c 

   end  

     
   STATE_DATA: begin          // Read data 5 

    saved_data[count] <= i2c_sda; 

    if (count == 0) begin 
     state <= STATE_WACK2; 

     if (saved_addr_r == 4'b1011)  

      start_T_register <= 1; 
     else if (saved_addr_r == 4'b1101) 

      start_T_pfuse <= 1; 
    end else count <= count -1; 

   end  

     
   STATE_WACK2: begin     // state wack2   6 

    sda_o <= 1'b1;     

    state <= STATE_STOP; 
    start_T_pfuse <= 0; 

   end   

     

   STATE_STOP: begin       // state stop  7 

    state <= STATE_IDLE; 

   end     
  endcase  

 end 

end 
always @ (negedge clk or posedge reset) 

 if (reset) begin 

  T_pfuse_Cr <= 0; 
  T_pfuse_Av <= 0; 

  T_pfuse_Ci <= 0; 

  count2 <= 0; 
 end  

 // Running trimmed bit translation. 

 else if (!start_T_register_d && !start_T_pfuse) begin 
  if(T_pfuse_o_Cr == 0) D_Trim_Cr <= 10'b00_0000_0111;  //Trim Cr 

  if(T_pfuse_o_Cr == 1) D_Trim_Cr <= 10'b00_0000_0000;   

  if(T_pfuse_o_Cr == 2) D_Trim_Cr <= 10'b00_0000_0001; 
  if(T_pfuse_o_Cr == 3) D_Trim_Cr <= 10'b00_0000_0011; 

  if(T_pfuse_o_Cr == 4) D_Trim_Cr <= 10'b00_0000_1111; 

  if(T_pfuse_o_Cr == 5) D_Trim_Cr <= 10'b00_0001_1111; 
  if(T_pfuse_o_Cr == 6) D_Trim_Cr <= 10'b00_0011_1111; 

  if(T_pfuse_o_Cr == 7) D_Trim_Cr <= 10'b00_0111_1111; 

  if(T_pfuse_o_Cr == 8) D_Trim_Cr <= 10'b00_1111_1111;   
  if(T_pfuse_o_Cr == 9) D_Trim_Cr <= 10'b01_1111_1111; 

  if(T_pfuse_o_Cr == 10) D_Trim_Cr <= 10'b11_1111_1111;     

 
  if(T_pfuse_o_Av == 0) D_Trim_Av <= 10'b00_0000_0111; //Trim Av 

  if(T_pfuse_o_Av == 1) D_Trim_Av <= 10'b00_0000_0000; 

  if(T_pfuse_o_Av == 2) D_Trim_Av <= 10'b00_0000_0001; 
  if(T_pfuse_o_Av == 3) D_Trim_Av <= 10'b00_0000_0011; 

  if(T_pfuse_o_Av == 4) D_Trim_Av <= 10'b00_0000_1111; 

  if(T_pfuse_o_Av == 5) D_Trim_Av <= 10'b00_0001_1111; 
  if(T_pfuse_o_Av == 6) D_Trim_Av <= 10'b00_0011_1111;   

  if(T_pfuse_o_Av == 7) D_Trim_Av <= 10'b00_0111_1111;   

  if(T_pfuse_o_Av == 8) D_Trim_Av <= 10'b00_1111_1111;  
  if(T_pfuse_o_Av == 9) D_Trim_Av <= 10'b01_1111_1111;  

  if(T_pfuse_o_Av == 10) D_Trim_Av <= 10'b11_1111_1111;  
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  if(T_pfuse_o_Ci == 0) D_Trim_Ci <= 10'b00_0000_0111; //Trim Ci 
  if(T_pfuse_o_Ci == 1) D_Trim_Ci <= 10'b00_0000_0000; 

  if(T_pfuse_o_Ci == 2) D_Trim_Ci <= 10'b00_0000_0001; 

  if(T_pfuse_o_Ci == 3) D_Trim_Ci <= 10'b00_0000_0011; 
  if(T_pfuse_o_Ci == 4) D_Trim_Ci <= 10'b00_0000_1111;   

  if(T_pfuse_o_Ci == 5) D_Trim_Ci <= 10'b00_0001_1111;   

  if(T_pfuse_o_Ci == 6) D_Trim_Ci <= 10'b00_0011_1111; 
  if(T_pfuse_o_Ci == 7) D_Trim_Ci <= 10'b00_0111_1111; 

  if(T_pfuse_o_Ci == 8) D_Trim_Ci <= 10'b00_1111_1111; 

  if(T_pfuse_o_Ci == 9) D_Trim_Ci <= 10'b01_1111_1111; 
  if(T_pfuse_o_Ci == 10) D_Trim_Ci <= 10'b11_1111_1111; 

 

   count2 <= 0; 
   T_pfuse_Cr <= 0; 

   T_pfuse_Av <= 0; 

   T_pfuse_Ci <= 0; 
  end 

 // Finding the trimming data,start with comm 1011  

 else if (start_T_register_d & !start_T_pfuse) begin 
  if(saved_data == 0) D_Trim_Cr <= 10'b00_0000_0111;  //Trim Cr 

  if(saved_data == 1) D_Trim_Cr <= 10'b00_0000_0000;   

  if(saved_data == 2) D_Trim_Cr <= 10'b00_0000_0001; 
  if(saved_data == 3) D_Trim_Cr <= 10'b00_0000_0011; 

  if(saved_data == 4) D_Trim_Cr <= 10'b00_0000_1111; 

  if(saved_data == 5) D_Trim_Cr <= 10'b00_0001_1111; 
  if(saved_data == 6) D_Trim_Cr <= 10'b00_0011_1111; 

  if(saved_data == 7) D_Trim_Cr <= 10'b00_0111_1111; 
  if(saved_data == 8) D_Trim_Cr <= 10'b00_1111_1111;   

  if(saved_data == 9) D_Trim_Cr <= 10'b01_1111_1111;   

  if(saved_data == 10) D_Trim_Cr <= 10'b11_1111_1111;   
 

  if(saved_data == 11) D_Trim_Av <= 10'b00_0000_0111; //Trim Av 

  if(saved_data == 12) D_Trim_Av <= 10'b00_0000_0000; 
  if(saved_data == 13) D_Trim_Av <= 10'b00_0000_0001; 

  if(saved_data == 14) D_Trim_Av <= 10'b00_0000_0011; 

  if(saved_data == 15) D_Trim_Av <= 10'b00_0000_1111; 

  if(saved_data == 16) D_Trim_Av <= 10'b00_0001_1111; 

  if(saved_data == 17) D_Trim_Av <= 10'b00_0011_1111;   

  if(saved_data == 18) D_Trim_Av <= 10'b00_0111_1111;   
  if(saved_data == 19) D_Trim_Av <= 10'b00_1111_1111;  

  if(saved_data == 20) D_Trim_Av <= 10'b01_1111_1111;  

  if(saved_data == 21) D_Trim_Av <= 10'b11_1111_1111;  
 

  if(saved_data == 22) D_Trim_Ci <= 10'b00_0000_0111; //Trim Ci 

  if(saved_data == 23) D_Trim_Ci <= 10'b00_0000_0000; 
  if(saved_data == 24) D_Trim_Ci <= 10'b00_0000_0001; 

  if(saved_data == 25) D_Trim_Ci <= 10'b00_0000_0011; 

  if(saved_data == 26) D_Trim_Ci <= 10'b00_0000_1111;   
  if(saved_data == 27) D_Trim_Ci <= 10'b00_0001_1111;   

  if(saved_data == 28) D_Trim_Ci <= 10'b00_0011_1111; 

  if(saved_data == 29) D_Trim_Ci <= 10'b00_0111_1111; 
  if(saved_data == 30) D_Trim_Ci <= 10'b00_1111_1111; 

  if(saved_data == 31) D_Trim_Ci <= 10'b01_1111_1111; 

  if(saved_data == 32) D_Trim_Ci <= 10'b11_1111_1111; 
  end 

 //Starting trimming,start with comm 1101 

 else if (!start_T_register_d & start_T_pfuse) begin 
   case (saved_data) 

   0 : begin  

    count2 <= count2 +1; 
    if (count2 >0 && count2 <6) 

     T_pfuse_Cr <= 0;                   //command: 1101  0 

    else  
     T_pfuse_Cr <= 0; 

    if (count2 == 17) 

     count2 <= 0; 
   end 

   1 : begin                              //command: 1101  1 

    count2 <= count2 +1; 
    if (count2 >0 && count2 <6) 

     T_pfuse_Cr <= 1; 

    else  
     T_pfuse_Cr <= 0; 

    if (count2 == 17) 

     count2 <= 0; 
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   end 
   2 : begin  

    count2 <= count2 +1; 

    if (count2 >0 && count2 <6) 
     T_pfuse_Cr <= 2; 

    else  

     T_pfuse_Cr <= 0; 
    if (count2 == 17) 

     count2 <= 0; 

   end 
   3 : begin  

    count2 <= count2 +1; 

    if (count2 >0 && count2 <6) 
     T_pfuse_Cr <= 3; 

    else  

     T_pfuse_Cr <= 0; 
    if (count2 == 17) 

     count2 <= 0; 

   end 
   4 : begin  

    count2 <= count2 +1; 

    if (count2 >0 && count2 <6) 
     T_pfuse_Cr <= 4; 

    else  

     T_pfuse_Cr <= 0; 
    if (count2 == 17) 

     count2 <= 0; 
   end 

   5 : begin  

    count2 <= count2 +1; 
     if (count2 >0 && count2 <6) 

     T_pfuse_Cr <= 5; 

    else  
     T_pfuse_Cr <= 0; 

    if (count2 == 17) 

     count2 <= 0; 

   end 

   6 : begin  

    count2 <= count2 +1; 
    if (count2 >0 && count2 <6) 

     T_pfuse_Cr <= 6; 

    else  
     T_pfuse_Cr <= 0; 

    if (count2 == 17) 

     count2 <= 0; 
   end 

   7 : begin  

    count2 <= count2 +1; 
    if (count2 >0 && count2 <6) 

     T_pfuse_Cr <= 7; 

    else  
     T_pfuse_Cr <= 0; 

    if (count2 == 17) 

     count2 <= 0; 
   end 

 

   8 : begin  
    count2 <= count2 +1; 

    if (count2 >0 && count2 <6) 

     T_pfuse_Cr <= 8;                   //command: 1101  0 
    else  

     T_pfuse_Cr <= 0; 

    if (count2 == 17) 
     count2 <= 0; 

   end 

   9 : begin                              //command: 1101  1 
    count2 <= count2 +1; 

    if (count2 >0 && count2 <6) 

     T_pfuse_Cr <= 9; 
    else  

     T_pfuse_Cr <= 0; 

    if (count2 == 17) 
     count2 <= 0; 

   end 

   10 : begin  
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    count2 <= count2 +1; 
    if (count2 >0 && count2 <6) 

     T_pfuse_Cr <= 10; 

    else  
     T_pfuse_Cr <= 0; 

    if (count2 == 17) 

     count2 <= 0; 
   end 

   11 : begin  

    count2 <= count2 +1; 
    if (count2 >0 && count2 <6) 

     T_pfuse_Av <= 0; 

    else  
     T_pfuse_Av <= 0; 

    if (count2 == 17) 

     count2 <= 0; 
   end 

   12 : begin  

    count2 <= count2 +1; 
    if (count2 >0 && count2 <6) 

     T_pfuse_Av <= 2; 

    else  
     T_pfuse_Av <= 1; 

    if (count2 == 17) 

     count2 <= 0; 
   end 

   13 : begin  
    count2 <= count2 +1; 

     if (count2 >0 && count2 <6) 

     T_pfuse_Av <= 2; 
    else  

     T_pfuse_Av <= 0; 

    if (count2 == 17) 
     count2 <= 0; 

   end 

   14 : begin  

    count2 <= count2 +1; 

    if (count2 >0 && count2 <6) 

     T_pfuse_Av <= 3; 
    else  

     T_pfuse_Av <= 0; 

    if (count2 == 17) 
     count2 <= 0; 

   end 

   15 : begin  
    count2 <= count2 +1; 

    if (count2 >0 && count2 <6) 

     T_pfuse_Av <= 4; 
    else  

     T_pfuse_Av <= 0; 

    if (count2 == 17) 
     count2 <= 0; 

   end 

 
   16 : begin  

    count2 <= count2 +1; 

    if (count2 >0 && count2 <6) 
     T_pfuse_Av <= 5;                   //command: 1101  0 

    else  

     T_pfuse_Av <= 0; 
    if (count2 == 17) 

     count2 <= 0; 

   end 
   17 : begin                              //command: 1101  1 

    count2 <= count2 +1; 

    if (count2 >0 && count2 <6) 
     T_pfuse_Av <= 6; 

    else  

     T_pfuse_Av <= 0; 
    if (count2 == 17) 

     count2 <= 0; 

   end 
   18 : begin  

    count2 <= count2 +1; 

    if (count2 >0 && count2 <6) 
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     T_pfuse_Av <= 7; 
    else  

     T_pfuse_Av <= 0; 

    if (count2 == 17) 
     count2 <= 0; 

   end 

   19 : begin  
    count2 <= count2 +1; 

    if (count2 >0 && count2 <6) 

     T_pfuse_Av <= 8; 
    else  

     T_pfuse_Av <= 0; 

    if (count2 == 17) 
     count2 <= 0; 

   end 

   20 : begin  
    count2 <= count2 +1; 

    if (count2 >0 && count2 <6) 

     T_pfuse_Av <= 9; 
    else  

     T_pfuse_Av <= 0; 

    if (count2 == 17) 
     count2 <= 0; 

   end 

   21 : begin  
    count2 <= count2 +1; 

    if (count2 >0 && count2 <6) 
     T_pfuse_Av <= 10; 

    else  

     T_pfuse_Av <= 0; 
    if (count2 == 17) 

     count2 <= 0; 

   end 
   22 : begin  

    count2 <= count2 +1; 

    if (count2 >0 && count2 <6) 

     T_pfuse_Ci <= 0; 

    else  

     T_pfuse_Ci <= 0; 
    if (count2 == 17) 

     count2 <= 0; 

   end 
   23 : begin  

    count2 <= count2 +1; 

    if (count2 >0 && count2 <6) 
     T_pfuse_Ci <= 1; 

    else  

     T_pfuse_Ci <= 0; 
    if (count2 == 17) 

     count2 <= 0; 

   end 
 

   24 : begin  

    count2 <= count2 +1; 
    if (count2 >0 && count2 <6) 

     T_pfuse_Ci <= 2;                   //command: 1101  0 

    else  
     T_pfuse_Ci <= 0; 

    if (count2 == 17) 

     count2 <= 0; 
   end 

   25 : begin                              //command: 1101  1 

    count2 <= count2 +1; 
    if (count2 >0 && count2 <6) 

     T_pfuse_Ci <= 3; 

    else  
     T_pfuse_Ci <= 0; 

    if (count2 == 17) 

     count2 <= 0; 
   end 

   26 : begin  

    count2 <= count2 +1; 
    if (count2 >0 && count2 <6) 

     T_pfuse_Ci <= 4; 

    else  
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     T_pfuse_Ci <= 0; 
    if (count2 == 17) 

     count2 <= 0; 

   end 
   27 : begin  

    count2 <= count2 +1; 

    if (count2 >0 && count2 <6) 
     T_pfuse_Ci <= 5; 

    else  

     T_pfuse_Ci <= 0; 
    if (count2 == 17) 

     count2 <= 0; 

   end 
   28 : begin  

    count2 <= count2 +1; 

    if (count2 >0 && count2 <6) 
     T_pfuse_Ci <= 6; 

    else  

     T_pfuse_Ci <= 0; 
    if (count2 == 17) 

     count2 <= 0; 

   end 
   29 : begin  

    count2 <= count2 +1; 

     if (count2 >0 && count2 <6) 
     T_pfuse_Ci <= 7; 

    else  
     T_pfuse_Ci <= 0; 

    if (count2 == 17) 

     count2 <= 0; 
   end 

   30 : begin  

    count2 <= count2 +1; 
     if (count2 >0 && count2 <6) 

     T_pfuse_Ci <= 8; 

    else  

     T_pfuse_Ci <= 0; 

    if (count2 == 17) 

     count2 <= 0; 
   end 

   31 : begin  

    count2 <= count2 +1; 
     if (count2 >0 && count2 <6) 

     T_pfuse_Ci <= 9; 

    else  
     T_pfuse_Ci <= 0; 

    if (count2 == 17) 

     count2 <= 0; 
   end 

   32 : begin  

    count2 <= count2 +1; 
     if (count2 >0 && count2 <6) 

     T_pfuse_Ci <= 10; 

    else  
     T_pfuse_Ci <= 0; 

    if (count2 == 17) 

     count2 <= 0; 
   end 

   endcase     

 end 
endmodule 

 

/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////// 
//Verilog HDL for "Delta sigma ADC in CDII", "decimation_19bit" "functional" 

//Author: Chaoping Zhang 

/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////// 
module decimation_19bit (mdata1, mclk1, reset, s_signal, i2c_start, DATA); 

input mclk1;    /*Sampling clock*/ 

input reset;    /*Power on reset*/ 
input mdata1; /*Output of delta sigma modulator*/ 

output reg i2c_start;  /*I2C start signal*/ 

output s_signal;  /*Cx and temperature data switching signal for delts sigma modulator input*/ 
output [18:0] DATA; /*19 bit decimiation filter output*/ 

reg [26:0] ip_data1; 

reg [26:0] acc1; 
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reg [26:0] acc2; 
reg [26:0] acc3; 

reg [26:0] acc3_d2; 

reg [26:0] acc3_buffer; 
reg [26:0] diff1; 

reg [26:0] diff1_buffer; 

reg [26:0] diff2; 
reg [26:0] diff2_buffer; 

reg [26:0] diff3; 

reg [26:0] diff1_d; 
reg [26:0] diff2_d; 

reg [18:0] DATA; 

reg [8:0] word_count; 
reg s_signal; 

wire word_clk; 

wire inn_rst; 
wire s_flag; 

reg [3:0] DATA_count; 

assign inn_rst = (DATA_count==0)&(word_count==1); 
assign s_flag = (DATA_count==5)&(word_count[8]==1)&(word_count[7]==0)&(word_count[6]==1); 

assign word_clk = word_count[8]; 

always @ (posedge s_flag or posedge reset) 
 if (reset)   s_signal <= 1'b0; 

 else s_signal <= ~ s_signal; 

/*Perform the Sinc ACTION*/ 
always @ (mdata1) 

 if(mdata1==0) 
  ip_data1 <= 0; 

 else 

  ip_data1 <= 1; 
 

always @ (negedge mclk1 or posedge inn_rst) 

 if (inn_rst) begin 
  /*initialize acc registers on reset*/ 

  acc1 <= 0; 

  acc3 <= 0; 

 end 

 else begin 

  /*perform accumulation process*/ 
  acc1 <= acc1 + ip_data1; 

  acc3 <= acc3 + acc2;                     

 end 
always @ (posedge mclk1 or posedge inn_rst) 

 if (inn_rst) begin 

  acc2 <= 0;              /*initialize acc registers on reset*/ 
 end 

 else begin 

  acc2 <= acc2 + acc1;         /*perform accumulation process*/                  
 end 

/*Produce DECIMATION clock word_clk*/ 

always @ (posedge mclk1 or posedge reset) 
 if (reset) 

  word_count <= 0; 

 else 
  word_count <= word_count + 1; 

always @ (negedge word_clk or posedge reset) 

 if(reset) DATA_count <= 0; 
 else begin  

  DATA_count <= DATA_count + 1; 

  if (DATA_count == 5) begin 
   DATA_count <= 0; 

  end 

end 
 

/*DECIMATION STAGE (MCLKOUT/ WORD_CLK)*/ 

always @ (negedge mclk1 or posedge inn_rst) 
 if(inn_rst) begin 

  acc3_d2 <= 0; 

  diff1_buffer <= 0; 
  diff1_d <= 0; 

  diff2 <= 0; 

  diff2_buffer <= 0; 
  diff2_d <= 0; 

  diff3 <= 0; 

 end else 
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 case (word_count) 
  0: begin 

  diff1_buffer <= diff1;   

  end 
  1: begin 

  diff2 <= diff1_buffer - diff1_d;    

  end 
  2: begin 

  diff2_buffer <= diff2;              

  end 
  3: begin 

  diff3 <= diff2_buffer - diff2_d;      

  end 
  4: begin 

  acc3_d2 <= acc3_buffer; 

  diff1_d <= diff1_buffer; 
  diff2_d <= diff2_buffer; 

  end 

 endcase 
always @ (negedge word_clk or posedge inn_rst) 

 if(inn_rst) begin 

  acc3_buffer <= 0; 
  diff1 <= 0; 

 end 

 else begin 
  diff1 <= acc3 - acc3_d2;          

  acc3_buffer <= acc3; 
 end 

 

always @ (posedge word_clk or posedge reset) 
 if (reset)   DATA[18:0] <=19'b1111111111111111111; 

 else if (DATA_count == 5) 

   DATA[18:0] <= diff3[26:8]; 
always @ (posedge mclk1 or posedge reset) 

 if (reset)   i2c_start <= 1'b0; 

 else if (DATA_count == 0)  

  i2c_start <= 1; 

 else  i2c_start <= 0; 

endmodule 
 

/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////// 

//Verilog HDL for "I2C in CDII", "I2C" "functional" 
//Author: Chaoping Zhang 

/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////// 

module I2C ( 
    input wire clk, 

    input wire reset, 

 input wire start, 
 input wire s_signal, 

    input wire [18:0] data, 

 output wire i2c_sda_m, 
    output reg  i2c_sda, 

    inout wire i2c_scl 

  ); 
reg  counter1; 

wire clk1; 

reg clk_d; 
reg clk2; 

//goal is to write to device address 0x50, 0xaa 

//reg start_delay; 
reg STATE_IDLE; 

reg STATE_START; 

reg [1:0] STATE_ADDR; 
reg [2:0] STATE_RW; 

reg [2:0] STATE_WACK; 

reg [2:0] STATE_DATA; 
reg [2:0] STATE_WACK2; 

reg [2:0] STATE_STOP; 

reg [2:0] state; 
reg [4:0] d_count; 

reg [4:0] count;  

reg i2c_scl_enable; 
reg [2:0] saved_addr; 

reg [18:0] saved_data; 

assign clk1 = counter1; 
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assign i2c_sda_m = !i2c_sda; 
always @ (posedge clk or posedge reset) 

 if (reset ==1)  

      d_count <= 0; 
 else  d_count <= d_count + 1; 

always @ (negedge clk or posedge reset) 

 if (reset == 1)  
  clk_d <= 0; 

 else if (d_count == 1) 

  clk_d <= ~clk_d; 
always @ (negedge clk_d or posedge reset) begin 

 if (reset == 1) 

  counter1 <= 1'b0; 
 else  

  counter1 <= ~counter1; 

end 
always @(posedge clk_d or posedge reset) begin 

 if (reset == 1)  

  clk2 <= 1'b0; 
 else 

  clk2 <= ~clk1; 

end 
assign i2c_scl=(i2c_scl_enable == 0)? 1: clk1; 

always @ (negedge clk1 or posedge reset) begin 

 if (reset == 1)  
  i2c_scl_enable <= 0; 

 else if ((state ==STATE_IDLE)|| (state == STATE_START) || (state == STATE_STOP))  
  i2c_scl_enable <= 0; 

 else   i2c_scl_enable <= 1; 

end 
//always @(negedge clk2 or posedge reset) 

// if (reset == 1) 

//  start_delay <=1; 
// else start_delay <= start; 

 

always @(posedge clk2 or posedge reset) begin 

 if (reset == 1) begin 

  state <=0; 

  i2c_sda <=1; 
  STATE_IDLE <= 0; 

   STATE_START <= 1; 

  STATE_ADDR <= 2; 
   STATE_RW <= 3; 

   STATE_WACK <= 4; 

  STATE_DATA <= 5; 
  STATE_WACK2 <= 6; 

  STATE_STOP <= 7; 

  count <= 0; 
  saved_addr <= 0; 

  saved_data <= 0; 

 end else 
  case (state) 

   STATE_IDLE:begin //idle   0 

    i2c_sda <= 1; 
    if (start) begin 

     state <= STATE_START; 

     saved_addr <= (s_signal == 0)? 101: 110; //address 100:Cx  
     saved_data <= data; 

    end 

    else 
     state <= STATE_IDLE; 

   end  

    
   STATE_START: begin //start 1 

    i2c_sda <=0; 

    state <= STATE_ADDR; 
    count <= 2; 

   end  

   STATE_ADDR: begin //msb address bit  2 
    i2c_sda <= saved_addr[count]; 

    if (count == 0) state <= 3; 

    else count <= count-1; 
     

   end    

   STATE_RW: begin //begin write  3 
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    i2c_sda <=1;   // 1: Out 
    state <= STATE_WACK; 

   end   

   STATE_WACK: begin   //wack 4 
    i2c_sda <= 0; 

    state <= STATE_DATA; 

    count <= 18;     
   end  

   STATE_DATA: begin          // wrie data 5 

    i2c_sda <= saved_data[count]; 
    if (count == 0) state <= STATE_WACK2; 

    else count <= count -1; 

   end   
   STATE_WACK2: begin     // state wack2   6 

    i2c_sda <= 0; 

    state <= STATE_STOP; 
   end    

   STATE_STOP: begin       // state stop  7 

    i2c_sda <= 1; 
    state <= STATE_IDLE; 

   end     

  endcase  
end 

endmodule 

 
 

/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////// 
//Verilog HDL for " I2C_master_CDII_1", "I2C master used in FPGA" "functional" 

//Author: Chaoping Zhang 

/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////// 
module I2C_master_CDII_1( 

    input wire i2c_sda, 

    input wire reset, 
    input wire i2c_scl, 

    input clock_100Mhz, // 100 Mhz clock source on Basys 3 FPGA 

    output wire [3:0] Anode_Activate, // anode signals of the 7-segment LED display 

    output wire [7:0] LED_out,// cathode patterns of the 7-segment LED display 

    output wire [15:0] pin, 

    input wire  [4:0] sw, 
    output wire TxD 

    ); 

 
reg start_master; 

reg [4:0] count;  

reg [4:0] addr;   
reg [4:0] addr_save; 

reg [2:0] state; 

reg [18:0] data_Ct_save; 
reg [18:0] data_Vt_save; 

 

reg clk_2; 
reg [14:0] clk_count; 

reg [14:0] clk_count_delay; 

reg [4:0] scl_count; 
reg scl_delay; 

reg sda_start; 

reg sda_start_delay; 
reg sda_start_1; 

reg [18:0] sda_lock_count; 

wire [14:0] delay1; 
wire [14:0] delay2; 

 

wire i2c_scl_created; 
wire [18:0] data; 

wire [18:0] data1; 

wire i2c_sda_1; 
 

assign data_trigger = sda_start; 

assign pin[4:0] = scl_count[4:0]; 
assign pin[7] = scl_delay; 

assign i2c_scl_created = clk_2 | scl_delay; 

assign pin [13]  = sda_start_1; 
assign pin [12]  = sda_start; 

assign pin [11]  = clk_2; 

assign pin [10]  = sda_start_delay; 
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assign pin [9] = i2c_scl_created; 
//assign pin[9:0] = sda_lock_count[9:0]; 

assign pin[14] = i2c_sda; 

assign i2c_sda_1 = ~i2c_sda;     //For reading decodec data, the "1" is fliped. 
//assign i2c_sda_1 = i2c_sda; 

//assign pin[15] = i2c_scl; 

assign pin[15] = i2c_scl; 
assign data [18:0] = (sw[0] == 1)?  (117300000-data_Ct_save [18:0]*277)/10000 : (117300000-data_Vt_save [18:0]*277)/10000; 

assign data1 =  (sw[0] == 1)?  data_Ct_save [18:0] : data_Vt_save [18:0]; 

assign delay1 = (sw[1]==1)? 13400 :      //  No1, T_scl=268us/2=134us                                 
                           (sw[2]==1)? 13500 :      //  No2, T_scl=270us/2=135us                                    

                           (sw[4]==1)? 12940 :     //// No4, T_scl=258.8us/2=129.4us 

                           13500; 
 

 assign delay2 = (sw[1]==1)? 6600 :    // No2, Start_dt_scl_sda=200us-134us=66us          

                           (sw[2]==1)? 6700 :      //No2, Start_dt_scl_sda=202us-135us=67us                   
                           (sw[4]==1)? 6410 :      //No4, Start_dt_scl_sda=193.5us-129.4us=64.1us  

                           6700; 

 
Seven_segment_LED_Display_Controller LEDs (clock_100Mhz,    reset,  data,  Anode_Activate,  LED_out);     

Top_Module Uart_Tx(data1, clock_100Mhz, data_trigger, TxD);    

 
always @(posedge clock_100Mhz or posedge reset) begin   

    if (reset | sda_start_delay) begin 

        clk_2 <= 1; 
        clk_count <= 0; 

   end else if (clk_count == delay1) begin     
           clk_count <= 0; 

           clk_2 <= ~clk_2; 

         end  else clk_count <= clk_count +1; 
end 

always @(posedge clock_100Mhz or posedge reset) begin  //us delay  

    if (reset | sda_start) begin 
        sda_start_delay <= 1; 

        clk_count_delay <= 0; 

   end else if (clk_count_delay == (delay2)) begin      

                                                                                  

           clk_count_delay <= 0; 

           sda_start_delay <= 0; 
         end  else clk_count_delay <= clk_count_delay +1; 

end 

always @(posedge clk_2 or posedge sda_start_delay) begin         //forming a full i2c_scl 
    if (sda_start_delay) begin 

        scl_delay <= 0; 

        scl_count <= 0;  
    end else if (scl_count == 24) begin 

            scl_delay <= 1; 

            scl_count <= scl_count +1;          
    end else if (scl_count == 31) begin 

            scl_delay <= 0; 

            scl_count <= 0; 
     end else scl_count <= scl_count +1; 

end 

 
always @(posedge clock_100Mhz or posedge reset) begin  //detecting Ct start 011010 

    if (reset) begin 

        sda_start = 0; 
        sda_lock_count = 0; 

    end else begin  

            if (sda_lock_count == 500000) begin 
                sda_lock_count <= 0; 

                sda_start = 1; 

            end else if (i2c_sda_1)  
                    sda_lock_count <= sda_lock_count +1;   

             else if (i2c_sda_1 == 0) 

                    sda_lock_count <= 0; 
             if (sda_start_1) 

                    sda_start <= 0; 

     end                    
end 

 

 always @(negedge i2c_sda_1 or posedge reset) begin         //detect starting 
    if (reset)  

        sda_start_1 <= 0;  

    else if (sda_start) 
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            sda_start_1 <= 1; 
     else sda_start_1 <= 0; 

end 

 
 always @(posedge i2c_sda_1 or posedge reset) begin         //detect starting 

    if (reset)  

    start_master <= 0;  
    else  

        start_master = i2c_scl_created; 

    end 
    always @(negedge i2c_scl_created or posedge reset) begin         //Begin 

    if (reset) begin 

          data_Ct_save = 423465; 
      data_Vt_save = 423465; 

    end 

    else   begin  if(start_master) begin 
//       data_Ct_save = 0; 

//       data_Vt_save = 0; 

        addr = 0; 
        addr_save <= 0; 

        count <= 0; 

        state = 0; 
    end  

        case (state)  

      0 : begin if (start_master == 1) begin 
                         state = 1; 

                         count <=4; 
                       end else state = 0; 

                end 

       
   1 : begin //idle   0 

                       if (start_master == 0) begin 

                            addr[count] = i2c_sda_1; 
                            if (count == 0) begin  

                                addr_save <= addr; 

                                state = 2; 

                                count <= 18; 

                            end  

                            else count <= count-1; 
                       end           

                  end 

            2: begin          
                    if (start_master == 0) begin 

                            if (addr_save == 5'b11010)  begin //  Ct addr detected 

                                data_Ct_save[count] = i2c_sda_1; 
                                 if (count == 0) begin  

                                   count <= 0; 

                                   state = 0; 
                                 end  

                                 else count <= count-1; 

                           end   
                         else if (addr_save == 5'b10110)  begin //  Vt addr detected 

                                data_Vt_save[count] = i2c_sda_1; 

                                 if (count == 0) begin  
                                    count <= 0; 

                                     state = 0; 

                                 end  
                                 else count <= count-1; 

                           end   else state = 0;   

                     end 
                     end                

            endcase 

            end 
end   

endmodule 

 
/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////// 

//Verilog HDL for " Seven_segment_LED_Display_Controller ", " Seven_segment_LED used in FPGA" "functional" 

//Author: Chaoping Zhang 
/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////// 

module Seven_segment_LED_Display_Controller( 

    input clock_100Mhz, // 100 Mhz clock source on Basys 3 FPGA 
    input reset, // reset 

    input wire [18:0] data, 

    output reg [3:0] Anode_Activate, // anode signals of the 7-segment LED display 
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    output reg [7:0] LED_out// cathode patterns of the 7-segment LED display 
    ); 

    reg [18:0] displayed_number; // counting number to be displayed 

    reg [4:0] LED_BCD; 
    reg [19:0] refresh_counter; // 20-bit for creating 10.5ms refresh period or 380Hz refresh rate 

             // the first 2 MSB bits for creating 4 LED-activating signals with 2.6ms digit period 

    reg [25:0] display_data; // 1s data refersh 
    reg [43:0] data_sum; 

    wire [1:0] LED_activating_counter;  

                 // count     0    ->  1  ->  2  ->  3 
              // activates    LED1    LED2   LED3   LED4 

             // and repeat 

  always @(posedge clock_100Mhz or posedge reset) 
    begin  

        if(reset==1) begin 

            display_data <= 0; 
            data_sum <= 0; 

        end 

        else begin 
            data_sum <= data_sum + data; 

            display_data <= display_data + 1; 

            if (display_data == 43000000) begin 
                   displayed_number <= data_sum/display_data; 

                   data_sum <= 0; 

                   display_data <= 0; 
            end 

         end 
    end  

            

    always @(posedge clock_100Mhz or posedge reset) 
    begin  

        if(reset==1) begin 

            refresh_counter <= 0; 
        end 

        else 

            refresh_counter <= refresh_counter + 1; 

    end  

    assign LED_activating_counter = refresh_counter[19:18]; 

    // anode activating signals for 4 LEDs, digit period of 2.6ms 
    // decoder to generate anode signals  

    always @(*) 

    begin 
        case(LED_activating_counter) 

        2'b00: begin 

            Anode_Activate = 4'b0111;  
            // activate LED1 and Deactivate LED2, LED3, LED4 

            LED_BCD= displayed_number/1000; 

            // the first digit of the 16-bit number 
              end 

        2'b01: begin 

            Anode_Activate = 4'b1011;  
            // activate LED2 and Deactivate LED1, LED3, LED4 

            LED_BCD = (displayed_number % 1000)/100; 

            // the second digit of the 16-bit number 
              end 

        2'b10: begin 

            Anode_Activate = 4'b1101;  
            // activate LED3 and Deactivate LED2, LED1, LED4 

            LED_BCD = ((displayed_number % 1000)%100)/10+5'b10000; 

            // the third digit of the 16-bit number 
                end 

        2'b11: begin 

            Anode_Activate = 4'b1110;  
            // activate LED4 and Deactivate LED2, LED3, LED1 

            LED_BCD = ((displayed_number % 1000)%100)%10; 

            // the fourth digit of the 16-bit number     
               end 

        endcase 

    end 
    // Cathode patterns of the 7-segment LED display  

    always @(*) 

    begin 
        case(LED_BCD) 

        5'b00000: LED_out = 8'b10000001; // "0"      

        5'b00001: LED_out = 8'b11001111; // "1"  
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        5'b00010: LED_out = 8'b10010010; // "2"  
        5'b00011: LED_out = 8'b10000110; // "3"  

        5'b00100: LED_out = 8'b11001100; // "4"  

        5'b00101: LED_out = 8'b10100100; // "5"  
        5'b00110: LED_out = 8'b10100000; // "6"  

        5'b00111: LED_out = 8'b10001111; // "7"  

        5'b01000: LED_out = 8'b10000000; // "8"      
        5'b01001: LED_out = 8'b10000100; // "9"  

         

        5'b10000: LED_out = 8'b00000001; // "0."      
        5'b10001: LED_out = 8'b01001111; // "1."  

        5'b10010: LED_out = 8'b00010010; // "2."  

        5'b10011: LED_out = 8'b00000110; // "3."  
        5'b10100: LED_out = 8'b01001100; // "4."  

        5'b10101: LED_out = 8'b00100100; // "5."  

        5'b10110: LED_out = 8'b00100000; // "6."  
        5'b10111: LED_out = 8'b00001111; // "7."  

        5'b11000: LED_out = 8'b00000000; // "8."      

        5'b11001: LED_out = 8'b00000100; // "9."  
        default: LED_out = 8'b00000001; // "0" 

        endcase 

    end 
 endmodule 

 

/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////// 
//Verilog HDL for " Top_Module ", " Top_Module of UART-USB bridge used in FPGA" "functional" 

//Author: Chaoping Zhang 
/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////// 

module Top_Module( 

    input [18:0] data1,   ///input data1 
//    input [18:0] data2,   ///input data2 in series with data1 

    input clk,           

    input btn, 
    output TxD 

    ); 

    wire TxD; 

    wire btn_out; 

    wire  transmit_en; 

    wire [18:0] data1; 
    wire [7:0] data; 

    wire [7:0] A2, B2, C2, D2, E2, F2, G2, H2; 

    wire [3:0] byte_counter; 
    wire load; 

    Debounce_Signals DB(clk, btn, transmit_en);  

    Dec_ASII ASII(clk, btn, data1, A2, B2, C2, D2, E2, F2, G2, H2); 
    Data_series_out Series(byte_counter, load, A2, B2, C2, D2, E2, F2, G2, H2, data);    

    Transmitter T1(clk, data, transmit_en, TxD, byte_counter, load); 

//    assign data1 = 123456; 
endmodule 

 

/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////// 
//Verilog HDL for " Debounce_Signals ", " Debounce_Signals used in FPGA" "functional" 

//Author: Chaoping Zhang 

/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////// 
module Debounce_Signals #(parameter threshold = 100)( 

    input clk,   //input clock 

    input btn,  //input buttons for transmit_enable and reset 
    output reg transmit_en  //trasmit_enable from the btn control 

    ); 

     
    reg button_ff1 = 0; //button FF for synchronization, initially set to 0 

    reg button_ff2 = 0; //button FF for synchronization, initially set to 0 

    reg [30:0] counter = 0; //20 bits count for increment and decrement when button is press 
     

    //First use two FF to synchronize the button signal, "clk", clock domain 

     
    always @(posedge clk) 

    begin 

        button_ff1 = btn; 
        button_ff2 <= button_ff1; 

    end 

         
     //when push button is pressed or released, increment or decrement the counter 

    always @ (posedge clk) 

    begin 
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        if (button_ff2) //if button_ff2 is high 
        begin  

            if (~&counter) //if it isn't at the count limit, i.e if (counter < threshold) 

            counter  <= counter +1;  //when btn is pushed, count up 
         end   else 

             if (|counter)  //if count has at least 1 in it, making sure no subtract when count is 0; 

             counter <= counter -1; //when btn is released, count down 
             if (counter > threshold)   

                transmit_en <= 1; 

             else 
                transmit_en <= 0; 

     end              

  
endmodule 

 

/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////// 
//Verilog HDL for " Dec_ASII", " Dec_ASII used in FPGA" "functional" 

//Author: Chaoping Zhang 

/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////// 
`timescale 1ns / 1ps 

module Dec_ASII( 

    input clock_100Mhz, // 100 Mhz clock source on Basys 3 FPGA 
    input reset, // reset 

    input wire [18:0] data, 

    output reg [7:0] A2, 
    output reg [7:0] B2, 

    output reg [7:0] C2, 
    output reg [7:0] D2, 

    output reg [7:0] E2, 

    output reg [7:0] F2, 
    output reg [7:0] G2, 

    output reg [7:0] H2 

    ); 
    reg [7:0] A1; 

    reg [7:0] B1; 

    reg [7:0] C1; 

    reg [7:0] D1; 

    reg [7:0] E1; 

    reg [7:0] F1;   
      

    always @(posedge clock_100Mhz or posedge reset) 

     if (reset) begin 
            A1 = 0; B1 = 0; C1 = 0; D1 = 0; E1 = 0; F1 = 0; 

            end else begin 

            A1= data  / 100000; //The Most significant number  
            B1= data % 100000 / 10000; //The fifth leaset number 

            C1= data % 10000 / 1000; //The fourth leaset number 

            D1 = data % 1000 /100 ; //The third least number 
            E1 = data %100 / 10;  //The second least number 

            F1 = data % 10;       //The least number 

    end 
    always @(posedge clock_100Mhz) 

     if (reset) begin 

        A2 = 0; B2 = 0; C2 = 0; D2 = 0; E2 = 0; F2 = 0; 
     end else begin 

        case(A1) 

        0: A2 = 48; // "0"      
        1: A2 = 49; // "1"  

        2: A2 = 50; // "2"  

        3: A2 = 51; // "3"  
        4: A2 = 52; // "4"  

        5: A2 = 53; // "5"  

        6: A2 = 54; // "6"  
        7: A2 = 55; // "7"  

        8: A2 = 56; // "8"      

        9: A2 = 57; // "9"         
        default: A2 = 0; // "NUL" 

        endcase 

         
        case(B1) 

        0: B2 = 48; // "0"      

        1: B2 = 49; // "1"  
        2: B2 = 50; // "2"  

        3: B2 = 51; // "3"  

        4: B2 = 52; // "4"  
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        5: B2 = 53; // "5"  
        6: B2 = 54; // "6"  

        7: B2 = 55; // "7"  

        8: B2 = 56; // "8"      
        9: B2 = 57; // "9"         

        default: B2 = 0; // "NUL" 

        endcase     
         

        case(C1) 

        0: C2 = 48; // "0"      
        1: C2 = 49; // "1"  

        2: C2 = 50; // "2"  

        3: C2 = 51; // "3"  
        4: C2 = 52; // "4"  

        5: C2 = 53; // "5"  

        6: C2 = 54; // "6"  
        7: C2 = 55; // "7"  

        8: C2 = 56; // "8"      

        9: C2 = 57; // "9"         
        default: C2 = 0; // "NUL" 

        endcase      

         
        case(D1) 

        0: D2 = 48; // "0"      

        1: D2 = 49; // "1"  
        2: D2 = 50; // "2"  

        3: D2 = 51; // "3"  
        4: D2 = 52; // "4"  

        5: D2 = 53; // "5"  

        6: D2 = 54; // "6"  
        7: D2 = 55; // "7"  

        8: D2 = 56; // "8"      

        9: D2 = 57; // "9"         
        default: D2 = 0; // "NUL" 

        endcase      

         

        case(E1) 

        0: E2 = 48; // "0"      

        1: E2 = 49; // "1"  
        2: E2 = 50; // "2"  

        3: E2 = 51; // "3"  

        4: E2 = 52; // "4"  
        5: E2 = 53; // "5"  

        6: E2 = 54; // "6"  

        7: E2 = 55; // "7"  
        8: E2 = 56; // "8"      

        9: E2 = 57; // "9"         

        default: E2 = 0; // "NUL" 
        endcase      

         

        case(F1) 
        0: F2 = 48; // "0"      

        1: F2 = 49; // "1"  

        2: F2 = 50; // "2"  
        3: F2 = 51; // "3"  

        4: F2 = 52; // "4"  

        5: F2 = 53; // "5"  
        6: F2 = 54; // "6"  

        7: F2 = 55; // "7"  

        8: F2 = 56; // "8"      
        9: F2 = 57; // "9"         

        default: F2 = 0; // "NUL" 

        endcase         
        G2 = 10; 

        H2 = 13;   

                  
    end 

endmodule 

 
/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////// 

//Verilog HDL for " Data_series_out", " Data_series_out used in FPGA" "functional" 

//Author: Chaoping Zhang 
/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////// 

`timescale 1ns / 1ps 
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module Data_series_out( 
    input [3:0] byte_counter, 

    input load, 

    input [7:0] A2, 
    input [7:0] B2, 

    input [7:0] C2, 

    input [7:0] D2, 
    input [7:0] E2, 

    input [7:0] F2, 

    input [7:0] G2, 
    input [7:0] H2, 

    output reg [7:0] data 

    );    
    reg load_delay; 

     

    always @(negedge load) 
    begin 

        case (byte_counter) 

         0: data <= A2;  
        1:  data <= B2;  

        2:  data <= C2; 

        3: data <= D2; 
        4: data <= E2; 

        5: data <= F2; 

        6: data <= G2; 
        7: data <= H2;   

        endcase       
    end     

endmodule 

 
/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////// 

//Verilog HDL for " Transmitter", " Transmitter of UART-USB bridge used in FPGA" "functional" 

//Author: Chaoping Zhang 
/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////// 

`timescale 1ns / 1ps 

 

module Transmitter( 

    input clk, 

    input [7:0] data, 
    input  transmit_en, 

    output reg TxD, 

    output reg [3:0] byte_counter, 
    output load 

    ); 

     
    //internal variables 

     reg [3:0] bit_counter; //Counter to count the 10 bits 

    reg [13:0] baudrate_counter; // counter = clock(100MHz)/9600=10416.6;counter = clock(100MHz)/460800=217 
    reg [9:0] shiftright_register; // 10 bits that will be serially transmitted through UART 

    reg shift;  //shift sigal to start shifting the bits in UART 

    reg load; //load sigal to start loading the data into the shftright register and add start and stop 
    reg load_delay; 

    reg clear; // reset the bit_counter for UART transmission 

     
    // UART transmission 

     

always @(posedge clk) 
        load_delay <= load;  

     

    always @(posedge clk) 
        begin 

             if(transmit_en || load_delay)    begin 

                     bit_counter <= 0; //counter for bit transmission is reset to 0 
                     baudrate_counter <= 0; 

                     shiftright_register <= {1'b1, data, 1'b0}; // the data is loaded into the register, 10 bits 

              end 
              else begin 

                     baudrate_counter <= baudrate_counter +1; 

                     if (baudrate_counter == 216) 
                     begin 

                        baudrate_counter <= 0; // resetting counter 

                        if(clear) 
                             bit_counter <= 0; 

                        if(shift) begin 

                             shiftright_register <= shiftright_register >> 1; // start shifting the data and transimitting bit by bit 
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                              bit_counter <= bit_counter +1; 
                          end 

                       end 

                   end 
            end 

           

          //  state machine 
always @(posedge clk) 

begin  

           if  (transmit_en) begin 
            load <= 1; // setting load signal to 0 

            shift <= 0; // 

            clear <= 0; // Clear bit counter 
            TxD <= 1; // When set to 1, there is no transmission in progress  

            end 

            else begin // transmitting state 
                     if (bit_counter == 10) begin 

                        load <= 1;                      

                        shift <= 0; 
                        clear <= 1; 

                     end 

                     else if (byte_counter != 8) begin 
                         TxD <= shiftright_register [0]; 

                         shift <= 1; //continue shifting the data, new bit arrives at the RMB 

                         load <= 0; //start laoding the bits 
                         clear <= 0; 

                     end 
                  end 

end   

 
always @(negedge bit_counter[3] or posedge transmit_en) 

    begin  if  (transmit_en)  

            byte_counter <= 0; 
     else begin    

         if (byte_counter == 8)     

            byte_counter = 0; 

         else 

            byte_counter <= byte_counter +1; 

            end 
    end 

endmodule 
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