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ABSTRACT 

 

 

 

The scaling of technology to lower process nodes is a major convenience as it allows for 

power saving by allowing the circuit to operate at a lower voltage. As per the prediction by 

International Technology Roadmap for Semiconductors (ITRS), the supply voltage will 

reduce down to 0.4V by 2024. Although the reduction of supply voltage is favourable in 

terms of power-saving, especially in powering Internet of Things (IoT) devices, the penalty 

incurred by this is the degradation of power supply rejection ratio (PSRR) due to reduced 

output impedance of bandgap reference circuits at lower voltage supply. The proposed work 

aims to mitigate this problem by employing metal oxide semiconductors (MOS) based 

proportional to absolute temperature (PTAT) and complementary to absolute temperature 

(CTAT) generator and regulated cascode techniques to improve the PSRR even at lower 

voltage supply, eliminating the need for voltage doubler circuits which injects noise in the 

substrate and degrades circuit performance. This improved PSRR bandgap reference circuit 

will then be used to power-up circuits that require high PSRR and clean power supply to 

ensure optimal functionality of IoT circuits, particularly sensitive circuits that degrade in 

functionality when subjected to noise travelling through power supply such as low power 

sensors and voltage controlled oscillators (VCOs) in frequency synthesizers.  The objectives 

of this work are to investigate the characteristics and performances of the power management 

unit for radio frequency energy harvesting (RFEH) applications, design and develop 

bandgap reference with improved PSRR at low voltage supply, design and develop a low 

dropout (LDO) regulator to provide a constant voltage reference in RFEH system and 

validate and analyze the performance of the proposed circuit. This work managed to achieve 

a reference voltage of 0.405V over a wide temperature of -40 to 125˚C, a PSRR of -41dB, 

line and load regulation of 1.188mV/V and 2.506mV/mA respectively and load current range 

from 0 to 800µA. The current consumption of the bandgap is 20.33µA and the whole power 

management unit (PMU) is 37µA and the temperature coefficient (TC) is 64.41ppm/˚C. The 

bandgap area is 0.0627mm2 while the whole PMU is 0.142mm2. Overall, the design passes 

all the post layout validations such as design rule check (DRC) and layout vs schematic 

(LVS) and functions as expected. The post-layout simulations were analyzed and the results 

closely agree with the pre-layout simulations. On top of that, this work demonstrates the 

robustness of the bandgap reference circuit when integrated at the top level with the LDO, 

start-up and biasing circuits as it is able to operate, with 50% improvement in PSRR over 

conventional design at a supply voltage of 0.6V, making it suitable to power up sensitive 

IoT circuits.  
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PENAMBAHBAIKAN 0.6V RUJUKAN SELA JALUR PSRR UNTUK SISTEM 

PENGURUSAN KUASA DALAM APLIKASI PENUAIAN TENAGA RF 

 

 

ABSTRAK 

 

 

Penskalaan teknologi ke nod proses yang lebih rendah adalah satu kelebihan kerana 

memungkinkan penjimatan kuasa dengan membenarkan litar beroperasi pada voltan yang 

lebih rendah. Seperti yang dijangkakan oleh halatuju teknologi separuh pengalir 

antarabangsa (ITRS), voltan bekalan akan berkurang sehingga 0.4V menjelang 2024. 

Walaupun pengurangan voltan bekalan adalah bagus dari segi penjimatan kuasa, terutama 

dalam menghidupkan peranti internet benda (IoT), penalti yang ditanggung adalah 

penurunan nisbah penolakan bekalan kuasa (PSRR) disebabkan oleh pengurangan 

rintangan litar rujukan sela jalur pada bekalan voltan yang lebih rendah. Teknik yang 

dicadangkan bertujuan untuk mengurangkan masalah ini dengan menggunakan penjana 

suhu kadaran mutlak (PTAT) dan suhu pelengkap mutlak (CTAT) berdasarkan separuh 

pengalir oksida logam (MOS) dan teknik kaskod terkawal untuk meningkatkan PSRR 

walaupun pada bekalan voltan yang lebih rendah sekaligus menghilangkan keperluan untuk 

litar pengganda voltan yang menyuntik hingar ke dalam substrat dan menurunkan prestasi 

litar. Litar rujukan sela jalur PSRR yang diperbaiki ini kemudiannya akan digunakan untuk 

menghidupkan litar yang memerlukan PSRR tinggi dan bekalan kuasa bersih untuk 

memastikan fungsi optimum litar IoT, terutamanya litar sensitif yang merosot kefungsian 

apabila disuntik hingar dari bekalan kuasa seperti litar penderia berkuasa rendah dan litar 

pengayun dikawal voltan (VCO) dalam pensintesis frekuensi. Objektif kajian ini adalah 

untuk menyiasat ciri-ciri dan prestasi unit pengurusan kuasa untuk aplikasi penuai tenaga 

frekuensi radio (RFEH), mereka bentuk dan mengembangkan litar rujukan sela jalur dengan 

peningkatan PSRR pada bekalan voltan rendah, mereka bentuk dan mengembangkan litar 

ciciran rendah (LDO) untuk memberikan rujukan voltan pemalar dalam sistem penuaian 

tenaga frekuensi radio (RF) dan mengesahkan dan menganalisis prestasi litar yang 

dicadangkan. Kajian ini berjaya mencapai voltan rujukan 0.405V pada julat suhu -40 

hingga 125°C, PSRR -41dB, peraturan garis dan beban 1.188mV/V dan 2.506mV/mA dan 

bebanan arus antara 0 hingga 800µA. Litar rujukan sela jalur ini menggunakan arus 

sebanyak 20.33µA manakala keseluruhan unit pengurusan kuasa (PMU) menggunakan arus 

sebanyak 37µA. Jumlah pekali suhu (TC) pula adalah 64.41ppm/˚C. Kawasan bentangan 

litar sel jalur adalah 0.0627mm2 sementara keseluruhan PMU adalah 0.142mm2. Secara 

keseluruhan, reka bentuk litar sela jalur ini melepasi semua pengesahan pasca-bentangan 

seperti semakan aturan rekabentuk (DRC) dan semakan antara bentangan dan skematik 

(LVS) dan berfungsi seperti yang dijangkakan. Simulasi pasca-bentangan dianalisis dan 

hasilnya bertepatan dengan simulasi pra-bentangan. Selain itu, kajian ini menunjukkan 

kesepaduan rangkaian litar rujukan sela jalur ketika digabungkan dengan LDO, litar 

pemula dan litar pincang kerana dapat beroperasi dengan peningkatan 50% PSRR 

berbanding reka bentuk konvensional pada bekalan voltan 0.6V, menjadikannya sesuai 

untuk menghidupkan litar IoT yang sensitif. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Radio frequency energy harvesting (RFEH) is a promising way to scavenge energy 

from the environment to power up Internet of Things (IoT) sensors and low-power 

applications. The scaling down of technology nodes also contribute to more low-power 

devices, making RFEH even more desirable. This is because RFEH offers interesting 

attributes such as reduced cost and lower periodic maintenance which is especially useful 

when involving IoT devices in harsh environments that complicate the maintenance 

process. Apart from that, the lifetime of the storage can be extended (Soyata et al., 2016). 

 

 

 

 

 

 

Figure 1.1: Typical power management unit (PMU) for RFEH systems 

 

Circuitry reported in literature that can potentially benefit from RFEH include low 

power sensors which operate at sub-threshold or near threshold are the perfect candidate 

for RFEH systems. In order to power low power devices through RFEH, a power 

management system such as the one shown in Figure 1.1 can be employed.   
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The power management system for RFEH contains blocks such as an antenna, a 

matching network, a rectifier, a bandgap reference and an low dropout (LDO) regulator. 

The power management system works such that RF signal is first collected through the 

antenna (Masius, Wong & Lau, 2018) and is fed into a matching network which functions 

to maximize power transfer and to provide passive amplification. The signal then passes 

through a rectifier which converts the radio frequency (RF) signal into direct current (DC) 

signal (Mohd Kamel & Wong, 2019). The DC signal is then fed into the LDO to be 

regulated. The bandgap serves as a reference voltage to the regulator that provides a stable 

voltage across variations in temperature. 

There is a lot of work being done on RFEH targeting different blocks in the RFEH 

PMU system. For example, works by Mrnka et al. (2016) and Ramesh and Rajan (2014) 

focuses on optimizing the antenna performance to obtain a higher power conversion 

efficiency (PCE). Apart from that, works by Al-Lawati et al. (2012); Liu, Z et al. (2018) 

and  Noghabaei et al. (2018) aim to improve the performance of the rectifier by employing 

different architectures. The overwhelming amount of research on RFEH has resulted in 

interesting circuit implementations at the top level. RFEH powered transceivers for sensor 

and IoT applications such as the designs by Masuch et al. (2012); Taghivand et al. (2015); 

Rajavi et al. (2016); Kim, Y. et al. (2015) and Gao et al. (2013). 

A bandgap reference circuit targeted at improving PSRR on 130nm complementary 

metal oxide semiconductor (CMOS) technology targeting IoT RFEH devices that operate 

at sub-threshold and near-threshold region that exhibits improvement over the conventional 

design. The circuit will be designed at the schematic level and verified pre-silicon.  A layout 

of the proposed circuit will then be designed and post-layout verification will be carried 

out as a proof of concept of the RFEH system. 
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1.2 Power Supply Rejection Ratio (PSRR) 

In order to understand the concept of a clean power supply, consider Figure 1.2, in 

which the power supply has been modeled by an inductor connected to the power supply 

due to the inductance of the wire bond to the input and output pins. As can be seen, since 

the analog and digital blocks share same power rails, both voltage supply and ground, the 

fast transient currents due to switching of digital currents will induce a voltage drop across 

the inductor, hence creating an unclean power supply or noise and causing problems to 

analog circuits such as headroom issues among other things. Coming back to the concept 

of PSRR, an analog circuit is characterized by its ability to reject this noise from the power 

rails, hence the name PSRR to ensure optimum performance of circuits of both domains. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Switching current of digital blocks causing a voltage drop across the  

  inductor and manifest itself in the form of noise 

 

 

Digital Blocks Analog Blocks 

Vdrop = L(di/dt) 

Vdrop = L(di/dt) 

VDD 

GND 
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1.3 Problem statement 

In low power sensors, the accuracy of the functionality may be affected especially 

since the sensors are required to detect minute levels of changes in stimuli and are therefore 

very sensitive to noise. The same applies to the voltage controlled oscillator (VCO) where 

it is particularly sensitive to noise in the power supply. Digital switching injects noise to 

the substrate due to the charge and discharge of current from the power supply (Nagata et 

al., 2001). The effects of this is can be devastating, especially in the era where digital and 

analog circuits are integrated on the same die. From a digital perspective, an unstable power 

supply will cause of noise and gate delay in digital design and this conclusion is supported 

by Andrade et al. (2007) and Charbon et al. (1999).  

In a mixed signal environment, power supply noise due to digital switching injected 

to voltage reference can cause non-linearity in blocks such as mixers and low noise 

amplifiers (LNAs) and bit errors in analog to digital converters (ADCs) (Ozbas et al., 

2003). In a clock generation circuitry, any noise injected through the power supply will 

affect the control voltage of the VCO to operate optimally, resulting in jitter in the phase 

locked loop (PLL) affecting the reliability of clock generation (Magierowski et al., 2004). 

One way to mitigate this is to employ high PSRR in power management circuits such as 

bandgap reference (Chahardori, Atarodi and Sharifkhani, 2011). As such, this work focuses 

on the design of bandgap reference circuit in power management system with improved 

PSRR and discusses the block in detail.  

In terms of applications, recently there has been an upsurge of circuitry operating 

at around 0.4V or near threshold voltage. Low power sensors in works by Ashouei et al. 

(2011) and Konijnenburg et al. (2013), low voltage supply ADCs and PLLs by Anvesha 

and Raychowdhury (2017); Hsieh et al. (2018);  Lee, P. et al. (2016), Jo et al. (2018) and 

Moon et al. (2014), memory circuitry by Dubey et al. (2017), image sensor by Chiou et al. 
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(2015) and transceivers by Jiang et al. (2017) are an integral part of IoT as they are used 

for sensor applications and clock generation respectively, it is of paramount importance 

that these blocks are supplied with clean power supply, which means that a high PSRR is 

needed. 

In accordance with the International Technology Roadmap of Semiconductors 

(ITRS) projection (2015), integrated circuit design will start to be designed targeting supply 

voltages of down to 0.4V by 2024. As such it is important to have high PSRR even at low 

voltage supply. However, a problem has arisen from the scaling down of voltage supply. 

Generally, a higher voltage supply will lead to higher PSRR Morita (2020). Due to the 

decrease of supply voltage, the transistor now has limited output impedance which in turn 

causes the PSRR to decrease. In brief, this work will attempt to remedy the PSRR 

degradation problem of a conventional bandgap reference circuit at low voltage supply of 

0.6V. 

 

1.4 Research objective 

The aim of this project is to design the power management unit (PMU) in energy 

harvester system that can extend the IoT system on chip (SoC) battery life time and analyze 

the performance of the designed PMU circuit. PMU is an interface between energy 

harvester and the IoT devices. Specifically, the objectives are as follows: 

a) To investigate the characteristics and performances of the power management 

  unit for RFEH applications.  

b) To design and develop bandgap reference with improved PSRR at low  

  voltage supply. 

c) To design and develop a low dropout regulator to provide a constant  

  voltage reference in RF energy harvesting system. 
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d) To validate and analyse the performance of the proposed circuit. 

 

1.5 Scope of research 

The scope of this research are as follows: 

● The PMU system is designed with the assumption that there is a power supply 

  provided by the RFEH circuits. As such, the matching network and rectifier 

  circuits will not be designed.  

● This thesis focuses on the aspect of PSRR improvement at low voltage supply 

  only. Hence other parameters such as area, temperature coefficient (TC),  

  power consumption are not given high priority in design consideration. Power 

  consumption is not prioritized as long as the value is within the range reported 

  in literature. 

● Low dropout (LDO) regulator is the topology used to provide a constant  

  regulated output with specified load current. The LDO regulator design  

  focuses on the pass element, error amplifier part, feedback network and  

  bandgap voltage reference voltage.  

● The behaviour and performance of the PMU will be analysed and simulated 

  by using Silterra 130nm process design kit (PDK) and Cadence electronic  

  design automation (EDA) tool. This project is targeting schematic and layout 

  design. 

 

1.6 Contribution of research 

Contributions of this thesis are made in the following related areas: 

i)  A bandgap reference circuit with a low voltage supply of 0.6V has been 

 designed to achieve improvement of 50% PSRR at -41dB at DC with a 

 reference voltage of 0.4V and has been analysed. 
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ii)  An LDO circuit as part of the PMU achieving a max load current of 800µA 

 at a load of 1pF has been designed and analysed. 

iii)  The layout of the bandgap reference and LDO circuit has been designed 

 within the die area 0.0627mm2 for the bangap reference circuit while the 

 whole PMU is 0.142mm2 and the functionality has been verified. The whole 

 PMU design passes post-layout verifications, namely design rule check 

 (DRC) and layout versus schematic (LVS). The discrepancy between pre and 

 post-layout is 1.73% and 2.02% for reference voltage (Vref) and PSRR 

 simulations respectively. 

 

1.7 Thesis outline 

Based on the objectives previously presented and on the approach proposed before, 

this thesis is made up of five (5) chapters, which contents are summarized as follows: 

● Chapter 1. Introduction. This chapter presents the background of the study, 

  research problems, objectives, scopes, contributions and significance of the 

  research. 

● Chapter 2. Literature review. This chapter covers the literature review on  

  different  bandgap types as well as design techniques by previous works as 

  well as the trends. 

● Chapter 3. Methodology. This chapter encompasses methodology and design 

  procedures of the proposed bandgap reference circuit and LDO. 

● Chapter 4. Results. In this chapter the simulation results of the proposed  

  bandgap reference circuit are presented and discussed in great detail. 
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● Chapter 5. Conclusion and future works. This chapter summarizes the main 

  conclusions as well as achievements of the work undertaken in this research 

  and suggests areas for future work. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



9 

 

 

CHAPTER 2  
 

 

LITERATURE REVIEW 

 

 

2.1 Introduction 

This chapter discusses the various techniques that have been employed by previous 

works in literature on the targeted blocks in the RFEH PMU, namely the bandgap reference 

and LDO. In the first part, the bandgap gap reference architectures that revolve around 

improving PSRR and targeting low supply voltage is presented. The second part of this 

chapter deals with state-of-the-art LDO and the techniques used to achieve operation at low 

voltage supply without compromising performance. At the end of this chapter, the different 

architectures of both bandgap and LDO are then summarized. 

 

2.2 Conventional  bandgap reference operation 

In order to create a constant Vref over varying temperature, a complementary to 

absolute temperature (CTAT) and proportional to absolute temperature (PTAT) device 

must be used in which the CTAT generates negative temperature dependency and PTAT 

positive dependency respectively as depicted in Figure 2.1. When added together these two 

signals ideally produce a constant voltage over temperature. The PTAT and CTAT signals 

are generally generated from bipolar junction transistors (BJT) devices, although recent 

works have incorporated metal oxide semiconductor (MOS) in their designs.  

The CTAT VBE relationship is shown in Equation 2.3, where it can be seen that the 

terms, hence exhibiting negative relationship with respect to temperature. For PTAT, the 

difference between two VBE voltages are taken, resulting in Equation 2.1. From Equation 

2.2, it is apparent that the term has a positive temperature dependency. The summing circuit 
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as well as the PTAT and CTAT behavior can be better appreciated upon doing circuit 

analysis. 

 

 

 

 

 

 

 

Figure 2.1: The basic operation of bandgap reference circuit where the CTAT and 

   PTAT  are summed up to obtain a stable voltage over temperature.  

   (Allen & Holberg, 2016) 

                  

                                                    ΔVBE= Vtln (
Ic1Is2

Ic2Is1

) = Vtln(n)                                                  (2.1) 

                                                  
 ∂∆VBE

∂T
= 

k

q
 = +0.085mV/℃                                                    (2.2) 

                                                  VBE= VG0-
kT

q
ln (

Ic

Is

)                                                                    (2.3) 

                                                   
∂VBE

∂T
= -

k

q
 ln (

Ic

Is

) = -2mV/℃                                                    (2.4) 

 

The circuit consists of current mirror made from transistors M1 to M3, an error 

amplifier, BJTs for PTAT and CTAT dependencies and finally resistors. Generally all 

bandgaps have the same components. As previously discussed, the VBE of BJT is CTAT in 

nature while the difference is in 2 VBE voltages or delta VBE exhibits PTAT behavior. It can 

be seen that Q1 is connected in such a fashion that VBE with respect to ground. Therefore 

VBE 

(CTAT) 

ΔVBE 

(PTAT) 

∑ 
VBE*K1 + 

ΔVBE*K2 

K2 

K1 VREF 
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it can be said that Q1 is the BJT responsible for CTAT. In order to get PTAT, the difference 

in VBE between Q1 and Q2 is taken via the resistor. The function of the amplifier is to set 

nodes A and B to be at equal potential via negative feedback. 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Conventional bandgap circuit by Neuteboom (1997) 

 

Since potentials VA = VB = VBEQ1, the current through resistor R1 can be written as 

in Equation 2.5. The current is then mirrored to the output branch via the current mirror, 

the Vref can be written as in Equation 2.6. Notice the extra BJT at the output, contributing 

to a 0.7V voltage drop, as is reflected in the equation. This is one of the weakness of this 

architecture making it unsuitable for low power operation and brought upon the birth of 

sub 1-V bandgap designs. 

                                                 I1 = 
∆VBE

R1

                                                                                  (2.5) 

                                                Vref = VBE3+ (
R2

R3

) ∆VBE                                                                (2.6) 

                                                 I1 = 
VBE1

R1

                                                                                 (2.7) 
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                                                 I2= 
∆VBE

R2

                                                                                         (2.8) 

                                                Vref= ∆VBE (
R3

R2

) + VBE1 (
R2

R3

)                                                    (2.9) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 : Conventional sub 1-V bandgap reference for low power operation by Banba et 

al. (1999) 

 

 

Consider the circuit in Figure 2.3 by Banba et al. (1999) in which modifications 

were done to reduce the Vref, so that the circuit can be used at lower supply voltages. There 

are two major differences between this architecture and that of the conventional. First there 

are two branches at the inputs of the op amp in which resistors are placed for Vref reduction 

via resistive ratios. The second difference is that the BJT at the output stage is removed so 

that the Vref can go lower than the traditional 1.2V bandgap Vref voltage and can operate at 

lower voltage supply. Similar to the previous architecture, the op amp sets nodes A, B, C 

and D to be equal via negative feedback. The currents I1,I2 and Vref can then be written as 

in Equations 2.7, 2.8 and 2.9 respectively. Notice that the VBE term can now be reduced via 

resistive ratios whereas previously it was fixed at 0.7V. 
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2.3 Bandgap reference topologies 

There are many bandgap reference circuit topologies that have been reported in 

literature. This thesis is centralized on techniques to improve PSRR and reports on 

architectures that operate at low voltage supply.  

 

2.3.1 PSRR enhancement techniques 

2.3.1.1 Voltage subtraction technique 

As mentioned previously, high PSRR is important to prevent power supply noise 

from affecting the main circuit. Authors Abbasi et al. (2015) adopted the voltage subtractor 

circuit technique to increase the PSRR which was originally inspired by Hoon et al. (2002). 

The circuit as depicted in Figure 2.4 uses a common source circuit to couple the power 

supply to the feedback. By doing this, the output of the op-amp will respond to the 

variations in the power supply accordingly, hence increasing the PSRR. The circuit can be 

implemented by both NMOS or using one NMOS and one PMOS device. The design 

achieves supply regulation of 0.113%/V and is able to operate as low as 1V. The TC of 

bandgap reference from 22.84ppm /°C to 2.295ppm/°C, with a temperature range of 10 to 

110°C. The PSRR is -84.62dB at DC and consumes 4.691µA current. 

2.3.1.2 Pre-regulation technique 

The pre-regulation technique has been adopted by authors Lee and Chang (2018) 

and Abbasizadeh et al. (2016) in different forms. The basic concept in pre-regulation is 

separating the main power supply from the bandgap reference circuit so that any variations 

or noise coming from the power supply has minimal effect. Authors Lee and Chang (2018) 

used an LDO to regulate the voltage that is supplied to the bandgap reference so that the 

bandgap reference circuit is immune to the variations in the power supply. As can be seen 

from Figure 2.5, the LDO, made up of the op amp, in negative feedback configuration 
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adjusts the gate voltage of the pass transistor so as to track the bandgap Vref. If the supply 

voltage happens to increase, the op amp reacts by increasing the gate voltage of PMOS 

transistor which in turn will then draw lesser current and bring the output voltage back to 

normal, providing immunity of power supply variations to the output voltage. This design 

can operate temperature from 0̊C to 100˚C, and its output reference voltage is stable at 0.8V 

with a variation of about 150 µV and the temperature coefficient is about 5 ppm/◦C∼ 

10ppm/◦C and a PSRR of -101dB at DC. 

 

 

 

 

Figure 2.4: Voltage subtraction technique where the power-supply is coupled to  

       the feedback by means of a common source circuit. (Abbasi et al. 2015) 

The pre-regulation technique used by Abbasizadeh et al. (2016) was slightly 

different. As can be seen in Figure 2.6 the current mirror circuit made up of transistors M13 

and M14 use self-feedback to isolate the bandgap reference circuit from the power supply 

and create an internal regulated voltage. The design by Abbasizadeh et al. (2016) was 

implemented on 350nm technology at 5V voltage supply and a reference voltage of 0.8V. 

The circuit operates from -40 to 120oC and has a PSRR of -90dB at DC. 

 

VDD 

RDS 

Supply 

Voltage 
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Figure 2.5: Pre-regulation by means of an LDO which regulates the power 

 supply going into the bandgap reference circuit (Lee & Chang, 2018) 

 

 

Figure 2.6: Pre-regulation by means of isolation of the power supply from the 

 bandgap reference circuit by the current mirror transistors.   

 (Abbasizideh et al., 2016) 
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2.3.1.3 Filtering technique 

The work by Alhassan et al. (2016) uses MOS devices as a capacitor to build the 

filters. The MOS based capacitor has an advantage in terms of area. By connecting the 

drain and source together, the MOS becomes a two terminal device in which the 

capacitance of the device is determined by its biasing point. Similarly, MOS device MN7 

was biased in cut off to emulate a resistive behavior. As depicted in Figure 2.7, the NMOS 

device MN6 make up the MOS capacitor, biased in strong inversion. When biased properly, 

MOS devices can act as capacitors and resistors and save area. This design managed to 

achieve -50dB as high as 80MHz and was designed on 180nm process with a minimum 

supply voltage of 1.1V at -30 to 80oC temperature and the targeted Vref was 0.893V. 

 

 

 

 

 

 

Figure 2.7: The filtering technique in which transistors configured as MOSCAPs and 

resistors are used to design LPF circuit and filter high frequency variation 

(Alhassan et al., 2016) 

2.3.1.4 Cascode technique 

The work proposed by Soell et al. (2015) utilizes the cascode technique on top of 

pre-regulation. The cascode structure is implemented by transistors M1b, M2 and M3b as 

can be seen in Figure 2.8. By cascading or stacking the transistors, the output impedance 

will increase and hence attenuate the noise coming from the supply. The bandgap reference 
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system presented in this work provides a 600mV voltage with −157.2 dB power supply 

rejection at DC and a deviation of 5.75mV in the temperature range from −40oC to 125oC. 

The bandgap voltage itself even varies less than 1.6mV at 416.1mV. 

 

 

 

 

 

Figure 2.8: The stacking of transistors or better known as the cascode technique  

 increases the output impedance and therefore PSRR (Soell et al., 2015) 

2.3.1.5 Regulated cascode technique 

 

The work by Kamel et al. (2016) uses a pre-regulator and forward noise cancellation 

technique to increase the PSRR of the bandgap reference. The pre-regulator functions to 

filter the voltage supply that is going into the bandgap reference. On top of that, this paper 

also employs a negative feedback loop to increase the output impedance to further attenuate 

the noise. In an effort to optimize the PSRR, the authors Kamel et al. (2016) modified the 

structure to mitigate channel length modulation problem. Channel length modulation 

decreases the accuracy of current mirrors by limiting the output impedance. This can be 

remedied by increasing length of transistors.  

The authors Kamel et al. (2016) took it a step further and used negative feedback to 

set the drain voltages of transistors Mp1 and Mp2 to be equal hence increasing the output 
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impedance as per Equation 2.10. This concept can be visualized from a circuit perspective 

that when the noise signal from power supply travels through a high impedance path, it 

gets attenuated, hence achieving high PSRR as per Equation 2.11. The disadvantage of this 

architecture is that because of op amp A2, setting the drain voltage of Mp1 and Mp2 to be 

equal, the minimum Vref output voltage that can be produced by this circuit is around 0.7V, 

which still have some improvement for low voltage operation. The design achieves a PSRR 

of -130dB at DC and operates at a minimum supply voltage of 1.2V and a Vref of 0.85V 

at a temperature of -40 to 125oC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9: Improved PSRR sub 1-V bandgap reference using regulated cascode to 

increase output impedance and mitigate channel length modulation. (Kamel et al., 2016) 

 

 

                                          Rout=(rds||R4).(1+ AvA2)     (2.10)                 

                                                     PSRR= 
(1- PSRRA1)

g
m

.(rds||R4).(1+ AvA2)
                                         (2.11) 
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2.3.2 Low voltage supply techniques 

2.3.2.1 MOS based PTAT and CTAT generators 

Works from authors Li et al. (2011); Wang et al. (2015) and Yang et al. (2011) 

propose a fully MOS based bandgap reference circuit. Authors Li et al. (2011) targets to 

lower the supply voltage required to operate the bandgap reference circuit. This is done by 

biasing the PTAT and CTAT transistors in sub-threshold. The authors Li et al. (2011) 

employed a traditional current mode bandgap to realize their circuit. By biasing the 

transistors in sub-threshold, the gate-drain voltage can be very low and hence allow the 

circuit to operate at lower supply voltage. Similar to the work by Neuteboom (1997), 

transistors M4, M5 and M6 make up the current mirror. PTAT transistor is M2 while CTAT 

is M1. The PTAT and CTAT currents are mirrored to the output resulting in constant Vref.  

 

 

 

 

 

 

Figure 2.10: A MOS based PTAT and CTAT generator bandgap reference circuit 

 for low voltage operation. (Li et al., 2011) 
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This has a drawback in terms limited Vref range. As can be seen in Figure 2.10, 

since there is a transistor at the output stage, it contributes to a voltage drop hence 

decreasing the range of Vref available. MOS transistors can also exhibit PTAT and CTAT 

nature as described in Equations 2.12 and 2.13. Since the MOS is in sub-threshold region, 

the VGS can be sized to be lesser than 0.7V. This means that the current mirrors have more 

headroom and can operate at lower supply voltage. From Equation 2.12, n and Y are 

process constants while C is the subthreshold current of MOSFET. The derivative of this 

equation to the first order will yield a negative value which indicates that the VGS of 

MOSFET exhibits a CTAT behavior. Equation 2.13 shows that the PTAT relationship can 

be extracted from the delta VGS when (W/L)2  > (W/L)1 as the derivative will yield a positive 

temperature dependency.   

The usage of MOS as a PTAT and CTAT generator is relative to its BJT counterpart 

is due to the fact that it is able to operate in subthreshold and has an extra degree of freedom 

to control the VGS. Consider Equation 2.3, where the Vt is equal to the constant 26mV at 

room temperature. Also, for a wide range of Ic and Is, the value VBE stays relatively 

constant. Computing the VBE will yield a value of around 0.69 to 0.7V, making it unsuitable 

for supply voltage less than or equal to 0.7V. 

On the other hand, by using the MOS as PTAT and CTAT generator, a lower 

voltage can be achieved. As can be seen from Equation 2.12 of the MOS VGS, there is a 

dependency of the gate to source voltage on the device dimensions unlike the BJT where 

the VBE is relatively constant. This device dimension dependency allows the VGS to be 

changed to a desired value, which in the case of low voltage operation, should be small. 

 

                                  VGS = Vth+nVT (ln C - ln
W

L
 +(γ-2) ln T )                                          (2.12) 
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                                  ∆VGS = VGS1- VGS2 = n.VT. ln  (
(
W2

L2
)

(
W1

L1
)

)                                            (2.13) 

 

Authors Yang et al. (2011) also used a MOS based PTAT and CTAT generator as 

depicted in Figure 2.11. In contrast to the work by Li et al. (2011), the architecture adopted 

by Yang et al. (2011) is from the current-mode bandgap reference by Banba et al. (1999) 

in which there is an absence in a transistor in the output stage which gives the design a 

wider range of Vref. Both designs share the same technique in which the PTAT and CTAT 

MOS devices were biased in sub-threshold so as to not consume headroom. The proposed 

design operates at 1V supply voltage with a reference voltage of 0.337V and a temperature 

coefficient of 9.9ppm/oC with a temperature range of 10 to 100oC. 

 

 

 

 

 

 

Figure 2.11: A modification of the work by Banba et al. (1999) bandgap reference 

by replacing the BJT to MOS based CTAT and PTAT generator.  

(Yang et al., 2011) 
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Authors Wang et al. (2015) aims to minimize the effect of process, voltage and 

temperature (PVT) variations in MOS based bandgap reference circuit as per Figure 2.12. 

The current trimming concept was utilized to suit this purpose by adjusting the current for 

the body bias circuit. The threshold voltage depends on the current. Therefore changing the 

current changes the can compensate for the variations in threshold voltage. In this design, 

the PTAT transistors consist of transistors M12 and M11 ∆VGS ′ is the gate-source voltage 

difference between M12 and M11 when the substrate of M11 is connected to ground, which 

has a positive TC. The CTAT devices are made up of transistor M14. Since M14 operates 

in the sub-threshold region, VGS, M14 has a negative TC and f(VGS,M14) is a negative TC 

voltage because the slope of threshold voltage (Vth) of M14 is larger than that of 26mV. 

Another interesting feature to note is the op amp less and resistor to obtain the reference 

voltage.  

This design obtained a minimum power supply voltage is 0.45V with power 

consumption of 14.6 nW. The average temperature coefficient measured from -40 to 125°C 

is 63.6ppm/°C and the line regulation is 1.2mV/V in the power supply voltage ranging from 

0.45 to 1.8V.  

Figure 2.12: A resistorless and fully MOS bandgap reference for saving area and  

   low voltage supply operation. (Wang et. al, 2015) 
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2.3.2.2 Switched capacitor circuits 

Another interesting approach to low voltage operation is by increasing the 

headroom by means of circuitry. The voltage headroom is important to keep all transistors 

in saturation and ensure optimum functionality. The common blocks used by these types 

of bandgap reference circuits is an oscillator, a voltage doubler or charge pump, a constant 

current biasing circuit and a bandgap core. 

The basic operation of these types of circuits is that it creates headroom by using a 

voltage doubler circuit. The voltage doubler or charge pump circuit takes an input clock 

which is generated on chip by an oscillator circuit, usually a ring oscillator for simplicity. 

For low power applications, the current starved ring oscillator has been widely used due to 

its current starving nature. The current supplied to the current starved oscillator is provided 

by the constant current biasing circuit, usually of the constant-gm or constant VGS 

architecture.  

The charge pump or voltage doubler consists of transistors that switch on and off to 

the clock provided to charge capacitors which in turn will create a multiplied version of the 

clock or a constant multiplied constant DC voltage. This clock or voltage will be used to 

power up circuits as a voltage supply or as a clocking mechanism. Lastly, the function of 

the bandgap core is to generate the respective CTAT and PTAT temperature dependencies. 

The work by Mu et al. (2016) addresses the low headroom problem using voltage 

doublers, biasing circuit, ring oscillator and bandgap core as can be seen in Figure 2.13. 

The work claims to operate at minimum supply voltage is 0.5V with a line regulation is 

about 1.1mV/V in the supply voltage range of 0.5-0.9V. With 3-bit trimming, the TC of 58 

ppm/oC in the range of -25°C -85oC was achieved. 

Another example of a voltage doubler based bandgap reference is by authors 

Shristasva et al. (2015). The design also utilizes voltage doubler, a current starved ring 
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oscillator and a switch capacitor circuit for the bandgap core. The PTAT and CTAT will 

be obtained from the switched capacitor circuit where both values are summed as depicted 

in Figure 2.14. This design manages to operate at 0.5V, consumes 32nW with a TC of 

75ppm/°C from 0°C to 80°C.  

 

 

 

Figure 2.13: A bandgap reference utilizing oscillator, charge pump, switch  

 capacitor and a bandgap core. (Mu et al., 2016) 

 

 

 

 

 

Figure 2.14: A switch capacitor network based bandgap reference to generate the delta 

VBE PTAT across a capacitor. (Shristasva et al., 2015) 

2X Charge Pump Cell 
2X Charge Pump Cell 

VEB1 generation circuit VEB2 generation circuit 
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The work by Luo et al. (2018) tries to tackle the low supply voltage and power 

dissipation problem by employing the bulk-driven technique and MOS transistors working 

in the sub-threshold region, the supply voltage and the power dissipation are reduced. 

Moreover, a trimming circuit is adopted to compensate the process-related reference 

voltage variation. Figure 2.15 shows the circuit employed by Luo et al. (2018) which 

consists of charge pump, switched capacitor network as the bandgap core, sample and hold 

and a clock control block. The design manages to operate as low as 0.45V with a Vref  of 

0.3V, consumes 5.4nW of power and has a TC of 64ppm/oC. Table 2.1 and 2.2 summarizes 

some of the mentioned works in literature on bandgap reference circuits. 

 

Figure 2.15: A bandgap design using charge pump, switched capacitor network as the  

 bandgap core, sample and hold and a clock control block. (Luo et al., 2018)
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Table 2.1 : Comparison of previous work on bandgap reference 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 (Kamel et al., 

2016)  

(Mu et al., 

2016) 

(Soell et al., 

2015) 

 (Wang et al., 

2018) 

(Shristasva et 

al., 2015) 

(Li et al., 

2011) 

Technology 130nm 180nm 150nm 180nm 130nm 65nm 

Supply 1.2-4V 0.5V 1.8V 0.9-2V 0.5V 0.6V 

Vref 0.85V 0.24V 0.6V 0.411V 0.5V 0.43V 

Temperature 

Range 

-40 - 125 ˚C -25 to 85 ˚C -40 - 125 ˚C -40 – 125˚C 0 to 80 ˚C -20 - 80 ˚C 

PSRR -130dB* @DC 

-110dB* 

@100kHz 

- -157.2dB@DC 

 

-61dB @ 

10Hz 

-46dB @ 

1MHz 

 

-40dB -31dB@ 

DC 

Temp 

Coefficient 

10 ppm/ ˚C 58 ppm/ ˚C 58ppm/ ˚C 33.7  ppm/ ˚C 75 ppm/ ˚C 25.6ppm/ ˚C 

Current 

Consumption 

50µA 80nA 32.42µA 94.44nA 64nA - 
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Table 2.2 : Comparison of previous work on bandgap reference (continued) 

 (Lee & Chang, 

2018) 

(Alhassan et 

al., 2016) 

(Wang et al., 

2015) 

(Yang et al., 

2011) 

(Luo et al., 

2018) 

Technology 350nm 180nm 180 500nm 65nm 

Supply 2.9-3.3V 1.1-2V 0.45V 1V 0.45V 

Vref 0.8V 0.893V 0.118V 0.337V 0.3V 

Temperature 

Range 

0-100 ˚C -30-80 ˚C -40-125 ˚C 10-100 ˚C 0-80˚C 

PSRR -101dB -75dB -44.2dB @100Hz n/a n/a 

Temp 

Coefficient 

5-10 ppm/˚C 19 ppm/ ˚C 63.6 ppm/ ˚C 9.9 ppm/ ˚C 64 ppm/ ˚C 

Current 

Consumption 

429µA 500nA 0.032µA 82µA 12nA 
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2.4 Low dropout regulator topologies 

In the proposed LDO circuit by Abbasizadeh et al. (2016), an RC low-pass filter 

that allows low frequencies to pass. This filter is also used to remove other frequencies to 

create a common gate structure to transmit supply voltage ripples to the power transistor 

gate. As can be seen in Figure 2.16 the low pass filter is made up of transistors Mr and 

Capacitor Cr. Apart from that, an isolation circuit was designed to regulate the voltage that 

is used by bandgap and op amp circuit and is made up of transistors MS1, MS2 and capacitor 

Cs.  

 

 Figure 2.16: An LDO architecture with common gate and filter structure for  

   PSRR  improvement. (Abbasizedh et al., 2016) 

 

This is done so that the ripples from the power supply will be attenuated and will 

not have a significant effect to the output. This work managed to achieve an LDO PSRR 

of -120dB with a power supply voltage of 5V. The outlet voltage variations, independent 

of load current variations, and line voltage, respectively, are 14.5μV/mA and 1mV/V. The 

load transient response of the proposed LDO circuit at load variations in which the load 

current was varied from 0 to 55mA.  
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The author Khan et al. (2018) proposed an improved LDO in terms of the PSRR 

and the slew rate by employing a class AB operational transconductance amplifier (OTA) 

and using a PMOS pass transistor in cascode with an NMOS. As can be seen in Figure 

2.17, R and C form a filter to filter out ripples. The R and the MN NMOS for a regulator 

that regulates the voltage that is supplied to the pass transistor. R1 and R2 form a resistive 

feedback to the opamp, while M6 and the current sink at the bottom functions to provide 

the phase compensation through CM as per miller theorem. The proposed design improves 

the PSRR and the concept of miller capacitance is used to stabilize the LDO with small 

load capacitor of 10pF. From the initial simulation results, it has been observed that the 

proposed LDO can operate from a supply voltage of 3.3-3.5 V with a minimum dropout 

voltage of 0.5 V at a maximum 50-mA load and quiescent current of 50 μA.  

 

 

 

 

 

 

 

 

 

 

Figure 2.17: An LDO with class AB OTA and using a PMOS pass transistor in cascode 

 with an NMOS. (Khan et al., 2018) 
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The whole idea of the work proposed by Liu et al. (2019) is to improve the stability 

and load transient performance. This is realized by using an additional error amplifier as 

part of the negative feedback path for compensation on top of the R and C. The proposed 

circuit, as can be seen in Figure 2.18 comprises of bias circuit (M1-M6), error amplifier, 

UGCC and feedback resistor network. Cp stands for the parasitic capacitance of Mpo. RL 

represents the load circuit. The error amplifier is implemented by a parallel N-channel 

differential error amplifier (M7-M11) and a P-channel differential error amplifier (M12-

M16) with transistors M17 and M18. R4 and R5 form the feedback resistor network, and 

Mpo is the power transfer device.  

As shown in Figure 2.18, the tail current (M11) in the NMOS differential-input pair 

is biased by the current-mirror transistor M15 of the PMOS differential-input pair, this 

improves the response speed of the LDO regulator. M17 and M18 are equivalent to the 

second stage of a conventional error amplifier. A push-pull output stage for error amplifier 

is used to accelerate the speed of the system and improve circuit transient response in this 

study. The proposed LDO achieved an output voltage of 1V when the input voltage was 

swept from 0V to 1.2V at a load of 100mA. The maximum output voltage variation, 

maximum overshoot voltage and layout area is 53.1mV, 23.9mV and 0.094 mm2 

respectively.  

 

 

 

 

 

Figure 2.18: LDO with improved stability and load transient by using an op-amp in unity 

gain feedback. (Liu et al., 2019) 
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The authors Tang et al. (2018) proposed an LDO that supports low-voltage 

operation and achieves fast transient response due to the source follower structure of the 

power n-channel MOS, with a small output capacitor and small occupied chip area and 

without consuming large quiescent current. The main blocks of the proposed LDO consists 

of a pass transistor MP, a comparator, a charge pump and a resistor and capacitive network 

as can be seen in Figure 2.19. When the output voltage is smaller than Vref, the output of 

comparator will be pulled to high and consequently turn off M1, activating the charge pump 

and charging up the control capacitor through R1 to increase the gate voltage and hence 

the output voltage. The duty cycle of the comparator output which determines the DC level 

of the gate voltage is regulated by the load current. When the output voltage is higher than 

Vref, the comparator output is pulled to low and the clock of the charge pump is blocked, 

stopping it from charging the RC network.  

   

  

 

 

 

 

 

 

 

 

Figure 2.19 : An NMOS pass transistor based LDO with charge pump and digital to  

   analog  signal generator. (Tang et al., 2018) 
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The charge stored in the control capacitor Cc is released through R2 to lowering the 

power MOS gate voltage and hence the output voltage. The duty cycle of the comparator 

output which determines the DC level of the gate voltage is regulated by the load current. 

In the PD-LDO, the error amplifier in an analog LDO regulator is replaced by the latched 

comparator, while the 2X charge pump has no DC sinking current, therefore, the proposed 

design can easily operate in low supply voltage.   

The LDO design by Tang et al. (2018) achieved a maximum load of 100mA at a 

minimum voltage supply of 0.7V and a dropout voltage of 100mV.Using only 20 pF of on-

chip output capacitor and 10 MHz comparator clock frequency, the undershoot is 106 mV 

with 90 mA load current step and 150 ns edge time. The quiescent current is only 6.3 µA 

and the active chip area is 0.08 mm2. Table 2.3 summarizes some of the mentioned works 

in literature on LDO circuits.  
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Table 2.3: Comparison of previous work on LDO 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 (Tang et al., 2018) (Liu et al., 2019) (Khan et al., 2018) (Abbasizadeh et al., 

2016) 

 

Technology 180nm 180nm 350nm 350nm 

Supply Voltage  0.7V 1.2V 3.3 V 5 V 

Quiescent Current 6.3µA 1.9µA 50µA - 

Max Output Current 100mA 100mA 50mA 55mA 

Dropout Voltage 100mV 200mV 500mV 4.2V 

Line Regulation - 0.33mV/V 0.31mV/V 1mV/V 

Load Regulation 0.1mV/mA 8.7mV/mA 23.4mV/A 14.5µV/mA 
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2.5 Research gap 

There exists a fundamental research gap where the PSRR improvement technique 

used by the existing works are not suitable for use for low voltage operation. For example, 

works by Abbasizadeh et al. (2016) and Lee et al. (2018) use a regulation technique to 

regulate the supply of the bandgap reference voltage, either by means of an LDO or 

isolation. This is not suitable because at low supply voltage of 0.6V, as an example, there 

may be no headroom for all the transistors to be in saturation. It is also important to note 

that most of the papers on PSRR enhancement technique targeted supply voltage higher 

than 1V. Besides pre-regulation, the cascode, regulated cascode and floating voltage 

techniques also consume a lot of headroom and may be used at the right conditions and at 

the cost of some transistors not in saturation.  

In terms of the minimum voltage supply for the operation of bandgap, using the 

MOS transistors as the PTAT and CTAT generation device is favorable because it allows 

for low voltage operation as has been demonstrated by authors Li et al. (2011). Other 

techniques like extending the headroom by means of voltage doubler circuits is complex 

as it requires an increase in hardware and thus area. Biasing and BJT-resistor separation 

have limitations in terms of the device as all BJT based bandgaps by default must have a 

minimum voltage supply of more than 0.7V due to the voltage drop across the BJT device.  

On top of that, upon further observation, it can be seen the PSRR is worse when the 

supply voltage is lower. This is due to the limited output resistance that can be squeezed 

out of the lower drain to source voltage Morita (2020). In conclusion, from the papers 

presented in this chapter there is a tradeoff between supply voltage and PSRR. In order to 

obtain low voltage operation while maintaining high PSRR, several of the techniques 

mentioned can be combined to achieve the target. 
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2.6 Summary 

In this chapter, the different techniques that have been employed to design bandgap 

reference circuit and LDO has been discussed in great detail. Also operation and how to 

address issues such as PSRR and low voltage headroom. The design metrics for these 

circuits have been summarized. Apart from that, the research gap revolving the bandgap 

and LDO circuits have been discussed. The key specifications of previous have been 

summarized in table and the research gaps were also discussed in detail. 
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CHAPTER 3  
 

 

METHODOLOGY 

 

 

3.1 Introduction 

This chapter describes the methodology in which the proposed work is designed. 

The flowchart discusses the steps taken in order to achieve the desired specifications. Apart 

from that, the bandgap and LDO circuit operation and design procedure are discussed from 

the pre-layout and post-layout perspective. Lastly, the simulation testbench and parameters 

are also discussed. 

 

3.2 Research design specifications 

After reviewing previous works in literature, the summary of the specifications for 

both bandgap reference and LDO are summarized in Tables 3.1 and 3.2. For the bandgap 

reference circuit, the targeted value of 0.6V application is for low-voltage applications 

which is in line with the ITRS roadmap projection (2015), that is, the scaling down the 

supply voltage by roughly 0.05V every three years. A reference voltage of 0.4V is targeted 

as several top level designs such as PLL (Moon et al., 2014), static random access memory 

(SRAM) (Pu et al., 2018) and low power electromyography (EMG) sensor (Orguc et al., 

2017) has been designed at around 0.4V. A PSRR of -40dB is chosen which is on par with 

other bandgap reference reported in literature. As per the literature, the PSRR specification 

is chosen, taking into account the realistic capabilites of a bandgap circuit at lower voltage 

supplies. As for the current consumption, the targeted value is such that the current is lower 

or around the same value than the reported value in literature. 
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A high temperature range of between -40 and 125°C is chosen to cover most 

applications. Similar to the bandgap, the LDO, input is nominally 0.6V but will be able to 

support a wide range of input from 0.6V to 1.2V, and a PSRR of -40dB with a targeted 

maximum current load of 800µA. The quiescent current is 1µA to minimize current 

consumption. 

 

Table 3.1: Design specification for the proposed bandgap reference circuit 

 

Technology Silterra 130nm PDK 

Supply Voltage 0.6V 

Reference Voltage 0.4V 

PSRR -40dB 

Temperature Range -40 to 125°C 

Current Consumption Lower than or around the same value in 

literature 

 

 

Table 3.2: Design specification for the proposed LDO 

 

 

3.3 Project flowchart 

The flowchart depicted in Figure 3.1 describes the manner in which the work is 

conducted. First, the specifications for both the bandgap reference and LDO circuits are 

identified according to the literature review on previous work and the relevant architecture 

of circuitry are chosen to match the specifications. After the specs are identified, design at 

the schematic pre-layout level carried out on Silterra 130nm PDK using Cadence Virtuoso 

tool. Next, the functionality of the circuit is verified through means of simulation. If the 

design does not pass the pre-defined specifications, the circuit is re-designed. Otherwise, 

Technology Silterra 130nm PDK 

Input Voltage 0.6V 

Output Voltage 0.4V 

Max Load Current 800µA 

PSRR -40dB 

Reference Voltage 0.4V 
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the next step of the design procedure will be to design the layout. The layout will be 

carefully designed, applying design techniques to ensure optimal performance. After the 

layout is designed, the DRC verification is done to ensure it complies with the design rule 

provided by the foundry. After that, the LVS verification is carried out to ensure the drawn 

layout matches the schematic. The parasitic extraction (PEX) simulation will take place 

after LVS to extract the parasitics and realistic model of the layout which consists of 

resistors and capacitors. Lastly, functional simulation is carried out using the extracted 

parasitics to ensure the functionality still conforms to the specifications. If not, the layout 

is redesigned and LVS, DRC and PEX steps are carried out again. 
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Figure 3.1: Flowchart of the design process of the PMU system 
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3.4 Transistor sizing 

The circuit below is used to extract the small signal DC parameters. Generally in 

order to eliminate channel length modulation the transistor length is set to 1µm so that the 

term (1+λVDS) in Equation 3.1 can be ignored and simplify calculations. In the circuit 

shown in Figure 3.2, the transistors are connected in diode configuration to ensure the 

transistor is in saturation region. The current is set to the desired bias current value. From 

this, the drain to source transconductance (gds), transconductance (gm), threshold voltage 

(Vth), mobility times oxide capacitance constant (µCox) , drain to gate capacitance (Cgd), 

gate to source capacitance (Cgs), for a given current and transistor size. Also, as a rule of 

thumb, the overdrive voltage, which is VGS-Vth or Vov is set to around 50mV to 100mV 

since there is limited headroom for the transistors to saturate. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Diode connected NMOS and PMOS to extract small signal DC  

    parameters for a given fixed current 

 

Ibias 

Ibias 
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IDS= μ
n
Cox (

W

2L
)(VGS- Vthn)2(1+ λVDS) 

 

 

Vov= √
ID

W
2L

(μCox)
 

 

 

It is worth noting that the calculated value varies largely from simulation values. 

This is due to the foundry currently using advanced equations to model the transistors. 

Currently the foundry uses BSIM6 equations. In contrast, the square law equations used in 

text books use level 1 equations developed in 1968 by Shichman and Hodges (1968). In 

this thesis, the values are calculated using level 1 square law equations but finally size 

tuning is done by looking at the overdrive voltage. The overdrive voltage will increase if 

the width over length ratio is reduced and increase if the ratio is reduced for a given current. 

The relationship between transistor size and overdrive voltage can be seen in Equation 3.2. 

The constants µCox for NMOS and PMOS are found to be 365µ and 120µ respectively. 

The threshold voltage for NMOS (Vthn) and PMOS (Vthp) are given by 237.682mV and 

300mV respectively. 

 

3.5 Proposed bandgap reference operation and design 

The proposed circuit as depicted in Figure 3.3 aims to improve the minimum Vref  

swing while also achieving high PSRR and low voltage operation by combining techniques 

of Kamel et al. (2016) and Li et al. (2011). Similar to previous designs, the proposed circuit 

consists of cascode current mirror transistors P1- P5. The function of the top current mirror 

is to mirror the current to the output while the bottom current mirror is a cascode of the top 

transistors to boost output impedance. The gate of the top and bottom current mirrors are 

(3.1) 

(3.2) 
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controlled by op amps 1 and 2 respectively. Op amp 1 sets nodes A, B, C and D to be equal 

by controlling the gate voltages of the top current mirror. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: Proposed bandgap reference schematic utilizing regulated cascode and MOS 

based PTAT and CTAT generator techniques 

 

Similarly op amp 2 controls the gate voltage of bottom current mirror and sets nodes 

E and F to be equal. The PSRR is similar to that of Equation 2.11. As for the sizing 

procedure, the constants for the bandgap are obtained from the parameter extraction 

procedure described in Section 3.4. For the CTAT transistor, the length must be minimum, 

which is 130nm, since it needs to be biased in the sub-threshold region. In this region, the 

Vthn is higher, which is 343mV. The VGS is described in Equation 3.3 in which the 

constants are plugged in as per Equation 3.4. Solving for W6 = 62.14µm, while W7 should 

be sized 8 times of W6 for layout matching purposes, which is 497.12µm. 

 

nVT( ln ID - ln Io - ln (
W

L
) + Vth= VGS (3.3) 
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1.6 * 26mV(2.443μA - 59nA - ln (
W

L
) + 0.343V= 0.2V 

In an effort to balance between area and current consumption, the resistor area can 

be very large if minimum current is desired. For an output voltage of 0.4V, the current was 

chosen to be 5µA, hence the resistor R3 is 80KΩ. As can be seen from Equation 3.5, the 

ΔVGS term, which is the PTAT, is lower than the CTAT term, which is the VGS. As such, 

generally the R1 is larger than R2 to balance out the CTAT and PTAT terms and achieve 

0.4V. If the CTAT and PTAT are desired to be equal, which is both at 0.2V, R2 can be 

sized to be same as R3, which is 80K. Solving for R1 in Equation 3.6 yields 185K. 

∆VGS = n VT (
W7

W6

) =1.6*26mV* ln(8) = 0.0865V 

 

Vref = 
R1

R3

∆VGS+ 
R2

R3

VGS= 
R1

R3

(0.0865)+ 
R2

R3

(0.2) = 0.4 

 

Transistors M1, M2 and M3 function as the main current mirror that mirrors the 

PTAT and CTAT current to the output. Plugging in all the constants in Equation 3.7 and 

solving for Wp yields a value of 8.33µm. For transistors M4 and M5, for the negative 

feedback of the second op amp to work, the transistors cannot be biased in saturation, since 

that would require the gate voltage to be lower than 0V. As such, they are biased in sub-

threshold region, meaning the Vthp will be a bit higher, which is 0.451V, and minimum 

length is used, since the aspect ratio needs to be very large. Similar to the CTAT and PTAT 

devices that were biased in sub-threshold, Equation 3.3 applies. Using a minimum length 

of 130nm, solving for W yields a value of 1.64mm as seen in Equation 3.8. The dimensions 

of the bandgap reference circuit are listed in Table 3.3. 

 

5μA = (120μ) (
Wp

2∙1μ
)(100mV)2 

(3.4) 

(3.5) 

(3.6) 

(3.7) 
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0.2V = 0.451V+1.6(26mV)*( ln 5μA - ln 159nA - ln
W

L
) 

 

Table 3.3: Device dimensions for the proposed bandgap reference circuit 

Device Dimension Multiplier 

M1 6u/1u  

M2 6u/1u  

M3 6u/1u  

M4 50u/130n 8 

M5 50u/130n 8 

M6 10u/130n 1 

M7 10u/130n 8 

R1 110K  

R2 30K  

R3 82K  

C1 8.514pF  

 

As previously mentioned, the op amps 1 and 2 in the bandgap reference is 

responsible for setting the PTAT and CTAT in loop 1 and increasing the output impedance 

in loop 2. For this purpose, the 2-stage op amp which has been widely used in literature has 

been used in this bandgap reference circuit. The op amp architecture consists of 2 stages. 

The first stage is the differential stage and the output stage is a push-pull stage for high 

gain while maintaining high output voltage swing. The 2-stage op amp can be seen in 

Figure 3.4 and 3.5. (Gray et al., 2011) This architecture has been used in other bandgap 

reference circuits as well such as works by Boni (2002) and Lee, M. et al. (2018). Some 

works may opt for the folded-cascode structure (Lee, J. et al,. 2019) but this is not feasible 

for the proposed work as it needs to operate at low supply voltage. 

 As depicted, the proposed design uses two distinct op amps namely p-input and n-

input to cover for different DC levels at both loops. In loop 1, the DC level provided by the 

CTAT transistor is 0.2V. Therefore, p-input is used. Similarly, the DC level due to targeted 

Vref is 0.4V, so n-input op amp is used. Equation 3.9 and 3.10 shows the equation of the 

(3.8) 
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ICMR for both n-input and p-input op amp respectively. From the equation, it is obvious 

that p-input op amp operates at a lower DC level while the n-input op amp operates at a 

higher DC level in order for all transistors to be in saturation. (Baker 2010; Razavi 2001) 

The op-amps are sized to have a VDS of around 0.2V for each transistor to ensure saturation 

when operating at 0.6V voltage supply. The dimensions for both op amps are listed in 

Tables 3.4 and 3.5. 

Regarding the op amp design, for minimum current consumption, 1µA was used. 

Since the op amp is differential, the differential transistor pairs M1, M3 and M2, M4 have 

500nA current flowing through them. The overdrive voltage was chosen to be 50mV for 

ease of saturation. Equations 3.11, 3,12, 3.13 and 3.14 show the calculation for each 

transistor using the square law formula. For the n-input op-amp, the M1, M2 and M3, M4 

transistor pairs are calculated to be 1.12µm and 3.33µm respectively. Meanwhile, for the 

p-input op-amp, the M1, M2 and M3, M4 transistor pairs are calculated to be 3.33µm and 

1.12µm respectively.  

Transistors M5, M6 and M7 have 1µA flowing through them and the values will 

depend on whether they are NMOS or PMOS according to the equations. For the n-input 

op-amp, the M5, M6 and M7 transistors are calculated to be 2.25µm, 6.67µm and 2.25µm 

respectively. Meanwhile, for the p-input op-amp, the M5, M6 and M7 transistors are 

calculated to be 6.67µm, 2.25µm and 6.67µm respectively. 
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Figure 3.4: N-input 2 stage op amp for loop2 of the proposed bandgap reference and LDO 

 

 

 

 

 

 

 

 

 

Figure 3.5 : P-input 2 stage op amp for loop 1 of proposed bandgap reference 

 

 

 

 

VGN = VTHN+ VDS,current mirror 

VGP = VSD,current mirror - VTHP 

(3.9) 

(3.10) 
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1μA = (356μ) (
Wn

2∙1μ
) (50mV)2 

1μA = (120μ) (
Wp

2∙1μ
)(50mV)2 

500nA = (356μ) (
Wn

2∙1μ
)(50mV)2 

500nA = (120μ) (
Wp

2∙1μ
)(50mV)2 

 

As for the compensation for the op amp, to ensure stability, generally, the system 

must mimic a 1 pole system. Another method is by ensuring that the second pole is far 

away from the unity bandwidth frequency. The constants used for this were derived from 

the technique described earlier in Section 3.4. It can be seen that for both n-input and p-

input op amps, the second pole and zero frequency is higher than the gain bandwidth 

frequency, so it is stable. The first pole (p1), second pole (p2), zero (z1), gain bandwidth 

(GB) frequency is given by Equations 3.15, 3.16, 3.17 and 3.18 respectively. For n-input 

op amp, the calculations for the poles, zeros and gain bandwidth can be seen in Equations 

3.19, 3.20, 3.21 and 3.22 respectively. Similarly, for p-input op amp, the calculations for 

the poles, zeros and gain bandwidth can be seen in Equations 3.23, 3.24, 3.25 and 3.26 

respectively. 

 

 

 

 

 

(3.11) 

(3.12) 

(3.13) 

(3.14) 
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p
1
= 

(g
ds2

+ g
ds4

)(g
ds6

+ g
ds7

)

g
m6

CC

   

p
2
= 

g
m6

CL

  

z1= 
g

m6

CC

   

GB= 
g

m1

CC

 

 

For n-input op-amp, 

 

p
1
 = 

(71n+ 15n)(77n+ 38n)

(14u)(500f)
 = 1.41K

rad

s
= 224.86 Hz 

GB = 
11.55u

500f
= 23M

rad

s
= 3.66MHz 

p
2
 = 

14.1u

500f
= 28M

rad

s
= 4.46MHz 

z1 = 
16u

1p
= 16M

rad

s
= 4.46MHz  

 

For p-input op amp,  

 

p
1
 = 

(14n+ 23n)(31n+ 77n)

(16u)(1p)
 = 259.75

rad

s
= 40 Hz 

GB = 
6u

1p
=6M

rad

s
= 954.9KHz 

p
2
 = 

16u

500f
= 32M

rad

s
= 5.09MHz 

z1 = 
16u

1p
= 16M

rad

s
= 2.55MHz 

(3.15) 

(3.16) 

(3.17) 

(3.18) 

(3.19) 

(3.20) 

(3.21) 

(3.22) 

(3.23) 

(3.24) 

(3.25) 

(3.26) 
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Table 3.4 : Device dimensions for P-Input Op Amp 

 

Device Dimension Multiplier 

P1 1.5u/1u 2 

P2 1.5u/1u 2 

P3 500n/1u 2 

P4 500n/1u 2 

P5 3u/1u 1 

N1 1.5u/1u 2 

N2 1.5u/1u 2 

N3 2u/1u 4 

C1 1pF  

 

 

Table 3.5 : Device dimensions for N–input Op amp 

 

Device Dimension Multiplier Note 

N1 1u/1u 2  

N2 1u/1u 2  

N3 1u/1u 2  

N4 1u/1u 2  

N5 1u/1u 2  

P1 1u/1u 2  

P2 1u/1u 2  

P3 2u/1u 1  

C1 500fF  Bandgap 

R1 100K   

C1a 20pF  LDO 

 

 

 

3.6 Low dropout regulator operation and design procedure 

A low dropout regulator is a circuit that regulates an output voltage against 

variations (Sharma et al., 2018). The LDO employs negative feedback to fix the regulated 

voltage to be equal to the reference voltage (Filanovsky, Reja and Ivanov, 2007). The LDO 

circuit consists of an error amplifier, a power mosfet as the dropout device and a resistive 

feedback network. The function of the error amplifier is to detect the difference between 

the reference voltage and the regulated voltage. The power MOS and the resistive feedback 

network form a common source amplifier as well as a feedback path into the op amp. Upon 

sensing a change in the Vreg, the op amp will act accordingly to adjust the gate voltage of 
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the power MOS and bring back the voltage to be equal to Vref. For example, if the Vreg 

increases, the error amplifier will respond by decreasing the gate voltage of the power 

MOS.      

When the VSG of the MOS is decreased, more current is drawn into the common 

source amplifier, hence decreasing the Vreg which is then fed back into the error amplifier. 

The amplifier then senses that Vreg has decreased and increases the the gate voltage and 

restricts current flow into the common source amplifier. This process will keep on occuring 

until Vreg is equal to Vref. 

Vo

Vref

 ≈    
GOAGPMOS

(1+ 
s

wp1
) ∙ (1+ 

s
wp2

)
 

 

The small signal loop gain of the LDO is given by Equation 3.27. GOA is the op 

amp gain while GPMOS is the gain added from the PMOS pass transistor, which is simply 

the PMOS transconductance times its output resistance. From this equation, it can be seen 

that the LDO has 2 poles, one from the op amp and the other from the load. The first pole 

is due to the op amp pole, which is its output resistance times the capacitance looking at its 

output. Similarly, the second pole is due to the output capacitor and load current. When the 

load current increases, the dominant pole with shift to the left.  

The output capacitor also affects the dominant pole, with a larger output capacitor 

the dominant pole will shift to lower frequency and affect the stability of the LDO. The 

pass transistor adopted by the proposed work is a PMOS device. As for the pass transistor 

sizing, the bigger the size of the pass transistor, the higher the load current capability. 

However, a bigger size will incur a tradeoff in terms of stability where the gate to source 

capacitance will increase and affect the phase margin. The schematic of LDO is shown in 

Figure 3.6. The device dimensions are listed in Table 3.6. 

(3.27) 
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Figure 3.6 : The conventional LDO architecture used for the proposed PMU system 

LDO 

The constants used for the LDO calculations are obtained from the procedure 

described in Section 3.4. For minimum quiescent current, the output voltage, the resistor 

should be large. In order to compromise between area and current consumption, the current 

is chosen to be 4µA, hence R1 of LDO is 100K for a regulated voltage of 0.4V. The size 

of the PMOS pass transistor can be found by solving Equation 3.28, in which the maximum 

load of the desired load current is plugged in. The value is found to be 5333µm. 

800μA=(120μ) (
Wn

2∙1μ
)(50mV)2 

The Rout is given by the parallel resistance between the pass transistor and the 

resistor R1 as per Equation 3.29.  The load resistance is the maximum load current divided 

by the regulated voltage, which is 800µA divided by 0.4V, which equals 500Ω. The rest of 

the constants are readily plugged in the Equations 3.33, 3.34, 3.35 and 3.36. The constants 

are found by using the method described earlier as per Section 3.4. The value of Rout in 

Equation 3.33 is calculated to be 54.751kΩ. With the given load resistance (RL), load 

capacitance (CL) and the calculated output resistance (Rout), the value of the output pole, 

(3.28) 
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wout, is equal to 318MHz as per Equation 3.34. The pole at the output of the op amp is 

given by Equation 3.31 and the calculated value is 1.628MHz as per Equation 3.35. The 

gain bandwidth frequency is 1.92MHz as calculated from Equation 3.36. Since the output 

pole is far from the unity gain bandwidth frequency, the system is stable. 

Rout=
1

g
dspmos

  || R1   

wout= 
1

CL ( RL || Rout)
 

wEA= 
1

RoEA(Cgs+(1+ g
m

Rout)Cgd)
 

GB = 
1

2πCgsRout

 

 

Rout = (121K) || (100K) = 54751Ω  

wout = 
1

1p ( 500 || 54751)
= 

2G rad

s
= 318MHz 

wEA = 
1

(4.19G)(1.51p+(1+(1.5m)(54751))96f)
 =

10.23Mrad

s
= 1.628MHz 

GB = 
1

2πCgsRout

= 1.92MHz  

 

Table 3.6: Device dimensions of LDO 

 

Device Dimension Multiplier 

P1 50u/1u 4 

R1 25K 4 

 

(3.29) 

(3.30) 

(3.31) 

(3.32) 

(3.33) 

(3.34) 

(3.35) 

(3.36) 
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3.7 LDO and top level integration of PMU 

3.7.1 Top level current mirror for biasing 

In order for the op amps in the bandgap and LDO to function properly, these circuits 

need to be biased with a current source. Instead of independently biasing the op-amps 

internally, a current mirror circuit at the top level will supply the required current which 

will then be mirrored to the three opamps in both the bandgap and the LDO. 

Figure 3.7 shows a typical current mirror, consisting of a diode-connected transistor 

MN1 and a resistor in the main branch and a transistor MN2. The equation for current 

mirror is given by Equation 3.37. From the equation, it is apparent that transistors that have 

the same dimensions and the same gate to source voltage, VGS, ideally will have the same 

current (Razavi, 2001). The device dimensions are listed in Table 3.6. 

Io

IREF

= 
(
W2
L2

)

(
W1
L1

)
 × 

(VGS2- VTH2)
2

(VGS1- VTH1)
2
 

 

 

 

 

 

 

 

 

 

Figure 3.7: Basic current mirror operation where current flowing through MN1 and MN2 

 are equal provided that both transistors have same size and gate voltage 

(3.37) 
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Figure 3.8: Biasing circuit consisting of current mirrors 

 

Figure 3.8 shows the implementation of current mirror in the proposed design.  

Since N1, N2 and N3 have the same dimensions, and the gate voltage are all equal, the 

current from the main branch consisting of N1 is mirrored to N2 and N3. The current from 

N2 is then supplied to op-amp 1 in the bandgap reference circuit, responsible for the PTAT 

and CTAT generation in loop 1. Similarly for the PMOS, the current from N3 is supplied 

to PMOS P1 which is mirrored to P2 and P3 since the PMOS transistors have the same 

dimensions and gate-source voltage. The current flowing through MP2 and MP3 will be 

supplied to op-amp 2 in bandgap reference and LDO respectively. 

As for the design procedure for the current mirror, it is designed to provide 1µA 

current for low power consumption. Since the Vthn is equal to 237.682mV, and the 

overdrive voltage is 100mV, the VGS should be equal to 337.682mV. By solving Equation 

3.37, the resistor R is equal to 262KΩ. For the sizes of NMOS and PMOS, Equations 3.38 

and 3.39 were used. NMOS and PMOS width yields 561.8nm and 1.67µm respectively. 
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I = 
VDD- VGS

R
= 1μA 

1μA = (356μ) (
Wn

2∙1μ
)(100mV)2 

1μA= (120μ) (
Wp

2∙1μ
)(100mV)2 

 

Table 3.7: Device dimensions of current mirror circuit in Figure 3.8 

Device Dimension Multiplier 

R1 61.7865K ohms  

R2 61.7865K ohms  

R3 61.7865K ohms  

R4 61.7865K ohms  

N1 600n/1u 2 

N2 600n/1u 2 

N3 600n/1u 2 

P1 800n/1u 2 

P2 800n/1u 2 

P3 800n/1u 2 

 

 

3.7.2 Start-up circuit 

A start-up circuit is needed for the bandgap reference circuit to operate optimally. 

The function of a start-up circuit is to bring the bandgap circuit out of the zero current 

operating point to its nominal DC operating point. This circuitry is common in bandgap 

reference circuits as can be witnessed in the works of Wu, C. et al. (2016); Yu et al. (2015) 

and Zhou et al. (2018). 

 The start up circuit is made up of transistors PM0, NM1 and NM2 as per Figure 

3.9. (Shi et al., 2015) The operation is as follows. During start-up, the VDD start to ramp up 

from 0 to 0.6V. The source gate potential of PM1 will keep on increasing and eventually 

surpass the threshold voltage and turn on while operating in saturation, since it is diode 

connected. Since the gate voltage of PM0 increases, this will cause NM2 gate-source 

(3.37) 

(3.38) 

(3.39) 
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voltage to also increase and eventually surpass the threshold and turn the transistor NM2 

on bringing the feedback out of its zero point into its optimal operating point. When NM1 

is turned on, the potential at node Vref increases, because the current will keep on 

increasing until it reaches equilibrium at the intended output voltage. When the equilibrium 

is reached, NM1 will turn on and pull the voltage down to ground and disconnect NM2 

from the bandgap circuit.  

In the equilibrium state, NM1 and PM0 will always be on. From the operation, it is 

apparent that the transistors PM0 and NM1 operate in the saturation and linear region 

respectively whereas NM2 operates in cutoff and linear region depending on whether the 

equilibrium point has been reached since it is a switch. As such, transistors PM0 and NM1 

have a large length of 1µ while NM2 has minimum length, is off in the equilibrium state 

and draws no current. Since, a minimal VGS for NM1 is desired to ensure NM2 does not 

leak a lot current during the off state, PM0 needs to have a large VGS. The current drawn 

for PM0 is 12.45µA, with a VGS of 500mV and NMOS Vth of 263mV, as per Equation 

3.40, the width needed for PM0 is 3µm. Since the same current is flowing through NM1, 

the dimensions can be found by plugging in the constants in Equation 3.41 and the size 

yields 4µm. 

12.45μA = (120μ) (
3μ

2∙1μ
)(263mV)2 

 

IDS = (μCox)(
W

2L
)(2(VGS- Vthn)VDS - VDS

2 

 

 

(3.40) 

(3.41) 
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Figure 3.9: Start-up circuit for the bandgap to achieve optimal DC operating point 

 

 

Table 3.8: Device dimensions for startup-circuit. 

 

 

 

 

 

 

 

 

3.7.3 Top level circuit and layout integration 

Figure 3.10 shows the integration of the bandgap reference, the LDO, the start-up 

circuit and the biasing circuit at the top level. As can be seen, the start-up circuit provides 

the bandgap optimal DC operating point. The biasing circuit provides current for the op 

amps in the bandgap and LDO. The output of the LDO is then used to drive a capacitive 

and current load.  

 

 

 

 

Device Dimensions 

PM0 3u/1u 

NM1 4u/1u 

NM2 4u/130n 
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Figure 3.10: Top level integration of the PMU system 

 

 

 

3.8 Layout design techniques 

3.8.1 Matching 

The purpose of layout matching is so that devices that are supposed to have identical 

attributes exhibit common behavior. For example, in a current mirror design, it is crucial 

that the source branch and the mirrored branch have same amount of current. Similarly, in 

differential architectures such as the op-amp, matching is also needed so that the signal is 

symmetrical. As such two different matching techniques are employed in the proposed 

design, namely interdigitate and common centroid (Hastings, 2006). Interdigitate is used 

in current mirror design in the op amps as well as the bandgaps. Common centroid is used 

in the op amp design as well where the design is placed and routed in a symmetrical 

manner. On top of that, dummies are used in both common centroid and interdigitate 

techniques to further aid matching. 

 

3.8.2 Electromigration 

Electromigration refers to the the drift and gradual displacements of metal atoms in 

semiconductor. This effect is undesirable because in may cause open or short circuit. In 
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order to prevent this from happening, more than one via is placed at the edge of each metal 

layer. This is so that over time, should one of the vias fail to function other vias are available 

to connect the metals together. 

 

3.8.3 Floorplanning and routing 

In terms of floorplanning, the blocks are placed close together in order to  save area. 

The blocks are neatly placed in a square-like fashion so that the area can be saved. Routing 

is kept to a minimum so that resistive and capacitive parasitics can be minimized. 

 

3.9 Experimental setup 

3.9.1 Bandgap reference testbench setup 

Figure 3.11 shows the testbench setup of the bandgap reference for measurement of 

reference voltage, PSRR, feedback loop stability and line-regulation. The bandgap block 

is supplied with a 0.6V voltage supply and 1µA current for the op amps. The reference 

voltage is plotted at the Vref node in the schematic. Using the Cadence tool, the temperature 

is swept from -40 to 125˚C, and the Vref node is probed to plot the relationship of Vref 

versus temperature. For the PSRR measurement, the voltage supply The PSRR is measured 

by probing the Vref, while running the AC analysis. This analysis will provide information 

on the rejection with respect to frequency.  

The stability plot is done by using stb analysis functionality that is provided by the 

Cadence tool. This plot provides information on the gain and the phase margin of the 

negative feedback loop. Typically, a good gain and phase margin is more than 60dB and 

45 to 60 degrees respectively. The line regulation is the measure of how the Vref responds 

to variation of the power supply. The DC voltage supply is ramped up from 0V to 1.2V 

and the Vref is plotted in time domain and the breaking point is observed. 
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Figure 3.11: The bandgap reference testbench with ideal current source and start-up circuit 

   

3.9.2 Top level bandgap reference and LDO integration testbench  

The top level of the PMU testbench setup consists of the integration of bandgap, 

LDO, current mirror and start-up circuit and is shown in Figure 3.12. The line regulation, 

stability and PSRR simulations follow the same procedure as the bandgap reference 

testbench. The load regulation simulation for the top level PMU provides information on 

how the PMU responds to varying current load conditions and the limitations of regulating 

the voltage with regards to the load current. This is done by sweeping the load current from 

0 to 900µA and observe the breaking point at which the LDO fails to regulate an output 

voltage of 0.4V. 
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Figure 3.12: The setup for the top level PMU system driving a capacitive and current load 

 

 

3.10 Summary 

This chapter discusses the manner of which this work is conducted, the tool used 

and the flow from start to finish. Apart from that, the operation of the proposed circuit is 

detailed out as well as the proposed technique used for improvement in terms of PSRR 

which utilizes the combination of regulated cascode and MOS based CTAT and PTAT 

generation technique previously reported in literature. The circuit design is carried out 

using Cadence tool and Silterra 130nm PDK at the transistor and layout level. Lastly, the 

functional verification for both pre and post-layout design is done to check if the 

specifications are met. 
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CHAPTER 4  
 

 

RESULT AND DISCUSSION 

 

 

4.1 Introduction 

This chapter presents the simulation results for the bandgap reference and LDO 

circuit for both pre and post-layout. Thorough discussion on the results are done. Apart 

from that, the simulated results are then compared with other existing bandgap 

architectures in literature and summarized. 

 

4.2 Bandgap reference circuit results 

4.2.1 Voltage reference 

Figure 4.1 shows Vref of the proposed bandgap reference circuit for pre layout and 

post layout. The Vref of pre-layout is 0.405V while for post-layout the value is 0.398V for 

an input VDD of 0.6V.  This figure shows that the bandgap reference managed to obtain a 

constant voltage over temperature variation in both pre-layout and post-layout. The 

difference in voltage is small which is only 7mV or 1.73% which is caused by the resistive 

and capacitive extraction of the metal layers. If more precision is needed, a digitally 

controlled resistive trimming circuit can be designed to compensate the difference. 

 

4.2.2 PSRR 

Figure 4.2 shows the PSRR plot of the proposed bandgap reference and 

conventional reference.  From the graph it can be seen that the proposed bandgap reference 

has a PSRR of -40.8dB at DC while the conventional bandgap reference has a PSRR of -

21.5dB. The proposed circuit exhibits an improvement of 50% over the conventional 

design by Banba et al. (1999). This is because of the increased output impedance 



 

63 

 

contributed by the op amp at loop 2 via negative feedback. Figure 4.3 shows the pre and 

post layout PSRR values which closely match each other. 

 

 

Figure 4.1: Bandgap reference for pre-layout (red) and post-layout (blue) simulation 

 

 

 

Figure 4.2: PSRR of proposed bandgap reference (green) and conventional bandgap 

 reference (pink) 
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Figure 4.3: PSRR of proposed bandgap pre-layout (red) and post-layout (blue) 

 

4.2.3 Line regulation 

Figure 4.4 shows the line regulation of the proposed bandgap reference. As can be 

seen, as the power supply is swept from 0 to 1.2V, the bandgap reference only starts to 

function at its intended reference voltage at the supply voltage of 0.5V onwards. This is 

expected because the proposed architecture uses a cascode configuration which consumes 

a lot of headroom when transistors are stacked upwards. Figure 4.5 shows a close up of the 

reference voltage across temperature for three specific voltages namely 0.5V, 0.6V and 

1.2V.  

From this graph, the line regulation is calculated and is found to be 1.188mV/V., 

taken at halfway through the temperature extremes which is 42.5C. The line regulation is 

given by the division between ΔVout by ΔVin. As can be seen from the figure, since the 

Vref at 0.5V varies significantly from 0.6V because of the inability of the LDO to regulate 

the voltage at that input, the point chosen for calculation of ΔVin and ΔVout is 1.2 and 

0.6V. The ΔVin is found by taking the difference between the Vref at 1.2 and 0.6V, which 

is 406.5809mV and 405.8677mV respectively while ΔVout is simply the difference 

between 1.2 and 0.6V. Dividing both numbers will yield a line regulation of 1.188mV/V.  
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Figure 4.4: Voltage supply is swept from 0 to 1.2V 

 

 

 

Figure 4.5: Line regulation simulation of the bandgap reference at 0.5V, 0.6V and 1.2V 

 

4.2.4 Stability 

Stability analysis analyzes the loop gain and phase margin of a negative feedback 

loop. In order to have a functioning negative feedback loop, the loop must have a high gain, 

in the order of 60dB or more and good phase margin preferably 45-60 degrees so that the 

system does not oscillate. The high gain is needed to ensure that there is less systematic 

offset, as per the Barkhausen criteria. 
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The PMU has 3 negative feedback loops in total. Table 4.1 sums up the stability 

analysis of all the 3 loops in the proposed design. In all three loops it can be seen that the 

gain is high and the phase margin is sufficient in order to sustain the negative feedback 

loop and prevent it from oscillating. It can be seen that the prelayout and post layout for all 

loops match closely to each other with variations of less than 1% in both loops 1 and 2.  In 

loop 3 it can be observed that there is deviation in terms of phase margin. This is because 

of the parasitics affecting the performance at the third loop. However the phase margin is 

still positive indicating that it is stable. The only foreseeable drawback of this is the there 

will be ringing in the transient response. 

 

 

 

Figure 4.6: Gain and phase margin of pre-layout for loop 1 in the proposed bandgap   

 reference 
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Figure 4.7: Gain and phase margin of post-layout for loop 1 in the proposed bandgap 

reference 

 

 

 

 

 

 

 
 

Figure 4.8: Gain and phase margin of pre-layout for loop 2 in the proposed bandgap 

reference 
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Figure 4.9: Gain and phase margin of post-layout for loop 2 in the proposed bandgap 

reference 

 

 

 

 

 

 

Figure 4.10 : Gain and phase margin of pre-layout for LDO 
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Figure 4.11: Gain and phase margin of post-layout for LDO 

 

Table 4.1: Summary of gain and phase margin of all loops 

 

 Loop1 Loop2 Loop3 (LDO) 

 Gain(dB) Phase 

Margin 

Gain Phase 

Margin 

Gain Phase 

Margin 

Pre-layout 93.9 68.9 80.7 69.47 124 46 

Post-layout 93 67.3 79.7 66 118 25 

 

 

 

4.2.5 LVS and DRC 

Design Rule Check simulation (DRC) simulation checks whether the designed 

physical mask layout adheres to the dimensions specified by the vendor, which in this case 

is Silterra, to ensure optimum functionality post-fabrication. Figure 4.12 shows the results 

of DRC simulation. From the figure it can be seen that the simulations comply with the 

foundry’s dimensions specifications. 

LVS simulation is run in order to verify the similarities between the physical mask 

design and the schematic design. This must be done so that the designer can be certain that 

the intended design matches the drawn layout. Figure 4.13 shows the results of LVS 
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simulation. From the figure it can be seen that the drawn physical layout dimensions and 

instances matches the schematic. 

 

 

Figure 4.12: DRC simulation results showing 0 errors 

 

 

 

 

 

 

Figure 4.13: LVS simulation showing that layout and schematic are identical 
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4.2.6 Monte carlo 

Monte Carlo (MC) simulation refers to a statistical simulation in which random 

variations are introduced to the device parameters such as the threshold voltage to emulate 

real life fabrication process in which the device parameters of one side of the die or wafer 

is not particularly identical to one on another side as a result of the fabrication process such 

as etching. For the proposed design, the MC simulation was run for 500 samples. It exhibits 

a minimum and maximum Vref of 0.317V and 0.498V respectively while having a mean 

of 0.405V with a sigma of 28.61mV. From the MC simulation results, it can be concluded 

that even after subjecting the design to extreme variations across the die and wafer, the 

design manages to break away from its zero DC operating point and produce a reference 

voltage. Should better accuracy be needed, the varying reference voltage can be fixed post 

fabrication provided that the design includes a resistor tuning circuit to tune the CTAT and 

PTAT resistors to the desired value and obtain optimum reference voltage.  

 

 

 
 

Figure 4.14 : Monte carlo histogram of the reference voltage 
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Figure 4.15: Monte carlo simulation summary 

 

4.3 Top level integration results 

Figure 4.16 and 4.17 show the load regulation transient or in other words, the ability 

of the PMU to regulate the voltage in response to changing load current conditions for pre 

and post-layout. As can be seen the power supply is slowly ramped up to 0.6V and the 

transient response of the regulated voltage is observed with varying load currents from 0A 

to 0.9mA. This simulation contains important information such as the current limit at which 

the LDO can regulate the output voltage. The simulation can also show whether the 

negative feedback is functioning well. A non-functioning negative feedback will cause the 

regulated voltage to oscillate and never reach steady state. 

The regulated voltage is a function of the reference voltage, error amplifier gain, 

resistive network values as well as the gm of the power MOS. If the input voltage drops 

close to reference voltage, the gm decreases as it nears linear region, increasing the 

regulated voltage error. The load regulation shows that the LDO of the PMU is able to 

regulate the voltage and maintain it at 0.405V for loads ranging from 0 to 800µA. However, 

at 900µA, the regulated voltage drops to 0.338V because the negative feedback can no 

longer regulate the voltage due to the decrease of gm. The load regulation is given by the 

division between ΔVout and ΔIout. For ΔVout, the difference between voltages at currents 

at 300µA and 200µA which are 405.8291mV and 405.5785mV respectively, as can be seen 

in Figure 4.16. ΔIout is taken as 100µA as it is the difference of the current. The division 
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of delta ΔVout over ΔIout yields the load regulation which in this case is 2.506mV/mA. 

Figure 4.18 shows the regulated voltage with respect to varying current loads. 

 

 

 

 

 

 

 

 

Figure 4.16 : Pre-layout load transient simulation for the whole PMU system 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17 : Post-layout load transient simulation for the whole PMU system 
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Figure 4.18 : The regulated voltage of the LDO output across varying load current 

 

 

4.4 Table of comparison 

Table 4.2 shows the comparison between other bandgap reference voltage. 

Compared to other works, the proposed design is among the lowest power supply which is 

at 0.6V in line with low power application along with Mu et al. (2016); Shristasva et al.  

(2015) and Li et al. (2011) at 0.5 V and 0.6V respectively.  Since the proposed work targets 

low power applications, a lower reference voltage is more desirable. The proposed design 

has a reference voltage of 0.405V and can be used in applications such as low voltage 

ADCs transceivers, PLLs and sensors.   

The power supply also plays an important role in determining the PSRR. Generally  

the larger the supply voltage the better the PSRR due to the large output resistance Morita 
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(2020). This phenomenon is reflected in the works of Kamel et al. (2016), Soell et al. (2015) 

and Wang et al. (2018) where it can be seen that the mentioned works operate at voltages 

of 0.9V and above and exhibit a PSRR of -50dB and better.  

Works such as Kamel et al. (2016) and Soell et al. (2015) use techniques such as 

pre-regulator to further reduce the ripple from power supply which can be implemented 

with a high supply voltage. However, the proposed work, Shristasva et. al (2015) and Li et 

al. (2011) operate at lower voltages with limited headroom, hence limiting the output 

resistance. Using the techniques used in the proposed circuit, it can be seen that even at 

low voltages, it manages to obtain 25% improvement over (Li et al., 2011) in terms of 

PSRR at roughly the same supply voltage, while achieving a PSRR on par with design by 

Shristasva et al. (2015) which operates at 0.5V. 

As far as temperature range is concerned, as with most works, the proposed work 

covers a wide range of temperatures, starting from -40°C to 125°C. The TC is quite 

mediocre when compared to other works due to the relatively high variation of 4mV. Other 

works have reported variation of 1mV, leading to better TC performance. This is not of 

major concern since as previously mentioned that although costly, the reference voltage 

can be tuned to the required voltage by means of a resistive tuner circuit (Wu et al. 2016).  

The tuner circuits function to tune the resistor values so that the PTAT and CTAT 

curves can be tweaked to produce a higher accuracy, especially post-fabrication where the 

Vref values may vary due to fabrication process (Liu, L. et al., 2011). This common circuit 

has been demonstrated in works by Liu, N. et al. (2019) and Vilella et al. (2010). Another 

technique that can be used should accuracy be of concern is the second order compensation 

technique which compensates for second order effects in the bandgap circuit and produce 

a relatively flat and high accuracy (Wan et al., 2015). Apart from that, applications that 
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don’t need high temperature accuracy may not need such accurate TC performance and TC 

values lower than 100ppm/oC should suffice (Allen & Holberg, 2016) .  

The current consumption of the proposed circuit is 37µA for the whole PMU circuit 

and 20.33µA for the bandgap reference. The current consumption can be reduced by 

increasing the resistor value in the bandgap reference circuit, however this will incur a 

penalty in terms of increase in the area. As such, this design is not optimized for current 

consumption but rather focuses on PSRR improvement.  Although the current consumption 

is one of the highest among the architectures, it can be observed that other reported works 

in RFEH applications such as body sensor node for ECG or EEG applications by Zhang, 

Y. et al. (2013), wireless temperature sensor by Kocer, Walsh and Flynn (2004) and an 

active wireless SAW temperature sensor operating via energy harvesting by Zhu, Y. et al. 

(2015) consume power of a similar or greater magnitude to the proposed PMU.  

With a current consumption of 37µA, operating at 0.6V, the power consumption of 

the proposed circuit is 22µW. In contrast, the power consumption of (Zhang, Y. et al., 

2013); (Kocer, Walsh and Flynn, 2004) and (Zhu, Y. et al., 2015) are 19µW, 1mW and 

61.5µW respectively. This proves that the proposed PMU is still suitable for RF energy 

harvesting applications since the power consumption is within the range as observed in the 

mentioned works. 

The proposed design, when compared to (Mu et al., 2016) and (Shristasva et al., 

2015) might have superior current consumption. However, a Vref of 0.24V by (Mu et al., 

2016) is too low to supply to any circuit, since the Vth of thin oxide transistors is around 

0.4V. Using this Vref for powering circuits would mean transistors would be operating in 

the sub-threshold region which might compromise the functionality, especially analog 

circuits that need to be in saturation region.  
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Apart from that, the drawback of both (Mu et al., 2016) and (Shristasva et al., 2015) 

architecture is that they utilize switching circuits such as the voltage doubler. Generally, 

switching circuits are avoided in sensitive circuits in fear of the switching noise they will 

inject into the substrate, a similar effect that switching mode power supply (SMPS) based 

regulators such as buck converters have that make them undesirable (Bindra, 2016). Other 

than SMPSs, this phenomenon is also observed in mixed signal circuits with both digital 

and analog circuits on the same die (Bronckers et al., 2010). In fact the digital switching 

noise injection to the substrate problem is so serious that a lot of work has been dedicated 

to mitigate it by using techniques such as analog and digital rail separation (Zumbahlen, 

2012), using guard ring as a means of isolation (Wang, Y. et al., 2015) and use of ferrite 

beads at the discrete level (Telikepalli et al., 2014). This infers that switch based bandgap 

references may not be preferable relative to non-switching bandgaps. The work by (Wang 

et al., 2018) cannot operate below than 0.9V, due to the nature of its architecture which 

employs a resistor at the previous stage going into a transistor which is then fed into the 

output. 

Table 4.3 shows how the proposed PMU circuit fares against other works presented 

in literature. As can be seen, the quiescent current consumed by the LDO is 1µA which is 

low compared to others which is suitable for low power applications. The maximum load 

current that the LDO is able to drive is 800µA which is quite low compared to others which 

have the capability in the milliamp regime. However, this should not be an issue, since this 

work targets energy harvesting applications, the load circuitry will have low current to 

operate anyway. The dropout of 0.2V is quite high compared to others but this is 

deliberately done to allow the pass transistor more room to be in saturation. The downside 

of this is that it will have more energy lost as heat and hence make it inefficient. The load 

and line regulation of 2.506mV/mA and 1.188mV/V respectively which is comparable to 
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the work in literature. This shows that the proposed work sucessfully  regulates the voltage 

as low as 0.405V with an input voltage of 0.6V, a low quiescent current of 1µA and a 

maximum current load driving capability of 800µA, making it suitable for powering low 

power applications.
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   Table 4.2: The comparison of the proposed bandgap reference with existing architectures in literature 

 

 

 

 

 

 

 This Work (Kamel et al., 

2016)  

(Mu et al., 

2016) 

(Soell et al., 

2015) 

 (Wang et al., 

2018) 

(Shristasva 

et al., 2015) 

(Li et al., 

2011) 

Technology 130nm 130nm 180nm 150nm 180nm 130nm 65nm 

Supply 0.6V 1.2-4V 0.5V 1.8V 0.9-2V 0.5V 0.6V 

Vref 0.405V 0.85V 0.24V 0.6V 0.411V 0.5V 0.43V 

Temperature 

Range 

-40 - 125 ˚C -40 - 125 ˚C -25 to 85 ˚C -40 - 125 ˚C -40 – 125˚C 0 to 80 ˚C -20 - 80 ˚C 

PSRR -41dB @ DC -130dB* @DC 

-110dB* 

@100kHz 

- -157.2dB@DC 

 

-61dB @ 

10Hz 

-46dB @ 

1MHz 

 

-40dB -31dB@ 

DC 

Temp 

Coefficient 

64.41ppm/ ˚C 10 ppm/ ˚C 58 ppm/ ˚C 58ppm/ ˚C 33.7  ppm/ 

˚C 

75 ppm/ ˚C 25.6ppm/ ˚C 

Current 

Consumption 

20.33µA 50µA 80nA 32.42µA 94.44nA 64nA - 
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    Table 4.3:  The comparison of the PMU with existing architectures in literature 

 

 

 

 

 

 This Work (Tang et al., 

2018) 

(Liu et al., 2019) (Khan et al., 2018) (Abbasizadeh et 

al., 2016) 

 

Technology 130nm 180nm 180nm 350nm 350nm 

Supply Voltage  0.6V 0.7V 1.2V 3.3 V 5 V 

Quiescent Current 1µA 6.3µA 1.9µA 50µA - 

Max Output 

Current 

800µA 100mA 100mA 50mA 55mA 

Dropout Voltage 200mV 100mV 200mV 500mV 4.2V 

Line Regulation 1.188mV/V - 0.33mV/V 0.31mV/V 1mV/V 

Load Regulation 2.506mV/mA 0.1mV/mA 8.7mV/mA 23.4mV/A 14.5µV/mA 
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4.5 Layout design 

The layout design for bandgap reference circuit, LDO and their respective 

schematics are depicted in Figures 4.19, 4.20, 4.21 and 4.22 respectively. As discussed 

previously in Chapter 3, several design techniques have been employed for the design of 

the layout to ensure optimal performance. The interdigitate, common centroid and dummy 

placement matching techniques were used in order to minimize mismatch between 

transistors that need matching such as current mirrors and differential op amps. The 

floorplanning was carried such that the layout is square in nature for better integration with 

other blocks and also to minimize area. Apart from that, in order to reduce electromigration, 

more than one via has been placed for metal to metal connection. The bandgap area is 

0.0627mm2 while the total area for the PMU when all the blocks are combined is 

0.142mm2.  

 

 

 

 

 

 

 

 

 

 

   Figure 4.19: The proposed bandgap reference circuit 
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Figure 4.20: The proposed bandgap reference circuit layout design 

 

 

 

Figure 4.21: Floorplan of the whole PMU system with the combination of 

biasing,startup, bandgap and LDO circuit integration 
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Figure 4.22: Layout integration of the PMU system comprising of the biasing, startup, 

bandgap reference and LDO circuits 

 

4.6 Summary 

This results of the proposed circuit performance is summarized and discussed in 

this chapter. The different figures of merit of the proposed design was simulated and 

verified. The design exhibits a reference voltage of 0.405V over a wide temperature of -40 

to 125°C, a PSRR of -41dB which is an improvement from conventional design, line and 

load regulation of 1.188mV/V and 2.506mV/mA respectively and a load current range from 

0 to 800µA. The current consumption of the bandgap is 20.33µA and the whole PMU is 

37µA and the TC is 64.41ppm/°C. Overall, the design passes all the post layout 

verifications such as DRC and LVS and functions as expected. The bandgap area is 

0.0627mm2 while the whole PMU is 0.142mm2. The post-layout simulations closely agree 

with the pre-layout simulations. Monte Carlo simulations were also run to evaluate the 

performance. 
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CHAPTER 5  
 

 

CONCLUSION AND RECOMMENDATIONS 

 

 

5.1 Conclusion 

In conclusion, this thesis has presented a thorough discussion surrounding the need 

of RFEH in the era of IoT and the role that the designed PMU plays in such a RFEH circuit 

at the top level. The thesis has also discussed the different works in bandgap reference and 

LDO in Chapter 2. 

In Chapter 3, the design process for the proposed bandgap circuit, LDO and top 

level PMU was described. The proposed bandgap reference, LDO and the top level PMU 

was designed on Silterra 130nm PDK using Cadence Virtuoso EDA tool. The bandgap 

reference circuit utilized a combination of techniques previously used in literature, namely, 

the regulated cascode technique and MOS based PTAT and CTAT generator to achieve an 

improvement in PSRR while also achieving a low supply voltage operation. 

In Chapter 4, the simulation results have shown an improvement in terms of PSRR 

by 50% over the traditional bandgap reference. The design exhibits a reference voltage of 

0.405V over a wide temperature of -40 to 125°C, a PSRR of -41dB, line regulation and 

load regulation of 1.188mV/V and 2.506mV/mA respectively and a load current range from 

0 to 800µA. The current consumption of the bandgap reference circuit is 20.33µA and the 

whole PMU is 37µA and the TC is 64.41ppm°/C. The design passes all the post layout 

verifications such as DRC and LVS and functions as expected. The bandgap area is 

0.0627mm2 while the whole PMU is 0.142mm2. The post-layout simulations closely agree 

with the pre layout simulations. Monte Carlo simulations were also run to evaluate the 

performance. 
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As for the objectives, this thesis has covered the investigation of the characteristics 

and performances of the power management unit for RFEH applications in Chapter 3 where 

the different specifications that characterize the performance of the bandgap reference and 

LDO were discussed, hence, fulfilling the first objective. 

This thesis has also achieved the second objective, which is to design and develop 

the bandgap reference with improved PSRR at a low voltage. The bandgap reference uses 

a regulated cascode and MOS based CTAT and PTAT generator architecture at 0.6V 

supply voltage and is presented in Chapter 3. The bandgap reference achieved a PSRR of 

-40dB with a reference voltage of 0.405V. The results of the proposed circuit have been 

discussed in Chapter 4.    

The third objective, which is to design and develop a low dropout (LDO) regulator 

to provide a constant voltage reference has been addresssed in Chapter 3. The LDO of 

conventional architecture was designed at a supply voltage of 0.6V and the results have 

been discussed in Chapter 4. The transient results in both pre and post-layout simulations 

shows that a constant reference voltage has been achieved. 

In Chapter 4, simulations such as the PSRR and reference voltage have been carried 

out to validate and analyze the performance of the proposed circuit. Pre-layout and post-

layout simulations were run to verify the functionality between the two. On top of that, 

Monte Carlo simulations have been run to observe the robustness of the specifications of 

the proposed design over local and global variations, therefore fulfilling the final objective. 

Overall, the objectives of this thesis which are to design a bandgap reference circuit 

with an improved PSRR, designing and analyze the LDO and lastly design and verify the 

layout of the PMU system have been met. 
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5.2 Future work and recommendations 

For future work and recommendations, the bandgap reference and PMU as a whole 

can be enhanced as follows: 

● For future work, with sufficient financial means, the designed PMU circuitry 

can be sent to the Silterra foundry to be fabricated and packaged for possible 

integration with low power applications which are abundant especially in the 

era of IoT. 

● Apart from that, an RFEH circuit which consists of a rectifier and a matching 

network can be designed to power up the PMU an ensure a battery-less 

operation. 

● At the system level, the designed PMU can be integrated with other higher 

functional blocks such as low power sensors, ADCs or RF transceivers that 

operate at low voltage. 
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