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1 Introduction 

1.1 Background 

Power consumption for lighting accounts for 15 percent of the total global electricity 
usage [1]. New lighting sources have emerged as a response to global concerns caused by 
higher electricity prices and climate changes, followed by demands for low maintenance 
as well as smart and connected lighting solutions. As a result, more and more countries 
are phasing out the use of incandescent bulbs replacing them with more efficient light 
sources, such as Solid-State Lighting. Nowadays, Solid-State Lighting can already exhibit 
better efficiency than conventional light sources. Moreover, it has become a competitive 
technology in the lighting industry offering not only high efficiency, but also a long 
lifetime, novel form factors of fixtures, colour versatility and integration with additional 
hardware (sensors, drivers, communication modules, etc.). The main characteristics of 
LED lamps compared to conventional light sources are summarized in Table I.  

The adoption of Solid-State Lighting, however, is still hampered by four main factors: 
high initial price, reliability issues, colour stability and compatibility with legacy fixtures 
[2].  

Table I. Typical performance of Solid-State Lighting compared to Best-in-Class conventional lighting 
technologies in 2015 [2] 

Technology Product Type 
Luminous Efficacy 

(lm/W) 
Usable Life 

(hours) 

LED 
LED A19 Dimmable 78 25,000 

LED T8 107 50,000 
LED Street Light 96 50,000 

Conventional 

HID (High Watt) System 115 15,000 
Linear Fluorescent System 108 25,000 

CFL A19 Dimmable 70 12,000 
Incandescent A19 15 1,000 

 
Solid-State Lighting is based on two main components: LEDs and LED drivers. LED 

drivers are specialized electronic devices required to operate the LEDs from the available 
power sources: DC/AC grids or batteries. LED drivers can be classified according to their 
power level and power supply source. In terms of power, it is possible to divide the LED 
drivers in low (1-25W), medium (25-100W) and high (>100W) power [3]. The power range 
of the LED drivers can also be associated with its application. For example, low power 
drivers are demanded in ornamental and interior lighting, incandescent and compact 
fluorescent lamp (CFL) replacements (retrofit), as well as, flashes and backlights in mobile 
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products. Compact form factor is a critical requirement in this type of applications. 
Medium and high-power drivers can be found in outdoor lighting, floodlights and street 
lighting. 

In terms of input source, the LED drivers can be powered by DC or AC sources (also 
called offline drivers). DC sources can be found in applications such as: battery-powered 
devices, lighting over DC grids and automotive lighting. Off-line drivers are connected to 
AC mains, and most of their applications are focused on retrofit and street lights. AC 
powered LED drivers often demand bulky components to provide in galvanic isolation, 
EMI filtering, power factor correction (PFC) and rectification. DC power grids have become 
more attractive considering the size, cost and power consumption of AC components 
together with the advent of renewable power sources. In conventional AC grids, every 
appliance has its own AC-DC converter. In DC grids, on the contrary, the AC-DC converter 
is centralized and the DC distribution supplies DC loads as heating, lighting, cooling and IT 
systems. Using DC grids has shown improvements in the overall efficiency of buildings, 
especially concerning LED lighting [4].  

Many of the barriers for adoption of Solid-State Lighting are actually related to the 
LED drivers. For instance, in terms of initial price, it is known that LED drivers account for 
a significant percentage of the total manufacturing cost; e.g. in an A19 replacement lamp:  
housing, heat sink elements, electrical connectors and mechanical fasteners contribute 
with 26%; driver with 20% and LED package takes 18% of the total manufacturing cost [2]. 
In terms of reliability, the most common observed failures are related to the LED driver 
[2]. Electrolytic capacitors were believed to be the main cause of failure; however, film 
capacitors and chip resistors have shown a larger number of failures in accelerated life 
tests, while inductors have lower failure rates [5]. Finally, in terms of compatibility with 
legacy solutions, the driver should be adjustable to the different form factors of current 
luminaries, and it should be compatible with the current schemes of dimming without 
jeopardizing the efficiency of the luminaire [2]. Integrated LED drivers exploiting 
Integrated Circuits (ICs) can help to overcome these barriers. Some of the benefits they 
provide are listed below: 

•  Lower initial price: 
o Reduced Bill of Materials for the components (e.g. capacitors, resistors, 

microcontrollers, etc.); 
o Simpler assembly process; 
o Smaller form factors, enabling more space for low-cost heat sink; 
o Testing methods can be implemented and automatized on LED; 

•  Less sources of failure at component level: 
o No discrete components as: electrolytic/film capacitors, chip resistors; 
o Less Mechanical/Electrical connections; 

•  Higher versatility: 
o More compact design and better form factor; 
o Compatibility with legacy lighting systems (dimming, sensors, etc.); 
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1.2 Problem statement 

o Embedded intelligence for dimming, communication (e.g. for Internet 
of Things - IoT); 

o Modularity for different applications. 

1.2 Problem statement 

The Solid-State Lighting market requires efficient, smart and compact LED drivers 
offering both low cost and long lifetime. Smart functionalities, compact form factors, low 
cost and long lifetime are clear motivations to look for an integrated solution with the 
minimum quantity of external components. However, power efficiency can easily be 
jeopardized when scaling the converter to IC dimensions. Drivers based on Switched 
Inductor Converters (SIC) are widely used because of their efficiency; but large inductor 
sizes limit their integration in small packages or on-chip. Other converters (like linear 
regulators and Switched Capacitor Converters – SCC) are not very efficient when 
controlling the LED current.  Therefore, the main challenge is to achieve maximum power 
efficiency and power density in a LED driver which is fully integrated on-chip or in-package 
(including switches, inductors and capacitors) and offers compact form factor together 
with efficient current control, enabling commercial Solid-State Lighting applications. 

1.3 Aim of the thesis 

The aim of this thesis is to design an integrated System-On-Chip (SoC) or System-In-
Package (SIP) LED driver with the following characteristics: 

• Compact form factor, thus minimum parts count and small size of the 
external components are required; 

• Implementation in conventional (low-cost) bulk CMOS technology; 

• Optimal power efficiency given the size and implementation constraints; 

• Compatibility with commercially available LEDs / applications; 

• Dimming capability. 
 
The main method to achieve these goals is to explore hybrid1 converters, and the 

focus will be:  

• Analyse and design hybrid LED converters exploiting conventional silicon ICs, 
and maximizing integration in terms of component count and size; 

• Design control circuit solutions that help improving power efficiency (e.g 
zero-current detection, self-resonance, low power current sensing); 

                                                                 
1 A Hybrid converter is the combination of two or more types of converters (SIC, SCC or linear). 
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• Design power conversion strategies and control circuits that enable high-
efficiency dimming (e.g. dynamic output resistance, optimal operation 
switching mode, heavy load functionalities); 

• Design architectural and circuit solutions enabling the modular configuration 
of hybrid LED drivers; i.e. connection in parallel and stack of low-voltage LED 
ICs. 

1.4 Scope of the thesis 

The scope of the integrated LED drivers in this thesis is limited to four main aspects:  

• The power range is limited to 1-25W, where form factor is a critical 
requirement. Possible applications are: portable electronics, retrofit, indoor 
lighting and IoT lighting; 

• This work focusses exclusively on DC-powered LED drivers, covering both 
high-efficiency DC grids and portable devices; 

• Hybrid drivers using linear converters are not considered because of their 
poor efficiency;  

• Only conventional low-voltage bulk CMOS technologies are considered for IC 
implementation, to minimize cost. SOI, GaN, trench, ferroelectric capacitors, 
MEMs inductors and other technologies offering superior performance and 
higher power density at higher cost are not covered in this thesis. However, 
the results of this work could be extended in the future to such technologies. 

1.5 Own contributions 

The main contribution of this work is the reduction of the form factor of LED drivers 
while keeping a competitive efficiency and dimming capabilities by using Hybrid Switched 
Capacitor Converters (H-SCC). Two novel implementations of integrated Hybrid Switched 
Capacitor Converters for Solid-State Lighting are experimentally proven. The first is based 
on a Dickson Switched Capacitor Converter and the second (which has been implemented 
in three different ICs) exploits the resonant behaviour of a Three-Level buck converter. 
Specific contributions are listed below: 

• Improvements in efficiency and power density of H-SCC based LED drivers 
[6], [7]. 

• Reduction of the inductor size compared to state-of-the-art LED drivers [6]-
[7] [9]. 

• Design, implementation and characterization of an H-SCC exploiting a 
Dickson SCC and enabling output dimming by PWM control of the switching 
nodes of the charge pump [9]. 
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1.6 Contributions by co-workers in the Mega-LED project 

• Design, implementation and characterization of a novel self-resonant LED 
driver, which guarantees soft-switching automatically adjusting to 
manufacturing variations in the passive components and load without using 
an external clock [6], [8]. 

• Design of smart dimming strategies to improve the efficiency of H-SCCs 
independent of the LED current level, such as: dynamic output resistance 
optimization (DORO) [10] and Zero-Current Detector with adjustable 
threshold [6], [8]. 

• Design, implementation and characterization of two embedded current 
sensing strategies for H-SCCs [6], [8]. 

• Experimental validation of output power extension and high input voltage 
compatibility through the modular configuration (in parallel or in stack) of 
low voltage H-SCC LED driver ICs. 

1.6 Contributions by co-workers in the Mega-LED 
project 

This work is part of the Mega-LED project, which is a joint research of two PhD 
students. Mega-LED has been jointly funded by NWO (STW, now domain TTW) and Philips 
Lighting (now Signify) in the framework of the ASLS partnership program. This thesis 
reports the work of the PhD student who focused on the IC implementation of hybrid LED 
drivers, under the supervision of Prof. E. Cantatore and Dr. P.J.A. Harpe in the Mixed-
signal Microelectronics (MsM) group, now headed by Prof. P.G.M. Baltus. The PhD thesis 
of M. Turhan [11] reports the work of the PhD student, who worked under the supervision 
of Prof. E.A. Lomonova, Dr. J.L. Duarte and Ir. M.A.M Hendrix and is enrolled in the 
Electromechanics and Power Electronics (EPE) group, headed by Prof. Lomonova. 
Turhan’s main contributions to this work, suitably acknowledged in the different 
publications with co-authorship, are summarised below: 

• Assessment of different switched capacitor converter topologies suitable for 
H-SCC with no need of additional balancing circuits or control methods to 
balance the charge of the flying capacitors [7], [9], [11]. 

• Resonant operation principle for the minimization of the inductor size and 
the reduction of charge transfer losses using the soft charging of the flying 
capacitors in a three-level buck converter topology [7]. 

• Quasi-resonant operation principle to achieve variable output voltage 
without sacrificing power efficiency using Pulse-Width-Modulation of an 
additional control phase [7]. 

• Experimental validation of the quasi-resonant operation principle in a step-
down [12] and step-up [13] converter using discrete components. 
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1.7 Outline of the thesis 

This thesis is composed of seven chapters (Figure 1.1). After the introduction, the 
second chapter discusses the main components in Solid-State Lighting: LEDs and LED 
drivers. The electrical characteristics of LEDs are introduced as well as the three main 
types of conventional LED drivers. Trends in DC-DC voltage regulators based on Hybrid 
Switched Capacitor Converters (H-SCCs) are also identified. Finally, the state-the-art for 
integrated voltage regulators and LED drivers is reviewed.   

In Chapter 3, the analysis, optimization and design of a first H-SCC LED driver are 
described. This driver exploits a Dickson Switched Capacitor Converter (SCC) and a small 
inductor to achieve a variable conversion ratio under PWM control. At the circuit level, 
this chapter focusses on the gate drivers and the generation of the control signals. 
Experimental results obtained with this first integrated H-SCC are presented. A proposal 
to improve the performance of the Dickson-pump based driver concludes the chapter. 

Another approach to H-SCC LED drivers is introduced in Chapter 4. This time the driver 
is based on a Three-Level buck converter working in resonance. The focus of this chapter 
is the efficiency of the converter, for this reason, special attention is given to the 
operational principle of the converter, improvements in the gate drivers and additional 
circuitry to guarantee better power efficiency, such as the Zero-Current detectors. 
Additionally, a scheme enabling self-biasing of the gate drivers is proposed. Finally, 
measurement results of a first IC implementation are discussed.  

In Chapter 5, the previous topology is used to design a full LED driver. Self-resonant 
functionality, as well as the design of integrated current sensors and closed loop control 
are the focus of this chapter. The measurement results of a second IC implementation of 
the resonant converter are discussed at the end of this chapter.  

In Chapter 6, further system-level improvements are made on the LED driver 
architecture discussed in Chapter 5. A new proposal for control, where current sensing 
and error feedback are merged, is the focus of this chapter. In addition, a dual power core 
is proposed to improve efficiency at heavy load, and a current steering DAC is designed to 
enable digital programming of the LED current. Moreover, modular configuration in 
parallel and stack are analysed and experimentally proved.  

To finish, conclusions are drawn in Chapter 7.  
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1.7 Outline of the thesis 

 
Figure 1.1. Graphic outline of the thesis. 

 





 

 
 

2 LEDs and LED drivers 
 

 
In this chapter, the main components of Solid-State Lighting: Light Emitting Diodes 

(LEDs) and LED drivers are introduced. A summary overview of the electrical 
characteristic of LEDs is given first. Then the conventional topologies of LED drivers 
and DC-DC converters based on a Hybrid Switched Capacitor approach are reviewed. 
Finally, the state-of-the-art in integrated LED drivers is presented.  
  



10 2. LEDs and LED drivers 

 

 

2.1 Light-Emitting Diodes (LEDs)  

Solid-State Lighting is based on white high-power Light-Emitting Diodes (LEDs).  LEDs 
are non-linear semiconductor devices with a diode-like V-I characteristic (Figure 2.1). A 
LED is mainly a PN junction. When the PN junction is biased in reverse, the LED shows only 
a leakage current and basically emits no light. When the junction is forward biased above 
the threshold voltage (Vth) the LED conducts current and emits light. In this region, the 
current exhibits an exponential behaviour that depends on the junction characteristics, 
temperature and forward voltage, i.e. for a small variation of voltage, a large variation of 
current is expected. This makes it more practical to control the LED through its current 
rather than controlling its forward voltage. Moreover, the light intensity depends on the 
quantity of electron-hole pairs that recombine through the band-gap, and thus ultimately 
on the current at the terminals. 

 
Figure 2.1. Light Emitting Diode LED: (a) symbol and ideal V-I characteristic and (b) Commercial LED V-I 
characteristic [14]. 

The wavelength of the emitted light varies according to the semiconductor’s bandgap 
energy. To create white light, three approaches can be used: a colour combination of red, 
green and blue LEDs, or using a UV LED covered by a phosphor to transform the light to 
the visible spectrum, or using a blue LED covered by a yellow phosphor to form the white 
spectrum. The last method is the most used because of its superior conversion efficacy 
[15]. Luminous efficacy is the amount of light power emitted given certain amount of 
electrical power provided at the LED terminals.  

The efficacy and lifetime of the LED can decrease exponentially due to semiconductor, 
phosphor and attachment degradations caused by high operational temperatures [16]. In 
electrical terms, junction temperature and ageing can cause deviation in the forward 
voltage of the LED. Also, forward voltage, light output and colour of the LEDs are subject 
to variations due to manufacturing. Luminaire manufacturers mitigate this variation using 
‘binning’. Binning is the process where the LEDs are classified in groups with similar 
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2.2 LED drivers 

electrical and light emission characteristics by the manufacturer. Selecting LEDs with 
similar forward voltage and light output allow designers to improve efficiency.   

2.2 LED drivers 

As aforementioned, LEDs should be driven controlling the current rather than the 
voltage. Thus, specialized electronic devices are required to bridge the difference 
between input voltage and the forward voltage of the LEDs, while controlling its current 
with the minimum quantity of power losses. Those devices are called LED drivers (Figure 
2.2). Additional characteristics are also desired in these current drivers, such as: high 
power density/miniature form factor, colour mixing, high colour stability, low flickering, 
good thermal management, high reliability, embedded communications capability, etc.  

 
Figure 2.2. Example of LED driver for an A19 lamp [17]. 

2.2.1 Conventional LED drivers 

Three traditional DC-DC converter topologies can be used to create LED drivers: linear 
LED drivers, switched inductor converters (SICs) and switched capacitor converters (SCCs). 

▪ Linear LED drivers 

Linear LED drivers control the LED current using a dissipative element in series with 
the LED. These drivers match the input voltage and at the same time the current is 
controlled to the desired value. The dissipative element can be a series resistor, a discrete 
current source or a constant current regulator (CCR) [18], as seen in Figure 2.3. The series 
resistor (Figure 2.3a) is the simplest implementation of a LED driver, where the LED 
current is defined using Ohm’s law. Obviously this approach does not provide a good 
current control with input voltage fluctuation, LED aging and temperature drifts. A 
discrete current source (Figure 2.3b) can be used to improve the LED current control. 
Here, an operational amplifier sets the reference voltage (Vref) over a known resistor 
(Rsense), this defines the LED current as Vref/Rsense, which is independent from the forward 

voltage of the LED and input voltage, as long as there is enough headroom for the series 
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transistor. A CCR (Figure 2.3c) is an IC-integrated current source based on the same 
principle that allows to decrease the number of components in the driver. 

 
Figure 2.3. Linear based LED drivers. (a) Resistor based, (b) Discrete current source based and (c) Constant 
Current Regulator-CCR. 

Regardless of the kind of dissipative component used, the efficiency of the driver 
depends on the voltage conversion ratio (m) between input voltage (Vin) and LED voltage 
(VLED). This is because the current at the input and the output is the same (Iin=ILED). In that 
way, the power efficiency (η) can be expressed as: 

η=
Pout

Pin
=

VLEDILED

VinIin
=

VLED

Vin
=m  (2.1) 

Despite the clear disadvantage of linear drivers in terms of poor efficiency at low 
conversion ratios; they are used because of their simplicity, low cost and high integrability 
in IC [19], [20]. An additional disadvantage is that linear drivers can only be used in step-
down configuration, i.e. Vin>VLED. 

▪ LED Drivers based on Switched Inductor Converters 
(SICs) 

As shown in (2.1), linear drivers exhibit poor efficiencies when they are operated at 
low conversion ratios. In these circumstances, switched converters have to be used to 
enable high power efficiencies. Switched Inductor Converters (SICs) are the most 
common topology used in LED drivers with high efficiency. SICs are composed mainly of 
switches and magnetic components such as inductors and transformers. They accumulate 
energy in the form of a magnetic field to later be delivered to the load providing different 
electrical characteristics (voltage or current). Ideally, SICs can reach up to 100% efficiency 
and any conversion ratio (m=Vout/Vin) by varying duty-cycle. These are clear advantages of 
SICs over linear drivers. Different types of topologies have been designed using SICs to 
perform step-down (m<1), step-up (m>1) or even both (e.g. buck, boost, buck-boost) kind 
of conversion. More elaborated topologies can use soft-switching to decrease the 
switching losses and improve efficiency [21] or even provide galvanic isolation, which is 
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necessary for output voltages larger than 50V [3], [22]. The SIC topologies which are most 
used for the implementation of LED drivers are shown in Figure 2.4. 

 
Figure 2.4. Basic SIC based LED drivers. (a) Buck (b) Boost (c) Buck-Boost (d) Fly-back 

However, SICs use high quality and large power inductors, which are expensive 
components in terms of size and price. LED drivers using SICs typically demand inductance 
values in the order of tens to hundreds of μH [23] - [29]. This is a clear disadvantage for 
the implementation of integrated LED drivers, since on-chip inductors require a larger 
area than discrete components for the same L/RDC ratio (Table II). Furthermore, a 
maximum ratio of 5.2μH/Ω [30] was found in the state-of-the-art for integrated inductors, 
while commercial SMD components can offer inductors of 78.3μH/Ω for the same 
inductance value and area [31]. Likewise, the energy density (Ed) for integrated inductors 
is lower than for discrete inductors. The reduced value of energy density and the limited 
L/RDC ratio of integrated power inductors demand the use of new topologies able to work 
with small inductances, in order to enable integration of the inductor in a compact multi-
die package or even on-chip.   

Table II. Comparison of state-of-the-art integrated inductors with commercial SMD inductors.  

Integrated inductor L/RDC equivalent SMD inductor 
L 

[μH] 
L/RDC 

[μH/Ω] 
Area 

[mm2] 
Ed [nJ/ 
mm2] 

Ref. L 
[μH] 

L/RDC 

[μH/Ω] 
Area 

[mm2] 
Ed [nJ/ 
mm2] 

Ref. 

5.2 2.26 30 0.34 [30] 5.6 2.24 5 16.1 NLV25-PF 

0.5 5.2 31 0.21 [32] 0.47 4.9 5 227 WE-
744383210

047 

0.39 3.2 9 5.4 [33] 0.47 3.9 2.5 101 LQM21PNR
47MC0 
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An additional disadvantage of SICs is the need of switches rated to withstand the full 

input voltage. In high-voltage applications, this means that switches with a higher 
breakdown voltage need to be used (e.g. LDMOS). Compared to low-voltage transistors, 
they exhibit a larger on-resistance per area, a lower switching speed and higher cost [34].  

▪ LED Drivers based on Switched Capacitor Converters 
(SCCs) 

Switched Capacitor Converters (SCCs) are composed mainly by switches and 
capacitors. They accumulate energy in the capacitors in the form of an electric field. This 
energy is later transferred to the load providing different voltage level at the output. 
Integrated capacitors offer higher energy density than integrated inductors. For instance, 
Metal-Insulator-Metal (MIM) capacitances can reach densities as high as 99.8nJ/mm2 
(6.6nF/mm2) in standard bulk CMOS commercial technologies [35], while trench 
capacitances and ferroelectric capacitors can reach 112µJ/mm2 (250nF/mm²) [36] and 
425µJ/mm2 (105nF/mm2) [37], respectively. The small form factor is the main advantage 
of these converters, thus they are widely used as on-chip voltage converters. The most 
common SCC topologies are shown in Figure 2.5, for the specific case of a 3:1 step-down 
conversion. SCCs can perform either step-up or step-down conversions. Some of these 
topologies can use switches rated at voltages lower than the input voltage. This is an 
additional advantage in integration compared to SICs, because low-voltage switches can 
offer lower on-resistance per area and higher switching frequencies. 

 
Figure 2.5. Common SCC topologies for a 3:1 step-down conversion. (a) Ladder (b) Dickson (c) Fibonacci (d) Series-
Parallel 
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SCCs can be modelled using an ideal DC transformer with an output resistance (Rout), 
as shown in Figure 2.6 [38], [39]. The ideal transformer models the nominal voltage 
conversion ratio of the converter (1:m), which is defined by the topology of the SCC. The 
output resistance models two main types of losses in SCCs: conduction losses and charge 
transfer losses. The conduction losses are caused by resistive elements in the path of the 
current, i.e. on-resistance of the switches, interconnections, etc.  

 
Figure 2.6. Model of the switched-capacitor converter [38] 

On the other hand, charge transfer losses occur when a capacitor is charged from a 
voltage source or when two capacitors with different potential are connected together. 
For example, in the case that a capacitor C1 with initial voltage V1 is connected to a second 
capacitor C2 with initial voltage V2 (Figure 2.7a); the energy loss can be computed as: 

∆E=
∆V2(C1C2)

2(C1+C2)
  (2.2) 

where ∆E  is the energy lost in the charge transfer and ∆V is the difference between the 
initial potentials (∆V=V2-V1). The same exercise can be repeated when C1 is replaced by a 

voltage source V1 (Figure 2.7b); in this case, ∆E=C(∆V)2/2. One should observe that this 
type of losses are independent of the resistance in the interconnections or on-resistance 
of the switches. Therefore, one of the disadvantages of SCCs is that they cannot reach 
100% efficiency even using ideal components (switches and interconnections).  

 
Figure 2.7. Example of charge transfer losses. (a) Between two capacitors. (b) Between a voltage source and a 
capacitor 

The previous analysis of charge transfer losses is valid only in the case that the 
capacitors are fully charged/discharged, in other words, at slow switching frequencies. In 
general, Rout varies according to the frequency and its behaviour can be modelled in two 
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regions, using two asymptotic behaviours: Slow Switching Limit (SSL) and Fast Switching 
Limit (FSL) [39]. In the SSL region, charge transfer losses are dominant, while in the FSL 
region, conduction losses are dominant. The current waveform in the capacitor in the SSL 
and FSL regions, as well as the behaviour of Rout across the switching frequency (fsw) are 
shown in Figure 2.8. The minimum output resistance (Rout= RESR) is achieved at FSL limit, 
where RESR is due to the resistance of switches and interconnections. Optimal designs use 
switching frequencies close to the crossover frequency2 (fc), because higher frequencies 
would only increase switching losses3 without additional benefit for Rout. Further details 
about this model can be found in [39]. 

 

 
Figure 2.8. Output resistance model vs. Switching Frequency. SSL and FSL limits. 

In contrast to SICs, the conversion ratio of SCCs cannot easily be modified. Three main 
methodologies to vary the conversion ratio in SCCs are mentioned in literature [40]. The 
first two methodologies consist of changing Rout by modifying the switching frequency 
(Figure 2.8) or modifying the on-resistance of the switches. However, these 
methodologies increase the losses of the converter. The third methodology consists of 
combining different SCC topologies in one to achieve as many conversion ratios as needed 
(gearbox converters). In this case, the change between conversion ratios does not occur 
continuously but in discrete steps. In LED drivers, the limitation to continuously vary the 
conversion ratio without penalties in efficiency is an important disadvantage. Therefore, 
LED drivers based exclusively on SCCs are not present in the literature. However, SCCs are 
used together with linear regulators to control the LED current [41] - [43].  

                                                                 
2 Crossover frequency fc is defined as the switching frequency where the components of the output 

resistance, SSL and FSL, are equal. 

3 Switching losses are defined as: Miller (or transitioning) losses and CV2 losses from the parasitic 
capacitances. 
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2.2.2 Hybrid LED Drivers 

Conventional LED drivers based on SICs offer the best efficiency, but at the expense 
of area. In contrast, linear drivers offer the most compact solution, but at the expense of 
efficiency. Furthermore, drivers based on SCCs could offer a small form factor with better 
efficiencies, but they are unable to regulate efficiently the current of the LED. Each one of 
these types of converters thus offers complementary strengths that can be merged in a 
Hybrid converter to alleviate their weakness. 

A Hybrid converter can be understood as the combination of two or more types of 
converters (SIC, SCC or linear). Some combinations are already used in commercial 
products, as the aforementioned LED drivers based on SCCs and linear regulators. Also, 
combinations of SICs with linear converters are common, and they are seen as two-stage 
converters [44]. For example, these combinations are used to control the LEDs current in 
multi-string applications [45]. However, in both cases, the combination with a linear driver 
does not help to solve the efficiency issue in SCCs or to decrease the size of magnetics in 
SICs.  

New topologies using Hybrid Switched Capacitor Converters (H-SCCs) have been 
proposed to merge the advantages of SICs and SCCs in DC-DC voltage regulators. They 
aim at three main goals: reduce the size of magnetic components, eliminate charge 
transfer losses and enable continuous conversion ratios with good efficiency. H-SCCs are 
a relatively new topic in voltage regulators and there is very little research in integrated 
LED drivers using this type of converters. This section introduces some of the most 
representative research trends in integrated DC-DC voltage regulators based on H-SCCs. 

▪ Integrated voltage regulators based on H-SCC 

Literature has shown two main trends in integrated H-SCCs: two-stage topologies and 
resonant switched capacitor (ReSC) converters. In the first trend, a two-stage topology 
can be used to optimize the converter giving specific task(s) to SCC and SIC. For instance, 
Figure 2.9 [46] shows a two stage converter, where the first stage is composed of a series-
parallel SCC using high-voltage switches. It is used to deal with a large VIN and step-down 
the input voltage into an intermediate voltage, Vunreg. To avoid excessive switching losses 
produced by the high-voltage switches, the SCC is operated at a low switching frequency. 
Subsequently, a second stage is composed by a buck SIC, which performs the regulation 
task of the output voltage. It uses low-voltage switches that allow the converter to switch 
faster. Therefore, the inductor size in the SIC can be reduced. This integrated H-SCC has 
been fabricated in an 180nm CMOS process using two external SMD capacitors of 4.7µF 
and a small inductor of 28nH.  It regulates an output voltage from 0.3 to 1.3V with a 5.5V 
input supply. Moreover, it achieves 81.8% peak efficiency and a maximum output power 
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of 0.8W. A discrete prototype of a LED driver has been reported using this approach. The 
LED driver handles 20W output using GaN switches with efficiencies up to 95% [47]. 

 
Figure 2.9. Block diagram of a two-stage converter merging SCC and SIC [46] 

In this two-stage topology, not only is the inductor size reduced but also charge 
transferring losses can be reduced. As aforementioned in Figure 2.7b, charge transfer 

losses in a conventional SCC are responsible for the dissipation of the energy (C(∆V)2/2) 
over the switch. One can try to reduce the charge transfer losses reducing the ∆V in the 
capacitors, by means of larger capacitance values or increasing the switching frequency 
to avoid that the capacitors are fully discharged. However, the converter would have a 
larger size or higher switching losses. Alternatively, the capacitors can be 
charged/discharged using constant current or constant power methods [48]; this is called 
soft-charging and enables higher charging/discharging efficiencies. In the approach of 
Figure 2.9, the fast SIC behaves as a constant power load. In series, the capacitors are 

connected to Vin through the buck converter. Hence, the majority of the energy C(∆V)2/2 
is used by the SIC and delivered to the load instead of being dissipated by the resistance 
of the switches. Likewise, soft-charging occurs when the capacitors are connected in 
parallel in the next phase of the transformation stage (Figure 2.9). However, one should 
notice that this is entirely valid only if the values of the capacitors (C1 and C2) are identical 
[48]. If this condition is not met, the energy losses described by (2.2) and in Figure 2.7a 
will occur. 

In the second trend, ReSC converters [49]- [53] have been proposed as another way 
to reduce the charge transfer losses in a single stage. Resonance is reached when an 
inductor is connected e.g. in series with the flying capacitor of the SCC. If the switching 

frequency is at the resonance frequency (fo=
1

2π√LC
), then the inductor shapes the charging 

current of the capacitor in a sinusoidal form. In [54] has been shown that the output 
resistance in ReSC converters is:  

RoutReSC
=

RESRπ2

8
≈1.23RESR ;  Q>4   (2.3) 

where Q is the quality factor of the series resonant network and RESR is the equivalent 
series resistance. One can observe that the output resistance in the ReSC converter at the 
resonance frequency is close to the minimum output resistance of the SCC (RESR). Then, if 
the resonance frequency is lower than the crossover frequency (fo<f

c
), it is possible to 
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achieve better output resistances compare to SCCs at the same frequency. This concept 
is better illustrated in [49] by the implementation of an integrated two phase ReSC 
converter (Figure 2.10a) and the comparison between the output resistance of the SC and 
ReSC converters (Figure 2.10b). Here, the output resistance of the ReSC converter at fo 

approaches to the minimum resistance of the equivalent SCC (RESR); but, using switching 
frequencies of one order of magnitude lower than the crossover frequency of the 
equivalent SCC. Thus, switching losses are also expected to be lower in the ReSC 
converter. Moreover, the sinusoidal current waveform at the resonance frequency 
enables Zero-Current Switching4. This decreases even more the switching losses of the 
ReSC converter. Other minima values of ReSC output resistance can be found at the odd 
sub-multiples of the resonance frequency [54]; but with higher resistance values (Figure 
2.10b). Resonance can typically be reached with the addition of inductors that are smaller 
than the ones used in SICs. 

 
(a)      (b) 

Figure 2.10. 2-phase resonant switched capacitor (ReSC) converter. (a): Circuit diagram. (b): Comparison of SC 
and ReSC converter output resistance; switching frequency is normalized to the crossover frequency, fc. Adapted 
from [49]. 

The 2:1 converter in Figure 2.10a has been implemented in a 0.18μm HVCMOS 
process and it integrates the four capacitors on-chip using triple MIM capacitors [49]. It 
handles 4.3W output power with 85% peak efficiency using two 5.5nH external inductors. 
This ReSC converter uses the idle time between the switching phases to reduce the output 
voltage, called Dynamic Off-Time Modulation – DOTM. This method increases the output 
resistance to regulate the output voltage like in an SCC, as shown in Figure 2.10b. 

ReSC converters can also be used in applications that require galvanic isolation. LED 
drivers using capacitive and inductive isolation are reported in literature [55], [56]. 

                                                                 
4 In Zero-Current Switching (ZCS), the power switches are commutated at zero current. This soft-

switching technique decreases the switching losses in the power switches associated to the 
overlap between Vds and Id when the power switches are turned-on/off (Miller Plateau losses).  
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In summary, two H-SCC trends were identified: two-stage topologies and resonant 
SCCs. The first trend reduces the inductor size of the SIC, reduces charge transfer losses 
in the SCC and provide continuous variation of the output voltage. But a larger number of 
components are required and soft-switching cannot be achieved in the SCC. The second 
trend requires only small inductors and eliminates the charge transfer losses of the SCC 
when operated at the resonance frequency. However, variable conversion ratios are 
constrained to the nominal value provided by the SCC and load regulation can be achieved 
only at the cost of increased losses in the output resistance. Besides, the switching 
frequency has to match the resonance frequency, thus practical implementation can be 
difficult. In both cases, external flying capacitors and inductors are often used, as the 
passives tend to have values that make it impossible to integrate them in an IC. Besides 
the work described in this thesis, to our knowledge there is no implementation of a fully 
integrated on-chip or in-package LED driver using the H-SCC approach with integrated 
inductor and capacitors yet. 

2.3 State-of-the-art of integrated LED drivers 

In this section, we first describe the state-of-the-art of integrated DC-DC converters 
for voltage regulator applications, followed by the state-of-the-art for integrated LED 
drivers. 

The state-of-the-art for fully integrated SCC DC-DC voltage regulators is shown in 
Figure 2.11. It is adapted from [57] to include the voltage regulators based on H-SCC [49, 
58, 59] with embedded flying capacitor(s) on-chip. The maximum power density reached 
by these H-SCCs is 0.9W/mm2. This is superior to the values reported for state-of-the-art 
SCCs using the same bulk CMOS technology. In addition, H-SCCs can reach higher 
efficiency compared to SCCs using the same type of technology or even SOI. Therefore, 
the use of H-SCC does not affect the power density of the IC, while they improve the 
efficiency without the need of a more expensive technology. Moreover, the reported H-
SCCs use small inductor values (max. 13.5nH) that can easily be implemented by bond-
wires or PCB tracks. 
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Figure 2.11. State-of-the-art of fully integrated capacitive DC-DC converters. Adapted from [57]. 

Focusing on the state-of-the-art for integrated LED drivers (Figure 2.12), it is possible 
to observe that no SCCs are used and SICs dominate the LED driver’s research in the last 
5 years. LED drivers accomplish better efficiencies than SCCs voltage regulators. Most of 
them have been targeting low power applications (1-25W) with efficiencies above 90%. 
Only one H-SCC LED driver using custom ICs has been introduced in literature with 90% 
efficiency [56]. However, it uses a bulky 6.2μH inductor and external flying capacitors. 
Most of the publications using SICs neglect the physical size of the inductor, therefore it 
is not possible to determine the power density for these drivers.  

 
Figure 2.12. 2017 state-of-the-art of integrated LED drivers. [27]- [29], [56], [60]- [80]  

Apart from [56], there is no integrated H-SCC based LED drivers. In [56], only the power 
switches are integrated, while large external inductor and capacitors are required. From 
the previous state-of-the-art of voltage regulators, H-SCCs could offer LED drivers with a 
higher efficiency and with a power density that is comparable (or even superior) to 
conventional SCCs. Moreover, they should enable inductor values that can be integrated 
on-chip or in-package.  
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2.4 Conclusions 

This chapter showed the characteristics of the main components in Solid-State 
Lighting. Strengths and weaknesses of conventional LED drivers were discussed. Besides, 
emerging hybrid voltage regulators combining SIC and SCC were also introduced. The 
state-of-the-art reveals that integrated LED drivers based on SCC are inexistent in the 
literature, while H-SCCs have not been properly explored. Therefore, an opportunity is 
identified to integrate LED drivers with high efficiency and power density, while still 
providing dimming capabilities using H-SCCs with small inductance values. In the next 
chapters, two new LED driver topologies are introduced to take advantage of the H-SCC 
based topologies combining SIC and SCC strengths to solve their problems. 



 

 
 

3 Hybrid Converter based on 
Dickson charge pump 

The previous chapter has identified H-SCCs as a potential solution for efficient and 
compact LED drivers. This chapter introduces a first H-SCC topology which focusses on 
the reduction of the inductor size. The type of losses in the new topology are analysed, 
as well as the parameters of the 0.18µm CMOS technology used in this thesis. Then, 
the optimization procedure to design the power converter is explained. Next, the 
transistor-level design of the level shifters, gate drivers and digital circuits needed for 
the operation of the power core is discussed. Subsequently, the experimental results 
of the prototype are presented and analysed. Finally, a novel technique to improve 
the efficiency of the H-SCC class described in this chapter is introduced. 
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3.1 Principle of operation  

The H-SCC architecture described in this chapter connects an inductive buck converter 
to one of the switching output nodes of the SC down-converter (Figure 3.1). As work 
example, a 3:1 Dickson topology followed by a buck converter without intermediate 
energy buffers or additional switches, as shown in Figure 3.2, is analysed in detail, 
designed, implemented in silicon and experimentally characterised. The main purpose of 
this topology is to provide the SCC with current control capabilities exploiting the buck 
converter. Besides, the inductor in the buck converter can be decreased by a factor N, 
where N is the conversion ratio of the SCC, keeping the same inductor current ripple. This 
is possible because the input waveform of the buck converter has a ripple amplitude 
which is divided by N exploiting the SCC (e.g. in the example of Figure 3.2, the maximum 
swing on the node 2, which is the input of the buck converter,  is Vin/3). In a conventional 
SCCs, the output voltage is the so-called DC node (marked with DC in Figure 3.2). Ideally, 
it does not change with duty-cycle variations; however, this DC voltage is subject to 
voltage drops when it is loaded. As discussed later in this chapter, the loading effect is 
larger with duty-cycles different from 50%. Therefore, SCCs are typically designed and 
optimized using duty-cycles equal to 50%. In the H-SCC described here, the internal 
switching nodes exhibit PWM voltage waveforms (e.g. nodes 1-4 in Figure 3.2). Thus, 
current regulation using duty-cycle control can be provided. By filtering a PWM voltage 
with the LCout network, the H-SCC can indeed control the LED current and the delivered 
output power.  

 
Figure 3.1. Hybrid switched capacitor converter concept. 
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3.1 Principle of operation 

 

 
Figure 3.2. Circuit diagram of the LED driver, an H-SCC using a 3:1 Dickson converter in combination with an LC 
filter. 

The 3:1 Dickson topology used as SCC in our hybrid example is composed by seven 
switches and three capacitors, while the buck converter is one inductor and one output 
capacitor. The switches operate in two phases (ɸ1 and ɸ2), as shown in Figure 3.3. In the 
first state (ɸ1), switches S1, S3, S4 and S7 are activated charging the flying capacitors and 
the inductor through the LED load. In the second state (ɸ2), switches S2, S5 and S6 are 
activated discharging the capacitors through the inductor to the load. The duty-cycle is 
defined as: D=TΦ1

/T, where TΦ1
 is the time spend in ɸ1 and T is the switching period. This 

H-SCC has four switching nodes which provide a square-wave voltage with amplitude 
Vin/3 and different offsets. The conversion ratio (msw,i=Vsw,i

̅̅ ̅̅ ̅/Vin) at each switching node 

(i), as function of the duty-cycle (D), is given by:  

mSW,1=
(2+D)

3
; mSW,2=

(2-D)

3
; mSW,3=

D

3
; mSW,4=

(1-D)

3
 .   (3.1)  

At the same time, the conversion ratio at the DC output node is independent of the 
duty-cycle and it is: mDC=1/3. In this way, the average values of the internal voltages at 
nodes 1 to 4 can be controlled using the duty-cycle of the switching nodes without 
changing the regulated voltage at the DC output node (Figure 3.4). Notice that, the 
conversion ratio does not depend on the capacitor values. 
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Figure 3.3. Equivalent circuits of the 3:1 Dickson H-SCC in: (a) state 1, ɸ1; (b) state 2, ɸ2. 

 
Figure 3.4. Conversion ratio vs. Duty-cycle for the switching nodes and DC output node of the 3:1 Dickson H-

SCC. 

As aforementioned, this H-SCC enable to decrease the inductor value by a factor N 
compared to the buck converter for the same inductor current ripple and switching 
frequency. This is achieved thanks to the reduction of the pulsed voltage amplitude 
applied to the inductor. In a conventional buck converter, where the conversion ratio of 
the buck converter is mbuck=Vout/Vin=D; the inductor value can be computed as: 

  LBUCK=
VinD(1-D)

fsw∆IL
 ; (3.2) 

where Vin is the converter input voltage, fsw is the switching frequency and ΔIL is the peak 

to peak amplitude of the inductor current. On the other hand, using an 𝑁:1 Dickson 
converter with a LC filter connected to any switching node, the inductor value is given by: 
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  𝐿𝑁:1−𝐷𝑖𝑐𝑘𝑠𝑜𝑛 =
 𝑉𝑖𝑛𝐷(1−𝐷)

𝑵𝑓𝑠𝑤∆𝐼𝐿
=

𝐿𝐵𝑈𝐶𝐾

𝑁
.  (3.3) 

For instance, the inductor voltage and current waveforms for the conventional buck 
converter and the 3:1 Dickson H-SCC at node 2 are shown in Figure 3.5. It shows an 
amplitude reduction by a factor of 3; i.e. the same current ripple can be achieved using 
three times less inductance. 

 
Figure 3.5. Inductor current and voltage in: (a) Conventional buck converter and (b) 3:1 Dickson H-SCC at node 
2. 

It is also useful to observe that the topology in Figure 3.2 can withstand input voltages 
larger than the rated maximum voltage of the power switches and capacitors (Vrated). The 
maximum input voltage for the 3:1 Dickson H-SCC is limited by S2 and C1 to: 

Vin,max=
3

2
Vrated, i.e. using 5V power switches and capacitors, this topology can withstand 

input voltages up to 7.5V. With an input voltage of 7.5V the switching node 2 can drive, 
via the LC tank, output voltages Vout from 2.5V to 5V; a range that covers the typical 
forward voltages of mid-power white LEDs.  

3.2 Analysis of losses in the proposed H-SCC 

In the previous section, the proposed H-SCC and its advantages were introduced. In 
this section, the different power losses occurring in this H-SCC are analysed. They can be 
classified according to their source: switched-capacitor (SC) losses, inductor losses, 
switching losses and other losses. 
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3.2.1 Switched-Capacitor (SC) losses 

The DC model of the SCC (Figure 2.6) can be used to describe the losses associated to 
the SC converter inside the H-SCC. The losses due to the output resistance (ROUT) of the 
SC converter can be computed as: 

PSC=ROUTIRMS
2 ,     (3.4) 

where IRMS is the RMS value of the inductor current and ROUT is composed by the Slow 
Switching Limit equivalent resistance (RSSL) and the Fast Switching Limit equivalent 
resistance (RFSL). ROUT is often approximated [81] as: 

ROUT=√RSSL
2 +RFSL

2  .   (3.5) 

The conventional DC model [38], based on RSSL and RFSL, and used in SCCs is 
unfortunately inappropriate for the modelling of our H-SCC, because it is only valid for SC 
converters [82]: 

• with the output connected to the parallel of a large capacitor and a load, so 
that the output node can be modelled as an ideal voltage source; 

• with the load connected to a DC node. For this reason, the duty-cycle effects 
on the output resistance are not modelled. 

In the H-SCC discussed in this chapter, a PWM node of the SCC is connected to the LC 
filter before the load. For this reason, a recently proposed methodology called quantified 
charge flow analysis (QFA) [82]- [83] is used to model the 3:1 Dickson H-SCC instead of 
the conventional SCC modelling. The QFA models the output using the output charge 
demanded by the load in any SC output, thus, it considers the duty-cycle effect over the 
output resistance in the switching nodes and using inductive loads. Therefore, QFA 
modifies the RSSL and the RFSL that compose the SC output resistance (Rout). The RSSL is 
defined as: 

RSSL=
1

2fsw

∑ ∑
1

Ci
[ai

j-Djbi
j]phases

j=1
caps.
i=1 ,   (3.6) 

where fsw is the switching frequency, ai
j is the capacitor charge multiplier of the jth phase 

and ith capacitor, bi
j are constants related to the current in each capacitor of the converter 

and Dj is the duty-cycle of phase j. The elements of the matrix A, ai
j, give the fraction of 

charge in each capacitor and phase that contributes to the total output charge (qout) [82]: 
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[
q1

1 

q1
2

q2
1

q2
2

q3
1

q3
2] =Aqout.    (3.7) 

They can be computed using the principle of charge balance. In each phase the charge 
in a node will be conserved, while between two phases (ɸ1, ɸ2) charge balance can be 
expressed as: qi

1=-qi
2. An example is shown in Figure 3.6 for the different capacitors in the 

H-SCC. 

 
Figure 3.6. Charge distribution in a 3:1 Dickson H-SCC for capacitor charge multiplier vector analysis in: (a) state 
1, ɸ1; (b) state 2, ɸ2. 

Therefore, the elements of the A matrix can be found to be: 

 A= [a1

a2] =
1

3
[
2-D
D-2

1-2D 1-2D
2D-1 2D-1

].    (3.8) 

The B matrix is obtained from the analysis of the current contributions from each 
capacitor in both operational states of the converter using the KCL equations when the 
input voltage (Vin) is equal to zero [82]: 

[
I1
1 

I1
2

I2
1

I2
2

I3
1

I3
2] =BIout= [b1

b2] ∙Iout,    (3.9) 

b1=
1

C1+C2+C3
[C1 -C2 -C3],    (3.10) 

b2=
-1

C1C2+C1C3+C2C3
[C1C2+C1C3 C2C3 C2C3].  (3.11) 

On the other hand, RFSL is defined as [82]: 

RFSL= ∑ ∑
Ri

Dj (ari
j)

2phases
j=1

elm.
i=1 ,    (3.12) 
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where Ri is the resistance associated to the ith element (e.g. on-resistance in a power 

switch, interconnection resistance, etc) and ari
j are the resistive charge multipliers in the 

jth phase. The latter are defined as [81]: 

ari
j=qi/qout,     (3.13) 

where qi is the charge flowing through the ith resistive element and qout is the total output 
charge. The Ar matrix can be computed by inspection of the charge distribution for each 
resistive element5 in both phases of the converter. Based on the charge distribution given 
by the capacitors (Figure 3.6), it is possible to calculate the charge flowing through the 
switches (Figure 3.7). The Ar matrix for this 3:1 Dickson H-SCC is: 

 Ar= [ar1

ar2] =
1

3
[
2-D

0
  

0
2-D

  
-1-D

0
  

D-2
0

  
0

D-2
  

0
1-2D

  
2D-1

0
]  (3.14) 

 
Figure 3.7. Charge distribution in 3:1 Dickson H-SCC for resistive elements in: (a) state 1, ɸ1; (b) state 2, ɸ2. 

                                                                 
5 Here, the charge distribution is computed for the power switches, however, any resistive element 

inside the SC converter can be considered (e.g. ESR of capacitors, or resistance of 
interconnections in the case of external capacitors). Also, in this thesis, the inductor resistance 
and interconnections are treated as a component in series to the output resistance of the SC 
model. This is because they are connected at the output, thus, they are not part of the 
redistribution network of the SC converter.  
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For the IC design of the integrated6 H-SCC, equations (3.6) and (3.12) can be re-written 
in terms of IC design parameters such as: switching frequency, switches area and 
capacitors area; as well as technology parameters, such as: capacitor density (dc) and 
specific on-resistance7 (ron). Using capacitor ratios (γCi) and the total capacitance on-chip 
(CT) to express each capacitor value (Ci), Ci=γCiCT

; and dc to express the CT as function of 

the capacitive area (AC), CT=dCAC; the RSSL in (3.6) can be re-written as:  

RSSL=
1

2fsw

∑ ∑
1

γCi(dCAC)
[ai

j-Djbi
j]phases

j=1
caps.
i=1 =

1

fswACdC
FOMSSL,  (3.15) 

where the figure-of-merit in SSL, FOMSSL= ∑ ∑
1

2γCi
[ai

j-Djbi
j]phases

j=1
caps.
i=1 , is a function of the 

topology, duty-cycle (D) and the capacitor ratios, γCi.  
In similar manner, using ron and the area of each switch (Aswi=Wi*Lmin) to express the 

on-resistance in each power switch (Ri), Ri=ron/Aswi; as well as, the area ratio of each 
switch (γSWi) to express the area of each switch in terms of the total switches area (ASW), 
Aswi=γSWiASW; the RFSL in (3.12) can be re-written as: 

RFSL= ∑ ∑
ron

(γSWiASW)Dj (ari
j)

2phases
j=1

elm.
i=1 =

ron

ASW
FOMFSL,   (3.16) 

where the figure-of-merit in FSL, FOMFSL= ∑ ∑
1

γSWiD
j (ari

j)
2phases

j=1
elm.
i=1 , is a function of the 

topology, duty-cycle (D) and the switches area ratios, γSWi.  
In this thesis a commercial 0.18μm technology is used to implement the H-SCCs.  Dual 

Metal-Insulator-Metal (MIM) capacitors are available in this technology and they are used 
to embed the flying capacitor on-chip. The main advantages of these capacitors are: 

• they can be placed atop of other components (switches, analogue/digital 
circuitry),  

• high capacitor density dc= 4.1nF/mm2, which is even larger than MOS capacitors 
using the same rated voltage (5V), 

• linear behaviour, 

                                                                 

6 The specific on-resistance is defined as the on-resistance per unit of area in a power MOSFET with 
minimum length, Lmin (Ron=ron/Asw). It is defined as: ron=Lmin

2 /μnCox(Vgs-Vth), where µn is the 
electron mobility, Cox is the oxide capacitance, Vgs is the gate-source voltage and Vth is the 
threshold voltage of the power switch. 

7 Integrated H-SCC means that flying capacitors and power switches are integrated on-chip. 
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• low parasitic coupling factor8 (KMIM<1%). 
The power switches are implemented using triple-well 5V nMOS devices that offer an 

isolated bulk connection and better on-resistance per unit area when compared to pMOS. 
The on-resistance (Ron) is a function of the gate-source voltage (Vgs) and it is extracted 
from the model using an nMOS with W=60μm and Lmin. in Figure 3.8 

 
Figure 3.8. On-resistance of 5V nMOS power switches with W=60μm and Lmin, as function of Vgs. 

Notice that, thanks to using 5V nMOS transistor is possible to achieve one order of 
magnitude less on-resistance compared to transistors with larger rated voltages. 

3.2.2 Inductor losses 

Losses in the inductor can be classified as winding and core losses. Winding losses are 
caused by the DC resistance of the conductor, as well as by its skin effect. These losses are 
computed using an equivalent resistance value for the inductor (RL) as follows:  

PRL=RLIRMS
2      (3.17) 

where the equivalent resistance (RL) is given by the DC resistance (RDC) and the frequency-
dependent resistance from the skin effect (Rskin), as:   𝑅𝐿 = 𝑅𝐷𝐶 + 𝑅𝑠𝑘𝑖𝑛.Core losses are 
caused by losses in the magnetic core, due to e.g. hysteresis and eddy current currents. 
For this H-SCC, a PCB printed inductor is designed. Therefore, no magnetic core is used 
and the core losses are not considered.  

The PCB inductor can be designed with dimension similar to the silicon die (Figure 3.9), 
in this way, the silicon die can be place atop the PCB inductor and no additional footprint 

                                                                 
8 Coupling factor is the ratio of the parasitic capacitance coupled from the MIM bottom plate to the 

substrate.  
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3.2 Analysis of losses in the proposed H-SCC 

area is needed. A suitable planar inductor can be designed using the Modified Wheeler’s 
formula [84] for square inductors: 

Lmw=K1μ0

n2davg

1+K2ρ
,     (3.18) 

where µ0 is the vacuum permeability, n is the number of turns, the coefficients K1 and K2 
are 2.34 and 2.75 respectively for a square inductor, davg is the average dimension 
between the outer diameter (dout) and the inner dimension (din), davg=0.5(dout+din), and ρ 

is the fill ratio, ρ=(dout-din)/(dout+din). The resistance due to the track resistance and skin 
effect are modelled for a commercial substrate (FR4) using an EM simulator. An example 
of a designed inductor is shown in Figure 3.10. 

 
Figure 3.9. Square inductor printed on PCB and silicon die. 

 
Figure 3.10. Square printed inductor on PCB. (a) Model in EM simulator and (b) Resistance and Inductance values. 

 

 
(a)        (b) 
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▪ Losses associated to interconnections 

Resistance in the interconnection paths can lead to additional losses. These losses are 
associated to four main sources: metal interconnections to the silicon die, pads and bond-
wires resistance, lead-frame resistance in the package and PCB resistance. The losses due 
to the combined effect of these resistances (RINT) are modelled as:  

𝑃𝐼𝑁𝑇 = 𝑅𝐼𝑁𝑇𝐼𝑅𝑀𝑆
2 .    (3.19) 

3.2.3 Switching losses 

The switching losses are characterized by their dependency on the switching 
frequency. They are associated to the parasitic capacitances in the power switches and 
flying capacitors.  The most representative switching losses are: 

▪ Miller Plateau losses 

A typical turn-on and turn-off sequence in a power MOSFET switch is shown in Figure 
3.11. Miller Plateau losses are associated to the power dissipation created by the Id and 
Vds during the commutation of the power MOSFETs [85]. During the turn-on commutation 
(t1), the gate-source voltage (Vgs) increases reaching the threshold voltage (Vth) of the 
MOSFET. During t2, the drain current (Id) starts to be conducted and it reaches its final 
value when the total input capacitance (Ciss) is charged. During t3, the drain-source voltage 
(Vds) start to decrease, while Vgs remains constant. This is known as the Miller Plateau, as 
it is produced by the charging of the gate-drain capacitance (Cgd). During t4, at the end of 
the sequence, Vgs increases again and reaches the nominal voltage applied to the gate 
(Vdrive). The turn-off commutation can be analysed in a similar way.   

 
Figure 3.11. Turn-on and Turn-off gate-source voltage (Vgs), drain -source voltage (Vds) and drain current (Id) in a 
power MOSFET. 
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3.2 Analysis of losses in the proposed H-SCC 

These losses can be modelled [86] as: 

PMILLER= ∑
Vbk,iId,i

2
fsw (

QG,i

IdriverPULL-DOWN

+
QG,i

IdriverPULL-UP

)Nsw
i=1   (3.20) 

where NSW is the number of switches, Vbk,i is the blocking voltage of the ith power switch, 

QG is the approximation of the total charge needed in t2 and t3 (QG≈QGD+QGS/2), Id,i is the 

drain current, IdriverPULL-DOWN
 and IdriverPULL-UP

 are the current of the gate driver in the high-

low and low-high transitions, respectively.  

▪ MOSFET input and output capacitance losses 

Losses associated with the charge transfer losses in the input capacitance (Ciss) and 
output capacitance (Coss) of the power switch should also be considered and modelled as:  

PCiss
= ∑ Ciss,ifsw

Vdrive
2Nsw

i=1 ,    (3.21) 

PCoss
= ∑ Coss,ifsw

Vbk
2Nsw

i=1 .    (3.22) 

The capacitances values are extracted for the 0.18µm 5V nMOS switches.  

▪ Gate driving losses 

Gate drivers are needed to drive the input of the power switches (SX). A tapered buffer 
(Figure 3.12) is a chain of N digital inverters, which size is scaled by a factor β per stage. 
The switching losses of the buffers are modelled [87] using the total charge needed to 

switch a single inverter stage (Qsw). The total charge is composed of: Qsw=βi-1Qi+βiQe, 
where the intrinsic charge (Qi) is the charge due to switch state in an unitary inverter 
without any load, and the unitary effort charge (Qe) is the additional charge needed to 
charge the next inverter stage. 
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Figure 3.12. Gate driver implemented with tapered buffer. 

The total gate driver losses can be computed as [87]: 

Pdriver= ∑ (fswVdrive(Qi+βQe)
βn-1

β-1
 ) -Qsw(n)

Nsw
i=1 fswVdrive  (3.23) 

Pdriver= ∑ (fswVdrive(Qi+βQe)
βn-1

β-1
 ) -PCiss

Nsw
i=1   (3.24) 

One can observe that this model includes the input losses of the power switch (PCiss) 
that is driven (Figure 3.12); therefore, for the sake of consistency, they have to be 
subtracted from the gate driver losses (Pdriver).  

▪ Body diode losses 

A certain amount of dead-time (td) between 1 and 2 has to be guaranteed to avoid 
conduction from Vin to ground. Because of the continuous current in the inductor, the 
body diodes of the two power switches in off state can be forward biased during the dead-
time intervals. These losses are modelled using the DC output current value (IOUT): 

Pbd=2tdfswVbdIOUT,    (3.25) 

where the bulk-drain voltage (Vbd) is the forward voltage of the body diode, which is 
approximated to 0.6V. 
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3.3 System level design 

▪ Parasitic capacitance losses 

Parasitic capacitance losses are losses associated with the charge transfer losses 
caused by the capacitive coupling between the bottom plate of the MIM capacitor and 
the silicon substrate. These losses can be modelled as: 

Ppar= ∑ KMIMCfly,jfsw
Vpar,j

2Ncap
j=1 ,    (3.26) 

where Ncap is the total number of flying capacitors, Cfly,j is the value of the jth flying 

capacitor, Vpar is the voltage of the bottom plate terminal and KMIM is the parasitic coupling 
capacitance factor. The extracted value for a MIM capacitor placed at the upper metal 
layer is lower than 1%. 

3.2.4 Other types of losses 

The H-SCC also suffers from other type of losses. For instance, quiescent losses and 
switching losses due to the power consumption of the additional analogue and digital 
blocks needed for the operation and control of the LED driver, such as: opamps, level-
shifters, comparators, current sensors, digital gates, etc. 

3.3 System level design 

In this section, application constraints and the analysis of the aforementioned losses 
are used to design the 3:1 Dickson H-SCC LED driver.  

3.3.1 Constraints 

One can observe from Figure 3.3, that the maximum input voltage is limited by the 
rated voltage of the flying capacitor C1 and the switch S2 to Vin(max)=3Vbk/2. Using Vbk=5V 

devices, the maximum input voltage of this topology is 7.5V. For this prototype, the 
commercial 350mA LXHL-MM1D white LED is chosen as nominal load. The forward 
voltage of this LED, for which this design has been optimized, is between 2.79V and 3.99V 
[88] considering the production variability. For a 6V input, the proposed 3:1 Dickson 
converter provides a voltage switching between 2V and 4V at Node 2 (Figure 3.2). The 
voltage range at this output thus perfectly covers the requirements for the LED load. The 
same is true for a 7.5V input. Therefore, the input voltage can be chosen between 6V 
and 7.5V.  
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3.3.2 Losses minimisation 

An analytical model of all losses in the H-SCC converter has been created in order to 
optimize the following design variables: switching frequency, size of the gate drivers, size 
and ratio of switches and capacitances. Based on the individual losses of the H-SCC, 
which have been analysed above, the total power losses of the converter are found 
summing all power dissipation components: 

Plosses=PSC+PRL+PMILLER+PCiss
+PCoss

+Pdriver+Pbd+Ppar    (3.27) 

where PMILLER, PCiss
, PCoss

 and Pdriver have to be considered for the total number of power 

switches (NSW=7). In a similar way, Ppar has to be considered for the total number of flying 

capacitors (Ncap=3).  
Using this comprehensive model of the H-SCC losses, a global analytical optimization 

in the design space is performed, and the design parameters are chosen. The 
optimization algorithm is shown in Figure 3.13. It receives as inputs: the topology 
description, fsw range for optimization, duty-cycle (D), Vdrive, AC range, dead-time (td), 
inductor model (L and RL), LED electrical model and technology parameters (Ciss, Coss, Ron, 
KMIM, etc). The optimization algorithm starts with the definition of the SC topology; i.e. 
number of switches, number of capacitors, ratios γCi and γSWi, as well as the FOM values 

for FSL and SSL. Two variables are swept: the switching frequency (fSW) and later the total 
capacitor area (AC). For each fSW, the algorithm sets an initial output resistor in the SC 
model (Rout) that is used to compute the initial output current (and its RMS value). Later, 
the switches area (ASW) is found for which the minimum total losses are reached. 
Minimum losses are achieved at the corner frequency of the SCC, fC  (see Section 2.2.1), 
thus the new output resistance (RSC) can be computed equating RSSL to RFSL and fSW must 
be equal to fC for the actual parameters. This loop is repeated until the error between Rout 
and RSC is lower than 5% and fSW is incremented. Efficiency and power density are 
computed and the design parameters are saved for every fSW. After the completion of the 
entire fSW range, the design with the best efficiency is chosen for every value of AC. At the 
end of the AC range, the highest efficiency design is chosen out of all combinations. This 
optimization procedure is also repeated for several dead-time and Vdrive values. 
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3.3 System level design 

 
Figure 3.13. Optimization algorithm for 3:1 Dickson H-SCC LED driver. 

The design is optimized for a 40nH, 12mm2 square inductor printed on a PCB (Figure 
3.10). This component occupies an area similar to the integrated Dickson converter, thus, 
the total H-SCC can be built stacking the IC die on top of the inductor (Figure 3.9). The 
results of the optimization lead to a design with a maximum simulated efficiency of 82% 
for an output power of 1.2W (Iout=0.32A) at 18MHz, when the total flying capacitance is 
19.9nF. The main design parameters from this optimization are summarized in Table III, 
while the breakdown of losses for the best design is shown in Figure 3.14. A transistor 
level simulation of the optimized H-SCC efficiency for different duty-cycles and using a 
LED load is shown in Figure 3.15. One can observe from this figure that the H-SCC 
approach makes it possible to vary the output power by changing D, while keeping a 
good efficiency. The simulation results at Vin=7.5V for our H-SCC are compared in Figure 
3.15 with the simulation of a conventional 2:1 SCC with 8V input voltage. The output 
power of the SCC is controlled by modulating the on-resistance of the switches through 
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the gates driving voltage (Vdrive). In the simulation, the duty-cycle of the H-SCC and the 
on-resistance of the switches in the SCC are tuned to obtain, for the chosen LED load 
(LXHL-MM1D), the same maximum output voltage. The SC converter suffers lower 
efficiency when Vdrive is changed from the optimal value; lower values of Vdrive increase 
the on-resistance of the switches, while large values increase switching losses. As 
expected, the H-SCC using the duty-cycle to change the output power exhibits higher 
efficiency. 

Table III. Main design parameters for 3:1 Dickson H-SCC.  

Parameter Value Parameter Value Parameter Value 

AC 4 mm2 Vdrive 2V γSW3 0.196 

CT 19.9nF β 3.38 γSW4 0.007 

L 36.8nH γC1 0.91 γSW5 0.007 

RL 0.25Ω γC2 0.045 γSW6 0.196 

ASW 0.11mm2 γC3 0.045 γSW7 0.196 

fSW 18MHz γSW1 0.196   

td 2ns γSW2 0.196   

 

 
Figure 3.14. Breakdown of the losses after the optimization of the H-SCC using Vdrive=2V and td=2ns. 
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3.4 Transistor level design 

 
Figure 3.15. Efficiency vs. output power. H-SCC and SCC transistor level simulation at fSW=18MHz using the same 
LED load, same flying capacitance (19.9nF). L=40nH for the H-SCC. 

3.4 Transistor level design 

This section describes the transistor level design of the additional circuitry needed for 
the integrated H-SCC converter: gate drivers and the non-overlapping clock generator. 

3.4.1 Gate driver 

The gate driver is used to drive the large power switches in the H-SCC. It is composed 
by two main blocks: Level shifter and tapered buffer (Figure 3.16). The level shifter 

translates the digital control signal 1 or 2, from a low-voltage vdd domain (1.8V) into a 
high-voltage domain (Vdrive) and also shifts it by the source voltage (VS) of the power 
switch. The tapered buffer interfaces the high-impedance output of the level-shifter and 
the large input capacitance of the power switch. In this prototype, Vdrive is provided using 
external batteries. The level shifter and tapered buffer are described in more detail below. 

 
Figure 3.16. Gate driver block diagram 
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▪ Level shifters 

The transistor-level schematic is shown in Figure 3.17. Transistors M1 and M2 translate 

the digital signal 1 or 2 into complementary currents, I1 and I2. Using the transistors M11-
M13 and M14-M16, the differential currents are mirrored with a factor of four and trigger a 
nMOS latch (M23,M24) that is referred to VS. When one of the branches has zero current 
(because of a digital zero at the input), the recovery of the latch depends only on one 
branch and takes longer time; also, this makes the level shifter sensitive to any noise 
coupling, which can generate undesired triggering at the latch during the power switching 
commutation. Therefore, an additional pMOS latch (M21, M22) is used to improve speed 
and noise immunity. Using M17-M20, the complementary currents are also mirrored with 
a factor of four to trigger this additional latch. The latch outputs outA and outB are 
buffered using 5V inverters referred to VS, which drive the input of the next stage (tapered 
buffer). Protections using clamping diodes (M3-M10) are installed at the nodes Va and Vb, 
as well as, resistors (R1-R4) to limit the current in the branches I1 and I2. This Level-shifter 
is designed to operate with a maximum Vdrive of 5V and a maximum switching frequency 
of 30MHz.  

 
Figure 3.17. Transistor level schematic of Level-shifter. 

▪ Tapered buffer 

From the optimization results, two different size of power switches should be 
implemented. The different sizes are implemented by applying a multiplier factor to a 
basic 5V nMOS cell with minimum length (Lmin) and W=60µm. Thus, based on ASW and γSW 

values (Table III), the switches S4 and S5 use a multiplier of msmall=16; while the other 
switches use a multiplier of mlarge=512. According to this distribution, two different 
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3.5 Measurements 

tapered buffers (Figure 3.12) are designed to drive the large and the small input 
capacitance of the power switches. The design of the tapered buffer is based on a basic 
5V inverter cell (Lmin=0.7µm and Wp/Wn=3µm/1µm), which parameters were used in the 
optimization algorithm. The small tapered buffer is composed of five inverters scaled by 
a factor β=3.38; while the large tapered buffer has seven scaled inverters with the same 
β value. 

3.4.2 Non-overlapping clock generator 

A standard non-overlapping clock generator using digital gates and two Current 
Controlled Delay (CCD) cells (Figure 3.18) is designed. The CCD is built using current 
starved inverters.  It is chosen to use current limitation on the vdd and gnd side to avoid 
changes in the output duty-cycle. The designed range of td is 0.5ns to 5ns using a delay 
control current Idelay from 5µA to 0.5µA. 

 
Figure 3.18. Non-overlapping clock and current-controlled delay cell. 

3.5 Measurements 

Figure 3.19 shows a die photo where the areas used for the MIM capacitors and the 
power switches have been highlighted. The flying capacitors are located above the 
power switches to reduce the chip area. The effective area is thus limited by the size of 
the flying capacitors to 5.48mm2

. The power connections (Vin, GND and OUT) use 10 

pads to interconnect the die with the package (CPGA). The area occupied by the 

switches is larger than the 0.11mm2 foreseen by the optimization algorithm. The reason 
for this is that the actual size of the switches increases due to the interconnections 
needed to layout the power MOS. The optimal switch size generated by the optimisation 
only considered the MOS active area, instead. The effective area of the switches is 
adjusted in future optimizations to consider the interconnections contribution.  
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Figure 3.19. Die photo of the 3:1 Dickson H-SCC LED driver chip identifying the capacitors, switches and the gate 
drivers. 

As first step, the on-resistance of the power switches is measured in a separate test 
structure. Figure 3.20 shows the measured on-resistance; as well as, the theoretical 
(used in the model) and transistor-level simulation values, including an estimation of the 
on-chip interconnections resistance extracted from the layout (0.16Ω). The maximum 
measured on-resistance for a switch with W=60μm, Lmin and m=512 is 0.28Ω, while the 
minimum experimental resistance is 0.22 Ω.  

 
Figure 3.20. On-resistance measurements, simulation and theoretical value in a power switch (W=60μm, Lmin and 
m=512) using a power switch in a separated test structure. 

The dead-time between ɸ1 and ɸ2 as function of the control current (Idelay) is also 
experimentally characterized in Figure 3.21. A maximum delay of 5ns is reached with 
0.4µA, while a minimum delay of 0.5ns is reached with 1.1µA. 
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3.5 Measurements 

 

Figure 3.21. Experimental dead-time (td) controlled using external current source (Idelay). 

 
The experimental gate-source voltage (Vgs) waveforms in each power switch (Figure 

3.2) are shown in Figure 3.22. The waveforms show ɸ1 and ɸ2, after the level-shifter and 
the tapered buffer. For this experiment seven batteries of Vdrive=3V are used to provide 
independent supplies for the gate drivers. The inductance of these external 
interconnections and the poor on-chip decoupling of Vdrive are the reasons for the 
oscillations observed in the commutations of the gate-source voltages. These excessive 
oscillations reduce the power efficiency when switching frequencies larger than 8MHz 
are used. Future designs should thus consider on-chip generation and suitable 
decoupling of Vdrive. 

 
Figure 3.22. Experimental gate-source voltage (Vgs) of the power switches at 4MHz. 
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The experimental output resistance Rout as a function of fSW is shown in Figure 3.23. 
The output voltage is measured without load, as well as using a test current as load. 
Later, the Rout is computed using the expression:  

Rout=
Vload-Vnoload

Iload
,    (3.28) 

At 4MHz, a discrepancy of 0.85 Ω can be observed between the simulated Rout and 
the measured Rout. The main causes for larger experimental Rout are related to: 

▪ Bond-wire resistances in the power connections, which are measured to be 0.32Ω, 
▪ Lead-frame resistances in the power connections, which are measured to be 

0.215Ω, 
▪ RC extraction estimates on-chip interconnection resistances to 0.23Ω. 

Therefore, the total additional resistance is 0.76Ω. PCB connections from the package 
to the socket also increase the Rout. On top of this, the measured output resistance 
increases above 8MHz. This is due to some ringing in the distribution tree of the signals 
which are controlling the switches, caused by parasitic bond-wire inductance (Figure 
3.22). These additional losses and resistances cause a shift of the frequency for which 
the optimal output resistance is reached from 18MHz (theoretical optimization value) to 
about 4-6MHz.  

 
Figure 3.23. Measurements results operating the H-SCC with a current sink load: Output resistance vs. switching 
frequency with D=0.5. 

The dimming of the output current can be performed by two effects when changing 
the duty-cycle. The first is a lossless modulation of the conversion ratio of node 2 with the 
duty-cycle, as discussed earlier in this chapter and modelled in (3.1). The second is related 
to the change of Rout as a function of the duty-cycle, as modelled by (3.6) and (3.12). This 
is a lossy effect, therefore it results in lower power efficiency. Figure 3.24 shows the 
measured and simulated values of Rout for a duty-cycle sweep at 4MHz switching 
frequency. 
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3.5 Measurements 

 
Figure 3.24. Measurements results operating the H-SCC with an electronic load: Output resistance vs. duty-cycle 
at 4MHz. 

A LXHL-MM1D LED was used as a load to measure the efficiency of the H-SCC. The 
efficiency is measured including all power train and gate driver losses. The measurement 
results using a 40nH inductor at 18MHz show a poor efficiency of 65%, due to the 
additional output resistance discussed in Figure 3.23. To improve the power efficiency, 
the frequency is reduced to the optimal output resistance point at 4MHz. The output 
voltage and current change over the LED load at 4MHz is observed in Figure 3.25, while 
the efficiency results are shown in Figure 3.26. The latter shows 78.9% peak efficiency 
using the same 40nH inductor, which is better than the results obtained for 18MHz. At 
4MHz, however, the H-SCC performs the conversion in a different operation mode, 
resonance mode, as recognized from the inductor current waveform of Figure 3.27a. The 
resonance mode is reached when the switching frequency is close to the resonance 

frequency between the flying capacitor and the inductor (fO=
1

2π√LCfly
=5.6MHz). The PWM 

operation mode can be recovered using a larger inductor, as shown by the inductor 
current waveform in Figure 3.27b. For this purpose, a surface mount (SMD) 1μH inductor 
with a small footprint of 0.72mm2 and DC resistance of 0.9Ω (PFL1005-102MRU), has been 
used.  

The output current, output voltage and efficiency are measured for a duty-cycle 
sweep from 20% to 80% as shown in Figure 3.25and Figure 3.26. Here, different inductors 
are used at 4MHz switching: the mentioned PCB inductor of 40nH and the SMD coil of 
1μH (PFL1005-102MRU). For the sake of comparison, also, an SMD 36nH (PFL1005-
36NMRU) inductor with the same footprint of the 1μH coil has been tested. The peak 
output current and peak efficiency are reached, as expected, at a duty-cycle close to 50%. 
Peak efficiencies of 77.5% are achieved using the 1μH inductor at 4MHz. 

For duty-cycles higher than 50% in the case of PWM operation (1μH), the LED output 
is dimmed as a consequence of the two dimming effects described above: PWM and 
output resistance increase (solid line - Figure 3.25). The largest influence of the PWM is 
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observed around D=50%, where a steeper current variation is observed. For duty-cycles 
lower than 50% in the same case of PWM operation, the conversion ratio should increase 
as shown in Figure 3.4. However, the output voltage and current decreases because of 
the increasing Rout (dashed lines in Figure 3.25). Therefore, in this duty-cycle region, only 
the second dimming effect contributes to decrease the output current; thus efficiencies 
are lower (dashed line in Figure 3.26, 1μH inductor) than the ones for duty-cycles higher 
than 50% (solid line in Figure 3.26, 1μH inductor). Hence, duty-cycles lower than 50% are 
not beneficial for this topology. 

In case of resonance operation, the plateau around D=50% observed at the top of the 
40nH and 36nH curves in Figure 3.25 reflect the limited influence of the PWM action on 
the LED output current. In this mode of operation, the output current remains almost 
constant until the output resistance is large enough to decrease the output power. This 
effect can be also observed in the efficiency measured for resonance operation (Figure 
3.25), where the curves for D<50% and D>50% overlap. In other words, efficiency is 
dominated both above and below D=50% by the dissipative effect of Rout rather than being 
assisted by the PWM action, as seen in the 1µH case. The main two benefits of the 
resonance mode are: the use of small inductance values and the commutations between 

1 and 2 with zero inductor current (Figure 3.27a). Nevertheless, one should notice that 
zero-current switching is not guaranteed. This is because the inductor is not in series to 
the switches, i.e. the inductor current is not the same as the current through the 
switches. Therefore, PMILLER losses are reduced, as the transitions do not happen with the 
peak current, but SC losses associated with the charge redistribution of the flying 
capacitor are still relevant. In conclusion, the resonance mode does not benefit from the 
duty-cycle control in this H-SCC, but it does exhibit higher peak power efficiencies and 
requires lower inductance values. Output current is also limited by the excessive 
resistance of the interconnections (Figure 3.23) and the increment of Rout with duty-cycle 
variations (Figure 3.24). 

 
Figure 3.25. Measurement results for a sweep in the duty-cycle between 20% to 80%: (a) Output current vs. duty-
cycle and (b) output voltage vs. duty-cycle. Measurements performed using a LXHL-MM1D LED and Vin=7.5V, 
fSW=4MHz. 

 
        (a)     (b) 
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3.5 Measurements 

 
Figure 3.26. Measurement results for a sweep in the duty-cycle between 20% to 80%: Efficiency vs. output 
current. Measurements performed using a LXHL-MM1D LED and Vin=7.5V, fSW=4MHz. 

 
Figure 3.27. Inductor current in: (a) resonance mode and (b) PWM mode. 

The measured performance of this H-SCC converter is summarized in Table IV. 

Table IV. Measured performance of the integrated 3:1 Dickson H-SCC.  

Switching frequency 4MHz 

On-Chip capacitance 19.9nF 

Inductor 40nH 1μH 

Peak efficiencya 78.9% 77.5% 

Max. output power 0.76W 0.6W 

Active area 6.2mm2 

Inductor area 0.72mm2 

Maximum power densityb 122mW/mm2 
a. This efficiency includes the gate driver losses. 
b. This figure includes the active IC area and the SMD 

inductor area. 

 

 
(a)     (b) 
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Figure 3.28 shows the performance of state of the art fully-integrated SCCs in the 
efficiency vs. power density plane. The proposed H-SCC is in line with the state-of-the-art 
implementations in bulk CMOS technologies. Higher efficiency and power density can be 
achieved with technologies offering higher capacitance density (Deep Trench - DT and 
Ferroelectric) or better transistors (SOI), however, at higher fabrication costs. 
Nevertheless, the 3:1 Dickson H-SCC LED driver is inferior in terms of efficiency and 
power density when compared with state-of-the-art fully integrated voltage regulators 
based on H-SCCs topologies ( [49], [58], [59]). 

 
Figure 3.28. State of the art of fully integrated capacitive DC-DC converters. Adapted from [57] using H-SCCs 
[49], [58], [59] and this Dickson H-SCC. 

3.6 Dynamic Output Resistance Optimization 
(DORO) 

The previous experimentation showed the negative impact of the duty-cycle over Rout. 
Ideally, the 3:1 Dickson H-SCC would have the full benefit of PWM control if Rout is kept 
constant regardless of the duty-cycle. Dynamic Output Resistance Optimization (DORO) 
is a proposed technique to decrease the variation of Rout, with minimum impact on the 
total area occupied by the H-SCC. In this way, the converter can achieve larger output 
current values and higher power efficiencies. 

The DORO solution is based on the SSL and FSL modelling of the SCC to optimize ROUT. 
In the SSL region, the ratios of the capacitors (γCi) in (3.6) can be optimized for different 

values of duty-cycles, instead of being optimized for a unique value as in the previous 
design (D=50%). In the same fashion for FSL region, the ratios of the switches (γSWi) in 

(3.12) can be optimized for different values of duty-cycles.  One can observe that doing 
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3.6 Dynamic Output Resistance Optimization (DORO) 

the optimization of the ratios does not affect the total area of the capacitors neither the 
total area for the switches, but it only adjusts their relative allocation.  

The optimization performed in DORO is made using intervals of duty-cycles. Firstly, 
capacitor and switch ratios are tuned to achieve the minimum RSSL and RFSL. This is 
performed for each duty-cycle range by using 100 steps within each interval. Afterwards, 
the average ratio for capacitors and switches is computed as the optimal choice for the 
given duty-cycle range. In this way, families of different capacitor and switch ratios are 
obtained for each interval of duty-cycles. For instance, the H-SCC topology discussed in 
the previous section is optimized for three duty-cycle ranges: D1=50-55%, D2=55-60% and 
D3=60-65%. The results of the optimization, capacitor and switch ratios, are shown in 
Table V. 

Table V. Optimal capacitor and switch ratios for different duty-cycle ranges.  

D 
range 

γC1 γC2 γC3 γSW1 γSW2 γSW3 γSW4 γSW5 γSW6 γSW7 

D1 0.92 0.04 0.04 0.2 0.2 0.2 0.2 0.2 0.01 0.01 

D2 0.8 0.1 0.1 0.18 0.21 0.2 0.18 0.21 0.02 0.02 

D3 0.7 0.15 0.15 0.16 0.21 0.19 0.16 0.21 0.04 0.04 

The theoretical SSL and FSL output resistances for the three duty-cycle ranges using 
the results of the optimization are shown in Figure 3.29. Both SSL and FSL output 
resistances are improved in the duty-cycle range where the optimization was performed. 
At the end of the last duty-cycle range (D3), improvements of 0.67Ω and 0.13Ω are 
observed for RSSL and RFSL, respectively, when compared with D1. This accounts for a total 
ROUT improvement of 0.61Ω. 
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Figure 3.29. SSL and FSL output resistance for three duty-cycle optimization ranges. D1= 50-55%, D2=55-60%, 
D3=60-65%. 

Using the DORO technique, the converter should change “on-the-fly” its ratio of 
capacitors (connecting or disconnecting additional flying capacitors in parallel) and 
switches (activating or deactivating more switches in parallel) to minimize ROUT according 
to the operational duty-cycle. 

3.6.1 DORO Implementation 

The block diagram of the full implementation of DORO in the 3:1 Dickson H-SCC is 
shown in Figure 3.30. The H-SCC is composed by the SCC and the LC filter. A current sensor 
senses the LED current, which is used by the closed loop control. An analogue control, 
with output Vduty, sets the average LED current equal to an external reference current (Iref) 
by controlling the duty-cycle of the power switches through a PWM signal. 
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3.6 Dynamic Output Resistance Optimization (DORO) 

 

Figure 3.30. Dynamic Output Resistance Optimization (DORO) diagram. 

The DORO technique can be implemented with the aid of two main blocks: a duty-
cycle range detector and additional capacitors/switches. The duty-cycle range-detector 
(Figure 3.31) assesses the range where the converter is performing the conversion. If n is 
the number of optimal regions, the range-detector compares the duty-cycle control signal 
(Vduty) against (n-1) reference values using an array of comparators. The comparators’ 
outputs (Ctrl) contain the information on the duty-cycle region that is used to choose the 
right component ratios.  

 

Figure 3.31. Duty-cycle range-detector diagram. 
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The second block is a set of capacitors and switches needed to implement the DORO 
approach. Additional switches (Figure 3.32) in parallel to the power switches are 
connected or disconnected by the digital signal Ctrl, enabling or disabling small 
additional gate drivers. Also, some logic is needed to combine the Ctrl signals with the 
switching phase clock, Φi, and organize the activation sequence of the additional 
switches. Ctrl also determines whether or not to connect additional capacitors to the 
main flying capacitors (Figure 3.33). To decrease the number of interconnections, 
additional capacitors are always added. In this way, the ratio of the capacitors and 
switches is adjusted according to the value of the duty-cycle, computed by the control 
loop, accomplishing the FSL and SSL output resistance optimization in each duty-cycle 
region. 

 
Figure 3.32. Diagram of additional switches of DORO in an H-SCC. 

 
Figure 3.33. Diagram of additional flying capacitors of DORO in an H-SCC. 

3.6.2 DORO Simulations 

Simulations of the 3:1 Dickson H-SCC using DORO were performed at transistor level. 
The three duty-cycle ranges of optimization (n=3) discussed in the previous section were 
used to implement DORO. A total flying capacitance (CT) of 28.8nF is used with L=37nH 
and COUT=300nF. The total switch area (ASW) is 0.11mm2, which is distributed in seven 
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3.6 Dynamic Output Resistance Optimization (DORO) 

switches. The additional switches are also 5V N-MOS devices in the same 180nm CMOS 
technology. Likewise, the additional capacitors are implemented using MIM capacitors, 
which are the same type as the flying capacitors with 5.4fF/µm2. The sizes of the power 
switches and flying capacitors in the H-SCC with DORO are given in Table VI and Table VII, 
respectively. The interconnection switches used to connect the additional flying 
capacitors (Figure 3.33) are also simulated using 5V nMOS transistors. The current sensor 
and the closed-loop control are ideal blocks in this simulation. The simulation is 
performed at fSW=18MHz and Vin=6V using a constant current load of 200mA. 

Table VI. Switches values in H-SCC with DORO.  

Component Valuea Component Valuea Component Valuea 

S1 421 S1,1 53 S1,2 39 

S2 512 S2,1 22 S2,2 9 

S3 497 S3,1 4 S3,2 11 

S4 421 S4,1 53 S4,2 39 

S5 512 S5,1 22 S5,2 9 

S6 20 S6,1 38 S6,2 42 

S7 20 S7,1 29 S7,2 28 
a The values are given by the multiplier (m) of basic cells switches with W=60µm and Lmin 

Table VII. capacitor values in H-SCC with DORO.  

Component 
Value 
[nF] 

Component 
Value 
[nF] 

Component 
Value 
[nF] 

C1 20.79 C1,1 0 C1,2 0 

C2 0.9 C2,1 1.5 C2,2 1.6 

C3 0.9 C3,1 1.5 C3,2 1.6 

Figure 3.34 shows the output resistance over a duty-cycle range. The design without 
DORO is optimized only in the first duty-cycle region, D1. As aforementioned, ROUT 
increases as the duty-cycle changes. One can observe an ROUT improvement for a wide 
range of duty-cycles using a converter with DORO. At the same time, the dimming 
capabilities of the H-SCC are preserved when using DORO, as shown in Figure 3.35. 
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Figure 3.34. ROUT versus duty-cycle using DORO in three ranges of duty-cycle optimization. D1= 50-55%, D2=55-
60%, D3=60-65%. 

 
Figure 3.35. VCR (Voltage Conversion Ratio, Vout/Vin) versus duty-cycle using DORO in three ranges of duty-cycle 
optimization. D1= 50-55%, D2=55-60%, D3=60-65%. 

Figure 3.36 shows the efficiency over a duty-cycle range. Using DORO, the efficiency 
of the converter achieves an improvement up to 8% compared to the original design, 
without jeopardizing the peak efficiency. Also, the flatter ROUT provided by DORO enables 
the H-SCC to have similar efficiencies independently of the forward voltages of the LEDs. 
Notice that, DORO superposes D1, D2 and D3 curves in Figure 3.36, i.e. the ideal DORO 
curve is close to the simulation results of DORO, which considers the on-resistance of the 
interconnection switches in Figure 3.33. Hence, the impact of these switches over the 
power efficiency is minor. A maximum power efficiency difference between ideal and real 
interconnection switches is 0.12%. On the other hand, the overhead area produced by 
DORO, considering the additional interconnection switches, is computed as 11.4%.  
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3.7 Conclusions 

 
Figure 3.36. Efficiency versus duty-cycle using DORO in three ranges of duty-cycle optimization. D1= 50-55%, 
D2=55-60%, D3=60-65%. 

More duty-cycle ranges can be added to provide improved performance in an even 
wider duty-cycle range. However, more duty-cycle range demands a large number of 
additional capacitors and switches. Therefore, the trade-off between increased efficiency 
and higher complexity/design overhead should be taken into account. 

3.7 Conclusions 

A 3:1 Dickson step-down H-SCC is presented in this chapter. Exploiting the internal 
pulsed nodes of a Dickson SC converter connected to an LC output network, the output 
current/voltage can be modified using the duty-cycle. Its implementation using 0.18μm 
CMOS bulk technology and small inductor sizes (~0.72mm2), shows peak efficiencies up 
to 78.9% with power densities of 122mW/mm2. The parasitic associated with the external 
power supplies and poor in-package interconnection have been identified as limiting 
factor of the power efficiency. Also, the practical parameters from the physical 
implementation of this H-SCC can be used to improve the accuracy of the H-SCC model, 
e.g. measured values of interconnection resistances, on-resistance and area of the 
power switches.  

According to the switching frequency and inductor value, two operation modes can 
be recognized in this converter: PWM and resonance mode. PWM mode changes the 
output voltage/current using PWM action and Rout dissipation. In this mode, duty-cycles 
lower than 50% are not beneficial for this topology, as the output is controlled exclusively 
through resistive regulation. In resonance mode, the converter does not exhibit output 
regulation from the PWM action and the output is controlled through resistive regulation. 
Nevertheless, power efficiencies are higher and the required inductance values are lower.  
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In both operational modes, increasing Rout limits the maximum output current and leads 
to lower power efficiencies. 

A proposed Dynamic Output Resistance Optimization (DORO) is also presented in this 
chapter. DORO can be used to improve the power efficiency when varying the output 
voltage/current in the PWM mode of the H-SCC. Here, the optimal ratios of flying 
capacitors and power switches for different duty-cycle ranges are used and changed “on-
the-fly” to minimize ROUT according to the operational duty-cycle. A case study showed 
efficiency improvements up to 8%, while keeping the peak efficiency constant. 

Although the Dickson H-SCC discussed in this chapter accomplishes state-the-art 
power densities and power efficiencies when compared to SCCs; its power efficiency is 
inferior to the existent H-SCC voltage regulators. This H-SCC suffers from losses due to 
the output resistance that cannot be avoided. The resonance mode is identified as a 
strategy to improve power efficiency and reduce the requirements of the inductor size; 
however, charge transfer losses and switching losses are still existent as there are 
multiple paths for the charge/discharge for the flying capacitors. Using a single current 
path to charge the flying capacitors and inductor, while the load is supplied, can reduce 
the charge transfer losses and guarantee zero-current switching using the resonance 
mode. This idea will be explored in the rest of this dissertation.



 

 
 

4 Design of the power train of a 
Resonant Hybrid Switched 

Capacitor Converter 
 
The previous chapter proposed a new H-SCC based LED driver, built connecting the 

switching node of an SCC with an output LC filter. In that converter have been 
identified losses that could be reduced using resonance, while preserving the small 
inductor size. This chapter introduces thus a second H-SCC topology which focusses on 
the reduction of the charge transfer and switching losses exploiting resonance 
between flying capacitor and inductor. The power train is analysed and designed in 
such a way that dimming capabilities can be maintained. Then, an optimization 
procedure to design the power converter using 0.18µm CMOS technology is explained 
and compared with other converters. Next, auxiliary circuits needed to implement the 
resonant H-SCC converter are designed, including an improved level shifter, a zero-
current detector and a self-biasing network for the gate drivers. Subsequently, 
considerations about the possibility to remove the output capacitor are given. Finally, 
the experimental results of a first integrated prototype are presented and analysed.   
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4.1 Principle of operation 

In Chapter 3, it has been shown that combining a 3:1 Dickson with a small inductor in 
an H-SCC can enable continuous dimming of a LED load. However, this solution shows 
some drawbacks in efficiency due to existence of charge transfer losses. To improve 
efficiency, resonance can be used to reduce the charge transfer losses and switching 
losses. A second topology based on the resonance mode is proposed in this chapter. The 
conceptual schematic of the resonant H-SCC LED driver is shown in Figure 4.1. The power 
train is composed of four on-chip 5V NMOS switches (Q1-4), one on-chip flying capacitor 
(Cfly), one SMD (or PCB printed) air-core inductor (L) and an SMD output capacitor (Cout). 
The use of the inductor in series with the load makes this H-SCC a suitable current source 
for LEDs.  

 
Figure 4.1. Simplified schematic of the integrated resonant H-SCC LED driver. 

The basic operation mode of this converter exploits resonance between Cfly and L. The 
inductor current waveform and the switch signals in this mode of operation are shown in 
Figure 4.2. In pure resonance a constant output voltage Vout=Vin/2, is generated.  

 
Figure 4.2. Pure resonance operation. Inductor current waveform and switching gate signals. 
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4.1 Principle of operation 

There are two main advantages in the pure resonant mode. The first is the reduced 
size of the required inductor when compared to conventional switched inductor 
converters at the same switching frequency. In pure resonant operation, indeed the 
apparent frequency of the inductor current IL is twice the switching frequency (as one can 
see from the shape of IL in Figure 4.2). This half the size of the needed inductor. The 
second advantage is the reduction of the Miller Plateau losses when the commutation is 
done at IL=0; this is called Zero-Current Switching (ZCS). In cases where the resonance 
frequency is higher than the switching frequencies, the power switches Q3 and Q4 should 
block the reverse currents at zero-current to achieve ZCS. Reverse currents are created 
continuing the resonant operation after To/2 (fO=1/To) and they jeopardize the power 

efficiency. Therefore, Q3 and Q4 should work as diodes. Internal control signals turns-on 
Q3 and Q4 when they should conduct (Figure 4.2); while some suitable integrated Zero 
Current Detection (ZCD) circuitry turns Q3 and Q4 off when the inductor current crosses 
zero. Alternatively, inherent ZCS operation can be performed by the LED diode when the 
output capacitor is removed. Both cases are investigated experimentally in this chapter. 

The fixed output voltage at Vin/2 is the main disadvantage of the pure resonance 
mode, especially considering the variability of the LED forward voltage in production. In 
the manufacturing process, LEDs are typically divided in several bins, where they are 
grouped by the forward voltage at the nominal current. Therefore, a variable output 
voltage must be enabled to build a practical LED driver. The pure resonant operation can 
be extended to enable output voltages above and below Vin/2. Using switching 
frequencies below the resonance frequency (f0) enables output voltages lower than Vin/2 

(as the converter will be completely off for part of the period). This mechanism is called 
Dynamic Off-Time Modulation (DOTM) [50]. On the other hand, switching frequencies 
above f0 can be used to increase Vout; in this case the H-SCC will operate as the classical 

3-level buck converter in Continuous Conduction Mode (CCM) [89]. This makes ZCS 
impossible and leads to higher switching losses due to the hard switching. To provide an 
output voltage above Vin/2 while preserving ZCS, an additional state is used where the 
inductor is charged directly from Vin, i.e., exploiting inductive energy accumulation. This 
is called quasi-resonant operation and all operational states of the modified resonant 
converter are described in Figure 4.3.  
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Figure 4.3. Equivalent circuits of the H-SCC in state 1 (a), state 2 (b), state 3 (c) and state 4 (d). 

Two states exploit a resonance between Cfly and L, i.e. state 2 (S2- Figure 4.3b) and 
state 4 (S4- Figure 4.3d). Each of these states ends when the inductor current is zero, 
enabling a simple implementation of Zero-Current Switching (ZCS). ZCS is useful to 
decrease the switching losses. The two additional states were added to increase or 
decrease the output voltage and LED current, state 1 (S1- Figure 4.3a) and state 3 (S3- 
Figure 4.3c) respectively. The resonant H-SCC works in the sequence: 
S1→S2→S3→S1→S4→S3. The inductor current IL and the gate control waveforms for the 
switches can be observed in Figure 4.4. The four operational states are analysed in detail 
below. 

 

 
Figure 4.4. Inductor current waveform and gate control signals. Full state sequence: S1→S2→S3→S1→S4→S3. 
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4.1 Principle of operation 

▪ State 1 - S1: 

In S1 (Figure 4.3a), LED and inductor are charged directly from the power supply using 
the switches Q1 and Q2, thus, the current in the inductor increases almost linearly in time:  

IL(t)=
(Vin-Vout)

L
t    (4.1) 

where Vin is the input voltage and Vout is the output voltage of the converter, which sets 
the forward voltage of the LED. One should notice that this equation holds approximately 
due to large capacitor added to the output node and to the exponential VI characteristics 
of the LED. As it can be easily derivate from (4.1), a larger average output current can be 
achieved by increasing the duration of S1 (tS1). The charge in the flying capacitor is kept 
unchanged.  

▪ State 2 - S2: 

In S2 (Figure 4.3b), the flying capacitor is charged through the inductor and the load 
from Vin. This reduces the charge transfer losses typical of SC converters [81]. The 
current in the inductor is described by: 

IL(t)=i0e-αt cos(ωdt) +
2(Vin-Vout-Vc1)-i0RESR

2Z
e-αtsin(ωdt)    (4.2) 

where i0 and Vc1 are the inductor current and voltage across the capacitor (Cfly) at the 

end of S1; ωd is the resonance frequency, given by ωd=√ω0
2-α2, ω0=1/√LCfly and 

α=RESR/2L. Z is the impedance given by: Z=√L/Cfly-(RESR/2)2. RESR represents the series-

resistance in the path of the inductor current, i.e. on-resistance of the switches, 
inductor resistance and capacitor ESR. As shown in Figure 4.4, the current IL decreases 
in this state: when it returns to zero, Q3 is switched off at zero-current and S2 ends. 
However, the duration of S2 (tS2) depends on tS1, 𝐿, Cfly, RESR, Vin and Vout; i.e. the time 

that zero-current switching is achieved, varies with the desired output current 
(controlled by tS1), parasitic elements present in the packaging and assembly, inductor 
tolerances, input supply variations and changes in LED’s forward voltage. Therefore, 
integrated monitors are needed to detect the Zero-Current crossings of the inductor 
current and ensure the correct duration of S2.  
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▪ State 3 - S3: 

In S3 (Figure 4.3c), the switches Q3 or Q4 are switched off and the inductor has zero 
current. The charge in the flying capacitor does not change and the LED current is supplied 
by the output capacitor (Cout). In case that Cout is removed, the current flowing through 
the LED is supplied by its internal capacitance until the LED voltage decreases slightly 
below the turn-on value. The time in S3 (tS3) can be used to decrease the average LED 
current when the forward voltage is lower than Vin/2.  

▪ State 4 - S4: 

In S4 (Figure 4.3d), the converter completes the quasi-resonant cycle, started at S2: 
Cfly is discharged through the inductor to the load. The current in the inductor during 

S4 is described by: 

IL(t)=i0e-αt cos(ωdt) +
2(Vc2-Vout)-i0RESR

2Z
e-αtsin(ωdt)     (4.3) 

where Vc2 is the capacitor (Cfly) voltage at the end of S2. Again, as shown in Figure 4.4, 

IL decreases also during this state: when it returns to zero, Q4 is switched off at zero 
current and S4 ends. As in S2, the duration of S4 (tS4) varies according to the desired 
output current, parasitic elements present in the packaging and assembly, inductor 
tolerances, changes in the input supply (embedded in Vc2) and LED’s forward voltage. 
Therefore, integrated monitors are used to detect the Zero-Current event also in this 
state. 

The maximal conversion ratio freedom is obtained using the full sequence of the H-
SCC converter (S1→S2→S3→S1→S4→S3, Figure 4.4). However, other working sequences 
are also possible, which may lead to higher efficiency results, as discussed later in Chapter 
5. For instance: 

• the basic pure resonance operation can be exploited using only the state 
sequence S2→S4 to set Vout=V

in
/2 (Figure 4.2);  

• to decrease the output voltage below Vin/2 the sequence of states 
S2→S3→S4→S3 (Figure 4.5) can be used;  

• to increase the output voltage above Vin/2 the sequence of states 
S1→S2→S1→S4  (Figure 4.6) can be used. 
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4.2 Efficiency and power density optimization 

 
Figure 4.5. Inductor current waveform and gate control signals for an output voltage below Vin/2. 

 
Figure 4.6. Inductor current waveform and gate control signals for an output voltage above Vin/2. 

4.2 Efficiency and power density optimization 

In this resonant H-SCC, an optimization procedure, which considers the trade-off 
between efficiency and power density is used to set the size of the power switches and 
the size of the flying capacitor (Cfly). Therefore, a multi-objective optimization based on 
the weighted-sum method [90] is performed to search the design parameters for an 
optimal power efficiency and power density. The objective function (F) is set as:  

 F=λ∙ηn+Pdn ∙(1- λ)       (4.4) 
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where λ reflects the importance of the efficiency over the power density in the design. ηn 
is the normalized power efficiency and Pdn is the normalized power density. The 
normalized values are computed as: Xn=X/Xmax [90], where X is the power efficiency (η) 
or power density (Pd) at a specific range of capacitor sizes. Power density is defined as the 
ratio between output power (PLED) and effective total area (Atotal).  

Efficiency is computed using the output power and the total losses (PLoss), which is 
based on the conduction losses (Pcond), MOSFET input capacitance losses (PCiss), MOSFET 
output capacitance losses (PCoss), parasitic capacitance losses (Ppar), gate driving losses 
(Pdriver) and Miller plateau losses (PMILLER). PCiss, PCoss, Ppar and Pdriver are defined in section 
3.2. As aforementioned, this H-SCC uses ZCS, thus PMILLER losses are not present in all the 
switching instants, but only, in the transitions S1 to S2 and S1 to S4. PMILLER is computed at 
the peak current of the inductor following the expression (3.20) for every power switch.  

Furthermore, this H-SCC does not suffer from the charge transfer losses of SC 
converters; for this reason PSC is not considered. The conduction losses (Pcond) are 
computed as:  

Pcond=REFF*ILED
2         (4.5) 

where ILED is the LED current and REFF is the effective resistance at resonance. This output 
resistance has been modelled by [44] for resonant H-SCCs. It is given by: 

 REFF=
1

4f0Cfly
tanh (

RESR

8f0L
)     (4.6) 

where f0 is the resonance frequency, Cfly is the value of the flying capacitor and RESR is the 
total resistance on the current path, which can be computed as: RESR=2Ron+RL+Rbond. Here 
Ron is the on-resistance of the power switches, RL is the resistance of the inductor and Rbond 
is the estimated value of the bondwire resistance.RESR can also include other resistances 
on the current path, such as: shunt sensing resistance, PCB resistance, lead-frame, etc. 

The power density is computed based on the maximum output power achieved by the 
LED driver and the total area of the IC including the inductor area. The total area also 
includes the auxiliary capacitors used in the self-biasing network and the MIM capacitors 
placed atop of the power switches.  

The optimization algorithm (Figure 4.7) receives as inputs: the topology description, a 
range of feasible multipliers of the power switch (m), gate driver voltage (Vdrive), total 
capacitor area (AC) range, dead-time (td), inductor model (L and RL), LED electrical model, 
technology parameters (Ciss, Coss, Ron, KMIM, etc) and nominal current of the converter 
(Inom). It starts with the definition of the H-SCC topology; i.e. number of switches and 
number of capacitors. Two variables are swept: m and AC. For every AC, the value of its 
correspondent Cfly is computed considering the restrictions of metal density in the 
manufacturing process. This decreases the effective density of MIM capacitors to 
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4.2 Efficiency and power density optimization 

approximately 70% its nominal value. The resonance frequency is calculated based on the 
values of Cfly and L. In this case, the algorithm uses the resonance frequency as the 
switching frequency. For each multiplier, the algorithm calculates the LED output power 
using the nominal current and the model of the LED. Later, the efficiency, total area and 
power density are computed considering the total losses, output power, inductor area 
and auxiliary capacitors area. In this step, the gate driver parameters (β and number of 
inverters, N) are also designed according to the multiplier of the power switches. After 
the completion of the entire multiplier range, the loop is repeated with the next AC value. 
After the AC range is completed, the algorithm searches for the maximum efficiency (ηmax) 

and maximum power density (Pdmax) out of all combinations. Subsequently, these values 
are used to compute the normalized efficiency (ηn) and normalized power density (Pdn). 

Finally, the Pareto front is generated maximising the objective function F for a given 
weight factor (λ). This design variable trades power density by higher efficiency.  

 
Figure 4.7. Optimization algorithm for the resonant H-SCC LED driver. 
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In terms of constraints, the maximum area is set to 6.34mm2. This is based on the 
package area of the LED. Indeed, the LUXEON Rebel series [14] LEDs have an optical area 
around 7.35mm2 and a package area of 13.69mm2; if the size of the LED driver IC is 
constrained to 6.34mm2, then the IC can fit together with the LED in the same package. 
Therefore, this area is considered the upper limit for the size of the capacitor. As seen in 
the previous chapter, AC is responsible for the largest area consumption in the IC. The 
power inductor is chosen based on the one of the smallest SMD inductor on the market, 
the 0.72mm2 footprint PFL1005 series [91].  

The optimization of the topology is performed for a bin R LED of the LUXEON Rebel 
series using a nominal current of 350mA. Then, the nominal on-voltage for this LED is 
2.75V. This H-SCC is also designed to use Vin=5V. With this choice the converter in pure 
resonance operation (Vout=V

in
/2) does not provide enough output voltage to drive the 

LED, thus S1 is used to provide the right forward voltage. The self-biasing network, 
presented later in this chapter, produces Vdrive=2V, which is used for this optimization. The 
parameters of the 0.18μm CMOS process are also used in the design of the resonant H-
SCC. Moreover, the area of the power switches is updated based on the real size 
implemented by the design of the previous chapter. The design space considered in this 
design is shown as function of the flying capacitor area (AC) and the power switch 
multiplier (m) for efficiency (Figure 4.8) and power density (Figure 4.9). This optimization 
is repeated for each inductor in the family, to find the inductor that enables the best 
efficiency. 

 
Figure 4.8. Optimization space for efficiency results of the resonant H-SCC. Using Vin=5V, BIN RLED and 100nH 
inductance. 
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4.2 Efficiency and power density optimization 

 
Figure 4.9. Optimization space for power density results of the resonant H-SCC. Using Vin=5V, BIN RLED and 
100nH inductance. 

The Pareto front results of the multi-objective maximization for L=100nH and 0<λ<1 
are shown in Figure 4.10 on the efficiency vs. power density plane. Every point 
corresponds to an optimal combination (maximum F) of the parameters previously 
mentioned according to the chosen maximum capacitance area and value of λ. Figure 
4.10 shows the trend of the integrated H-SCC, where giving more weight to the efficiency 
will increase the final area of the IC, which in turn decreases the power density. A design 
is chosen where the power density is improved without sacrificing more than 1% of the 
maximum efficiency. The summary of the design parameters for this optimized design is 
given in Table VIII, while the breakdown of the corresponding losses is shown in Figure 
4.11. Figure 4.12 shows the Pareto front for several inductor values of the same PFL1005 
series. The design using 100nH is chosen because of its superior maximum efficiency 
when compared to the other inductor values. 
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Figure 4.10. Optimization results of the H-SCC with LED load at Vin=5V using BIN R, using a 100nH inductor. 

Table VIII. Main design parameters for the optimal resonant H-SCC.  

Parameter Value Parameter Value Parameter Value 

Cfly 16.07nF RL 0.059Ω td 2.5ns 

CSX 0.55nF m 500 Vdrive 2V 

L 100nH fSW 3.97MHz Atotal 7.1mm2 
 

 
 Figure 4.11. Breakdown of the losses after the optimization of the H-SCC at Vin=5V using L=100nH 
(PLF1005_101MR), Cfly=16nF and BIN R of Rebel series LED, LXML-PWN2.  
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4.3 Comparison to other switching converters 

 
Figure 4.12. Optimization results of the H-SCC with LED load at Vin=5V using BIN R and several inductor values of 
the PFL1005 series. 

4.3 Comparison to other switching converters  

A simulation study to compare the performance of the main topologies of LED drivers 
is presented in Figure 4.13a. It includes a 2:1 SCC, a buck converter, and the H-SCC 
described in this chapter, with and without Cout. The total volume occupation of the 
passives and switches is kept similar for all the options (Figure 4.13b). Also, the same load 
(LED LXML-PWN2) and 100nH inductor (PFL1005) were used when performing circuit 
level simulations.  

The SCC used in this comparison uses the same size of flying capacitor and power 
switches as the proposed resonant H-SCC. The output current is changed using frequency 
modulation. The synchronous buck converter uses switches twice larger than the H-SCC 
to maintain the same area and it has the same inductor value as the H-SCC. The output 
current of the buck converter is controlled by the duty-cycle, while the switching 
frequency was optimized to obtain the best efficiency in the LEDs current range. For the 
resonant H-SCC with output powers below the nominal, the converter is operated using 
state S3. The nominal power is the one achieved with the basic resonance state, i.e. 
VLED=Vin/2. For higher output powers, state S1 is used.  

This comparison shows the performance advantage of the H-SCC solution in terms of 
efficiency. Moreover, it shows the limitation of the SCC to reach higher output powers, 
while the H-SCC can reach larger power using state S1. The performance of the buck 
converter is limited by the switching losses of larger switches, the small inductance value 
and in some cases the extreme duty-cycle values (lower than 0.1) required to decrease 
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further the LED current. The H-SCC without Cout provides similar performance to the 
version with Cout.  

 
Figure 4.13. Circuit level simulation of SCC, Buck, H-SCC with Cout and H-SCC without Cout. (a) Efficiency vs. output 
LED current and (b) estimated volume of the converters used in this comparison. 

4.4 Considerations about Cout elimination 

The output capacitor (Cout) plays two important roles in existing converter topologies 
for LED drivers. The first is to reduce the output voltage ripple, which also improves the 
stability of the voltage-based control loop [92]. The second functionality is voltage 
buffering when an on/off control is used to dim the intensity of the light. In some cases, 
a large value of the output capacitor is recommended, e.g. 4.7μF for the LM3549 LED 
driver [93]. However, large values of Cout may lead to poor reliability, especially when using 
electrolytic capacitors, and additional volume/area occupancy.  

LED loads demand a current control from the converter, in order to control the light 
output. In inductive topologies without Cout, the current ripple is determined by the value 
of the inductor [94]. In the resonant H-SCC, elimination of Cout is also possible. When Cout 
is absent, ILED is equal to IL and the output voltage (Vout=VLED) changes with the varying 
current though the LED. However, due to the exponential relationship between current 
and voltage in the LED, the change in VLED is negligible and thus equations (4.1), (4.2) and 
(4.3) for the states S1, S2 and S4, are still approximately valid. In state S3, VLED decreases 
slightly below the switch-on value and the current in the LED becomes very small. For this 
reason, the internal capacitor of the LED is sufficient to keep the LED voltage just below 
its turn-on value. It can be concluded that, even in absence of Cout, VLED is approximately 
constant in all states of the switching sequence, and thus the analysis in section 4.1 can 
be also applied to the case without output capacitor. This behaviour is experimentally 
confirmed later in this chapter. 

 
        (a)                (b) 
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4.5 Transistor level design 

The diode characteristic of the LED ensures ZCS operation when Cout is eliminated, 
even if Q3 and Q4 would not be switched off when the inductor current crosses the zero 
point. If Cout is removed, the power losses due to its ESR and the cost/reliability issues 
related to Cout are also avoided. No additional conduction losses are added to the 
converter, as the average current and the RMS current in the power train are very similar 
to the ones observed when Cout is present, as discussed above. 

In terms of functionality, this resonant H-SCC can provide two more features without 
additional circuitry: fast dimming control and peak current control. The dimming of the 
light intensity exploits average current control. It is possible to change the resulting 
average current (Idim

̅̅ ̅̅ ), controlling tS3 in the full operational sequence (Figure 4.4). It is 
described as: 

Idim̅̅ ̅̅ =I0̅(T-tS3)/T    (4.7) 
where I0̅ is the output current in absence of dimming (tS3=0) and T is the duration of all 
states. The MHz range of the driver makes it possible to achieve a dimming current, even 
at 10% of the nominal current load, without suffering from perceivable flickering. 
However, the real advantage of the elimination of Cout is that fast dimming of the average 
current is possible, which is required in applications such as displays or visible light 
communications (VLC). 

On the other hand, damages and colour drift in the LED can be avoided controlling the 
peak current. For example, the LXML-PWN2 LED [14] sets the maximum peak pulsed 
current at 1200mA for pulses shorter than 5ms. Choosing suitable limits to the duration 
of tS1 (state S1), the peak current can be kept below the advised maximum, while dimming 
can still be performed, according to the sequence in Figure 4.4. 

4.5 Transistor level design 

The IC implementation of the power train including the auxiliary circuitry is shown in 
Figure 4.14. The gate driver and the non-overlapping clock circuit designed in the previous 
chapter are used to operate the resonant H-SCC. In this design, the level shifter is modified 
to decrease the power dissipation. The control signals (SW) are provided externally using 
an FPGA and an internal AND gate turns off the power switches Q3 and Q4 when the zero-
current event is detected.  

In addition, two main circuits are designed to improve the performance of the power 
train and enable the full operational sequence. These two circuits are the self-driving 
network and the Zero-Current Detector (ZCD). They are presented in detail here below.  
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Figure 4.14. Integrated Resonant H-SCC implementation. 

4.5.1 Improved level-shifter 

The previously designed level shifter (Figure 3.17) performs the activation of the latch 
using a static current controlled by a digital signal. To eliminate the static power 
consumption, edge instead of level activation is chosen in this design. Thus, an edge 
detector based on digital gates is designed to detect the rising and falling edges of the 
control signal (SW). The transistor level schematic of this level shifter is shown in Figure 
4.15. The rising edge of SW generates an activation pulse for M1. The duration of the pulse 
is set by the digital delay used in the edge detector, shown in Figure 4.15 as “delay”. 
Similarly, M2 is activated by the falling edge of SW. Then, the current pulse in the branches 
I1 (or I2) triggers the latches M21-M22 and M23-M24. In this way, the currents I1 and I2 are 
not static anymore. 
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4.5 Transistor level design 

 
Figure 4.15. Transistor level schematic of the edge activated level-shifter. 

4.5.2 Self-biasing network 

The power switches are implemented using nMOS devices that offer better on-
resistance per unit area compared to pMOS. Thus, bootstrap circuits must be used to 
properly turn-on the nMOS devices. A self-biasing network (Figure 4.16) provides the 
supply voltage for the gate drivers and it is composed of one diode and one capacitor 
(CSX) in parallel to each power switch. An nMOS transistor in diode configuration 
implements the diode. The gate drivers (tapered buffers, described in section 3.4.1) are 
supplied by auxiliary capacitors CSX (x=1-4).  

 
Figure 4.16. Implementation of the self-biasing network. 

The charging of CSX depends on the voltage of the flying capacitor (VCfly
) and the 

operational states of the H-SCC. The transient current that charges the self-biasing 
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network is shown in Figure 4.17. In S2, the switches Q1 and Q3 are turned-on charging 
CS2 to VCS2=VCfly

-Vth and CS4 to VCS4=Vin-VCfly
-Vth. While, in S4, Q2 and Q4 are turned-on 

charging CS1 to VCS1=Vin-VCfly
-Vth and CS3 to VCS3=VCfly

-Vth. In S1, additional charge can be 

transferred to CS3 and CS4, which will recover voltages below VCS3,CS4=Vin/2-Vth. In S3, 

the auxiliary capacitors are not charged. Finally, in the start-up of the LED driver, the 
auxiliary capacitors of the self-driving scheme are charged with a small driving voltage 
(Vin/4-Vth), which is enough to weakly switch-on the power switches and start the 
operation of the resonant H-SCC. CSX of 520pF are embedded on-chip using MIM 
capacitors. This value is enough to drive the power switches, which have 69pF input 
capacitance. Control signals (SW) are suitably shifted to match the voltage domain of 
each tapered buffer, as discussed in section 3.4.1.  

 
Figure 4.17. Transient currents of the self-biasing network in start-up, S1, S2 and S4. 

4.5.3 Zero Current Detector - ZCD  

As mentioned before, transistors Q3 and Q4 (Figure 4.1) should block negative inductor 
currents. Thus, they emulate the function of two diodes. These power switches are 
turned-on using the control signals SW3 and SW4, respectively. Later, they are turned-off 
when the current changes its polarity. The Zero Current Detector (ZCD) block detects 
when the inductor current crosses zero to perform this deactivation. One should notice 
that the zero-current events happen exclusively at the end of S2 and S4. Therefore, zero-
current detection is performed exclusively in S2 and S4 and the output of the ZCD is 
deactivated in the other operational states.  
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4.5 Transistor level design 

ZCD is made using two on-chip voltage monitors, which observe the source and drain 
potentials (Vds) of the switches Q1 (High side-ZCDHS) and Q4 (Low side-ZCDLS), as shown 
in Figure 4.14. Q3 can also be chosen instead of Q1, as well as Q2 instead Q4, however the 
design is relaxed when one of the terminals of the switch is fixed. The block diagram of 
the ZCD is shown in Figure 4.18 . Firstly, a transconductance amplifier (gm) provides high 
input impedance and transforms Vds in a differential current signal. Later, this current is 
fed to a decision latch and its output is further amplified to full swing using an output 
amplifier. Finally, a flip-flop is used to set the output of the ZCD when the polarity of Vds 
changes. The use of this flip-flop avoids undesired triggering produced by ringing at the 
input of the ZCD detection. As aforementioned, zero crossing detection is always 
performed at the end of S2 or S4. Therefore, a digital delay in the preset of the flip-flop 
provides a blanking time that delays the activation of the output. This prevents false 
detections at the beginning of the S2 or S4 phase due to the power transition between S1 
and S2 (or S1 and S4) and the turn-on settling time. This flip-flop is reset at the beginning 
of the next state S1.  

 
Figure 4.18. Zero Current Detection (ZCDHS/LS) block diagram. 

Figure 4.19 shows the transistor level implementation of the ZCDHS. The 
transconductance amplifier is composed of 5V transistors M1-M14. The differential pair M1 
and M2 is properly biased to handle input voltages close to the supply voltage (Vin). A bias 
current (Ib) of 100µA is used to bias the differential pair. The output currents of the 
differential pair are mirrored with a factor of 3 by M3-M6 and M11-M14 to a low voltage 
domain (VDD). This decreases the power consumption and allows to use low voltage 
devices to increase the speed of the latch. Low voltage transistors M15-M18 compose the 
latch, which is designed to provide a small hysteresis of 8mV at the input. This avoids 
unnecessary activity when the inductor current is close to zero.  The output amplifier is 
implemented by M19-M25 using a complementary self-biased differential topology [95]. 
This stage minimizes delay and it can easily interface with digital gates thanks to its large 
output swing. Finally, the output of the comparator is latched using the D Flip-Flop as 
discussed above. The ZCD is shut-on/off using the control signal of Q3 (SW3). A common 
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level shifter is used to translate the control signal to the 5V domain (SW3Vin). The 
implementation of the ZCDLS is similar, but the input of the transconductance amplifier is 
p-type to be able to sense the low side power switch. 

 

 
Figure 4.19. Transistor level diagram of the ZCDHS. 

4.6 Measurements 

The H-SCC LED driver is implemented using a commercial HV 0.18μm CMOS 
technology. Figure 4.20a shows a die photo, where the flying Metal-Insulator-Metal 
(MIM) capacitor, the power switches, the gate drivers and the ZCDs have been 
highlighted. The measurement setup is shown in Figure 4.20b with the SMD inductor, LED 
and the IC. The effective area of the whole converter, including the SMD inductor 
(PFL1005), is 7.74mm2, while the effective volume of the driver is 6mm3, considering the 
height of the SMD component as the limiting dimension. 

 
Figure 4.20. Resonant H-SCC LED Driver. (a) Die photo identifying flying capacitor(Cfly), power switches, gate 
drivers, ZCDs and capacitors of self-driving network(CS1-CS4). (b) Measurement setup using LED LXML-PWN2 and 
PFL1005 inductor. 

 

 
(a)      (b) 
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4.6 Measurements 

An LXML-PWN2 LED is used to measure the performance of the proposed H-SCC at 
Vin=5V. The gate-source voltages produced by the self-biasing scheme have 2V amplitude. 
The waveforms obtained when implementing the sequence S1→S2→S3→S1→S4→S3 
(Figure 4.4) are shown in Figure 4.21. The ZCD functionality can be observed in the same 
figure, where Vgs3 and Vgs4 are turned-off when the inductor current IL becomes zero. 
Also, experimental waveforms of the inductor current and flying capacitor voltage are 
shown in Figure 4.21.  

 
Figure 4.21. Measured gate voltage, flying capacitor voltage and inductor current waveforms in a sequence 
using S1→S2→S3→S1→S4→S3. 

A step transition of tS1 from 0 to 80ns is shown in Figure 4.22. At tS1=0, the output 
voltage for Vin=5V is not enough to switch on the LED; while increasing the duration of tS1, 
the LED current starts to flow through the inductor. One should observe that the current 
peak is very limited, as this is controlled by the duration of tS1. 
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Figure 4.22. Measurement results of step change in S1 (tS1), from 0ns to 80ns. Control switch signals - SW, 
inductor current - IL (0.34A/div) and output voltage - Vout (2V/div). 

The H-SCC efficiency using the output capacitor at Vin=5V is measured for several 
combinations in the time duration of S1 and S3; steps of 10ns were used to generate the 
control signals. The reported efficiency includes all the losses in the power train and the 
gate drivers. The measurements are shown in Figure 4.23 together with the results of 
simulations that include the resistance of the interconnections between the PCB-die and 
the tracks inside the IC. The resistance of these interconnections is measured to be 

134mΩ for each power connection (Vin, Vout and Gnd). The peak experimental efficiency 

using Cout=10µF is 90.2%, while the minimum efficiency is 82.9%.  

 
Figure 4.23. Measurement and simulation results at Vin=5V. Efficiency for varying output current delivered to the 
LXML LED, using Cout.  

Experimentation without using Cout in the H-SCC LED driver is also performed. The LED 
voltage and current waveforms are shown in Figure 4.24. As aforementioned, the LED 
voltage remains rather constant, while the current peak is controlled by the duration of 
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4.6 Measurements 

S1. The average current through the LED is controlled by varying the duration of S1 and 
S3. The peak current is set to 0.7A using S1 and the average LED current is dimmed to less 
than 10% using S3; in this case, the switching frequency is reduced to 925kHz.  

The IEEE Standard 1789-2015 recommends 3kHz as lower limit for the dimming 
frequency for no observable effect level (NOEL) of flicker [96]. The spectrum of the LED 
current from Figure 4.24 is shown in Figure 4.25. It reveals no observable flickering for 
this dimming point. At low frequencies (<3kHz) the only observable component is at DC.  

In Figure 4.26, the efficiency of the H-SCC without using the output capacitor was 
measured at Vin=5V, 4.5V and 4V. In this case, the maximum experimental efficiency is 
93.0% (at Vin=4V), while the minimum efficiency is 83% (at Vin =5V). When Figure 4.26 is 
compared to Figure 4.23 at the same input voltage (Vin=5V), the peak efficiency and 
minimum efficiency are not affected by the presence of the Cout. The maximum measured 
LED power is 2.05W. Using the size of the inductor and the effective size of the chip, the 
power density is 0.26W/mm2 (or 0.34W/mm3).  

 
Figure 4.24. Measured LED voltage - VLED (2V/div) and current - ILED (500mA/div) waveforms using S3 to achieve 
less than 10% the nominal current and S1 to set the peak current.  

 
Figure 4.25.  Measured FFT up to 10kHz of the LED current at less than 10% the nominal current (0.07A) without 
Cout. Resolution Bandwidth is 3Hz.  
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Figure 4.26. Measurement results at several input voltages. Efficiency for varying output current delivered to the 
LXML LED without Cout. 

Figure 4.27 shows the performance of state-of-the-art fully-integrated SC voltage 
converters in the efficiency vs. power density plane. Higher efficiencies are obtained with 
the proposed H-SCC using low-cost bulk CMOS technologies. The measured performance 
of the presented on-chip H-SCC LED driver is summarized in Table IX. In the same table, 
the converter is compared to state-of-the-art on-chip DC supplied LED drivers and 
commercial drivers. The efficiency of the H-SCC is compatible with state-of-the-art 
integrated DC inductive LED drivers using 10 times smaller inductor values and no 
additional external components.  

 
Figure 4.27. State of the art of fully integrated capacitive DC-DC converters. Adapted from [57] using H-SCCs 
[49], [58], [59], Dickson H-SCC and this resonant H-SCC. 
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4.7 Conclusions 

Table IX. Measured performance comparison: This H-SCC, commercial and state of the art IC integrated 
LED drivers. 

  LM2758 
[97] 

TPS6105
4 [23] 

TPEL 
2014 [67] 

JSSC 
2016 
[62] 

This 
Converter 

Topology SCC Inductiv
e 

Inductive Inductiv
e 

H-SCC 

Input Voltage (V) 5.5 5 2.7/5.5 5/115 4-5 

Max. current (A) 0.7 0.7 2 0.35 0.7 

Frequency (MHz) 1.5 2 2.5 2.2/1.6 3.5 

Size a (mm2) 3.1 9 4.1 9.0 12.7 

External Inductor 
b (μH) 

- 2.2 1 10-39 0.1 

External Cfly b 2x1μF - - - - 

- 
Peak efficiency 
(%) 

90 96 91 94.4 90.2 c 93 c 

Eff. at Inom and 
VinMAX (%) 

65 70 84 89 82.9 83 

Output Capacitor Yes Yes Yes Yes Yes No 

a Size of the IC package, b Recommended values, c Measured at maximum Vin 

4.7 Conclusions 

A miniature IC-integrated LED driver based on a resonant H-SCC is presented in this 
chapter. Exploiting the resonance between flying capacitor and inductor, the charge 
transfer losses and the switching losses are reduced. The design methodology presented 
in this chapter enables to optimize efficiency, as well as the power density, choosing a 
trade-off between these performance indicators. In addition, the model of the converter 
is fed with updated parameters based on the observations obtained from the 
implementation in Chapter 3.  

Thanks to additional operational states (S1 and S3), the resonant H-SCC is capable to 
control the output average current and peak current with high efficiency. This makes it 
possible to operate the LED driver with a wide selection of LED forward voltages; thus no 
voltage binning of the LEDs is needed. A peak efficiency of 93% is experimentally achieved, 
reaching a power density of 0.26W/mm2 (0.34W/mm3). The operation of this converter 
without output capacitor shows efficiencies from 83% to 93% depending on the output 
current and input voltage. The observed efficiency is independent of the use of output 
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capacitor. No light flicker of the LED load is observed, even when dimming the light to 
10% of the nominal value and in absence of output capacitor. The use of a small inductor 
(<1mm2) makes the area used by this component negligible. 

This resonant H-SCC is compared to commercial LED drivers and state-of-the-art 
literature that have similar specifications, showing either higher efficiency or smaller size. 
It uses 10 times smaller inductor values than state-of-the-art LED drivers and no additional 
external components. The benchmark against integrated SC converters from literature 
shows, for the resonant H-SCC in bulk CMOS shown in this chapter, excellent efficiency 
and a power density comparable with the best state-of-the-art. 



 

 
 

5 Design of LED Driver based on 
self-resonant Hybrid Switched 

Capacitor Converter 
 
In this chapter, the resonant H-SCC described in Chapter 4 is further developed to 

implement a complete LED driver IC. Custom circuits are designed to allow the 
complete operation of the resonant H-SCC as LED driver, to improve performance and 
increase robustness. First, the importance of a self-resonant operation of the H-SCC is 
introduced. Subsequently, the system level architecture of the full self-resonant LED 
driver is presented and the transistor level design of all building blocks is discussed. 
The driver comprises an improved Zero-Current Detector with controlled threshold, an 
embedded current sensor, a novel self-resonant timer and circuitry to perform close 
loop current control. The full self-resonant H-SCC driver is implemented using the 
same CMOS technology used for the power train discussed in Chapter 4. Finally, the 
experimental results of the LED driver are presented and analysed.  
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5.1 Principle of self-resonance 

The resonant H-SCC discussed in Chapter 4 can drive and dim LED loads using only 
small inductor values, achieving low charge-transfer and switching losses. In the 
implementation of the H-SCC discussed in the last chapter, the switching frequency was 
chosen according to the duration of the full state sequence. However, one should observe 
that power efficiency is reduced when large peak (or rms) values are allowed in the 
inductor current. The full state sequence exhibits larger peak current values in the 
inductor than other operational sequences. Thus, it is preferred to use the sequence 
S1→S2→S1→S4 to increase the current of the LED rather than the full state sequence. 
Avoiding S3 reduces the peak value of the inductor current for the same desired DC value. 
Therefore, conduction and Miller plateau losses are reduced. In a similar way, when the 
target LED current is lower than the one obtained for tS1=0, the reduced sequence 
S2→S3→S4→S3 can be used to obtain lower current and better efficiency. 

As discussed in Chapter 4, the duration of S2 and S4 depends on tS1, the value of the 
inductor, flying capacitor, input voltage and forward voltage of the LED. The LED voltage 
is variable, as discussed in Section 2.1, the different passive components are affected by 
large tolerances, and further uncertainty is added by the parasitics due to IC packaging 
and PCB interconnections. Additionally, the durations of S2 and S4 must be adjusted 
according to the desired LED current, as they depend on the parameter tS1, which in turn 
controls the LED output current. 

An error in determining the duration of S2 and S4 would decrease efficiency, as zero-
current switching could not be achieved or an undesired time in S3 might be introduced. 
To achieve the right resonance frequency, the system would thus demand a precise clock 
with variable frequency, which must change according to the desired output current (or 
tS1 value) and must be calibrated according to the precise value of the inductor, PCB layout 
and package parasitics. However, the design of such time reference and control is not 
trivial and the calibration would increase the production cost. An ideal solution for this 
problem is the automatic adjustment of the duration of S2 and S4 considering all the 
implementation and operational parameters mentioned above, without the need of 
complex digital computation or accurate clock references. The circuit proposed in this 
chapter achieves this goal and is called self-resonant H-SCC. 

For this solution, it is needed a circuit that detects the crossing of the inductor current 
through zero and another to change the H-SCC state to the next state in the sequence. 
The integrated Zero-Current Detection (ZCD) circuit enables the detection needed for the 
self-resonant operation and zero-current switching. A small digital circuit is added to 
change the state of the H-SCC to the next one in the sequence; this circuit is called the 
self-resonant timer. In this way, the H-SCC achieves zero-current switching and the next 
state starts automatically after the end of S2 or S4 without the need of a precise time 
reference and independently of the value of all parameters involved in determining the 
duration of these states. The operation of the self-resonant H-SCC can be represented 
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5.1 Principle of self-resonance 

graphically by a flow diagram as shown in Figure 5.1. One can observe that this diagram 
can be easily implemented using a synchronous or asynchronous Finite State Machine 
(FSM). In this case, a synchronous FSM demands a high-speed clock reference in the order 
of hundreds of MHz to achieve a good timing accuracy. Indeed, small time-steps are 
required to monitor the zero-current crossing or the duration of S1 with accuracy, 
especially when small-value inductors are used. Such high-speed FSM has high power 
consumption and can harm the final efficiency of the driver. The self-resonant timer used 
in this thesis is an asynchronous and heuristic FSM. It is a simple digital circuit supported 
by analogue circuits to provide a good timing accuracy and low power consumption 
without the need of a fast clock reference. The circuit is explained in more detail in Section 
5.2.3.  

 
Figure 5.1. Self-resonant H-SCC operation. 

The duration of S1 and S3 needs to be determined to achieve the target output 
current. Hence, an analogue closed-loop control is used to compute the duration of S1 
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(section 5.2.4), which information is delivered to the self-resonant timer. In this chapter, 
the duration of S3 is digitally set, while in chapter 6 is introduced a dual closed-loop 
control strategy to set the values of tS1 and tS3. In both cases, the duration of S3 is delivered 
to the self-resonant timer to achieve the correct sequence. 

5.2 Transistor level design 

The system architecture of the complete integrated LED driver based on the self-
resonant H-SCC is shown in Figure 5.2. It is composed of a power stage, current sensor, 
current control loop, self-resonant timer, and phase generation block. The power stage 
delivers energy to the LED using the aforementioned state sequence and embeds the 
ZCDs. The current through the power switches is measured in each state using internal 
current sensing (IsenseHS/LS), and is suitably combined to reconstruct a scaled version of 
the inductor current (current combination). This information is used to control the LED 
current in an analogue control loop, which sets the duration of S1 (tS1) to accomplish the 
desired output current according to the reference Iref. The phase generator creates the 
logic signals that control the switches Q1-4 (SW1-4) in the power train through the different 
states of the converter. It uses as inputs tS1, the output of the ZCDs and a time reference 
(timer). This time reference is generated by the self-resonant timer. All these circuits are 
described in detail in this section. 

 
Figure 5.2. Self-resonant H-SCC LED Driver - system architecture. Inside the stippled box are shown all integrated 
components. 

5.2.1 Power stage 

A detailed view of the integrated power stage is given in Figure 5.3, where the power 
train is shown together with a self-biasing gate driver network and the ZCD. The power 
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stage is based on the optimization and design introduced in Chapter 4. Therefore, Cfly is 
set to 16nF; correspondingly the power switches have W=60μm, Lmin and m=512. The ZCD 
is further improved with a threshold Control (TC) functionality, which is explained in detail 
below. 

 
Figure 5.3. Proposed integrated resonant H-SCC power stage with Zero-Current Detection (ZCD) with threshold 
control (TC) and self-biasing network (CS1-CS4). 

An analysis exploiting the same model used in the power train optimization is run at 
Vin=5V to predict the performance of the power train using different commercial 
inductors with similar DC resistance, but different inductance values (Figure 5.4). The 
result indicates better efficiency with larger inductance values. However, the designer 
should be careful about the penalty of area caused by SMD inductors with higher 
inductance and low DC resistance. 

 
Figure 5.4. Efficiency performance of the power stage for several inductors; using simulated 0.18μm technology 
parameters, Vin=5V.  
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5.2.1.1 Threshold controlled Zero Current Detector 
The Zero Current Detector (ZCD) block detects when the inductor current crosses zero, 

as discussed previously in Chapter 4. Similarly to the previous LED driver, the ZCD is made 
using two on-chip voltage monitors, which observe the Vds of the switches Q1 (High side-
ZCDHS) and Q4 (Low side-ZCDLS), as shown in Figure 5.3. However, the ZCD in the self-
resonant H-SCC also incorporates a threshold control feature as shown in Figure 5.5. Here 
Vds is transformed in a differential current by the transconductor gm, a suitable threshold 
current (IHS/LS) is added/subtracted and the difference is fed to a latch. The latch output is 
further amplified to full swing and sets a flip-flop when the polarity of Vds changes. Also, 
the flip-flop is reset at the beginning of the next state S1.  

 
Figure 5.5. Integrated threshold controlled Zero-Current Detection block diagram. 

The threshold control feature enables correction of delays between the zero-current 
event and the effective switch-off of Q3 and Q4. Controlling IHS and ILS, the detection of 
zero can be anticipated to mitigate such delays (Figure 5.6). Also, the threshold current 
level of the ZCD can be set to trigger the circuit when the current in the inductor is still 
flowing. In this way, the converter can operate in continuous conduction mode, reducing 
the rms value and conduction losses at large output currents. These functionalities are 
experimentally shown later in Section 5.3. 

 
Figure 5.6. Variable detection level in the threshold controlled Zero-Current Detector. 
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5.2 Transistor level design 

Figure 5.7 shows the transistor level implementation of the threshold controlled 
ZCDHS. The transconductance amplifier is based on the previous ZCD design using 5V 

transistors M1-M14 (Section 4.5.3). The same bias current (Ib) of 100A is used to bias the 
differential pair. Transistors M3-M6 and M11-M14 mirror the output currents of the 
differential pair to a low voltage domain (VDD). The low voltage latch with 8mV hysteresis 
(transistors M15-M18) performs the decision of the comparison. The input imbalance at 
which the latch is triggered can be changed using an external current (IHS) and the mirrors 
M19-M23. When IHS is applied, the latch current Ir increases, while Il reduces; i.e. a larger 
current from M14 is demanded to change the state of the latch. Thus, a larger Vds (or Ids) 
over the power transistor will be needed to trigger the ZCD (Figure 5.6). 

 
Figure 5.7. Integrated Threshold controlled Zero-Current Detector (ZCD) - High Side circuit. 

The output stage follows the previous ZCD design, where an output amplifier is 
implemented by M24-M30 using a complementary self-biased differential topology and a 
D Flip-Flop as discussed in section 4.5.3. The implementation of the ZCDLS with threshold 
control is similar, but the input of the transconductance amplifier is p-type to make 
possible sensing the low side power switch. 

5.2.2 Embedded current sensor 

The senseFET-based [98] current sensor is made up by three components: a high-side 
current sensor (CSHS), a low-side current sensor (CSLS) and a current combination block. 
The current sensing scheme is drawn in Figure 5.8. CSHS observes Q1, while CSLS is 
connected to Q4. The currents in Q1 and Q4 provide the full information of the inductor 
current waveform, when they are combined in a single current, Isense, with the right 
polarity and sequence using current mirrors and transmission gates (current combination 
block). The low-side current (IsenseLS) is flipped to match the direction of the high-side 
current (IsenseHS) using a cascode mirror. A bias current of 100μA is added to IsenseLS and 
extracted at the output to ensure that the current mirror is always biased. To improve 
matching in layout, this current mirror is designed with a ratio 1:1. CSHS and CSLS use a 
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sense transistor, Qs, which is matched to the power transistor, but 512 times narrower. 
The drain-source voltage of QS1 and QS4 are kept equal to the respective power transistors 
by an error amplifier (EA). QSW disconnects the EA from the power transistor when it is 
off, avoiding undesired switching-on of QS [27]. The EA design, based on [27], achieves 
large loop-gain and GBW to guarantee high accuracy and fast response at low power 
consumption. 

 
Figure 5.8. Current sensing in the resonant H-SCC. 

The 5V common-gate EA high-side circuit is shown in Figure 5.9. The voltages V- and 
V+ are kept equal using the voltage mirror formed by M2-M1. The negative feedback 
formed by the gate-controlled transistor MSH and M1-M4 controls the output current 
IsenseHS. To improve accuracy, the cascode transistors M3-M4 and the low-voltage 
cascode current mirror M5-M13 increase the gain of the EA. Stability is improved using LV 
transistors for the input pair (M1-M2), moving the non-dominant pole (node Vb) to higher 
frequencies. To avoid slow starting of the sensor, the EA is always biased. The current 
mirror M14-M16 provides bias current to the EA when the power transistor (Q1) is off. The 
bias current (Ibias) is 5µA.  

The low-side current sensing (Figure 5.10) is based on the previous common-gate EA. 
However, it is designed in VDD domain (1.8V). Using low voltage transistors provides 
larger GBW and lower power consumption. Furthermore, a low voltage cascode mirror is 
used in the voltage mirror M1-M4 to improve the headroom of the EA.  

Figure 5.11 shows the simulated waveforms of the current sensor in the LED driver. 
The output currents of the high and low side sensor, IsenseHS and IsenseLS, are shown using 
the S1→S2→S1→S4 sequence. Both signals are combined in Isense, which is compared to 
the inductor current waveform. The ratio between the sense current and the inductor 
current is 512. Glitches are expected for the transitions between S1 and S4, where the 
low-side sensor takes over from the high-side. The duration of the glitches depends on 
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the (intentional) dead-time between SW1 and SW4. Transitions between S1 and S2 do not 
have glitches as they are performed by the same current sensor.  

 
Figure 5.9. Error amplifier of current sensing - High Side circuit (EAHS). 

 
Figure 5.10. Error amplifier of current sensing - Low Side circuit (EALS). 
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Figure 5.11. Current sensor simulation waveforms in the self-resonant H-SCC LED driver.  

5.2.3 Self-resonant timer and phase generator 

As aforementioned, a time reference is needed to switch the power train, which has 
to be adapted according to the actual values of the inductance, capacitance, additional 
parasitic components and LED forward voltage. Also, the clock frequency has to be 
modified to achieve ZCS when the duration of S1 (tS1) is changed. The proposed self-
resonant timer sets automatically the right S2 and S4 durations (tS2/S4) to achieve ZCS in 
the different conditions of operation without using a reference clock.  

 
Figure 5.12. Self-resonant timer with watchdog and phase generator circuits. 

The self-resonant timer is shown in Figure 5.12. It uses as input the ZCD signals (ZCDHS 
and ZCDLS), which indicate that the converter has to move to the next state. An edge 
detector, made by digital gates, creates a pulse indicating the existence of a zero current 
event. The pulse passes through a digital controlled delay (DCD - set via a serial interface), 
to create a controlled tS3, in case of need. Then, the pulse reaches the timer output D flip-
flop and toggles it, initiating a new S1 state. The self-resonance not only needs to be 
initialized, but it can stop too due to changes in input voltages or transitory currents when 
the LED current is dimmed. To prevent this, a watchdog circuit is added to ensure 
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switching in any condition: the ZCD pulse is used to reset a slow counter at 250kHz, 
triggered by a fixed ring oscillator. If a zero current event is not detected anymore, the 
overflow of this counter will toggle the output flip-flop, initiating a new S1 and 
(re)activating the current circulation in the power train. The time diagram of the self-
resonant timer using the watchdog is shown in Figure 5.13.  

 
Figure 5.13. Self-resonant and watchdog function based on ZCD. 

The phase generator (Figure 5.12) is triggered by the timer signal and its delayed 
version containing the information of tS1, which is determined by the control loop. A 
voltage controlled delay (VCD) formed by current starved delay gates translates the 
output voltage VtS1 of the analogue control loop to the delay tS1 used by the phase 
generators. The VCD is designed to guarantee an inductor current up to 0.7Apk (or 
0.35ADC

9) with 470nH inductor, i.e. a maximum delay of 164ns10 is guaranteed. The VCD 
also provides delays suitable to operate the LED up to 1.4Apk (or 0.7ADC) using inductors 
up to 220nH. The transistor level schematic is shown in Figure 5.14. It is based on 16 
current starved inverters (M6-1:16/M7-1:16), which generate the delay according to the 
current supplied by the pMOS transistor M1. An additional pMOS transistor (M2) is added 
to guarantee a minimum current through the starved inverters, this transistor keeps the 
inverters working when the input voltage (VtS1) is too close to VDD (i.e. minimum current 
or maximum delay). The pMOS and nMOS mirror of ratio 1:1, M5a-q and M4a-q, create the 
bias current of the starved inverters. Using an even number of inverters without a buffer 
between them, limits the duty-cycle variations at the output of the VCD. An output buffer 

                                                                 
9 At high current, the inductor waveform is approximated to a triangular waveform, where IDC=Ipk/2. 

10 A LED forward voltage of 3V, 470nH inductor, Vin=5V and IDC=0.35A are used to compute the 
maximum VCD time based on S1 equation (4.1): tS1=IpkL/(Vin-VLED)=2IDCL/(Vin-VLED). 
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is used to recover sharp edges in the output signal. The size of M1 and the number of 
starved inverters is adjusted to keep the voltage to time conversion as linear as possible.  

 
Figure 5.14. Voltage controlled delay (VCD). 

The phase generator is designed based on the digital synthesis of the sequence shown 
in the flow diagram in Figure 5.1. It requires few digital gates to create the control signals 
SW1-4. Also, it uses two non-overlapping clocks (NCLK), which guarantee a dead time 
between SW1-SW4 and SW2-SW3. The NCLK block is designed using basic digital gates and 
a current-starved delay. In this way, the non-overlapping time can be changed using a 
reference current. Moreover, two AND gates are used to avoid a negative current in S3. 
They turn off SW3 and SW4 when a zero-current crossing is detected. 

 

5.2.4 Closed-loop control of tS1 

The control block of the H-SCC is shown in Figure 5.2, it uses an external reference 
current, Iref, and the average value of the sensed current, Isense, to control the LED current 
by changing the duration of S1 (tS1).  

It is possible to model the H-SCC using the state-space representation, as shown 
below: 

 

Ẋ=AX+BU      (5.1) 
Y=CX+DU        (5.2) 

where X, Y, U is the state, output and control vector, respectively. In this H-SCC, these 
vectors are:  

 X= [

IL
VC

Vout

]      (5.3) 
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 Y=[ILED]      (5.4) 

 U=[Vin]      (5.5) 

Using KCL, the state matrix A and the input-to-state matrix B can be derived for each 
state as: 

 AS1= [
-2Ron/L 0 -1/L

0 0 0
1/Cout 0 -1/RledCout

]  and  BS1= [
1/L
0
0

]  (5.6) 

 AS2= [

-2Ron/L -1/L -1/L

1/Cfly 0 0

1/Cout 0 -1/RledCout

]  and  BS2= [
1/L
0
0

]  (5.7) 

 AS3= [

0 0 0
0 0 0
0 0 -1/RledCout

]  and  BS3= [
0
0
0

]  (5.8) 

 AS4= [

-2Ron/L 1/L -1/L

-1/Cfly 0 0

1/Cout 0 -1/RledCout

]  and  BS4= [
0
0
0

]  (5.9) 

In this model, the LED is modelled using a point of load approximation, Rled. The state-
to-output matrix C and the feedthrough matrix D are the same for all the states of the 
converter: 

 C=[0 0 1/Rled] and  D=[0]    (5.10) 

The piecewise model of the state-space can be unified considering the converter in 
equilibrium (ẋ=0) and using the equivalent duty-cycle per state [99]. Later, this model is 
linearized using the small-signal model [99] where the duty-cycles of S1 and S3 are 
rewritten as: 

dS1(t)=DS1+dS1        (5.11) 

dS3(t)=DS3+dS3        (5.12) 
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DS1 and DS3 are the quiescent operating points, while, dS1 and dS3 are the small-signal 
variations and they are used to control the LED driver.  Therefore, the control matrixes 
are: 

 A= [
-2Ron(1-2DS3)/L 0 (2DS3-1)/L

0 0 0
(1-2DS3)/Cout 0 -1/RledCout

]     (5.13) 

 B= [
Vin/L (4RonIL+2Vo-Vin)/L

0 0
0 -2IL/Cout

]      (5.14) 

 C=[0 0 1/Rled]       (5.15) 

  D=[0 0]       (5.16) 

where: 

 x= [
iL
vC

vout

]       (5.17) 

 y=[iLED]       (5.18) 

 u= [
dS1

dS3
]       (5.19) 

A fully analytical analysis of the transfer function iLED/dS1 is difficult due to the non-
linearity added to the duration of the quasi-resonant states by the addition of S1. 
However, the quiescent operating points can be extracted from the steady-state of the 
self-resonant H-SCC using a Simulink model and an electrical solver, PLECs [100]. The Bode 
diagram in Figure 5.20 shows the results of the state-space model using Cout=10µF, 
Cfly=16nF and L=36-470nH. The LED driver in this chapter does not use closed-loop control 
for tS3. However, the design of the closed-loop control using S3 and the analysis of the 
transfer function iLED/dS3 is performed in Chapter 6. 
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Figure 5.15. Bode diagram of ILED/dS1 transfer function of the self-resonant H-SCC for L=36nH and L=470nH. 

One should notice that the embedded current sensor senses IL instead of ILED. Thus, 
the transfer function should be traced for IL/dS1 and the gain of the current sensor should 
also be added. Conventionally, using the embedded sensor also demands additional 
hardware in the sensing loop: a transresistance amplifier and a low pass filter to filter the 
DC component of IL and convert the control current input to the voltage domain. A simple 
Type-I compensator with gain (also referred as a single pole compensation or integrator) 
is enough to guarantee steady state accuracy and stability in low-bandwidth applications 
[101]. This simple compensation allows the transresistance amplifier, summation and the 
filter to be condensed using a single operational amplifier. In our implementation, the 
current error (Ierror = Iref − Isense) is calculated in the current domain, as shown in 
Figure 5.16. Here, the operational amplifiers used by the compensator are embedded on-
chip, while the passives are implemented externally, to enable changing the 
compensation parameters in case of need. These opamps are designed to be able to drive 
external components. Therefore, their power consumption is not negligible (5mW).  

In Figure 5.16 is shown the block diagram of the negative feedback loop. The closed-
loop transfer function (𝑇𝑐𝑙) is given by: 

𝑇𝑐𝑙(𝑠) =
𝐼𝐿

𝐼𝑟𝑒𝑓
=

𝐶(𝑠)𝑃(𝑠)

1+𝐶(𝑠)𝑃(𝑠)𝐻(𝑠)
     (5.20) 

where 𝐶(𝑠) is the compensator transfer function (VtS1/Ierror), 𝑃(𝑠) is the plant transfer 
function (IL/VtS1) and 𝐻(𝑠) is the sensor transfer function (Isense/IL). If the open loop 
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transfer function is defined as 𝑇𝑂𝐿(𝑠) = 𝐶(𝑠)𝑃(𝑠)𝐻(𝑠), then the stability of the system 
is guaranteed if |𝑇𝑂𝐿| < 1 when ∡𝑇𝑂𝐿 ≥ 180°. 

The transfer function of the compensator (C) is: 

𝐶(𝑠) =
𝑉𝑡𝑆1

𝐼𝑒𝑟𝑟𝑜𝑟
= (

𝑅3

𝑅2
+ 1) (

𝑅1

𝑅1𝐶1𝑠+1
)     (5.21) 

It is designed with a single pole at 0.5rad/s (0.07Hz) and a DC gain of 116dB.  
The transfer function of the plant (P) is composed by the transfer function of the VCD 

(𝑃𝑉𝐶𝐷), the self-resonant timer (𝑃𝑡𝑖𝑚𝑒𝑟) and the H-SCC (𝑃𝐻𝑆𝐶𝐶 ): 

𝑃(𝑠) =
𝐼𝐿

𝑉𝑡𝑆1
=

𝑡𝑆1

𝑉𝑡𝑆1

𝑑𝑡𝑆1

𝑡𝑆1

𝐼𝐿

𝑑𝑆1
= 𝑃𝑉𝐶𝐷𝑃𝑡𝑖𝑚𝑒𝑟𝑃𝐻𝑆𝐶𝐶      (5.22) 

The transfer function of the VCD is linearized and approximated to 𝑃𝑉𝐶𝐷 = 90𝑛𝑠/𝑉. 
While, the transfer function of the self-resonant timer is based on the simulated 
frequency where the self-resonant timer reach steady state (𝑃𝑡𝑖𝑚𝑒𝑟 = 2𝑓𝑠𝑤). The sensor 
transfer function is approximate to 𝐻 = 1/512. The Bode diagram of the compensator 
(C) and plant (P) using the embedded current sensor (H), i.e. 𝑃(𝑠)𝐻(𝑠) = 𝐼𝑠𝑒𝑛𝑠𝑒/𝑉𝑡𝑆1,  are 
shown in Figure 5.18. The open loop Bode diagram (𝑇𝑂𝐿) of the full system are shown in 
Figure 5.18. The latter figure shows a DC gain, GBW and phase margin of 77.7-70dB, 251-
795kHz and 90°, respectively.  

 
Figure 5.16. Compensator diagram using the embedded current sensor. R1=200kΩ,R2=100kΩ,R3=200kΩ and 
C1=10µF. 
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5.3 Measurements 

 
Figure 5.17. Bode diagram of the compensator and H-SCC with current sensor. 

 
Figure 5.18. Bode diagram of the open loop transfer function TOL. 

5.3 Measurements 

The die photo of the self-resonant H-SCC LED driver described in this chapter is shown 
in Figure 5.19. It is fabricated using a commercial HV 0.18μm CMOS technology and 
directly bonded to the PCB to minimize interconnect losses. In a similar fashion to the 
previous prototype, the 5V MIM capacitors that compose Cfly and the self-biasing 
capacitors (CS1-CS4) are placed above the 5V N-MOS switches that compose the power 
stage. Gate drivers, analogue (ZCD and current sensing) and digital circuitry are also 
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highlighted in Figure 5.19. The effective area of this LED driver is 7.5mm2. The driver is 
nominally operated at Vin=5V with an external inductor of 150nH (PFL2510) and an output 
capacitor (Cout) of 10μF. 

 
Figure 5.19. Die and PCB of the self-resonant H-SCC LED driver chip. 

For purposes of testing, the self-resonant H-SCC is operated using the full sequence 
S1→S2→S3→S1→S4→S3 as shown in Figure 5.20. The control signals of the power 
switches (SW1-4) can be observed as well as the current measured with the integrated 
current sensor (Isense). The inductor current IL measured by an external sensor is also added 
to this figure. As expected, Isense shows a glitch in the transition S1→S4 when the 
transition between IsenseHS and IsenseLS takes place. 

 
Figure 5.20. Power switches gate signals, current sensing (Isense) scaled 512 times and inductor current (IL) 
experimental waveforms in self-resonant operation. 

In Figure 5.21, the DC value of Isense is measured using a transresistance amplifier and 
a low pass filter. The transresistance amplifier is composed by an internal operational 
amplifier and an external resistor of 100Ω; an external capacitor of 10µF is added to 
extract the DC component of Isense. Later, this embedded sensor is calibrated using a 
second order expression and compared to the commercial current sensor INA250. A 
maximum error of 6% is measured after calibration. One should observe that large 
dispersion of random data is measured, this may hide the real accuracy of the embedded 
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sensor and it can be an artefact of the measurement. Longer observation time with larger 
data set can lead to better accuracy values.  

 
Figure 5.21. DC current error of embedded current sensor. (a) Measurement circuit. (b) DC current error after 
second order calibration using as reference INA250. 

The adaptability of the driver to operate with different inductor values thanks to the 
self-resonant timer is observed in Figure 5.22. Here, tS2 and tS4 are automatically adjusted 
by the circuit changing the switching frequency; values between 2MHz and 6MHz are 
measured for inductors between 36nH-470nH.  

In the inset of Figure 5.22, the inductor waveforms exhibit undesired negative 
currents; however, this can be avoided changing the threshold control in the ZCD. Figure 
5.23 shows the control of the ZCD detection threshold using the bias currents, IHS and ILS. 
This allows to adjust the minimum value of IL, from an undesired negative current up to 
zero (for ZCS) and more, to achieve continuous conduction mode (CCM). The last 
operation mode can be used to improve efficiency at high output currents. 

 
Figure 5.22. Experimental switching frequency vs. inductor value using self-resonant operation and inductor 
current (IL) waveforms using five different inductors (PFL1050-36, PFL1050-60, PFL2510-151, PFL2510-221, 
PFL2010-471) at ILED=150mA and IHS/LS=0μA. 

 
(a)      (b) 
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Figure 5.23. Measurement of the inductor current for ZCD threshold adjustment. At L=150nH, Vin=5V for 
IHS/LS=0μA: undesired negative current; IHS/LS=8/6μA: ZCS and IHS/LS=80/40μA: CCM. 

In Figure 5.24, the response of the driver to a sudden change in Iref was measured, 
showing a 38μs rise time and 46μs fall time and validating the stability of the integrated 
control loop. 

 
Figure 5.24. Step response of the H-SCC. LED current at rise and fall transitions. 

The efficiency of the self-resonant H-SCC is measured in open loop using a 150nH 
inductor at Vin=5V in the LED current range, with several ZCD thresholds (Figure 5.25). A 
peak efficiency of 92.3% is measured at ILS/HS=6/10μA, where the ZCS is achieved. This 
efficiency gradually decreases when the output current is increased. As shown in Figure 
5.25, at heavy loads higher ZCD thresholds can enable a better trade-off between 
switching losses and conduction losses: increasing the threshold, ZCS does not happen 
anymore, but the rms of the current waveform is reduced achieving CCM and higher 
switching frequency. Therefore, an efficiency improvement at large current values is 
observed: the measured efficiency at the nominal current can be increased in this way up 
to 83.1%. The driver is able to dim the LED below 10% of its nominal current. In Figure 
5.26, the efficiency is measured for different inductor values using the previous 
methodology to tune the threshold control of the ZCD; the inductors were chosen to have 
similar DC resistance to make the comparison easier. A peak efficiency of 93.3% is 
achieved using 470nH. One can observe that the maximum output current for this 
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inductor is limited at about 0.5A, due to the limited amount of delay (and thus S1 
duration) that can be generated by the VCD. Efficiencies at low currents are improved 
when larger inductor values are used: this is because of the lower switching frequency, as 
observed previously in Figure 5.22.  At large currents, the larger rms values and switching 
frequency result in lower efficiency for small inductor values.  

 
Figure 5.25. Experimental efficiency vs. LED current at several ZCD thresholds; for Vin=5V and L=150nH. 

 
Figure 5.26. Experimental efficiency vs. LED current at several inductor values for Vin=5V, ILS=6-36μA and IHS=10-
60μA. 

Figure 5.27 shows the efficiency of the LED driver using input voltages from 4.5V to 
5.5V for different LED current levels. The efficiency is not jeopardized by the variation of 
the input supply. Also, Figure 5.28 shows the efficiency of the driver and the LED forward 
voltage using a blue and a cool white (CW) LED. Here, the LED driver can supply current 
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to LEDs with different forward voltages while the efficiency remains the same. This also 
demonstrates that the driver can address LED forward voltage variations due to 
manufacturing or thermal drift. 

 
Figure 5.27. Experimental efficiency vs. input voltage at several LED current values using 150nH inductor. 

 
Figure 5.28. Experimental efficiency and LED forward voltage vs. LED current using two different LEDs and a 
150nH inductor at Vin=5V 

Finally, Figure 5.29 shows the power efficiency of the LED driver in close loop using a 
150nH inductor at Vin=5V in the LED current range with several ZCD thresholds. Compared 
to Figure 5.25, the close loop results show 4% lower efficiency. The large sensed current 
and large power consumption in the compensator are responsible for the power 
efficiency reduction. Strategies and modifications to improve the power efficiency in close 
loop are later addressed in Chapter 6. 
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5.3 Measurements 

 
Figure 5.29. Experimental close loop efficiency vs. LED current at several ZCD thresholds; for Vin=5V and L=150nH. 

The measured performance of this H-SCC LED driver is compared with prior integrated 
DC/DC LED drivers in Table X. This work can use an inductor which is ~28X smaller than 
the best competitors and has no external flying capacitor, but keeps high efficiency. The 
maximum power density for this LED driver is 373mW/mm2. A comparison with other 
works using power density as figure of merit is difficult, as most literature in Table X does 
not provide details on the size of the external inductor used. The driver is capable to 
automatically adapt to different inductor values/tolerances and to variations in the LED 
characteristics.  

Table X. Measured performance comparison: This resonant H-SCC, commercial and state of the art IC 
integrated LED drivers. 
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a Estimated values, b estimated using a single LED, c size of the IC package, d recommended values, e On-chip 
capacitor. 

5.4 Conclusions 

This chapter discusses the design and implementation of a self-resonant H-SCC based 
LED driver. Using zero-current detection, zero current switching and self-resonance are 
achieved. In self-resonant mode, the switching frequency is automatically adapted to 
variations due to parasitic, tolerance of the components, inductor values and forward 
voltage variation from the LED load. This eliminates the need of an accurate and variable 
clock reference. In addition, using a variable threshold level in the ZCD, switching losses 
can be traded-off for lower conduction losses and efficiency can be improved at heavy 
loads. The LED driver controls the output current by sensing the inductor waveform with 
integrated current monitors and a simple compensator.  

The LED driver is capable to control a LED current of 700mA and dim it down to 10% 
of its nominal value. The peak power efficiency with deactivated control is 93.3%, while 
the efficiency at nominal current is 83.1%. The experiment with control activated showed 
an efficiency reduction of 4% due to two main factors. The first one is the limited ratio of 
current sensors (1/512), i.e. extra power consumption occurs due to the processing of 
large sensed current values, e.g. a sensed current of 1.3mA is expected when ILED=0.7A. 
The second reason is the large power consumption of the opamps in the compensator, 
which must drive external components. The accuracy of the embedded current sensor is 
measured to be 6% after calibration. In literature, an accuracy of 2.8% has been reported 
[27]. The use of two sensors (CSHS and CSLS) and the combination of these two outputs to 
form IL reduces the accuracy of the embedded current sensor discussed in this chapter. 
The influence of this accuracy in a single-LED system can be neglected; however, the 
differences in the light intensity in a multi-LED system due to slightly different LED 
currents can be an issue.  

Finally, compared to prior art, this LED driver is the first H-SCC converter in literature 
to use the self-resonant concept; also, it uses the smallest inductor value, i.e. 36nH, and 
achieves a maximum power density of 373mW/mm2. 
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6 Modular Hybrid Switched 
Capacitor Converter LED driver  
In this chapter, the self-resonant LED driver described in Chapter 5 is extended to 

become part of a multi-LED system. Three main improvement aspects are considered 
in this scenario: power efficiency, higher accuracy, and lower number of external 
components. First, the weaknesses of the self-resonant LED driver described in 
Chapter 5, in a multi-LED application context are discussed. Later, the system level 
architecture of a LED module suitable for application in a multi-LED system is 
presented and the transistor level design of all building blocks is discussed. Four main 
improvements are introduced: a dual power train with reduced flying capacitor, 
closed-loop control using an error sensor, a dynamic zero-current threshold control 
technique and a current daisy chain to enable control of several LEDs to the same 
output current objective. Subsequently, the improved self-resonant H-SCC driver is 
implemented using CMOS technology. Finally, the performance of the LED driver 
discussed in this chapter is assessed in a multi-LED scenario using ICs connected in 
parallel and series. 
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6.1 H-SCC LED driver in a multi-LED system 

The self-resonant H-SCC LED driver described in Chapter 5 is designed to drive a single 
high-power LED load using low-voltage components. This LED driver is suitable, in terms 
of output power, for LED torches, camera lights and retrofit lamps, e.g. Essential™ LED 2.6 
for 20W incandescent replacement [104]. However, other applications demand the use 
of several LEDs to accomplish the required output light or spatial coverage, e.g. a screen-
backlighting array and retrofit replacement of linear fluorescent lights (LFL). In such cases, 
LEDs are connected in series or parallel as shown in Figure 6.1. Conventionally, LEDs are 
not connected in parallel because of the non-uniform current sharing that this connection 
would cause. Therefore, series connection is preferred as the current through the LED 
string is the same. In cases where the headroom voltage is not enough to accommodate 
the required number of LEDs, parallel strings are implemented (Figure 6.1c). 

 
Figure 6.1. Multi-LED system: (a) Series connection, (b) parallel connection and (c) parallel connection of strings. 

As shown in Figure 6.2, a modular approach using a self-resonant H-SCC LED driver 
connected in series or parallel is proposed in this chapter. This implementation aims to 
extend the output power and the spatial coverage of an SSL system using the proposed 
LED driver.  

 
Figure 6.2. LED modules connected in: (a) Series (or Stack) and (b) parallel.  
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6.2 Transistor level design 

Several advantages can be identified from this approach. In a parallel connection, 
using the proposed LED module11, the uniform current sharing among the LEDs is 
guaranteed, as well as, independent control of each LED is enabled when parallel 
connection is selected. In a series connection, it is possible to drive a LED string using low-
voltage components with high input voltages. The first advantage of such solution is that 
low-voltage IC implementation are considerably less expensive than high-voltage ones.  
Further, one should remember that low-voltage devices enable a lower on-resistance per 
power switch area than high-voltage counterparts, as discussed in Section 2.2.1. Also, 
high-voltage MIM capacitors with good capacitance density cannot easily be integrated 
on CMOS technology, thus, SMD capacitors should be used if high-voltage capacitors are 
needed. Therefore, the low-voltage SSL system can show better efficiency, form factor 
and potentially even lower cost when compared with an SSL system using a high-voltage 
LED driver. Finally, for both series and parallel arrangements, the design effort of the SSL 
system is reduced thanks to the modular design. 

Unfortunately, the LED driver described in Chapter 5 is not fully suitable for a multi-
LED system. Firstly, the embedded current sensor exhibits too low accuracy to be used in 
a multi-LED system, where an accurate current control might be needed to enable 
modular connection (e.g. to a series connection, which would require the same currents 
in all LEDs). Also, in a system with several LED modules, the LED current should be kept as 
similar as possible to avoid undesired variations of light along the array. Secondly, the 
number and size of the external components required by the closed-loop control 
implemented in Chapter 5 limit its modularity and increases the implementation cost. 
Third, the addition of several LED modules to an SSL system demands the reduction of the 
control parameters needed for the operation of the LED driver, such as the threshold 
current of the ZCD and the reference current (Iref) 12. Finally, additional considerations 
should be made in a series connection, where the distribution of the input voltage across 
the LED modules is critical. Based on these limitations, improvements and additions are 
made to the design of the aforementioned H-SCC LED driver, which are subsequently 
described. 

6.2 Transistor level design 

Figure 6.3 shows the system architecture of the complete integrated LED driver design 
for improved modularity. It is based on the previous self-resonant H-SCC (Figure 5.2); 
however, the following changes and additions are implemented: 

                                                                 
11 Here, a LED module includes: a LED load and an H-SCC LED driver IC and external passive 

components. Each module can control the output current to a give target level. 

12 The reference current (Iref) is the current used to control the output current (or LED current). 
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• Replacement of the sense-FET based current sensor and related closed-loop 
control circuitry by an analogue closed-loop control embedding an error 
sensor, which provides information about the difference between the target 
current Iref and the output current. The solution presented here enables a 
piecewise closed-loop control of the output current for targets values that 
are both higher and lower than the self-resonance one. This block aims to 
increase the accuracy of the output current control with fewer external 
components. 

• Addition of a second power train to reduce power losses at large output 
currents. 

• Addition of self-adjusting threshold control (SATAC) for automatic 
adjustment of the ZCD threshold. 

• Addition of a bias and reference currents generation block (Ibias and Iref).  

• Addition of a current daisy chain for sharing of the bias and references 
currents between adjacent ICs. Here, Iref and Ibias can be transmitted from one 
LED driver to another. 

Therefore, the new LED driver is composed of a dual power stage, analogue closed-
loop control with error sensor, self-resonant timer, phase generation, SATAC, daisy-chain 
and reference generator block. As in the previous LED driver (Chapter 5), the power 
conversion is performed using the H-SCC power-train (Chapter 4). Using an external 
enable signal, a second set of power transistors in parallel with the main power train can 
be activated to reduce the conduction losses at large LED currents (Dual Power Stage). An 
external SMD inductor connects the LED driver with the LED load and an output capacitor 
(Cout). A sensing resistor (Rsense) is connected in series to the LED and is used to sense the 
output current (ILED). The analogue control uses an error sensor to convert the voltage 
drop over Rsense into a current, scaled to a suitable ratio, and subtract an internal reference 
current (Iref). The error sensor defines the error voltage (Verr), which is used to create VtS1 
and VtS3 according to the time that should be spent in state S1 (tS1) or S3 (tS3). This is called 
piecewise control in this chapter. VtS1 and VtS3 are used by the self-resonant timer to create 
the time reference signals (timer and tS1). Later, the phase generator creates the logic 
signals that control the switches Q1-4 (SW1-4) in the power train through the different 
states of the converter. It uses as inputs: tS1, the output of the ZCD circuit and timer.  

Two currents are created by the reference generator. The reference current of the 
closed-loop control (Iref), which is digitally programmable through a 7 bits current-steering 
DAC and the bias current reference (Ibias), which is used to bias the analogue blocks of the 
IC. Also, Iref and Ibias are send to the next IC or received from the previous using a daisy 
chain. Thus, in a series/parallel connection, a master module controls LED current through 
Iref while the other ICs (slaves) uses a copy of Iref to control the LED current. Ibias is shared 
to guarantee the same bias current in all the LED modules, without changes due to 
different input voltages, as this is created using a bandgap reference block. Finally, as 
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6.2 Transistor level design 

aforementioned, the SATAC controls the threshold of the ZCD. This block uses Iref to 
control IHS and ILS. All these circuits are described next. 

 
Figure 6.3. Self-resonant H-SCC LED Module - system architecture. Inside the stippled box are shown all 
integrated components. 

6.2.1 Dual power train with reduced Cfly 

The technology used to implement the LED driver was affected by foundry 
modifications for this run. The most critical change is the unavailability of dual MIM 
capacitors (4.1fF/µm²). This means that the flying capacitor has to be fabricated using 
single MIM capacitors (2.05 fF/µm2). Thus, this component should be reduced by half its 
previous value if one desires to keep the same die area. Hence, this LED driver uses 
Cfly=7.75nF. Using a nominal inductor of 220nH, which is about twice the inductance value 
used in Chapter 4 and 5, similar switching losses are reached as the resonance frequency 
is kept almost the same.  

As observed in Chapter 5, the conduction losses impact the efficiency of the LED 
driver. For this reason, a second set of power transistors is embedded on-chip with the 
same size including its own gate drivers and self-biasing network. The Cfly is shared by both 
sets of power transistors. The dual power train is shown in Figure 6.4. It is intended to be 
used for LEDs with large operational currents. An external pin (EN2PT) enables this second 
power train. One should observe that the power connections of the second power train 
(Vin2, Out2 and GND2) are connected separately from the main power train connections 
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(Vin1, Out1, GND). This allows lower resistance of the interconnections as the number of 
I/O pads is increased. 

For the sake of comparison, the optimization procedure made in section 4.2 is 
repeated for the new values of MIM capacitance density and optimized for 0.7A current. 
The results are shown in Figure 6.5 and the main parameters are summarised in Table XI. 
Compared with the design presented in Chapter 4, this power train has twice the power 
density. The values from the optimization (m=1200 and Cfly=6.11nF) are close to the initial 
estimation of the power train (m=512x2 and Cfly=7.75nF). Therefore, it is chosen to use 
the initial estimation to enable reuse of the existing layout. 

 
Figure 6.4. Dual power train diagram. 

 
Figure 6.5. Optimization results of the H-SCC power train using Vin=5V, BIN R and L=220nH. 
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Table XI. Main design parameters for the optimal LED module.  

Parameter Value Parameter Value Parameter Value 

Cfly 6.11nF RL 0.037Ω td 2.3ns 

CSX 0.67nF m 1200 Vdrive 2V 

L 220nH fSW 4.33MHz Atotal 6.85mm2 

 
The die layout of the LED module IC described in this chapter is shown in Figure 6.6. It 

is fabricated using a commercial HV 0.18μm CMOS technology and directly bonded to the 
PCB to minimize interconnection losses. In a similar fashion to the previous prototypes, 
the 5V single MIM capacitors that compose Cfly, the self-biasing capacitors (CS1-CS4) and 
the control capacitors (CSE) are placed above the 5V nMOS switches that compose the two 
power trains in the power stage. The full area of this LED driver is 14mm2, this includes 
the I/O pads and the additional circuitry that is explained later in this chapter. The LED 
driver is nominally operated at Vin=5V with an external inductor of 220nH (PFL2510) and 
an output capacitor (Cout) of 10μF. 

 
Figure 6.6. Die layout of the LED driver chip. 

The power efficiency of the final design using a transistor level simulation is shown in 
Figure 6.7. These simulation results include an estimated bond-wire resistance of 90mΩ 
and it is performed in closed loop. The simulations shows better performance for the dual 
power train for currents over 0.25A. The peak efficiency remains the same but is moved 
towards larger LED current (0.3A). Also, the efficiency at the nominal current (0.7A) is 
improved by 4.1%.  
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Figure 6.7. Transistor level simulation using dual power train with Cfly=7.75nF and L=220nH. 

6.2.2 Error sensor 

Before introducing the structure of the error sensor, it is necessary to discuss the 
reasons to conceive this circuit. The first motivation is the low accuracy of the embedded 
current sensor based on a sense-FET in the H-SCC of the previous design. The accuracy is 
affected by two main factors: matching between the power MOS and its sense-FET, and 
the need to combine high and low side currents to compute the total output current 
(Section 5.2.2). One should remember that these currents are created separately with 
different polarity by two current sensors (Figure 5.8). Therefore, the combination block 
demands to switch from one to the other current sensor, and to use a current mirror to 
flip one of the sensed signals. The second motivation is the relatively high-power 
consumption of the sense-FET circuit and control loop. Avoiding the use of external 
components in the latter will eliminate the use of high power OPAMPs and results in a 
more efficient solution. Also, decreasing the ratio of sensed current to load current (1/512 
in the solution of Chapter 5) will decrease the power losses caused by the processing of 
Isense. The design in Chapter 5 is limited under this perspective by the number of basic cells 
in the design of the power switch (m=512). Although larger ratios can be implemented 
using a sense-FET with smaller width than the basic cell (60µm), this would jeopardize the 
matching between sense-FET and power MOS. Finally, the third motivation is to reduce 
the number and size of the passive components used in the analogue control, enabling a 
fully integrated version of it. It was discussed in Chapter 5 that the control loop uses low 
frequencies poles to guarantee stability, as well as to achieve proper filtering of the DC 
component of IL to control ILED. To respond to all these issues, the new control loop: 

• senses directly the LED current ILED using a very small sense resistor Rsense 
instead of the inductor current IL, thus avoiding complicate layout matching, 
combination of sensed currents and filtering of IL;  

• improves the accuracy of the current sensing; 
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• decreases size and quantity of the external components. 

 
Figure 6.8. Integrated error sensor used in H-SCC LED Module - system architecture. Inside the stippled box are 
shown all integrated components. 

A conceptual diagram of the error sensor is shown in Figure 6.8. Rsense should be 
dimensioned as small as possible to minimize power dissipation on it. In this case a 10mΩ 
sense resistor is chosen, which maximum impact over the power efficiency is 0.18% at the 
nominal current. Small resistance values and small LED currents (e.g. 0.1A) demand large 
sensitivity, low offset and low noise from the error sensor. Therefore, a fully differential 
low-noise sensor is implemented. The DC current is sensed using chopping modulation, 
which reduces 1/f noise contributions and the effect of mismatch at the input of the 
amplifiers. A transconductance amplifier (TC1) is used to transform Vsense into Isense. The 
transconductance amplifiers are based on a flipped voltage follower [105]. Its output 
current is such that the voltage IsenseR1=Vsense=IsenseRsense. Hence, it is possible to create a 
scaled differential version of ILED, Isense=ILEDRsense/R1. An highly scaled sense ratio 
(Isense=ILED/100k) can be created with R1=1kΩ. Although it is possible to decrease the sense 
ratio even more, this would increases the thermal noise generated by larger R1.  

A second branch for the reference current Iref, which represents the (scaled) target 
value of ILED, is designed based on a similar transconductor TC2 and a chopper. The current 
gain for TC2 is given by the ratio between Ra and Rb (Irefsc=IrefRa/Rb). The reference current 

Iref is generated from a current DAC. The ratio between this DAC current and the desired 
LED current ILED_target in steady-state is indicated as K, i.e: 

 Iref=ILED_targetK    (6.1) 
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Then, at steady-state, the sensed current is equal to the scaled version of the 
reference current (Figure 6.8): 

       Isense=Irefsc     (6.2) 

Therefore, using (6.1) and (6.2), the LED current can be expressed as: 

      ILED=
RaR1K

RbRsense
ILED_target    (6.3) 

The relative error between the desired LED current (ILED_target) and the actual LED 
current (ILED) can be defined as: 

      err=
ILED-ILED_target

ILED_target
x100%    (6.4) 

Thus, using (6.3) and (6.4), the error can be expressed as: 

       err= (
RaR1K

RbRsense
-1) x100%    (6.5) 

If zero error between ILED_target and ILED is desired, the follow condition has to be 
established: 

      Rb=
RaR1K

Rsense
     (6.6) 

 
Therefore, calibration is needed to correct changes due to process variations, 

variability of Rsense and parasitics from interconnections. Considering the resistors in (6.6), 
the calibration can be performed by Ra or Rb; the latter is chosen in this design.  

The ratio of the current steering 7-bit DAC to the target output current is chosen in 
this design to be K=1/10K, which allows a suitable range of currents for the design of the 
DAC (10µA<Iref<70µA). Therefore, considering the aforementioned values for Rsense and R1, 
the current gain of TC2 can be computed from (6.6) as: Gi2=Ra/Rb=1/10. Suitable 
resistance values are chosen to be integrated on-chip, Ra=1KΩ and Rb=10KΩ. Later, the 
error sensor combines Isense and Iref to form the error signal (Ierr=Iref-Isense), as shown in 
Figure 6.8. Then, a fully differential transimpedance amplifier with RTIA=5KΩ is used to 
convert Ierr into Verr and an output chopper translates Verr to baseband. The total ratio 
between Verrdiff and ILED is Rediff=0.1Ω. Finally, a single-ended difference amplifier 
termination transforms the differential voltage into a voltage referred to ground, adds a 
gain of 10 and filters the fchop frequency out of the desired baseband, providing a ratio 
between Verr and ILED (or ILED_target) equal to Rerr=1Ω. 

The transistor level diagram of the error sensor is shown in Figure 6.9. For this design, 
low-voltage transistors are used with a power supply voltage of 1.8V (VDD). Three 
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choppers are implemented with transmission gates. Two of them are used at the input to 
modulate Vsense and IrefRa. A third chopper is used to demodulate Verr to baseband. The 
modulation frequency (fchop) is given by clksense, which is generated on-chip and it can be 
digitally adjusted to 40kHz, 80kHz or 160kHz. One should observe that the range of Vsense 
is close to ground, with a maximum voltage drop of 7mV (ILEDmax*Rsense=0.7A*10mΩ). 
Therefore, two common-drain stages using nMOS transistors (M1 and M2) are used at the 
input of TC1 to shift the input up to a more suitable range13. The differential pair of TC1 is 
composed by nMOS transistors, M3 and M4, which are biased by a current source (30Ibias). 
For the sake of clarity, the circuit to distribute and generate the bias currents and the bias 
voltage Va and Vb of the error sensor are not shown in Figure 6.9. However they are 
generated from a single bias current, Ibias=5µA. M3 and M4 are used as voltage followers, 
thus the resistor R1 sees a voltage drop equivalent to the input voltage (Vpchop-Vmchop). In 
this way, an equivalent current to the input voltage over R1 is created. This current is 
copied to the output using the cascade mirror formed by M5-M12. In one branch the 
current is 30Ibias-Isense, while in another branch the current is 30Ibias+Isense. The negative 
feedback loop formed by the voltage followers M14 and M13 guarantees the proper bias 
of M3-M8, even at large common-mode variations. MOS capacitors (C1 and C2) are used at 
the high-impedance nodes Vx and Vy to guarantee stability of the TC amplifier by limiting 
its bandwidth BW. More specifically 36pF capacitors are used to limit the BW to 1.2MHz, 
achieving a minimum phase margin (PM) of 52° in an extreme corner simulation. Although 
this is a small phase margin value and small ringing and large setting time are expected; 
other corners and typical case exhibit PM closer to 60°. M13 and M14 are sized to provide 
a suitable biasing point for M7 and M8 respectively. M3 and M4 are designed to achieve a 
large transconductance (gm).  

One should observe that accuracy of the TC is affected by the output resistance of the 
differential pair and M6-M8. Therefore, the accuracy of the TC improves when cascode 
structures and longer devices are used for M3-M8. 

The second transconductance amplifier (TC2) follows the same design and 
functionality of TC1. However, the reference current is this time located close to the 
power supply rail and its input voltage level vary from 1.8V to 1.73V. For this reason, the 
input level shifter (M25,M26) and differential pair (M15,M16) are pMOS. Capacitors (C3, C4) 
of 105pF are used to limit the BW to 3MHz, achieving a PM=90°.  

                                                                 
13 The design conditions of the differential pair (M3-M4) and the bias current source (30Ibias) are 

relaxed using the level-shifter, especially when it is analysed in process variation corners. 
Therefore, the differential pair can be designed with lower Vdsmin and large voltage room is 
provided to the current source (30Ibias). The bias current source is designed to provide a large 
output resistance using low-voltage cascade mirrors.  
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Figure 6.9. Error sensor– Transistor level diagram. 

The output current branches of TC2 are connected to the output branches of TC1. The 
resulting error current (Ierr=Irefsc-Isense) is connected to the transimpedance amplifier (TIA). 
The fully differential operation creates the output error voltage 2IerrRTIA and avoid 
dependence of the output on any mismatch between the bias currents of TC1 and TC2. 
This can be observed in Figure 6.10 from the waveforms Ierr and VTIA. Finally, the 
differential voltage is filtered, further amplified and transformed to a single-ended 
voltage by the single-ended difference amplifier, which provides a DC gain RSE1/RSE2=10. 
Moreover, the frequency of the chopping modulation is eliminated from baseband using 
the low-pass filter determined by the time constant τSE= RSE1CSE. Here, it is used τSE= 1.5ms, 
where a RSE1=10MΩ and CSE=153pF. This is equivalent to a cut-off frequency, fcutoff=104Hz, 
which is also used to stabilize the closed-loop control as mentioned in section 6.2.3. 
Additionally, one should observe that, to allow negative values of error (i.e. ILED>Iref), the 
common mode voltage (Vcm) is added to the output signal by the single-ended difference 
amplifier (Figure 6.9).  

Corner and mismatch simulations were performed after the calibration of Rb following 
equation (6.6). The maximum error in the measurement of the error current (Iref-ILED) using 
the output voltage Verr and the ideal transfer function of the error sensor (Rerr=1Ω) is 3.7%. 
The simulated power consumption of the full error amplifier chain is 3mW.  A set of 
waveforms from this transistor-level simulation is shown in Figure 6.10. The simulation 
shows a difference of 0.62A between ILED=0.7A and Iref=0.1A, which is equivalent to 
Verr=0.28V. Subtracting the common mode voltage (Vcm=0.9V), the measured error is -
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0.62V. The output current waveforms of TC1 and TC2 are also shown in Figure 6.10, as 
well as the error current (Ierr=Irefsc-Isense).  

The input referred noise is shown in Figure 6.11. For a modulation frequency 
fchop=40kHz and fchop=160kHz, the simulated RMS noise in a BW=100Hz is 157µA and 
145µA, respectively; while without using chopping modulation the same noise is 5.1mA. 
Assuming 99.97% (6σ) of the Gaussian distribution of the noise, this value corresponds to 
a peak to peak noise of 1mA. Therefore, the maximum sensitivity of the error sensor is 
about 1mA.  

 
Figure 6.10. Simulated waveforms of the error sensor for ILED=0.7A, Iref=0.1A and fchop=80kHz. 

 
Figure 6.11. Input noise comparison with and without chopping modulation. 
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As aforementioned, the calibration is made digitally by changing Rb, thus, a digital 
potentiometer with nominal value from 6kΩ to 15kΩ is used to implement this resistance 
(the nominal value of Rb is 10kΩ). Its transistor level schematic is shown in Figure 6.12. It 
is divided in two operation regions, one for coarse change of resistance (steps of 1kΩ) and 
another for fine tuning (steps of 100Ω). Using this partitioning, the resistance Rb is 
guaranteed to cover simulated process variations and a small area occupation is achieved.  

 
Figure 6.12. Digital potentiometer – Transistor level diagram. 

6.2.3 Dual closed-loop control 

Improvements to the closed-loop control are also added to this LED driver. Here, not 
only the time in S1 (tS1) is controlled by the closed loop; but also, the time in S3 (tS3). In 
Chapter 5, the transfer function ILED/dS1 was extracted for the self-resonant H-SCC (Figure 
5.15). In a similar fashion, the transfer function ILED/dS3 is also extracted, however, this is 
done for an output voltage VLED<Vin/2, i.e when the sequence S2→S3→S4→S3 is used. 
The control matrixes described by (5.13)-(5.19) are used to estimate both transfer 
functions. Figure 6.13 shows the transfer functions ILED/dS3 and ILED/dS3 using Cout=10µF, 
Cfly=7.75nF and L=220nH.  

This closed-loop control aims to a piecewise control of tS1 and tS3. Therefore, a control 
considering ILED/ds1 should be used for S1→S2→S1→S4 (i.e. tS3=0) and another control 
considering ILED/ds3 should be used for S2→S3→S2→S4 (i.e. tS1=0). The piecewise control 
aims at the implementation of these two control branches using a single compensator. To 
achieve this, the error voltage Verr and a common-mode voltage (Vcm=Vdd/2) are used to 
define the two operational regions: one where VtS1 is controlled if Verr>Vcm and another 
where VtS3 is controlled if Verr<Vcm. The piecewise control strategy is shown in Figure 6.14. 
Also, the low pass filter (LPF) used in the singled-ended difference amplifier at the output 
of the error sensor (Figure 6.9) can be used as single pole control loop compensator. The 
stability is verified in the open loop analysis shown in Figure 6.15, where a phase margin 
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around 90° is guaranteed in both transfer functions. Moreover, two programmable gain 
amplifiers (PGA1 and PGA2) are also implemented to provide additional gain to each 
control branch, as well as to select the right operational region. One should observe that 
PGA1 performs the operation VtS1=R1/R2(Verr-Vcm), while PGA2 performs the operation 
VtS3=R1/R2(Vcm-Verr), as shown by the waveforms in Figure 6.14. The last feature changes 
the polarity of the error, as it is suggested from the phase of the transfer function ILED/ds3 
in Figure 6.13. The PGAs can be programmed to offer gains of 28, 56, 112 and 336.  

 
Figure 6.13. Bode diagrams of ILED/dS1 and ILED/dS3 transfer functions for H-SCC using Cout=10µF, Cfly=7.75nF and 
L=220nH. 

A transient transistor-level simulation of the complete control loop using Vin=5V and 
a LED with a forward voltage around 2.5V is shown in Figure 6.16. Here the piecewise 
control for two different Iref values, one above and the other below the self-resonance 
equilibrium (ILED=0.4A) works properly. In response to a first step in Iref, the LED current 
increases from 0.3A to 0.7A; the second step requests a decrease in current from 0.7A to 
0.1A, and it is also correctly controlled. VtS1, VtS3 and Verr are plotted for these steps. In the 
first step, Verr is larger than VDD/2 (0.9V), thus, VtS1 is used to control the converter, while 
Vts3 is held at zero. In the second step, Verr is lower than VDD/2 and Vts3 is used to control 
the LED current, while VtS1 is held at zero. 
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Figure 6.14. Piecewise closed-loop control: (a) block diagram implementation, (b) conceptual block diagram and 
(c) Verr, VtS1, VtS3 and Vcm waveforms. 

 
Figure 6.15. Open loop Bode diagram of the LED module using piecewise closed-loop control. 

 
(a) 

 
(b)    (c) 
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6.2 Transistor level design 

 
Figure 6.16. LED module waveforms using piecewise control block in transistor level simulations. 

6.2.4 Self-adjusting threshold control (SATAC) 

In Section 5.3, the threshold control of the ZCD-TC is used to change the operation 
mode of the converter to CCM. The self-adjusting threshold control (SATAC) is an 
analogue circuit which automatically changes the ZCD threshold currents IHS/LS according 
to the desired reference current (Iref), in order to obtain a better efficiency across the 
different values of output current. A programmable current gain is used to set the right 
proportion of IHS and ILS in the ZCD. The circuit implementation is shown in Figure 6.17. 
The mirrors M1-M4 and M4-M7 provide a combination of the current for IHS and ILS 
respectively. Table XII describes the heuristic gain values in terms of the control signal DHS 
and DLS. M8 is connected to the aforementioned mirrors when the second power train is 
enabled by the signal EN2PT, reducing by half the gain of the SATAC. This is because when 
two power trains are used in parallel, only half of the output current flows in the main 
power train. Finally, a signal ENDZTC enables the SATAC block.  

 
Figure 6.17. Self-adjusting threshold control (SATAC) diagram. 
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Table XII. Self-adjusting threshold control (SATAC) gain.  

 DHS/LS =00 DHS/LS =01 DHS/LS =10 DHS/LS =11 

IHS/Iref 1/6 1/3 2/3 5/6 

ILS/Iref 1/8 1/4 1/2 5/8 

6.2.5 Daisy-chain  

In a series (or stack) connection, setting the same reference current is important to 
avoid light difference in the LEDs. One can think that communication among ICs can be 
performed through a serial interface. However, this requires additional hardware, such as 
digital isolators to handle different voltage domains in the stack, e.g. the digital isolators 
used in the discrete stack implementation in [106]. The daisy-chain is an analogue feature 
that allows master-slave communication of the reference current (Iref) and the bias 
current (Ibias) in a series connection of LED modules (Figure 6.18).  

 
Figure 6.18. Series (or Stack) connection of LED modules using daisy-chain. 

In parallel connection, there is no need for digital isolators and a digital controller is 
enough to set the values of the LED drivers. Hence, using the daisy-chain is not strictly 
necessary. However, in case that the current of all the LEDs is equal, the daisy-chain might 
be used to control the reference current from a single module (master), as shown in 
Figure 6.19. This avoids addressing each module independently. Additionally, it can be 
used to operate the IC using an external bias (Ibias) and reference current (Iref) from an 
external pin (Figure 6.20). 
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6.2 Transistor level design 

 
Figure 6.19. Parallel connection of LED modules using daisy-chain. 

 
Figure 6.20. External reference current connection using daisy-chain. 

For sake of clarity, the circuit implementation is shown in two parts, the reference 
current (Figure 6.21) and bias current (Figure 6.22). In Figure 6.21, a master or slave role 
is selected using an external pin called ms. If the LED module is the master (ms=1) of the 
stack, the internal reference current (Irefiint) is used and sent to the n-side mirrors by the 
p-side mirror M1-M3. Otherwise, if the module is a slave (ms=0), a reference current 
provided by an external pin (Irefext) is used and sent to the n-side mirrors by the p-side 
mirror M4-M6. The n-side mirrors M14-M17 provide the internal reference currents (Iref1int 
and Iref2int) and the external reference current (Irefoext), which can be transmitted to the 
next LED module in the stack. Low-voltage cascode mirrors are implemented to improve 
the accuracy of the mirrored currents.  

In Figure 6.22, if the LED module is the master (ms=1) of the stack, the internal bias 
current (Ibiasiint) is used and sent to the n-side mirror and the internal circuit using the p-
side mirror M28-M33. Otherwise, if the module is a slave (ms=0), a bias current provided 
by an external pin (Ibiasiext) is used and sent to the n-side mirror and the internal circuit 
using the p-side mirror M34-M38. The p-side mirrors provide the internal bias currents Iref1int 
and Iref2int, the n-side mirror M39-M40 provide the bias current for the biasing of the low-
voltage cascode mirrors of the reference current circuitry (Figure 6.21), and the n-side 
mirror M39-M40 provide the external bias current (Ibiasoext), which can be transmitted to the 
next LED module in the stack. 
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Transistor level simulations, including mismatch models, estimate a maximum current 
error of 0.5% and 0.04% for the bias current and reference current, respectively. This error 
is measured in the last slave device of a 10 LED modules stack.  

 
Figure 6.21. Daisy-chain diagram – reference current. 

 
Figure 6.22. Daisy-chain diagram – bias current. 
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6.3 Multi-LED systems 

6.3 Multi-LED systems 

As discussed in section 6.1, LED modules in parallel or in series (also called stack) can 
be used to implement a multi-LED system. In both cases, it is possible to represent the 
efficiency of the system in terms of the individual LED module efficiencies and power load: 

ηsys=
∑ PLEDi

n
i=1

∑ (PLEDi/ηmi
)n

i=1

     (6.7) 

where ηsys is the total power efficiency of the system, which is composed by n LED 

modules. PLEDi
 and ηmi

 are the LED power at the ith LED module and its respective power 

efficiency. Note that ηsys=ηm if the modules are identical and set to have the same output 

power (PLED). For instance, the total efficiency of a system with two LED modules is plotted 
using the transistor simulation data for the dual power train designed in this chapter 
(Figure 6.7). This is shown in Figure 6.23. One can infer from the previous analysis that the 
multi-LED system efficiency is as good as the efficiency of its modules. 

 
Figure 6.23. Multi-LED system: efficiency estimation for two LED module system based on dual power train 
simulation data (Figure 6.7). 

This section describes the performance of the LED driver based on the resonance H-
SCC power train (Chapters 4, 5 and 6) in a multi-LED system. 

6.3.1 Parallel connection 

In parallel connection, the multi-LED system is intuitive as the LED modules are 
connected from a DC rail (Vin). However, the LED modules can be controlled in two ways:  
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• using an individual control where each LED current is controlled 
independently; or, 

• using a centralised control where the LED current in all the LED modules is 
regulated based on a master module.  

The first strategy requires ICs with on-chip control (Figure 6.24) where the number of 
external components required by the control circuitry is reduced. This is the case of the 
IC described previously in this chapter. This disposition guarantees the best LED current 
accuracy and it allows the control of the LEDs using different currents. This can be useful 
to change the colour, temperature of the light and pattern of the LEDs, e.g. to create an 
animation. The current in the DC rail is equivalent to the addition of all the input currents 
used in the LED modules, while the maximum voltage is limited to the maximum input 
voltage of the LED modules, in this case 5V. One should note that if the standalone LED 
module works correctly, this parallel disposition has no implementation challenges, thus, 
it will not be further discussed. 

 
Figure 6.24. Multi-LED system: example of two LED modules with on-chip control using parallel connection. 

In the case that no on-chip control is available, implementing several individual control 
circuitries will increase area and cost. Therefore, a second strategy becomes interesting, 
as a single control based on the information of a master module regulates the LED current 
of all the LED modules (Figure 6.25). This strategy leads to different LED currents if the 
LEDs are different from the one used by the master module, therefore, binning of the 
LEDs in the system is required. To illustrate this strategy, a multi-LED system is 
implemented using the power train described in Chapter 4. A discrete circuit control is 
also built to provide the switching signals, SWs, for all the LED modules. The master 
module (IC1) is used to regulate the current of the system.  
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6.3 Multi-LED systems 

 
Figure 6.25. Multi-LED system: example of two LED modules without on-chip control using parallel connection 
and centralized control circuit. 

The experimental results using Vin=5, Cin=10µF, Cout=10µF, L=100nH and two LED 
modules with LXML-PWN2 LED are shown in Figure 6.26. The two DC currents using a 
centralised control are measured. One can observe that at large currents, the difference 
between both LED currents is increasing. However, in relative perspective, the difference 
between the LEDs is kept around 10% for currents larger than 0.15A.  

 
Figure 6.26. Multi-LED system: experimental measurements of parallel connection using central control. 

In both cases, the parallel connection limits the maximum input voltage of the system. 
Some systems would require to increase the input voltage above 5V; in these cases, 
parallel connections using integrated low-voltage power trains are not suitable. Re-
designing the LED modules using High-Voltage power trains can lead to larger cost, area 
and lower performance if compared with  a single SIC with linear regulators to control 
each current branch [28], [29].  
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6.3.2 Series connection 

When required, the LED modules can be connected in series to afford a higher input 
voltage in the multi-LED system. The input voltage is distributed among the LED modules 
when connected in series. However, the advantage of this topology is also the main issue. 
If the system is not well designed and balanced, the LED modules can experience input 
voltages higher than the voltage that they can withstand. Discrete implementations of 
LED Drivers based on Switched Inductor Converters (SICs) have explored the series 
connection of low-voltage modules to achieve LED strings with large input voltages using 
low-voltage devices [106], [107]. Also, this section performs an experimental exploration 
of the resonant H-SCC power-train (Chapter 4) connected in series. 

In similar fashion to the parallel connection, LED modules in series can also be 
controlled in two ways:  

• using an individual control where each LED current is controlled 
independently; or, 

• using a centralised control where the LED current in all the LED modules is 
regulated based on a master module.  

The first case requires an IC with embedded control (Figure 6.27) where the number 
of external components is reduced. The internal control guarantees the best LED current 
accuracy. However, it does not balance the voltage at the input of the LED modules. Figure 
6.27 shows a two LED system prototype, which is built to explore this case. Here, a 
protection circuit is added to protect the LED modules against overvoltage. This is 
composed by a voltage source Vprot=5V and two anti-parallel connected Schottky diodes 
with 0.3V forward voltage. Also, a large resistor (R=10KΩ) is connected in parallel to each 
module input. It is used to guarantee a proper input voltage at the intermediate node 
(VA=Vin/2). The input voltage of the multi-LED system is set at 10V using the initialization 
sequence shown in Figure 6.28. The measured output currents, intermediate voltage (VA) 
node and the protection current (Iprot) are shown in Figure 6.29. 
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6.3 Multi-LED systems 

 
Figure 6.27. Multi-LED system: Series (or Stack) connection using individual control. 

 
Figure 6.28. Multi-LED system: Initialization sequence used in the measurements of series connection. 

 
Figure 6.29. Multi-LED system: experimental measurements of series connection using independent control. 
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Using a series connection with independent control provides an excellent current 
matching, however, the protection is triggered as shown by Iprot. With identical output 
currents, one can derive the dependency of the intermediate node as function of the LED 
forward voltage and its variation among them (ΔVLED) as: 

Vin1=
VLEDILED

η1Iin
     (6.8) 

Vin2=
(VLED+ΔVLED)ILED

η2Iin
    (6.9) 

From (6.8) and (6.9) is possible to obtain the following expression: 

Vin2=
(VLED+ΔVLED)η1Vin1

η2VLED
    (6.10) 

where Vin2=Vin-Vin1 and Vin1=VA. Consequently, the intermediate node voltage (VA) is 
expressed as: 

VA=
VinVLEDη2

VLEDη2+(VLED+ΔVLED)η1
    (6.11) 

Also, one can assume η1=η2 if the output currents are the same, therefore: 

VA=
VinVLED

2VLED+ΔVLED
     (6.12) 

For example, a LED forward voltage variation of -0.54V< ΔVLED<0.66V is allowed, if 
Vin=10V, VLED=3V for an intermediate voltage range equal to 4.5V<VA<5.5V. Thus, in the 
case of independent control, the binning of the LEDs should ensure a safe operational 
region and protections should be used, especially for power-up. Also, a second converter 
to equalize the input voltages can be used, e.g. using a ladder SCC at the input of the stack. 
The last strategy can jeopardize the total power efficiency, but also, it can enable the 
control of the LEDs at different current levels. 

The second case of control uses a centralised control. In this method, the LED current 
of a master module is used to control its own power train and the rest of the stack (Figure 
6.30). Here, the matching among the LED currents, as well as the balance of the 
intermediate nodes (in this case VA) is a concern. The H-SCC converter can be modelled 
using an ideal transformer, where it is possible to relate input and output as: 

IOUTi
=

Iin

M(Di)
                (6.13) 
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where M(Di) is the conversion ratio of the module. As the multi-LED system is connected 
in series, the LED modules share the same input current Thus, using an identical duty-
cycle, the conversion ratios M(Di) are identical and consequently the output currents in 
the system. The common duty-cycle strategy also distributes Vin automatically with the 
ratio:  

Vini

Vinj

=
Vouti

Voutj

     (6.14) 

This solution is proposed in [108], where several SIC modules are used in CCM to 
establish a LED string using a centralised control. This solution does not need complicate 
communication among the modules neither the computation of system parameters, e.g. 
the total power of the system [107].  

In this section, a prototype using common duty-cycle is also implemented with the H-
SCC power train as shown in Figure 6.30. Considering that the converter should use 
exclusively CCM, the H-SCC is limited to the sequence for S1→S2→S1→S4, thus the duty-
cycle dtS1 is used to control the output current of the modules. A digital isolator is required 
to communicate the switch control signals, SW[1:4], also analogue communication of the 
duty-cycle can be performed, e.g. using VtS1. The protection in the intermediate node (VA) 
is also installed in this prototype.  

As in the previous case, the input voltage is set at Vin=10V following the initialization 
sequence of Figure 6.28. The measured output currents, intermediate voltage (VA) node 
and the protection current (Iprot) are shown in Figure 6.31. 

 
Figure 6.30. Multi-LED system: Series (or Stack) connection using centralised control. 
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Figure 6.31. Multi-LED system: experimental measurements of series connection using centralised control. 

The measurement results shows larger discrepancy between the output currents 
when compared with the independent control. However, one should consider that at 
nominal current, the difference is as small as 1.7% and the maximum discrepancy is 
10.35%. Also, no protection current (Iprot) is measured in the operation of the stack, which 
is an important advantage over the independent control. Therefore, the common duty-
cycle methodology is suitable for the implementation of the series connection using 
resonant H-SCC LED modules. LED modules with on-chip control can exchange the role of 
master from one to another in the string. In this way, the regulation errors are averaged, 
offering a better current matching.  

6.4 Conclusions 

The LED driver described in this chapter introduces improvements to the self-resonant 
H-SCC LED drivers presented in previous chapters. These changes involve three main 
aspects: higher power efficiency, higher accuracy and lower number of external 
components. In terms of power efficiency, the implementation of the dual power train 
increases the nominal current efficiency of the LED driver by 4.1% without jeopardizing 
the peak efficiency. Also, the implementation of the error sensor eliminates the need to 
process large sensed currents and to drive external components in the control, i.e. the 
power consumption associated to the output OPAMPs is spared. In terms of accuracy, the 
error sensor is able to sense the output current with a maximum error of 3.7%, while it is 
easily calibrated using a digitally programmable resistor via the serial communication of 
the IC. In addition, the sensing error is part of the closed-loop control; thus, it is set to zero 
by the negative feedback loop. In terms of quantity of external components, the main 
improvement is the integration of the control components on-chip. Therefore, a LED 
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module is composed exclusively by Cin, Cout, L, Rsense, LED and the IC of the resonant LED 
driver. Additionally, the quantity of analogue control signals is reduced. For instance, Iref 
is generated using a 7 bit current steering DAC, which enables digital dimming on this LED 
driver. Besides, a current daisy-chain is designed to intercommunicate this current, in case 
that the LED modules are used in a series master-slave system. Moreover, the threshold 
control currents of ZCD, IHS and ILS, are also embedded on-chip using the SATAC.  

The present chapter also addresses multi-LED systems based on the resonant H-SCC 
based LED modules. Multi-LED systems in parallel and series are experimentally assessed. 
In parallel, the low-voltage LED modules offer independent control of the current in each 
branch. Although the design of this system does not offer major challenges to the 
designer, the input voltage is limited to the maximum voltage of the module, in this case 
5V. In contrast, the multi-LED system composed by LED modules interconnected in series 
can withstand input voltages larger than 5V, according to the number of modules used. 
However, this type of systems poses a challenge to the designer, as the input voltage of 
each module has to be balanced, protected and properly powered-up. Moreover, series 
systems using different LED currents would demand the use of additional converter(s) to 
equalise the input voltages. Two types of series connections, using independent control 
per module and a master-slave centralised control are experimentally assessed. The 
measurements suggest the use of a centralised control in a series connection, as it offers 
good current matching and excellent voltage balance, thus, the protections at the input 
voltage are not triggered sparing power losses. 

Finally, compared to prior art, this LED module uses a novel error sensor, small 
inductor value, i.e. 220nH (<1mm2), reduced on-chip flying capacitance value (7.75nF), 
and it achieves a maximum power density of 150mW/mm2. 
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7 Conclusions 
 
 

This thesis focusses on the on-chip integration of LED drivers using a hybrid converters 
topology. The investigated topologies have shown integration advantages over the 
conventional capacitor and inductor switching converters used in Solid-State Lighting 
applications. The use of Hybrid Switched Capacitor Converters can be applied to the 
design of on-chip LED drivers with low external components count, small inductor sizes 
and competitive high efficiencies. Additionally, CMOS integration of LED drivers paves the 
way for embedding the intelligence and communications required by today’s SSL market.  

In a first implementation (Chapter 3), a LED driver based in a 3:1 Dickson step-down 
H-SCC is studied. The new topology drives efficiently a LED load with a duty-cycle 
controlled current, which was not possible with conventional Switched-Capacitor 
Converters. Also, this driver uses 25 times smaller inductance values compared to state-
of-the-art LED drivers. A 0.72mm2 SMD inductor or 12mm2 PCB planar inductor was 
experimentally verified to be enough to operate the LED driver based on this H-SCC.  
Additionally, this topology is able to operate using input voltages larger than the rated-
voltage of the on-chip flying capacitors and power switches. Although the Dickson H-SCC 
accomplishes state-the-art power densities and power efficiencies when compared to 
SCCs, its power efficiency is inferior to the existent H-SCC with regulated output voltage. 
This H-SCC suffers from losses at the output resistance that increase when the duty-cycle 
differs from 50%. Using resonance mode is identified to improve power efficiency and 
reduce the requirements of the inductor size; however, charge transfer losses and 
switching losses are still existent as there are multiple paths for the charge/discharge for 
the flying capacitors. A Dynamic Output Resistance Optimization is proposed to minimize 
the impact of the increasing output resistance with the duty-cycle change. Moreover, 
parasitics associated with the external power supplies and poor in-package 
interconnection have been experimentally identified as limiting factor of the power 
efficiency.  

A second topology focusses on the use of resonance to improve the efficiency of the 
H-SCC. It uses the resonance between the on-chip flying capacitor and the external 
inductor to reduce charge transfer losses and perform Zero-Current Switching. 
Additional operational states allow the converter to set higher or lower LED current levels. 
Analogue comparators detect the Zero-Current crossing of the inductor current. A first 
implementation (Chapter 4) of this topology focusses on the design and optimization of 
the power-train. Experimental results prove peak efficiency improvements of 14.1% 
compared to the previous topology. This is realised thanks to the zero-current switching 
and resonance, which reduces the switching losses and the charge transfer losses. It uses 
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inductor values 10 times smaller than the state-of-the-art LED drivers and it can be 
operated without output capacitor. Indeed, experimental results prove possible the 
elimination of the output capacitor, where the converter showed high efficiencies, no 
light flicker and current dimming as low as 10% of the nominal value. 

A second implementation (Chapter 5) of the resonant H-SCC focusses on the 
implementation of analogue support circuitries to improve efficiency and versatility, as 
well as, realise closed loop control. This chapter proposes a self-resonant H-SCC based 
LED driver, which allows to adapt automatically the switching frequency to variations due 
to parasitic, tolerance of the components, inductor values and forward voltage variation 
from the LED load. Experimental results shows the adaptability of the converter to 
different LED forward voltages and to use any inductor value in a range of 36nH – 470nH, 
i.e. it can use inductor values which are 25 times smaller compared to state-of-the-art LED 
drivers. Additionally, switching losses can be traded-off for lower conduction losses and 
efficiency can be improved at heavy loads thanks to the use of Zero-Current detectors 
with variable threshold level to achieve CCM. The LED driver controls the output current 
by sensing the inductor waveform with integrated current monitors and a simple 
compensator with external passives. Embedded current sensors exhibited an 
experimental accuracy (6%) enough to operate a single LED.  

Although the results in open loop are compatible with the state-of-the-art, 
experimental results identified an efficiency reduction of 4% when the LED driver is used 
in closed loop.  Two main factors limit the efficiency of the converter: the first one is the 
limited ratio of current sensors (1/512), i.e. extra power consumption and the second 
reason is the large power consumption of the opamps in the compensator, which must 
drive external components. Furthermore, the addition of external passive components 
jeopardize the minimum external components count proposed by the previous 
implementation.   

A third implementation (Chapter 6) focusses on the improvement of the power 
efficiency, integration of closed loop control passives and the implementation of multi-
LED systems. In terms of power efficiency, the implementation of a dual power train aims 
to increase the power efficiency at the nominal LED current by 4.1% without jeopardizing 
the peak efficiency.  Using an on-chip error sensor and an external sense resistor, the need 
to process large sensed currents and to drive external components is eliminated. Also, the 
error of the sensed LED current is reduced 1.62x. Automation of the ZCD threshold control 
currents is embedded on-chip showing the benefits of an integrated power solution on-
chip.  In terms of external components count, the error sensor allows to integrate the 
capacitors associated to the closed-loop control. Therefore, the final prototype of the LED 
module is composed exclusively by Cin, Cout, L, Rsense, LED and the IC of the resonant LED 
driver. In terms of multi-LED systems, series and parallel connections of the IC are 
evaluated. For intercommunication purposes among ICs, a current daisy-chain is designed 
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to propagate the target reference current in a master-slave configuration. Experimental 
results using the resonant power train give hints on the performance of multi-LED systems 
in parallel and series. In parallel, the low-voltage LED modules offer independent control 
of the current in each branch. In series, the multi-LED system made out of low-voltage 
LED modules can withstand input voltages larger than 5V. However, the main challenges 
of this configuration are:  input voltage balancing, protection against over-voltages and 
powered-up. In series systems using different LED currents, additional converter(s) are 
required to equalise the input voltages. While, in series systems using the same LED 
current, two types of series connections can be established, independent control per 
module and a master-slave centralised control. Experimental results suggest the use of a 
centralised control over independent control because of its good LED currents matching 
and input voltage balance without triggering the protections at the input. 

The state-of-the-art scenario for switched capacitor converters after the contributions 
of this work is shown in Figure 7.1.  

 
Figure 7.1. State-of-the-art of fully integrated capacitive DC-DC converters. Adapted from [57]. 

In summary, this work not only introduces the use of new hybrid switching converters 
into SSL lighting applications positioning them in the state-of-the-art for on-chip LED 
drivers. But also, it demonstrates the potential of CMOS integration (power train with 
analogue and mixed-signal circuitries) to support high efficiency, versatility and 
operability of the on-chip LED driver with the minimum external components count and 
inductor size. 
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Summary 
Hybrid Switched Converters for CMOS 
integrated LED drivers 

This thesis focuses on IC integration of LED drivers using hybrid switched power 
converters. With this approach, the integration advantages of Switched-Capacitors 
Converters are achieved together with the benefits of Switched-Inductor converters, such 
as:  continuous conversion ratios, current control capabilities and high efficiency. Hybrid 
converters are particularly studied to build high power-efficiency small-form-factor LED 
drivers that use reduced inductor sizes and a small number of external components. 
Moreover, IC integration allows LED drivers to be embedded with analogue and mixed-
signal circuits that enable additional features or support a more efficient operation. This 
work explores two hybrid topologies: one based on a Dickson charge pump and a second 
one based on a resonant power train. 

Chapter 2 studies the LED characteristics and introduces the conventional LED drivers 
and hybrid switched converters. Benefits and drawbacks of switched-capacitor converters 
and switched-inductor converters are identified, as well as the trends in voltage regulated 
output topologies using hybrid switched converters. An overview of state-of-the-art 
integrated LED drivers is presented. 

Chapter 3 explores the design and performance of a hybrid switched capacitor 
converter on-chip based on a Dickson charge pump. In this implementation, the inductor 
size is reduced by three compared to a switched inductor converter offering the same 
output current ripple, while the current of the LED can be continuously controlled 
adjusting the duty-cycle. Also, stacking of the power switches enables supply voltages 
larger than the rated voltage of the integrated components. However, larger output 
resistance caused by the change of duty-cycle jeopardizes the power efficiency of this 
converter. Therefore, a Dynamic Output Resistance Optimization (DORO) technique is 
proposed to minimize the negative effects of duty-cycle changes, improving the overall 
efficiency. Experimental results identified better power efficiency and reduced inductor 
size requirements using switching frequencies close to the resonance. 

Chapter 4 describes the design of a hybrid converter that exploits the resonance 
between a flying capacitor and an inductor. The quasi-resonant operation allows 
analogue dimming of the LED current. Here, losses are analysed and the power train 
optimized for efficiency and power density. Also, analogue circuitry to perform zero-
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current switching is described. The hybrid converter is implemented on-chip, integrating 
flying capacitor and power switches, and achieving state-of-the-art experimental power 
efficiencies. This implementation reduces by one order of magnitude the inductor size 
compared to prior-art integrated LED drivers.  

Chapter 5 improves and extends the resonant hybrid converter presented in Chapter 
4. It presents a complete LED driver based on a self-resonant Hybrid Switched Capacitor 
Converter. Here, the design of analogue and digital circuitry to achieve self-resonance is 
described. In this mode, the switching frequency is automatically adapted to variations 
due to parasitic, tolerance of the components, inductor values and forward voltage 
variation from the LED load. Moreover, closed-loop control circuitry and current sensors 
on-chip are introduced. Experimental implementation on-chip showed large versatility 
regarding inductor values. High power efficiencies are also achieved in open loop, 
however the circuitry needed for closed-loop control is power hungry and jeopardizes the 
overall efficiency.  

Chapter 6 aims to improve the overall power efficiency and current sensing accuracy. 
A novel error sensor is designed to decrease power consumption, reduce the quantity of 
external components and improve sensing accuracy and efficiency. In addition, a second 
integrated power train is proposed to increase the efficiency at large LED currents. In this 
chapter is also experimentally investigated the modular connection of the Hybrid 
Switched Capacitor Converters based LED drivers to be used in multi-LED systems. In 
parallel connection, the low-voltage LED modules offer independent control of the 
current in each branch without major challenges to the designer. In series connection, the 
LED drivers can withstand input voltages larger than the input voltage of a single chip, but 
each module must be properly balanced, protected and powered-up.  
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