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Abstract

This Thesis reports the design, simulation, and layout of a switching power supply
controller chip for a fly-back switching power supply. The controller chip was designed
using ON’s Semiconductor C5 process. The resulting switching power supply using the
controller chip consists of using various off-chip components such as a power MOSFET,
transformer, and capacitors. The main components used in the integrated circuit include a
bandgap reference voltage circuit which outputs a reference voltage of 1.25V, a ring
oscillator having a nominal frequency of 5SMHz, a high-gain comparator, and a buffer that
can drive a 5pF capacitor. Under normal simulation conditions the reference voltage was
1.25V, power supply voltage was 5V, a normal operating temperature of 27°C, and a load
current of 2.5A which resulted in an output voltage of 12.5V with a 350mV ripple voltage
caused by the control loop’s hysteresis. The higher value of ripple in the output voltage was
shown to be reduced with a larger, thus more expensive, filter capacitor. The output in this
nominal case resulted in an average power consumption of the switching power supply of
around 16mW while supplying more than 30W to the load. The Thesis reports additional
simulation results including temperature being changed between 0°C to 100°C, the power
supply voltage being changed away from the standard 5V, and the load current varying
between 10mA and 6.25A. During all tests the integrated circuit performed well and under

worst-case conditions an efficiency of above 89%.
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Chapter 1: Introduction

1.1 Motivation

With the ubiquity of portable electronic the efficient supply and use of energy has
become an important factor and consideration for consumers when purchasing phones,
laptops, tablets, etc. It is quite desirable to have a battery, that is capable of powering
electronic devices, that last for as long as possible. This can be achieved by low power
design and ensuring that the power management integrated circuit (PMIC) runs efficiently.
An efficient power management integrated circuit is one that does not dissipate power,
which in this case is a battery that does not get warm. The PMIC is responsible for
supplying various voltages to the components of a portable device [1]. This is accomplished
using switching power supplies in the PMIC that utilizes various components such as:

switches, inductors, transformers capacitors, and a feedback system.

There are two main ways to control a switching power supply one is Pulse Width
Modulation and the other is hysteretic control. Pulse Width Modulation in a switching
power supply results in a known switching frequency. There can be a significant issue with
this approach because of the power involved. There also is radiated electromagnetic energy
at the switching frequency along with harmonics. This radiation can electromagnetically
interfere with the operation of other electronic devices, especially those that are controlled
through a wireless connection. There is another approach when it comes to switching
power supplies, which is hysteretic control. Hysteretic control is an approach where the
clock frequency varies. This means that the electronic magnetic interference is spread out

over a range and not at a particular moment. This means that this reduces the interference



with other electronic devices. There are also more added benefits to using hysteretic
voltage controls such as faster response times, lower power dissipation by the control
circuitry, and simpler design. As with all things in engineering there are also some
drawbacks such that hysteresis causes a ripple voltage on the output and there is a need for
hysteresis because if not the noise would dominate the output signal. This means that this
can cause excess switching at higher frequencies, which is a major challenge when

implementing hysteretic control loops.

1.2 Structure of Thesis

The contents of this Thesis include the theoretically calculated and simulated results
relevant to the design and simulation of the proposed Thesis. This Thesis contains the
design, simulation, and layout of the controller chip that is used for hysteretic power
converters such as a flyback switching power supply. The Thesis will first begin with
Chapter 1 which goes over the motivation and structure of the Thesis. Chapter 2 talks about
the individual components that are needed for the controller chip that will be needed. In
this chapter there are many calculations as to why certain information and values are
picked. Later, in Chapter 3 the individual components will be interconnected to see how the
final design will take place. Chapter 4 will talk about the data and the analysis. When
talking about analysis the data is reviewed and visualized via tables and graphs. After
analyzing the data, there might be opportunities to see where future work can improve
upon the design. Chapter 5 is where the future work will be talked about in more detail. In
this chapter the readers should see how the future work given more time will improve the

design in both the individual components and the overall design. Lastly, Chapter 6 is the



conclusion where the proposed controller chip for hysteretic power converters and a
conclusion is made. Following the conclusion there is a bibliography and a Curriculum

Vitae.



Chapter 2: Components

2.1 Band Gap Reference Voltage

A bandgap voltage refence is a circuit used to generate a fixed voltage that is
independent of the power supply voltage VDD, temperature, and process variations. This
means that the output of the bandgap circuit needs to be at a fixed voltage. The bandgap
circuit is a crucial element for the design of this Thesis because the reference voltage V(ref)
needs to be equal to 1.25V. In this circuit the reference voltage needs to be less than that of
the power supply voltage. The power supply voltage will be 5V for this Thesis. The
bandgap is very important to the overall design because another component talked about
later, the comparator needs a base voltage that does not change which comes from the
bandgap circuit. This in turn makes so that the comparator circuit can output an
appropriate voltage. The diodes found in this circuit exhibit a CTAT (Complementary to
Absolute Temperature) behavior, where reference voltage increases with rising
temperature. Due to this topology, there will be cascaded NMOS and PMOS devices in the
diode branch which tries to keep the refence voltages at a constant value with a change in

the voltage of VDD. This makes the design very robust.
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Figure 1 - Bandgap Schematic

As shown in the Figure above the bandgap schematic is made up of transistors,

resistors, and parasitic PNP diodes. On the left hand of the dotted line is the startup portion

of the circuit. On the lower half of the circuit many parasitic PNP diodes are found. On the

right side there are a lot of resistors along with the output Vref, which is the reference

voltage.



Bandgap Symbol

Power Supply

_ -

l Output Voltage of the

I band gap which in this
case will be 1.25V

Ground

Figure 2 - Bandgap Symbol

The bandgap symbol is a concise view of the bandgap schematic that was previously
featured. The bandgap symbol has three pins which are VDD, Vref, and gnd. The output of

the bandgap should be constantly equal to 1.25V.



Resistors

LTI LT LT

PP P NP

Parasitic PNP diodes

Figure 3 - Bandgap Layout

To make the layout of the bandgap easier, one approach is to break up the
schematics and the layouts. After the schematics and layouts have been broken down then

the user needs to make sure that the schematics and layouts DRS and LVS. Later, the



broken-down schematics and layouts need to be combined in order to make the final

product, which in this case, is the bandgap layout.

Bandgap Response to Varying Voltages

Output
Reference Red trace = 13/VDD
VDC = 5V Voltage | Brown trace = Vref
\ ; ' \ ST S 11.275V
Bandgap 2uA = L1V

Symbol 3V 6V

Figure 4 - Bandgap Response to Varying VDD Voltages

From testing the schematic above it is concluded that the power supply voltage can
be lowered to around 3.7V before the bandgap output voltage drops. If the VDD voltage is
less than 3.7V then the bandgap cannot function properly and stops working. As the
bandgap gets swept 3.7V and greater voltages then the reference voltage starts at 1.25V

and remains there as the simulation is being swept. The bandgap simulation shows that the



circuit draws between 3uA and 5uA of current, which means that this circuit is working

efficiently because it does not draw large currents from the main power.

Bandgap Response to Temperature

Output
Reference
VDC = 5V Voltage |
\ . ) 1.253V([. .
\\
0°C 100°C
Ground

Figure 5 - Bandgap Response to Temperature

The bandgap refence voltage decreases from 1.253V to 1.245V with a temperature
increase from 0 to 100 degrees Celsius. This is going to be a difference of 8mV which means
that this is around 8 parts per million per degree Celsius. The average PTAT (proportional

to absolute temperature) value for an N well resistor is 2000 parts per million per degree



Celsius. By comparing these two values it is concluded that the bandgap voltage refence
will not vary much with changes in VDD and temperature. This is exactly the results that

are desired because the bandgap circuit needs to maintain the same voltage.

Parasitic PNP diode response to varying diode voltage

r Parasitic
Diode
vDC=0V——— L]
[ 30uA ;
| | ’|
i
FS5UA
omV 800mV

Figure 6 - Parasitic PNP Diode Response to Varying Diode Voltage

The PNP diode at the very least needs 700mV to start generating some current.
When it does start generating current then a very low current of micro amps will happen.
The threshold voltage of the PNP diode used in this Thesis is 700mV, therefore the voltage

drops over the diode are 700mV.
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Parasitic PNP diode response to varying temperature

775mV-~
Parasitic — |
PNP diode
550mV :
0°C 100°C

Figure 7 - Parasitic PNP Diode Response to Varying Temperature

Parasitic PNP voltage Vd goes from around 760mV at 0 degrees Celsius to 575 mV at
100 degrees Celsius. It can be deduced that the diode works better at lower temperatures
and does not work as well at higher temperatures. Both the bandgap and the diode have

negative linearity.

2.2 Comparator

A voltage comparator compares two voltages. After it compares two voltages it will
output a Boolean value which will be either a 0 or a 1 depending on the state of the value.
The state of the value is 0 if the state of the value is off/ low and the value is 1 if the state of

the value is on/high. The comparator has two input terminals, which are the plus and

11



minus terminal which can be seen labeled in the symbol view as Vinp for Vin plus and Vinm
for Vin minus. If the voltage on the Vinp terminal is greater than the Vinm terminal
(Vinp>Vinm), then the comparator will output a high (1). If the voltage on the Vinp

terminal is less than the Vinm terminal, then the comparator will output a low (0).

For this Thesis two comparator designs were in mind. The first design was a
comparator with cascaded PMOS flavor buffer with a NMOS flavor buffer. This design was
used first because by using buffers in parallel, the complementary nature results in a buffer
that is robust, and works over a wide range of operating voltages. After running several
simulations, the output never ended up reaching the desired 12.5V that was hypothesized.
This means that the comparator did not have enough gain to reach the desired output
voltage. The next design corrected the issue of not getting enough gain. The final design
ended up using 3 NMOS flavor buffers cascaded with three inverters attached at the end.
The design needs an odd number of inverters if not the Thesis will not work since an even
number of inverters will just create a buffer. The use of inverters is needed so that the
output has a cleaner result so that it squares the top of the output. The tradeoff for a
cleaner result is the increase of power, this is because there are more devices that need to

be powered on.

12
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The comparator used in this Thesis has 3 n flavor buffers along with 3 inverters. The

comparator needs to have three n flavor buffers to have a high enough gain to output 12.5V

for the output. As seen from the Figure above the input goes into the first buffer then the

output of the first buffer is the input to the second buffer, following this the output of the

second buffer is the input to the third buffer. After the output of the third buffer the output

signal is sent through 3 inverters for a sharper and cleaner output signal.
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VinPlus — » m 1/

terminal

Power Supply
Voltage

JUT B < Output Signal of the
Comparator

VinMinus — » B— \/nm

terminal

Figure 9 - Comparator Symbol

The comparator symbol simplifies the comparator schematic and only shows the

pins that are needed. The comparator symbol has two input signals which are Vinp and

Vinm, and one output signal terminal named out. In addition to the pins previously

mentioned, the symbol also needs a power supply voltage.

14



Comparator
Layout

Power

Supply
Input Output
Terminals Terminal

Ground — £

Inverters

Output of buffer is
input for next buffer

Figure 10 - Comparator Layout

The Figure above shows the layout of the comparator which features 3 n flavor
buffers and 3 inverters. As seen from the schematic the output of the first buffer is the
input of the second buffer and the output of the second buffer is the input of the third
buffer. Later the output of the third buffer is sent through three inverters. The difficulty of
this layout was not having the nets cross due to the gate design. To help with this issue
there are vias and different metal layers used so that the nets were not crossed, and
everything worked properly. Vias are metallic lined holes connected to metal circuitry of a
chip between different layers. For example, there is a m1_m2 via to connect that signal

from the metal 1 to the metal 2 layer

15
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Figure 11 - Comparator Simulation Setup

In the Figure above it is showing the comparator simulation setup where the

N oo . "'.Out"

Output

comparator symbol is laid out and there are two signals going into the input pins. The two

input signals are pulse voltage sources that are alternating between being on and off. The

top pin is the power supply and the pin on the right is the output signal of the comparator.
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Demonstrating the
Switching Point of the
Comparator

2.87V

0o

w— L
* 26.2508ns 287868

Red Trace - Vin Plus input
Brown Trace - Vin Minus input
Pink trace - Output

Demonstrating the
response of the output
after the switching

Dx: 747 ps
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— e PR —
250 50.0 750 100
time {ns)

Ons

Figure 12 - Comparator Simulation

100ns

The Figure above shows a simulation of the comparator used where the switching

points and the high/low values can be seen. The voltage switching point is when both input

voltages are equal, which in this case is going to be 2.87V. The Red trace is the Vin Plus

signal and the brown trace is the Vin Minus Terminal. The pink trace is the output signal.

The pink trace shows that due to have cascading n flavor buffers that there is enough gain.

Also, in the Figure above, it is showing the response of the output after the switching is

being done. It takes 747ps after the switching happens for the output to respond.
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2.3 Ring Oscillator

Design Equations

_ 10.05 _
Rn = 20k = (10057, e ) = 20k

_ 10.05 _
Rp = 40k » (10051/ 5 ., ) = 40k

fF

Cox = 2.5
ox umz

* 10.05u * 10.05u = 252fF

252 + 25243784+ 378 = 1260fF
tpin (Rp) = 0.7 x 40k * 1260fF = 35.3ns
ton (RM) = 0.7 x 20k * 1260fF = 17.64ns

Total Time Delay = tpp + typp = 35.3ns + 17.64ns = 52.94ns

1 1

= = 3.7 ~ 4 slow invert
Mty + tort) (5 % 10)(52.94 * 10-9) Stow mverters

fosc =

Four slow inverters are needed to achieve 5MHz.

According to the calculations the design was supposed to use 4 slow inverters to get
the desired frequency of 5MHz, but when the four slow inverter design was simulated, the
output was not the desired 5MHz. Therefore, more slow inverters were added to the get the

desired frequency. The final design used 13 slow inverters (PM0S=10.05u/10.05u,
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NMO0S=10.05u/10.05u), one regular inverter 12u/6u, and one NAND gate so that it would

be enabled.
Enabled Ring
Oscillator Schematic
: : : - Normal
Array of 13 Inverter
Slow Inverters . , : NAND
/ gate

-

At

Output of slow inverters is the

input of the normal inverter. Feedback Loop done through

naming where the input and
output both have osc_out.

Figure 13 - Ring Oscillator Schematic

The schematic of the ring oscillator has three components which is the array of slow
inverters, an inverter, and a NAND gate. The signal goes through the array of the slow

inverters then the signal goes through the normal inverter. The array of slow inverter is
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used to achieve the desired frequency. The normal inverter was used in order to clean up
the signal. There is an even number of inverters because if not the NAND gate will not work
with this design. The NAND gate is in the design so that it can shut off the signal when the
flyback does hit the intended 12.5V. Also, it is closer to the end of the signal so that if it does
shut off there is not a long delay. There is a feedback path through the pins. For the ring
oscillator to function properly there needs to be an initial condition of OV on the output so
that it kicks on. There is a feedback loop in this circuit which in the Figure it highlights the

fact that it is done by naming the loop with the signal osc_out.

Enable

Enabled Ring Oscillator
Output of the
Ring Oscillator

Symbol View
Power Supply Voltage ———— T
(D
() J
.

B cnapble osc_out ——M

Figure 14 - Ring Oscillator Symbol
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The ring oscillator symbol simplifies the ring oscillator schematic by putting the
logic behind the symbol and just showing the symbol and the pins. The Figure above shows
the ring oscillator symbol which has three pins that are an enable pin for an input, a VDD

pin for power, and osc_out for an output.

Enabled Ring Oscillator
Layout

Array of 13
Slow Inverters Nand

Inverter

Figure 15 - Ring Oscillator Layout

The layout of the ring oscillator is above. The ring oscillator is rather long, but for
further improvement it should be made in a serpentine pattern in order to save space. As it

can be seen from the schematic and layout the input signal first goes through the array of
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the thirteen slow inverters, later it goes through the inverter, and finally through the NAND
gate. What is interesting is that although the NAND gate is at the end of the layout because

of the enable it goes through the NAND gate first.

Ring Oscillator Sim Setup

Power Supply © Ring Oscillator - - - -

enable - - osc_out —I—.osc*out .

/

Output

VDD

Pulse Voltage
Source

Figure 16 - Enabled Ring Oscillator Simulation Setup

This Figure is showing the simulation setup for the ring oscillator. The ring
oscillator symbol is in view and all the pins are connected. The left pin which is the enable
pin has a pulse voltage source, the top pin has the power supply voltage connected which is

5V, and the left pin is the osc_out pin.
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Ring Oscillator
Simulation

Hame vis_|

Il fosc_out @ ] . DX: 212.15“5
L — Dy: 14.24mV
S:67.117kV/s

3 _ : Target Period was 200ns

in order to get 5Mhz
frequency. The actual
period was 212.15ns.

25 S 75 1.0
time (us)

Point A : Point B:
104.57ns 316.72ns
2.6837V 2.6695V

Figure 17 - Ring Oscillator Simulation

The target frequency for this Thesis is 5MHz. In order to achieve 5SMHz the period
must be 200ns. 1/200ns = 5MHz. The Figure above is showing that the ring oscillator is
near the target frequency. In the Figure point A is located at 104.57ns and that point b is
located at 316.72ns. This means that the difference between these points are 212ns. The
difference of 212ns can be interpreted as the period of this circuit. So instead of the target

1/200ns = 5MHz, the actual value of the circuit based off of the simulations is 1/212ns =
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4.7MHz. This is acceptable because of how close it is. What can also be seen through this

simulation is that there is not too much delay on the edges of the output.

2.3.1 Slow Inverter

Slow
Inverter
Schematic
PMQS
W: 10.05u

/L: 10.05u

Inverted Output Terminal. That
«——is why the pin is called Ai
" because it is the input signal is
inverted

Input
Terminal

— » A

0ol
‘ \NMOS
W:10.05u

L: 10.05u

Figure 18 - Slow Inverter Schematic

In order to make an inverter that creates a long delay the length of the devices need
to be increased. A regular inverter used in this Thesis is 12u/6u with a length of 600n. As
seen in the slow inverter schematic both the PMOS and NMOS are 10.05u/10.05u. The slow
inverter is one of the main components to make the ring oscillator, so that the desired

frequency of 5MHz can be achieved.
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Slow Inverter

Symbol View
Power
Sup%
[ |
Input — g———
Signal g _ Inverted Input Signal =
' ' ' Output

Figure 19 - Slow Inverter Symbol

The slow inverter symbol has 3 pins. The top pin is the VDD pin, while the left pin is

the input pin, and Ai is the A pin inverted.
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Slow Inverter Layout

Power
Supply

———

Input — » &

Ground ——

Figure 20 - Slow Inverter Layout

The slow inverter layout differs from most layouts because the gate is much wider

than normal inverter layouts.

2.3.2 Inverter
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Normal Inverter Schematic

Figure 21 - Inverter Schematic

The inverter schematic used the normal 12u/6u (PMOS/NMOS) that was used
throughout the Thesis. The main use of the inverters in this Thesis is to invert signals, or

clean up the input/output of signals.
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Inverter Symbol

Power

Supply\

A

Input— B—— AA — : n Output

Figure 22 - Inverter Symbol

Again, much like the slow inverter symbol the regular inverter symbol as three pins.

One for power, one for the input, and the output signal, which is the input inverted.
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Inverter Layout

PMQOS ——

Input ——m

Figure 23 - Inverter Layout

Inverter layout is different to the slow inverter layout, due to the gate width. This

layout is relatively smaller than the slow inverter layout.
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2.3.3 NAND Gate

The NAND gate is used as an enable in the ring oscillator. The main advantage of the
NAND gate is due to its logic it can turn off the ring oscillator quickly, and does not have a
long delay. Both the PMOS and NMOS have widths of 6u and lengths of 600n. This is done

so that the switching times are more equivalent.

When enable is low, the output of the NAND gate is always high, so in the case that
enable is low the NAND gate shuts the oscillator off because the output of the NAND gate
does not change regardless of the second input. When enable is high, the output of the

NAND gate is the inverse of the second input terminal.

NAND Schematic

InputA — ' Output AnandB

InputB —

Figure 24 - NAND Schematic
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As seen from the schematic above the NAND gate has two PMOS and two NMOS. On
the left-hand side, it can be seen that there are two input signals. These signals are Input A

and B. On the right-hand side, the output of the NAND gate is seen.

NAND symbol

Power
Supply —— T

InputA — B——
Output

NAND 4_ AnandB

v
|

Input B

Figure 25 - NAND Symbol
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The NAND has two input terminals and one output terminal. One of the input
terminals will be the output of the inverter, and the other will be the enabled pin. This

symbol hides the logic and devices and shows a clean symbol with the pins.

NAND Layout

Power Supply
«——PMOS
Input A—— «—— Input B
__. Output of the
NMOS —» Ig NAND gate

Figure 26 - NAND Layout
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For the NAND layout there are two PMOS and two NMOS. For the PMOS section the
PMOS have been stacked, while the NMOS has been stacked as well, but the middle body

was taken away.

" NAND SimSetup

Signal A .
A -
AnandB
L nan .AnondB
NAND_AA_F26 ' ' ' ' '
Qutput

AT V1

PTG M Signal B

gna!
od vild Pow-erSuppIy

Figure 27 - NAND Simulation Setup

The NAND simulation setup features the NAND gate symbol with two input signals.
The input signal are two pulse voltage sources that form the truth table in order to show
that the NAND gate works. The A signal is 0,0,1,1 and the B signal is 0,1,0,1. This can be

done with the input signals frequency and period.
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InputA —mmM

InputB ———

Output ——

Figure 28 - NAND Simulation

v
SLo-nwaas

A

.........................

Simulation proving the
NAND gate works

Simulation of the NAND gate proving the truth table that was listed below.

NAND Gate Truth Table

A B A (NAND) B
0 0 1
0 1 1

Table 1 - NAND Gate Truth Table
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2.4 Buffer

The buffer is a necessity so that it can drive the 5pF capacitor (internal capacitance
of the NMOS) that is contained within the flyback switching power supply. The buffer is
going to be the most power-hungry component in the controller chip due to its size and
number of components. According to the calculations, the design needs a three-stage buffer

with the “A” value equal to 8.

Buffer Calculations

4= PMOS _ 12u
°" NMOS  6u

fF
C'ox =25—=
ox umz
fF
Coxn = 2.5 * 6um * 0.6um = 9f F

um?

F
* 12um * 0.6um = 18fF

Coxp = 2.5 =

Using Miller’s Theorem

3

Cin = §(9fF + 18fF) = 40.5fF
Using A=8
C
N *Ind = In—222
Cin
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SpF

N *n8 =1
S = 0 5fF
y o 4815
~2.079
N =2316 ~ 3

Although the N value is closer to the value of 2, it was needed to round up to 3 so that the

logic of the ring oscillator was kept intact.
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Output of First Buffer is the
5 Input of the Next Buffer and

Power Supply

Buffered
Output

Notice that the M value goes up by * 8. By
using this method, it cuts down on
schematic space. It is better than putting
over 73 inverters

Figure 29 - Buffer Schematic

The buffer schematic is shown above. As shown in the calculations the multiplier
was increased by 8. The first inverter m value is one, the second inverter m value is 8, and

the third inverter m value is 64.
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Power

Supply
| . Buffered
npu b L ﬁfl Output

Figure 30 - Buffer Symbol

The buffer symbol has one input terminal and one output terminal, along with a

power pin on the top.
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Buffer Layout

8 Inverters

1 Inverter ——

T

64 Inverters

Total of 73 inverters
to make buffer

Figure 31 - Buffer Layout

The Figure above shows the layout of the buffer. The layout for the buffer is also
very long. For future improvements, the layout can be made shorter by using the
serpentine method. It can be seen the input signal goes through the single inverter first,

then 8 inverters, and then 64 inverters. This is a total of 73 inverters to make the buffer.
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Buffer Sim Setup

Buffer
Pulse Voltage
Source e
Lo «—
="t . 5pF capacitor
that needs to
Power Supply. - - . . be driven

~

Figure 32 - Buffer Simulation Schematics

The buffer simulation schematic features the buffer symbol. The buffer’s input

signal is a pulse voltage source. On the buffer’s output there is 5 pF capacitor.

40



Brown Trace — In Signal
Red Trace — Out Signal

Figure 33 - Buffer Simulation

Buffer Simulation

- AN
- our

Vs |

*

5V s

v L B e R
0o 250 €00
time (ns)

--------

-------------

Ons

This simulation shows that the buffer

can drive a 5pF load.

The simulation above shows that they buffer can drive a 5pF load.
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2.5 Passive Components

2.5.1 1K Ohm Resistor: Hi-Res

In the Thesis there needs to be a 1k and 9k resistor in order to make 1/10 voltage
divider so that the voltage is small enough that the comparator can turn on. Using On’s
semiconductor C5 process the Hi-res sheet resistance value is 1000 ohm/ sheet. To make
resistors the following formula should be used. Hi-res is a special layer that blocks the

implant of the poly layer in the polysilicon.

ohms\ W 2.4
Hi Res Resistor = Sheet Resistance ( ) x — = 1000 * — = 1000 ohms
sheet L 2.4
1k Resistor
Schematic

[N

Left Side— | {fp—=/\/\/\ =@~ «— Right Side

' o

Figure 34 - 1k Hi-Res Resistor Schematic
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1k Resistor Layout

Left Side —» | «—Right Side

Figure 35 - 1k Hi-Res Resistor Layout

2.5.2 9K Ohm Resistor: Hi-Res
Originally calculated for 9K exactly, but when extracted the resistor value was too high so
changes were made to the widths and lengths of the devices. These are the final numbers

that were used.

ohms\ W 20
) x*— = 1000 * — = 7700 ohms
sheet 2.6

Hi Res Resistor = Sheet Resistance ( I
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9k Resistor Schematic

ot

Left Side—> | qp—u/\/\/\ =P = «—Right Side

r=9K

Figure 36 - 9k Hi-Res Resistor Schematic

9k Resistor Layout

Left Side —» = «— Right Side

Figure 37 - 9k Hi-Res Resistor Layout

2.5.3 1 pF Poly-Poly Capacitor

Using On’s semiconductor C5 process the capacitance between poly 1 and electrode
(poly 2) is 900 aF /um”2. To make a poly-poly capacitor the formula below is needed. For
example, to make the poly-poly capacitor in this Thesis, first draw a box of poly 1 that is
36um square and next draw an electrode (poly 2) that is 33um on top of the poly 1 square.

Poly-Poly capacitors have a very thin oxide between the Poly 1 and Poly 2 layers. It being a
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very thin oxide gives a high capacitance due to the formula of C = €A/t. Where the term ‘t’ is
the distance between the plates of the capacitor. Meaning the smaller the distance between

the plates the higher the capacitance because the bottom term t is less in the division.

Capacitor Value = W * L * 900aF

Capacitor Value = 33um * 33um * 900aF = 1pF

The 1pF Poly-Poly Capacitor is used on the output of the bandgap circuit so that the
output voltage from the bandgap circuit which is 1.25V has no issues and remains constant

with no rippling/ voltage swing.
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1pF Capacitor Schematic

™

. <—Poly 2

~ W

‘ «——Poly 1

Figure 38 - 1pF Poly-Poly Capacitor Schematic
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1pF Capacitor Symbol view
B «Poly?2

o Poly 1

Figure 39 - 1pF Poly-Poly Capacitor Symbol
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1pF Capacitor Layout

Poly
Layer

Poly 2
Layer

M1_Poly M1_Elec
Cell Cell

Figure 40 - 1pF Poly-Poly Capacitor Layout

In the 1pF Poly-Poly capacitor layout all the parts to the layout are shown. There are
two layers which will be the Poly layer and the Poly 2 Layer. There are also two cells
present which are the M1_poly cell which means there is a transition from the Metal 1 layer

to the Poly layer. The other cell is the M1_elec cell which means there is a transition from
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metal 1 layer to electrode which is also known as poly 2 layer. There are two pins named

P1 and P2 which are connected by using a metal 1 layer.
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Chapter 3: Top Level

3.1 Controller Final Schematic

An HPS (Hysteretic power supply) feedback system is simple. An example is a
thermostat in a home can be set to 22°C. When the temperature drops to 21°C the heater
turns on and heats the home to 23°C before the heater shuts off. The temperature in their
homes moving around 2°C centered around 22°C, but from the homeowner’s point of view
the temperature is relatively constant. In this feedback system the input is the temperature
the owner set the thermostat to. The feedback in the system is the thermostat sensing the
temperature of the home and determining when to turn on or off the heater determining on
the ambient temperature. The forward path of the feedback is the heater driving the
temperature of the house. An important note is that the output of the system is oscillating.
In a hysteretic power system, if the amplitude of the oscillations can be minimized, then it

can be a very useful and simple. [1]
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Control Integrated Circuit Schematic

T Vref Voltage tied together by net names

Voltage
Divider

Flyback Voltage from off
chip components

Comparator Ring Oscillator

Figure 41 - Top Level Schematic of the Controller Chip

Shown in the Figure above is the final schematic where all the components that
were created are connected. V(fp) is connected to a resistive voltage divider where the
output of the voltage divider is the plus of the terminal of the comparator while the output
of the bandgap is the second of the comparator. The output of the comparator is the input

of the ring oscillator. The output of the ring oscillator is the input of the buffer.
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3.2 Controller Final Layout

1pF Capacitor

Bandgap /
Circuit\ e |

Voltage —__

Divider

Comparator Ring Oscillator Buffer

Figure 42 - Top Level Layout of the Controller Chip

The Figure above shows the final layout with all the components talked about in the
previous chapter which are now all connected. The top half of the layout is the bandgap

circuit. The lower half from left to right is the comparator, the ring oscillator, followed by

the buffer.
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3.3 Fly-back Switching Power Supply

Flyback Swithcing Power Supply

Transformer

Vout

: 2 v .ti:r_m -ju% Rioog / R |0ad

Models load

Controller Integrated Circuit Power

MOSFET

Figure 43 - Controller Chip with Off Chip Components for Flyback SPS

In Figure 43 it shows the Thesis symbol along with some off-chip components that
are needed in order to simulate the final design. It is important to note that for the

simulation to work, an initial condition is needed on the output of the ring oscillator.
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| Line D

n@ AG ling
Neutral

| PWM control signal

MD
MD turns on for DT |

—«—————— Note different grounds

Figure 44 - Flyback SPS [1, Fig 32.29, p. 1200]

The input to the power supply is the AC line (hot and neutral) it is often called an
“off-line” supply. This AC voltage is rectified to generate a DC voltage often termed as Vs.
This DC voltage is connected to the primary of a transformer and a switch. The switch then
provides control to regulate the output voltage. One thing that should be noted is that there
are two grounds in this circuit. One of the grounds is associated with the AC line side, and
the other is associated with the DC output. One may ask why this a necessity; this is a
necessity for safety. A user gets power from this circuit from Vout, if Vout is shorted to
ground the amount of current that is supplied is limited due to the transformer. This is not

the case on the AC line side where a tremendous amount of current can be supplied. [1]

Next, one might wonder why there is a need for a switch on the primary side of the
transformer, and why this is a rectification of the AC, to generate DC, and then connect the
DC to the primary of the transformer, and a switch. The first thought would be why not

rectify the output of the transformer after the AC line has already been stepped down. The
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answer for this is the size of the transformer for an AC input at 50/60 Hz is much larger
than the size of a transformer at say for example 100kHZ. Using the switch, can improve
the effective frequency of the input to the transformer, and this in turn, reduces the

transformer’s size. This is very important when ensuring power supplies that are small-

sized. [1]

As seen in the Figure 44 above there is a transformer present. As of the Figure the
L1 side is the primary side while the L2 is the secondary side. The transformer can be
flipped around so that the wire with n2 turns is connected to Vs and the with n1 is
connected to the Schottky diode. The relationship with the voltages, currents, inductances,

and windings is as follows.

Notice that there is a Lm in the Figure. This is the magnetizing inductance of the
transformer. This is the inductance that one would measure on the primary side of the
transformer without anything connected to the secondary (secondary open). Therefore,
there is a secondary rectifying Schottky diode. In shorter terms, the inductance of the
primary with the secondary open is equal to Lm = L1. So, if the power MOSFET turns on a
current iLM flows in the magnetizing inductance Lm. When MD shuts off the magnetizing
current wants to continue flowing so it flows backward through the transformer. When this
happens, the diode turns on in the secondary of the transformer and the energy is stored in

the magnetizing inductance that is supplied to the load which is modeled as R. The Schottky
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diode turns on so that it neglects the forward voltage drop -v2 = Vout and then v1 goes to -

Vout(nl/n2).[1]

Now that the foundation of the circuit has been laid out, let’s move on to the

operation of the circuit. When MD is on

™o dt

V= VS=L

Assuming that MD is on for DT seconds, whereas D is the duty cycle

] Vs x DT
Ale,up = T

I1 and i2 are both zero and the secondary rectifying Schottky diode is off when MD Is on.
The voltage across the primary Vs, which is large. For this Thesis the AC input is 120V RMS.
The peak of the voltage is approximately 170V. Even though there is current flowing in the

secondary, there is still a voltage on the secondary as seen in the equation about

ny Ly 100u
n, L, 1lu

The primary side has 120V RMS signal on the primary side of the transformer so the

transformer seen below.

secondary voltage v2 is 120/10 or 12V RMS. When no load is connected to the secondary of

the transformer the current that flows in the primary side of the transformer has a peak

170

———— = 54mA. The 10 Ohm load, R, is reflected by this equation [1]
2m*5Mhz*100u

amplitude of

vy U, Ny
— = = ()?
L l, Ny
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When a load is connected like the 10-ohm resistor is in the schematic above the
peak of i2 is 12V/100hm or 1.2A. The peak of i1 is i2/10 which is 120mA. Since in this case
v2/i2 is 10 ohms (= R) and (n1/n2) 2 is 100 the 10ohm load is reflected to the primary as
a 1k ohm load which is a resistive load in parallel with the 100u magnetizing inductance.

The il + 1LM current can be calculated [1]

4 U1
LTy = P
n
R* (32) oL
170 170

= 178mA

1k|[j(2e5Mhz)100uH _ 1000 * j(3140)
1000 + j(3140)

The net changes in the currents are result in being 0

] ] V.«DT V,,:*(1—-D)T ng
Alpmup — Alipmaown =0 = . 7 - = L * (n_z)
m m

Which means that the DC input which is known as Vs and the DC output Vout can be related

to
D ny
Vour = Vs * (=) (n—z)

As the value D approaches to 1 the output voltage can grow without bound even if the
power supply is or is not supplying power. This is the very reason that flyback power
controllers that generate pulse width modulation control are designed to have maximum

duty cycle. For calculating the filter capacitor, the equation below can be used

D

min = ————
AV,

R fx out

fGg D)
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In this design a 10uF capacitor is being used. [1]

Simulation under Normal Conditions

[ ———————————————————————— Normal Conditions

12,5V 5] s ‘ @ /DD : 5V
Brown Trace: Vout i Temp: 27°C

Red Trace: Out Load Current: 2.5A

r T T T 1
00 5 ] 75 10
time (ms)

Oms Ims

Figure 45 - Simulation Under Normal Conditions

The normal condition for the simulation is that VDD is equal to 5V, and the
temperature is 27 degrees Celsius. This simulation is with a load current of 2.5A. The

brown trace is Vout and the red trace is out.
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Simulation Under Normal Conditions (showing hysteresis)

Point A: 12.6909V

Brown Trace: Vout o
Red Trace: Out e Point B: 12.3396V

5. 148.996kV/5

| Showing that the
difference in voltages
(hysteresis) is about
351mV.

0.0 25 5 75 1.0
time (ms)

Oms 1ms

Figure 46 - Simulation Under Normal Conditions Showing Hysteresis

This Figure shows more information about the simulation under Normal Conditions.
It also shows the output voltage is 12.5V with a hysteresis of around 350mV. The hysteresis
is shown by taking the difference between point A which is 12.6909V and point B 12.3396V

which is about 351mV.
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Simulation for Temperature Analysis

Vout Colors- =k '\

12.5V |
Red Trace: 0°C | §
Yellow Trace: 25°C 5
Green Trace: 50°C '
Light Blue Trace: 75°C
Dark Blue Trace: 100°C

ov
Oms ' 1ims

Figure 47 - Simulation Run for Temperature Analysis

The Figure above shows the simulation ran for temperature analysis. The red trace
is 0°C, the yellow trace is 25°C, the green trace is 50°C, the light blue is 75°C, and the dark
blue trace is 110°C. The data has been summarized and appears in the next chapter, which

is the Summary of Performance.
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Simulation where VDD = 4V

1| Q= e ' vDD
o 8 chc 2.2146us Ll‘ /_ changed

dy: 258.022mV
from 5V to

5: 11696 1kVis
o
\ v
i

Brown Trace: Vout
Red Trace: Out

Point A: Difference in voltages

12.5731V (hysteresis) is around
— o

Point B:

12.314v

time (ms)

Oms 1ms

Figure 48 - Simulation where VDD is Lowered From 5V to 4V

In the Figure above, the simulation is run except for the fact that the VDD voltage is
lowered from 5V to 4V. When the VDD voltage is changed the hysteresis is shown by taking

the difference between point A which is 12.5731 and point B which is 12.314V which is

around 260mV.
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Power Usage

W Votuoss (%) Vaussizstson & Anbytis L coicoiter@esimchuter oo unke ods - D x

cadence |

. I e M Lm
B e | ot o | omd Lt Haml

It is believed that the spike SOOWT =
when the circuit kickstarts is / b
responsible for making the O Output of
average power higher. i ]‘\ the controller
ov 37 chip in mw.
0Oms 1ms

Figure 49 - Power Usage

In the left side of the Figure the graph is showing the power used by the circuit. The
right side of the Figure shows the average power of the circuit. It is believed that the
average power of the circuit is higher due to the kickstart of the circuit. If the average
power of the circuit was calculated in the steady state condition, then this value would be

dramatically reduced.
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Simulation with different off chip capacitor value

fiame [Vis_| 1 —
507 I,
712_5 Vol C E IODM- Off chip capacitor
Brown Trace: Vout ] changed from the
Red Trace: Out 100 A original 10u to 100u.
75 4
oV o
5 r
00 S “meitrmﬂ 75 o
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Figure 50 - Simulation with Different Off Chip Capacitor Value

This is what happens when the off-chip capacitor value is switched from 10u to

100u. The difference between the sims between 10u to 100u is that the output is much

more filtered.
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Verification
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Figure 51 - Verification of DRC and LVS

Verification that the
LVS have matching
netlists

Design Rule Check shows the final control integrated circuit shows 0 errors on the

layout. A design rule check is a set of rules a designer can use to ensure their schematic

matches all the dimensional tolerances, and manufacturing considerations. Layout vs.

Schematic compares the netlists between the schematic and the layout/extracted file. The

Figure verifies that the DRC and LVS have zero errors and that the netlists match. When

running the LVS the FET parameters check should be marked.
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Chapter 4: Summary of Performance
Useful Formulas
Frequency

1
Period

Frequency =

Ohm’s Law
Output Voltage = Current pap * Rroap
Efficiency of a Circuit

_ Vour * ILoap
E =
Vpp * (AVG(I(VDD)))
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4.1 Varying Temperature

Varying Temperature

Temp (°C) | Output | Load Ripple Period | Average | Average Efficiency
Voltage | Current | Voltage | (ns) Power Power of Circuit
V) (A) from from 10m | (%)
VDD NMOS (W)
(mW)
0 12.6 1.26 ~76mV | 187 18.52 16.52 96.1
25 12.57 1.257 ~73mV | 214 16.9 16.54 95.52
50 12.55 1.255 ~68mV | 243 15.23 16.42 95.9
75 12.53 1.253 ~75mV | 276 13.59 16.22 96.79
100 12.49 1.249 ~51mV | 311 11.99 16.11 96.8

Table 2 - Varying Temperature
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Temperature vs Efficiency
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Figure 52 - Temperature Vs. Efficiency

Temperature vs Output Voltage
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Figure 53 - Temperature Vs. Output Voltage

67



Summary of the Results: The Thesis topic has been run under several conditions including
different temperature conditions ranging from 0° to 100° Celsius. The result from this test
is that this Thesis works well in all temperature conditions, because all temperatures
tested resulted in above 95% efficiency. An important analyzation to notice is that when

temperature is increased, the output voltage decreases.
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4.2 Varying VDD Voltage

Varying VDD values = Load Current: 1.25A, Temp: 27 Degrees Celsius
VDD | Output Ripple | Frequency | Average Average Efficiency | Run
(V) | Voltage(V) | Voltage | and Power Power of Circuit | Time
(mV) Period from VDD | from 10m | (%)
(ns) supply NMOS (W)
(mW)
3 11.2 48 393 1.6 31 45 500us
3.5 | 123 63 315 3 28 55 100us
3.75 | 12.5 78 287 5 24 65 100us
4 12.5 63 270 7 18 86 100us
4.25 | 12.52 71 248 9 16.39 95 100us
45 |12.52 60 224 11 16.39 95 100us
4.75 | 12.53 73 220 13 16.31 96 100us
5 12.52 85 209 16 16.35 96 100us
5.25 | 12.53 76 200 19 16.43 95 100us
55 |12.59 75 193 24 16.24 97 100us

Table 3 - Varying VDD Voltage
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VDD vs Efficiency
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Figure 54 - VDD Vs. Efficiency
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Figure 55 - VDD Vs. Output Voltage
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Summary of the Results: The Thesis has been run using several VDD voltages ranging from
3V to 5.5V. What can be deduced from analyzing the results is that as the VDD starts to
increase so does the efficiency. This is due to many of the components that are not getting
full power to work at their best efficiency at 3V, but as the VDD voltage increases the
components start getting full power. Another fact is that as the VDD increases so does the
output voltage. Another test that will be run is how output voltage changes with load

current.
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4.3 Varying R(Load) for Different Load Currents

Varying Load Currents

Load Output | Ripple Period | Average Average Efficiency | Run
Current | Voltage | Voltage Power from | Power from | of Circuit | Time
V) Vdd (mW) | 10m NMOS | (%)
W)

OuA 12.51 | 14.5mV 14u 10mW 17.37mW 0.007 10ms
10mA |12.86 |1.14mV 12.54u | 11mW 131mW 89 1ms
100mA | 12.55 | 11mV 1.27us | 18mW 2.632W 90 500us
200mA | 12.542 | 4.5mV 697ns | 20mW 2.659W 94.6 500us
250mA | 12.544 | 6mV 532ns | 14mW 3.2W 98 100us
1.25A | 1256 |62.26mV |215ns | 12mW 16W 98.16 100us
2A 12.63 | 222.65mV | 216ns | 15.62mW 26W 97.15 100us
2.5A 12.65 | 330mV 217ns | 14.25mW 33w 95.8 100us
6.25A | 1286 | 1.5V 214ns | 15mW 90W 89 500us

Table 4 - Varying R(Load) for Different Load Currents
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Load Current vs Output Voltage
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Figure 56 - Load Current Vs. Output Voltage

Load Current vs Efficiency
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Figure 57 - Load Current Vs. Efficiency
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Summary of the Results: The Thesis has been run with several different R-Load resistors to
get varying load currents. The circuit runs very poorly when the load current is close to 0.
As the results show the circuit works the most efficiently from 10mA to 6.25A. This is good

news because this is a large range of current where the circuit works great.
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4.4 Trade Offs Table

Design Tradeoffs

Components

Description of Tradeoffs

Comparator Diff Amps

Transistors sizes of the PMOS and
NMOS were chosen to be the
normal 12u/600n and 6u/600n,
respectively.

Pros — Shorter delays due to the size
Cons — Very large and complicated
layout, more power consumption

Ring Oscillator

Transistors sizes: 12u/6u with the
lengths at 600n.

Pros — Easy layout due to copying
the same cell, achieved target
frequency of SMHz

Cons — 13 slow inverters, power
consumption

Buffer

Transistors sizes: 12u/6u with the
lengths at 600n. I chose a multiplier
value of 8.

Pros — drives the 5-pF capacitance
that we needed; hand calculations
matched to the sim.

Cons — Layout should have been
done in serpentine pattern to save
space.

Table 5 - Design Tradeoffs
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Chapter 5: Future Work

The next step of this Thesis is to connect it to a pad frame. A pad frame is a frame of
pads implemented in an integrated circuit. The terminals of the IC are routed to the pads.
Wires are then bonded from the chip to the package. The first step is to first make a pad,
and later make a frame by adding a total of 40 pads. Later, a schematic is done telling the
pad frame where all the connections go. All the pads must be labeled even if they go
unused, the connections will be connected to a no connection pin. After the IC chip has been
fabricated, the printed circuit board should come next to house the chip. First the IC chip
will need to be epoxied on, and then wires should be bonded from the chip to the printed

circuit board.

. Chip Schematic for Pad frame

=
o

in<1@>>

p
IS

. Pad frame sym'bol
g pin<3> Pin 3 pin<1:9> vdd! pin<11:36>,gnd!,pin<32:40>
An_proj_f2m Out : pin<1:40>
o . o
= \
J : Controller Chip with .. . . All 40 pins are accounted for. VDD!
v pins to go on pad frame is pin 10 and GND!Is pin 31.
=

Pin 8

Figure 58 - Chip Schematic for Pad Frame
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Here the chip schematic for the pad frame is seen. The Thesis symbol is shown and

the VDD is connected to pin10, Vfp is connected to pin 8, and out is connected to pin 3.

These pins were chosen due to the layout of the Thesis, the closeness, and ease of the

connections that were to be made. The pad frame symbol is also shown. It is important to

show that the bus has all the pins shown. Due to the pins that were chosen, this will affect

the wire name on the bus that connects to the pad frame symbol.

IIII@

cooTooETEE |

)]

Figure 59 - Bonding Diagram
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This diagram shows the typical bonding diagram when it comes to chips. The
diagram is showing the pins and their locations. It can be seen that pin 1 is in the middle of

the right-hand side, and then the order follows in a counterclockwise direction.

Pin 10 Pin 8

Control Integrated Circuit
i Connected to Pad frame ,

Figure 60 - Control IC Circuit Connected to Pad Frame
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Above the control integrated circuit layout is connected to the pad frame. Here it is
showing that the pins connected are Pin 3, 8, and 10. The rest of the unused pins will be

connected to a nonconnection pin.

After completing this Thesis, there are numerous improvements that could be made
for the controller chip to work better. First off, there would be a test for different lengths
and widths for the sizes of the comparators. This could have been done in Cadence Virtuoso
by making variables called L for length and W for width for when running simulations.
Along with testing different lengths and widths, there could possibly be a test to use a
different comparator in general. For example, instead of using cascaded n flavor buffers, |
would try three cascaded p type buffers, or a combination of both n flavors and p flavors.
Another improvement that should be considered is to redesign the ring oscillator. If time
permitted there might be a redesign of the ring oscillator where there would be bigger slow
inverters, in order to use less of them, in turn hopefully saving power, and potentially
space. Although the Thesis did have great efficiency, the hysteresis was still quite too large.
100mV was the target hysteresis for the output voltage, but the lowest that was able to be
achieved was 300mV. After laying all the components out, and connecting them, it was
realized that the layouts were way too long, especially for the ring oscillator and buffer.
Also, the bandgap layout took most of the room for the combined layout. If given the
opportunity, the layouts would be redone to save room, making the layouts more

functional, and visually appealing.
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Another aspect that can be added to this Thesis, is in addition to testing the
controller chip with the flyback switching power supply, the controller chip can be tested
with the boost switching power supply. It just so happens that there are two topologies
that can be used for a controller chip for a switching power supply. One is just a bandgap
reference and a comparator that has hysteresis which is used to generate a control signal
for the power stage of the switching power supply. The other design which is featured in
this Thesis is a comparator which drives an enabled oscillator, then the enabled oscillator
drives the output stage of the switching power supply that is needed to regulate and
control the Vout. For the first comparator-based topology it works well with the buck
switching power supply. The topology with the oscillator works well with the flyback
switching power supply, and the boost power supply. The controller chip was tested with
the flyback topology, but with future work this controller chip should also be able to work

well with the boost topology.
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Two different topologies used in
Hysteretic Power Supplies
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Figure 61 - Showing the Different Topologies Used in HPS [1, Fig. 32.42, p. 1211]

Above are the two different topologies. Again, the left topology is frequently used in

flyback and boost switching power supplies applications. The right topology is mainly used

in buck switching power supply applications.
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Chapter 6: Conclusion

A designer would use a hysteretic power supply because it has a faster response,
lower power used in the control circuitry, and has very simply design procedures
compared to PWM control. A hysteretic power supply also does not need an op amp which
means it will need less energy, consuming less power. There are also disadvantages to
using a hysteretic power supply. Some of the drawbacks are that the feedback is more
susceptible to noise, and that there is a ripple in the output voltage because of the
discontinuous current operation. This Thesis involved doing hand calculations, finding
delays, selecting the number of stages for the buffer, and drafting schematics and layouts.

Future work would include making a printed circuit board, fabricating, and testing the chip.
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