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Abstract

In this work we present a multiphase spread-spectrum frequency
modulation (multiphase SSFM) to diminish EMI using a multiphase
spread-spectrum clock generator (multiphase SSCG) in multi-interleaving
PWM buck converter.

In general PWM switching converters, switching noise and harmonic
noise causes excited ripple voltage resulting in EMI emission as buck
converter reaches steady state. EMI will result in seriously interfering
surrounding equipment and thus interrupting its operation, and furthermore,
decreasing efficiency.

The proposed SSFM technique is implemented by means of
interleaving quadrature triangular waves, which is accomplished by means of
DAC varying switching frequency between 500kHz and 800kHz. In addition,
with a multi-interleaving PWM buck converter will obtain optimizing
amplitude reduction of harmonic interference. There are three major parts in
this paper. The first part describes brief introduction of PWM buck converter
and SSFM. The second part elaborates on the concepts of multiphase SSCG
and multi-interleaving PWM buck converter. The significantly third part
demonstrates the implementation of the proposed circuit in detail, including
simulations of subcircuits and measurement of the chip. The circuit is
fabricated in TSMC CMOS 0.18um technology and the whole chip area
occupies 1.15 x 1.19 mm2, showing a significant 21 dB EMI reduction in the

conducted EMI disruptions.
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CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1 BACKGROUND AND REVIEW

More and more portable devices require smaller and lighter due to fast
development of manufacturing process. We can find out that there are lots of
electrical products in human’s life such as ipod, PDA, digital camera, GPS
device and smart phone. To improve efficiency and development of green

energy, high regard of power management system must be took for granted.
1.2MOTIVATION

In power management system, common methods for controlling
switching regulator are Pulse Width Modulation (PWM) and Pulse Frequency
Modulation (PFM). Employing switching regulator causes a serious problem
in EMI. Thus, a technique of Spread Spectrum Frequency Modulation (SSFM)

in the recent year has been proposed.
1.3 WHAT IS EMI?[1]

There are many forms of electromagnetic interference. EMI can affect
circuits and prevent them from working in the way that was intended. EMI
can arise from many sources which can have a variety of characteristics
dependent upon its source and the nature of the mechanism giving rise to the
interference. It consists conducted emissions and radiated emissions. The

former is the one which conducts through wire of each adjacent equipment, or



from a PCB board when integrated chips have been operated in gradually

increasing frequency in recent years.

By the very name of interference given to it, EMI is an unwanted signal
at the signal receiver, and in general methods are sought to reduce the level of

the interference.

Radiated emissions

Conducted emissions

Fig.1.1 lllustration of EMI emissions types

1.4 SOLUTIONS TO EMI CONDUCTION

1.4.1 ELECTROMAGNETIC SHIELDING

Electromagnetic shielding is the usage of surrounding conductive metals
to guard against incoming or outgoing emissions of electromagnetic
frequencies (EMF). The shielding can decline effectively
the coupling of electromagnetic fields and electrostatic fields. However, this

way can be a heavy and bulky solution to entire designs although it is


https://en.wikipedia.org/wiki/Coupling_(electronics)
https://en.wikipedia.org/wiki/Electrostatic_field

effective and easy to implement. Also, it will substantially increase the cost.
Therefore, it is not suitable in recent years for the portable device which has

been pretty popular.

Noise PCB

Shielding : ]

Stacked digital IC RFIC

Fig.1.2 lllustration of electromagnetic shielding

1.4.2 PASSIVE SNUBBER CIRCUITS

Snubber circuits are employed by means of passive elements to achieve
suppression of EMI emission. Generally, the high side MOSFET is
connected to snubber circuits in series while the low side MOSFET is
paralleled by the one. The advantages of using snubber circuits not only can
eliminate the voltage and current spikes but also can reduce EMI by
damping voltage and current ringing. However, though the usage of snubber
circuits make the system tend to not so complicated, it will result in extra

area being waste on PCB just as the technique of electromagnetic shielding.



PWM H

+ Vi <:) PWM

=C |Load|Vo

Fig.1.3 An illustration of passive snubber circuits

1.4.3 SPREAD SPECTRUM FREQUENCY MODULATION (SSFM)

SSFM is a technique that controls frequency of the PWM signals
modulated between the selective frequency ranges.[2] Employing SSFM
technique can efficiently reduce the magnitude of the harmonic.[3] That is to
say, the magnitude of the carrier frequency would be reduced and
consequently broaden the frequency bandwidth among average distribution.
Fig.1.4 is the illustration of the description we stated. SSFM could make the

system organization be complicated and the layout area increase.

Without With
Modulation Ny, s Modulation

/

Amplitude

Frequency

Fig.1.4 Comparison of the harmonic with modulated and without modulated
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1.5THESIS ORGANIZATION

In this thesis, an Optimized EMI Reduction through Multi-phase
Spread-Spectrum Clock Generator Designed for Buck Converter is proposed.
There are six chapters elaborated on

In Chapter 1, owing to rise of switching frequency in power IC, issue of
EMI become more and more popular discussed. Therefore, simplicity of EMI
and lists several solutions to EMI reduction-is introduced.

In Chapter 2, a principle of SSFM will be discussed in detail while a
concept about interleaving technique in Chapter 3 will be elaborated on.
Chapter 4 is proposed to the architecture of the whole system. Each block
circuit will be subscribed in detail. Last but not the least, Chapter 5 is the

layout and the measurement of this proposed work.

CHAPTER 2

CONCEPT OF SPREAD SPECTRUM FREQUENCY
MODULATION

2.1 MODULATION PROFILES[4], [5]

It is crucial to consider about what will bring about difference in
distribution of frequency. The modulation profile in time domain makes an
influence on distribution of frequency in frequency domain resulting in
variation in patterns. In other words, the shape of distribution of frequency

depends on the modulation profile. Fig.2.1 illustrates three modulation



profiles which are (a) sinusoidal waveforms, (b) triangular waveforms and (c)
exponential waveforms, respectively.

The chosen modulation which takes advantage of its periodic profiles
introducing into PWM control circuit is to accomplish SSFM. We can
observe from Fig.2.1 (a) (b) (c) that different modulation profile results in
difference in the shape of spectrum. In this paper we choose triangular
modulation implementing SSFM. The benefit of employing the triangular
profile is that the spectrum is well-distributed in peak of amplitude. In
addition, the slope of triangular wave can be manipulated linearly so that the
quantity of EMI reduction is able to control. Although the sinusoidal profile
IS much easier to analyze and implement, for the reason of the energy
concentrating on corner of the spectrum brings about asymmetric shape, the

method does not provide optimum of EMI attenuation.

10



g- =
ST st
g L Sk
St £ L
= o
o[ EL
E[ <l
<- -
I-llllllllllllll I-llllllllllllll
. . 1
time in multiple of %m Frequency
(b)
Ei- -
ST of
g L s L
EQS 2L
= [-%
o[ EL
£ [ <[
<- o
i T T T T T O i T T T T T O
time in multiple of %m Frequency
()
el I
> | 3t
g | 3 |
T L EL
i !
o | L
E [ <
< L L
il I I T T T T T T T T Y T N | il I I T T T T T T T T Y T N |

time in multiple of %m Frequency
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2.2 PRINCIPLE OF SPREAD SPECTRUM FREQUENCY

MODULATION[6]

The generic expression of a modulated waveform can be written as follows:
F(t) = A(t) - cos{ 2nf, -t + O(t) }

where:

A(t) is a time-dependent amplitude;

fe (w. = 2mf,) the carrier (or switching) frequency;

B(t) is a time-dependent phase angle.

B(t) = ftkw V(1) - dt
0

where :
k., is the factor which controls the peak of frequency deviation;

;. (t) is the modulation profile what we have designated.

Modulation index is defined as:
_ B
Toe

1173
where
Af. is peak deviation of the switching frequency;
fm frequency of the modulation profile function.

The rate of modulation is given as:
_ Afe

=7

12



CHAPTER 3

FUNDAMENTAL OF LOW DROPOUT LINEAR

REGULATOR (LDO) AND BUCK CONVERTER

3.1 PRINCIPLE OF LDO

VDD
VR ]
I_ PowerMOS
Vout
Rf1 CL
Rf ResrS R,

Fig.3.1 An illustration of LDO

The Low Dropout Linear Regulator[7] can be employed in applications
that need to drop a higher input voltage to a lower output voltage at relatively
appropriate power levels. It is especially proper to use in applications which
require low noise, low current and which have a small difference between the

input and output voltage. As shown in Fig.3.1, the error amplifier compares

13



the reference Vi to the feedback voltage which is from V, divided across

two series resistors. The 1, can be controlled from the Eqg.

R,

V=V, x — 22—
" "R R + Rpy

where Rgq, Re, are series resistors of the feedback network.

3.2 PRINCIPLE OF BUCK CONVERTER([8]

Charging path - I
oy s .
Switch 1 I
(g + :I
Vg(i) E 9 | Discharging— |Load |Vo: ™
v;) path v
—0 ¢ |
Charging path == I
+ V, -
® ‘mm' ®
Y1 E
T |
1 Ré 1
Vg JAN Discharging Vo, ©
path "4
\/
—9- ®

Fig.3.2 lllustration of Buck Converter
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As shown in Fig.3.2, as switch 1 is ON (P-type PowerMOS is saturated),

the source 1, flows to the load. At this moment the current goes through the

inductor resulting in instantaneous voltage drop. However, the current of
inductor increases linearly and arises electrical magnetic field, and at the same
time the output voltage V, at the load R is produced. Furthermore, the switch
2 is OFF (as diode is reversed) and the capacitor is charged. In the other state,
as switch 1 is OFF (P-type PowerMOS is cut off), the storage of the inductor
releases. At this moment, the polarity across the inductor changes direction
thus the diode is forward-biased which make the capacitor discharge. The
current of the inductor decreases and delivers the storage to the load R leading

to an output voltage —V,.

15



3.2.1 CONTINOUS CONDUCTION MODE

(a)

vi(t) A
Vg - Vo

44— DT,—p | (1-D)Ts—>

Vo t
Switch i Ts
position 1 2
(b) '
iL(t) A

Io
iL(0)

(o)
i(t)

Io

Fig3.3 lllustration Inductor current during CCM

In this state, the current of the inductor never goes to zero and keeps
continuous between switching cycles. As a result, there are only two working
states in every period as shown in Fig3.3 (a). The first subinterval is when the

switch 1 is ON, by knowledge of the inductor voltage definition is

di (t)

2.1

16



In other words, the inductor current can be found by use of the definition

di,(t) Vg —
. L
Next, as the switch 2 is ON, similar arguments apply in the second subinterval.

v,
(2.2)

Eq. (2.2) leads to
v (0) ==V, (2.3)
Replacing the Eq. (2.3) into Eg. (2.1) yields

According to Eq.(2.2) and Egq.(2.4), the inductor current waveform can be
sketched 'illustrated by Fig.3.3 (b) The inductor current increases when the
switch 1 is ON. At t = DT, the inductor current then decrease within the switch
2 i1s ON. The switch 1 changes back to be ON ast= T, and the process repeats.
Since we know the slope of the inductor current ripple Ai; and the
length of subinterval from the Fig.3.3 (a), Eq. (2.5) can be obtained thus

determine the Ai, and L.

200, = -2 3 2 DT, (2.5)

17



3.2.2 DISCONTINOUS CONDUCTION MODE

vi(t) A
Vg-V
D1T "
g— DiTs _><-D2T;>:<D3T s’ -
-V & t

Ts
(] (] (] (] t
< DiTs _h<sz;h‘D3Ts;>'

Fig3.4 lllustration Inductor current during DCM

Assume that the load R is increased, and then the dc current I, is
decreased. As I, declines to Ai;, here the boundary conduction mode is.
Fig3.3(c) shows the boundary conduction mode about inductor current. The

switching ripple peak amplitude is:

V, =V V.DD'T.

Ai, =2 _°pr. =2"""5 26

lL 2L S 2L ( )

From Eq. (2.6) can understand that the inductor current magnitude not depends
on the load R. If we continue to increase R, because the diode current would
not be negative, there will be three subintervals during each switching period

T, as shown in Fig3.4. There is the condition for operation follows:

18



I, > Ai, for CCM
I, < Ai; for DCM (2.7)

where I, and Ai; are found assuming that the converter operates in the

discontinuous conduction mode. Insertion of I, =% and Eqg. (2.6) into Eq.

(2.7) yields
DV, V,DD'T,
g g S
2.8
R < 2L (28)
Simplification leads to
1 <D' (29
RT. (2.9)

Thus, the boundary mode between continuous and discontinuous mode of the

load R can be defined as

2L
Repie = D'_TS (2.10)
which can expose directly mode:
R < R_i; for CCM

R > R, for DCM.

3.2.3 THE BASIC INTERLEAVING CONCEPT[9]

Owing to the fact that the popularity of power management IC has been
researched and developed in recent years, the related interfering factor such as
EMI affecting efficiency has been high regarded. Interleaving technique takes

advantage of paralleled current interleaving in quadrature phases. We can see
the configuration in Fig.3.5 From Iy to Iy_q( are interleaving currents,

respectively.

19



Fig.3.5 Configuration of interleaving concept

According to Kirchhoff’s current law, we can get the sum of interleaving

current every phase, respectively. [10], [11]

N-1
j=0

However, there will be a discussion if we introduce Iy t0 Iy_q() as the

same frequency as I4). A calculation for the magnitude of the inductor current

in terms of Fourier is proposed:

n=+oo

. n
L,(t) = Z cpre 1P H

n=—oo

Where n is the nth harmonic. Total current-is the sum of current through M

phases.

M-1 M-1

Z ) jomph
Cnltotal = Ch-€ M:Cn'ze M

p=0 p=0

20



Take ZpMz‘Ole_j'Z”'pﬁ term for operation, we obtain that if % is not integer,
Cnliorar Will be equal to 0. Conversely, if % Is integer, the c|iorar Will be M

times of c,.

o n

Cnltotal =cy-M if EEZ
o n

Cnltotal =0 if ﬁez

Obviously, from Eg. the multiple of nth harmonic would be concentrated and
others would be cancelled. For instance, if we set the switching frequency as
500k with interleaving four phase, frequency of 500K Hz,1M Hz and 1.5M Hz
which convert to harmonics will be cancelled but still the 2M Hz one exists.

Therefore, if we interleave M-paralleled module, every module are shifted by

2m/M and the frequency f of I(t) will be M times of [;,. As a result, in
order to solve this problem, frequency f of ;) mustbe setupas f/M so that

the frequency of I will be the original one we assume.

Interleaving techniques[12] can substantially reduce EMI which is mainly
caused by pulsating signal of PWM generator. To make basic concept of
interleaving techniques easy, simple configuration is showed in Fig3.6 which is
a dual converter comprising two inductors and one capacitor. The signal
through each inductor in synchronous operation with 180 degrees of phase
difference constructs composite waveform which is current ripple I.:,:(In
other word, it is the sum of current ripple waveforms of L1 and L2).
Comparing non-interleaved with interleaved operation as shown in Fig.3.6

(@)(b), peak-to-peak amplitude of the I,;,, in interleaved operation obviously

21



lower than non-interleaved one, and most important of all, lower than original
current ripple I, . One the contrary, the composite ripple peak-to-peak

amplitude of non-interleaved operation will be twice larger than original one ;.

(a) (b)

Fig.3.6 Configurations of sum of current ripple waveforms with (a) Non-interleaved (b)

Interleaved.

CHAPTER 4

CIRCUITS DESIGN AND ANALYSIS
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4.1 SPREAD-SPECTRUM FREQUENCY MODULATION WITH A

MULTIPAHSE MULTI-INTERLEAVING BUCK CONVERTER

In this chapter, we will elaborate on evaluation of switching period
with shift delays about interleaved PWM signals that is non-modulated and
modulated compared with[13]. A general interleaved PWM signal illustrated
as Fig.4.1 (a) Every period of PWM signal ( P1(t),P2(t),P3(t),P4(t) )
whose shift delay is a constant value TP/N, where N is the N-paralleled
converter, integrates with each other into a constant period Tp ( S(t) ).

However, as the period is modulated, the shift delay will not be a constant.

Thus we introduce a simple formula n,,, in modulated mode.

Ty

nx,y=W(y—1) y=1,2,3.... ,N
The n, represents the first pattern equal to 0 and is a constant. After that,
Nx, Varies in modulated period relying on Tp" as shown in Fig.4.1 (b)

which corresponds to N =4.

23



IoEAnghaacnn

T

— e — ==
-

ing (b) Interleavin

N=4. (a) Interleav

b— e — — 1

— o~ — — ]
-



Harmonics
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>
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Fig.4.2 Spectrum with SSFM and without SSFM

As interleaving techniques start, PWM signal patterns shift in
quadrature phase. Fig.4.2 shows the comparison of EMI spectrum between
SSFM is active and not. We can see that the EMI spectra will appears at
frequency multiple of N when PWM signals interleave. Next, if the SSFM

launches, the original spectra will spread into side-bands harmonics and

further the amplitude of EMI spectrum declining.
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4.2 ARCHITECTURE
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Fig.4.4 An illustration of system organization
Fig.4.4 shows the configuration of entire system. Here are three certain
parts separated for analysis. First, the part I is Multi-Phase Spread

Spectrum Frequency Modulation (Multi-Phase SSFM) which introduces

controlling signal to each interleaving circuit for the purpose of urging four
quadrature phases achieving the interleaving effect. The Part II consists

four interleaving circuits and the power stage. Each interleaving circuit is
composed of PWM control circuit and PowerMOS as well as an inductor
illustrated in Fig.4.5. Each of four interleaving quadrature current ripple

flows into the capacitor C,,; and the resistors Rpg; and Rpg, Which a
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feedback voltage of product divided by pulls back to the error amplifier.
Then the part I includes the error amplifier and PID-Compensation
exporting an error voltage that compares with a comparator and then
forming PWM signals. Last but not least, part IV is composed of Linear

Dropout Regulator and Under Voltage Lockout Circuit whose mechanism is
to make sure the whole system working smoothly and accelerate transient

time of regulators.

Interleaving Interleaving
Stage 2 Stage 4
Interleaving Interleaving
Stage 1 Stage 3
VDD VDD VDD VDD

slo.||_M.,1 szo.||_mm sao_||_MP3 s4o.||_m.,4

L1
[
slo_II:Mm S—zo_llz ) {0%?0\
5_5°'||: My . L4
5_40-| Mna

Fig.4.5 Details in Interleaving Stages
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PID-
Compensation

r—

Vigo

Fig.4.6 is an illustration of detail in the Control Circuit which the
interleaving quadrature PWM generator forms. Multi-Phase SSCG generates
quadrature triangular waves introducing into comparators resulting in
quadrature square waves as PWM signals. Note that the duty cycle of each
square waves is equal but the phase of each is quadrature so that the
interleaving techniques can be achieved. Furthermore, the interleaving

techniques corresponds Multi-Phase SSCG can realize the whole system we

proposed.

4.2.1 PULSE WIDTH MODULATION (PWM) CONTROL CIRCUIT[14]

In this paper, hysteresis comparator and triangular generator constitute
this work. The hysteresis comparator determines the switching time of the
DC-DC buck converter when the moment at the output state of comparator

changes illustrated in Fig.4.7 The PMOSFET turns on charging the inductor

NG

Fig.4.6 Details in interleaving quadrature PWM generator

PWM
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PWM
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when the Vg, rises to V.. On the contrary, the PMOSFET turns off and

discharges when the V5, falls below V.

VT Vrri(t)
/\\ Ve
> T Vc
Triangular |V1g
Generator
VT
OFF|ON Output singal
PWM signal

Fig.4.7 lllustration of Hysteresis Comparator

VDD

A=

V<I>n—||: " MZ.:II_VgH
1

Fig.4.8 Hysteresis Comparator design circuit
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If the response time of comparator is much faster than the variation of
the input signal around the threshold level, the output will chatter around the
two stable levels as the input crosses the comparison voltage. As a result,
employing hysteresis comparator is a specific choice.

The comparator used in this design shown in Fig.4.8. It is formed with
two stages. The first stage is a p-channel differential input pair with the
positive feedback circuit. The second stage is an n-channel differential input
pair with a p-channel current mirror active load. As transient simulated
shown in Fig.4.9, output delays when V. is over V_ will eliminate the

chatting effect.

8,54 Fir_vin+

T T T T
150 152 1 15.4 15.6

14.966us 1.65v time (us)

Fig.4.9 Simulation of hysteresis comparator.

4.2.2 NON-OVERLAPPING CIRCUIT[15]

Non-overlapping circuit is also called Dead-time controller. To avoid
unnecessary power consumption and elements burnout as power stage

(P-type power transistor & N-type power transistor) conducts at the same
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time (N1 & N2), a dead-time control circuit is supposed to be added to put

off phases of power stage.

gl
el
e

Fig.4.10 Non-overlapping circuit

As simulation for Fig.4.11 ; N1 is later than N2

a

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

WO

WO

T e e e S S I S S S S
2995 1.0 1._|:||:||:|2 1.0004 1.000&
nnnnnnnnn [ BT time {us)

Fig.4.11 Simulation of Non-overlapping circuit
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4.2.3 ERROR AMPLIFIER

In this work, a two-stage operational amplifier which is incorporated
within PID compensation is employed.[16] The function of Error Amplifier
Is to compare voltage reference with the negative terminal which is
connected to output of voltage division of buck. Thus the error signal can be

commensurate with duty cycle generated by the comparator.

K(W/L)r M5

|
L |

VB°_|I ||:M6

M3

[

V-o—I M: M, |—oV+ | Vour
Rz Cz
(W/LnM; M> I
1) Ms
Mgy

Rb

Fig.4.12 Self-bias circuit and Error Amplifier circuit

The first stage is single-ended differential Op-Amp. The second stage is a
class-A amplifier. Eg. and Eq. are gain equations of two stages, respectively.
For the purpose of maintaining a stable system, sufficient gain and phase

margin must be demanded.
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Ay = Gmi1(Tas2 // Tasa)
Ayz = Gms(Tass // Tase)

Here we use Self-biased circuit to supply bias voltage. From Eg. we can see
that the bias circuit is affected by size of MOSFET excluding supply voltage,
temperature, and fabrication parameters.

lone = ———t -
out — < ) sz \/—
PnCox /L

4.2.4 ANALYSIS OF SYSTEM STABILITY

J‘ Cout
% Resr

Fig.4.13 Power stage of buck converter

Vo

From chapter 2, we elaborated on stability about whole system. A fast
transient response with minimal voltage deviation requires an essential
principle: an adequate frequency response. Here we continue to discuss

details about transfer function of each schematic part. Fig. shows power stage
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part and its transfer function is calculated as T, (s). From Eq. we

understand that there are one zero and two poles.

SRgspCoyr +1
s2LCoyr + SRgsrCour + 1

prr (s) =

Thus the phase margin would be insufficient resulting in an unstable system.

However, a PID-Compensation way could efficiently improve it.

PID-
- Compensation
G
I
1l
R, CZ
—o
R:
oP Vo
VRer O—{+
Cout Rrg2
Resr ]

Fig.4.14 Error AMP. with PID-Compensation
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Fig.4.15 Frequency response of Type-Il circuit

Fig.4.14 illustrates the Error Amplifier with PID Type-1I' Compensation.
Incorporation with Type-Il Compensation could supply zero and pole for the

purpose of sufficient phase margin.

1+SR,C
T (8)= L
PID C,C,
SRl(C1+C2)(1+SR2C C )
172
The illustration shows in Fig4.15, the zero locates at f, = L The first
27 R,C,
pole locates at f,,=0and the second one locates at f, - GG agq
27 R,C,C,

result, through this Type-1I Compensation not only a 90° provided situates

on low frequency band in order to improve phase margin but also a
-20dB/decade is provided settling on high frequency band restraining high

frequency noise and crossover frequency.
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Fig.4.16 Frequency response of loop system

Generally, the crossover frequency is required smaller than 30% switching
frequency which prevents interruption from the switching noise. Fig. shows
the loop stability by means of PSS and PSTB analysis in Spectre [8]. From
simulation can evidently observe whether the loop is stable or not. Table

presents every consequence in corner SS, TT, FF, respectively.

Corner SS TT FF
Gain(dB) 55.9 55.27 54.6
Phase Margin 53.79° 66.75° 63.86°
Unity-Gain 135.4 163.2 154.8
frequency (kHz)

4.2.5 ZERO CURRENT DETECTOR CIRCUIT[17]
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Fig.4.17 ZCD illustration

A diode is employed in asynchronous buck converter which to prevent
reverse current in. discontinuous condition mode (DCM). Nevertheless, a
synchronous buck converter has been supposed owing to power conservation
and advance in technique of PowerMOS in the recent year. \What is to say that
the NMOS plays a role of substitute for the diode. However, when the buck
converter is in DCM, the reverse current result in power dissipation by reason
of NMOS is unable to block it. To solve this problem, a Zero Current
Detector circuit is in need. ZCD is implemented by a Zero-Current
Comparator to detect LX if the reverse current happens at the period of the
inductor discharging. Once LX decreases below zero volt, the NMOS is
switched off that prevents the reverse current from flowing back to the source

of NMOS. At the moment that NMOS is turned off, there will be an
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oscillation loop between the inductor, capacitor and thus causes oscillation.
Therefore, an anti-ringing switch is added to short the inductor by means of
ZCD signal controlled as that condition occurs. The following illustrations are
simulation of comparison of the device with and without ZCD respectively.
As shown in Fig4.18, we can clearly see that V,, displays regular and
enormous oscillation if ZCD is not incorporated in. At the same time, large
current ripple of inductor result in voltage ripple of V, and the reverse
current occurs in DCM as illustrated in Fig4.20 On the contrary, obviously we
can see if ZCD is incorporated in the circuit, the oscillation of V,x
disappears and successfully suppresses the reverse current in DCM as shown
in Fig.2.1. What is more, the current ripple is in decline which also makes the

voltage ripple of V, decrease as displayed in Fig.4.19.

3.0+

2.0

T
=] T4 B0 851 g2 53 E4 85
titne {us)

Fig.4.18 Simulations of V,x without anti-ringing switch
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Fig.4.19 Simulations of V;yx with anti-ringing switch
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Fig.4.20 Simulations of Vo and [I; of Buck Converter without ZCD
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Fig.4.21 Simulations of Vo and [, of Buck converter with ZCD
4.2.6 SOFT-START CIRCUIT
\Lf
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Fig.4.22 Soft-Start Circuit
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As the system is powered, the Error Amplifier works not in equilibrium
initially and causes duty cycle become immerse that result in inductor
produce large current thus may destroy the electronic components on the chip.
To avoid instantaneous large current result in damage at electronic
components off chip when we introduce the reference voltage to the circuit
system, a Soft-start circuit is necessary. Using a Soft-start circuit can make
reference voltage rise slow. Here is a capacitor put in the circuit for the
purpose to charge I; gradually as shown in the Fig4.22. When power is
switched on, Vgzayp rise slowly through I; charges and thus Vsorr will
display an upward movement until the Vgzaup rises above Vzgg. The rising
slope of Vgsup could be determined by the size of capacitor. Fig.4.23 is the

simulation of Soft-start circuit.

;v,fnet(llS?; tran [v)l

VSOFT

jvfmt; tran (vl Juret, tran () 1

3-':"; V¢amp

2.0—5

1.0] / Vask
o

0 25 5 75 1.0
time {us)

¥ ()

Fig.4.23 Simulation of Soft-Start Circuit
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4.3 MULTI-PHASE SPREAD-SPECTRUM CLOCK GENERATOR

(MULTI-PHASE SSCG)

Clock Triangular Code | 4
Generator p Generator I(l DAC Vi
——
Twnvgle Multi-Phase Voltage-Frequency
ave Generator Converter
Generator

Fig.4.24 Multi-Phase Spread-Spectrum Clock Generator

In Fig.4.24 is depicted for organization of Multi-Phase Spread-Spectrum
Clock Generator. First of all, in order to generate a controlling signal, a
Clock Generator which is composed of Voltage to Frequency Converter is
added to. Next, a Triangular Code Generator is triggered to produce digital
triangular waves to a Digital to Analog Converter. After that, analog
triangular waves can make frequency modulation be in progress. Thus, a
square wave will be converted to four phases of square waves which the
Multi-Phase Generator forms. Last but not least, four phases of square
waves transform to four phases of triangular waves with modulated

frequency and accomplish the whole Multi-Phase SSCG.
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4.3.1 VOLTAGE TO FREQUENCY CONVERTER([18]

Vc o—] Bias

Rc

Fig.4.25 Five-staged oscillator

The Woltage to Frequency Converter employs a Current-Starved Ring
Oscillator which is composed of five stages of cascaded inverters. Compare
with a ring oscillator, the current of inverter is limited by adding current
sources controlled through a mirror current as shown in Fig4.25. V. is able
to manipulate oscillated frequency. In this way, as V. operates at 1.5V to 1.9
V, the oscillated frequency actuates between 500K to 800K Hz. The
advantages of using current-starved ring oscillator are the circuit is simple

and easy to design. In addition, it can afford a wider operating frequency
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range. The operating frequency depends on numbers of stages of cascaded
inverters and time delay T;,.

f =1/2xT;xN
where T, is related to gate capacitance affecting charging and discharging

time resulting in delay.
4.3.2 DIGITAL TRIANGULAR GENERATOR

Digital Triangular Generator is used to control Digital to Analog
Converter for the purpose of controlling signals which operate in periodic
time. The circuit is composed of Full Adders, D Flip-Flop, and XOR gates as
shows in Fig.4.26.
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Fig.4.26 Digital Triangular Generator
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4.3.3 DIGITALTO ANALOG CONVERTER][19]
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VRer2

Fig.4.27 lllustration of DAC circuit.

In this work we employ voltage scaling Digital to Analog Converters
(DACs). Voltage scaling DACs convert Vi to a set of 2V voltages which

are controlled by a decoder and produce an analog output signal. \Voltage
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scaling DACs normally uses a series of resistors linked between two
reference voltages. For a N-bit converter, there is a string of resistors of
2N — 1 illustrated in Fig4.27. We can clearly see that the structure of the
voltage scaling DAC is regular relatively and therefore would be proper to
implement with MOS technology. Fig.4.28 shows the simulation of DACs. In
this work we design the manipulating voltage from1.5V to 1.9V for
controlling frequency from 500K to 800K which the next stage VCO is

triggered to generate.

Transient Eesponse

v f1194 /net036; tran (W)

2.0

1.9

1.5

1.4
r— ' -1 - rr -+ 1T T 1T 1
150 175 200 225 250 275 200

time {us)

Fig.4.28 Simulation DAC manipulating voltage from 1.5V to 1.9V.
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4.3.4 MULTI-PHASE GENERATOR

S :)—ophasel
CK1 CKQ CKQ_
a1 [5 o
CK 17 hase2
CKo—=D> cik CKo—D> cik CKQ_:)—Op
FF1 FF2
CKy— hase3
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CKo— .
CKi— hase4
Kq [ )—op

Fig.4.29 Schematic of Multi-Phase Generator

A Multi-Phase generator is employed to generate four quadrature
phases. This schematic utilizes D flip-flops and AND gates to take

advantage of feature of time delay in digital circuits. Two D flip-flops are

linked in cascade and are triggered by CK and CK, respectively. For the

purpose of producing synchronous signal reversed to CK; and CKj,,

another D flip-flops FF3 and FF4 are added to carry on the last one.
Furthermore, we can obtain CK;, CK;, CKy, CK, as shown in Fig.4.30

and then through AND gates four quadrature phases are generated.
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CK3-CKq
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CK;-CKq
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Fig.4.30 A time diagram of the Multi-Phase Generator

4.3.5 QUADRATURE MULTI-PHASE TRIANGULAR WAVE

GENERATOR

The last block, a quadrature multi-phase triangular wave generator,
exports four quadrature triangular waves with varied frequency which is
manipulated by DAC. Following from the last chains of circuit, by means of

feature of the capacitor, the four quadrature square waves would be
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transformed to four quadrature triangular waves through it charges and

discharges as shown in Fig.4.31.

Fig.4.31 Quadrature Multi-Phase Triangular Wave Generator

Fig.4.32 shows the simulation of the designed circuit. Multi-phase
generator introduces four square waves t0 Vi,@p=0° Vin@s=90° Vin@o=180°:
Vin@o=270>, respectively. The operating frequency of square waves is
controlled by wvoltage to frequency converter. Then DAC modulates

frequency to accomplish effect of EMI reduction.
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Transient Eesponse

v Anet202; tran & — v fnet205; tran (W) v Fnet204; tran (W) W Fnet203; tran (W)

Rl sl
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Fig.4.32 Four quadrature phases of Triangular waves

4.4 UNDER VOLTAGE LOCKOUT CIRCUIT (UVLO) CORRESPONDS

WITH LDO[20]

Interleaving | Vo o

Buck

UvLO o—D measure

LDO out

Fig.4.33 UVLO corresponds with LDO and Interleaving Buck
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Under Woltage Lockout Circuit can guarantee that system is able to
operate without mistakes during the unstable period. That is, as Interleaving
Buck is started up, V, will carry on and in the same time display a climbing
linearity for the time being. However, such the situation would cause
unnecessary problems for the reason that the Error signal from Error
Amplifier is at high voltage at first resulting in the regulator keeping in
charge almost. As a result, here are the mechanism named UVLO and LDO
which are corresponded into the system in order to solve this problem. An
configuration as shown in Fig.4.33 and the illustration as shown in Fig.4.34,
the whole system is started up while both regulators begin to operate in the
same time. Before Interleaving Buck works in process, LDO supplies the
regulated voltage at first. Not until the Interleaving Buck works in stability
does the UVLO activate. Thus, UVLO will control two switches that which
Is chosen to be the output of two regulators. As Interleaving Buck operates
in stable, LDO is shut down in the same time the switch linked to LDO is
turned off. In the end, the regulated voltage is supplied by Interleaving

Buck.
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Fig.4.34 illustration of UVLO

4.5 RESULTS OF SIMULATIONS

Fig.4.33 shows the transient response of Buck converter in CCM. We
can obviously see that voltage ripple floats significantly. Compare to the
Multi-phase SSCG corresponding to Interleaving Quadrature Buck Converter
as showed in Fig.4.34, the voltage ripple clearly declines. Fig.4.35 shows that
during the load varies in time if the transient response of Buck Converter

operates in stability.
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Fig.4.33 Transient response of Buck converter in CCM.
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Fig.4.34 Transient response of Buck Converter with load variation.
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Fig.4.35 Transient response of Interleaving Buck Converter in CCM.
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Fig.4.36 Converted spectrum of switching frequency
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CHAPTER 5

LAYOUT AND MEASUREMENT

5.1 LAYOUT CONSIDERATION

The proposed Optimized EMI Reduction through Multi-phase
Spread-Spectrum Clock Generator Designed for Buck Converter has been
integrated in @ TSMC 0.18-pm 1P6M 3.3V CMOS Process. Fig. 5.1 shows the
microphotograph of the whole chip whose active area occupies 1.14x1.18
mm?. To prevent POWER MOSFET burnout from huge current at the
moment of the system started up, the width of metal connects to POWER
MOSFET must be considered. In other words, the wider the width is, the safer

the system is. This chip is packaged in a 48-pin IC.
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Fig.5.1 Die micrograph of system.
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5.2 DATASHEET

Table.5.1 shows the pin configuration and the pin assignments. The chip is

packaged in a 48-pin IC.
Table.5.1 Data Sheet

PIN| NAME 110 DESCRIPTION
[1]Rre N VB4 [4s] 1 R1 IN Bias Resistor
2 Trial ouT SSCG Ouputl
[2]ria1 R13[+] 3 | Triaz | OUT SSCG Ouput2
4 Tria3 ouT SSCG Ouput3
[ Tria2 Vo 4] 5 | Tria4 | OUT SSCG Ouputd
6 MSB IN DAC MSB Voltage
[« ]Tria3 VREF 4] 7 R2 IN Bias Resistor
8 Triall IN PWM Inputl
[s | Triad VFB [#] 9 | Tra22 | IN PWM Input2
10 VB1 ouT Bias Output
[s]wmsB VB3 (4] 11| Tra33 | IN PWM Input3
12 Tria44 IN PWM Input4
E R2 VB2 El 13 | VREF IN Voltage Reference
14 | VREF IN Voltage Reference
[s|PwMm1 R12 [41] 15 | GND - Analog Ground
16 LX1 ouT Connect to Inductorl
E PWM2 LDO EI 17 LX1 ouT Connect to Inductorl
18 LX2 ouT Connect to Inductor2
E VB1 R11 EI 19 LX2 ouT Connect to Inductor2
20 LX3 ouT Connect to Inductor3
[1|PwM3 VDD [3s] 21| LX3 | OUT | Connect to Inductor3
22 LX4 ouT Connect to Inductor4
E PWM4 GND El 23 LX4 ouT Connect to Inductor4
24 R3 ouT Bias Resistor
[] VREF LSB [3] 25| R4 ouT Bias Resistor
26 R5 ouT Bias Resistor
E VREF vDDD EI 27 R6 ouT Bias Resistor
28 R7 ouT Bias Resistor
[:5| GNDD LSB || 29 R8 ouT Bias Resistor
30 VvC IN Control VCO
E LX1 R10 El 31 RES IN Control SSCG
32 R9 ouT Bias Resistor
LX1 R9 [32] 33| R10 | OUT Bias Resistor
34 LSB IN DAC LSB Voltage
LX2 RES EI 35 | VvDDD - Digital power supply
36 | Vmeas | OUT Output of UVLO
LX2 ve (=] 37 | GND - Analog Ground
38 VDD - Analog power supply
LX3 R8 E 39 R11 ouT Bias Resistor
40 LDO ouT LDO Output
LX3 R7 [20] 41| R12 | OUT Bias Resistor
42 VB2 ouT Bias Output
LX4 R6 [7] 43| vB3 | OUT Bias Output
44 VFB IN Feedback to ERR.
LX4 RS [25] 45 | VREF | IN Voltage Reference
46 Vo ouT Output of Buck
R3 R4 2] 47 | R13 | OuT Bias Resistor
48 VB4 ouT Bias Output
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5.3 TEST SETUP

To setup the environment of measurement, utilization of Power Supply,
Spectrum Analyzer, DC Electronic Load, Waveform Generator and
Oscilloscope are necessary. In this work, DC Power Supply (Agilent 6621A)
Is powered to the chip. The inductors and the capacitor are passive elements
whose values are 10uH and 10uF respectively linked to the pin of Voutl. The
measurement of load regulation employs DC Electronic Load (Prodigit
3310c) cooperated with Waveform Generator (Agilent 33250A) and a Power
Switch generating square waves with 1KHz for the purpose of regulating
load variation. On Oscilloscope (Tektronix TDS3034B) can observe the
conclusion. To measure EMI reduction, we use Spectrum Analyzer (Agilent

E4440A) to transfer time domain of I into frequency domain.

|
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0 Close 55¢G | > 5T with
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VER VFB
| HW—
E Rz C1

PID-
:» Compensation)
(] [}

Fig.5.2 Test setup
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Here are three parts which separate to measure in the system.
The compared EMI reduction between SSCG is active or not is the
point we would like to concentrate on. First, we have to assure that
when Interleaved Buck operates with switching frequency at
800kHz (in the meanwhile SSCG is turned off), during load
regulation that if Buck can work in stable. At the time of load
regulation, the duty cycle variation and ripple voltage would be
observed. In addition, we manipulate switching frequency from
500kHz to 800kHz to test if Buck would operate without mistakes.
Second, to compare EMI reduction of Interleaved Buck with SSCG
to the one without SSCG, we employ Spectrum Analyzer to analyze
V,, of spectra and obtain the difference. As a result, the amount of
EMI among Buck; Interleaved Buck and SSCG with Interleaved
Buck can be compared with each other, and prove that this chip

could reduce more EMI when each mechanism startups.
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