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OUTLINE

* Introduction & Objective
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Research Background

_— Switching converters
iy Y Supply many kinds of voltage by switching power
, ni \ OAg—BS ‘
Power of switching converter
@ has become large
P d5
| S Switching noise has strongly spread
C - in wide frequency range
N $ \ 4
{ Important to reduce switching noise
by decreasing main spectrum level
EMI

EMI:Electro-Magnetic Interference
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Research Objective

Reduce clock noise by spread spectrum
with shaking clock phase

Trouble b

-~ Noise of clock frequency is spread

\ 4

Some electronic would not like to be
affected at special frequency noise

Frequency (Hz) : m

Research Objective Radio receiver

Spread spectrum with both EMI'feduction and
control the diffusion of noise

Power [dB]

[1]JEMI: Electro-Magnetic Interference
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Research Summary

Proposed method

Spread spectrum method using pulse coding

<

Design modulation circuit
In order to generate notch frequency automatically

Notch

Frequency (Hz)

[dB]

Power

Achievement

(1)Reduction of EMI generated from clock
(2)Noise removal at specific frequency
(3)Automatic generation of notch frequency
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OUTLINE

« Conventional Switching Converters
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Conventional Switching Converter with Spread Spectrum

~ Spread Spectrum

\
Continuous modulation of periodic clock
—Reduction of EMI concentrating on
\_ fundamental frequency )
4 N
Vin Vout
D— » Power Stage >
AV, .. Error AMP
PWM |« <
[2]
iyl Generator PFM/PPM
\ D G )

Switching Power

[2] PFM: Pulse Frequency Modulation PPM: Pulse Phase Modulation
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Spread Spectrum for EMI Reduction

Spread spectrum using pseudo analog  ~ To reduce EMI noise, clock pulse is

T_—___I__ ______ nolsg~ " T T T T T T T T modulated
I T#1 - o ‘ I
I 4 L : I
: Power R : * Clock to SAW is modulated b)[/3]shaking
L s h [ I ise & PLL
Ir_ - D12 Stage o4 % : phase using analog noise
I Vo
| ¥ |
____________________ i |
Comp Original
WM - Mo A Clock
Switching SAW N1 v Modulated-l ] l ]
Pulse + Clock L A
Saw-tooth | 4 + *#
Generator Modulated i L |
SAW / - '
Clock / /
Analog Noise AV / / / /'
“““““““ i B o :
Random Clock |
Pattern |-»| LPF PLL |«= Ggﬁ : PWM
= _G_e rle:aioi _____________________ : Timing Chart
Buck converter with modulated clock ) [3] PLL: Phase Locked Loop




Spread spectrum for EMI Reduction o

Voltage[V]

Maximum noise 3.5V © Simulation conditions

= Input : 12V

— .5 900kHz Output : 6V

| | [ Clock frequency: 200kHz
o 10n|1V Nallt |

Voltage[V]

. r.,ﬁj-_ AR LARNE(ENL LR PRANLASERI A Without EMI reduction

» Noise is concentrated in basic and
1 > harmonic frequencies
Frequency [MHZz]
PWM signal spectrum without EMI reduction

With EMI reduction

» Peak level of clock frequency
is reduced a lot

<

Noise is concentrated by diffusion

Maximum noise 2.0V

Bottom levels are increased NG

PWM signal spectrum with EMI reduction
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OUTLINE

* Pulse Coding Method in Switching Converter
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Diffuse Noise to Specific Frequency

Problem A Notch |
Noise diffusing uniformly : %

(using analog modulation) /l\/\

Frequency (Hz)

Power [dB]

l Using digital modulation

Noise diffuses to specific frequency
‘ Frequency band where
noise does not spread

Notch band created in important frequency band

- EMI Reduction
- Control of diffused noise




Coding Method
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- Single coding method -

- Complex coding method —

Pulse width-period-position
select one to modulation

Pulse width-period-position
select two to modulation

» PWC(Pulse Width coding)method
» PCC(Pulse Cycle coding) method
» PPC(Pulse Phase coding) method

=

Wy
“—>

!
$ o

» PWPC (PWC+PPC) method

_U
=
o

n
T+
a O

a
»

0/1 Signal

J UL UL

|

Pulse width

1

Modulation
I circuit

\
l

Pulse position

[

Pulse cycle

Complex coding method

N
—= LI
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Pulse Width Modulation in Switching Converter

% manually set W.and W

1 L
TEL e —
A L !
T Vin D13 o %
SW
Pulse SEL % .
E Vref
s i e ; -I PWM Wy Wy L Wy
Coding | ___ : — e e
: | pulse Pulse-H :
L I | Input High Input Low
j (DSEL: High (DSEL: Low
PWM signal e @MUX select Vy, @MUX select V;
SELSignal | @ Generate pulse with 3 Generate pulse
MU= p long width in comparator  with short width
o= L T In comparator
| VH
Comparato Geiﬂmr V * DH >D0 >DL
D, =V, /Vin
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Simulation Result with PWC Control

© Condition Design clock pulse to determine the notch frequency
Buck DC-DC converter _ 1 .
Vi, 1g\\; fn =N X =05 [N =1,2,3,---,n]
Vout : — 1 —
L:200puH =N X 1.6us—0.2us 0.71MHz
C:470 uF
[out - 0.25A 0.71MHz 1.4MHz
fer « 900kHz ,
0.9V l l
= = i u
S
% i Ll | .[IJ‘ [y L |‘I [l ‘Iull |l ‘ i
- Wh=1.6,us " I
i L LA LA I T it
! AR
W Tom20us Frequency(MHz) Bl

Pulse widths of the coding pulses PWM signal spectrum using PWC control
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OUTLINE

 Automatic PWC Control



Automatic PWC Control

Set frequency of radio reception

]
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=
A

$

Vin

Auto corresponding to Fin

DI

change is necessary

SW
‘ Pulse

Vo

Notch frequency -
Automatic generation of ¥ A
‘ Pulse-H and Pulse-L. ~ ——X{Selector| |
ﬁ e
|
Research objective L
VH

Control of diffused noise

Automatic

!;' | @_ PWC

) Controller
Fin

Senerator

—

Radio receiver

VL

SAW
[Senerator
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OUTLINE

- Relationship between Clock frequency and Notch frequency
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Relationship with Clock and Notch

Fck . 500kHz

0.71MHz 1.4MHz NFcx < Fp < (N+ DF

0.9V l
ilm | l I l | Optimal

% Ll ’ A NAENE AT ‘I..n 1l ’ | Iy l_ Fn - (N + OS)FCk
=T When N=1
l | I|' ![I I Iil T ‘H] AL LI T ‘ lll Optlmal
Ff@qw‘@ncy(MHz) | o F,, = 1.5F
PWM signal spectrum using PWC control
Better to generate Fn at l
middle of Fck F, Fg
¥ 32

Fck < F, < 2Fck



Relationship between Pulse-H and Pusle-L o

J_ IL < Te
T T . T,
A & 5 Original L’l
T Via DI =z é Clock
Vo HEE R
) Pulse-L i 2
v ] IR
SW <4< i“Tp :“ ' E«‘ :«'
Pulse ‘SEL { vret  Pulse-H [ | g \
1T~~~ — """~ ——- % |
: I Pulse-H |*— Timing Chart
1| Selector|, | !
! Pulse-L [
Le—e - —_-=—=—————. Vo
H i
Automatic IComp>_| - B
PWC SAw > WL=T,—Tp
(Generator
5 Controller | === Wy =T, + T,
i VL Com
o SAW T, =Wy —W,= 2XT,
(Generaton
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OUTLINE

- Direct generation of clock pulse from input frequency
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Generating Tck using Direct Calculation

Generate Tck from Tin using: 1
THI —
Fin=(N+0.5) - Fcx A L
‘ _-_Vin DI b
Tek=(N+0.5) - N=1 D,=0.5
_ 1 SW AVo
W, =1, — Tp =Dy X Tck'l'g Pulse SEL \/i _I
o _ 1
Wy —T0+Tp _DOXTCFC_E v T ':
|
<1 Pulse-H | ¥
— 2% T .| Selector| 1 ,
P “ Pulse-L |1
Lo
_ _ % VH
Counter  Right .Shlft , ADD
1bijt D ‘
~ =
(Senerator
Fin L
I— | | Right shift
ADD 1bit SUB Vi lcom
T SAW
Tek _ck Senerator

2
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Simulation Waveforms of W, W, Generation

We set F;;,, = 750kHz mmp Automatic generated F_, = 500kHz

Tck compare with VL or VH

o | Tck=1.99us || Tin—1.33us |

JA N NN A LNAN e A
> WAL VA VLA U/ O e e e T e e e e
78 0/AV/87MY/AY,8 T T e e v
vV Vv VI ¥V | Pulse-L’ OSSR

Time/mSecs 1.012 1.014 1. 016 1. 018 1. 020 1 | H
. . . 0
Simulation waveform of Tck and Tin Y v v v > v
1.6
Tew=(N + 0.5)Ti, = 1.5Tip 1.2 / ,’/ / /’ ;’f
08 7 7 7 7 7
0.4117 7 4 7 {, 7 7
Theoretical formula
Wy= 1.66us oy H ‘b7
W, = 0.38us HiSE-ia '
L # Well | W
. . 0
S|mU|at|0n reSUIt matched Time/mSecs L. 006 1.008 101 1,012 1,014 1,016
Wy =1.67us Simulation waveform of W, and W,

W, = 0.35us



24/38

OUTLINE

-Simulated Noise Spectrum of PWM Signal



Simulated Noise Spectrum of PWM Signal Case 17

Accordingto [ Fin = (N + 0.-5)Fcx

Case 1 : Fin=750kHz, N=1=Fck=500kHz, Wr=1.66us, W.=0.38us
Result: Fn=750 kHz, Fck=500 kHz, Fck < Fn < 2Fck
© Condition

Fn:

so0m = 750kHz 4Fn=| 3MHz
Buck DC-DC converter 100@:: l
n - 10V S
. 5V > -

out

L 200 98 H §1 ] ..L..-M..J! “‘“J T ahy M b Lt il

C : 470 uF o

Lout © 0.25A S Sk II

O Result Frequency(MHz)

Fn=750kHz Simulated spectrum with EMI reduction
4-Fn=3.0MHz

Assume to suppress influence on AM radio in 750kHz
=A notch was generated around 7/50kHz
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Simulated Noise Spectrum of PWM Signal Case 2

Case 2:Fin=1.25MHz,N=2 = Fck=500kHz,W+=1.40us,W.=0.60 us
Result:Fn=1.27 MHz, Fck=500 kHz, 2Fck < Fn < 3Fck

OSimulation Result = IF””'ZTHE Hiap S-G'i'““z |
Fn=1.27 MHz
4Fn=5.05 MHz g |

* Compare bottom levels
4Fn is deeper than Fn

\_/\oltaqu
-

Frequency(MHz) E ) C ez

© Condition : same | | |
Simulated spectrum with EMI reduction
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Transient Response with F;,, Change in Case 2

© Output stability

:2)

© Condition (N

= 750kHZz

2.37mV,, at Fy,, = 1.25MHz
SmI/pp at Fin

2.77mV,, at Fy,, = 1MHz

Ripple:

750kHz

-’Fin

1.25MHz
Settling Time= Ous

F,, = 1.25MHz =F,, = 1 MHz

Fin

Static ripple is about 0.1% of the output voltage V,

stable

[Alebeljon

smv |’

2./ /mV

h 84
L. 0711V

Transient response with Fin change
Response speed is important when tuning or switching communication channels



Simulated Noise Spectrum of PWM Signal Case 3™

Case3 : Fin=1.75MHz, N=3=Fck=500kHz, W+x=1.29us,W.=0.72us
Result:Fn=1.8 MHz, Fck=500 kHz, 3Fck < Fn < 4Fck

4 |
L | | |
© Simulation Result | Fn=1-8MHz 4Fn=7.2MHz
100fm l | | | | l |
Fn=1.8 MHz 5 | |
4Fn=7.2 MHz o N 1' ok

2
S 1 N
2

* Compare bottom levels °
Almost equal

‘ n H“IM'Hh“”.ﬂl]hllmm ! ‘UUIL m ]‘H“L. ik |.J ‘.L‘.I.H‘liu b il
e L
Frequency(MHz)

O Condition: same

Simulated spectrum with EMI reduction
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Simulated Noise Spectrum of PWM Signal Case 3

* High frequency

e|t needs to generate Notch
at higher than 80MHz (FM)

Spectum{PAY) 1V

~ Voltage[V] |

harmonics is not clear!
* But it is good for AM
radio receiver.(< 2MHz)

= . | 4
“  44Fn=T7TMHz

5Fn=78.75MHz |

46Fn=80.5MHz

47Fn

=82.25MHz |
48Fn+84MHz

2m
m l

I.L‘lll.lHlllu o

Voltage[V]

ik

|

|

el L s |||ll||i el et

|

L L‘LI ll

Au

2u

u 1
400n ]
200n

Frequency(MHz) '8 80 82 B4 e
\l l/
| ! | i J Rl L
40 60 80 00

Frequency(MHz)*"
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OUTLINE

 Automatic PWPC Control
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PWPC Method

Complex coding method

PWPC (Pulse width coding + Pulse phase coding) method

PWC
PPC

wy

Wy

(Z)L WL
(=0)

Dy Wy,

Py

Ou| Wy

\_

frotch1 =

[rotchz =

~~ Theoretical formula =\

n

(Wy —

n

W)

2|TH _tLl

J

Set frotchi = [notch2

W, T Wy
<+ O <+“—>
EARRRINIR IR NI
PPC
Condition:
Expect Wy= 7us
W, = 3us
I (e L : PWC
250k
30 : PWPC

Power [dB]
o

i
)
o

B Big Notch oo

T
400k 700k
Frequency(Hz)
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Automatic Generation of Notch Frequency with PWPC Control

Automatic pulse generation

Tck |
% e /‘
THI TR Vi

Pulse-L l/ I/i
el T ]

Vo

| > I
:<—>
s /I /‘
SW Vo V, —
SEL — L .
Pulse @ Amp :
- —] et Pulse- LD<—’|—| N

0

=

w

P

i
A‘__I

Il | Flisel) | Design timing in PWPC method
< Pulse-LD
------------ VH
SAW Com
| Automatic el Wy =To+Tp = Do X Tck + 0.5Tin
@ PWC i [com
v Controller penerato Vi W, =To—Tp =Do X Tck— 0.5Tin
SAW Delay omp .
Benerato T= Wnx—W.)/2=05XTin

Pulse coding of PWPC method



Simulation Waveforms of wW,,,
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W; Generation

We set F;;,, = 750kHz mmp Automatic generated F_, = 500kHz
[frnotcn1 = Fnotch2

T Wyg—W; T;
- (Wy—W;) 2|ltyg—1/] ‘ T~ T, =T= 2 - 2”1
Tck=2us
ST AT AT T TALY A7 > et
Al TV IL VIS T /1L / 1/ Pulse-H= 16545
A LS / / : T = » =
> VT ATPT AT T T/ AN IR i
3 AV EAA /T Y [ S PuseL I G ae
/ / / 1 !
Al /A /LAY i = = =
NiVavi [AVaRIVav A VERIVAVEFTNY == ==t
I TR T i 0T T ESS Sl == == —
Simulation waveform of and delay Tck Simulation waveform of Pulse-H,
Pusle-L and delay Pulse-L
Theoretical formula result Simulation result
Wy = 1.67us Well Wy = 1.66us
W, = 0.33us matched
T=0.67us

W, = 0.38us
T=0.70us
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Simulated Noise Spectrum of PWPC Control

Fin — (N + OS)FCk

According to
Fin=750kHz , N=1= Fck=500kHz,Wx=1.67us,W.=0.33 us

Fn=750 kHz, Fck=500 kHz, Fck < Fn < 2Fck
© Condition L ndode |

Buck DC-DC Converter1001 4Fn=3.0MHz 8Fn=ﬁ.0MHz 12Fn=9.0MHz |
Vip: 10V ] ’ 1

Vout: 9V '

L: 200 uH
C: 470 pF | il “
[ye: 0.25A | I i
Fi,: 750kHz " ! 1 ]

Frequency(MHz)

Simulated spectrum with EMI reduction

Voltage[V]
3

PWPC characteristic: There are many harmonics of 4NFn
(N =1,2,3-++)
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OUTLINE

 Conclusion and future work
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Conclusion

* Developed pulse coding control in order to generate
notch characteristics at desired frequency

* Analyze spread spectrum with notch characteristics
« Automatic generate the notch frequency from Fin

\ 4

Using| Fin = (N + 0.5)F. |, discussion on direct generation
of notch in N=1,2,3 situation using PWC control

Automatic generating of notch frequency with PWPC control
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Future Work

* Notch generation using PCC(Pulse Cycle Coding)
method

W W
—
Ty, Ty

* |nvestigate why the large notch at 4Fn appear.

« Extend 4Fn in order to high frequency notch
generation using PWPC method



38/38

Thank you for Listening
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Qand A

Q1: Is there any way to get broad notch? Get the width and depth of notch, is
it available?

A: In order to get the notch more deep, we come up with PWC, PWPC method,
compared with there two method, we found in low frequency, PWC method is
better to create deep notch. Also want to consider the PCC method to expect
deep notch. | have not consider about to expand the width of notch, | will
consider about it in the later.

Q2: Can you tell me the effect of notch frequency depending on the current
load change?

A: In the communication devices, there are many changes of the receiving
signal and the input frequency, Response speed is important when tuning or
switching communication channels. If let the current load change, the
change of output voltage is small, it means the system is stable.
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Spectrum Comparison with Proposed Method

» Assumed to suppress the influence on AM radio
=A notch is generated around 750 kHz
 Compared with PWC, PWPC and conventional method

> | Conventional method | = PWC method =, PWPC method
% 7501 g 750KH z S Y SO0kH
A iy - 1
3 |
7! Q Q
92) w
100m | 100m i 100nH N
10 s 10
1
100w i
100 | i e 100
02 04 06 08 1 02 04 06 08 02 04 06 08 1
Frequency [MHz] Frequency[MHz] ' Frequency[MHz]
fetock = 500kHz Spectrum reduced compared with

frnoten = 750kHz the conventional method!!
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Automatic Notch Generation using Direct method (N=1)

| Direct generation of Wu and WL |
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Automatic Notch Generation using Direct method with EMI Reduction (N=2)

Direct generation of Wi and Wi

f:
H
il

5
=
[T E Bl
| |.'E: L ]Q 1 A

B

u_
| . . . [
2

||| |




EMI Reduction

................................... DAC

............................... D0 OUT| ; ;
L RS Teema o EnSELIR 8 % F 3 % 3 |
5 o7 - |-
! hRIN |
= e Sl S
; e I N [S F  [ton
] ... B [ EMIcka
............. W A a O
IN - X . - ] Enleks
1 & Fm
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.................... ODE="UNSIGNED]
ADC

IN - BO—

I
EM - -




Produce the delay of Tck -

" woosD

aZET
u1E

o= UP CNTR REG
" . con RN W : ST . . i
fc .

=i
-—!:Ia

sl ) T P P
L 5
I lJI i dopE=umEIEED
T wa
leboe = mnsigED f
BT au  aaw s oa s |
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Application of Automatic Generation of the Notch Frequency

" Switching frequency and harmonics used in in-vehicle DC-DC converter
must not overlap reception frequency bands of AM, FM of radio

demand

Reception frequency Goal
. . ~ Notch frequency
from radio receiver

Frequency band where

Automatic generation of
noise does not spread

notch frequency

$

It is possible to greatly reduce influence
bC-DC converter o0 other electronic devices

Set frequency of radio reception

Radio receiver ‘

Auto correspond to Fin change is necessary
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Transient Response with F;,, Change in Case 3

© Output stability

© Condition

2.35

2.53mYy

SN

225

2.2

a)
VA4

215

B

VO
= N 0
SES 2
5= g
~N N &
— 2
[l 2
2 g 5
— o & 0
T © & <
Q, Q. Y N
EEN 2§ 2 =
: 0 o
I B
) o w I
— N = o + m
W ~ 3 L
.. = a
L o ©
Q e 2
g O I
' )] o)
Qo
| -
S
e’
&
N
o N
= =
— >
Il L2
8 e
R, L1l
t
N
o
=,
LN
&
—
Il
..m ARAINT
<3

o
=]

" [Alebgjopn

0005

L}

4.999

4.99

4.998

2

S50uSecs/div

' Time/mSecs

3 situation

Transient response with Fin change in N
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Expression Analysis of Coding Waveform

(@) = f F(De ot dt

_I?IC}H , Wiir/2
| . _ f e—Jotdr + f e—jot gy
! , ! ; 0 T/2

1
— —j—w{cos(wWH) — jsin(wW;)
— cos(wW;) + jsin(wW})}

0 T/2 r If (w)| = %\/2 — 2cos(wWy — wWp)

‘ From the double theorem
4 1 ) 3

L— H L— H L~ H 1 .
W, —Wrn) W,—Wg) Wi—Wn) =5\/451n2{(wWL—wWH)/2}

(W, = Wy) [sin{Z (W, — Wy))|
> (W, — Wy)

Power [dB]

= (W, - W) [sinc(s (W, - Wy))]

f of 10f 15f
Frequency (Hz) 1

fnotch =N X (Wy—Wy)
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Expression Analysis of Coding Waveform

. o f@= f FDeiotdt
1 T .
N E " = {icos(w(ty—11)) + sin(w(ty—7.))
=0 —jcos(w(ty—1L, — W)) — sin(w(tyg—1, — W)
—jcos(w(t,—ty)) — sin(w(t,—7y)
Ou Pl Wi Zu) W +jcos(w(t,—ty — W) + sin(w(r,—ty — W)
W W
F(@)] = 2lr, —tyl|sinc{@lr, ~rah ]| |sin {w )]
A 1 2 3

Wr—-Wgy) Wp—Wy) Wp—Wpg)

1
2|tg—7Ll

fnotch = N X

Power [dB]

f of 10f 15f
Frequency (Hz)
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PWPC Method

Expression analysis of PWPC method

f (@) = @lr, -zl |sinc{2lz, — tuD S| [sin{w, - wi) T}

©Condition
Let W, — W, = 2|TL—TH| WL=7US
The square of sin Wy =3us
. W .
sin? (E (W, — WH)) /A - :sin
|f(a))| — 30 ' G
w/2 )
o,
o 0
S
o
-30

S
100k 400k 700k
Frequency(Hz)



