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Abstract

This paper proposes a multi-phase spread spectrum method combined
with an interleaved buck converter to eliminate -electromagnetic
interference from the pulse width modulation (PWM) generator of the buck
switching converter system.

In 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 multi-phase spread-spectrum modulation 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 four major parts in this paper. The first part
describes brief introduction of PWM buck converter, LDO and spread-
spectrum modulation technique. The second part elaborates on the
concepts of multiphase spread-spectrum and multi-interleaving PWM buck
converter principle and theory. The third part demonstrates the
implementation of the proposed circuit in detail, including simulations of
subcircuits. Finally present simulation and measurement results.

The circuit 1s fabricated in TSMC CMOS 0.18um technology and the
whole chip area occupies 1.138mm™0.877mm, showing a significant 16 dB

EMI reduction in the conducted EMI disruptions.
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ﬁ?r'fg'—— At B BN m%] Drrgp b idF oA d B 337 L E

VI T S S S MG \
\L[E\I RIS mﬁﬁa@‘%\‘ﬁ .

I(t) = fVL(t) dt = %j[(D WVin = Vout(t)) - RLIL(t)] -dt (3-1)

fIL(t) - Iout(t)
C

Vout(t) = dt + [IL(t) - Iout(t)] "‘Re (3-2)

-24 -



I(t) 1 ¥

f VL(t} i Ve(t) lfc(r) lfmei(t}
vl 2L
RC R!oad
-:- 0
B33 "B LR o7 B
L Ry
— M1
t VL(t} ) Ve(t) l.‘c(t) lfmet(t]
\; . Ct) 2 Vrm! {! )
R F 3 IL(IT) RC Ricad
i -0

d 340830 ,T.%? 12 % Matlab & Simulink £ 32 4 #c & X 57| B -

B 35T o A AR T ERHD S TRTEBY,(DEE TR

<
in-

Ipye(£) > ﬁg;'%] N R T oue () 5 Vour (O Riggq et & -

-25-



i
] » » N —.‘
Froduct1 negator2 L
1L

@

Vin ‘

A rL;/ 1 g}“_+qn
3 Vout
Integrator3
10
(3)

lout ,BL}\.

RC

B 3.5 *r 45 2R E Simulink #& 7] B
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THEYC-B 3.6 HHBTREY 21T RTE - Wi fod
BB E B S R TR T R P A~ Mgy B SRE LB KR

A-F s (start-up) R E[11] o H w3 o5\ 4

1 1 1" #
low = w2 =7 G-3)

LA B - m LB
Ayt = Imi(TaszllTasa) (3-4)
M % = % Class-A *c+ T RH#-5% - B gic+ » HHF 5
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Ay = gms(Tass|Tase) (3-3)

BAETAEAETE T PID-IIA# H > 2 ?ﬁ’h&%]’lﬁ?%] 3.7 -

e 1]1) T

out R FB1
Resr R
FB2 oO—
VRE‘F

® 3.7 PID-II # ¥

HEG AL s B H Sl

SR,C; + 1
Tgrror(S) = C1C2
SRpp,(C1 + C) (SR, - C + C,

b1y o GO

2

A TR EAS S BARELE - BEB R KR TR TR

A4 argEh o H P ¥ - BiREL-E 5

1
2mREp1(Cy + C3)

for = (3-7)

o BiRECE S
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fp2 = C.C, (3-8)

FELE 4
= L 3-9
% ek St AR R B4 B 3.8 0 B PID-114F f = ;2 7 1

A XAEE o H A 2-1 8 &7 Ie corner 2 4 F AN E

N

JWOUT; ac degivy [B0.0=3deg]

Bl 3.8 5 F K F

% 2-1 # F corner z_ #f & B £ 14
Corner@Vpp = 3.3V SS TT FF
¥ 3% (dB) 62.73 65.88 64.23
#8 (MHz) 210.6 210.4 218.5
Phase Margin 58.46 60.53 60.77
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3.3.3 1t R B 2_ & F (Hysteresis Comparator)

VBT L G BB pE eI 8 SRR R P D48

S R 4 ek R [12] -
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Bl 3.9 R FE2 Ak R R
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» A GV B 3 Vrpp B o v ﬁk%””ﬁ] dod Vo i 5 Vo > 12 &de %
FEIUR W N SUELV A 2 REEE R x> TR pppr o

A g RE DR AR B R T R Vo
ERIB N TR Vigp-d 6 R VoudE F Vo ik fl o BE2R 4

MO RE R o e BABFARE ArE ML LR et 4R o

i

SRR R R RFHE AL -
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3.3.4 #£ BT 4] & B (Dead-time Control Circuit)

2R RIR RN AR

=i
L
L
M
=
&
=
W
il
fou g

B x$ﬂ, foavenss ALt > 43 g;g.ﬂﬂ FARER o L EL
PRI 4 AN i 2R e B pE R 44 (Dead-time Control) ¢ {8 7 5 = 2

B F g R PFEE[13] 0 B ¢ 2L E g 7§ #(Non-overlapping circuit) ¥
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A EE o PR EL(Zero Current Detector ; ZCD) > 4] 3.14 > e
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-
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RNABFT MU FEZ > e BRM EHMIL > & N 7]
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3.3.5 dixkcd 7 B (Soft-Starting Circuit)

)

;2 F Pk d B 4o 3.15 HToF o Bk TP e
b # SRR AR R Y AR 0 A 4 dhinrush current 0 R
AL 1 PRI P BRI HEE CRT o # Vep R RS
Bt Ao & VeaypR b A 5o ﬁ%jﬂig’,@ﬁ VeampixT_° %

Veamp A B Vppp P ﬁ]ﬂ? TR Vgppd ST B Vo MBRITE
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34 549 BPREHE

wAp R RA L BB 317 {1 pRA L R
(Clock generator) & # — BE I F b= g 2 P F#ci== 44 3 4 B
(Triangular code generator) o #cix = & j& & 4 B R F | * 4o/ B
B TP B A AL el gL BT
B B g i B(DAC) » BB 3 B 2 S 2 %fjr&‘,? VEas
T AR F g 4% B (Frequency to Voltage Converter) & 4 7 I #f & 0
AETIE AR o RFSEAR AL A e p e Lo £
dZARAA FRe AR S R e piz &L RAFE R PR

FARAL R

4 Clock Triangular Frequency to Phase Four-Phase
10 generator > code + DAC P Voltage > Generator p| Triangle wave
Generator N Converter Generator

B 3.17 5 4p = B AT BB

3.4.1 % & 4 % (Clock generator)

# * & A9 F B (Ring Oscillator) » 4] 3.18 o & * T %4 Holais
BH A XA RT R HY & - mougBH L Current-starved

AR I E ek R g ot B E(Ty) o HIRFAR
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Bl 3.19 %34T B Simulink # £ #3)
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B 3.20 7 AR B TR £ S 0E M
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3.4.2 B>z & p A& 24 B(Triangular code generator)

Hoim = & 4 A 4 B(Triangular code generator) > £ * 2 4¢ % (Full
Adder) ~ & & B(D Flip-Flop)sZ 2 :B{ER * ki = — ¥ 115 F -
B a A2 P TR ERE o Mt E S - g B R
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3.4.4 ip =& 2 E(Phase Generator)

#p = & 4 Z(Phase Generator)[19]41* w % D-FF 122 AND R &
3 B Ao 328 ¢ F %1518 D-FF sk AR o R AT ek 4
B R R el 38 7 AND 2 - ﬂ*nj | % izt B s LA 4 e A

ok HAFPEA A5 B 329 -

: ckl 0—
\_ Tcu el & O—
p Q p Q

C O 0 U

ckO—> Chk kb o—L> Cik
ck2 0—
\- cklb
D Q T p Qp—otklh cklb 0—
cko—p> Ck ckbo—> O k2 06—
Q Q
cklb O—
ck2b O—
B 3.284p 4 4 B % 4 F

-45 -



ck &
——
ckb
1
=
;'n. W oL, T L
ckl -
W
cklb .
>
i
z
ck2 °
 EEgEEE
P
= n P ?:u %
— time (s

% Simulink #2

B 329 =z 2 Baitn) R

i HABAER T s R R IR 4Pl 3] o B 3.30 22 R

3.31 5 Simulink 77 32 & %A 3B -

H
bk
a| o )

ic]

et} =
= =
1e
-{? e CI;'_'; Q::I' ;:ﬂ =
QFgFo

i

iy
k)
¥

#

i
o
it &
v oo
)

H—m
e s
SR | T
] g il = Gz
FioFiega

i

i

i

g

?

v
i

Bl 3.30 4p i~ A 2 % Simulink #% #-3] B

- 46 -



#l 3.31

#0224 % Simulink #c& #5584 2 B

345 %4piz= 4 4 & 4 B (Multi-Phase Triangle wave Generator)

A= AL A4 Bd - B bias TEEr Kz & A 4 BT

R e S a p sz

fE»b
-
[
|
IR
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¥
b
&

LT T Gl F — B2 e 4p (=60 Pulse it

Vi@ = 0° ~ Vin® =90° + Vi, @ = 180°8 4 V3, @ = 270°48 4 & = &
Ao 2 A EoW) 3,32 ¢

-47 -



Vi = 270°

13
.I:=

B 332 S4piz= iﬁ»ﬁi‘%#f?‘}%}

A ORAED R 2 A TR

= & g ¥ d Bias R B2
PEIART BRI EERET > AL S R T R
BB AT A S Bk 0 ARz AT £ - AN

CesE TR A LB R Yo R 334 &

B 3.35¢

-48 -



Seaunes o o8]
g,
Trans port
; I Trans port
Rate Limiter1 @ I
Trans port
e T
"k Source Block Parameters: Repesting Sequence | P | —»
Repeating table (mask) (link)
Olutput a repeating sequence of numbers specified in a table of tirne-value paics, Valoes of —
tirae shenld be rmonotonically increasing,
Pararoeters B
Tirne values:
[0 1A2%s) 148020
Ohutput values:
[33033]
Q [ Ok J[ Guwel |[ Hep J| 4pily |
Scopeb

B 333 Zipiz= &4 A& 4 E Simulink #5 -7 B
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42 fo ¥ At i

Fo4-1 500 n 3@ ¥ 40 pin 35 IC %rizs o & o

% 4-1 IC Hriz= s %

PIN NAME 1/0 DESCRIPTION
1 R1 ouT Bias Resistor
— 2 2 R2 ouT Bias Resistor
1|R1 R10 140 3 R3 OuT Bias Resistor
— — 4 PWMI ouT PWM Inputl
R2
2 VFB 3 9 5 PWM2 ouT PWM Input2
] PN 6 NC - No Connection
3|R3 vo |38
i il 7 PWM3 ouT PWM Input3
8 VER IN Output of ERR
4 | PWMI L4 |37 Er
— — 9 MSB IN DAC MSB Voltage
5 PWM2 IL3 3 6 10 R4 OuT Bias Resistor
m— — 11 R5 ouT Bias Resistor
6 NC 112 35| 12 R6 ouT Bias Resistor
13 VR_FOUR | OUT Output of Multi-Phase Generator
7 | PWM3 NC |34 14 | VR CLK | OUT Output of VCO
— — 15 PWM4 OuT PWM Input4
8 VER IL1 33 16 LSB IN DAC LSB Voltage
—— 17 vC IN Control VCO
9 | MsB vDD (32
18 RES IN Control SSCG
[ | < | 19 VDD _D - Digital power supply
10| R4 VDD |31 —
e - 20 VDD _D - Digital power supply
21 R7 OouT Bias Resistor
11| RS GND [30
— e 22 VCON IN Control Soft-Start Circuit
12 R6 R9 29 23 VREF IN Voltage Reference
] - 24 VSOET ouT Output of Soft-Start
13 VR_FOUR RS 28 25 NC - No Connection
26 NC - No Connection
1 4 VR_CLK NC 27 2 NC - No Connection
— - 28 R8 OouT Bias Resistor
1 5 PWM4 NC 26 29 R9 ouT Bias Resistor
— — 30 GND - Analog Ground
16 LSB NC 25 31 VDD - Analog power supply
— — 32 VDD - Analog power supply
H vC VSOFT & 33 IL1 ouT Connect to Inductor
E RES E 34 NC - No Connection
b VREF ) 35 L2 OouT Connect to Inductor
36 1L3 ouT Connect to Inductor
19| vbD_D VCON |22
— — 37 L4 ouT Connect to Inductor
20 VDD_D R7 2 1 38 VO ouT Output of Buck
o - 39 VFB ouT Feedback to ERR
40 R10 OouT Bias Resistor
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Profile

242 R B HCRE R A
Spec. Presim Posim Measurement
Technology T18
Supply
Voltage 2.5V~4V
Output 1.8V 1.83 1.81 1.837
Voltage
Frequency 800k Hz 808k Hz 798k Hz 797.7 k Hz
Max. Qutput'| 56 A 104mA 100;5mA 100mA
Current
Max.
: >88% 90.1% 89.4% 88.6%
Efficiency
Load
: - 0.21mV/mA | 0.18mV/mA -
Regulation
L
- ! 0.23mV/V | 0.15mV/V :
Regulation
Frequency 500k~800k | 525k~808k | 513k~798k | 496k~T795k
with SSCG Hz Hz Hz Hz
ModTigtion 5k 5.1k 5k 5.152k
Frequency
EMI
> ,
Reduction 10dB 14.6dB 14.4dB
Modulation Triangular modulation
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