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Peng-Chang Huang, Yeong-Chau Kuo*, Yi-Chen Liu, and Tai-Haur Kuo, “An
Analog Optimum Torque Control IC for a 200W Wind Energy Harvesting System,”
accepted by and to be published in IEEE Trans. Circuits Syst. Il, Exp. Briefs.

Y. C. Kuo*, Y. M. Huang, and L. J. Liu, "Integrated Circuit and System Design for
Renewable Energy Inverters," International Journal of Electrical Power & Energy
Systems, Vol. 64, pp. 50-57, Jan. 2015. (SCI/SSCI, impact factor: 3.289, SCI/SSCI
ranléfagtor: 51/262, ENGINEERING, ELECTRICAL & ELECTRONIC, times
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Y. C. Kuo*, Y. J. Luo, and L. J. Liu, "Synthesizable Integrated Circuit and System
Design for Solar Chargers," IEEE Transactions on Power Electronics, Vol. 28, Iss.
9, pp. 4260-4266, Sep. 2013. (SCI, impact factor: 7.151, SCI/SSCI rank factor:
13/262, ENGINEERING, ELECTRICAL & ELECTRONIC, times cited: 4)

Y. C. Kuo*, W. H. Tung, and L. J. Liu, "Smart Integrated Circuit and System
Design for Renewable Energy Harvesters," IEEE Journal of Photovoltaics, Vol. 3,
Iss. 1, pp. 401-406, Jan. 2013. (SCI, impact factor: 3.712, SCI/SSCI rank factor:
25/92, ENERGY & FUELS, times cited: 5)

Y. C. Kuo*, Y. J. Luo, and L. J. Liu, "Synthesis Design of Digital Solar Energy
Harvesting Integrated Circuits and Systems," IET Optoelectronics, Vol. 6, Iss. 6, pp
282-289, Dec. 2012. (SCI, impact factor: 1.165, SCI/SSCI rank factor: 176/262,
ENGINEERING, ELECTRICAL & ELECTRONIC)

Y. C. Kuo*, C. H. Liu, and L. J. Liu, "Synthesisable Solar-Harvesting Integrated
Circuit and System," IET Renewable Power Generation, Vol. 6, Iss. 6, pp. 408-413,
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|_atest Patents and Honor

Patent

JM Liu, YC Kuo, and TH Kuo, Analog Variable-Frequency Controller and Switching
Converter Therewith, Invention patent, USA, Patent. No.: US 7923975 B2, 2011.

Y. C. Kuo*, W. C. Liu, and T. H. Kuo, “Analog Controller for Inverter,” Invention patent,
USA, US 8,842,456 B2, Sep. 23, 2014.

Fl RS %Kkia %"1“?&%‘?“ ‘““’%*{Eﬁ’a"""#lw,’ﬁﬂgi‘} £ %5 P % 139637355

%‘,K’ké”‘& 20 R ‘ﬁg PR, EEV SN B A B RIS 2, B R LR
Ex |381263%ﬁ,.

FEAGAR* S FUR B2 A IR E P A, LA 8 8 14448075, 2014/7/11.

Honor

2018 & % {2 FE W p EHWF B - (ﬁ W2 F LT R T R ARE SR
2018+# & A B AIATHE 2 IF(P 2 4 1 FE &R 2 g 50k @@?ﬁ% T OER KK

)_L)
2015 35 it % ) ¥

A
¥
FFELAFOETES J;ﬁ ML F R)
2014 > R~ & Rixdr E

7
FEDT ()RR BE A BLRAATHRTES )

K 1)
2011& L% &7 BRI 2 @SB EHREAMTR A5 # 5 2%)
20104 I 2 & B iR 3+ i By 40 4 S HCIR B (U A TR RS B B

ﬂ»ﬁ iﬁj’)’\w)

2010 > 458 TRICKF T i Fa FREFTEUTRE B LRICLp &L
#3%35)

2009 Discovery Channel#x > 3f -~ it o7 B2 77 = %

20095 > 557 LRICK T E 1 S L f (R (5 150 2R b4 ok k2 AL e

2009# & B ZICH ﬁx"’“"‘"”‘% ERRa::d
GE|C Lab EE, NKUST



|_atest Project and Result
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System Synthesis Software

&5 PV ftting S| Caemt Choose Compensatnr specification Reault
MPPT Buck ) fe= 50000
Solar Cells Spcification Cuve Matlsh Code Boost Load i ap B £'3'= ‘Hﬁ 55853 :
Environment temperatze (T)= T T ¥ e i i BiE= .
Masiirmm outputppower (Prmae)= f? W o pﬁarzalé;_ SI-' ecification ml Hap-l).2 *fg"l"lj GDC=5
Open cirenit voltage (Voc)= 5 ki " PV curve fl:zl.ﬂﬂ,l?' ) ;':';El:l= 1”1?
Sorcimitomt (s 55— A . e g5 ¥ M= 5 demee pogguy
Mantimmin output voltage (Vpmaxd=4 ki Remlt n=102;
P—— po DmsSIGR el Youl=| ¥ - Boost=50.94
e | o om | TSNS 0uay
Envitorment Vaviables Voc=5 807 egn=l 11; - Type =12
Temperstire (T= ;3= T 4 ’ foe= 300k He Caloulate
Humination (§)= {500 Kl Save o Metlsb il () | l= 5 H
: : oo F -
1.5 1.5 I
N R T Compensator device value
10 10 RL= g ohm Rl 0 W CL | qpeo
. . - RE| esr Omo G20 g4
. \ . Tiie ; 7 R3 Chm  C3
+ K controller o
0.0 0.0 B=
= — p P - . ! 1D contoler Caelt wiew
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Two-Stage OP

IC SyntheSiS SOftware Term Target Simulation

Av >60dB 75.17dB
Phase Margin >45° 54.75°
B Controller ICsynthesis o i
ICMR 0V-5VvV 0.06V-4.45V
— T T _
Poi ) QA mem CMRR >60dB | 73.52dB
S [ '
---------------- = V.
oy ur MY Bty PSRR >60dB | 76.88dB
Voo ey ¥ Wi GLOBAL ! gnd!
b g | [t K Slew Rate 10 V/us | 28.75 V/us
i E; L R ik all gl Wb WS L=ln M-l E
. TE TE ! Y o L=l =] - -
................ e (1581, ) 8 0 VOETT L M Unit-gain 10 MHz | 36.92 MHz
RS i O g el ey frequency
P MLL364 MB  netl26 )% ldl ol PASWESn Lely Ml

lmbs [opgps 17| WL ¥Differental po

[ =05 86 ML onet2 win et wid! PCHS W L=lu M=D i -
AN N EErE v Oufputswing | >3V, | D07SV5V
| [P R MR Y Offset >1V | 53.31mV
Specification-Two-Stage OF . . .
 ptotan oEEJ Pwr dissipation | <2mW 0.9mW
Low-frequency gain ,ﬁg_ B :l "
nenimn W Hysteresis Comparator
SevBab > [ Vs | e
Load impedance ,_r,p—F ¢ T Vtrp 110mv
Power dissipation < lgm—W z;;: IL‘
Muws < 5 e = Ramp Generator
Load Bist flle Tuning
Cabis WL G el = Frequency 1kHz~60MHz
bessage window
I Programmable APWM
Power Dissipation 24.24 mW
Oscillator Frequency 16 MHz
GEIC Lab., EE, Nf@ﬁ?p size 0.7mmx 0.7mm /




Controller Architecture (1/2)

1070

1000

1: 8-bit DAC
4-bit DAC
Ramp Gen.
OP & CMP
Super Buffer

1070
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Controller Architecture (2/2)

1070

1aon

500

1. 8-bit DAC

2. Ramp Gen.

3.0P & CMP

4. 4-bit DAC & CMP

5. Super Buffer

1070
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Measurement

CIGS Solar Panel

=
=
-
=
=
=
-
=

=

nuvo“\on .

Microcontroller
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Synthesis and Diagnosis Tool

=, Controllex IC synthesis

eN=1E

Ei%ﬁi‘j j Q ﬂ [Thés symthests usting 0.35um 5V process

:Tm'ﬁ’ e 2 0 [Original WL xatio  Bveo_with_trmperatore_compensator Al
T o M. LR s 1 _sv !
1 z u U ol
i UnCox [30 AT s Bt OPTION POST ]
| o7 oo Ma=lulu IGLOBAL vid)  gnd) HSPICE 2 Netlistis ]
i lambda. |0 00os 17 [M5=3uwilu [PARAM MIWN=2 MIWP=2 ST W ]
P F i [MB=lwly (PARAM TWN=du TPl 20 |
| 211 | [PL=2 IPARAM ILN=1uILP=lu ]
ledd  Jaor F o |i[p2=24 IPARAM WH=lu WP=3n '
i " p3=2 CKT  compen netll netl2 1
o At | N TR I e M ’
00X (] =] e T wdd!  wdd! u_ L=lu 1
|55 ¥ v [eonsoie Wl w@ o v PCHS Wedu Lelu |
H |L.003 ' Anetl nef gnd) gnd) NCHS Weln Lein !
1 lambde. g 0408 woA Coell2 w2 gndl gadl NCHS WeiOu L=l !
e F n 1
i cf: lgfm F i ECKT weol in owt  vbos netd] netdd netdS 1
| 2 ' w2 nef] netdd vddl PCHS WeWFP Lelu I
| e ! out in  netd2 vddl PCHS WeIWP LeILP M=MIWP
i Coufim |} out in  net)3 gndl NCHS WeIWN LelLN  M=MIWN

1 -
| Oseillator freguency [10y Hz

| Suitabls Range (100kHz ~ 100MHz)
i

: Controll voltage ﬂ J

| Linear Range (1.5V-2.97)

[V Add buifer after YCO

i

Restore parameters
)| Generste test files

/J\ AN "
B A
RS BT f:
HE R

¥

aata

T B
By — 2B —
T opn W

r
B} Solar Synthesis

i

Solar Panel Specification

Maximum output power (W) 15
Open circuit voltage (V) 215
Short circuit current (A) 0.97
Maximum output voltage (V) 17.5
Maximum output current (1) 0.86
Temperature ( °C) 26.2
lumination(kWwim)

730

State of solar panel
Expected Value:
¥:lea v
1:083 4
P10z W

Measurement ¥alue:
Fil43 ¥
1:047 4
Prati W

Difference @ -34 04%
Solar panel status © Warring!!!

GEIC Lab., EE, NKUST
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1-1.

1)
2)
3)

Outline

Steady-state analysis

Buck converter
Boost converter
Buck-Boost converter

NKUST EE
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Buck Model (1/7)

Position 1

Ron L RL

WA—
RRTCRELCIE 79 +
ToREES BN 1

ve(t) —|' C

Position 2

v, C_‘
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Buck Model (2/7)

*Position 1

Ve (1) =V = ()R +Roy +RIR: )=V (t)[Rch]

i (t)=‘t(t)£R+RRc]_VC (t)(Rchj

RAUR v@® - 1
' |L(t) ié C

v(© D & * 2 Ve

NKUST EE
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Buck Model (3/7)

«Small-ripple approximation

‘Neglect R¢, V=V, v (1) =V, =1 (R +Rgyy ) Ve
V
W=l-g
Ron L RL
—  AMA— T —s
: : +
: - t I
+ v (1) ) llc() l 0

NKUST EE
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Buck Model (4/7)

*Position 2

v (t)=-V, =i (t)(R.+Ry +R|IR. ) +Vc (t)(m

0)=10) e | 0
M, L
"""" T M —wWw—
o g"‘ vi(t) -
ve 3 i
v
VN®)

3

NKUST EE
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Buck Model (5/7)

«Small-ripple approximation v, (t) — _VD _ |L (RL n RD ) "‘Vc

*Neglect R , V=V,

V
i (t)=1, _EC
M, L R
ey g T
f + v (t) - yC(t) ¢|o +
VI "o I +
V'Cﬁ) © Ve CR Vo
Vo

NKUST EE
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Buck Model (6/7)

|nductor volt-second balance
«Capacitor Charge Balance

(v, (t))=DV; -1 (R, +DRy, +D'R,)-V, —D'V, =0
VO

<ic (t)>: L_E:O

R, +DR,, +D'R, D'V,

A AN €>

ovi () Vo [T 4] 1.

NKUST EE
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Buck Model (7/7)

Efficiency
DV, ),
— VBIO _ Vb _ E»JS
"“Dvi, DV, R +DR, +D'R +R

R +DR,, +DR, D'V,

DV, R Vo

NKUST EE
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Boost Model (1/7)

D,

Position 1L

N .
|c(t)l Rc
+

Vc_(t) T C

R. D,
— 00— b
+ V(1) - IC(t)i Re +
1L(t)
V|<i> R0N§ + R§ Vo
Ve()=—C
+ -
RV e
2 Vo | position 2
L RL VD RD
—_ W—VV\/—‘ (G
+ Vi (t) - +
1L(t) _
& Vg -ty M RS Vo
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*Position 1

Boost Model (2/7)

v, (t)=V, =i, (t)(R +Ryy)

c0)- 0] 2

L R. D,
S SV E—— .
+ v (t) - |c(t)¢§ Re

NKUST EE
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Boost Model (3/7)

«Small-ripple approximation v (1Y =V —1 (R +R
*Neglect R , V=V, L() I L( L ON)

V

i (t)=—-=

()=

i) Ry D,
.....  ~COR
IL ic(t)l |o¢ T
+

NKUST EE 29



*Position 2

Boost Model (4/7)

0=V, Vo i (DR Ro +RIR )4 () |
e 0)=1c0) e | 0 2
L R. Vb Rp
—— I —W———W\p————
+‘i’_t§3; ic(t)l§ Re ¥
vi(C Vo FM | R 3 Vo
vi(t) = C

NKUST EE
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Boost Model (5/7)

«Small-ripple approximation

*Neglect R¢. , Vo=V, A (t) =V, -1, (RL +R, ) -V, -V,
V
i (t)=1, _EC
wi) R, Vb Rp
— 0 —wW———— W\
I ' iC(t)l |Ol +

NKUST EE 24



Boost Model (6/7)

Inductor volt-second balance
«Capacitor charge balance

(v (t))=V, =1 (R +DRyy + D'Ry )= D'(V, +V, ) =0

(ic (t))=D'l, —V—Fizo

R, +DR,, +D'R, D'V,
O

U

Vi D'V, T T D1,

NKUST EE
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Boost Model (7/7)

Efficiency
V 2 V
1-D'2 |(D') R _pD'Yo
:Volo:Vo_ [ Vlj( ) _ P |
7 Vi, Vv, RL+DRON+D'RD+(D')2R 1+(RL+DRON+D'RD)
(D)
R, + DR, + D'R,
O\
e +
D'V,
Vi (D'YR < Vo
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Buck-Boost Model (1/7)

D:

1Yl

Ve ViL(Y)

L

IL(t)l R

|c(t)l

Ve(t)

%C RZ Vo
T

Position 1

W

""" YL D
"
Vo VIS L
V| <—> IL(t)l R
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Buck-Boost Model (2/7)

Position 1 vV, (t) :V| - i|_ (t)(RL + RON )

MN—-----eee- . ettt —
+ - +
VL('[)% 1 |C(t)l ch

V| t ) + R Vo
OlsR w0 L
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Buck-Boost Model (3/7)

«Small-ripple approximation V. (1)=V. —-| (R +R
*Neglect R, V=V, L( ) ! L( - ON)

NKUST EE
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Buck-Boost Model (4/7)

*Position 2

M, Ro Vo
"""" YF’W O
Pt i(t § +
e woFo )l e
>

WOlse vl 2c
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Buck-Boost Model (5/7)

-Small-ripple approximation V V.- (R +R_)=V
‘Neglect R, V=V, "(t) ¢ "( ) D) P
\Y
I (t)=—1, _EC
M, Rp Vb
........ YL_\/W Er—
+ |C(t) +
V: (t)g‘: L
¢ illx +
=

V.C) ' Ve==C RZ Vo
T

NKUST EE

31



Buck-Boost Model (6/7)

Inductor volt-second balance
«Capacitor charge balance

(v (t))=DV, -1 (R, +DRy, +D'R,)-D'V, + D'V, =0

(ic (t))=D'l, —\%’ =0

R, +DR,,+D'R, D'V,

—VW O +
ov, (%) . DV, |*| || b1, RgvO

NKUST EE
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Buck-Boost Model (7/7)

Efficiency

n= Volo _ Vo —(1_ D’VD (DI)Z R
DV,I, DV, DV, J| R +DR,, +DR, +(D')’R

R +DR, +DR, D'V,

DV, (D')R & Vo
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Outline

1-2. Transient-state analysis
1) Buck converter

NKUST EE
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Converter's Transient-state Block

vref C 3 \7e (S)

Ge(s)

V. ()

| ( ) Load current
load variation

I
| ;
1
: Zout(s) :
| ;
Vy(s) ! E'
9 1
ac line : GVg(s) 1
variation | 1
| 1
ds) N 10(s)
1/VM Duty'cycle GVd(S) + : ’
VarIiIOL]_ ______________ J
Converter power stage
H(s)
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Buck (1/10)

Position 1

v

RON L RL
A—— T —W— N
Py () - iC(t)l R
P —— c
G
D, & . RS Vo

VC(t) T C

v, C_'

Position 2

L

+ v (1) -
—_—
i(t)

ic(t)i Re

+
ve(t) -|— C

R§ Vo
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Buck (2/10)

RON L
AAAY, '—fUMU\ '\/\/\« n
+ VL(t) |C(t)¢£
' |L(t)
V, D, ‘\ R§ Vo
' Vc(t)==C
; ! —
Position 1
"di, ] [_Ran+tR.+RIR R ]
ot | L R+ROL 0], %v
dv | R 1 Vel ol
[ dt | | (R+R.)C (R+R.)C |
R I,
[VO]:|:R” Rc R+Rc:||:VCj|
-2 0] -
Ve NKUST EE

" Ry, +R +RJIR. R

- L C(R+R)L
R 1

(R+R.)C (R+R.)C |

1

L

3

RIIR, R}
R+R.
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Buck (3/10)

M, L
"""" sy 00— W—y
] + VL(t) 'C(t)lé Re T
V |L(t)
W@ CRE e | R
ve()==C
Position 2
di, ] [ Ro+R+RIR. R
ot | L (R+R)L |[i, ] To v
dve | R 1 v. | "[o]"
L dt | | (R+R.)C C(R+R.) |
-VO]:|:R”RC i }{il_}
) R+R. || Ve
i
i]=[0 0] "
[i]=1 ]{%} NKUST EE

| Ry+R +RIIR; R
L (R+R.)L
R 1
. (R+R.)C C(R+R.) |
0
0
R|IR
R+R.
[0 0]
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__(DRON+D’RD+RL+R||RC) B R
A= DA + DA, L (R+R.)L
= —+ =
R S S
i (R+R.)C (R+R.)C |
b
B=DB,+D'B,=| L
0
, R
C=DC,+DC,=| R||R;
R+R.
C’=DC1’+D’C£=[D O]

Buck (4/10)

NKUST EE

—Rony + Rp 0
= L

0 0

1
=L

0

=0
R +Ro o]y 71 [1

L {L} L |[Vi]
0 0jtcd |0
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Buck (5/10)

(51— ay+ = 2= A
SI—A
o, DRy +DRy +R +R|Re R T
(SI _A)—l _ L (R+ RC)L
R 1
- S+—m—
] (R+R.)C (R+R.)C
g, 1 R
adisl—A)=| (RTR)C (R+R)L
R S+DRON+D'RD+RL+R||RC
- (R+R;)C L |

I —A|=52+s(l DRy, + DRy + R, +R||Re + ———— |+| 2Ron #DRp # Ry + R
L R+R.)C LC(R+R;)
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Buck (6/10)

YOI _c(si-p)'B
( ) d(s)=0
o, DRy + DRy +R +RIIR. R T 5
v, (S) {R”R R } L (R+R.)L T
N C
v;(S) d(s)=0 R+Rc ——R S+—1 0
i (R+R.)C (R+R.)C |
%(S)|  _DR[ SR.C+1
0(S) i A (R+R)LC
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Buck (7/10)

C =C(SI-A)*F
d(S) i(s)=0
_S+DRON+D’RD+RL+R||RC R
0,(5) _[R”R R ] L (R+R.)L
0 - C
d(S) |y R+R, R o, |
i (R+R.)C (R+R.)C |
) (—Roy +Ro )1 +Y,
LG I ]
0(5) lyg-0 0
W) 1 R((~Roy +Ry) 1, +V, )(SR.C+1)
4(S) |y A (R+R.)LC
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Buck (8/10)

WO _esi-ate
V(80120
o, DRy +DRy +R +R|I R, R T 5
) L R+R.)L et
[,(5) _[D 0 (R+R:) 2
v,(S) d(s)=0 ——R S+ —1 0
i (R+R.)C (R+R.)C |
i(S) _E[s(R+RC)C+1J
()| AL (R+R)LC
A=32+s(ij DR, +D'R, +R +R||R, + — |+ PRon *D Ry +R +R
L (R+R:)C LC(R+R;)
Zi,n:DZZin
. (S)_zlzz_l R(SR.C+1) )( R(SR.C+1)
vz 7 A(R+R)LC L S(R+R.)C+1
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Buck (9/10)

0 (S)
0.(S)

_DR[ SR.C+1
A | (R+R.)LC

d(s)=0

A:SZ+S(EJ DR, +D'R.+R +R|[R. + L ,[DRoy +D'Ry +R, +R
L (R+R.)C (R+R.)LC

U, (S) C,S'+C,S7?
V(S

oo 1-(-CST-C,87?)

);
1 . L
Clz(tj(DRON +D RD+RL+R|| RC +m]
C

C _ DRy +D'Rp +R +R
: (R+R.)LC
C,=R.C
C,=1 O—=X 10)
___DR n A
(R+R¢)LC V. Vo
44
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Buck (10/10)

v, (S) 1 R((—Rox +Rp )1, +V, )(SR.C +1)

d(S) oo A (R+R.)LC

A=32+s(3j DR, +D'R, +R +R|[R. +—= || DRon *DRp +R +R
L (R+R.)C (R+R.)LC

V5 (S) _ K(C,$'+C,S7?)

d(S)}, o 1-(-CST-C,57)

C1=(£j DR,y +D'Ry +R_ +R|| RC+;
L R+

_ DRy +D'Ry; +R_ +R
(R+R.)LC

C,

C,=R.C O—
d

A
Il

R((—Ron +Ro) 1L +V, )

NKUST EE
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Type Buck
DR( SR.C+1
Gvg(S) A (R+ RC)LC
1( R((-Roy +Rp) 1, +V, )(SR.C +1)
Gui(S) K( (R+R;)LC
. R(SR.C+1) ) R(SR.C+1)
Zout(s) A(R+R.)LC || S(R+R.)C+1
W, 1
R.C

A:sus@(DRm +DRy + R, +RIR, +

(R+R;)C

NKUST EE

L N DR,y + D'R, +R, +R
LC(R+R.)

|
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Outline

1-2. Transient-state analysis

2) Boost converter

NKUST EE
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Boost (1/10)

Position 1L

by
£ - <0) iRC i
L 1L(t)
L R D, WO Rong ol e RE Vo
— 00— >—s N c T )
+ V(1) - IC(t)l Re !
1L(t) |
WO Vo —yM: oL R Vo | Position 2
lt L R Ro
- _ —LTO5 0 — AMA—+
T AL Ic(t)l Re i
lL(t) -
vi(©) Vg i3 M RS Vo

NKUST fE




Boost (2/10)

L R, D,
00—y > + | Ron + R,
+ V. (1) - lc(t)lg Re L
| 1L(t) A =
V, <_> RON§ + R§ Vo
Ve(t)==C - .
*® *® o Bl — L:|
Position 1 0
% _RON:RL O I 1 Clz O RRR
_ L T B BRIV
dve | 1 M* i .
at || (R+R.)C | C, =[t O]
R iL}
V. =
o] { R+RCMVC

NKUST EE
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Boost (3/10)

L RL RD
A N
+ V(1) - Io() [ R, +R_+R|R, R
1L(t) . A = L (R+R;)L
V) C_’) Vg g ML RS Vo R 1
Vc(t)::C i (R+RC)C C(R—i—RC)_
- - E
L & BZZ L
Position 2 0
i, ] [ Ry+R +RIIR;, R ] . c :'R”R R
dt |_ L (R+R.)L {iL}{L}V |7 % R+R
dv, R 1 Ve | :
“c — 0 C,=10
dt | | (R+R.C C(R+R,) | , =[1 0]
: R I
=| R|IR
Vo] { IR R+RCMVCJ
. i
)=l O]{vj NKUST EE 50




Boost (4/10)

A=DA +D'A, =

1
B=DB, + DB, {L
0

C=DC,+DC, {D'(Rn R) —~ }

C'=DC!+DC, {D' i}
RC

R+R.

" (R_+DR,, +D'(R, +R||R.)) D'R
- L (R+R)L
D'R 1
(R+R.)C “(R+R.)C |

NKUST EE

[ —Roy + R, +RIIR. R
L (R+R.)L
A-A = R °
. (R+R.)C
0
B,~B,=|
C,-C,=
—R, + Ry +RI|IR. R ]
- L (R+R.)L |[1,
R o |V
(R+R.)C

o1



L, adj(Sl - A)
S [S1— A

S

< RU+DRy, +D'(Ry +RIIR)

Boost (5/10)

D'R

(SI-A)'=

1

adj(Sl — A) = R

. C(R+R.)

S+——
C(R+R.)

L

-D'R
C(R+R.)

L(R+R.)
S+;
C(R+RC)_

-D'R
L(R+R.)

¢ . R+ DRy, +D (R, +RIIR)

L

L+C(R+RC)(RL+DRON +D'(R, +R|| RC))

|SI—A|:SZ+S[

A=SI-A

(R+R.)LC J*

NKUST EE

R +DRy, +D'(R, +R]| RC)+

(DR)’
R+R.

(R+R.)LC




\70
Vi(S)

A:\Sl—A\=52+s[

(S)

d(s)=0

d(s)=0

d(s)=0

1

1

A

=C(SI-A)'B
R +DR,, +D'(R, +R|R (DR)
L+C(R+R;)(R.+DRyy +D'(Ry +RIIR.)) -+ DRoy +D'(Ro +R| C)JFR+RC
+
LC(R+R;) LC(R+R.)
SC(R+R.)+1 DR |
————— 1
C(R+R L(R+R =
DI(R”RC) R ( C) ( ,C) L
R+R. D'R SL+R_+DRy, +D'(R, +RIIR:) || o
| C(R+R.) L ]
D'R(SR.C +1)
LC(R+R.)
NKUST EE
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Boost (6/10)
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Boost (7/10)

WO _csi-aytF
d(s)\i,(s):o
A=|SI-A
[ SC(R+R.)+1 DR 1[ =Ry + Ry + R Re R
Vo (S) YRRy R C(R+R.) L(R+R;) L (R+R.)L
d(S) |y e A " R+R. D'R SL+R_+DR,, +D'(R, +R||R.) R 0
C(R+R.) L ] (R+R.)C
Ry + R, +R|IR, R
Iy (3) ZE{D'R(SRCCH) R(SL+R, + DR, + DR, + DD'(R||R.)) L (R+R.)L {IL}
d(8)y e AL CR+R LR+R.) R o |V
(R+R.)C |
VC
051:(—RON+RD+R||RC)IL+RJrR
C

a, =(R_+ DRy, + DR, + DD'(R[|R))1,

al[S(RCC— RL,'LL}“““ZJ
D', a,

A(R+R.)LC

Vo (S)
d(S)

V, (s)=0

NKUST EE
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Boost (8/10)

' =C'(SI-A)'B
Vi(S)40)-0
 SC(R+R.)+1 -D'R
L (S) :i[l O] C(R+R.) L(R+R.)
U)o A D'R SL+R, +DR,, +D'(R, +R||R.)
| C(R+R.) L
L (S) ZE(S(R+RC)C+1J
U(S)je AL (R+R)LC
? [ A(R+R.)LC
Zéut(S): ij ZOUI(S):( 1) ( + C)
D’ D') (S(R+R.)C+1
N2
7 ($) 1_(D) R(SR.C+1) | R(SR.C+1)
o ALC(R+R:) JIS(R+R.)C+1

NKUST EE

or|r
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Boost (9/10)

7, (S) _E{D’R(SRCC +1)J
0(5)|s Al LC(R+R;)
R _+DR., +D'(R, +R||R (DR)
NSt L+C(R+R.)(R,+ DRy, +D'(R, +R|IR;)) .+ DRoy +D'(Ry +R| °)+R+RC
— +
' (R+R)LC (R+R.)LC
UW(S)|  K(CSt+C,S7?)
0(S)|j 1-(-CSH-C,S7)
_ L+C(R+R;)(R.+DRyy +D'(Ry +RIIR;))
b (R+R.)LC
'~ 2
RL+DRON+D'(RD+R||RC)+(DR)
C - R+R.
2 (R+R.)LC
C,=R.C .
c,=1 (A)
__ DR Vo
~ LC(R+R.)
NKUST EE 56



Boost (10/10)

RI L) a—-«a
a S RC_ L°L + 1 2 V
Vs (S) l( ( ) D’alj o ] alz(_RON+RD+R” RC)IL+R+CR
0 - C
A A(R+R.)LC
4G -0 (R+Re) a, =(R_+DR,, + DR, +DD'(R||R.)) I,
R +DR,, +D'(R, +R|R (DR)

Ag?as L+C(R+R.)(R +DRyy, +D'(Ry, +RIIR:)) * DRoy +D'(Ry R C)+R+RC
(R+R)LC (R+R)LC

V5 (S) _ K(C8+C,87)

d(S) |y o, 1-(-CST-C,S7)

. L+C(R+R.)(R_+DRy, +D'(R, +R|R;))
b (R+R.)LC

R, +DRy +D'(Ry +R|IR. )+
C, =

(R+R.)LC

RIL

C,=R.C-

= O
x

S7



Type Boost
1( D'R(SR.C +1)
Cul) K( LC(R+R.) )
! RI L) a-a,
Gvd(S) [A(R_i_RC)LCj(S(RCC— D'al )-I— ” J
Zout(s) (1_(D’)2R(SRCC+1)]( R(SR.C +1) ]
ALC(R+RC) S(R+RC)C+1
Wy D’(al_az)

R I L-D'aR.C

al:(_RON+RD+R”Rc)I|_+

A:SZ+S{

VC

R+R.
a, :(RL +DR,, +D'R, + DD'(R|| RC))lL

L+C(R+R.)(R,+DRyy +D'(Ry +R[IR.))

2

(OR)
R+R.

(R+R.)LC

R, +DRy, +D'(Ry +RIIR. )+
} (R+RC)LC
NKUST EE
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Outline

1-2. Transient-state analysis

3) Buck-Boost converter

NKUST EE
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Buck-Boost (1/10)

Position 1

W

M; D, IL(t) Ve(t)
+ 4
Ve Vi S L 'C(t)l %c
_ N RS v —
IL(t)l R Ve(t) L § ° POSltIOn 2
- R
¢ T Bl "Mfl' """"" VW

v

NKUST g




Buck-Boost (2/10)

RON Dl
AN ———g-semeeaees eameeaeees —
+ + R, +R
~(t ___ON L
VIO S L el )l 2R Al °
Qo ] Rz
'L(t)l R Vel®) L ¢ :
— 1
@ B]_: L:|
Position 1 0
(dip | | _Rau+R 0 o c=lo R
dt |_ L I ATl . R+R;
% R — 1 VC 0 | Cr_ 0 1
L dt | | (R+R;)C (R+R.)C 1= R_c
i R I,
=0
Yo { R+RCHVJ
i
i]=[1 o]l *
[1]=1 ]{VJ NKUST EE




Buck-Boost (3/10)

M, Rop
T W——r
- +
- lo(t
g )l 3R
QO S ez
u(t)l n Vel L
Position 2
Cdi R, +R + RC
hai B _ R+R. R : 0
dt |_ L (R+R.)L {'L}{ }v,
dve R g |Led LO
L dt (R+R.)C (R+R.)C |
—| _ Rc R iL
[VO]{ R+R. R+RJLJ

i1-lo ol |

NKUST EE

+ R R
- L (R+R.)L
R 1
" (R+R.)C  (R+R.)C|
0
.
“RIIR, R}
R+R,
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Buck-Boost (4/10)

—Roy + Ry +
i : Re | A-A =
R, + DRy, +D'| Ry +
R+R. D'R
A=DA +D'A, = L (R+R.)L . (R+R)C
DR __r 1
I (R+R.)C (R+R.)C | B,-B,=| L
D 0
B=DB,+DB,=| L c_c-| R
0 "7 |R+R.
C= DC1 + D'C2 = D RC R _RON + RD +
R+R. R+R.
F= L
C'=DC/+D'C,=[D 0] n
. (R+R;)C
6| Fe
| R+R.
NKUST EE




Buck-Boost (5/10)

(SI—A)" = adj(SI — A)
SI - A
— R —--1
S+RL+DRON+D'(RD+R+CRC] o
(SI-A)'= L (R+R)L
D'R g, 1
I (R+R.)C (R+R.)C |
S+ L __DR |
(R+R.)C (R+R.)L
dj(SI - A) =
2 ) RL+DRW—+D(RD+ Re j
D'R R+R.
—— S+
| (R+R)C L |
L+C(R+R.)| R.+DR,, +D'| R, + Re R, +DR,, +D'| R, + Re +(D’R)2
) Ut " R+R Lo °"R+R.) R+R,
A=|S|—A|=S +9S +
LC(R+R.) LC(R+R.)

NKUST EE



Buck-Boost (6/10)

O _c(si-a)s
Vi (S) [i 6120

] | N

R, + DRy, +D'| Ry +
U (S DR R s+ R+R.) ___DR
% (5) {— c } L (R+R)L
V.(S) i(s)=0 R+R. R+R. oR .
S+

i (R+R:)C (R+R.)C
v, (S) ZEL_ DD'R(SR.C +1))
0.(8) ;00 Al (R+R/)LC

NKUST EE
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Buck-Boost (7/10)

YO _c(si-a)'F+G
d(S) G(s)=0
_ | 5
R, + DRy, +D'| Ry +
. , R+R; D'R
Y (5) :{_ DR. _R } St L “(R+R)L | F+G
q C
d(S) 4(5)-0 R+R. R+R: DR .
—_— S+————
I (R+R.)C (R+R;)C |
_ T o i
) (s . R? R RL+DRON+D’RD+D'D[RRCR] TR 0
+
V9( ) =— SRC'|‘ A S+ = © F+G
d(S) 36120 (R+R.)C L R
i R+R. |
R R
a,=| —R,, + Ry +—=— I — e\
' ( oo R+chL [R+RCJC
2
a, = R R, + DRy, + D'R, + DD’ Re 1,
R+R; R+R.
Vo (S) _(DV,+a) s R?I L rels a,  R°+R
d(S) 36120 A (R+R.)(DV, +a) °© (DV, +a) R+R
NKUST EE 66




vi(S)

d(s)=0

Buck-Boost (8/10)

=C'(SI -A'F
_ R +DR.,+D'| R, + Re
L ON D R+RC D'R
S+ -
=[D 0] L (R+R)L
D'R S, 1
I (R+R.)C (R+R.)C

S
J

b ZZéut(S)ztijz[ A(R+R;)LC ]
D' D') ( S(R+R;)C+1
1_(D')2 R(SR.C+1)

A(R+R.)LC

[strese

NKUST EE
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Buck-Boost (9/10)

o _if[ DoR(RCH
Vi(s) itsre0 A (R+RC)LC
R R (DR)’
L+C(R+R.)| R +DR,, +D'| R, +—F R, +DR D'l R c
A=S2+5S ( c)[ : > (D R+ch + i [D+R+RC]+R+RC
) R LC(R+R.)
%) _ K(CS5'+CSY)
0.5) 1-(-C,S*-C,57)

d(s)=0
L+C(R+Ry)| R+ DRy +D'| Ry + =
R+R.

C:
1 LC(R+RC)
, 2
RL+DRON+D'[RD+ R j+(DR)
o R+R. ) R+R.
2 LC(R+RC)
K 1
C3:RCC O : :O
C,=1 ] A
~_ DDR Vi )
(R+R.)LC
68
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Buck-Boost (10/10)

W) _(DV+a) s( R?I,L _ch{ a, _R2+RC]
7 r C ’
d(S) g0 A (R+R.)(DV, +) (DV,+a) R+R.
: R , R DR)’
L L+C(R+RC)£RL+DRON+D[RD+R+CRCD RL+DRON+D[RD+R+CRCJ+(R+R)C
=S+ +
LC(R+R) LC(R+R.)
v, (S) _ K(C,$'+C,57?) . "
4 " 1-(-C,S'-C,S?) a, =|-Ryy +Ry +—— |1, - i\
(S)\;I(S)Zo 1 2 1 ON D R+RC L R+RC c
' RC 2
L+C(R+R°)[RL+DRON+D(R°+R+RCD 052:( i jRL+DRON+D’RD+DD'( Re le
C = R+R; R+R;
LC(R+R.)
D'R)’
R.+DR,, +D'| R, + Re +( )
C _ R+R. ) R+R.
2 LC(R+R.)
2 K 1 .
O '®
(R+R.)(DV, +) a \7
C = a, _R2+RC 0
* (DV,+a,) R+Rg
=0 reu) NKUST EE 69



Type Buck-Boost
1(( DD'R(SR.C+1)
Gig(S) Al (R+R)LC
(DV, +a,) R?I, L B a, R°+R
Gudld) A ° (R+R.)(DV, +a,) R (DV, +a,) R+RCC
D' R(SR.C+1) ) R(SR.C+1
Zout(s) 1—( ) R(SR.C+1) (SR.C+1)
A(R+R.)LC S(R+R.)C+1
W B o, R°+R R?I, L B
: [(D’V,+a1) RER. /((R+RC)(D’V,+051) RCC)
L+C(R+RC)(RL+DRON+D'(RD+RECR D RL+DRON+D’(RD+RE¢R j+(RD+,RR)2
A=ST+S LC(R+R.) I LC(R+RC)C C
al:[_RON+RD+%CI?CJIL_[RECRJVC
a, :LRJFEZRCJ[RL +DR,, + DR, + DD'(RJF\:CRC D I, NEUSTEE 70




Chapter 2. Operational Amplifier Design
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Outline

2-1. Introduction

2-2. Schematic of OP
2-3. Design flow

2-4. Layout of OP
2-5. Simulation of OP

NKUST EE
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OP

« Chose the two-stage OP with high gain and high output swing.

Vin ___ first ]  second . Vout
High gain High output swing
Gain Output Speed Power Noise
swing dissipation
Telescopic Medium Medium High Low Low
Folded cascode Medium Medium High Medium Medium
Two stage High High Low Medium Low
Gain boosting High Medium Medium High Medium

NKUST&E




OP (Spec.)

Specification Pre-sim Post-sim
Av Ao >=70db 71db 71db
Phase margin dM>=45° near 70 °© 67 ° 68 °
Unit-gain frequency Fo <= 200 MHz 64 MHz 57 MHz
Cc < 4 pf 0.4 pf 0.4 pf
Slew rate <= 250 v/us 75 v/us 62 v/us
Setting time <=100ns 81ns 70 ns
Offset Ov 0.2v 0.18v
ICMR Ov —5v 0.2v —4.45v 0.18v —4.48v
PSRR >60 db 75db 77db
CMRR >60 db 64 db 68 db
Power Dissipation < 10mv 3.009 mv 2.92 mv
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Second stage

First stage

ouT
Raise output

Mi

M3

75

NKUST EE

Schematic of OP
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Design Flow (1/4)

From equation (1) use SR and Cc find I -
Let SR = 250v/ s C. =0.4pF

— 1I,. = SR=<C_ =100.A D

|
.. = 2> =8504A
11 > y 2

IlO T

3.5v j <
vbias ‘ M5 %
=

M7

~ J1oop A

¢ 500pA
From equation (2) for M6 : o $50HA l59MA2 "
K} gmi — gml — ng — a)oCc — 272— fOCc (2) % M1 M2 P
= 23.14x 200 x10° x 0.4x10 2 = 50044/ R
M14 Ce
. 0... =30, =3x500 =150043 J |
Ome Om1 /V 1.56v ﬂ—H—'
‘ 1.48v ||
From equation2(|3) For M3 and M4 : " ” |
O = S 3
(Vgs _vth ) r T
- _ _ % _ 50uA _ ) )
. gms _ gm4 Ibias gm6 SOO/L[A gm6 15OILIA/V
NKUST EE 76



Design Flow (2/4)

Assume | Vggs — Vi | = | Vgs7 - Vip | = 0.5V
(W j ~ 100x10°° _ 10 i
: —,up OX(VSGS v, ) —><26271><(05) 2 j %j
|
-6
~ 1,Cox (Vig Ve —><2627l><(05) {J ) “LF
:up ox | Vso7 || v |
_6 2 vout
(\ﬁ} ‘(Vlj C(gm)®  (150x107) ) |
L), \L), 2uCul,, 2x42.801x10°x50x10° jl
1.56v
2 q
W _[vv) C(gm) (500x107) . Lagv |
L), \L), 2uCyl, 2x26.271x10°x50x10° bl [
W :lﬂ(v_vj _00uA gy
L), 1.,\L), 50uA

NKUSTHE



Design Flow (3/4)

Find Vg5 from equation (4) :

s = 0.0 Vess M) 0 L.
2 L
ot 2 () v w25

t
HpCox \W " 50pA
| A

S0pA

M11 P% M10
-« 1237V I
(Vlj _ 2x 1,
M12
L Js Hp ox( SG8 ‘ D Kh‘iﬁﬂ

—6
_ 2x50x10 158
26.271x10° x (5—3.5-1.009)

BRCECRORTRS

NKUSTH&E
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_5 | 210010~ 1 1F 4 h09-3.491~35
26.271x10° 30

M8 and M9 can be :

0.05v




Design Flow (4/4)

V13 can be find from equation

2

21 5¢

AVAY4
C _
n OX[LL

. 2 <50
- 42.801<15.8

(WI/L),5 can be find

VG13 =

+V,, (5)

1
jz +0.799 —1.19

1 W 2
I D5 — E :unCox (TJH (VGSIZ _th )

(w j 20,
> | — =
L )i 44,Co, (Vc3512 -V, )

tn

21, 2x50x107°

5 ,whereV,, = 1R,

W
:)(Tj == 2 = " Y 2
12 HyCo (Voro = 1osRs —Vin)”  42.801x10°° x(1.19-50%10"° xR, —0.799)

-6
let szlkgz{vlj _ 2x50%10 2
L 42.801x10°x(1.19-50x10"° x10° —0.799)

=20

NKUSTRE
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M9 M8
M11 M10
S50uA
ML3 M12
< 1.19v >
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Size of OP

15.8/1

51pA

15.8/1

S
J

27.9/1

1.21v

0.05v

5/1
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Simulation of Output

T AN AAAAA
VUVYTVVTTVY

0] re Layout S|mulat|on
| | .u 5 u

Time ﬂ.uﬂ (TIME)

- O - . S S S S S S S S S e S S S S S S B S S S S S S S S e S S S e B e B B e e &

T
QUUUUUUM@MM

J JJ u 5. 6
Time ﬂmj (TIME)
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Simulation of Phase Margin

Fregyency=6 83e+007, delta=0

60 |
5 | e S S O S
o L I etcpn e £ S
2 0] .02

L O S O S J—

. S N ——

Phase margin 67

-
S
=
Q
=
S
»
N

—_
=
[=]

Volts Phase (lin)
o

-
=]
=]

- o T Pre - Layout swﬂmulatlon L

Phase margin 68 .
Unit-gain 57

Vol Phee (i)

— I Toox 13
| <« | — > 1k Frequensy (o) (HERTZ)
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Simulation of Slew Rate

i Current ¥=1 56e-007 i

——— 5 b g Crent V=41 5064000 ———————————--------- e N — e - AT H
Woteovomn B — 1 Pre="Layout simulation

| stewraleT " f e Stew e T9us

ot /f R [ | Offset 02v

| 1T T .
S T Y A T I

ave Ligt

Voltages {lin)
b2
n

T — oo o N j I — ! | s
— . | | | | | | | |
500 3 Cuszeat 71 66001 bommommmmoo oo h ————— ! : “odmoomooeooes : O ! T
erivattve=0 00+
0 r _______ % i S A M S N S S -
J JJ I 1] 100m 200n EDIDn 400n BDIDn 6000 700 800n 900 1n
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Chapter 3. PWM IC Implementation
(Full-Custom Design Tool Operation

Hspice, Laker, and Calibre)
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Outline

3-1. Operational Amplifier
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3-3. Oscillator

3-4. PWM (Pulse-Width Modulation)
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PWM Schematic

_____________________________ -

I e e el e e e o —_-————_———— — I

S o i i e e e IO L : |

I 1 4 ﬁ 4[;7 ﬁ 4% E{ I ol

| : el il L %Ege?é : :

I I E *—I:|J, E *Eﬁ, *ﬁl' I Ej—: :

P! ] !

g g g OTeeOr '

I :_ - : '____ﬂ____l l
e e ——— I

———————————— 7 == S —_ e e o

b T + ! - : '

11 'HJLE £ EE 41 —; ‘I I

I ! | || !

I : ﬁrrﬁlfhzﬁpﬁi ‘ :Eﬁ%jﬁ‘{:o%@ [ £l ¢ Jrlf:' :

| : ﬁ"‘;; | - E . R T

' 'ﬁﬁﬁAm@l Ier-—g l—aﬁa T iy Ea e o= 1

E S S N e nr i | i

| I v L 1 | ] 11 I !I - I

I-L ___________ - ___J7 _____ I |

NKUST EE 90



OP-Bias-Schematic

NKUST EE




Layout

OP-Bias-

-

%:m% Kv\m\“

92

NKUST EE
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OP-M3.4,7-Schematic
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OP-M3,4,7-Layout
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OP-M5-Schematic
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OP-M16-Schematic
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OP-Drc

i
|

—| Calibre - DRC RVE : inv.drc.results [/IC/f9754801/test/laker] | - | ||

Eile Transcript :|

File Miew Highlight Tools Setup

Rules
Inputs
Qutputs
Run Control

e |

Start RVE

I+ 4« H»C W Z

Eile Edit Options Windows

Topcell inv : 5 Results (in 5 of 212 Checks) ]

Sy

1 & Cell inv - 5 Results

—?_I Check PO.R.1 - 1 Result

o

—IT]_I Check M1.R.1 - 1 Result
< 01

—I?_I Check M2R.1 - 1 Result
< 01

—l?_. Check M3.R.1 - 1 Result
01

—Ii. Check M4.R.1 - 1 Result
< 01

Execution Date/Time:
Calibre Version:

Rule File Pathname:
Rule File Title:

Layout System:

Layout Path(s):

Layout Primary Cell:
Current Directory:

User Name:

Maximum Results/RuleCheck:
Maximum Result Vertices:
DRC Results Database:
Layout Depth:

Text Depth:

Summary Report File:
Geometry Flagging:

Excluded Cells:
CheckText Mapping:

PO.R.1 {@ Min poly area coverage < 14%
DENSITY ALL_POLY < 0.14 PRINT POLY DENSITY. log
i

Layers:
Keep Empty Checks:

=== CALIBRE::DRC-H SUMMARY REPORT

Wed Nov 12 11:01:53 2008
v2008.2_22.20 Wed Jun 18 17:12:36 PDT 2008
/IC/£9754801 /test/laker/ calibre.drc_

GDS
inv. calibre. db

inv
/IC/£9754801/test/laker

£9754801

1000

4096

inv.drec. results (ASCII)

ALL

PRIMARY

inv. drc. sunmary (REPLACE)

ACUTE = YES SKEW = YES ANGLED = NO OFFGRID
NONSIMPLE POLYGON = YES NONSIMPLE PATH = NO

= YES

ALL TEXT
MEMORY-BASED
YES

--- RUNTIME WARNINGS

=

| celliny : Check PO.RT < 1 of 1 Result

] =l
Row[ 1 col[ 1
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Calibre - LVS RVE : svdb {Opanp} 7
View Layout Source Setup ﬂelpl
o iz "Sg 't 'y Yipfip Ypthy TN Fp F1 2 | i i
4 B CALIBRE SYSTEMN ##
put Files & LVS Results: Designs Match £ ##
: ## L¥VS REPORT ##
> Rules File & opamp f opamp P PN
> Source Netlist
aput Files
» Layout Netlist
; | Opamp. lvs. report
> Extraction Repo: e S
> LVS Report opamp. sp (' opamp’ )
¥ ) _cali035pMMEV_2P4M. lvs_
# ERC Pathchk F = ] ¥ Calibre LVS Version ¥2 4a for TSMC 0. 35um MIXED SINGAL
- - Mon Jun 6 19:03:12 2005
Discrepancy Information ¥e: fexport/home fstudent/£91csie/£9106227
N £9106227
‘J v9.3 2.10 Tue May 13 13:44:42 PDT 2003
= P I~ -]/ OVERALL COMPARISON RESULTS
¢ Cell: Opamp \ < |
AL3 )/(5 ## * ¢ .-
|
VI # # CORRECT # I
AL4 | i ## # # X 7
£ T #
| 7
<
L ”
ALz e
// EE Rk R R R R e R R
AL3 CELL SUMMARY ;
AlLa e I~ i P
M| ——Ji Row| 1  Col] 1
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OP-R/C Run PEX

Calibre Interactive = PEX

Rle Transcript Setup

Help

Inputs |
Run Control |
Transchpt |

Run PEX |

BRules |

| Netiist Type: 4 RC . RCC o C

Distributed | Lumped |

Netlist | Report | Advanced Netiist | SVDB |

— PEX Hetlist

Format: 4 HSPICE ., DSPF ., SPECTRE -

Start RVE

Hames: 4% Source - Layout

File: (Post_opamp.sp| ] | View |

o View Hetlist arter PEX finishes

_1 Exclude Hets
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OP-R/C Run PEX Success

= Calibre Interactive - PEX r Text Editor - post_opanp.sp
Hle Transcript Setup File Edit Fornat Options Help
# File: post_opanp.sp =
Rules | |Nemst Type: 4 RC | # Created: Hed Jun 8 20:11:50 2005
#* Program "Calibre =RC"
Inputs | # Yersion "v9,3_2,10"
Distributed | Lumped
I Outputs | B | Linclude “post_opanp.sp.per™
in+ Yin- ! !
Run Control ;suhckt Opanp Yin+ Yin- Yout gnd! wdd
4|_ Netlistl Report | Advanced Netll & ondi  gnd!
Transcript | % wdd! wdd!
— PEX Netlist % Yout Vout
# Yin- VYin-
| Run PEX | Format: 4 HSPICE - DSPIf « vine Vint
! nHO 4 H_3_HO_g H_2_HO_s H_gnd! _H11_b HCH L=le-06 H=5,2e-06
. nHL H_5_H2_s H_3_Hl_g H_3_H1_s H_gnd!_H11_b HCH L=1le-06 H=5,2e-06
Start RYE Hames: @ Source -~ Layo| b W end)_H2_d H_5.H2.g AL5.HP_s Hgnd!_H11.b NCH L=1o-06 H=5,2e~06
nH3 H_7_H3_d H_5_H3_g 4 H_gnd!_H11_b HCH L=1e-06 H=6e-06
File: |Post_opamp.sp nHd H_gnd!_H5_s H_17_Hd_g H_Yout_Hd_s H_gnd!_H11_b HCH L=le-06& H=3,de-06
- nH5 H_Vout_H6_s H_17_H5_g H_gnd!_HS5_s H_gnd!_H11_b HCH L=le-06& H=3,de-06
nHE H_gnd!_H7_s H_17_H6_g H_Yout_H6_s H_gnd!_H11_b HCH L=le-0& H=3,de-06
W View Hetlist after PEX finishi| nH7 H_Yout_H8_s H_17_H7_g N_gnd!_H7_s H_gnd!_H11_b HCH L=1le-06 W=3,de-06
nH8 H_gnd!_H9_s H_17_H8_g H_Yout_H8_s H_gnd!_H11_b HCH L=le-0& H=3,de-06
nH9 H_Vout_H10_s H_17_H9_g H_gnd!_H9_s H_gnd!_H11_b HCH L=1le-06 M=3,de-06
nH10 H_gnd!_H11_s H_17_H10_g N_Vout_H10_s H_gnd!_H11_b HCH L=le-06 H=3,de-06 =
-1 Exclude Nets | nH11 H_Yout_H11_d H_17_H11_g H_gnd!_H11_s H_gnd!_H11_b HCH L=le-06 H=3,de-06
nH12 H_1_H12_d H_vdd!_H12_g H_17_H12_s H_gnd!_H12_b HCH L=1e-06 H=1e-06
nH13 H_vdd!_H1d_s H_2_H13_g H_3_H13_s H_vdd!_H14_b PCH L=le-0E& H=5,2e-06
nH1d H_2_H1d_d H_2_H14_g H_vdd!_H1d_s H_vdd!_H14_b PCH L=le-06& H=5,2e-06
nH15 H_21_H16_s H_Yin—-_H15_g H_13_H15_s H_21_H22_b PCH L=1e-06 H=5e-06
wH16 H_17_H17_s H_Vin+_M16_g H_21_M16_s H_21_H22_b PCH L=1e-06 H=5e-06
nH17 H_21_H18_s H_Yin+_H17_g H_17_H17_s H_21_H22_b PCH L=1e-06 H=5e-06
nH18 H_13_H18_d H_Yin—-_H18_g H_21_H18_s H_21_H22_b PCH L=1e-06 H=5e-06
nH19 H_21_H20_s H_Yin+_M19_g H_17_M19_s H_21_H22_b PCH L=1e-06 H=5e-06
nH20 H_13_H21_s H_Yin—-_H20_g H_21_H20_s H_21_H22_b PCH L=1e-06 W=5e-06
//  Starting tine: Hed Ocl wH21 H_21_H22_s H_Vin-_H21_g H_13_H21_s H_21_H22_b PCH L=1e-06
74 nh22 N_17_NH22_d N_Vin+_M22_g H_21_H22_s H_21_N22_b PCH L=le-06
[=] w23 W21 H2as H_P_H23_g Hovdd!_H23_s H_vdd!_H30_b PCH L=1e-06
nH24 H_vdd!_H25_s H_2_H2d_g H_21_H2?4_s H_vdd!_H30_b PCH L=1e-06
nH25 H_21_H26_s H_2_H25_g H_vdd!_H25_s H_vdd!_H30_b PCH L=1e-06
nH26 H_vdd!_H27_s H_2_H26_g H_21_H2?6_s H_vdd!_H30_b PCH L=1e-06 H=5e-06
nH27 H_21_H28_s H_2_H27_g H_vdd!_H27_s H_vdd!_H30_b PCH L=1e-06 H=5e-06
nH28 H_vdd!_H29_s H_2_H28_g H_21_H?8_s H_vdd!_H30_b PCH L=1e-06 H=5e-06
nH29 H_21_H30_s H_2_H29_g H_vdd!_H29_s H_vdd!_H30_b PCH L=1e-06 H=5e-06

ASCII]
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Comparator-Bias-Layout
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Comparator-M44-Schematic
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Comparator-M44-Layout
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Comparator-M49-Schematic
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Comparator-M49-Layout
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Comparator-M50,55-Schematic
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Comparator-M50,55-Layout
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Comparator-M51~54-Schematic
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M51~54-Layout
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Comparator-M56-Schematic
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Compatator-M57-Schematic
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Compatator-M57-Layout
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Comparator-M60-Schematic
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Comparator-M60-Layout
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Comparator-M61~62-Schematic
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Comparator-M61~62-Layout
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Comparator-M63~64-Schematic
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M63~64-Layout
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Comparator-Layout
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Comparator-Lvs-OK

LYS Report File Comparator,lvs.report r

ibre - LYS RYE : svdb {(Conparator}
Source Setup
FNp s ey TNTDTT

ll_-‘lle Edit Options Windows

&2 LVS Results: Designs Match
& Comparator / comparator

#¥ #¥
#¥ CALIBRE 5 Y 5 T EM #¥
#¥ ##
#¥ LVS REPORT #¥
#¥ ##
REPORT FILE NAME: Comparator. lvs. report
LAYQUT NAME: Comparator. lay. net (’Comparator’)
SOURCE NAME: fexport/home /student /£91csie/f9106227/. /Comparator /com
RULE FILE: _cali035pMMSV_2P4M. lvs_
RULE FILE TITLE: Calibre LVS Version V2.4a for TSMC 0.35um MIXED SINGAL
CREATION TIME: Thu Sep 22 15:47:02 2005
CURRENT DIRECTORY: fexport/home fstudent/£91csieF9106227
USER NAME: £9106227
CALIERE VERSION: v9.3.2.10 Tue May 13 13:44:42 PDT 2003
|4
Discrepancy Information OVERALL COMPARISON RESULTS
# -_— -_—
* # # % *
L # CORRECT # |
# R # # N
#
=
x bbb bbb bbb bbb bbb bbb bbb b bbb b bbb bbb bbb bbb
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Comparator-Run PEX

Calibre Interactive = PEX

Rle Transcript Setup

Help

Inputs |
Run Control |
Transchpt |

Run PEX |

Bules |

| Netiist Type: 4 RC - RCC ~

Distributed | Lumped |

Netlist | Report | Advanced Netiist | SVDB |

— PEX Hetlist

Format: 4 HSPICE .. DSPF .. SPECTRE -

Start RVE

Names: # Source - Layout

File: |Comparator] PEX.sp e | View |

| View Netlist after PEX finishes

_1 Exclude Nets
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Comparator-Run PEX-Result

Calibre Interactive - PEX

Fle Transcript Setup

File Edit

PEX Hetlist File - Conparator_PEX.sp
Options Windows

Rules
Inputs
Outputs
Run Control

s

ERROE: PEX BACKANNOTATION DISTRI

—--- BEADING LAYOUT NETLIST Compa
--- REATNING LAYOUT TO SOURCE CRO
--- OUTFUT WETLIST FILE NAME Com
—--- OUTPUT PARASITIC MODEL FILE

Transcript -—— PROCESSING PARASITIC MODELS

-—- OUTPUT PARASITIC MODEL INSTA
Run PEX - - -—-
Start RVE pdb file name =

root cell name = Com
total nets = 25
top-level nets = wE
non-top-level nets = 0
degenerate nets =

merged nets = 0
error nets = 0

—--- CALIERE =RC::FORMATTER COMPL
--— TOTAL GPU TIME = 0 REAL TIM

File: Comparator PEX. s

= P
Created: Wed Oct 12 19:08:05 2005

*
*
* Program "Calibre =RC"
* Version "vw3. 3_2.10"

*

.include Comparator PEX. sp.
¥+ ¥- WOUT cND! ¥DD!

. subckt comparator

gnd! gnd!
wdd! wdd!
Vout Vout
V- V-
V+ ¥+

EE S S S

pex

WS N net3Z MEE_d N_net32 1068 g N_net24 10T d N_GND! MM45 b NCH L-le-0f

+ W=5. Ze-06

nMMAE N_net30_M46_d N net32 M6 g net22 N_GND! MMAS b NCH L=le-06 W=5.Z2e-04
nMA7 N net24 MAT d N net24 wd7 g N GND! MM4T 5 N GHD! MM4S b NCH L=le-04

+ W=5. Ze-06

nMM45 net22 N netld MM45 g
mMME1l_ 1 N _netS2 MME1_ 1 d
+ NCH L=1e-06 W=3.9e-06
mMM51_ 2 N_net52_mM51_ 2 d
+ NCH L=1e-06 W=3.9e-0&
mMM53_ 1 N_net38_mME3_ 1 d
+ NCH L=1e-06 W=3.9e-0&
mMM53_ 2 N net38 MME3 2 d
+ NCH L=1e-06 W=3.9e-06
mMM50_ 1 W net50_MMEO_ 2 d
+ NCH L=1e-06 W=E.Ze-06
mdd 1 N netl0 MMdd 1 d
+ NCH L=1e-06 W=E.Ee-06
mMMS0_ 2 N_netS0_MMEO 2 d
+ NCH L=1e-06 W=E.Ze-06
mMdd 2 N netl0 MMdd 3 d
+ NCH L=1le-0& W=E.6e-06
mMMED_ 3 N_netS0 _MMEO 4 4
+ NCH L=1e-0& W=L.Ze-06
nii4d 3 N netlD MMdd 3 d
+ NCH L=1e-06 W=E.Ee-06
mMME0_ 4 N _netS0_MMEO_ 4 4

el ol oedl ol ool ool ool

N_net5_MM4S_s N_GND!_MMAS b NGH L=le-06 W=e-0G

N net38 MMS1 1 g N GNDI!_MMS1 2 s
M_net3d_MMS1_ 2 g N_GND!_MMS1_ 2 s
M_netS2_MME3_ 1 g N_GND!_MMRI_ 2 s
M_netS2 MME3 2 g N GND!_MMRI 2 s
M_netS2 MMEO_ 1 g N GND! MMRO_ 1 s
M onetld MM44 1 g N GND! MM44 2 s
M_netS2 MMEO_ 2 g N _GND!_MMRO 3 s
M onetld MM44 2 g N GND! MM44 2 s
M_netS2 MMEO_ 3 g N_GND! MMEO 3 s
M netld MM44 3 g N GND! MM4d 4 s
W_netS2_MMEO_ 4 g N GND! MMRE 1 s

N_GND!_MMEZ_ 2 h
N_GND!_MMEI_ 2 h
N_GND!_MMEZ_ 2 h
N_GND! MMEZ_ 2 h
N_GND! MMEZ_ 2 h
N_GND! MMEZ_ 2 R
N_GND! MMEZ_ 2 R
N_GND! MMEZ_ 2 h
N_GND! MMEZ_ 2 b
N_GND! MMEZ_ 2 b
N_GND!_MMEZ_ 2 b

i

1=
EM row| 1 cof 1
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VRG-M25-Schematic
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VRG-M25-Layout
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VRG-M26-Schematic
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VRG-M26-Layout
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VRG-M27-Schematic
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VRG-M27-Layout
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VRG-M28-Schematic
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VRG-M29-Schematic
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VRG-M29-Layout
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VRG-M30-Schematic
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VRG-M30-Layout
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VRG-M31-Schematic
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VRG-M31-Layout
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VRG-M32-Schematic
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VRG-M32-Layout
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VRG-Ccl-Schematic
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VRG-Ccl-Layout
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VRG-Layout
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VRG-LVS-OK

£ LvS Results: Designs Match Al
& VYRG1 { VRG
(= )
Discrepancy Information
i
P ¥

B S
#a ##
&4 CALIEBEERE STSTEMNM E23
[z >3
&4 L¥S5 REBRORT ##
[z >3
B A A A
BME : YRG1. 1ws. report
VEGL. Lay. net (*VRGLl')
Sexportshome fstudentf91csie /FI106ERT S, SWRGAVRGL. 5p (°
_cali035pkMEy ZP4AM. lws
[LE : Calibre L¥S Wersion W2.4a for TSMC 0. 35um MIEED SINGAL
: Wed Sep 28 19:24:38 2005
TORT : Jexport/home Sstudent/£91csie AE91062ET
9106227
1) v9.3_2.10 Tue May 13 13:44:42 POT 2003
OVERALL COMPARISON RESULTS
# F _
* #* * + *
®  # # CORRECT # |
# # # # A
# FRR R
e
CELL SUMMARY
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VRG-R/C Run PEX

Calibre Interactive - PEX

Fle Transcrpt Setup

Help

Inputs |
Run Control |
Transcrpt |

Run PEX |

Rules |

|Netjist Type: # RC ~ RCC ~ C

Distributed | Lumped |

Neuist| Report | Advanced Netlist | SVDB |

— PEX Netlist

Format: 4 HSPICE ., DSPF ., SPECTRE -, |

Start RVE

Mames: # Source - Layout |

File: [VRG_PEX.sp | .| view ”

o view Metlist after PEX finishes |

_| Exclude Nets
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VRG-R/C Run PEX Success

| Calibre Interactive - PEX l_

PEX Hetlist File - YRG_PEX.sp

ile Transcript Setup File Edit Options Windows
Rules * File: WRG_PEX. sp
= | * Created: Wed Oct 12 19:05:17 2005
ERROR: PEX BACKANNOTATION DISTRIf + program “Calibre =RG"
Inputs | * ¥ersion "vw9.3_2.10"
*
Outputs | --- READING LAYOUT NETLIST VRB1 | jr.1ude VRG_PEX. sp.pex
--- READING LAYOUT TO SOURCE CRO| -uhckt WEG W+ OUT END! VOO
Run Control | --- OUTPUT NETLIST FILE HaME VRG|
=———— || | --- OUTRUT PARASITIC MODEL FILE f + gnd| gnd!
Transcript --- PROGCESSING PARRASITIC MODELS | + 5ddl wddl
--- OUTPUT PARASITIC MODEL INSTA| + v, y.
= * OUT OUT
Run PEX | === - == ST mM25 1 N W+ MM2S 1 d

- + L=1e-06 W=52&-08
T o - “ooo) o252 W ov 025 3 d
pdb file name = svdll . 1=1e-06 W=5 Z2e-08
root cell name = MMMZ5_ 3 N_v+_MM25_ 3 d
total nets = + L=1e-06 W=5 Ze-08
top-level nets = MMMZE_ 4 N_W+ MMZE_ 5 d
non-top-level nets = + L=le-06 W=5_ 2e-08
degenerate nets = MMMZE 5 N W+ MM2E 5 d
nerged nets = + L=18-06 ¥=5 2e-0&
error nets = mMMEE 6 N Ve MMZE T d
+ L=le-06 W=5.2e-06
--- CALIERE xRC::FOEMATTER COMPLJ ianeoC 7 1 we MM25 7 d
--- TOTAL CPU TIME = 0 REAL TIM§ . [ _15-05 W=5 2e-06
M5 8 N_¥+ MM25_ 9 d
+ L=le-06 W=5 2e-08
MMM25_ 9 N_¥+ MM25_ 9 d
i + NCH L=1e-06 W=5.Ze-06

g
==}
1<
m

DDDqug
o]

+ NCH L=le-06 W=5. 28—0f
mM3Z 1 N netl7 MM3Z_
+ NCOH L=1e-08 W=Te-0&

+ NCH L=1e-06 ¥=Ie-0§

+ NCH L=1e-06 W=3e-06&

+ HCH L=1e-06 W=3e-08

nMMES_ 10 N_V+_MMES__ 10

N_netd_MM2E 1 g
N_netd_MM25 2 g
N_net9_MM25 3 g
N_netd_MM2E_ 4 g
N_netd _MM2E L g
N_netd_MM2E 6 g
N_netd_MM2E 7 g

N_netd_MM2E 8 g

N_netd MMZS_ 9 g N_GND!_MM25_ 10 s N_GND!_MMZ5_ 10_h

N_GND!_MMZ5_ 2 s
N_GND!_MMZS_ 2 s
N GND!_MMZ5_d s
N_GND!_MMZ5_d s
N GND! MMZL 6 s
N GND! MMZL 6 s
N_GND!_MM25_ 8 s

N_GND! _MMES_ B s

N_GND!_MM25_ 10_h
W_GND!_m25_ 10_h
N_GND!_MM25_ 10_h
N_GND!_MM25__10_h
N_GND! MM25_ 10 h
N_GND! mM25_ 10 h
N_GND!_MM25_ 10_b

N_GND! MRS 10 h

HCH

HCH

HCH

HCH

HCH

HCH

NHCH

HCH

d N_netd MM25_ 10_g N_GND!_MMES_ 10_s N_GND!_MMZ5_ 10_h

2 d N _OUT MM32_ 1 g N GND! MM3Z_ 1 s N GND! MM2S5_ 10 h
pil mE2 2N met17 MM32 2 4 N OUT MMIZ_ 2 g N GND! MM3Z_ 2 s N GND! MMES_ 10 h
mMM30_ 1 N netd MM30_ 2 d N netld MM30_ 1 g N GND! MM30_ 1 s N _GND! MM25_ 10 _h
nMM30_ 2 N netd MM30_ 2 d N netld MM30_ 2 g N GND! MM30_ 3 s N GND! MM2S_ 10 _h

R

i
EM Row| 1 cof 1
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Oscillator-M33~43-Schematic
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Oscillator-M33~43-Layout
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Oscillator-M0,8,9,17~24-Schematic
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Oscillator-M0,8,9,17~24-Layout
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Oscillator-Layout
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Oscillator-Lvs OK

dbeacsitia Rk -Ssudb (llse Lhlator) LYS Report File Oscillator,lvs.report el
Soure § solup ﬂelpl ions Windows l
F NDI P x ND I 2 | B
& LvS Results: Designs Match 5
Oscillator 7 Oscillator ## #
## CALIBRE S-¥ S TCEM ##
## ##
## LVS REPORT ##
## ##
| = (- |7 RE: Oscillator. lvs. report
Oscillator. lay.net (’0Oscillator’)
Discrepancy Information Ffexport/home fstudent/f91csie/f9106227/. /0scillator /Osc
N _cali035pMMEV_2P4M. lvs_
[LE : Calibre LVS Version V2.4a for TSMC 0.35um MIXED SINGAL
: Tue Sep 27 14:34:19 2005
TORY : Jfexport/home/student/f91csie/£9106227
i 7 £9106227
| i~ - ON: v9.3_2.10 Tue May 13 13:44:42 PDT 2003
e
— x OVERALL COMPARISON RESULTS
i
£
i # o
dire 1 # # *
i #*# # CORRECT # |
A A ## # # N
i #
Fa
i
FI— E b b e e e e e e R e e e e R e *t% *t% *
— CELL SUMMARY 7
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Oscillator-R/C Run PEX

Calibre Interactive - PEX

Ale Transcript Setup

Help

Inputs |
Run Control |
Transcript |

Start RVE

Rules |

Run PEX |

| Netlist Type: 4 RC . RCC o C

Distributed | Lumped |

Netlist | Report | Advanced Netlist | SVDB |

— PEX HMetlist

Format: 4 HSPICE .. DSPF ., SPECTRE -, |

Mames: 4 Source - Layout

File: [Oscillator PEX.sp| | .| view ”

W View Hetlist after PEX finishes

I Exzclude Hets

NKUST EE
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Oscillator-R/C Run PEX Success

Calibre Interactive - PEX

PEX Hetlist File - O=zcillator_PEX.=p

=

Transcript Setup

Hle Edit Options Windows

Rules

Inputs

i

Outputs
tun Control

ranscript

-

J

Run PEX

g
s
=
m

ERROR: PEX BACEANNOTATION DISTRIEW

—--- REZDING LATOUT WETLIST Oscilla
--- READING LAYOUT TO SOURCE CROSS
—-—- OUTPUT WETLIST FILE NAME Oscil.
—--- OUTEUT PARASITIC MODEL FILE Hal
--- PROCESSING PARASITIC HMODELS

—-- OUTPUT PARASITIC MODEL INSTANCI

—== 221
pdh file name = svdb /1
root cell name = Oscill
total nets = 19
top-level nets = 19

non-top-level nets = 1]
degenerate nets =
merged nets =
error nets =

ooo

—--- CALIBRE =RC::.FORMATTER COMELETI
--- TOTAL CPU TIME = 0 EREAL TIME :

*+ File: Oscillator PEX. sp

* Greated: Wed oct 12 18:57:37 2005
* Program "Calibre =RC"

* Wersion "w3.3_2.10"

*

.include Oscillator PEX. sp.pex
.subckt Oscillator VEOS OUT GHWD! vOD!

gnd! gnd!

Out Out

vdd! wdd!

Vhos Whos

i34 W net3l MM34 d N net35S _MM34 g N netV MM34 s N GND!_MM33 b NCH L=le-0&
+ W=Ee-06

nMM3IE N _net3_MM3IB_d N_VBOS_MM3B_g N_GHD!_MM38 s N_GND!_MM33_h NCH L=1e-06

+ W=Ee-08

nMM3IZ N OUT MM33 d N net31 MM33 g N net3 MM33 s N GND! MM33 b NCH L=le-06

+ W=Ee-0&

niM0 N_net5d MMO d N net89 MMO g ¥ ¥DD!_MMO s N _VDD! MM21 b PCH L=1e-06 W=4e-06&
nM43 N netdd 43 d N VEOS M43 g N GND! MM43 5 N_GND! MM33 h NCH L=le-06
+ W=Ee-06

mMM2d W_net89 MM2Z4 d N_net89 MMI4 g W_VDD! _MM24 s N_VDD! MMZ1 b PCH L=le-08&
+ W=de-08

nMMAZ N netld MMAZ d N VBOS MMA2 q N GND! MMA2 s N GND! MM33 b NCH L=le-06
I + w=Ze-06

nMi4l N netlS Mvdl d N _VEOS MM4l g N GND! MMdl s N_GND! MM33 h NCH L=le-06
+ W=Ee-06

mMME3 W_netT70_MM2Z3 d N_net89 MMI3 g W_VDD! MMZ3 s N_VDD! MMZ1 b PCH L=le-08&
+ W=de-08

o

nMMZE N_netf6 MM22 d N_netS0_MMEZ g N _VDD! MM2Z s N_VDD! MM21 b PCH L-le-06
+ W=de-lh

nMMY N _netf2 MMY d W _netf9 MMY g N WOD! MMO s N _VDD! MM21 h PCH L=le-0f W=de-05
nMME N_netS8_MMS_d N_net859 MMS_g N_VDD!_MM3_s N_VDD!_MM21 b PCH L=1e-06 W=4e-06

mf37 H netdd 37 d N _OUT MM3T g W netTI0 MM37 s W _GND! MH33 b NCH L=le-08
M;%eﬁgietﬁ_mﬂ?_d N_OUT MM17 g N net70 MMIT s N VDD! MM21 b PCH L=le-0f
M;geﬁ?ﬁet%_}m%_d N_netd3 MN3IE_g N _netlS MW3I6 s N _GND!_MM33 b NCH L=1e-0f
:@MWZEEI}EIEIBt35_M35_d N_net30 MM3E g N _netll MM3S s N _GND!_MM33 b NCH L=le-0f

N M Row| 1 Cul’i—
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PWM-Pre-Simulation

‘ Wave List

DO:trd:v(v(v+))

Time (lin) (TIME)

me (lin) (TIME)

Ti

DO:trdiv(v(v-))

DO:tr:v(v(vout))

Time (lin) (TIME)
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[=] Input Files

—< Rules File
—< Source Netlist
[=] Cutput Files

—> Layout Netlist
— (1) Extraction Ri
— LV'S Report
—{+#] ERC Pathchk F

PWM-Lvs OK

& LVS Results: Designs Match
&2 PWM 7 PWM

Discrepancy Information

REPORT FILE NAME:
LAYOUT NAME:
SOURCE NAME :
RULE FILE:

RULE FILE TITLE:
CREATION TIME:

CURRENT DIRECTORY:

USER NAME :
CALIERE VERSION:

#¥

##
##

##

CALIBRE
LVS

5¥ S TEM

REPORT

#¥
#¥
#¥

##

PWM. lvs. report

PWM. lay.net ('PWM’)

fexport/home fstudent/f91csie /f9106227/. /PUM/PWM. s
_cali035pMMEV_2P4M. lvs_
Calibre LVS Version V2.4a for TSMC 0.35um MIXED S:
Fri Oct 7 13:32:20 2005
Fexport/home /fstudent/f91csie /9106227

£9106227
v9.3 2.10

OVERALL COMPARISON RESULTS

AR

Tue May 13 13:44:42 PDT 2003

#|
#|

LR R R e e R e ]

CELL SUMMARY

NKUST EE

166



PWM-R/C Run PEX

Calibre Interactive = PEX

Hle Transcript Setup

Help

Inputs |
Run Control |
Transchpt |

Run PEX |

BRules |

| Netlist Type: 4 RC . RCC o C

Distributed | Lumped |

Metlist | Report | Advanced Netist | SVDB |

— PEX Netlist

Format: # HSPICE ., DSPF ., SPECTRE -

Start RVE

Hames: ¥ Source - Layout

File: [Post_PWM.sp) | .| view |

W Viewr Hetlist after PEX finishes

_| Exclude Hets
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PWM-R/C Run PEX Success

Calibre Interactive - |

File Transcript Setup

PEX Hetlist File - Post_PHH,.sp

Fle Edit Options Windows

Rules |
Inputs |
Outputs |
Run Control |

ERROR: PEX EBACKANNOTATION D

—--- READNTNG LAYOUT METLIST
—--- REANTHNG LAYOUT TO S50URC
—--- OUTPUT NETLIST FILE NaM
--- OUTPUT PARASITIC MODEL
—--- PROCESSING PARASITIC MO
—--- OUTPUT PARASITIC MODEL

I Start RVE

pdb file name =
root cell name =
total nets =
top-lewvel nets =
non-top-level nets =
degenerate nets =
merged nets =

error nets =

—-- CALIERE x=RC::FORMATTER
-—- TOTAL CPU TIME = 0 REA

File: Post_PWM. sp

Created: Wed Oct 12 20:06:23 2005

Wersion "w9. 3_2.10"

*
*
+ Program "Calibre =RG"
*
*

.include Post PUM. sp. pex
.subckt PWM VEOS VIN+ VIN- ¥- VDD! ¥+ WOUT GND!

gnd! gnd!

wdd! wdd!

Vout Vout

V+ ¥+

V- ¥

¥in- ¥in-

Vin+ Vin+

Whos Vhos

mMMES_ 1 MW+ MMES
+ L=1e-06 W=E Ze-0f

I

MOEE_ 2 N+ MMe5_

+ L=1e-06 W=5 Ze-0&
mMMES 3 N_V+_MMES
+ L=1e-06 W=E Ze-0f
mMMES 4 N W+ MMED
+ L=1g-06 §=5 Ze-0f
mMMES 5 N_W+_MMES
+ L=1e-06 W=E Ze-0f

MEE_ 6 N_V+ MMe5_

+ L=1e-06 W=5 Ze-0&

WMIS_7 N_V+ MMZ5_

+ L=le-06 W=5 Ze-0f

MOS8 N_V+ Me5_ !

+ L=1g-06 ¥=5"2e-0%
mMMES 9 N W+ _MMES
+ L=1e-0f W=E Ze-0f

1d N_netl77_mM25_1 g
3_d N_netlT7_MM25_ 2 g
3_d N_net177_MM25_ 3 _g
5 d N_net177 MM25_ 4 g
5_d N_netl77 MM25_5 g
7_d N_net1T7_MMI5_6_g
7_d N_net177_MM25_ 7 g
9. d N_net1T7_MMI5_ % g
9 d N_net177_MM25_ 9 _g

N_GND!_IM25_ 2 s N_GND! MM33_h NCH
N_GND! MM2S_ 2 s N_GND! MM33_h NCH
N_GND! IM25_ 4 s N_GND! _MM33_h NCH
N_GND! MM2S_ 4 s N_GND! _MM33_b NCH
N_GND! IMM25_ 6 s N_GND! MM33_h NCH
N_GND!_MM2S_ 6 s N_GND! MM33_b NCH
N_GND! IMM25_ 8 s N_GND! MM33_h NCH
N_GND! MM25_ B s N_GND! MM33_b NCH

N_GND!_MMZ5_ 10 s N _GND!_MM33_b NCH

nM34 N netl97 MM34 d W onetl33 MM34 g N net22l MM34 s N_GND! MM33 b NCH L=le-06&

+ W=2e-0§

mMMES 10 W_¥+ MM25_ 10 d N_netl77_MM25_ 10 g N _GND!_MM25S_ 10 _s N_GND!_MM33 b
+ NCH L=1le-06 W=5 Ze-06
nMMIE N _net225 MM3E_d N_VBOS_MM3S_g N GND! MM s N_GND! MM33_h NCH L=le-0&

+ W=2e-06

nMI3 N_net187 MMI3_d N _netld7 MMI3_g N_net225_MM3J_s N_GND! MMI3 b NCH L=le-06
3

+ W=Ze-0

m32_ 1 N_net169m32 2 d N netlS7_MM32_ 1 g N GND! MM3Z_ 1 s N_GND! MM33 b

+ NCH L=1e-0% W=1e-0
__2 N onetl69 MM3Z 2 d N _netl87 MM32

M3

£

2 g N_GND!_MM3Z_ 2_s N_oND!_MM3I3 b

EM row| 1 cof 1
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Chapter 4. Final Project

= HESS — R E T & FVKEERIFIR
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OUTOP
 —

Pulse Width Modulation

PWM Design

>

I; J Ring Voltage Control Oscillator |

1 g

i
-
I
—
=
il

15[ 1y

15
71 3

i T 31
us T ‘ T

£

I T T , ]
Temperah.{re Compensation ‘ﬂé‘t]_[
Ring-VCO i E r J
—

T

I il
Operational Amplifier — —
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VCO

- IRAIE G M AR mas S5 > B F s 4 B ERR T
K o I H AT i vbosy MEER BRI RISAR » VbosSEE AL » JHRA
5 2 vbosEEEAK - AERAK o FIF AR fENS > BIERE
ZesILI B - (FIRAESZSE AR S RS AT EERE -

B
o
| AN A

J—' NKUST EE 171



- EConverter” Sensoriit

OP

H{EEBIS=E R
Vref{ELLER » AR ETRUK
.
«f % . ts
Vin+ * Vin-
- B — T s
5 i :—J :T =
1
NKUST EE
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Comparator

FLCR et H (EH B IN R BRI R
wHE R A 0 DR 1 B L AR & 1

Vbias
|
D—‘»
>
i — — —
« = [ [k
@
Vin- Vin+
— 1 OUtpUt
D—‘: ﬂ—@
— — —
o =< =]
.
i — i —
> = > =
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OP Design-Spec.

Specification Pre-sim Post-sim
Av Ao >=70db 70 db 72 db
Phase margin PM>=450 48° 53°
Unit-gain frequency Fo <= 200 MHz 97 MHz 71 MHz
Cc < 4 pf 0.4 pf 0.4 pf
Slew rate <= 250 v/us 75 vius 72 vius
Offset Ov 0.31v 0.26v
ICMR Ov — 5v 0.31v—-4.67v 0.26v — 4.68v
PSRR >60 db 73 db 76db
CMRR >60 db 47 db 54 db
Power Dissipation < 10mV 5.4768 mV 4.06 mV
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OP Design (1/2)

Let SR=250v/u5 Cc=0.4pF (WIL), = EX(W/L% _ o7
,upCox = 50/1 and ﬂnCox = 150;[ los . _

_ 12
250u = 1ps/0.4x 10 Wi = 500x10° N <Mj )
los = 100u0 T 0.5x504x0.25 = 5 % w7
los = 0.5x50u x (W/L), 1001 A
. ¢ 1 500pA

(W/L), =16 J50pA ] 50pA
———————————————————— % M1 M2 PZ
Ips = 0.5x 150u x (W/L), s
(WIL), = (WIL), = 2.7 —
———————————————————— v q%,
f, = 200MHz, 2z x f, =1.256x 10° '

M6
gm1l=@C =5.024x10" |

M3 M4

(gm 1)’ =2 x50 x (W/L),
(W/L) = (W/L), =50.5 r T
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FDifferential pair

N1 net? n neatl
M2 net3 m+ netl
N3 net? net? gnd!
A ! netd net?2  gnd!
MS netl net036 vdd!

#hmngle-Stage Amplifier
% & rout netd  ond!
N7 out netD36 vdd!

*Compensation

N14 ned vdd!  net3

OP Design (2/2)

‘ M5

M7

~ JoopA

PCHY W=13u
PCHY W=13u

NCHS W=4.5u "
A

NCHS5

PCHS

S0uA

500pA

iﬂpA

Pz

M14

M2

vout

M3

"

NKUST EE
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Simulation of OP (1/2)

2.515V

—l

l

I

éé i 3

1' b, / \
Vout A\

a .
s Sy
— 1

4000 500n
Time {Tmt (T 0
" n [ £ [ 51
Tims {lin) (TIME)

NKUST EE 177



Simulation of OP (2/2)

T
1

IFremuency=D BEeH00 7, delta=] 204

EEEE L e
1 [ 1
1

AT dele=1h207 -~

e

N —

i

B e ST,

ase)

Vout(p

. S

I
1
1
)

B 1 5 e |
I
1

A e R __

70

=20

-0

T
100

T
10

T
100k

T
10k
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Layout of PWM

e T T L T T T L T T T s

VCO

e e PP e e eI

e ek

Bias

Comparator
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Boost's Transfer Function in CCM Mode (1/3)

AN YN ~
o D, +
. Rc
basic boost converter -
vg O i Vo
switch in position 1 / \switch in position 2
R, L RL
M W
e + > +
! Rc Rc
vg () Vo vg () . Vo
vC—— Vc—
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Boost’s Transfer Function in CCM Mode

(2/3)

Analysis of boost converter in continuous-conduction mode (by KVL):

Subinterval 1: switch on

L% =—(Ru)i +vg
dv. v

E_ Ro + Rc

Vo = Ro v
Ro+ Rc

vg )

Ru

L

+Lﬂ—
dt
EEEEE—

Ro

Vo

Subinterval 2: switch off

di RoRc ). Ro
—=— Re+ I — V + Vg
dt Ro + Rc Ro + Rc

d_V_ Ro . v

= I_
dt Ro+Rc Ro+ Rc Vg

RoRc ). Ro
Vo = I+ v
Ro + Rc Ro + Rc

Ro

Rc

Ro

Vo

NKUST EE
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Boost’s Transfer Function in CCM Mode

(3/3)

Volt-second balance

V() ¢4 — (RO +Vy

()= ~DIRL+ DVi— D' IRL+ D' 2R I—D'( Ro }/+D'vg

Ro + Rc Ro + Rc

= R+ DR ) [ 2R Ny,
Ro + Rc Ro+ Rc

Vo= D' RoRc |+ Ro
Ro+ Rc Ro + Rc

e DTs—} DT

RoRc Ro
—| RL+ | —
Ro+ Rc Ro+ Rc

)V +Vg

v

Capacitor charge balance
<i >__ DV N D'Ro | _ D'V
Ro+ Rc Ro+ Rc Ro+ Rc
__DRo  _V
" Ro+Rc Ro+ Rc
li=1

NKUST EE
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Ro V
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| —
Ro + Rc Ro + Rc

Ro + Rc
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Equivalent Circuits (1/2)

Rc L

Y Y Y L
AAYAY A Vo
[D' RORC} R o
> Ro+ Re D'RoV/|[ + D'Rol Re
Rc+ Ro ] Rc+R%__+
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Equivalent Circuits (2/2)

RoRc D'Ro

| — Vg=0 (1
Ro+Rc) (R0+Rc)\/+ ] @

Vv
(2)

RoD'
RoRc Ro

| +
Ro—i—ch [R0+Rc)\/
Vo=V

Vg = RV N RcV N D'Ro 2) —(1)
RoD' Ro+Rc Ro+ Rc

Vg =Vo RL N Rc N DRO)
RoD' Ro+Rc Ro+Rc

—[RH— D'

RoD'l =V =0;1 =

(3)

Vo= D'(

(2) =)

NKUST EE

Vo_1 1

Vg D RL2+ Rc N Ro
| RoD  (Ro+Rc)D" Ro+Rc |

If Ro>>Rc; Ro>>RL then

Vo 1
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Inductor and Capacitor

AL
dt

AIL = \/—Lg DTS iL(t)A

Solve for peak ripple

2AIL:V—SDTS

v

Thedevices L calculatedas follow :
L VgDTs
241,

dve _ic_—Vo_1_V_
dt

C RC C RC
ThedevicesC calculatedas follow :
C - VDTs
2RAV0 NKUST EE 186




Transient Steady

 Perturbation and linearization

« State-space averaging

« Simplified analysis of PWM converters
using model of PWM switch
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Perturbation and Linearization
Theaveraged convertereqLétﬂ.nl 4)

Lﬂ:—(RL +d' RoRe )i—( d'Ro jV-FVg
dt Ro+ Rc R

dv dRoi Y
dt Ro+Rc Ro+Rc

Vo=d'( RoRc j“‘( Ro jV

Ro+ Rc Ro+ Rc

=i

Next step: perturbation and linearization.
Vg(t))rs=Vg + Vg

d(t)=D +d

(i(t)) s =1+1

(V(t) s=V +¥

(i(t))rs = i + i

d'=1-(D+d)=D4d

Substitution to theaveraged converterequations
NKUST EE 188




Perturbation and Linearization (2/4)

Perturbation of theaveragedinductorequation

LM}[RH(D'—dX RoRe D(I + f)—[mJ(v + )+ Vg + Y

dt Ro+Rc Ro+Rc

— IR—{RL-D RoRc L+d RoRc D RoRc fd RoRc : D Ro d(t)Ro
Ro+Rc Ro+ Rc Ro+Rc Ro+ Rc R0+Rc Ro+ Rc

_ Vg—IRL—D'( RoRc jl_( D'Ro }/ N C?( RoRc J|—D'[ RoRc jf"‘ dRo _( D'Ro )
Ro+ Rc Ro+Rc Ro+ Rc Ro+ Rc Ro+ Rc Ro+ Rc

<>

D' Ro X dRo ). .
V + V+ Vg + Vg
Ro+Rc Ro+ Rc

. J [A( RoRc jp [ dRo ]AJ
-IR d I+ \%
Ro+ Rc Ro+Rc

Dc terms 1st order ac terms
(linear)

Upon discardingsecond- order terns,and removingdc terms(whichadd to zero), weare left with

di ( dRoRc dRo D'RoRc ). ( D'Ro ). .
L—= | + —| RL+ 1 — V + Vg
dt Ro+Rc Ro+Rc Ro+Rc Ro+ Rc

di D'RoRc |- D'Ro |. RoRc Ro A
L—=—R.+ I — v+ I+ d+ Vg
dt Ro+ Rc Ro+Rc Ro+Rc Ro+Rc

NKUST EE  1g9
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Perturbation and Linearization (3/4)

Perturbation of theaveragedcapacitorequation

oAV + V):((D'—ﬂ)Roj(l L) Vv + V)

dt Ro+Rc Ro+ Rc
(DRo V. ) (DR ) dRo ¥ [ dRo .
Ro+ Rc Ro+ Rc Ro+ Rc Ro+ Rc Ro+Rc | Ro+Rc
DC terms 1st order ac terms 2nd order ac terms
(linear)

Upon discardingsecond- order terns,and removingdc terms(whichadd to zero),
weare left with

dv D'Ro ) 1 . IRo A
C =( jl —( jv— d
dt Ro + Rc Ro + Rc (Ro + Rc)

NKUST EE 190




Perturbation and Linearization (4/4)

Perturbation of theaverageinput currentand output vokage

VO+\70=(D'—&I RoRe )(I i )+(ROF10RJ(V + )

Ro+ Rc
_(D'(RORC)I+ RoV } D'(RoRc)» _d(RoRe), Rl (&(RORC)fJ

| Ro+Rec Ro+ Rc Ro+ Rc Ro+ Rc Ro+ Rc Ro+ Rc
DC terms Ind order ac terms 2nd order ac terms
(I inear) (nonlineay

Upon discardingsecond- order terns,and removingdc terms(whichadd to zero),

weare left with

. [D'(RORC)} [ Ro } IRoRc | ;

Vo = | +| ——— |V — d
Ro+ Rc Ro+ Rc (Ro + Rc)

i+ li=1 +1

removingdc terms
fi = f NKUST EE 191




Small-Signhal AC Equations

NKUST EE
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Re

State-Space Averaging (1/13)

_/W\/_WW\—
> + : . .
i L9 _vg-ire di _Vg IR 1
ch dt dt L L ( )
" Vo Cﬂ = —( v j d
Vg O .\ Ro § dt  {Rc+Ro v_ {#j (2)
vC—=— dt  ((Re+Ro)C
In charging condition: Q, tufns (-)n and Q, turns off - Vo =( Ro )V 3)
Tl ’ 2 Rc + Ro
Lﬂz(Rw RoRe )i —( Ro jv+Vg
R, L dt Ro+ Rc Ro+ Rc
AN — YV dv ( Ro j v
: > + —= 1—
i dt Ro+ Rc Ro+ Rc
Rc§ R+ RoRc
di Ro+Rc | 1( Ro j Vg
+ —= - — v+—
vg () N Ro § ve dt L LlRo+Rc) L 4
V. c——
ﬂ_ Ro ] B Y
- dt (Ro - RC)C i (Ro - RC)C (5)
) ) . RoRc ). Ro
In discharging condition: Q, turns off, and Q, turns on Vo= i — Vv
I % < (Ro—Ich) Ro + ch (6)
NKUST EE 193



State-Space Averaging (2/13)

We change equ.(1), (2) and (3) into state space functions:
x=Ax+Bu X =l v] uT=M] yT=|V,]
y=Cx+EU

state vector input vecr output vedor
A—— SystemMatrix B—— Input Matrix

C——Output Matrix E—— Feedforwad Matrix

D is replaceof E, so wedont confuseabout duty and feedforwad Matrix

The state equation is as follows
R

X:M: _OT {(01} M+ E v, ]= Ax+Bu

y=bl-[o Fe ]M+[0]-[vg]=clx

Rc + Ro

the constant vectors are

RL 1
_T 0 1 Ro
0 I . 0 c+Ro
(Re+Ro)C
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State-Space Averaging (3/13)

In the same way, We change equ.(4), (5) and (6) into state space functions:

X=AX+B,u
y=C,X
The state equation is as follows
i RoRc i
RL+
i _ ] Rc+Ro  _ Ro i 1
x:{}: L (Rc+Ro)L { }r L -B/g]:A1x+Blu
v Ro |1 I'lo
i (Rc+Ro)C (Rc+Ro)C |
RoRc Ro i
=V ]= 1 |+[0]-[Vs]=C,x
y=1v.] |:Rc+Ro Rc+Ro} M o} Ivel=c,
the constant vectors are
R+ RoRc .
_ Rc + Ro Ro - RoR R
A, = L (Rc+Ro)L B,=|L| c = °
? ? |Rc+Ro Rc+R
RO B 1 0 c+ Ro c+ Ro
i (Rc—+—Ro)C (RC+RO)C |
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State-Space Averaging (4/13)

Evaluate averaged matrices

A'=DA +D'A,
i RoRc
- - R
_"EE 0 ] Rc + Ro
=D. L 1 +D’. L
0 I
I {(Rc + Ro)Cl Ro
(Rc + RO)C
R+ D' RORC
_ Rc+Ro | Ro D'
_ L (Rc+Ro)L
Ro D' B 1
i (Rc+—Ro)3 (Rc4—Roy: |
B'=DB,+D'B,

o[g}olgH 1S

196
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State-Space Averaging (5/13)

Theaveraged (nonlinear) stateequations :

X =(d(t) A +d(t)" A, kx(t))rs+(d(t) B, + d(t) ' B, Ku(D)) =

(y()) s =(d(t) C, +d(t)'C, )x+(d(t) E, + d(t)'E, u(t)) 7s

Let

(X(t))Ts =X + X

<y(t)> Ts=Y +§

(u)hrs=U+0

d(t)=D +d

Dc termsdrop out of equations.Second-order (nonlinear) termsare

small when thesmall-signal assumptionis satisfied. Weare left with:

K-x=A-x+B-u+[(A—A)x+(B —B,uld(t)
y=C-x+E-u+[(C,—C,)x+(E,—E, uld(t)

This is thedesired result. NKUST EE
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State-Space Averaging (6/13)

Evaluate matricesin small-signal model:

E= (A=A )x+(B,~B,
R+ RoRc

Rt Re+Ro 0+

=| L L

R B 1
c+R Rc + RO)C

+R)C

(c‘)( E,

([ RoRc jl
Rc + Ro

J S| [(Errmery

__0_ RoRc Ro Ro |
| Rc+Ro Rc+Ro Rc+Ro |V

NKUST EE
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State-Space Averaging (7/13)

Small-signal ac stateequations :

Ru+ D' _RORe
_ Rc + Ro ( Ro JD-

O I g 6
Ro , 1

i (Rc+ RO)C b _|:(Rc+ RO)C:|

Vo] = { D'RoRc  Ro I

Rc+Ro Rc+Ro V)

Constructbn of ac equivalent circuit
Small-signal ac equations, in scalarform:

R+ D'_RoRe
di Re+Ro fj_(__DRo ) 1, . (Re+D'RoV d
dt L (Re+Ro)L) L D'(Rc +Ro)L

D'RoRc ). Ro IRoRc
Vo = I+ V— d
Rc + Ro Rc + Ro Rc + Ro
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State-Space Averaging (8/13)

Next, we transformac equivalent circuitsmall - signal ac equations transforminto laplace
inductor equation

sLi(s)= _[RH D RoRij(s)_(ﬂjo(s){V(D' Ro+ Rc)j&(s)+vg(s)

Rc +Ro Re +Ro D'(Rc + Ro)
(SL+ Ru+ D'RORCJT(S)J{ D'Ro j\?(s)z V(D'Ro+ Re) d(s)+ve(s)
Rc + Ro Rc + Ro D'(Rc + Ro)

capacitoreqnation

sCV(S):( D'Ro jf(s)— v(s) _( IRo jd(s)

Rc+ Ro Rc+ Ro Rc+ Ro

output egnation

\;O(S):(D’RochiA(s)_i_( Ro j\?(s)—( IRoRc jci(s)

Rc+ Ro Rc+ Ro Rc+ Ro

NKUST EE
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State-Space Averaging (9/13)

_¥(6)

d(5)=0 - A(s)
lload=0

Gug(s) = o)

e —C/(SI —=A)*B’

d(s)=0
110ad=0

| D'RoRc Ro
Rc+Ro Rc+Ro

B g}(? FER[ZEORF:)CLJ [(Rc—l—Ro j {}ﬂ
((RC-I—ORO)C { Rc+Ro)C}

71-1

RL D'RoRc
S+ +
_ [ D'RoRc Ro } . ( L (Rc + Ro)Lj (Rc + Ro)Lj

Rc+Ro Rc+Ro]| [ Ro , 1 {ﬂ
((Rc+Ro)CjD S—i{(Rc—i—Ro)C}_

(ko] sl e )
ps: | K= , K™=
cd ad —bc|-c a
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State-Space Averaging (10/13)

Guo(s) = V() IO st - Ayt
Vg(S) =0 U(S) gi(s):g
il0ad=0 load=|
Ro
_ - Rc + Ro — > -[D'Rc ]_]
S Ly D'RoRc |C+L |+Ri+ D NORC DRo
) Rc+Ro Rc+Ro  (Rc+Ro
S+ +
LC(Rc + Ro) LC
20 2
Let R'= R+ D'—~Re_ [ D" Ro
Rc + Ro Rc + Ro
Ro
Rc + Ro

_Szf{(

szf{(

Rc+Ro

RO RochC ¥ L} +R

Rc+ 0

LC(Rc + Ro)
[D'(SRcC +1)]i

.{%(SRCC +1) Gsi—ﬁ;ij— S —(—

D'Ro[RcSC +1]

RL
L

{ Rc+Ro)C} ( Rc +Ro)L jD'

RL D'RoRc

2 | ]

RL
Rc + Ro

+D' RochC + L} +R'

LC(Rc+Ro)

" (Rc+Ro)LCS? +S[[(Rc+RoJRu+ D'RoRcJC + L+ R

NKUST EE
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.., State-Space Averaging (11/13)

Gu(s) =¥ YOI g aniE
d(s) [Vys=0  d(S)Vats)=0
110ad=0 11oad=0

-1

:[D'RORC Ro }{{S O}VT_L:ER[:ESL] {(Rcon)LjD' . ((SC(;%:@

et Rl S (mieEl el ) swenE)
_ LCRo {E(SRccﬂ) (D')ZRcRo}S[m+mﬂ.wgigﬁzm
LC(Rc+Ro)SZ+SKRCTRO+D'RochC+L}+R' ¢ (Re-+ Ro)L L (Re+Ro)L (— D'(Rc\iRo)Cj

V\srec 41) [ R0 D'RoRe +(D'Ro)* | D'RoRe—(D')'ReRo | o o
D' Rc+ Ro Rc+ Ro Rc+Ro

LC(Re+Ro)S2+ s{[ R p Rochc + L} +R'
+Ro

2 2
[V) (DYR* g (L+SRCy1- >
D')| Rc+Ro (D')R
Rc+R
LC(Rc+Ro)SZ+SK ACHY RoRc)C L} R
Rc+R
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State-Space Averaging (12/13)

The outputimpedance Zout(s)is

Zout(s) = Y8 _Var(8) /1(9)
n(5)  Vy(s)/ V,(s)

the output currentis expressed
-k

D’

1 L (8) ,

S S 0 =C"X(s
¥, () =1,(s) = [ , }{Vc(s)} X(s)
wesubstituted equ.(31)for theabove equation,
§,(s)=C"(SI — A)B'G(s)+C"" (SI — A)Ed(s)
therefore,

_%,(5)

d(s) o U(s)|.
d(s)=0
Vg=0

Zout(s) = ﬁ

" NnN-1pr
204 C'(SI-A) "B NKUST EE



State-Space Averaging (13/13)

RL D' RoRc Ro

fgl(s) =[ 1 O]{[S OJ{[ L +(Rc+Ro)|_j _[(RC+RO)LJD'

Yo P 0 [(Rcfﬁox:]“ ‘[<Rc+lRo>c]

9

| 1=

(sC(Rc + Ro)+%l

" (Rc+ Ro)LCS? + S[((RC+ RO)RL + D'RoRc )C + L |+ R’

Vor(8) _ V() /i (S)

Zoun D=0y TV.(s)/ V. ()

D’'Ro[RcSC +1]
| (Re+Ro)LCS? + S[((Rec + Ro)RL+ D'RoRc )C + L[+ R

(SC(Rc+Ro)+1)

(Rc + Ro)LCS? + S[((Rc + Ro)RL + D'RoRc )C + L |+ R

_ (D’)’Ro|[RcSC +1]

SC(Rc + Ro)+1
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Equivalent Circuits

capacitoreqgnation

inductor equation ' . J .
b . sco(s)z( D'Ro ji (5)- ") _( IRo jd(s)

(SL R4 0 c)f(s)_i_( 0 )\7(5) Rc + Ro Rc+Ro \Rc+Ro
Rc+Ro Rc+Ro output egnation

Rc +Ro Rc +Ro

:[VE()FZ'RFEO:RFZC))ja(S)Wg(S) vo(s):(D'RoRij(s){ Ro jv(s)_[ IRoRe ja(s)

| R.
= AN—Y Y () 1 -
! VMV D' RoR N ' RcRo Vo
| A ORC ¥ . Rc+R Rc + Ro
e o+ Rc D'RoV[ + |i! D'Roi R R
lVg * g |: — ©
| O Ro+R 11 T-Ro+Rc Q%R0+Rc)|d Ro
E EI C::J_'
:““_""""“““_""""““““"""""""1":L _____________________________ D
D'RoRc Vo || D'RJ"+ Rc d
R (Ro + Rc) L D’ Ro + Rc
£ . R
[ J [ J RC§ go
’ (0]
\79 O b 1 IGQD Ro
C::"'
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D' RoRc I:Vo:": D'Ro + Rc:l i

R (Ro+Rc) L |D'] Ro+Re
YT Y TY Y . A
7 Vo
Id ~; 0
. Id 1
Vg C_D CD D' b Ro
c—F
(SL+ RL+ D' RORC)E —D' RoRe VO:":—D' Ro+Re :la
Ro+Re ) D" Re (Ro+Rc) L | D Ro+Re .
N N Vo
[ J [ J RC § R_
A A ’ 0]
Vg ©O 1 O P 1 Ro
D’ L+
: C —
:x -
RoVo ReVo D'RoRe) 1 7» L R RoRc
|:Ro+ Re ' D'(Ro+ Rc)_LiL+ Rt Rox chﬁ}d(t) ' (DY D'ilv?owwu Rc)
9 ? Vo
T ]._ Rc § Ro
0, P D Ro
D c—
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+
@
N
—~~
w
=
—~
wm
—"
°
°
@)
||
|
Py
6

Vg + Og(S)C g J

M(D):1

Model parameters

-, \

Ro RL sL

o(s)=Ve Ro+Rc (D')*Ro (D'Ro)’

| \Ro+Rc J ]
. Vo
J(S)_ (D.)z Ro

L
Le=
oY

n_ RL+(Ro// Rc)DD'

(O)

M(D)= D' NKUST EE 208



. . PWM Modeling

current port

Vg C C—Ro -~ D 1
B ?CIDA-Q—O
buck g / o
PR 10 ; 3
et gy E
Vg C C-—Ro ~ l =
« p
bost PWM switch
° o %l 0
a H ,~
va I = ic(t), 0<t<DTs
a —
Buck-boost LO, TS S t S DTS
L L ~
S T R ~ [Va(t), 0<t<DTs
\VDliZ ch = <
" ; 0, Ts<t< DTs
209 — KUST EE
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Vr = Icle
rr=Rc||Ro  (boost,buck - boost )
re= RC (Cuk)

: v . 1. — Ai
-—--Vr = lcle la = dIC
Vep = d (Vap — Icred I)

~

Vep-- \l __________________
210 : : P
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W. M Vap — Vo
o1 ' lo
Rc Ic =—=Ilin=-
Dl
vg () Ro< Vo M _ VO
? C=— = Vg
+ 3 —Vap
a lo

o D,(RL +r.DD'+(D’)’ Ro)

_ IoRo
"o o
e R c D,(RL+ r.-DD'+(D") Ro)
| D'Ro
ling "Te - \
o . o (R + r.DD*+(D")’ Ro)
e S _1 1
o o ¥ - D 14 R 1D
Rovo ()R RD
3 re=Rc|| Ro
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la = dic

Vep = d(Vap — Icred")

Perturbation and lirearization

ia=Dic+ lcd

Uep = D(Vap + lered’ — icreD")+ d(Vap — lcreD")
which canbe rearranged as

~ \7cp A a
Vap = —+ lcleD' = [Vap+ Ic(D—D")re|—
=5 [Vas + 1e( ) ]D

let Wb =Vap + |c(D— D')re
\7ap = E + i\creDl —VDi
D D
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Line Regulation

1
Vo(S)= . Ro||(Rc+SC)
wls) D RL(-FDr';E)D' +sL+Ro ||(Rc+8é)
_ (1+s/s2)
145/ @0Q + 52 | @o?

1

Sa1=———

C
1 \/RL +r.-DD'+(D*)’ Ro
o =

JLC Rc + Ro
o
Q= RL + reD' 1

L ¥ C(Rc + Ro)
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>

(5)_vo Rol(Re + 1) )+IC[(RL+reDD J”RO”(RC"'/C)]

d(s) D Ru+rDD' (D)

(D')2 +sL+ Ro|| (Rc+%c

(1+S/521X1+S/522)

1+s/a;oQ+s | @0
dvo _,.dM _ Vi
dD dD ~ (D)

DD "re
° o
522=£(D \Q—RL—reDD) . i R +
L Ic [\Q}a " RoZvo
c -
.

Kd =

D' R °
=%(RO—RO” RC)—TL + Ikcjd\
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Load Regulation

R.+reDD" sL 1
Zowt = L+r2 +S. ||(Rc+—)||Ro
(DY) D sC

1+ s/ s )1+ s/ 50)
1+ s/ @wQ +5° | wo°
RL+ reDD’
(D) PO
RL+ r.DD" b
L . 0. )

R'=Ro||

Sz0 =
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Model parameters

Ro R sL
=V —_ 1-—
O e || )
i Ro + Rc ]
Vo A
= e\s S L
i) (D')*Ro (g S ) M
L -
Le= ° ° R
oy + ~ .
_ RL+(Ro//Rc)DD’ <> R a
o RrorRoe o Gk
M(0)=p M(D): 1
M
A DD "re
\7ap = h <+ i\creD' — [Vap + IC(D— D')I'e]E * n
D D ) E
let Vb =Vap+ |c(D— D')re vg () “ %
A A ¢ Rc +
\7ap = E <+ i\creD' —VDE l:\ﬁjla Ro _VO
D D D . C
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Perturbation and Linearization

1. The averaged converter equations
2. perturbation and linearization

3. Small-signal ac equations

4. Small-signal ac equivalent circuits
5. Calculate converter transfer function

Complex calculation
Easy understand
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State-Space Averaging

1. The averaged converter equations

2. Change equation into state space
functions and set up varied

3. Evaluate averaged matrices
4. Calculate converter transfer function

Matrices calculate easily
It IS not necessary to build equivalent circuits
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Simplified Analysis of PWM Converters
Using Model of PWM Switch

1.Model of PWM switch

2.Substitution converter
3.Calculate converter transfer function

Fast modeling

NKUST EE 219



Vj 0

R,

Lead (PD) Compensator

AV e G R R
Il
, MN
- R
_/\/\F{}I +\ /vv\l _ . Vio ’V\F\{}, \ IV\R/\' \
o : " 1
2, = I
A", . -
| , Kp=?2 K,=R,C, (b)
_|| > R 1
Cq + VVV
_:
Ko =I;_i 'Ky =R,Cy  (a) GC c,
V S Z f\
=Yl ks Vi
v; (S)
B (1+s/w,)
— ~c0 — 45°/decade
1+l w,)
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221

Lead-Lag Compensator

Vi - R’
o 'V\F{}' >—’\N\/ h
i N Ve

w9, (s+2)
T V(9 “(s+py)
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Vj o

Lag (Pl) Compensator

— 20 dB /decade

JV\F\{}I >_IV\R/;I > Ry
L1t . —o v,
[ cl. —

|
L +
R K=o (3
V_(S
G, =— (%) =K, +K;/s 1
v; (s) I 26,
- 90°
G, (A+w/9) |
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Comblned (PID) Compensator

AV
Mimmb
1_|_— * R, G
- I——W—F R’
NN
y Vit AWN—— - R’
W A Ry S AMA——=
_ll \ R —l—_/ ' —o \
Cl L / Wy - - L
d -—
+ —o0 R, .
- L Ko=re K=ot ()
I
WS
_: 20 dB
R ] -
pzﬁj’Kizﬁ (a) 0dB } i 1
2048 | 107, 107 ; - o
V S 45°/decade L N !,1;2'10
Gc ) K + K S+K/S 1048 | el )
] /10 -
V S) ] - 90° _ ---lf""' Qﬂ:-“'decadepl %0 de*;?:;}\ o
(1+ S/(I)L)(l-l- S/wZ) ] s Gc, J'}_.-'flﬂ J:']'D pl
" (1+S/wp1)(l+ S/a)pz) L _180°
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+
V,—ef % Gain
(dB)

Phase

frequency f = 1
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Type Il

o
| V. (S) 1+sR,C,
C R .
Y- % (8) sRl(C1+C2){1+ RCCs s}
(C,+C,)

R
vioAMA—— > y _ 1+sR,C
1 ° SR,C, (1+5R,C,)

Gain
(dB) Phase
Slope=-1
Al - : .
of ﬂ 0
: : oo
frequency f foo
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Type Il

(1+sR,C)[1+s(R, +R,)C,]

| —— —AAA— Vo(S) _
J—NW N W) R, +c)a SR3C3){1+ RGC, s}
Vi AVAVAY, — - (C,+C,)

R Vv
1 —* °__ (@+sRC)HA+SRC,)

= sR,C,(1+sR,C,)@+sR,C,)

Ga

(d%? J _ Phase
/N N I/ \I ++90

I N o

A’li """""""""""" 90
frequency fao fo fo To
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K-factor

Type | Type 1i Type I
Enhance phase 0° 0<P<90° 0<P<180°
1+sR,C, (1+sR,C))(1+sR,Cy)
Vo(S)Vi(S) 1/sR,C; sR,C,(1+sR,C,) SR,C,(1+sR,C,) (1+sR,C;)
K=f/t,=f /1, 1 Tan[(P/2)+45] Tan[(P/4)+45]
R,=K/211f.C,
R,=K/211f.C, C,= C,(K2-1)
o c=1/2mf .G C,= C,(K2-1) C,=1/2mf GR,
Specifications C,=1/2Tf,GKR, | Ry=R/ (K%1)
C,;=1/2mf GKR,

R, Is based on actual need to select

227
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Result:
Av=-0.8dB
Q=8.05dB
f0=1.35kHz
PM=42’
f,,=4kHz

Simulation of Boost

Lng

u
NO——e e

R3
0.04

% %5830

V6

c . | vin =0.
— 2210u () V1 (?204 3 X D O 5
. ] vm T ;é .
W| | C2
T IRF340 - 200u 1 1
»
—
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Design Example

Wireless Energy Harvesting IC and
System Design for Smart Home

Advisor : Yeong-Chau Kuo (F7k & ElZ4%)
Graduate Student : Yi-Ming Huang (=37

)
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Outline

e Smart Home
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Smart Home
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Outline

« Battery Model and Charging Method

NKUST EE 232



Battery Model and Charging Method (1/2)

* FCAEEEIEAY
— SEIH(RS)
- EEQEEEEBH(RSeIf-diSCharge)
— HRREERVILIEEH (Ry) B E A (Cy)

— FARSEFE(Voc) Cl:lT
1
Rs Rt
— AMA——AN—4
_l_
Vg Voc=F
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Battery Model and Charging Method (2/2)

+ S T A R R IS -
C RSB

— BATHERIEHMPPT)EE Csen )
— JEi & (Trickle Mode) +

— EE(CC Mode)
— JEZEFA(CV Mode)

Trickle Mode

Trickle CC CvV Termination

False
CC Mode y
y

False CV Mode v

Itrickle
Ibmin >t
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Outline

* Micro-grid
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Micro-grid (1/5)

Micro-Converter

| R VR SW, VHV

L i L,

1% av [T Lgoom Viv
! i load | !
| PWM, Do ! § ¢ | Ly
P i — load

Coil = Rectifier

)|
iR
|
2]
By

1
H

=
||
I

>
)l

o

)|
g
2]
By
B
9
\

— Asaneg (]

VR—>

«—V
IR —» ) HV
R Proposed receiver IC
Vp—>
<—V|_V
I, —»
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Micro-grid (2/5)

* FE R

g Vr Vhv
D
C 1
Coil [ Rectifier :‘_:'_j_'_:l N
|
0 G [ nv
V —1
° 1 load
Ip
D,
L C, PWM> — o C X Ly
2 — _‘“EAZ S e load
&
3 A B S
[
lr Ve Vhv
A
) D, PWM;
Coil [ Rectifier || —— 4”1,,
=7
v el SV B W N R
T i load i
Ip i 5
PWM Doy |
— _1C 3 iy Ao} - | Ca LV
w - -1 load
&
@
<
[
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Micro-grid (3/5)

e Micro-Inverter

Coil

lr VR Vdc
D
—! Rectifier| —LC1 % 5 ig SH
E E L2 Vac iac
m _’
= G Ces [Lond
Vp 70000 p— 4 [Loa
V|b c SZE D,
— JAN s, | s
£ T e
QD
g
<
| S, Sy S3 S S5 S
A A A A A

VR—>
IR —»
Vp—>
Iy —»

Proposed receiver IC

«—Vdc
i— Vac

—— iac

NKUST EE
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Micro-grid (4/5)

* FEIRH

IB M Ve
HE B
S, | 1
Coil [ Rectifier .:__::,:::(:?1 1 . y
e, _|E _E Lo Vac iac
_>
T Cs S
v _ C4T Lo]ad
Alb S D2
C 2
'_U; —_ i _E S, 5,
=1 _|E E
@
< -
| -
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Micro-grid (5/5)

* Smart meter A G 2

Al P

1
ke
=3

& vesswe | = (= ] = i e
..... B F‘f—'-‘é f;‘ﬁﬁﬁ&}m]‘&.

: A I‘ 2012;12}25 PM 09:-10-59 ! :PowerSou.rce : Solar Panel Environment YanabledSolar panel)

' Voltage 1.08 ki Tlnminatin W
. :czmm 317 A Temtu:e T i mCO MPO RT}:E ﬁ
« Powrer 2424 W

| | Crmmulative Capacity (KWH)
| ]
L]

' Power (Wind}: Environment YariabledWind torbine)

O (@]
E)
i
u
&

' Voltage ¥ Velocity mfs
| Crurrent 4 Temperature e U2 2
" Power W E ‘-é- ﬁfr *

] Cumulaﬁve Capacity (kWhy

o i by Iy I S I e A T Bt B
L et rone E \ Voliage 42 ¥ Charge Mode : C¥ Mode G E
| [~ AVMAO7 (Wind speed)  |none = : :Cmm o . llllllll : G ;ﬁi’ %ﬁl\ ;‘b ?., ;J['.g‘- "]/{L'n% ;‘u 'gi ’FIJ': "‘-HL
------------------------ 'L_'_'_'_""_""_""_"""""""""IT'"""". !
DN - ] IV v oo
| miror e be 4w S| H RS BERE R TR
R 1 | DA .

2
gl
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Outline

* Wireless Charger
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Wireless Charger (1/10)

o
L L C L ©
7* B
2R B x Pr (T B ) (P EEAY)
4 epEaf ‘® % i
NET P 3 B b #
ﬁ;ﬁ‘ﬁiﬁi 7%Q§9‘ L %;ﬁ:ﬁ
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Wireless Charger (2/10)

HE 5 125K Hz 13M Hz 1G Hz
(Palm » Sanyo) | (MIT » Qualcomm) | (Powercast)

O 5W 60W 0.1W

FEHL i) 12 & ~or

EMC i H 1 3B T

™~ A 8 B B
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Wireless Charger (3/10)

© RMAE

a. DC/AC

b. AC/DC

c. DC/DC
o @

s TS @3 (1) is(t)é

|

: = +
Vi vp(t) | Coil || Coil | vy():

NKUST EE

Converter|| v, 2R
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Wireless Charger (4/10)

SRIEIEA
sL, sk
1-k 1-k
—— 000 00—
+ —> — +

S Pl A (B 25 e
— ZPA (Zero Phase Angle)
— SS>SP> PS> PP
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Wireless Charger (5/10)

— PRI
— PRT%L&Y[%B?’—% f=f+Af f=f-Af
—n: {%,@é;&z{i Nnew=Pr/Pt Nnew=Pr/Pt

>

Nold = Mnew Nold = Mnew

>
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Wireless Charger (6/10)

° $ jj:ﬁ% I:IXD

RPIES %+ TR B TR B

Buck \\//_T:D LZVTz(AllL D) C_V;&\/D)
Boost \\i—‘: :% LZ%{S Z%OV-E
Buck-Boost V—T:-% LZVOTSz(ii D)’ C z%
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Wireless Charger (7/10)

* Buck
R, +DR,, +D'R, D'V,
AM—O .
Dvl? R % Vo
1_DVD R
Volo DV,

"“DVi, R +DR,+D'R,+R
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Wireless Charger(8/10)

e Boost

1-D'Yo |(D)R
D'V, I, V,
77 = = >
Vili R +DRy,, +DR,+(D')"R
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Wireless Charger (9/10)

 Buck-Boost

R, +DR,,+D'R, D'V,

—VW O +

ovi(%) (DR > DV,

— D,VOIO —

(l— DIVD j(D,)Z R
DV,
2

- DV|l, R +DR,, +DR,+(D')’R

n
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Wireless Charger (10/10)

« HTREIMT
Converter power stage
i fir B 22 L et
* %%1E\%Z§DXD IORNP 5
—E_> t(S
— K factor o
v(s) i
'(_),_> Gug(S)
Compensator PWM ; Vil I
Ge(s) V—(S)> 1Ny L—» Gud(S) + >, (s)
o) T
H (s)0
— HEE .
+ Sensor gain
Vref (S)
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Outline

 Controller Architecture
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Controller Architecture (1/3)

1000

1: 8-bit DAC
4-bit DAC
Ramp Gen.
OP & CMP
Super Buffer

1070
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Controller Architecture (2/3)
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Controller Architectu

re(3/3)

1070

1000

NKUST EE

1. 8-bit DAC

2. Ramp Gen.

3. 0P & CMP

4. 4-bit DAC & CMP
5. Super Buffer

1070
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Outline

« Synthesis Software
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Synthesis Software (1/3)

2 N % L L
Wi EL S 40
| Design Converler g@@
R - V) G —— ! A éﬁﬁ#ﬁg
:B Vs (V)i ~| 25 AVo {(mV}) <| 100 ::lffgfi)ET [0 C : (BUCK » BOOST > BUCK-BOOST)
' Vo (V) : 5 ATL (A} < '
. Io (AY 1|1 M| 5 ::Elﬁjhin) T '
E fs{kHz} [ =0 LC Filter "V(V) —— :
. L {ulH) : Duty(%) : L Inductance , e 2 2
: C (uF) : { iR (ohm) 0 : B | *t T
: L Capamtance .
! M, V1R (ohm): 0 '
: L + iiLoad :
' j ViRfehm): [ & ‘
' Vg ' . e
. "\»’SC) : F ) c Rioan S Vo |4 Du 50 i C TS e B
' -.Vs(\h 10 :
E —_ , Efficiency(%4) .
' Caleulate . 3 . .
s D : D |5 & ¥k
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Synthesis Software (2/3)

ENCEE

£
.

w, Solar Synthesis
-Solar Panel Specification
Maximum output power ()
Open circuit voltage {v)
Short circuit current (4)
Maximum output voltage {v)

Maximum output current (1)

15
215
0.97

Temperature { °C)
llurination Ky )

I-¥ Curve IPN@M

,—
’7
|—
| 175

,7
,7

-State of solar panel

Expected Value:
¥:i148 ¥V
[:043 &
P:g38 W

Measurement Value:
¥:1564 ¥
1:028 &
Pr43s W

Difference = -31.88%
Solar panel status @ Warring!!!

EEX
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Synthesis Software (3/3)

Wind Turbine Specification -State of wind turbine

Mesimum output power Pmesy= | 30 W | | U=5mis A =375 B =535 Cp=007 Pm=217

Blade radivs (R)= 0.375 - Vmax=5V Imex=043382 4 Pmax=217 W

U=6mis T=27C
Expected Value:
Vmax =6V Imax=06254 Pmax=375W

Different wind speed ]

Wind speed ()= 2 |12 s

Measurement Value:
¥max =5V Imax=0524 Pmax=26W

HEe il The current wind Difference =-30.63%
i Judge speed curve | 5wk Warning!!!

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

P /\
0
v
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Outline

e Measurement
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Measurement (1/4)

* HELRTT
73\ W

il
[t
Sl
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Measurement (2/4)

B
Eﬁ/ N W
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Measurement (3/4)

 Micro-Inverter




o0 my»

7

Measurement (4/4)

IS g o oy
E@ém

Trickle Mode
CC Mode
MPPT Mode
CV Mode

Batteryr

I4]| 4 |BatteryData. (AL DEL

Time CherzeMode Th Th =
12725 FM 075738 TV Mode EW] 01 —
12725 FM 07 5749 TV Mode 43 ol
12725 FM 07 57:50 TV Mode W) 01z
12725 FM 07 5600 T Mode EW5) 01z =]
12725 FM 07.58:19 TV Mode EWy) on07 -
L« I [
Battery Voltage
; A B C B D
: 0 £ e

4 fe——— A

3 r.fl —

2 ; —

1

0

Battery Current
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Outline

 Conclusion
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Conclusion

AR 71 BR 2SR FE S A I TG T e AR
FEEITZERS - FIFHETEERNER LG - 1 EHSH
:‘EEF H 2R %/E/L\igé/\éi T REEEE N 0 BT
AR S K AV 257

\l| |I\P

AR S2ALTCHINHZE R B8 Z:80 » P& (E 580 B
eV P S CERYECRBIRE AL » S e PTbH sy
(B ks PR RS AR AG BB EJE%@/J\/%\%EEEI’JEJ TE15Y
A o
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Thanks for your attention!!
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