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!**********

Copyright 1990 Regents of the University of California. All rights reserved.
Author: 1988 Thomas L. Quarles

**********I

f* subroutine to do DC Transfer Function analysis  *f

#include "spice.h"
#include =stdio.h>
#include "cktdefs.h"

#include "ifsim.h"

#include "util.h"
#include "sperror.h" 4
#include "smpdefs.h" RECIPIENT

scice s DONA'(-)',} e
I ARGSUSED *f PED-E—R-S—— SPICE
CEARUA T AT

int
TFanal(ckt restart) |
CKTecircuit "ckt;
int restart; /* forced restart flag */
ANTERTIBIL. F1 5B TEE,
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]
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>
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GND

\

Iin(t)‘
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Q(t) = C Vin(t) = glout(p) dp

lout(t) = - Vout(t)/R

-
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XIofEHT (Dimension Analysis)
EAEIONRTIFEFLL

RC : BFREIDRIT (FFE2L, time constant)

t
Vout (t) = - gvm (p)dp)

Ex By B R
. EAmBEL
Vout (t) = -V'” (t) JXJT:IZJ:JFEEEJ
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TC =l Gl
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RE ] R.R.
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iEJ L
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|
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»
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>
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R2
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BleEl: M AFERX A u(), B
—g-.t-x(t) + a-x(t) = b-u(t)

a

1 x(t)

d — beu(t) - a-
Ex(t) = b-u(t) - a-x(t)
A= MJE X(1)
ut) — b >—P ——|En EE =
gt X(©)

QD

62/A
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a> 0, b>0 MEE ARTUTEIETHOEIRH
C

U(t)_r=7 - X(t)
— R X(1t)
R2 1—' —

GND GND b

f9RE: a,b & R1,R2, C MEHZRERD L,
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d 2
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]

d
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=>H

a

f%}

iz

1 x(t)

—Zx(t) + al ix(t) + a0-x(t) = b-u(t)

ART7UOTTCOERRBRETRE,

W
5

X(t)

64/A



‘_L fH531-1

ARTZUOTDREHE

65/A



‘L T4—R 7\ %

BEIFEDER
L
HRE il {E =

)@ )] FIEIETE )| #1931 % )
T = BoER I

Negative feedback(&JRiE

66/A



‘_L T4—F/\ O FH|EHOF =
DONELDEZEDRE

(I 1 5 R D 41

- EEIDFRE

QFRELVATLDREI
example: AT

1ZAE, &

BXRIRDE

. A

—TEIZHRD
FIFEILEFNIEE R (R EE AT L)

k%

67/A



‘_L T4—RI\ oD EE S

s T4—FNYJFIEICKYREGL AT LA
TREICEDIENHD,

!

SATLDREEDEREILE

68/A



3 )

faok —— &l —LEER —FIB —R1E

69/A



i Feedback (D FE%E

AT L

— R

Negative Feedback (BJFiE)

VAT L

— R

FB—F)—

+

Positive Feedback (1

L J

)

[0l

-

70/A



i Positive Feedback® 3!
- B

SA
aff

IFEIR

l‘)l.

/

BDFE

=l

B TIEIT0—R /N0 11E

Negative Feedback® Z &,

cf.

BT

A

i T
PR ZF,

I Positive Feedback,
IS TLVA,

71/A



T4—RN\ YO F|EHIZKYAR L EIZLE DB

7 [m]

VT OB S TEREEE—
ABRS D BS RSB AL 0/ v [S]




i (1)

s BEEENDHDZEXHSLEL AN,
—7OtXOUN)LTORER) #

FETHIHIT DBHEEZTE XD

BiR{E /N VDRAEA RE

i=EERT TR

73/A



i 4 (2)

EENBEEIVENT-ET S,

NILDZDLERET. BEZEITFESIET S,
- LA, BEEN (FEEKRFRE) ¢/ v[s]HdH S
D TEESTOHEAITHADITADLEEALLY

FCTNILITEEAEARITS,
SIV[SIRICRISEENEL., BEEZHZ
TiITEBETCLED,

T4/A



‘_L 4% (3)

_'I' EI] I}EA_E |

H R E

v 2-Ilv 3-l/v B ]

IOy 1 EB WL NILTZEEADHIRD S,

ll:rme‘j:-d—( ‘&‘i_Fh\btJ:L\o

W DETI->THEEFIBEEIZEFELALY,
) LZE

75/A



FFEENDKRES D —~/ Ay I %
g FERREIRY LT

o O [ o

\i/_ T
f (t)/%/j\ — £ (t- 1)

76/A




ARTUOTDREHIA
J4—FN\YOLEEZEHE

BEREVATLIZT4—R1\v0%&MNT5,
) ZEICBFREICHEYSD,
RNREFIGVATLIZT4—R1\v D% hT5,
=) ZREICBRREICHEYS5,
SRFLD |
A7 HA | BESK
-P—1 PRTL . -
— - FREIC

______________________




FAXAFDZETFEH B D
EIREERTE (1)

BEIGVATLGHWIZT4—R /Ny 07 T5
RIIR #UnZRERRG(w) Do,

T4—k 1\ % T7-
VATLEROZLZEEZTHIET S,

Egn=RAN
| vzgn | HAY

A7 X

gan
Y

VATLEKERE ?

78/A



TAFTALDZEF A D

FIZﬁLnZI:I_E (2)
BB U= ZERBG(GW) T EIET—3
(R—T R X, csf*(if\bh)l/ﬁ%)
THEZLNS,
AR X W2 “%573& 'Iil'jj;Y
Y | G(iw) '

VATLERKRIIRLEE °

79/A



s
v N

+

RIS AT LD B IR 1E
(7 AHFFIE. CIARRE)

Z<{ D (&

L) VAT LTIEREREwW W RELGHE

TAUNG(W)| DNINEKEEB.
(iItE £ G(jw) MY A FRADETKRKELE S,

FAY

cos(wt) |G|cos(wt+ [G)

20log| G|

[dB]

log w
' 1 G(w)

mE log w
y.e

80/A



SIHHENTD BT
i FAON1DIEE

&5 BRI W=woT £G(jwo) = -T D&EE
|G(jwo)| =1 DizH.
T4—F N\ RT LIEEE#BWTHRIRT 5,
cos(wot-)

cos(wot) —
| G(jw) CE)S(WO t)

rgos(wot) _ -
0 % 1 GUW) cogmo)

81/A



RSB B T
‘_L B AU EYINSNIES
5B EEHW=w0T £G(jwo) = -T DEE

|IG(jwo)| <1 DIFF.
T4—FRINVIRATLIZTRZETH D,

cos(wot)

1 G(Jw)

Acos(wot-m)
= - Acos(wo t)

i(\cos(wot):

|Al<1

A%

G(w)

- AKcos(wot)

82/A



SIFEENTIOD B E T
‘_L FAUMRTEYKE MBS

HBEEHW=W0T £G(jwo) = -T DEE
IG(Gwo)| > 1 DIBE

TJ4—Fk/\ JO/ZT.L\(:J:

cos(wot)

1 G(Jw)

ETHDo

Acos(wot—n)
= - Acos(wo t)

K\cos(wot)

|A|>1

Wa
A4

1 GOw)

- AKcos(wot)

83/A



TA2DRMREDIZED

‘_L R 7R

BB EBW=W0T £G(jwo) = -T DEE

(D |IG(wo)| < 1 DizAH.
T4—FIN\VIRTLIZZETH 5,

(11 |G(on)| =1 NDEFEE.

RFETHD.

it U
|F4}

(11 |G(on)| > 1 DIFH.
TLZETHDH,

84/A



TAVDABREEDIHZED

‘_L 5 # R

3 B FEREBwW=woT £ G(jwo) =

T DEE

(1) 20 log |G(jwo)| < 0 [dB] DIFE.
TA4—FINVDVRTLITLETHS,

(11 20 Iog |G(jwo)| = O [dB] DizHE.

L ES

HTHB,

(111) 20 Iog |G(jwo)| > 0 [dB] DIHE.
TZXZETHD

85/A



‘_L R— TR (= kBRI (1)

B ERBW=w0T £G(jwo) = -T DE=
20 log |G(jwo)|] < 0 [dB] DIBH.
T4—FR NNV IO RATLIEZETHS

A
20log| G|
[dB] Iog W
0[dB]
ﬁi*ﬁ O—“ |og W
L
M 86/A




i R— TRz kBT (2)

3B ERBW=WoT £ G(jwo) = -T DEE
20 log |G(jwo)| = 0 [dB] DiEA.
TJ4—F NIRRT LIZFZERERTHS,

TAY

20log| G|
[dB]

0[dB]

fidg

Vie

\: log w

logwo

log w

87/A



i R— TRz kB RE LR (3)

B ERBW=w0T £G(jwo) = -T DE=
20 log |G(jwo)| > 0 [dB] DIHE.
24— NI RT LI ZETH S,

A
20log| G|
[dB] Iog W
0[dB]

TR E] O—“ |og W

Vi€
-Tt
88/A




i AN VEERIZ L DR ELIR (1)

HDERBEW=woT £G(jwo) = -T DEX
IG(jwo)| <1 DIHH.
24— IN\VIRTLIZZETH 5,

G(jwo)

Imaginary

Real
G(jw) DRZFILERE A VD

(-1, 0) ORIz BEHEE (-1, 0)
24—F NIV AT LIEERTE,

J

89/A



i AN VBEIZ L DR TR (2)

B EEBW=woT £G(jwo) = - DE=
|IG(jwo)| =1 DIFAHE.
T4—RINYIRTLITIZFERETHD,

Imaginary

G(jw) DRI LIRS G(jwo ) Real

(-1, 0) LZ@EAHESE ) o =
PZ G WAV Z. SN (-1, 0)
ZERFR,

90/A




i ANY BRIz L DR E LR (3)

3 5 B R Ew=woT £ G(jwo)

IG(jwo)| > 1 DEFEE

J4—Fk/\ J7/ZT.L\IEJ:

G(jw) DRI ILER

( 1 0) DiMAlZEBLHESE
—FR NI R T LIE

Z‘Ttio

X

A\

= -MTDE=E

G(jwo

)

ETHDo

Imaginary

> Real

(-1,0)

>

91/A



‘_L f531-2

S ZEFTITHRATHTLESY

92/A



AT TETFATOUP

4 a0Jate vy JAYSSLDEET
FRRET %I NIEBHT[EE

AXRT7 T BEAERODEET
B< G707 0Ehalge

LERA A —H—

A0 7J0twyvY, ARTFUOTEREEE

I

N4

ZmiEVEEEIZEITONDS

93/A



‘_L A RT TR 5
ARF7OTHDBEARA—H
BiiRZBE DA
[ART7UOTORMEHIZISEHEFR,
ARIFEE, BaexBEOART7UT(C
LNDNMZIED TS5 TH S, |

RERDART T EREIE
BEOFRTUTMHREIZS

94/A



* FR7UT DM
EaXME (INAR—FHBECMOSA)
EERETENME
KEEZE NIt
= EIRAE
|—J"7"f/’“3
K/ 4 X1k
KERLE N1
T I r—iav|2ikiE

95/A


http://upload.wikimedia.org/wikipedia/ja/5/5f/Opeamp.jpg
http://upload.wikimedia.org/wikipedia/ja/5/5f/Opeamp.jpg

20H#2 T

EFEBABTORADHH
8 Iz [a] 1%

mill

+

SH. BFEROREII—MMHUTHS

ET[E
LB THNFE

BDHELT  SESFLEV AT LIZFIA
COCG M FEARTH-IE

~_—

FRAENREZER O =DI(E
“UB&)%”—C‘:‘if&<$Fﬁ E‘]ﬁ:w%@i

BIFENFEASNDOELEZE>THPS

96/A



BEREREREAmE

@ EFEIEEFROCAHDIFEALIL, BIREZFIALI=ELD,
@ EREREHRAREZHAGHE-ARERBEESS

- Bz teeZx KigIcF L,

- 1927 FIZ/N\BILF-TSVIKIZKY FEER.

® HIFEIBIRID A EUILERETIE,
RIRDF OB LRELENEZSIZIIT,

@ EUNLERETEDERMIZILY,

@® tCT ERANGEIRRIERIZRITT 5=5H
7‘4#ZI~0) 7€ ¥l All ;% (Nyquist criterion)

—T HR

X

(Bode plots) A& EINT-,

97/A



=f=eec] EEHOE S

i /\EI)I/I* T5v%Y 18981083

°
(

BEEXHYIIRI-TLIN)YDIZTLEE
DIRRA TR )Y IINILIRAERRT
BHAITAT&T# D ELEERFT)

o Sim=NHAF

® HEYFEFIX3474

98/A



i £ RS IR 5E B D B L 7S =

1910FE R DAKEBERFITFRITEZN TV =,
® 3BT D FEA
jil‘**ﬁl’l‘ﬁ = :E‘IZIL“/ZTA(::EAEi%)

7)L:|_—4I
BA R R

iﬁ%it? — LAV
]

NIVEREHDREIREATL I F— - RXILR

—a—3—

EH DS RO E R A

tH S8 O K R fal tes ol 55 % 2 A

99/A



& SIREE R DB
oMKV DR EEEHO>TERT HDIC
ZTDEREZH|IRLTLES

RIpBEE T T,
[EZEEINYTINTEHECrepeater ZEN D EEE,

Harold S. Black 1898-1983
19204 Western Electric ¥t ETEEE
BRI EIERTLDOHE

100/A



i J4—R 747 —K i se

ié"f'éaﬁd) L_Ijjh\bl\ﬂéﬂyl')iéhké%zfﬁj_

JR[E h\éEEﬁIE’C%n ﬂ:"éﬁm’rfr/@ﬂt'cﬁm
H AN AAEE C#JEII!E'G%%%;
TD=OIZITEAZRIDIERZERZEL T,
HAOTxyotILT B,

HABIDRS AN Ty EIFETINA TEYRLEER,
EERTIIEA IR DA0dB B &AL,
ZDARET—RIO+T—FIBIEIF B D IR HHFE,
M. COAETIE—BREMDRBLGTNIEE SN,

101/A



i BIREDNTATTEER

1927 £8 A2 N &, R, TFvIC
BIREDTATTHUOLHL =,
Za—I%—o—hbIZa—3—IO~NEET S
21! )—R—bkD T,

IR D NZEANIZ, HHETHEEL.

H OO EAEXTYUEILTTEAEEZRINDLE

INR E) THIEIIZETO T4—R/\wOHIEENE
BRAERENMNEFIN-IEOHNREZELET

102/A



Harold Black E5®
I BFmEREERERZE RO DL RO

Then came the morning of Tuesday, August 2, 1927, when the concept of the negative

feedback amplifier came to me in a flash while I was crossing the Hudson River on the
Lackawanna Ferry, on the way to work. For more than 50 years | have pondered how and

why the idea came, and | can ' t say any more today than | could that morning.
All 1 know is that after several years of hard work on the problem, | suddenly realized that
if | fed the amplifier output back to the input, in reverse phase, and kept the device from
oscillating (singing, as we called it then), | would have exactly what | wanted: a means
of canceling out the distortion in the output. | opened my morning newspaper and
on a page of The New York Times. | sketched a simple diagram of a negative feedback
amplifier plus the equations for the amplification with feedback. | signed the sketch, and
20 minutes later, when | reached the laboratory at 463 West Street, it was witnessed,
understood, and signed by the late Earl C. Bleassing.

| envisioned this circuit as leading to extremely linear amplifiers (40 to 50 dB of negative
feedback), but an important question is: How did | know I could avoid self-oscillations over
very wide frequency bands when many people doubted such circuits would be stable?

My confidence stemmed from work that | had done two years earlier on certain novel
oscillator circuits and three years earlier in designing the terminal circuits, including the

filters, and developing the mathematics for a carrier telephone system for short tollpgjrcuits.
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Nyquist plot

Nyquist-Shannon sampling theorem
Nyquist frequency

Nyquist stabllity criterion
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JE2EZFER K7IILO) X L

kXTY7BDHIE d(Kk) :+1 or -1

2EEZET7ILI) X L
Dout=24+d(1)23+d(2)22+d(3)2"+d(4)+d(5)0.5-0.5

JE2ET7 LT X L SE YR REEZCR TV I TR,

PERDIE2HEIFR T ILT) X Ls
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TILTUR LN —BEHICRED, )= 26

JE2HEERTILTY X LD —H1E
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Step3

Step4

StepsS

Step6

<

>

»
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Digital-to-Analog Converter (DAC):
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INATSA42ADC DIEREENE

D2

5

75045 AH Vin-Vout = 5.7 Vin,2=57
Vin=35.7 o B— x10 ADC2 |—
ADCI DACH
l Vout=30.0
D1=3
ADC1 ADC2
A 7Vin H #1D1 AAVin,2 H D2
30.0= Vin <40.0 3 50.0= Vin,2 <60.0 5
H

Dout=3 X 10+5=35
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INMTS5A42ADC ORERDADC/DAC

75045 Ah Vin-Vout = 5.7 Vin,2=57.0
Vin=35.7 -F— x10 ADC2 | D2=5

Vout=30.0
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NEBADC1 THRETZE

ADC2D A KWL VP LR 1% T*E I ml BE

7405 AH Vin-Vout=5.7 | Vin,2=-43.0
Vin=35.7 o B— x10 ADC2 —| D2=-5
ADG1 DACT
l Vout=40.0
AIEfE ! |D1=4

ADC1 ADC2

A FVin H $1D1 AFVin,2 H 51D2

—

30.0= Vin <40.0 3 ~40.0= Vin.2 <-50.0 5

t 73

Dout=4 x 10-5=35

IEf# |
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\Vin=35.7 e D—x10 ADC2 | D2=4
ADC1 l DAGT Dr—— g
D1=3
ADC1 ADC2
AFBVin ti 71D1 AAVin,2 ti 71D2

30.0= Vin <40.0

t 73

40.0= Vin,2 <50.0 4

Dout=3 X 10+4=34
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INVRF oy T EAEBE R

H
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VEE Vr=kT/q &
EDESIZLTEBTESA

2DDEZBHNAR—F IV IRE

l Ici l Ic2
Ic1 = Is1 exp(VBEL/VT) - ‘ i - ‘i
VBE! | VBE2 |
Ic2 = Is2 exp(VBE2/VT)

AVBE = VBEI — VBE2 = VT In [(Ic1*Is2)/(Ic2"Is1)]
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SI B{i% (International System of Units)
A=kl m, ¥O45Lkg, s, FURTA
ILE> K, EJL mol, hT3 cd

Y oME=S
k. B2 K. ER.BANFaE. VEE. LB

‘f"

A—FILIREZR(E
1960 B LE

TEE (2018FICEFRE. 2019F5 AN LE)
2 L13BEFIRENE Av,, 9192631770 Hz
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Analog / Mixed-Signal / RF Circuits
for Complex Signal Processing

Invited

Haruo Kobayashi, Nene Kushita, Minh Tri Tran
Koji Asami, Hao San, Anna Kuwana, Akemi Hatta

g

Gunma University ,F.J

Tokyo City University

Gunma University Kobayashi Lab
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Outline

Motivation for Complex Signal Processing Research

RC Po
RC Po
RC Po

yp
yp
yp

nase Fi

nase Fi

nase Fi

ter: Transfer Function
ter: Flat Passband Gain Algorithm
ter and Hilbert Filter

Active Complex Bandpass Filters

Complex Bandpass A2 AD Modulator

Complex Multi-Bandpass A2 DA Modulator

Conclusion
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Outline

@ Motivation for Complex Signal Processing Research
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Why My Research for Complex Signal Processing ?

About 15 years ago

at IEEE International Solid-State Circuits Conference
San Francisco, CA
The most prestigious conference in IC design

Katholieke Universiteit Leuven (KU Leuven), Belgium
World top research group in analog IC design

presentation ‘

Some simple circuit
with curious characteristics O: T
(RC polyphase filter)

However,
| could not understand its principle
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ComEIex Signal

There is NO physical complex signal.
It is only defined mathematically.

2 real signals: |, Q

|: In-Phase, Q: Quadrature-Phase

Vsignal = | + JQ Complex Signal Gauss plane

Vimage= |1 —]JQ  Image

¢

| = [Vsignal + Vimage]/z
Q= [Vsignal — Vimage]/(2 j)
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Basic Complex Signal Processing Block

X, —[:E*@:*Y[

A
A

Q
Q

Al

Y=A"X
Yi+ jYq = (Ar+ jAg)" (X, + jXo)
= (A" X - Ay Xy)
+j (A X+ Ay X))
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Outline

@ RC Polyphase Filter: Transfer Function

H. Kobayashi, ]. Kang, T. Kitahara, S. Takigami, H. Sakamura,
“Explicit Transfer Function of RC Polyphase Filter

for Wireless Transceiver Analog Front-End",

IEEE Asia-Pacific Conference on ASICs, Taipei, Taiwan (Aug. 2002).
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Goal of First Research

« To establish systematic design and analysis
methods of RC polyphase filters.

« Asits first step,
to derive explicit transfer functions of

the 1st-, 2nd- and 3rd-order
RC polyphase filters.
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Features of RC POIXEhase Filter

* |ts input and output are complex signal.
* Passive RC analog filter

* One of key components in wireless
transceiver analog front-end

- I, Q signal generation
- Image rejection
* |ts explicit transfer function
was NOT derived yet at that time.
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First-order RC Polyphase Filter

Iin+*\/ R Tout+
/\Ql
Qout+

Q1n+4\/

7 IOU.t-
Qin. Cl AW Qout.

Ri
|: In-Phase, Q: Quadrature-Phase

Differential Complex Input: Vin =lin + _] an

Differential Complex Output: YV out = lout ‘|‘j QOllt
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, Q Signal Generation

Single cosine Cosine, Sine signals

Iin = cos (oLot)
N\ R — lout = A cos (oLo t+0)

Polyphase
Filter

Qin =0 —> Qout = A sin (oLo t+0)

@

4

Iout Qout

[ —
o N )
13 BN S B S|

IS
@)
|
A
0

voltage [V]

o
Lo o

N -
N o

5 L L L L L
02 022 024 026 028 03 032 034 036 038 04
time [us]
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Cosine, Sine Signals in Receiver

cos(mo t)
Analog
IF Bandpass AD |
—| Filter — Converter [
- sin(®o t)
ap | Q
— Converter [
< —
analog digital

They are used for down conversion
12/64



Problem when ww#1/R1C1

K

B
© T Rc | = A"““ NN"“

AL

tttttttt
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2nd_grder RC Polyphase Filter

C1
The problem of large Qi =Wy

difference between c1

lout, Qout amplitudes

can be alleviated. Qin-
0, _ 2 _o.
LO — ‘ 3
RICI %-o.
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3rd_order RC Polyphase Filter

The amplitude
difference problem

. . Qin—
is further alleviated. " st Qo
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Pure |, Q Signal Generation

3rd-order harmonics rejection

[in= ‘ Tout -
3 —{ S W
cos(mrot)+B cos (mrot) 47 O Pulyphﬂﬁc A cos(mLot+0)

| Filter | —»
Qin= g@_.r Qout =

sin (wLot)+B sin [:Em_u{} A sin(orLot+0)

With Without

3rd-order harmonics. 3rd-order harmonics.
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Simulation of 3@-order Harmonics Rejection

| (t) =cos(w,  t)+acos’ (o, t)

Q. (t) =sin(w,  t) +asin’ (o, t)

1

3w, .=
LO Rl(:1

| .(t) = Acos(w t+0)
Q,..(t) = Asin(w,ot +6)

—

voltage [V]
o
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Image Re'!ection Filter

[in =

Iout =
(A+B) cos(mt)

——»
Acos(mt)

Qin=
(A~B) sin(mt)

Filter ——» Qout =
Asin(ot)

< : Polyphase
N

Ae!™ + Be 1 —) Ae'
signal image
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Complex Transfer Function

e Complex Signal Theory

 Complex input
 Complex output

e Complex
Transfer Function

Vin(ja)): L +1-Q,

VOUt ( j a)) — I out j . QOU’[

G( J C()) — \\//out((JJ;))))
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Signals in RC Polyphase Filter

Differential signal

Iin(t) — Iin+ (t) o Iin— (t)
Qin(t) — Qin+ (1) - Qin_ (1)
Iout(t) — Iout+ (t) o Iout— (t)
Qout(t) = Qout+ (t) o Qout— (t)

Complex signal

Vin(t) — Im(t) + Jan(t)
Vour () = o, (D + onut(t)

lin+ Iout+
R1 \/
i N
out+
Qin+ Q
R1

Cl

Tout-

[in-

R1
Cl
Qin- Qout-

R1
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Transfer Function of RC Polyphase Filter

e Transfer Function

. 1+ oRC
G _
(o) 1+ J.wRC
*GGain
_ ‘1+a)RC‘
‘GI(JQ))‘ = >
J1+(@RC)

ool radfs)
—J.:-r:J.u:uE' —5};103 1 5}::1.03 .1.:-::JI.|:|EI
RC
Asymmetric
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Explanation of |, Q Signal Generation by G1i(jw)

Qin(t) = 0, Iin(t) — COS(a)t)
Vin8) = n(0) + ] Qun() = cos(et) = [ + /o]

¥

Vour (1) = 5 [1G1 i) e/ @+ G U ke |G, () o] ot Ie]

= \/Z—Ecos( t ——) +ism(wt ——)

\
|Gl(—jw)|ei(—wt+401(—iw))] =0
Here
T
“=RC W=R¢ 4
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ComEonent Mismatch Case

R1
lint+ 4ﬁ\/\/\/ \/ loutt |Ro. =R +ARg,| |Rq =R +AR,
Cl Rf Cf

Qin_ QOUt_ R,., =R +AR,, R,. =R +AR,_
i lout— Co,=C +ACq,| |Co =C,+AC
IN=

\ C,, =C,+AC,,| |C,_ =C +AC,_
Qin+ QOUt'l'
AR, q.BR;4,AR;,,AR;, 1 Resistor variation
AC,,.8C o, AC,,,,AC,, : Capacitor variation

\Yg

|, Q paths mismatch
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Component Mismatch Effect

V

- 1+wRC y

1+

Mismatch components

“1+jeRC " 21+

i)oRC &7

joRC)’

Input Signal

Input Image Signal

Vin — Iin T jQin

Vin

= Iin - jQin

Derived by Y. Niki, Gunma University
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Outline

@ RC Polyphase Filter: Flat Passband Gain Algorithm

Y. Niki, S. Sasaki, N. Yamaguchi, J. Kang, T. Kitahara, H. Kobayashi
“Flat Passband Gain Design Algorithm for 2nd-order RC Polyphase Filter,”
IEEE 11th International Conference on ASIC, Chengdu, China (Nov. 2015)
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Transfer Function of 2"9-order RC Polyphase Filter

Transfer Function

(1 + (J.)Rlcl)(l + (,L)chz)
— (I)ZR1C1R2C2 +]O)(C1R1 + C2R2 + 2R1C2)

G,(jw) = 1

Derivation is very complicated, so we used “Mathematica.”

14

1.i [’\
!

0.8

Gain |G2(jo))|  mmm Do

1
0.4 {
characteristics \/,M\//

0

-10 -5 0 5 10
-2 Stop band -W: W: Pass band w2
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Need for Flat Passband Gain Algorithm

Transfer Function

(1+ wR{Cy)(1+ wR,C5)
1-— (1)2R1C1R262 +](1)(C1R1 + Csz + 2R1€2)

We need flat passband gain H

G,(jw) =

l.i f’\w ——
T o8 [
Gain |G2(jw)| o j
characteristics ., ]
0 \/ \‘/ -

0 5 10

-10 -5
-W2 Stop band -W1 Wi Pass band w2
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Four Design Parameters

[Che 1
_0.4 l{
O.z \/’ \\/ —
0 -2 St(;; band -0)10 w1 Passsband w2 w0
()
4 parameters: R{, R,, Cy, (5
1 I S
“UTRG P TRG T TR G T RiG

I4 constraints
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Two Constraints from Filter Spec.

1.2 /"\\“
l

0.6 [
4
/

0.2 ’M

o I~ v

-10 -5
-W2 Stop band -W: ®: Pass band @2

—1 -1
@® 2zeros: — W= — Wy =
1 RiCy '’ 2 R, C,

are given from the filter specification.
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Proposed Algorithm Uses Third Constraint

14
: f
0.8
O 0.6 j
Y /
02 | ]
~~—T__ NV _
B 5 o0 5 10
-2 Stop band -W: i1 Pass band 2
W
1

@® \We use the third constraint X =
R,Cy

for passpand gain flattening.

@ The fourth constraint is left for ease of IC realization.
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Nyquist Chart of G2(jw)

Gain characteristics |G2(jw) |

Nyquist chart of G2(jw)=X(w)+j Y(w)

1.4 ) @0y 0.4
1.2 | i 0.2 N PN
1 1 1 ! \
— I I I O AW | 1~ - AW |
08 w2)| [G2(jw1)|
I I | - .02 - ~
06 | / | | é \
0.4 . . : > 04 N
] ' | GaVwiwz)|
0.2 n i i -0.6 /
o \/ I \/ 1 J o8 L ’ y
-10 -5 0 5 10 Wy I A w1
-W2 Stop band -W1 |W1  Pass band w2 -1 : :
-15 -1 0.5 VW10 0.5 1 1.5
X(w)

| G2(jwi) | =] G2(jw2) |

But in general

| Ga(jwi) | =] Ga(jwz) | = NGa(iVwiws)|
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1.6
1.4
1.2

Our ldea for Flat Passband Gain Algorithm

Gain characteristics |G2(jw) |

@1, | @iy |

7

'l
[l
L]

1

(® o8 |

— 0.6

/
&

04 |

0.2
0

[

-10

Y

5

-W2 Stop band -W1 | w; Pass band | w; w

0

5

10

Y(w)

Nyquist chart of G2(jw)=X(w)+j Y(w)

0.4
0.2

-0.2
-0.4
-0.6
-0.8

-1.2
-1.4
-1.6

/

| Galjw2)] | Galjos)
e \\
/

1G2(jVwlw2)| N\ /

/‘”‘1:

passhand

W W2

0 0.5 1 1.5
X(w)

If we make|Gz(jw1)| =|G2(jw2)| =|G2(jvVwiw2)]|,
Passband gain becomes flat from w1 to wa.
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Outline

@ RC Polyphase Filter and Hilbert Filter

Y. Tamura, R. Sekiyama, K. Asami, H. Kobayashi,
"RC Polyphase Filter As Complex Analog Hilbert Filter",
IEEE 13th International Conference on Solid-State and Integrated
Circuit Technology, Hangzhou, China (Oct. 2016)

33/64



Research Objective

-

lin+

RC Polyphase Filter

Analog
Complex (I, Q) input

~

- lout+
- _—— \/ - Qout+
Cn

-

R1

Hilbert Filter
Digital
Real part (Vin) input

lout+
e

R
T —
1] -1 1] =
1z Ea Eal 1z!
I —ap ag a,
Qout+
N \ul=‘

m

Analyze RC polyphase filter

We found that relevance between

RC polyphase filter and Hilbert filter
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Hilbert Filter

B Characteristics
*Hilbert transform
1 input and 2 outputs
It is often implemented in digital filter

Ré’ \\\\ IOUt+
I 1 .

Vin P

z ! z! z 1 z71 : :

—a1<7 —Qy ay a, '

Qout+
AN U NV > Phase
I/
Im ) Im

x(t) + jy (t) ‘

‘\ \ :’l Re I'\ ."I Re ]
Sl 0=y 0. ’
--J_- X jy - -

Gain
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Cosine, Sine Generation with Hilbert Filter

w component w component
_ cos(wt)+jsin(wt) cos(wt)+jsin(wt)
m Im
X(©) +jy (© K ‘ “
. .

= X =

-
-, s ~.
s ” ~
s P N
/) N o N
! M ‘ \
1 N ’ \
\ i
\
i \ ! 1
1 | - ! I
T > >
\ 4 ! !
/ R | /
\\ 1 e ' ! Re
i \ ’
A} r \ 7
\‘ ’ A ’
’ —— & A
~ ~ ,’
~ w N -
Y .. -

X0 -jy © w W

Gain
cos(wt)-jsin(wt)
-w component Hilbert filter

cos(wt)

sin(wt)
2 cos(wt)
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Hilbert Transform

Complex signal from real signal x (t)
x(t) - x(t) +jy (¢)

Hilbert transform

1 ¢ x(7) 1
y(t) = - j dt = x(t) x —
T t—1 tt
- David Hilbert
1862-1943
Impulse response Fourier Transform
1 —j >0 T
O "0V S
mt Fourier J
0 w
Frequency characteristic H (w) o ‘
2
_ (- X(w) (w>0)
Viw) = H(w)X(w) = {]X(w) (w <0) Phase
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1t order RC Polyphase Filter: Analysis

_ 1+ wR{C;
H(jw) = , : Transfer function
1+ jwR.C
Stop band ~ Pass band

1.8° . A, |

Gain
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1st order RC Polyphase Filter : Gain and Phase

Hl(iw) = lee(ja)) +jH1im(iw)
H,(jw) + Hi (—jw) _ 1

Heo (i) = —
1re(®) 2 1+ joR,C,
Hyp (jo) = H,(jw) — Hi (—jw) _ wR,Cy
1im 2 )1+ jwR.C,
2£H{(jw)
|Hyrel = [Hyjm!| €= | = [Hypol + [Hyip| _41Hm(,w) LHre(j)
1 8ﬁ__'_______~__'_"E'_'E"EE' N S R TR i Y St T ' o lee
F Il B R
1.4- T e N
c 1.2 1 : : :
& 17
0.8
0.6 1
0.4 1
0.2

0

|H1re| = |H1im| Gain
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15t order case Analysis Results

-

\_

Gain : Hilbert filter only at zero

Phase : Completely Hilbert filter

~N

RC Polyphase Filter

Hilbert filter

Gain

187
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0.2 1
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Results: 2" to 4" RC Polyphase Filter

znd

] LIHZ ((.I.)) |
=LHyim () — £Hypo(w)

3m

Gain

4ﬂ1

1.61
1.4

1+4--

0.8 +rberies
4
067"

0.4+
0.24
0

-k gtk

o |H4re| + |H4im|

g * '
E‘l.l" 'th

1 L

SwefLddd O]

i = e ™
_ ._rr._-nl‘n;..;] P N
2| i Mgy (0 = &My lar) | F—
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6 4 -2 0O 2 4 & A&
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Analysis Results and Consideration

15t to 4t order RC Polyphase Filter Analysis results

[

-

Gain : Hilbert filter only at zeros

Phase : Completely Hilbert filter

Prove for general n-th order case
(n=1,2,3,4,5,..)

Qin+ \/ Qout+
R1 R
CW Cn
lin- - lout-
& %
C1 Cn
Qin- W _— m Qout-

R1

lin+ lout+
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Order and Gain

1.6 \_lHl 1.6 L_lHl 1.6 A\\_lHl 1.6 ‘\ L_lHl
1.4 A 1.4 14 14 N ——
1.2 1.2 1.2 1.2
0.8 \\ 0.8 0.8 0.8
0.6 0.6 ™ 0.6 0.6
0.4 \ 0.4 N 0.4 0.4
0.2 0.2 N A 0.2 0.2
- om_t\ N
0 > 0 0 A~ ) LW )
-20 -10 0 10 20 -20 -10 0 10 20 -20 -10 0 10 20 -20 -10 0 10 20
A% £ B [rad/s] (RC=1/(27)) 1% A B K [rad/s] (RC=1/(27)) A3t £ B R % [rad/s] (RC=1/(2 7)) 854 8 R KK [rad/s] (RC=1/(27)
15t 2nd 3rd 4th
>

The higher orders,
the number of zeros increases;
|Hre| and |Him| becomes close in wide range

$

Close to ideal Hilbert transform
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Order and Phase

T T T T
— ZH — ZH —ZH — ZH
/2 /2 n/2 /2
0 0 0 0
/2 /2 n/2 /2
o -10 0 10 20 D20 -10 0 10 20 T -10 0 10 20 o 210 0 10 20
B34 M BRE [rad/s] (RC=1/(27)) 850t A B [rad/s] (RC=1/(271)) A EES [rad/s] (RC=1/(271)) 850t A B [rad/s] (RC=1/(271))
15t 2nd 3rd 4th

>

Phase characteristic is not changed

$

There is always 90 phase difference

Fulfill Hilbert transform in full range
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Summary of RCPF and Hilbert Filter

RC Polyphase Filter Hilbert Filter
T YA
16 N —HI| El'] P
1.4 N~ /2
1.2 1) P
1
0.8 0 .
0.6 0 w
0.4 n/2
0.2 _E
—020 -10 0 10 20 20 -10 0 10 20 0 "w 2
3 ARAKE [rad/s] (RC=1/(27)) 48 % £ iR ¥ [rad/s] (RC=1/(271))
Gain Phase Gain Phase
(" N

RC polyphase filter is approximation of

ideal Hilbert filter for complex input signal
\ Y,
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Outline

@ Active Complex Bandpass Filters

A. Hatta, N. Kushita, M. T.Tran, K. Asami, A. Kuwana, H. Kobayashi,
"Relationship between Active Complex Bandpass Filter and Hilbert Filter”

5% Taiwan and Japan Conference on Circuits and Systems. Nikko, Japan
(Aug. 2019)
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Gm : Transconductance

Input voltage: V.
=g V.

out m " In

1
viout dimension of gm = R

Output current : [, I
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ComEIex BandEass Gm-C Filter

Iin@)

o % U Viout+ JVQout
! % 1 lin+ jQin
— Agm ¥ B 0o+ SC— jgn

Qin({) %go gol+gn’+5°C+2g0s C
Vaout

o

V
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Gain of Complex Bandpass Gm-C Filter

1 Center Freq. ?

ey
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Complex Bandpass Active RC Filter

g
U
¢
|
L - 1
J7 iIout—\
g
i
ﬁ% =8
4
Qin g, ||
e Qo]
J7 out—
H(jo)=— 2
9, + J(=9; +oC)
Center freq. %:& 0=% Gain \H(ja))|=i

C 29, 9,

Transfer functions of complex bandpass Gm-C and active RC filters are the same.
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Our Investigation Results

Gain : Poor Hilbert filter characteristics for both pass and stop bands
Phase : Hilbert filter only at large |w|

05 . LHim(w) — £Hye ()
04 \/
.2 |-

o2 r / L [H(w)] o . '

3 A s
wn
S5 2 ® £Him(w)
— H (a)) | s A N =
o | re ’\_I_ APARY Q
@ L ) \"';, /; ;"; N ! \ & ZLHy, ((1))
-’/ - l.'x-\_ 4 \\‘H. ) ey TR .. g
. Ej‘: —_ _—_ 1 ‘? //
| H im (w ) | _ ¢
2H(w)
e 4 3 2 a4 o 1 2 3 4 s s 4 3 2z 1 0 1 2

Normalized angular frequency ~ [rad/s] (we=1/(2m)) Normalized angular frequency [82] (we=liamy)

Poor Hilbert filter characteristics of active complex bandpass filters
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Outline

@® Complex Bandpass AY AD Modulator

H. San, Y. Jingu, H. Wada, H. Hagiwara, A. Hayakawa, J. Kudoh, K. Yahagi, T. Matsuura,
H. Nakane, H. Kobayashi, M. Hotta, T. Tsukada,K.Mashiko, A. Wada,

“A Multibit Complex Bandpass Delta Sigma AD Modulator with I, Q Dynamic Matching and
DWA Algorithm", IEEE Asian Solid-State Circuits Conference, Hangzhou, China (Nov. 2006).
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Receiver Architecture Comparison

Direct conversmq receiver

«20r0F  fio

Signal
offset
1/f noise

Frequency

Low-IF receiver Conventmnal
Low-IF

IK'F noise
Signal

Fren:luent:,},,wr

Quadrature-IF
Low-IF 4‘ fo

'I.a"'f noise

Signal

Fraqusnw

RF — Baseband
Zero-IF
= No mage
Problem of DC offset, flicker noise

RF — Low-IF

No problem of DC offset, flicker noise.
Image as well as signal are
AD converted = Power is wasted

Image is not AD converted.
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Complex Bandpass Delta-Sigma AD Modulator

DAC, |=
1 5
lin - lout
@ = » ADC, .
Analog H(z) Digital
Input Output
. — ADCq 1—>
Qin - Complex Qout
Banpass Filter TE
q
DACq |=
" Output Power Spectrum
=20
I{}th + JQ out —
H

1+H

- 1 -
—(I_+ Q )+—— E. +1E
( mn .] II'I) l-l-H( 1 .] q)

-140/

160
05 04 03 02 01 O 01 02 03 04 05

Complex bandpass noise-shaping FrocuancyFinFe
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Proposed Complex Bandpass A2 AD Modulator Configuration

DAac

lin b _.{_‘;;91: 7

e

Al
J[<f

mn T m 7

DWA1

-

T Qout

SEL

—

o=

< DACZ
® |, Q paths mismatch reduction

@® Complex bandpass DWA algorithm for multi-bit DACs
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Chip Implementation & Measurement

Output Power Spectrum

0.4 0.6 0.8

0.2
Frequency(Fin/Fs)

0.18-pm CMOS 1PEM

Technology
Supply voltage 2.8V
Sampling Frequency 20MHz
SNDR 64.5dB @ BW=78kHz
28.4mw

Power consumption

Active area

1.4dmm*1.3mm
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Outline

@® Complex Multi-Bandpass A% DA Modulator

M. Murakami, H. Kobayashi, S. | N. B. Mohyar, O. Kobayashi, T. Miki, J. Kojima,
"I-Q Signal Generation Techniques for Communication IC Testing and ATE Systems",
IEEE International Test Conference, Fort Worth, TX (Nov. 2016).
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IC Testing with Complex Multi-tone Signal

(1) Image Rejection Ratio Testing of Communication ICs

Negative freq. (input) == Positive freq. (output)

(11) Complex Analog Filter Testing
Gain Complex filter gain

H
x

/ \J

-Nfo - =3f-2/~° f 236 - Nh ]
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Complex Resonator

I-:'n.
Qin > Qaut
Output spectrum \A
pole piole pole fpole pole
E A
2 2
[} O
(4R L
05 Win/ Ws 05 05 Win / Ws 05
N=1 Single—band N=4 Multi—band
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Complex N-Band DWA Algorithm

Digital

..1010
Digital
input
—_—
..0101

Complex Bandpass
A2 Modulator

v
o
X
O

Analog

Y

= —

Complex Analog
Bandpass Filter | output

> [—>

"\

CLK1

-\c\:r"i:

CLKZ

e:u:)zf
oD

Pointers

CLK1

*

Fointers

s

DAC:

HP algorithm

CLKI[ LI
CLkz _[ LT

4+ Attach pointers

4+ Exchange upper-path and lower-path every N clock
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Multi-tone Signal Generator
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This work was done by Mr. Masahiro Murakami. 61/64



Outline

@ Conclusion

62/64



Conclusion

Complex filter is simple, but very interesting

l

Even somewhat mysterious !

l

To understand its principle, we use
its complex transfer function and
Hilbert transfer form.

l

These are useful for filter design as well as analysis
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Our Recent Research Results
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