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2.1 Block diagram of continuous-
time circuit



[inear elements for continuous-
time circuit

In,

+
t

Adder and subtractor  In, Out

Constant multiplication In—— B —— Out

Differentiator In— XS Out

Integrator In——{a/s;|— Out

The parameters 3, ¢, and a are the gain of an amplifier, a differentiator,
and an integrator, respectively.



Block diagram of 1st-order LPF
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NOTE: A feedback of a constant introduces a constant term in a denominator.
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Block diagram of 1st-order HPF
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Block diagram of Ist-order

transfer function
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Block diagram of 2nd-order LPF 1
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]VBlock diagram of 2nd-order LPF 2
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Block diagram of 2nd-order LPF 3
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Block diagram of 2nd-order
transfer function
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Stability of higher order transfer
function

* A 2-stage-cascade connection of the integrators or
differentiators can cause instability of the circuit with the
feedback loop, because of the phase rotation > 7. In the
worst case, the circuit unexpectedly oscillates.

[Hy()|(dB)4
®=10,
-20dB loge
<Hj(w) 4
The feedback loop with the .
phase shift > m causes the |  — _'_“_Z Tzc - L;;_tfg_ _logoo
negative feedback (NFB) or o =
positive feedback (PFB). Bode diagram of integrat(l)lr




Stability and distribution of pole

Pole Impulse response

positive real number exponential growth
conjugate complex number divergent vibration

pure imaginary number steady-state vibration Im

Stable k—plane
AW X
X Re

X
Instable

You can simply cheek the stability of the circuit with the pole
arrangement of the transfer function. The poles on the 1imaginary

ax1s and right half plane cause the instability of the circuit. N



2.2 Block diagram of discrete-
time circuit
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Integrator and differentiator (1)

Integrator by BET Differentiator by BET
out (Z) - _1 in (Z) out (Z) T T I/m (Z)
— S
T
V (Z)%% e {>_>Vout(Z) Vin(2) +P?—{>—VV «(2)
7 [ 7! V;(z)
Ve(2)=V,(2)+z 'V, (2) V,(2)=z"V, (2)
Va(2) 1
Vi) =111 Voul2) =42 Vi (2)+ 7, (2);
VD)=, V(2 =507, () IR
—Z TS in



Integrator and differentiator (2)

Integrator by bilinear transform | Differentiator by bilinear transform

T.1+z7" 2 1-z"
V,(2) == V.,(z V. (z)= V. (z

out( ) 2 1_2_1 ll’l( ) ouz( ) TS 1+Z—1 ln( )
E 2 Ts/2 Z y 2/Ts E
E Vin(z) P —i—% ﬁz) { > Vould)  Vin(2) +»é Vx(z) {>_>Vout(Z) E
@G YE@ ) V(@) == W, ()= W (2) |
(=W (@) =0+2"),(2) (42 (2) = (=2 YV, (2)
‘ T T, 1+z" 5 15

Voi(2) =2V (2)=2—5V,(2) _2 _~ %
2 2 l—Z I/out(Z) TS VX(Z) TS 1-|-Z_l m(z)




Integrator

Integrator by FET
T. -z Tsz'
Vo@D =5V (@) Vine) B~ Vo)
—Z

The FET integrator 1s equivalent to the BET integrator +
the delay element of T..

NOTE: The integrator and

VX(7) — Ts delaying integrator show the
Vin(2) + z >— vou» same characteristic except for
delay time. The delaying

integrator does not output the

hazard generated by the adder.
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Block diagram of variable s and z

variable s

B
. 1
Vin_’ Y + : o/s : » Vout

Examples of 1st-order LPF

Continuous-time analog circuits

Integrator

Discrete-time analog circuits and digital circuits

» Vout

Integrator 17



2.3 Continuous-time analog
implementation
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Implementation methods of
analog circuits

Continuous time RC

gm-C

Discrete time Switched
capacitor

Switched
Current

R, C, OPA

C, OTA

C, CMOS-switch,
OPA

Current mirror,
CMOS-switch

High precision, low
power consumption

High speed, low power
consumption
Very high precision

Very high speed
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2 types of OPA

Function

* Vinh —* ™\ Vo = 4V =V)
N~ A4 = Differential Gain

Symbol of Single-end OPA

)
X
SF

A -
Vi ==V = V)
2A
i Vo ===V,
Vin f out 7 ( in in )

+ —
VCM I/out = I/out o I/out

Symbol of Full-differential OPA A, = Differential Gain
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AC characteristic of OPA

[Ad(D)] + Istpole

Open loop gain —

0dB

0(f) 1

Slope = -20dB/Dec.

X Unity gain frequency f, or GBP

!

v

»

§2nd pole

Odeg.

-90deg.
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Linear operators

Linear operation elements in the analog circuits

Operation Symbol (Typical implementation)
In
Addition and subtraction Inl;gé— Out (Current summing)
Constant factor In— b — Out (Resistor)
Derivation In——1 ¢S — Out (Capacitor)
Integral In—{a/s|— Out (OPA or OTA)

a, b, c : circuit constants
22



Continuous-time analog operators

W) ]

MA——o

W) ]

O

Lo

O

-

(1) —> o1+—

—> j(yy Constant multiplication

i(t) = %v(t) = Gv(t) é](s) =G -V(s)

—> i(f) Voltage differentiation

dq(t) _c dv(t) ¢

i(t) = T 7 = 1(s) =sC - V(s)

Current integration

1 1t -1
. v =—2q®) == f (Ddr SV (s) = —I(s)
0

C C
T v

O
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Continuous-time analog integrator

(CAI)

(]

- -

~

I(s) IC
Vin(S) °© IVV\I % ® —_
G=1/R + —0 Vou(s)

J

-1
Vin S) M/ G
(s) —

V., (S
Transfer function of CAI: H(s) = out (5)
Vin (S )

- Vout(s)

D

_C
S
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Implementation example 1

N\

AMN
G2=1/R2 )
’_| |—<h
Vin S) © MWy
( ) Gl ° Vout(s)
Y,
sCl1 G2
-1
Vin(s) Gl = Vou(s)
— 1 1
Vout = E (sC1-Viu + HVin + EVout
H(s) Vout C15+Cl s+b
s) = =a
Vin G2 s+c )



Full-differential implementation

G2
" "
Cl C2 Cl C2
| |
| +—F— | — e\
Vot ol Gl > Gl
in ' VVV —0 Vout+ Vin+ o——AMWN\ h'\ ° Vout-
Vin o—r— W T = (—o Vout Vin o—r— W /_ > ° Vour
| ‘ I | [ | \ )
Cl 2 Cl &
VWA
& o
G G1
Hes) = Vout 15+ Voue C1S+77
7 2, G2 H(s) = "=
in Vi C2 s + Q
C2
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Implementation example 2

A
G3 A
C1 G4
G E— W Y E—
Gl G2 C2
Vin+° ’VV\I 5'\> I\N\I h'\> o \/outJr
Vin-c IVV\I +/_ \/W +/_ o Vout-
Gl G2 C2
0—| Ii 0——| I—O
Cl G4
G3 W
A
G3 -1 G1G2
o His) =— Gi 3
. N S° Y25 T Tic
+ X 1 + -1
Vi(s) — G1 (H)— o Vol @ = Vou(s)
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2.4 Discrete-time analog
implementation
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Delay element

X, (t~Ty) = x(0)-8(t~Ty)

[ x,(t=Ty)-edt =

j: x(t)-8(t=T,)-e " dt

=x(Ty)e*" =x(Ty) -z

Vin(z) —>

-1

Z

4’ Vout(Z)

v(t) — Time shift for I-cycle—=>v(t — Ts)
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Discrete-time analog operators 1

i(?) Voltage differentiation
BET 1
o—t- +—o —>q(t) 1(s)=sC-V(is)=I(z)=C1-z"YH)=V(z)
C s
v Q) = 1Ty = C(1 — 27
V(2) C(l-z") Q(2)
i(7)
—> . .
- ™\ Charge integration
C —1 FET -1 1
q(f)—> o >i_o V(s) = EI(S) =V (z) = 1,1 1(z)Ts
> [ () 1 1
o—$- o V(Z) = C 1— 71 Q(Z)
1
) — [ V@ N




Discrete-time analog operators 2

Constant multiplication (Switched capacitor)

K] ) ™\
ot q” 9. -i%——oe—q(t) —q(t)=C-v(t—%)
C
V(t - T_S) T 4)2) ,\(I)l é‘ —Q(z)=C" V(Z)Z_%
2 o—\ l ] & o
V(2) C-z1?2 — Q(z
T S BTl
C
V(f) T ¢7 L—l Zq(t) =C-v(t)
] . 50 =V
®1 ON | OFF | ON | OFF
V(2) C — Q@®
42 OFF [ ON | OFF [ ON
t-lT—S lt tle Is .



Non-overlapping clock generator

¢
B < <

o _/ /L
Delay [ 01\ [\ /[
¢2_/_\ [\ [\

9,

The two-phase clocks ¢, and ¢, are required to drive the
switched capacitor. The edge of clocks ¢, and ¢, must not
overlap, because the leak of the charge stored in capacitors

causes the error of the signal processing.
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DAI: discrete-time analog
integrator 1

Positive phase integrator

4 )
C2

=
<
/

b i

2
i ( |
Vin+ o——.d)/- 1 ‘@.__C —]— -0 Vout+
Vin_ o——__" o _o—1—O0—1—o—+ — -0 Vout_
) o L 5

1
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N e N
Vin(Z) Cl-z 12 Cz(-ll_zl) - Vout(z)
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DAI: discrete-time analog

integrator 2
Opposite phase integrator

/(I)IVCMI A

Y oa (" o |

\/inJr o__fl)} Qz'__c : ¢ - o \/outjL
Vi T J L T T Ve
1 2
1

_—

C ¥
¢ 1 |
e | @
Vin(z) Cl 5 ('11_ = Voul(2)
C1 1
H(z) =

€21 -—z1 ”



Implementation example

Vem
MY o
gl
Vem C3
b2 - o1 — |
Vit o 1 . >>> .
Vin_ o H + = ° Vout-
(I)l C1 ¢2
oo 01 JI IL
Vo C2.| 1 1 _1
FTUE Yow =g n O i €2 Vo)
b1 ¢1
Vem -3
Vout (2) (1 z 2
H(z) = = -
Vin(z) ~ C2+C3_ ___C3 _
- C2+C3
+ (LPF)
Vv -1/2 i -1 Vv
1n(Z) -Cl-z C3(1 — Z-l) out(Z)
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Poles 1n s-plane and z-plane
Im Im

I /_Corner fs V2(1-a)

]:/Z /Comer
ST . o
. ® >Re i K > Re

g T-a
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2.5 Digital implementation
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Digital operators 1

Delay
REG
Vin(z) 71 Vout(z) = Vin(Z) D QF—— Vout(z)
TS _> 6
Differentiation (BET) Subtractor

/

Vour @) = (1 — 27 Win(@)  Vy(2) j)f Vou(?)
Z-l

38




Digital operators 2

Adder Integration (BET)

Vin(z) i + Vou(z)  Vour (z2) =Vin(2) +z _1Vout (2)
" 1
Z! Vout(z) = 1— .1 Vin(2)

1

Integration (FET)

Vin(2) —— 7 Vou?) Vout(2) = 271 (Vi (2) + Vit (2))
+ 71
Vout(Z) = Vin(Z)

1—2z71

NOTE: The FET integrator does not output the hazards, because the
digital delay element is the same as an register. 39




Implementation example

ADD

REG

REG

REG

REG

REG

REG

Vin(z)

N -
+ z

> Vout(z) fS

Vout (2) = z7*(1 - Z_4)Vin(z) — Z_zvout(z)

zt(1-z7Y)

14+ 2z72

Vin(2)

— Comb filter

Im
BPF
Clock f, é
4
2 O / Re
3’c—~9<§§>
4
z-plane 40

T Resonator



