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3.1 Block diagram of continuous-
time circuit



Block diagram design using
linear operations
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* The parameters of the transfer function can be set independently.
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Linear operators for continuous-
time circuit

In,
Adder and subtractor  In, D Out
Constant multiplication In—— f — Out
Differentiator In—1 %S H— Out
Integrator In——{a/s— Out

The parameters f3, x, and o are the gain of an amplifier, a differentiator,

and an integrator, respectively.



Block diagram of Ist-order LPF

p
| - , A X
Vin s+c¢ Vout B Vln—’ v U | oU/s \ " Vout
N !
Transfer function Block diagram of transfer function
Vo _ b
V. s+c
(s+c¢)-V,, =b-V,
b
out__(b n € I/out)__(; __I/out)z_()/ IB out)
H(S):Vout: b _ a-y « { b=oa-y
V. s+c s—a-f c=-a-f

NOTE: A feedback of a constant introduces a constant term 1n a denominator.
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Block diagram of 1st-order HPF
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Block diagram of 1st-order
transfer function
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(s+c¢)-V,,=(a-s+b)-V, \
1 b
I/out:_(asI/m+me_CI/out):g(£SI/m—i__l/m_il/out)zg(zsI/m+}/l/m+18Vout)
S S a a S
a=a-y
H(S):VO”’ :a-S+b:a-}(-S+a-7 4 b=a-y
S+c s—a-f R



Block diagram of 2nd-order LPF 1
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NOTE: A feedback element
B, introduces a constant term
in a denominator, and J3,
makes a design flexibility.

A

o)
[E—
A

V.— 1Y oH——ay/s —P——la/s -V
c=a,-a,y
H(S)_II// s +dcs+e_ a.zo..salo}: af =ah
in 1P 0 "1 Po =—a,-a,f,



Block diagram of 2nd-order LPF 2

Vm s’+d-s+e V. —l 2 c BNV
in s“+d-s+e out
(S +d-s+e)V =cV,
a, o C d s e
out __(C Vout —e- I/out) =— : ( I/m ___Vout I/out)
s s o a, a,Q,
a, o C d e a, o
— : 0( I/m 1 out __1—0(7/ +IBI V+IBO out)
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3 | NOTE: This 1s another solution
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Block diagram of 2nd-order LPF 3
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\) Vin_’sz+d-s+e_*vout
a, C d e
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Block diagram of 2nd-order
transfer function
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Stability of higher order transfer
function

e A 2-stage-cascade connection of the integrators or
differentiators can cause 1nstability of the circuit with the
feedback loop, because of the phase rotation > r. In the
worst case, the circuit unexpectedly oscillates.

H()|(dB)1
®W=10,
-20dB log
£H(w) 4
The feedback loop with the .
phase shift > & causes the — _”Z Tzc _v_;;_tfg_ _logoo
negative feedback (NFB) or | o =
positive feedback (PFB). Bode diagram of integrator




Stability of transfer functions

vas *— Re
»/ Xy \ i
t | Stable | Instable t

Impulse responses

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 or the metastability

of the circuit. ;



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

Integrator by BET Differentiator by BET
-1
out(Z)_ _1 m(Z) out(Z)_ TS Kn(z)
""""""""""""""""""" R
Vin(2) 4’% e {>_>Vout(2) Vin(2) +>?—[>—>v «(2)
7 [ 7' V:(Z)
Vy(2) =V, (2)+2 Vy(2) Vy(2)=2"7,(2)
Vin(2) L, -
Vi) =173 Voul2) = A=2 ,, (2) 4V, (2)]
T i
V@) =T5 -V (2) = =25V, (2) 177y




Integrator and differentiator (2)

Integrator by bilinear transform || Differentiator by bilinear transform

Ty 1+z" 2 1-z"

out(Z)_ 2 1_ -1 m(Z) out(z)_ T 1 —1 m(Z)
- i Ts/2 2 4 2/Ts
Vin(2) + ) I>—>V ut(z)  Vin(2) +>§ e D—b Vo t(z)
E 7 [ - z' E
f V(@) =+ 2, (2)+2 Vi (2) V(@) =(-2" W, ()2 Vy(2) |
(=W (2)=(1+27),(2) A+z" YW, . (2)=(1-z")W, (z)
: Ty, T 1+z 2 21—z

Voul2) = V(D) ==V (2) Vow(z):FSVX(z)— T V,(z)




Integrator

Integrator by FET
I - z” Vin(z) — P I P Vout(2)
I/out (Z) — 1 - Z—l I/m (Z) in 1_2_1 ou

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

NOTE: The integrator and

VX(7) — ~ delaying integrator show the
Vin(2) U z L~ Vou(z)  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
Examples of 1st-order LPF

variable s | Continuous-time analog circuits

B
T T~ ]
Vin— v + : ol/s : » Vout

Integrator

variable z | Discrete-time analog circuits and digital circuits

p
fm——————— ————
Vin_’ Y + ’(% o' H » Vout

Integrator 18




Stability of transfer functions

NHM\, z-plane z-plane
T g it

Im

Re "Re

t
Impulse responses Impulse responses

You can simply cheek the stability of the circuit with the pole
arrangement of the transfer function. The poles on the
circumference or 1n the exterior of the unit circle cause the
instability or the metastability of the circuit. 19



3.3 Continuous-time analog
implementation

20



Implementation methods of
analog circuits

Continuous time RC R, C, OPA High precision, low
power consumption

gm-C C, OTA High speed, low power
consumption

Discrete time Switched C, CMOS-switch,  Very high precision
capacitor OPA

Switched Current mirror, Very high speed
Current CMOS-switch

21



2 types of OPA

»
>

)
X

> : +
L Vo £
SV, —> N\

Symbol of Single-end OPA

v

v

Symbol of Full-differential OPA

(

\

Function

%

out

:Ad(Vi; _Vm_)

A, = Differential Gain

A

Vi =L V)
2A

Vi ==LV = V)

2
Vout — I/oj:tt o I/o;t

A, = Differential Gain

22



AC characteristic of OPA

Ag(D)

Open loop gain —

A

Ist pole

Slope = -20dB/Dec.

Unity gain frequency f, or GBP

0dB .
: f
E2nd pole
0(1) 4 '
Odeg. >
f

-90deg.
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Linear operators

Linear operation elements in the analog circuits

Operation Symbol (Typical implementation)
In
Addition and subtraction 1n1;$— Out  (Current summing)
Constant factor In—b — Out (Resistor)
Derivation In——=1 ¢s — Out (Capacitor)
Integral In——a/s— Qut (OPA or OTA)

a, b, ¢ : circuit constants
24



Continuous-time analog operators

—{ MW —> j(s) Constant multiplication

w(7) T R i(t) = %v(t) = Gv(t) é](s) =G -V(s)

O

(under the condition V_ = 0)

out

D — (1) Voltage differentiation

° |
w(?) T C i(t) = dq_(t) Cdzsf) =1(s) =sC-V(s)

7 ° (under the condition V_ = 0)
— F—) Current integration

: LD < 1 1t L -1

i(f) —> o >l_o v(t) = —=q(t) = ——j i(Ddt=>V(s) = —I(s)

N C CJ, sC
T v

o—k —F—o0

25



Continuous-time analog integrator

(CAI)
/ | | \
Vils) o= " lov \ ° Vou(s)
G=1/R / out
—__ \~ J
1
Vins) — G % —— Vou(s)

G
V..+(S —
Transfer function of CAI: H(s) = out (5) _C

Vin(s) S

26



Implementation example 1

—o  Vou(S)

M\ ]
G2 =1/R2 )
H (s | | 1
C] J C2
Vin(s) o—F—"W\—=t+1¢ —
G1 =1/R1
+
J
sC1
in(s) Gl
—1
Vout = <2 ——(sC1 -V, + —
%

Vout(s)




Full-differential implementation

G2 G2
MN AMN
‘l @ ‘ 2
| | | | 1 | | 1 | | ! —m8M—
Gl Gl
Vin+ o— MN - Vout+ \/in+ o——AN 1 —O Vout-
— VWA + = Vout Vinm o1 W———+ = — Vour
| ~ =
Cl C2 Cl C2
YWW YW
G2 G2
G1 G1
|4 Cl1S+ 77 |4 Cl1S+ 77
H(s) = out _ g% H(s) = out g%
Vi, c2 ., G2 Vi, C2

28



Implementation example 2

AMN
o o
Cl
t—| t—
Gl G2 C2
Vin+c IVV\I ® 5'\>' IVV\I ¢ h'\> ® * S Vout+
Vin_c '\/\/\, ® + — 9 ‘/\/\/‘ * + — @ ® oVout-
1 | | 1 | | 1
Cl G4
G3 VWA
MN
G3 -1 G1G2
G His) =— GilCZ G2G3
. J S“t st eice
+ X -1 + -1
G (D <l Vi ] SC2 Vou(s)

Vin(s) B
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3.4 Discrete-time analog
implementation

30



Delay element

X, (t=Ty) = x(t)- 5t~ Ty)

I: x,(t=Tg)-edt =

jooo x(2)-8(t—T,) e dt
=x(Ty)e™" =x(T,)-z"

Vin(z) —Pp»

-1

Z

—> Vout(Z)

v(t) — Time shift for 1-cycle—=>v(t — T)

31



Discrete-time analog operators 1

Voltage derivation

BET 1
o —>qg(t) I(s)=sC-V(s)=1(z) =C(1 —Z_l)FV(Z)

O

i(?)
—>
vy 7| €
i(?)
—>
f I

q(t)—> o1%—

—o0

T v

O

S
Q(z) =1(2)Ts = C(1 —z7 1)V (2)

V(z)

 C(1-2") — Q2

Charge integration

—1 BET — 1
V(S) = EI(S) = V(Z) = C1—,-1 I(Z)TS
— 1
-1
) — = Y y




Discrete-time analog operators 2

Constant multiplication (Switched capacitor)

o —-q() _q) = c-v<t—5)

2K _ )
R T
| C
Wi - 18 b2/ \ i
2 o \\ ® ® /} O
V(z)
4 7 &0
| C
v(t)T 01/ \ o1
o \\ ® ® /} O
®; ON | OFF | ON | OFF
V(z)
42 OFF | ON | OFF | ON
(T, e Ts
2 2

(under the condition V_ = 0)
2

A 1

=>—-Q(z)=C-V(2)z 2

Cegl2 Q(z)

(under the condition V_ , = 0)
LA =C-vD)
=>Q(z)=C-V(2)

C — Q@

33



Non-overlapping clock generator

¢
- %_f—\_f—\_f—\_

Delay/ G1\ [\ /A

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.
34



DALI: discrete-time analog
integrator |1

Positive phase integrator

/ | Vem | \ - 2 A
¢2 \. Cl / (I)l Q(Zl)‘ l H
Vin+ o——o(l)}: ® :izo——c _ — ) Vout+
Vin_ o y T O ~ © out
NS T* v
¢2/ \ O1 |
N =T e
Vin(Z) -Cl-z172 2 (-11_ Z'l) _ Vout(Z)
_1
H(z) = S 35

C21—2z1



DALI: discrete-time analog

integrator 2
Opposite phase integrator

\/inJr ©

Vin_

| Vem | N ( e
1\. C1 / 01 Q(ZI)‘ } H
’_‘(1)2°__C : — ©° Vout
1 T = © Vout_
o | ® ‘
i/ \ 0 |
Ve | O\ Z
-1
Cl (-2 —— Vou(2)
H(z) = — C1 1
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Implementation example

Vem
b1 - b1
el e
Vem C3
b - 1 |
\]inJr ° ¢1 I I ¢2 h'\ ° \/voutﬁL
Vin- ° H + = > ° Vout_
ool |
b b1 — -
Veu C3 1 1 _1
T Vour = =3 7= 1 (7012 2Vin + €2+ Vour)
O ol _l
Veum H( ) _ out(Z) C1 Z 2
Vnz) | C2+C3___C3 _
C2 C2+C3
) (LPF)
Vv an -l \Y
1n(Z) -Cl-z C3(1 — Z'l) out(Z)
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Poles 1n s-plane and z-plane

Im Im

T AfS \/5(1 — az)

Corner
Ga

4
Corner
N
. d fs :
: o > Re E ! b d > Re
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3.5 Digital implementation
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Digital operators 1

Delay
REG
Vin(z) 71 Vo2) = Viy(2) D QF— Vou(2)
TS _> 6
Differentiation (BET) Subtractor

Vout (z) = (1-z _1)Vin (2) Vin(2) ?7 Voul(z)

40




Digital operators 2

Adder Integration (BET)

Vin(z) i + Vo) Vout (z) =Vin(2) t+z _1Vout (2)
i 1
7! Vour (2) = _ -1 Vin(2)

1

Integration (FET)

Vin(z) —— 7 Vou®) Vour(2) = 27 (Vin(@) + Vot (2))
+ 71
Vout (2) = 1 _ ;1 Vin(2)

NOTE: The FET integrator does not output the hazards, because the
digital delay element i1s the same as an register. 41




Implementation example

ADD
REG REG REG REG | |
— — — — y
REG REG out
K Im
| BPF
Clock f Z_S
z4 f
¥
Vin(z) é >Vout(z) fS
] 20 / Re
Vot (2) = 22(1 = 2V (2) = 2 Ve (2) %
z72(1—=z7% —— Comb filter 3f_5
= _ Vin (z)
L+27 z-plane
~— Resonator pl 42



Automatic code generation and
logic synthesis

Visit the following website.
https://kitagawa.merl.jp/edu/index.php?MATLAB%?2
OHDL%20CODER
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