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2.1 Block diagram of continuous-
time circuit
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Linear elements for continuous-
time circuit
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The parameters , , and  are the gain of an amplifier, a differentiator, 
and an integrator, respectively.
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Block diagram of 1st-order LPF
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NOTE: A feedback of a constant introduces a constant term in a denominator.

Block diagram of transfer function
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Block diagram of 1st-order HPF
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Transfer function Block diagram of transfer function
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Block diagram of 1st-order 
transfer function
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Block diagram of transfer function
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Block diagram of 2nd-order LPF 1
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 NOTE: A feedback element 
0 introduces a constant term 
in a denominator, and 1
makes a design flexibility.
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Block diagram of 2nd-order LPF 2
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NOTE: This is another solution 
of 2nd-order LPF.
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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 > . In the 
worst case, the circuit unexpectedly oscillates.

log

-

|HI()|(dB)



 

-20dB

Bode diagram of integrator

The feedback loop with the 
phase shift >  causes the 
negative feedback (NFB) or 
positive feedback (PFB).

1st stage
2nd stage

log-/2

∠𝐻 𝜔
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Stability and distribution of pole

You can simply cheek the stability of the circuit with the pole 
arrangement of the transfer function. The poles on the imaginary 
axis and right half plane cause the instability of the circuit.

s-plane

Re

Im

Stable

Instable

Pole Impulse response
positive real number exponential growth
conjugate complex number divergent vibration
pure imaginary number steady‐state vibration



2.2 Block diagram of discrete-
time circuit
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Integrator and differentiator (1)
Integrator by BET Differentiator by BET
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Integrator and differentiator (2)
Integrator by bilinear transform Differentiator by bilinear transform

)(
1
1

2
)(

2
)(

)()1()()1(

)()()1()(

1

1

11

11

zV
z
zTzVTzV

zVzzVz

zVzzVzzV

in
S

X
S

out

inX

XinX


















)(
1
12)( 1

1

zV
z
z

T
zV in

S
out 






)(
1
1

2
)( 1

1

zV
z
zTzV in

S
out 








)(
1
12)(2)(

)()1()()1(

)()()1()(

1

1

11

11

zV
z
z

T
zV

T
zV

zVzzVz

zVzzVzzV

in
S

X
S

out

inX

XinX


















z-1

Vin(z) Vout(z)
VX(z)

TS/2
z-1 z-1

Vin(z) Vout(z)
VX(z)

2/TS
－

＋

z-1

－

－



16

Integrator
Integrator by FET
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1-z-1 Vout(z)Vin(z)

The FET integrator is equivalent to the BET integrator + 
the delay element of Ts.

z-1Vin(z) Vout(z)
VX(z) TS

NOTE: The integrator and 
delaying integrator show the 
same characteristic except for 
delay time. The delaying 
integrator does not output the 
hazard generated by the adder.



Block diagram of variable s and z 
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Examples of 1st-order LPF

variable s

variable z

Continuous-time analog circuits

Discrete-time analog circuits and digital circuits



2.3 Continuous-time analog 
implementation
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Implementation methods of 
analog circuits
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Signal Circuitry Components Features
Continuous time RC R, C, OPA High precision, low 

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

consumption
Discrete time Switched 

capacitor
C, CMOS-switch, 
OPA

Very high precision

Switched 
Current

Current mirror, 
CMOS-switch

Very high speed



2 types of OPA
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AC characteristic of OPA
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1st pole

2nd pole

0dB

Open loop gain

f

f

|Ad(f)|

f)
0deg.

-90deg.

Unity gain frequency fu or GBP

Slope = -20dB/Dec.



Linear operators
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a/s

In1

In2

Out

Out
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Addition and subtraction

Derivation

Integral




(Current summing)

a, b, c : circuit constants

Linear operation elements in the analog circuits

(Capacitor)

(OPA or OTA)

b OutIn (Resistor)Constant factor

(Typical implementation)Operation Symbol



Continuous-time analog operators
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𝑖 𝑡
𝑑𝑞 𝑡
𝑑𝑡 𝐶

𝑑𝑣 𝑡
𝑑𝑡

ℒ
⇒ 𝐼 𝑠 𝑠𝐶 · 𝑉 𝑠

𝑖 𝑡
1
𝑅 𝑣 𝑡 𝐺𝑣 𝑡

ℒ
⇒ 𝐼 𝑠 𝐺 · 𝑉 𝑠

𝑣 𝑡
1
𝐶 𝑞 𝑡

1
𝐶 𝑖 𝜏 𝑑𝜏

ℒ
⇒𝑉 𝑠

1
𝑠𝐶 𝐼 𝑠

q -q

Constant multiplication

Voltage differentiation

Current integration

q -q



Continuous-time analog integrator 
(CAI)
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𝐻 𝑠
𝑉 𝑠
𝑉 𝑠

𝐺
𝐶
𝑠

Transfer function of CAI:

I(s)



Implementation example 1

25

𝑉
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Full-differential implementation
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𝐻 𝑠
𝑉
𝑉
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Implementation example 2
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2.4 Discrete-time analog 
implementation
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Delay element
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Discrete-time analog operators 1
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𝐼 𝑠 𝑠𝐶 · 𝑉 𝑠 𝐼 𝑧 𝐶 1 𝑧
1
𝑇 V z

𝑉 𝑠
1

𝑠𝐶 𝐼 𝑠 𝑉 𝑧
1
𝐶

1
1 𝑧 𝐼 𝑧 𝑇

Voltage differentiation

Charge integration

i(t)

𝑄 𝑧 𝐼 𝑧 𝑇 𝐶 1 𝑧

i(t)

𝑉 𝑧
1
𝐶

1
1 𝑧 𝑄 𝑧



Discrete-time analog operators 2
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Constant multiplication (Switched capacitor)

𝑞 𝑡 𝐶 · 𝑣 𝑡
𝑇
2

⇒ 𝑄 𝑧 𝐶 · 𝑉 𝑧 𝑧

𝑞 𝑡 𝐶 · 𝑣 𝑡
⇒𝑄 𝑧 𝐶 · 𝑉 𝑧

q -q

-qq



Non-overlapping clock generator
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Delay

Delay

 

 



 1

 2



The two-phase clocks 1 and 2 are required to drive the 
switched capacitor. The edge of clocks 1 and 2 must not 
overlap, because the leak of the charge stored in capacitors 
causes the error of the signal processing.



DAI: discrete-time analog 
integrator 1
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Positive phase integrator
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DAI: discrete-time analog 
integrator 2

34

Opposite phase integrator
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Implementation example
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Poles in s-plane and z-plane
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2.5 Digital implementation 
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Digital operators 1

38

Delay

Differentiation (BET)

𝑉 𝑧 1 𝑧 𝑉 𝑧

=

Subtractor



Digital operators 2
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Integration (BET)

Integration (FET)

𝑉 𝑧 𝑉 𝑧 𝑧 𝑉 𝑧

𝑉 𝑧
1

1 𝑧 𝑉 𝑧

𝑉 𝑧 𝑧 𝑉 𝑧 𝑉 𝑧

𝑉 𝑧
𝑧

1 𝑧 𝑉 𝑧

Adder

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



Implementation example
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𝑉 𝑧 𝑧 1 𝑧 𝑉 𝑧 𝑧 𝑉 𝑧

𝑧 1 𝑧
1 𝑧 𝑉 𝑧
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z-plane

𝑓
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Resonator

Comb filter

BPF


