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Telephone Filter A/D Converter

PCM Codec

15-20 Years Ago
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Pole - Zero Diagrams

A convenient way of visualizing transfer functions, 

H S( )

νOUT s( )
ν IN s( )
---------------- s z1–( ) s z1∗–( )⋅

s p1–( ) s p1
∗–( )⋅

-------------------------------------------= =

p 1 20– j 30π⋅+=
z 1 j 10π⋅=

S σ j ω⋅+=

z1∗ j 10π⋅–=

S  - PLANE

p1
∗ 20– j 30π⋅–

σ
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the Laplace Transform :

X

X
O

O

j ω⋅
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Often what we are really interested in is ,i.e. theH ω( )

ω .

H ω( ) H s( ) S j ω⋅==

H ω( )
j ω⋅ z1–( ) j ω⋅ z 1∗–( )⋅
j ω⋅ p1–( ) j ω⋅ p 1

∗–( )⋅
----------------------------------------------------------=

Poles - Zero Diagrams (Cont.)

magnitude and phase at frequency, 

To find the magnitude use the fact that magnitude of the products
 equals the product of the magnitudes , so that :

H ω( ) j ω⋅ z1–( ) j ω⋅ z 1∗–( )⋅
j ω⋅ p1–( ) j ω⋅ p 1

∗–( )⋅
----------------------------------------------------------

j ω⋅ z 1–( ) j ω⋅ z1∗–( )⋅
j ω⋅ p1–( ) j ω⋅ p1

∗–( )⋅
----------------------------------------------------------------= =
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  APP-06Poles -  Zero Diagrams (Cont.)

S σ j ω⋅+=

S  - PLANE

σ

X

X
O

O

j ω⋅

j ω⋅ p 1∗–( )

j ω⋅ p 1–( )

j ω⋅ z1∗–( )

j ω⋅ z 1–( )

Lets graphically evaluate
H ω( ) here at  jωO j40π=

The magnitude is the product of the lengths of vectors 
product of the lengths of vectors 1 & 2.

H ω( )

3 & 4 divided by the 
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  APP-07Poles - Zero Diagrams (Cont.)
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  APP-09Poles - Zero Diagrams (Cont.)

fO

∆f
3dB

Q
fO

∆f
-----=
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Chose an “Equivalent” discrete time structure.
Use appropriate cont. Discrete Transformation

 (i.e. Bilinear, Mapping differentials)

Σ z 1–

α

Simulate Disirete Time
inplementation and compare 
with original spec.(DINAP)

Filter Design Specification

AMPL
Bd

FREQ

LC Prototypes

Continuous Time Factorization into 
2-Pole,2-Zero sections
(Biquadratic)
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Active RC Filter
(Continuous Time)

Switched Capacitor Circuits
(Sampled Data any Amplitude)

Digital Filter

(Sampled Data, Quantized Amplitude)
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A/DDigital Filter
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  APP-13Typical Filter Specifications

AMPL

Bd( )

FREQ

νOUT ω( )
ν IN ω( )

------------------ H ω( ) H ω( ) e j θ ω( )⋅⋅= =

H ω( ) 2

Amplitude (Magnitude in dB) =10 H ω( ) H∗ ω( )⋅[ ]log
      

Continuous time specifications
of transfer function |H(ω)|
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  APP-14Typical Filter Specifications (Cont.)

Group Delay 
ω∂
∂ θ ω( )=

Group

FREQ

Delay

(msec.)

Group Delay
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  APP-15Types of 2-Pole Transfer Functions

Lowpass :

H s( )
ωo

2

s2 ωo

Q
----- s⋅ ω o

2+ +
-----------------------------------=

s1 s1∗,
ωo

Q
----- ωo

Q
----- 

 
2

4 ωo
2⋅–+−–=

j ωP

ωP

Q
-----– 

 
jωP

σP

X

X
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  APP-16Types of 2-Pole Transfer Functions (Cont.)

( Lowpass )

ω o

ωo

Q
-----+ωo

ωo

Q
-----–

H ω( )

ωo

1

Q

Q

ω o sP≡ sP
2 ωP

2+=

Q sP

2 sP⋅
--------------≡ 1

2
--- 1 ωP

sP

----- 
 

2

+⋅=
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  APP-17Types of 2-Pole Transfer Functions (Cont.)

Bandpass :

H s( )

ωo

Q
----- s⋅

s2 ωo

Q
----- s⋅ ω o

2+ +
-----------------------------------=

ωo

ωo

Q
-----+

H ω( )

ωo

0.707
1

jωP

σP

X

X

O
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  APP-18Types of 2-Pole Transfer Functions (Cont.)
Highpass :

H ω( )

ωo

Highpass 1 Lowpass( ) Bandpass( )––=

1

1
ωo

2
----- ω o

Q
----- s⋅+

s2 ωo

Q
----- s⋅ ωo

2+ +
-----------------------------------

 
 
 
 
 

–
s 2

s2 ω o

Q
----- s⋅ ωo

2+ +
-----------------------------------==

Q

jωP

σP

X

X

O
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  APP-19Types of 2-Pole Transfer Functions (Cont.)
Bandstop (or Notch) :

H ω( )

ωo

Bandstop 1-
s ω o

Q
----- 

 ⋅

s2 ωo

Q
----- s⋅ ωo

2+ +
-----------------------------------

s 2 ωo
2+

s2 ωo

Q
----- s⋅ ω o

2+ +
-----------------------------------= =

ω

jωP

σP

X

X O

O
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  APP-20Types of 2-Pole Transfer Functions (Cont.)
All Pass (Delay Equalizer) :

H ω( )

ωo

1 2 Bandpass( )––=

H s( ) 1
2 s ωo

Q
-----⋅ ⋅

s2 ωo

Q
----- s⋅ ω o

2+ +
-----------------------------------–

s2 ωo

Q
-----– s⋅ ωo

2+

s2 ωo

Q
----- s⋅ ω o

2+ +
-----------------------------------= =

ω

H ω( )

ω

Group
Delay

jωP

σ– P

X

X O

O

σP
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Lowpass & Bandpass :

-

+ C
Σ -

+
-

+

C
RQ

V LP

VIN

R
R

VBP

State Variable Active RC Filter
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ν1

ν2

RF

R1

R2 +

-
νOUT

νOUT ν1
RF

R 1

----- ν2
RF

R2

-----+=

State Variable Active RC Filter (Cont.)
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1
s
---

1
RC
--------–

VBP
R
RQ

-----

ΣΣ
VLP

-

VIN 1
s
---

1
RC
--------–

+

+

+

VLP

VIN

-------

1
RC
-------- 

 
2

s2 1
RC C⋅
-------------- s⋅ 

  1
RC

-----+ +
------------------------------------------------- ωo

2

s2 ω o

Q
----- s ω o

2+ +
-------------------------------= =

ω o∴
1

RC
--------= Q

RQ

R
-----=

State Variable Active RC Filter (Cont.)
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  APP-24State Variable Active RC Filter (Cont.)

VBP

VIN

-------

1
RC
--------– S⋅

S 1
RC C⋅
-------------- S⋅ 1

RC

----- 
 

2

+ +
---------------------------------------------------- ωo S⋅–

S ωo

Q
----- S⋅ ω o

2+ +
--------------------------------------= =

(Note GAIN is        at      instead of 1  
as required for a canonical bandpass.)

 Q– ωo

Highpass :

 Using a 3RD  OP AMP we form the sum,

VHIGHPASS V IN VLP– 1
Q
---- VBP⋅+=

Highpass 1 Lowpass( ) Bandpass( )––=
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Bandstop :

Bandstop 1 Bandpass( )–=

VBANDSTOP VIN
1
Q
---- VBP⋅+=

All Pass :

Allpass 1 2 Bandpass( )–=

VALLPASS V IN
2
Q
---- VBP⋅+=

State Variable Active RC Filter (Cont.)
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Active RC Filters - Integrator or State Variable Configurations

Basic Element is the OP AMP Integrator : 

C
-

+

νOUTν IN R

iOUT

iin

Virtual Ground
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Active RC Filters - Integrator or State Variable Configurations
(Cont.)

i in

ν in 0–
R

-------------- ν in

R
-----= =

iOUT iin=

iOUT

0 νOUT–
1 SC⁄

------------------ SC νOUT⋅–= =

SC νOUT⋅–
ν in

R
-----=

νOUT

ν in

--------- 1
RC
-------- 1

S
---⋅– H s( )= =

H s( ) s jω=

1 RC⁄
jω

---------------–=
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Active RC Filters - Integrator or State Variable Configurations

(Cont.)
Scaling of the internal node voltages for maximum dynamic range.

-

+
Σ -

+
-

+

νOUT

ν IN

νn2
2

νn1
2

1
2
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  APP-29
Active RC Filters - Integrator or State Variable Configurations

(Cont.)

For maximum dynamic range. (Signal / Noise Ratio) the outputs
of both op amps should have the same peak values. 
If this is not true;

- If op amp #1  has a peak signal larger than  #2, then  #1 will 
  saturate early limiting the maximum signal.
- If #1 has a peak amplitude less than #2, then there must be

gain from #1 to #2 and the noise of #1 will be amplified.
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fO 3kHz=

ωO

20krad
sec

------------------ 1
RC
--------= =

C 10pF=

R
1

10pF 20 103⋅ ⋅
------------------------------------ 1

2 10 7–⋅
----------------= =

R 5MΩ=

R 10%± C 10%±

RC 20%±
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  APP-31Basic Element of Switched - Capacitor Filters 

f c

1
TC

-----=

C
V2

V 2V1

V1

″R″
1

f cC
-------=

″I″
Q∆

TC

-------- fc C V2 V1–( )⋅ ⋅= =

Q∆ C V2 V1–( )⋅=

″R″
V 2 V 1–

I
---------------- 1

f cC
-------= =
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  APP-32Basic Element of Switched - Capacitor Filters (Cont.) 

∅1 ∅2

∅2

∅1
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 APP-33Size of Switched - Capacitor, Resistors 

R VOUTVIN

C 10pF=

Area of S-C Resistor 
fc 100kHz=( )

CR

1
fc R⋅
----------- 1

105 1.6 106××
-----------------------------------= =

6.28pF=

1 31mil2s @5mil2 pF⁄( )≈

R
1

2π f3dB C⋅ ⋅
-------------------------- 1

6.28( ) 104( ) 10 11–( )⋅ ⋅
----------------------------------------------------= =

1.6MΩ=

f3dB 10kHz=

Area of Poly Resistor 
50Ω 11⁄( )

32 103×=

1 3.2 10 3× mil2s @1mil2 11⁄( )≈

Equivalent S-C resistor about 

2 orders of magnitude smaller in area.
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R VOUTV IN

C 10pF= CC

VOUTVIN

CR

ω3dB
1

1
f c CR⋅
------------- 

  CC⋅
-----------------------------≈ fc

CR

CC

------ 
 ⋅=

ω3dB

1
RC
--------=

Requires absolute
control of R and C

Requires control
of  Ratios of C 

Simple Filter
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  APP-35S-C Integrator

VIN

C

α1C

+

-
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Two Integrators Together

V IN

C

α1C
+

-

C

α2C
+

-
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  APP-37Time Switched Equivalent Circuit

V IN

C1

+

-

C2

+

-

VLP

VBP
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COX

εSi 02

tOX

-------=

CC Acap CO X⋅=

R R Ω--------⋅ 
  #( )⋅=

Acap

#
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+-

-

+0.5

0.5–

0
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Crystal 
Frequency Reference

2.4GHz

800 900MHz–

RF Front End

Digital Radio

50Ω

50Ω
Matched Impedance

A/D

Front End
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