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I Objectives and outline

Objectives:
» Evaluate the complexity of a filter from its specifications
» Study the physical implementation of the filters

Outline:
» Introduction

» Filter specifications

» Transfer Functions
» Filter Constraints

» Filter synthesis using Standard approximations

» Prototype Filter
» Frequency transformations

> Filter implementations
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I Outline

Inroduction




I \Why do we need Filtering?

Radio channel selection : heterodyne architecture

Y RF IF BB
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» The filtering is distributed in the reception chain (RF, IF, BB).

» The technology used for these different filters is closely related
to the frequency of the signal to be processed.
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I \Why do we need Filtering?

xg() = x(t)- T Y 0(t—kTs) = Xe(F)=>_ X(f—kFs)
keZ keZ

Anti alias Filtering

In order to sample at a frequency Fs = 2 B (Nyquist-Shannon), we
must guarantee that the signal spectrum does not have
components higher at frequencies highest than B This is the job of

the anti-alias Filter (AAF)




I Outline

Filter specifications




I Lumped elements filter

» When the device dimension d is in the same of order of
magnitude of the wavelength A, the wave propagation in the
device should be analyzed

» Example: surface Acoustic Wave (SAW) filter with v =
4000m/s, f = 2 GHz = A = 2 pum. In this case, the
propagation should be studied.

» When d is much lower than A (d < A/10), we may neglect
the propagation phenomena. This is the lumped element
model of the circuit where circuit elements (R, L, C) are
considered like points and described by Kirchhoff laws
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I Transfer function

A linear filter is described by its impulse response h(t). The

Laplace transform T(p) (also noted T(s)) of h(t), T(p) =
the transfer function of the filter

% is
(t) y(t)
I — M)eThm —17
X(p) Y (p)
S ig=0 and i—c® &
j

/ =CpV
w o 1) pV(p)
N—_——

Kirchhoff law

Behavioral equations

ﬁ(p_zj) pi: poles
T(p) =5 zj: zeros
il;Il(p—p;)

n: filter order
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I Harmonic and transient response

For a sine input with a pulsation w:

X(t) =e/wt. 1{t>0} <~ E{X(t)} = X(p) = pfljw

n

_ . __Np 1 _ G Co
Y(p)=T(p) X(p) = ﬁ(p N =T + L

i=1

Cot1 = [T(P)pj = TUW)

D GePt 4+ T(jw)et
; —

N , Harmonic response
Transient response
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I Stability and causality

> Stability: A system is stable if its output is bounded for a
bounded input or in other terms, if its transient response is

evanescent

» |If the denominator order is higher or equal to the numerator

order m < n. (Often true in practice)
» All the poles have a negative real part in the Laplace domain

Re(pi) <0

» Causality: In a causal system, the output never precedes the

input
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I Filter Attenuation and group delay
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To study the delay behavior of a filter with respect to frequency,
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I Excrcise 1: RC filter

We have the following RC filter:

Vin R

f

Calculate the transfer function T(p) = ‘\/;’_‘”((pp))
Is the filter stable?

>
>
» Determine the attenuation and the group delay expression.
» Trace them for an R = 10 KQ and C= 1 nF.
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I Outline

Standards Approximations
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I Standards Approximations

» The standard approximation approach is based on the
construction of a normalized low-pass filter in amplitude and
frequency by a characteristic function W ,.

» This normalized low-pass filter is called prototype filter
» The normalized complex variable corresponding to the
prototype is S = ¥ 4

1

A®) =10 logygl1 + V@] TP = 1 g

» The approximation of the prototype is to determine the
characteristic function W, which satisfies the magnitude
constraint.

TELEFUM
2aris

=T

14/45 Sep. 2022 Institut Mines-Telecom Baseband Filtering



I Prototype Definition

The prototype is a normalized low pass filter

A(dB)

RIS
ORI
X

LS
o3

Amas

» lts pass band is 1

> Aax is maximum allowed attenuation inside the useful
bandwidth

» A,in is the minimum allowed attenuation at the normalized
pulsation Qg
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I Order calculation

A(dB)

o A(Q) = 10 logyo[1 + €2 W2(Q)]
Qel0,1]=|V,(Q) <1
v,(1)=1
Amax = 10 logyo(1 + €2)
T?]e foIIowing e;f)ression aIIowsS2 to determine the filter order for a

given V:

A

max

10Amin/10 _ 1
10Amax/10 — 1

As =10 logo[14+€2 V2(Q)] > Amin~ Va(Q%W) > D
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N Prototype Approx

There are two main classes of approximations:

» Polynomial Approximations

» Butterworth Approximation: V,(Q) = Q"
> Tchebycheff Approximation: W,(Q) = T,(Q)
T, : Tchebycheff polynome of order n

» Rationnal Approximations
> Tchebycheff in attenuated band: W,(Q) = Q)
» Cauer Approximation or Elliptic:

] n even \ n odd
n/2 22 n—1/2 2 o2
Va(Q) =G ] oo | Va(Q) =CQ ] oot
i=1 z i=1 Z
Qoi in = Qs
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I Approximation Comparison

Examples of standard approximation (n=5, Amax=3 dB)

Attenuation (dB)
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""" Tchebycheff
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I How to choose the approximation

The choice of an approximation over another depends on several
parameters:

» The order: the implementation complexity and power
consumption are approximately proportional to the order

» The in-band ripple: the attenuation variation in the useful
bandwidth. The prototype calculation just guarantees that its
maximum value is lower than A ax

» The out-of-band ripple: the attenuation variation in the stop
bandwidth. The prototype calculation just guarantees that its
minimum value is lower than A,

» Implementation constraints: step-response, robustness to
component variations ...
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I Frequency transformat

transformations S = f(p) of prototype

main

(3) Pass-band

A(dB:

o2
et

o
53555
SR
SRR,

5
55
k&

s
I
S

X8
S

= w3 — W2

Brad

(2) Stop-band

g
&

A(dB)

Dotetetetetet

RTIRIR
RS
LK

LERREK

Amin

e
otettet

A

= W4 — W1

Brad

2
Wo

wa—w1
W3 —w2

Qs =

LWl rWh =W s W3

ition

Cond

Baseband Filtering

(1) High-pass

—

A(dB)

5

555

eSSy
SR

Setess
05
S5

S
fetetotetetotetetets

5

£
S
o
2
o
i
&
2
2
o
=
=B
=
a

20/45 Sep. 2022




I Filter construction methodology with
standard approx.

21/45 Sep. 202

1-What are the filtering needs?
What is the application? ...

8-App. the trans. of the proto. filter
to the target filter (low pass, high...)

2-Draw the template with
Auins Amaxs f1s -

7-Adapt the filter to the chosen €
with the trans. Sy — S - er

3-Draw the low pass filter template
prototype (calculation of €)

6-Calculate the range of €

Y852 <e<iov

4-Approx. choice and order calc.

5-Pick the transfer function
for order and wanted approx.

Institut Mines-Telecom Baseband Filteri

TELECOM

Paris

BETA




I Step 1: What are the needs

Ultrasonic Pulses Transmitted

>
Transmitted Ultrasonic
Pulses Bounce Off
L — Object
a ObJeCt

_, Ultrasonic Pulses Received
«

Scenario: Mickael wants to use an ultrasonic sensor to measure
distance but has accuracy issues. Mikael calls her friend Jackson
for help. After analyzing the problem, he concludes that the
measurement uncertainties are due to the audible frequencies (f<
20 kHz).
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I Steps 2 and 3: high pass filter and prototype
filter Templates

Step 2: To attenuate these frequencies, we decide to use a high
pass filter. To determine the specifications of this filter, Mikael and
Jackson look at the various parameters of the application and
conclude that they can afford a maximum attenuation of less than
2 dB in the useful band (f> 50 kHz). Furthermore, in the
attenuated band (f< 20 kHz), the minimum attenuation required
must be 10 dB.

A(dB)

High Pass Templat
160 Fass Template Prototype low pass template

—_
(=)

Apin =10

Amwc n -
0 20 50 f (kHz) 1 Q,=25 Q
h 2
Step 2: High pass filter template Step 3: Prototype low pass filter template
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I Step 4: Approx choice and order calculation

Step 4: We decide to use a Butterworth approximation
characterized by W,(Q2) = Q".
To determine the order, we simply solve the following equation:

10Amin/1o — 1
10Amax/10 _ 1

Amin/lo —
Qn > 200 =1
10Amax/10 _ 1

For Amin =10 dB Apax =2 dB, and Qs =25

\Un(Qs) > D=

101 — 1 log(D
po 201 39 ., le(D)

=14
1002 —1 log (£2s) ?

The order is 1.49 but since the order must be integer — n =2
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standard approx.

I Filter construction methodology with

1-What are the filtering needs?
What is the application? ...

8-App. the trans. of the proto. filter
to the target filter (low pass, high...)

2-Draw the template with
Auins Amaxs f1s -

7-Adapt the filter to the chosen €
with the trans. Sy — S - er

3-Draw the low pass filter template
prototype (calculation of €)

6-Calculate the range of €

Y852 <e<iov

4-Approx. choice and order calc.

5-Pick the transfer function
for order and wanted approx.
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I Step 5: Raise the transfer function

Step 5: We note the transfer function in the Butterworth table

1
S +V2Sy+1

Howpass—NorminBand—Norm3dB(Sn)

Problem

This table is defined for an Ap.x of 3 dB or in other words for a
normalized cutoff frequency equal to 1.

Order | Numerator | Denominator

1 1 Sy + 1

2 1 St +V25y+1

3 1 (Sn+1)(S3 + Sy +1)

Butterworth table with A, = 3 dB
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I Step 6: Calculate the range of ¢

It is using € that we can adjust the filter to our specific needs. I

We know that A(Q) = 10 log;o(1 + €2 W2(Q)), by solving
A2 =1) < Amax and A(Q2 = Qs) > Anin, we get

Amin
].0 10 — ]. Amax
——— | <eg< (100 —1
( w(Q.) ) v

For Apin =10 dB, Apax =2 dB, Qs =25, n=2 and a
Butterworth approximation

0.48 <e<0.76
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I Step 7: Match the filter to ¢

To adjust the filter to the chosen ¢, Sy — S - e%,
B 1
€S2 +1/2¢S+1

HLowpass—StandardlnBand ( S)

0
= -10+ R B
2200 . i
% ---eps min AN
O30 —eps max =
-40 )
1072 10t 10° 10t
Normalized Frequency
1 zoom on the useful band
e eI 4
kel Teeal N X= 1
E_lf — - | EA00005
8 ---eps min \X: 1
oL [—epsmax Y= -2
10t 10°
Normalized Frequency
Freq. prototype low pass filter for €max and emin
TELECOM
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I Step 8: Find target filter

To construct the high pass filter: S — 2’”5 = %.
p2

p? + V2ewop + ew%

H Highpass(p ) =

Frequency response of the band pass fllter

Gain(dB)

Frequency (kHz)
zoom on the useful band

Gain(dB)

---eps min
—eps max
I I I |

| |
45 46 47 48 49 50 51 52 53 54 55
Frequency (kHz)

Freq. response of the high pass filter for €pma.x and emin TELEEEIY
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I Comparaison between the two filters

) Frequency response of the prototype filter
g0
£20
3 eps min
O30 [Zehs max
-0 .
102 10t 10° 10t
Normalized Frequency
N zoom on the useful band
B O
---eps min
O, epsmax
10t 100
Normalized Frequency
Frequency response of the band pass filter
o L (R S—
@
2
5 0 eps min
G eps max
100 Le==
107 100 10! 102
Frequency (kHz)
zoom on the useful band
0
@
g1 I =
£2 — o
&
4
a5 46 47 48

50 51 52 53 54 55
)

49
Frequency (kH2)

The HP attenuations at f1=20 kHz and f = 50 kHz are resp.
equal to Q=1 and Q = Q4 = 2.5 for the LP Prototype
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B Exercise 2: USB communication filter

RX/TX KiEi Gkl

- | Demodulator
|<7 M [-+— Modulator M

1. Determine the bandpass filter template with a geometric
symmetry.

2. Determine the selectivity parameter 25 and the low-pass
prototype template.

3. Calculate the order of the prototype filter for a polynomial
approximation of Butterworth.

4. Calculate the possible range for €

5. Using the Butterworth table, determine the transfer function
of the prototype filter in the Laplace domain for €.

6. Determine the expression of the equivalent bandpass selection
filter. TELECOM
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I Outline

Filter Implementation
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I Filter Implementation

The choice of a particular technology is guided by a large number
of criteria

>

>
>
>
>

v

Noise

Linearity

Central frequency and bandwidth
Complexity and power consumption

Robustness to component variations, temperature variations,
voltage variations ...

Ease of calibration

v
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I L C Filters

1 LO LQ L4 S
1 AN, AN — NN
ﬁ £ O L C3 1
L L

Prototype of a 5 order LC filter

] k odd \ k even ‘

C, = 2 sin [(2k+1)7f] L, =2 sin [(2k+1)ﬂ}

2n 2n

Value of components L and C (Butterworth, Apax = 3 dB)
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I | C Filters: pros and cons

Advantages:
» Passive: thus no internal power consumption
» Highly linear
» Noiseless (in Theory)

Drawbacks:
» Inductors are very bulky and sensitive (High area, long design
time)
» Component variation: a calibration is often needed to adjust
the frequency response of the filter

P Inductors in practice have a resistance in series due to
interconnections. This limits the rejection and adds noise.
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I Active RC filters

Active RC filters are constructed using resistors, capacitors and
amplifiers.

—

- ‘/0L(I
Sallen-Key cell:

w2 1 1 Cl
7- - "o , = — , = — —
(p) Prepte2 ' T RVGG @®=3\3
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Il RC Filters: pros and cons

Advantages:
» Good integration
» Good linearity because it is a closed loop system

» Can be easily adapted to implement any kind of filter (low
pass, high pass ...)

Drawbacks:

» The filter performance (noise, out-of-rejection ...) depends
highly on the amplifier performance (DC Gain, Gain
bandwidth product, slew rate..). The better the wanted
performance, the higher the needed power consumption.

» Component variation: a calibration is often needed to adjust
the frequency response of the filter

TELEFUM
2aris

37/45 Sep. 2022 Institut Mines-Telecom Baseband Filtering el




I Active Gm-C filters

Active GmC filters are constructed using transconductance and
capacitors.

Vin O——

gm

L = gm(VJr - Vﬁ)

27 order Gm-C cell:

gmigmyo

_ GG
T(p) ) gm2 gmigmy
+ G p+ GG
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I GC Filters: pros and cons

Advantages:
> Very good integration in an integrated circuit
» Low power consumption compared with RC filters

» Can be easily adapted to implement any kind of filter (low
pass, high pass ...)

Drawbacks:

» The linearity is limited because the signal swing at the
transconductance inputs is high

» Component variation: a calibration is often needed to adjust
the frequency response of the filter
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I S\itched capacitor circuits

—
o——| }j—z/—g q o—A\N\V/'—o

A R=L B

Al

Switched capacitor resistors

This switched capacitor systems behaves like a resistance in
average and can be used to replace resistors in RC circuits
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I S\itched capacitor filter

Cll HC (n‘—l)T, n‘T‘ (nJr‘l)T‘
Vin > -
m 2 [ 2
1 J 1>V,
7—(2) _ V%Ut(z) _ C&
T Vaz) G+ S _<,1
i 2(1+ G G% )

T(jw) =77 for f << fs

TELEFDM
2aris

Ea

41/45 Sep. 2022 Institut Mines-Telecom Baseband Filtering



I Discrete time filters: Bilinear Transform

Transform from Laplace domain to the z domain:

2z-1 14 35l
p=Ff(z)= =2 p=juw, s z= -2 2

P S— ej27rﬂj7;
Tsz+1 1_j7Wa2Ts

Transform of the frequency axis between the prototype f; and the
discrete filter fy:

2
Wy = T tan(m fy Ts)

plan p plan z

P=Jjwa

£
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I SC Filters: pros and cons

Advantages:

» Robust to process variation because the cut-off frequencies are
fixed by ratios of capacitors

» Can be reconfigured by adjusting the sampling frequency

» Can be easily adapted to implement any kind of filter (low
pass, high pass ...)

Drawbacks:

» SC filters are discrete time and therefore can not be used to
implement AAF.

> Not suited for very frequency application because f; should be
high compared with the useful frequency.
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I Cascaded filter

- T1 I //_

N.
= kiﬁz

- //_

T

w»

> A filtering function can be implemented as a cascade of

several basic filters

» The cells should be designed in a way that connecting it to
other cells should not change its transfer function
» The realization of the complete filter involves m intermediate

functions :

» Choice of the Denominators D;
» Choice of the numerators N;

» Gain allocation k;
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I USB filter implementation

1. Determine the TF of the cell in the Laplace domain

2. Plot the Bode diagram of the modulus of the transfer function in
the possible configurations

3. Express the TF for (V1(p) = 0 and V,(p) = 0) as follows:

H( ): VOUt(p) _ Q~pw0
Vs(p) B+ g2 +1
wg | Qwo

Determine the expressions of wg and Q.
4. By drawing the cell as a black box, propose an implementation.
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