Active filters

A filter is a frequency selective circuit that allows only a certain band of the
desired frequency components of an input signal to pass through and
attenuates the signals of undesired frequency components.

The filters are of two types namely (i) analog filters and (ii) digital filters.
The analog filters are further classified as passive filters and active filters. The
passive filters utilize only resistors, inductors and capacitors. An active network
is a circuit obtained by interconnecting passive elements (resistors and
capacitors) and active elements (transistors, tunnel diodes and operational
amplifiers). An active filter uses an op-amp in order to minimize the effect of
loading on the frequency characteristics of the filter. :

The filters are widely used in communication, signal processing and
sophisticated electronic instruments. The applications of filters also include
the suppression of power-line hum, reduction of very low or high-frequency
interference and noise, bandwidth limiting and specialized spectral shaping.
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COMPARISON BETWEEN PASSIVE AND ACTIVE NETWORKS

Limitations of Passive RLC Networks over Active RC
Networks

(i) In RLC networks, the practical inductors tend to deviate from the
inductance realized.

(ii) There is a power loss because of the dissipation in resistive and
inductive elements of the passive network.

(iii) The Q factor is defined by Q = ﬁ:—L— . Since r; =0 for an ideal inductor,
L

Q = e=. But in practical networks, Q will not be infinity because r;
cannot be zero.

(iv) For most practical inductors, the total dissipative losses tend to
increase with frequency as a result of Q not increasing linearly with
frequency.

(v) The magnetic coupling creates additional problem in the form of
unwanted and stray field which is harmful for applications such as
satellite instrumentation.

(vi) Atlow frequency (less than 1kHz) applications such as control systems
and analog computers, practical inductors of reasonable Q tend to
become bulky and expensive.
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(vii) The dissipative losses start increasing when an inductor is
miniaturized. The Q of a low-frequency inductor is roughly
proportional to the square of the scaling factor. The demand for space-
saving systems requires network miniaturization. This becomes a
formidable problem when inductors are present in the circuit. Use of
quartz crystals helps the designer to alleviate some of the above
problems at higher frequency ranges.

(viii) In addition to the unavoidable use of inductors, passive networks
have some fundamental limitations also. For example, it is well known
that the driving point function Z(s) of an RLC network must satisfy
the following conditions.

(a) Z(s) is real for real values of s
(b) R,Z(s)=0for R,s=0
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Advantages of Active Filters over Passive Filters

(i) The maximum value of the transfer function or gain may be greater
than unity.

(ii) The loading effect is minimal, which means that the output response
of the filter is essentially independent of the load driven by the filter.

(iii) The active filters do not exhibit insertion loss. Hence, the passband
gain is equal to 0dB.
(iv) Complex filters can be realized without the use of inductors.

(v) The passive filters using R, L and C components are realizable only
for radio frequencies. Because, the inductors become very large, bulky
and expensive at audio frequencies. Due to low Q at low frequency
applications, high power dissipation is incurred. The active filters
overcome these problems.

(vi) Rapid, stable and economical design of filters for variety of
applications is possible.

(vii) The active filters are easily tunable due to flexibility in gain and
frequency adjustments.

(viii) The op-amp has high input impedance and low output impedance.
Hence, the active filters using op-amp do not cause loading effect on
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(viii)

(ix)

(x)
(xi)

The up—a;'np has high input impedance and low output impedance.
Hence, the active filters using op-amp do not cause loading effect on
the source and load. Therefore, cascading of networks does not need
buffer amplifier.

Active filters for fixed frequency and variable frequency can be
designed easily. The adjustable frequency response is obtained by
varying an external voltage signal.

There is no restriction in realizing rational function using active
networks.

Use of active elements eliminates the two fundamental restrictions of
passivity and reciprocity of RLC networks. Thus, active networks can
realize network functions using RLC networks and driving point or
transfer characteristic which are unachievable with passive networks.

Limitations of Active Filters over Passive Filters

(i)
(ii)
(iii)

(iv)

The high frequency response is limited by the gain-bandwidth product
and slew rate of the practical op-amps, leading to comparatively lower
bandwidth than the designed bandwidth.

The design of active filters becomes costly for high frequencies.
Active filters require dual polarity dc power supply whereas passive
filters do not.

The active element is prone to the process parameter variations and
they are sensitive to ambient conditions like temperature. Hence, the
performance of the active filter deviates from the ideal response.
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General Properties of Passive and Active Networks

General properties of passive and active networks
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:{',. Feature Passive RLC Network Active RC network
1 | Realizablity Can realize only a class of Mo restrictions. Can
realrational functions which | realize any real rational
are analytic in the right half of |function
s-plane
2 | Requirement of Inductors are required in Inductors are not
inductors almost all cases required
3 | Applicability Used for fixed frequency Can be used both for fixed
response application and variable frequency
response type applications.
4 |Frequency range |Above 200Hz Below 100kHz
5 |Signal source Suitable only for resistive High input impedance can
source impedances. The low | be achieved with the use of
impedance source must be op-amps. Hence, filter is
capable of supplying enough |independent of source
signal power. impedance. Operates with
lower signal power.




6 |Load impedance | Suitable only for resistive load | Very low output impedance
impedances. Filter operation | can be achieved. Hence,
depends mainly on load filter operation is
impedance. independent of load

7 |Buffer amplifiers |Buffer amplifier is required, | Additional buffers are not
resulting in increased number | required due to good
of stages. impedance matching

characteristics.

8 |Insertion loss Insertion loss is significantly | Insertion gain control can be
high. Hence, additional made. Hence, additional
amplification is required. amplifiers are not required.

9 | Micro- Since inductors play a role, Resistors and capacitors

miniaturization miniaturization and integration| being replaced by MOS
are not possible. devices result in
miniaturization to the order
of 65nm feature sized
devices.

10 | Stability Absolutely stable Instability may arise due to
varying process conditions
in fabrication. Stability
margin can be improved by
more accurate process
conditions.

11 | Sensitivity The ladder type filter is less More sensitive.

sensitive.
12 | Power supplies Does not require any power Dual power supplies are
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A filter can be realized in any one of the following four basic response types:
(i) Low-pass filter (LPF)

(i) High-pass filter (HPF)

(iii) Bandpass filter (BPF)

(iv) Band-reject filter (BRF), Bandstop or Band elimination filter (BEF).

Gain ' Gein
V, I\‘:
Pass__|_  Stop__
:[ ~ band | band
f f
0 iy
Ideal (a) Low-pass filter
Gain Gain
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Ideal (d) Band reject filler

Fig. 6.1 The ideal and practical characteristics of (a) Low-Pass Filter,
(b) High-pass Filter, (¢) Bandpass Filter and (d) Band Reject Filter

linear integrated circuits- Roy and
choudry/salivahanan



GENERAL SECOND ORDER ACTIVE FILTER WITH UNITY GAIN

Figure 6.5 shows a general second
order (two-pole) active filter, also Ys |
called Sallen-Key filter, with
admittances Y, through Y, and an
ideal voltage follower. The loading Ve Vo
effect will be eliminated by using Vo= V1 |78 2
a voltage follower which has high
input impedance and low output Ys
impedance. Further, a non- _l_
inverting amplifier configuration =
S be mcorpo.rat.ed nceaae .the Fig. 6.5 General second order active
gain and to eliminate the loading filter with unity gain

effects. The transfer function for the
general network is derived and then the specific admittance is applied to obtain
the characteristics of the particular filter.

Applying Kirchhoff’s current law equation at node V,, we get

(Vi=V)Yy = (V,-V,) %, +(V, -V, )Y (6.14)
Applying Kirchhoff’s current law equation at node Vj, we get
(Va=Vo)Ye = Vi Y, (6.15)
According to voltage follower characteristics, V, = V,. Therefore, Eq. (6.15)
becomes
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vV, =V, (Zﬂ] =V, (u) (6.16)
YZ Y2

Substituting Eq. (6.16) into Eq. (6.14) and using the relation V,,=V,, we get
Vi, + Vo(Yz +Y3) = Va(YI +Y, + Y3)

-V (%) (Y, + Yz +Y3) (6.17)
2

Multiplying Eq. (6.17) by Y, and rearranging the terms, the transfer
function becomes
Vo (S) - Yl YZ
Vi(s) MY +Y, (Y, +Y, +Y3)
For obtaining a low-pass filter, both Y; and Y, should be conductances,
i.e. Y;=1/R;and Y, =1/R; which will permit the signal to pass into the voltage

follower at lower frequencies. If Y, is a capacitor, then the output will roll-off
at high frequencies.

H(s) =

(6.18)

- - .- - . - - = - - - . -—— - -
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First Order Low-pass Filter with Unity Gain

The first order (one-pole) active low-pass filter with unity gain i.e. with voltage
follower is shown in Fig. 6.7(a). The voltage transfer function for the circuit is

1
_Vols)_ _sc __ 1
B = v (9= L g 1+sRC
sC
_ 1
H(jw) = .
147 ——
Oy
1
where WH—-““E
1
Therefore, |H[}m]1 = L 5 ":'rIH{If” - Y
o
1+ — 1+| =
| o] & Fassband | Stopband

R Vo 1 I

Vi o—vnh———— + \
= i

]: 0 fu f

(a) (b)

Fig. 6.7 (a) First order low-pass filter with voltage follower (unity gain) and (b)
Bode plot of low-pass filter with voltage follower (unity gain)
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Example 6.1

A first order low-pass Butterworth active filter has a cut-off
frequency of 10kHz and unity gain at low frequency. Find the
voltage transfer function magnitude, in dB, at 12kHz for the filter.

Solution The voltage transfer function magnitude of the first

order low-pass Butterworth filter is given by

: 1 1
|#()] = (Y [ (12x10°V
JHKEJ *10x10°)

=0.64, i.e. 20 log 0.64 = - 3.87 dB
First Order Low-pass Filter with Variable Gain

Figure 6.8(a) is an active
low-pass filter with single
RC network connected to
the non-inverting terminal
of op-amp. The input
resistor R; and feedback
resistor Ry are used to
determine the gain of the
filter in the passband. At
low frequencies, the
capacitor appears open.
And the circuit acts like a
non-inverting amplifier
with a voltage gain of
C. B

L1+E-_J . As the frequency
increases, the capacitive
reactance decreases,
causing the voltage gain to
drop off.

_I_—’\/\M‘VWV‘

—_— R' R'

R V1 —OVO
V,o—vvvvv—_o—l_——*

Voltage gain

0707 A - TR >

{=———— Passband

-1
(®) fr

Fiaga‘i.rtegratﬁgfi.% Brder tow-pass filter with variable
choudrgailfydaae (b) Its frequency response



Referring to Fig. 6.8(a), the voltage V,; across the capacitor is
Vv,

I

V. =
1 14+ j2xfRC

The output voltage V_, for noninverting amplifier is

R
v, = (14-%)%

By substituting V; in the above equation, the output voltage V; becomes
R .
Vo=|1+ L - Vi
R; )1+ j2rnfRC
Ve o A
V.
Su

where -“;— is the gain of the low-pass filter which is a function of frequency,

or

R
A=1+ (-ELJ is the passband gain of the filter,

fis the frequency of the input signal and
Sfu=

>mRC 15 the high cut-off frequency of the filter.
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The frequency response of the filter can be determined by using the
magnitude of the gain of the low-pass filter, which is expressed as

A

T

At very low frequencies, i.e., f < f};, the gain is = A. When the frequency
reaches the cut-off frequency, i.e., f = f;;, the gain falls to 0.707 times the
maximum gain A. The frequency from O to f is called the passband. At high
frequencies, i.e., f> f;;, the gain decreases at a constant rate of — 20 dB/ decade.
The frequency range beyond f,; is called stopband. The frequency response of
the active low-pass filter (non-ideal) is shown in Fig. 6.8(b).

Low-pass filter design The following steps are used for the design of active
low-pass filter.

VO

V.

(6.24)

1. Choose the value of high cut-off frequency f;;.
2. Select the value of capacitor C such that its value is < 1 uF.
3. When the values f;; and C are known, the value of R can be calculated

by using, fi; = SERE "
4. Finally, select the values of R; and Ry depending on the desired

R
passband gain by using, A=1 + (Ef-) .

Example 6.2 Design a first order low-pass filter at a cut-off frequency of
2kHz with a passband gain of 2.

Solution
Refer to Fig. 6.8(a)

Given fy; = %@ﬂeﬁ?&ﬁs Roy and
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Let C=0.01uF

We know that f= hi{c
1 1

27fC ~ 27(2x107) < 10"

Therefore, R = =795k

R
A=1+ 2L =2
Ri.

Therefore, Ry= R; = 10k£2 (say)
Second Order Low-pass Filter with Unity Gain

The transfer function of a general second order low-pass filter given in
Eq. (6.18) can be used to analyse the second order low-pass and high-pass
filters. A Butterworth filter is a maximally flat magnitude filter. The transfer
function of the filter is designed in such a way that its magnitude is as flat as
possible in the passband.

LetY;=Y-=1/R, Y3=5C5 and Y, =sC,. Then the transfer function is

1
— 4
H(s) = R =
Lz+sc4(3+sc3) 1+ sRC,;(2 +sRC;)
R R
Let the time constant 7; =RC3; and 7, =R(C,. Substituting s = jw, we get
H(w) = 2 =

1+ jwr, (2 + jor,) a (1 —wzr,)+j(2wt2)

Therefore, its magnitude is

| H(jw)| = [(1 -wzr,tz)z +(2m2)z]-“2

A maximally flat Butterworth filter will have a minimum rate of change.
Therefore,

dH
dw linear integrated circuits- Roy and
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Differentiating | H (jo) l ., we obtain
d|H)| 1 2 2
-dl_w_' B (1—0)21'11'2) +(2wt,) ] [-—4(01,1’2(1 —wzt,t2)+8wr§]
Letting the derivative to zero at w= 0, we get
d|H]
dw

-3/2

o = [—4cm',r2 (1 —wzrltz)+8m§]

= 4wrt, [—t, (1-a?n7,)+ 21:2]

The above equation is satisfied when 27, = 7;. That is, C3 = 2C,; Therefore
the magnitude of the transfer function becomes

1
[1 + 4(ewrz,)* J
The cut-off frequency occurs when |H| = \/lf ,or 4(ws pTs )‘ =1. Therefore,
N e e i
D 8T 1,2 J2RC,

We know that the cut-off frequency is wy; = Wy, 5= % .

|H| =

1/2

@

Comparing the above equations, we get
C,4 =0.707C
C3 = 1.414C
The magnitude of the voltage transfer function for the second order low-

pass Butterworth filter is | H (if )l = : "
()
Su
The second order low-pass Butterworth filter is shown in Fig. 6.9(a). The
Bode plot of the transfer ﬁxncﬁri]%ﬂng'é%%alcil%gﬁoifansg\own in Fig. 6.9(b).
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C3=1414C

1L
LAY

|Hjw)i — 40 dB/decade
1
vV = & Vo N
Ce=0.707 C H N
I o 1 =

(@) (b)

Fig. 6.9 (a) Second order low-pass Butterworth filter with unity gain and
(b) Its Bode plot of the transfer function magnitude

Example 6.3 Design a second order low-pass Butterworth filter with a cut-
off frequency of 10kHz and unity gain at low frequency. Also
determine the voltage transfer function magnitude, in dB, at
12Hz for the filter.

Solution
Refer to Fig. 6.9(a).

L S = 5 =15.92%<10"°
27T 3y 2 <10 <10
Letting R =200kQ2 , then C=79.6 p F

Therefore, C3=1.414C =113 p F and
Cy=0.707C =563 pF

Therefore, RC =
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The voltage transfer function is
ol 1 1
| H(F)| = et =~y
1+ f 14 12x10
fu 10 x 10°
=(0.5704 ie. 20log0.5704=-4.88dB

Second Order Low-pass Filter with Variable Gain
To form a low-pass filter, we Ri Ry

choose Y;=Y,=1/R and Y; WV

=Y, = sC as shown in Fig, & TI:A_T-’e

6.10(a). Here, equal value of Vi o—’W‘v—O—N‘W—J_— -
components is used for L. C

simplicity. Therefore, the T 1
transfer function H(s) of a -

second order low-pass filter

becomes Fig. 6.10 (a) A second order low-pass filter with
variable gain

Vo
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A
s’C?*R?* +sCR(3- A) +1
When s = 0, H(0) =A ; when s = o=, H(ee) = 0, which indicates that this
configuration is for low-pass active filters.
For second order physical systems such as electrical, mechanical, chemical
and hydraulic, the transfer function can be expressed as
2
H(s) = %1 ___ (6.26)

s? + awys + wh

H(s) = (6.25)

where A is the gain of the system, wy,; is the higher cut-off frequency in rad/sec
and o is the damping coefficient.
Comparing Eq. (6.25) and Eq. (6.26), we obtain

=_1
Oy = == (6.27)
ax=(3—-A) (6.28)

Substituting s = joo in Eq. (6.26), we get
A

H(jew) = (6.29)
I:jwfij}z +_;-tx[mwa} + 1
The normalized expression for low-pass filter is given by
Hw) = 54— (6.30)

s +as + 1

where normalized frequency s = }[mi]
i
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The expression of magnitude in dB of the transfer function is

201og| H(jw)' = 20log

Figure 6.10(b)
shows the uency
response for different
values of damping
coefficient a. For a
heavily damped filter,
the response is stable.
But the roll-off to the
passband starts very
early. For lower
values of e, the
response overshoots
and ripple appears at
the early stages of

= 20log

A

1+ ja(w/wyy) + (jwloy, )2

(6.31)

—+ |H (ju] dB
|
5
1

Fig. 6.10

L L
0.3 1 2 3 4 5

—le

o2 10

-
w@,,

(b) Frequency response of second order low-pass
filter for different damping with unity gain (A = 1)

passband. If « is very low, then the filter becomes oscillatory. The flattest
passband occurs when a = /2 =1.414, which is called Butterworth filter

response. Therefore,

-
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A

2010g| H (ja)| = 20l0g _
[+(2))

Therefore, for the generalized N™ order low-pass Butterworth filter, the
normalized transfer function is

H(jw)| 1
26

2N
\’[1 (=) ]
|
For the unity gain system, the above equation becomes
|H(j)| = 1 (6.34)

(2]

Design a second order Butterworth low-pass filter having
uppercut-off frequency of 2kHz=.

Solution

Refer to Fig. 6.10(a).

Given N =2 and f;; = 2kHz = 1/2 Tt RC.
Letting C = 0.1uF , we get

R = 0.8k

The order of the filter N = 2. From the Table 6.2, we get
a=1.414 .
The passband gain A =3 —a=3—1.414 = 1.586
Hence the transfer function of second order low-pass
Butterworth filter is
H(s)— A . 1.586
s2 + 1.414s lipear integRitad dragisaioyan
choudry/salivahanan
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Here, A =1+ R¢/R;=1.586

R,
Therefore, ? = (0.586

Let R¢= 5.86k2. Hence R; =10k Q2

6.7.5 Higher Order Low-pass Filter

It is evident that the filter order identifies the number of poles. An N-pole
active low-pass filter has a high frequency roll-off rate of N x 20dB (decade or
N x 6dB/octave , for which the 3dB frequency is given by

1 .

Sfaag =fu= >mRC (6.35)

The magnitude of the voltage transfer function for a Butterworth N*" order
low-pass filter is
1

(£ 2:»4]
! [fH]
1

| H(if)| = \/(“(ﬁ)m}

Higher order filters can be designed by adding additional RC networks,
that is, by cascading a required number of first and second order filters. The
transfer function of higher order filters will be of the type, as given by

| H(jif)] = (6.36)

(6.36)

A, A, A

H = 3 6.3
=) sT+ays+1 sT+as+1 s+1 (6S7)
Second Second First
order order order

Figures 6.11(a) and (b) showng}% tthr% or¢ se_aﬁoloan -pass Butterworth filter

and fourth order low-pass Butterwo ter res vely.
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Vo

Vi

:I: Cs = 1.392C :—]ic,-ozozac
a) -

(
C3=2613C
c, = 1.082C 16
i€
- R R Vo
R R
v; +
Cs = 0.3825C
Cz=0.9241C :I:

(a) Third order low-pass Butterworth filter with unity gain and
(b) Fourth order low-pass Butterworth filter with unity gain
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T -

Example 6.5 A third order and a fourth order low-pass Butterworth filters
have a cut-off frequency of 10kHz and unity gain at low
frequency. Determine the magnitude of the voltage transfer
function in dB at 12kHz for each filter.

Solution
The voltage transfer function magnitude of the third order low-

pass Butterworth filter is given by

T e R — —
]1,,(.;:)' ]1(%:72’]

=0.5009 , i.e. 20 log 0.5009 = —6.0053 dB

The voltage transfer function magnitude of the fourth order
low-pass Butterworth filter is given by

|H(if)| = g = g
P(2] pe(s)

=(0.4343, i.e. 20 log 0.4343 = - 7.24dB
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Design a fourth order Butterworth low-pass filter having an
upper cut-off frequency of 2kHz.

Givenn N =4 and f; = 2kH=z = 1/2 s RC.
Letting C =0.1uF , we get
R =0.8 k{2

The order of the filter is W = 4. From the Table 6.2, we get two
damping factors namely a; = 0.765 and o, = 1.848. Then the
passband gain of two quadratic factors are

A =3 — 0y =—0.765=2235
A =3 —o0p,=3—1.848=1.152

Hence, the transfer function of fourth order low-pass
Butterworth filter is

A A
H{s)= 1 . =
() §2 +0.765s +1 52 +1.848s + 1
2.235 1.152

5T +0.7655 +1 52 +1.848s5 + 1

linear integrated circuits- Roy and
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R =
Here A, = 1+ f‘?:] =2.235 . Hence %:1-235,
i1 i1

Letting R = 12.35k €2, we get R;; = 10k2

R R
2 —1.152 . Hence = =0.152
i2 2
Letting R —15.2k£2, we get R;; = 100k L2
The realization of fourth order Butterworth low-pass filter is
showmn in Fig. 6.12

Similarly A, = 1+

10 k€2 1235 ki2 T00D kL2 15.2 ki

0.8 ki} Vo

i el

T}_‘l _.l'_!F —

» Second ordaer ssection

Realization of fourth order Butterworth low-pass filter
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PHASE SHIFT CIRCUITS

The phase shift circuits prudutE phase shlfts that depend on the frequency

and maintain a constant gain.
These circuits are also called constant-delay filters

or ﬂH—pass filters. .

‘Those constant delay refers to the fact that the time difference
between mput and output remains constant when frequency is changed over
a range of uneratmg frequencies.
This 1s called all-pass because normally a
constant gain is maintained tor all the frequencies within the operating range.
The two types of circuits, for lagging phase angles and leading phase angles

linear integrated circuits- Roy and
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Phase-Lag Circuit

Ry= Ry

Fig. 4.2 fa) Phase-lag circuit

It is also assumed that inverting
gain is —1 and non-inverting gain after

R
the low-pass circuit is 1 +E1f— =1+1=2, since R;= R;.
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-z:g' 4 o
-90°
4
-180° = f{log)
» flog)
Fig. 4.2 (b) Bode plot for the phase-lag circuit
For the circuit shown in Fig. 4.2(a), it can be written as

V, (jo)=-V; (jo) +2 Vi (jo) (4.1)

1+ joRC

1- ,‘ch]

1
Therefore, V (i) = V. (i®)l -1+2 =V.(j
"(Iw) ,(}(0)( " 1+ijC] '(’w)(1+ijC

The relationship between output and input can be expressed by

linear integrated circuits- Roy and
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o - i “The phgse
angle is then given by |
§=-tan' (0RC)-tan™ (WRC) =-2tan” (wRC) (4.3)

Here, when @ =0, the phase angle approaches zero. When @ = «, the phase
angle approaches - 180°. The Eq. (4.3) can be written as

6=-2tan” (f/f,) @)
where the frequency f, is given by

1
fo= T | (4.5)

Here, when f=f, in Eq. (4.4), the phase angle 8=-90°. The Bode plot for the
phase-lag CifCUlt iS Shown inIiFei‘;gmAgZ(bi)‘.ircuits— Roy and

choudry/salivahanan



Determine the phase angle and the time delay for the circuit
shown in Fig. 4.2(a) for a frequency of 2kHz, assuming

Rl =20kﬂ, R=39kQ,Rf =R] and C‘lnF.

Solution The circuit s a phase-lag network.

1 1
Therefore, f,= -
J 2nRC Ex;rx39x103xlx10‘°

]=4081Hz.

The phase angle for frequency of 2kHz is given by

2x10°
4081

6= -2tan“[ ]:-sw.

The phase angle is directly proportional to delay, and 360° of
delay corresponds to one period.

0 t . .
Therefore, —— =~ which
erefore which gives

T
16 1 =522
=72.508
3 o 8
Imea[mtegrate c)frgwts 3Rbo(\)/ and
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Phase-Lead Circuit

| | joRC .,
Vv ==V, 2 V.

V,(jo) -1+ joRC

Therefore, —~ -
Vi(jw) 1+ joRC

(4.6)

. -~ Itis to be noted that the numerator has a
negative real part and overall phase is given by

0=180°-tan™! (0RC)-tan™ (@RC) =180°-2tan™" (wRC) (4.7)

linear integrated circuits- Roy and
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When the frequency approaches Ry= Ry
zero, the phase angle approaches 180°. MV
As the frequency is increased, the
leading phase decreases and it finally =
approaches zero at high frequencies. wo—{ >_qpn

*

Hence, Eq. (4.7) can be written as

=0

0=180°-2tan' (f/f,)  (48) %E

where f, = EELRE .Figure 4.3(b) shows Fig. 4.3  (a) Phase-lead circuit

the Bode plot for the phase-lead circuit of Fig. 4.3(a).

'l ak
180°

Us
o

> fllog) 0’ - fliog)

Fig. 4.3  (b) Bode plot for the phase-lead circuit
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HIGH-PASS FILTERS

The high-pass filter is the complement of the low-pass filter. Hence the high-
pass filter can be obtained by simply interchanging R and C in the circuit of
low-pass configuration.

First Order High-pass Filter with Unity Gain

The first order active high-pass filter with unity gain, i.e. with voltage follower
is shown in Fig. 6.13(a). The voltage transfer function for this circuit is

V. (s R 1
H{5]= Vﬂ'[ }= 1 — 1
i(5) R+ 14
sC sRC
H(fm) - Im where y ='IE
1+ i(5)
. . 1
Therefore, | H(jw)| = L or |H(jf)|= -
1+ % 1+ %]

linear integrated circuits- Roy and
choudry/salivahanan



—0 V,

=¥

[ >_
WD—'?-&
R

(a)

(a) First order high-pass filter with voltage follower (unity gain)
and({b) Bode plot of high-pass filter with voltage follower (unity gain)

The Bode plot of the voltage gain magnitude curve is shown in Fig. 6.13(b).
The slope of the voltage gain magnitude curve outside the passband is 6dB/
octave or 20dB/decade. This characteristic is called the roll-off. The roll-off
becomes sharper or steeper with higher-order filters.

First Order High-pass Filter with Variable Gain

The active high-pass filter with a single RC network connected to non-inverting
terminal of the op-amp is shown in Fig. 6.14. The input resistor R; and feedback
resistor Ry are used to determine the gain of the filter in the passband. At low

=y Ry
Voitage gain

_Eh..M WV &
—20 dBfdecada

c \IF1 — F T L L L oy
Vie— + Vo OTOT A === == ;
R "

(b)

- Stop hand—r-}-—Fama band—e-

i
A

= " r

(a) ()

fa) First order dotivehighicpass fiitéewith variable gain (b) Frequency
response of an mti%wg\!wmﬂﬁgqr



frequencies, the capacitor appears open, and the voltage gain approaches zero.
At high frequencies, the capacitor appears shorted, and the circuit becomes a

R
non-inverting amplifier with a voltage gain of (1 - —/) :
The output voltage V, of the first order active high-pass filter is

14 Rr)_j2xfRC .,
R; J1+j2n fRC '
Therefore, the gain of the filter becomes

V. =

o

s (f 3\
% | 1%
v = A (Lf) (6.38)
l+;
f

where passband gain of the filter is A = 1 +t R J fis the frequency of the

input signal and the lower cut-off frequency of the filter is f; =

The frequency response of the filter is obtained from the nzx’;gf\:itude of
the filter,
A7)
That is, |H(if)| = ‘; o/ . A (6.39)

2 2
1 +( f ] 1+ (IL)
fo f
linear integrated circuits- Roy and
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Atvery low frequenciesi.e. f>f;, the gain is approximately A. At frequency
f=f, the gain falls to 0.707 times the maximum gain A. The range of frequency
above f; is called the passband. For frequency f < f;, the gain decreases at a
constant rate of - 20 dB/decade. The frequency range below the cut-off
frequency is called stopband. The frequency response of the first order active
high-pass filter is shown in Fig. 6.14(b).

Itis to be noted that the high-pass second order filter is obtained from the
low-pass second order filter by applying the transformation.

.y

low-pass S

S

W,

Hence, the resistors R and capacitors C are interchanged in a low-pass
active filter to get a high-pass active filter.

Example 6.7  Design a first order high-pass filter at a cut-off frequency of
2kHz with a passband gain of 2. Also, plot its frequency
response.

Solution

high- pass

linear integrated circuits- Roy and
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Given f; = 2kHz
Let C = 0.01uF

1

We know that f; = >RRC

1 1

= =7.95kQ
2x f,C 27:(2 > 103) x107®

Therefore, R =

R,
A=1+—"=2
R,

Therefore, Ry= R; = 10k£2 (say)

linear integrated circuits- Roy and
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Frequency response data for the first order high-pass filter of

Example 6.7
Frequency, f Gain, Gain in dB,
(Hz) | V.V, | 20log| V.V, |
100 0.10 —20.01
200 0.20 —14.02
400 0.39 -8.13
700 0.66 -3.60
1000 0.89 -0.97
3000 1.66 4.42
7000 1.92 5.68
10000 1.96 5.85
13000 1.98 5.92
100000 s 2.00 6.02
-------------- > £
Pass band -
o E
1 1 II.IIIII E |- Illlli L 1 IIIIIII 1 1 ll.].llll -.r
100 1000/ =2 kHz 10 kHz 100 kHz 1 MHz

Freguencv response of first order high-pass filter
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Second Order High-Pass Filter with Unity Gain

A second order high-pass Butterworth filter is shown in Fig. 6.16(a). The
analysis can be done exactly the same way as for the low-pass filters except
that the derivative is set equal to zero at s = jw = e . Also, the two capacitors
are assumed equal. The 3dB cut-off frequency is

1
fu= 2rRC
Here, we find that Ry =0.707R and R, = 1.414R. The magnitude of the transfer
function for the second order high-pass Butterworth filter is

Ry =0.707R
VW IHUw)] 4

1k

C V,

¢ +
%R‘ = 1.414R

0O

<
0

\1}

(a)
Fig. 6.16 (a) Second order high-pass Butterworth filter with unity gain and
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1

)

The Bode plot of the transfer function magnitude for the second order
high-pass Butterworth filter is shown in Fig. 6.16(b).

6.8.4 Second Order High-Pass Filter with Variable Gain

To form a high-pass filter, we choose R Ry
Y; =Y, =sC and Y3 =Y4=1/R as shown W
in Fig. 6.17. Here, equal value of =

components is used for simplicity. B L
Therefore, the transfer function H(s) of Vio— I—--~>

a second order high-pass filter becomes clc

g E iﬁ
As?
H(s) = (6.40)

s +(3-A)os + 0} =

| H(if)| =

1 Fig. 6.17 Second order high-pass filter
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1

(2]

The Bode plot of the transfer function magnitude for the second order
high-pass Butterworth filter is shown in Fig. 6.16(b).

|H(if)| =

Second Order High-Pass Filter with Variable Gain

To form a high-pass filter, we choose R, Ry
Y, =Y>=sC and Y5 =Y,=1/R as shown VW AN
in Fig. 6.17. Here, equal value of =
components is used for simplicity. N L Yo
Therefore, the transfer function H(s) of Vio— I—+-—->

a second order high-pass filter becomes ¢ C

R in
As?
H(s) = s*+(3-A)ws+of (6.40) =

—

1 Fig. 6.17 Second order high-pass filter

where @y = RC - with variable gain

A

He) = @ @, ¥
14 2 (3 4) + 2]

(6.41)
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When s = 0, H(0)=0, and when s = e, H(e) = A. It is obvious that this
configuration is for high-pass active filters. Therefore, the lower cut-off

frequency is
fi* o= (64)

Letting s =jwin Eq. (6.41) and (3~ A) = = V2 =1.414, the transfer function
of second order Butter-worth high-pass filter becomes

[ H(jo)] = L (643)
w
(2]
or, |H(j)| = -—= (6.4)

(8]
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Therefore, for the generalized N order high-pass Butterworth filter, the
normalized transfer function is

1

| H{jw) I - _ (6.45)
A 2N
(- ))
(0]
For the unity gain system, the above equation becomes
| H(jo)| = - (6.46)
2N
1+ (QL)
({2
L RS 3 S 7

Example 6.8 (a) Find the lower cut-off frequency f; for the second order
high-pass Butterworth filter shown in Fig. 6.18 (b) Also, find
the passband gain of the filter and (¢) plot the frequency
response of the filter.

Ry Ry
AL AN
L  27xa 15.8 kQ
> v,
0.01 uF 0.01 uF ’e)
Vio—} —i— /
Cz Cs
R, R3 Ry
16 kQ 16 kQ 10 kQ
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(a) Given R, = R;=16kQ and C, = C3=0.01uF
Therefore, the lower cut-off frequency is
1

fo= . JR,R,C,C,

1

= ~ = 1kHz
27:;] (16x10°)" (0.01x10°¢)

(b) The passband gain of the filter is

R 3
A=1+-L=1+23%X10 1586
R 27 x 10

.

A

J1+(alf)

(c) The frequency response data for the second order high-
pass filter of this example are given in Table 6.6. The plot of
the resulting frequency response is shown in Fig. 6.19.

The voltage gain magnitude is | H(jf) | =| Tv} | =
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Frequency response data for the second order high-pass filter of
Example 6.8

Frequency, f Gain, |V Gain in dB,
(Hz) log|V,V;|
100 0.02 -35.99
200 0.06 -23.96
700 0.70 -3.12
1000 1.12 1.00
3000 1.58 395 .
7000 1.59 4,00
10000 1.59 4.01
30000 1.59 4.01
100000 1.59 401
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A
+10 +
+4.006 OO - O~
o 0dB
©
=
c
= =10
=
- -
>
-30
-35.39 Passband -
1 | lllllll | 1 lllllll 1 1 1 llllll 1 L 2 A A 021 >
100 kHz ft =1 kHz 10 kHz 100 kHz 1MHz

6.8.5 Higher order High-pass Filter

It is known that the filter order identifies the number of poles. The response
of an N-pole active high-pass filter increases at a rate of N x 20dB/decade upto
the cut-off frequency, for which the 3dB frequency is given by

fraw = fo =5z (6.47)

The magnitude of the voltage transfer function for an N" order
Butterworth high-pass filter is

|H(if)| = .

(6.48)

2N

fr
7

linear integrated circlits- Roy and
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R1= a3

3.546
AAA
c c c e oV,
Vio—t—p——— Er—al
R R
Rz2= 3392 Rs= 52024
(a)
R
s R Rs= 5813
"= F082 AN
AN

=
0.3825

Rs =
2~ 0.9241

L

(b)

Fig. 6.20 (a) Third order high-pass Butterworth filter with unity gain and
(b) Fourth order high-pass Butterworth filter with unity gain

Higher order filters can be designed by adding additional RC networks,
that is, by cascading a required number of first and second order filters.

Figures 6.20(a) and (b) show the third order high-pass Butterworth filter
and fourth order high-pass Butterworth filter respectively.

Example 6.9 Design a fourth order high-pass Butterworth filter with unity
gain having a cut-off frequency of 50kHz. Determine the
frequency at which the voltage transfer function magnitude is

2% of its mahﬁggl,ﬁfegrg{gé‘c‘,%uits- Roy'and
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Solution
Refer to Fig. 6.20(b).

1
We know that  f; = >%RC
1 1 6
Therefore, RC = = 5 =3.184x10
2rf, 2rnx50x10
Letting C = 0.001uF, then R = 3,184k Q2
3
Therefore, R i o XS oy agapy
1.082 1.082
- R _3.184x10° SARAE
0.9241 0.9241
3
o R _3.184x10 —1.219kQ
2.613 2.613
3
R 3.184x10 ~8324k0

R, = =
403825 03825
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When the voltage transfer function magnitude of the fourth
order high-pass Butterworth filter is 2% of its maximum value,
then

. 1
|H(if)| = 5
1+ ==
5
That is, 0.02 = ! -
JH[mﬂm]
f
Upon solving, we get
f =11.18kHz
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