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Frequency Response of Amplifiers First-Order RC Filters

First-Order Highpass RC Filter

Consider the first order highpass (HP) RC circuit given below, let us calculate the voltage gain
A = v, /v;. Note that, as the impedance of the capacitor changes with the frequency the gain
will change with the frequency.
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we obtain the output signal v, (t) as

First-Order RC Filters

Alw) = |A(w)] /A

Vo(t) = |A(wo)|Vin cos (wot + LA(wo)) -
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A(w) is called frequency response of the filter circuit above. As the frequency response A(w) is
complex, it has a magnitude and phase, i.e.,

Thus, A(w) is called the frequency response, |A(w)| is called the magnitude response and
ZA(w) is called the phase response.

Given that we know the frequency response of the system. Then, for a sinusoidal input v;(t)

vi(t) = Vi cos (wot) ,

So, the magnitude and phase of the output determined by the frequency response of the system.
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First-Order RC Filters
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For this highpass system given above, magnitude response |A(w)| and phase response ZA(w)

are given by

[A(w)] =

ZA(w)| = arctan (

1
1+

w2 R2C?
1
wRC

)

Note that w — o0 = |A(w)| = 1 and w — 0 = |A(w)| — 0.
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Frequency Response of Amplifiers First-Order RC Filters

Cutoff Frequency
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The frequency where the output power drops to half (of the maximum output power) is called
the cutoff frequency or corner frequency, w.. Thus, at the cutoff frequency, the output voltage
gain magnitude square will drop to half. As, in this case the maximum gain is one, i.e.

max |A(w)| =1,
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Frequency Response of Amplifiers First-Order RC Filters
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Consequently, frequency response of the highpass filter A(w) is given by
1
1—57—
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We
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ZA(w)| = arctan (%)
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Frequency Response of Amplifiers First-Order RC Filters

Bode Plot
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Amplitude response above has two asymptotes as shown below
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These two lines intersect at w = w, as shown below.
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Frequency Response of Amplifiers First-Order RC Filters

Decibels (dB)

The decibel (dB) is a logarithmic unit used to express the ratio of two values of a physical
quantity, often power or intensity. One of these values is often a standard reference value, in
which case the decibel is used to express the level of the other value relative to this reference.
The term decibel has its origin in the fact that power and audio levels are related on a
logarithmic basis, i.e.,

P,
Gap = 10logyo

(2

Vo
= 201 — . P=—
Oglovi R

Thus, magnitude response in decibels is given by

|A(w)|ag = 201logyq |A(w)]

Consequently, the normalized magnitude response (i.e., maximum value is 1) in decibels is
given by

[A(w)]

A =201 _
| (w)ldB 0810 maX|A(w)|
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The two asymptotes of the amplitude response above are expressed in dB as follows
we
— <1= 20log;p 1 =0dB

— > 1= |A(w)| = 20log;g “ =20 loggw — 201log; g we
w We

These two lines intersect at w = w,. as shown below.
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Frequency Response of Amplifiers First-Order RC Filters

Let us consider the second asymptote (i.e., 20log; =~ ) and for a given w = w; consider the
two cases where wa = w1 /2 and w3 = w1 /10, then

201og;y -2 = 20log,y — — 20log; 2 = 20logy — — 6dB ... one octave
wC wc wC

201og;y —2 = 20log,; — — 20log,, 10 = 20log,y — — 20dB ... one decade
wc U.)C wC

A change in frequency by a factor of two is equivalent to one octave. Similarly, a change in
frequency by a factor of ten is equivalent to one decade.

Thus, the slope of the second asymptote (i.e., 20log;( ) is 6dB/octave or 20 dB/decade.

Sg, actual magnitude of the normalized magnitude response at the cutoff frequency w. is
|A(we)| = 1/+/2. Thus, in dBs

i 1
20log g |A(we)| = 201og g ﬁ ~ _3dB

Thus, cutoff frequency is always 3dB below the maximum gain.
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Frequency Response of Amplifiers First-Order RC Filters
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As a result if we plot above against w, we obtain the magnitude and phase responses of the
first order highpass RC filter as shown below.
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Frequency Response of Amplifiers First-Order RC Filters

First-Order Lowspass RC Filter

Consider the first order lowpass (LP) RC circuit given below, let us calculate the voltage gain
A = v, /v;. Note that, as the impedance of the capacitor changes with the frequency the gain
will change with the frequency.

R
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Frequency Response of Amplifiers First-Order RC Filters
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Thus, magnitude response |A(w)| and phase response /A (w) are given as

1
A(w)] = ____
V1+wR=C
LA(w)| = —arctan (wRC)

Note that w — 0o = |A(w)| - 0 and w — 0 = |A(w)| — 1.

Cutoff frequency w. can be found as,
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Consequently, frequency response of the lowpass filter A(w) is given by

1
Aw) = W
S
We
1
W) = ———
w
1+E
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Frequency Response of Amplifiers First-Order RC Filters

Bode Plot
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The two asymptotes of the amplitude response above are expressed in dB as follows
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These two lines intersect at w = w, as shown below.
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Frequency Response of Amplifiers First-Order RC Filters

Let us consider the second asymptote (i.e., 20log;, <¢) and for a given w = w; consider the
two cases where wo = 2w; and w3 = 10wq, then

201ogyg - = 20log;y —% — 20logyy 2 2 20log;p —% — 6dB ... one octave
w2 w1 w1

201og1y —< = 20log,y —% — 20log,, 10 = 20logyy —= — 20dB ... one decade
w3 w1 w1

Thus, the slope of the second asymptote (i.e., 20log;, =) is 6 dB/octave or 20 dB/decade.

So, actual magnitude of the normalized magnitude response at the cutoff frequency w. is
|A(we)| = 1/+/2. Thus, in dBs

~ 1

Thus, cutoff frequency is always 3dB below the maximum gain.
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Frequency Response of Amplifiers First-Order RC Filters

N 1
W : Aw)| = g
s
vi —-—=C Vo wg
5 : ZA(w)| = —arctan (i>
we

As a result if we plot above against w, we obtain the magnitude and phase responses of the
first order lowpass RC filter as shown below.
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Frequency Response of Amplifiers Typical Frequency Response

Typical Frequency Response
The magnitudes of the gain response curves of an RC-coupled amplifier system are given below.
In the plot low-, high-, and mid-frequency regions are defined.

V
1A,1= (V’
Bandwidth (Parasitic capacitances
of network and active
(C1,Cz|or C3) devices and frequency
Viid dependence of the gain of
0.707A,, ., the transistor, FET, or tube)
Mid-frequency
Low- High-frequency
frequency | | | | | \'_
10 fr 100 1000 10,000 100,000 fu 1MHz 10 MHz  f (log scale)

The purpose of frequency analysis in this course is to determine the low-frequency cutoff f;,
and the high-frequency cutoff fz of the amplifier. Low-frequency cut-off f is determined by
the capacitors in the circuit, i.e., C'1, C2 and C3, and high-frequency cutoff fr; is determined by
the internal device capacitances, wiring capacitances or parasitic capacitances.

Consequently, low-frequency capacitors are short-circuit for high-frequency, and high-frequency
capacitances are open-circuit for low-frequency. So, low-frequency response and high-frequency
response will be dealt with separately. The bandwidth (or passband, or midband) of the
amplifier is determined as,

Bandwidth (BW) = fr — fr
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Frequency Response of Amplifiers Typical Frequency Response

Up to now, we have calculated the mid-frequency (midband) input resistance R; = Z; . .,
voltage gain A, = A, ., and output resistance input resistance R, = Z,,_,,, where we ignored
the low-frequency and high-frequency effects assuming the low-frequency capacitances were

short-circuit and high-frequency capacitances were open-circuit.

Scalar and decibel plot of the normalized magnitude response is shown in the figures below.
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Frequency Response of Amplifiers Low Frequency Response

Low Frequency Response - BJT Amplifiers

For the circuit shown below, the capacitors C1, C2, and C3 will determine the low-frequency
response. Capacitors C; and Cq at the input and output of the circuit are called the coupling
capacitors, and C3 is called the bypass capacitor. We will now examine the impact of each
independently in the order listed as first order RC filters.
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Low Frequency Response

Frequency Response of Amplifiers

Effect of Coupling Capacitor (4

0V,

C

Il

A

<—I
R,

3 R'-§
17 |

g0

For the BJT circuit shown above, capacitor C; and the equivalent-resistance of Rs and R
(Req; = Rs + R;) form a first-order highpass filter structure with a cutoff frequency fr,, of

1
i =50 (Rs + R;) C1

where R is the source (e.g., voltage source) resistance and R; is the input resistance of the

amplifier, value of which for this circuit is given by
R; = Ri1||Rz||hie-

02-May-2018 21 / 48
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Frequency Response of Amplifiers

Effect of Coupling Capacitor ()
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For the BJT circuit shown above, capacitor C2> and the equivalent-resistance of R, and Ry,
(Reqy = Ro + Rp) form a first-order highpass filter structure with a cutoff frequency fr, of

. = 1
Lz = 27 (Ro —|—RL)CQ

where Ry is the load resistance and R, is the output resistance of the amplifier, value of which

for this circuit is given by
Ro = Re||1/hoe.
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Frequency Response of Amplifiers Low Frequency Response

Effect of Bypass Capacitor Cj
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For the BJT circuit shown above, capacitor C3 and the equivalent Thévenin resistance Req,
seen by C3 form a first-order lowpass filter structure with a cutoff frequency fr ., of

1
27rReq3 03

frs =

where R, is the Thévenin resistance seen by C3 (i.e., like the output resistance of the
emitter-follower), value of which for this circuit is given by

Rs||R1||R2 + hie

Reqs = R
q3 E
hfe +1
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Frequency Response of Amplifiers Low Frequency Response

Combined Effect of (', (5 and (4

Each cutoff frequency fr,, fr, and fr, adds an additional 6 dB/octave slope as shown below.
Overall cutoff frequency fr, is higher than the highest value of these three cutoff frequencies, i.e.,

fL 2 max (leafL27fL3)

When the three cut-off frequencies (or the highest cutoff frequency) are a decade apart from
each other, than the overall cutoff frequency is almost equal to the highest of these three
frequencies as depicted in the figure below, i.e.,

fL A max (leafL27fL3)

A,
umid![dBJ Decade Bode plot
fr,
0 T + { -
» |0:1 1 / 10 / 1000 \ f(log]
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. 20 dB level
_12 —
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— 18 —
_2] (—
-6 dBf‘oﬁe )
—24
=27 /
-30 - - 12 dBfoctave ~~
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Frequency Response of Amplifiers Low Frequency Response
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As Reg, normally has the lowest resistance value, generally fr, holds the highest value. Also as
generally R; > R,, mostly fr, > fr,. So, generally fr. > fr, > fr,.

Even though these assumptions may not hold, we generally select the value of the capacitors
C1, C2 and C3 properly to have the cutoff frequencies to be at least a decade apart, e.g.,

frs > 10fr, > 10fr,, in order to reduce the coupling effect of all three capacitors to the cutoff
frequency fr..

If the decade-apart condition do not hold, then the cutoff frequency f;, will move up towards
the mid-frequency range and has to be calculated from the overall third-order highpass system
by considering the effects of all three-capacitors.
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Frequency Response of Amplifiers Low Frequency Response

Low Frequency Response - FET Amplifiers

For the circuit shown below, the capacitors C1, C2, and C3 will determine the low-frequency
response. Capacitors C; and Cq at the input and output of the circuit are called the coupling
capacitors, and C3 is called the bypass capacitor. We will now examine the impact of each
independently in the order listed as first order RC filters.
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S

Effect of Coupling Capacitor (4

Low Frequency Response
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For the JFET circuit shown above, capacitor C; and the equivalent-resistance of Rs and R;
(Requ = Rs + R;) form a first-order highpass filter structure with a cutoff frequency fr,, of

where R is the source (e.g., voltage source) resistance and R; is the input resistance of the
amplifier, value of which for this circuit is given by

Frequency Response of Amplifiers

Low Frequency Response

27 / 48

Effect of Coupling Capacitor ()

Vop

]

1
fL2 Con (Ro + Rp) C2

for this circuit is given by

Ro = RDHTdS
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For the JFET circuit shown above, capacitor C2 and the equivalent-resistance of R, and Ry,
(Reqs = Ro + Rp) form a first-order highpass filter structure with a cutoff frequency fr, of

where Ry, is the load resistance and R, is the output resistance of the amplifier, value of which
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Frequency Response of Amplifiers Low Frequency Response

Effect of Bypass Capacitor Cj

oo

+ R,
Vs
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For the JFET circuit shown above, capacitor C'3 and the equivalent Thévenin resistance Rcgq,
seen by C3 form a first-order lowpass filter structure with a cutoff frequency fr, of

1
N 27rReq3 03

frs

where R, is the Thévenin resistance seen by C3 (i.e., like the output resistance of the
source-follower), value of which for this circuit is given by

1
Reqs = Rsl|ras||—

m
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Frequency Response of Amplifiers Low Frequency Response

Combined Effect of (', (5 and (4

Each cutoff frequency fr,, fr, and fr, adds an additional 6 dB/octave slope as shown below.
Overall cutoff frequency fr, is higher than the highest value of these three cutoff frequencies, i.e.,

fL 2 max (leafL27fL3)

When the three cut-off frequencies (or the highest cutoff frequency) are a decade apart from
each other, than the overall cutoff frequency is almost equal to the highest of these three
frequencies as depicted in the figure below, i.e.,

fr ~max (fr,, fLy, fLs)

A

v

A
Vmid | 4B)
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f(log
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—6 dB/octave
—20 dB/decade ;

Actual frequency response
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—40 dB/decade
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As Reg, has the lowest resistance value, fr, holds the highest value. Also as R; > R,,
fro > fr,- So, almost always fr, > fr, > fr,.

We generally select the value of the capacitors C1, Co and C3 properly to have the cutoff
frequencies to be at least a decade apart, e.g., fr, > 10fr, > 10fr,, in order to reduce the
coupling effect of all three capacitors to the cutoff frequency fr, .
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Frequency Response of Amplifiers Miller Effect

Miller Effect

For inverting amplifiers (phase shift of 180° between input and output, resulting in a negative
value for A, ), the input and output capacitance is increased by a capacitance level sensitive to
the interelectrode capacitance between the input and output terminals of the device and the
gain of the amplifier. Thus, Miller effect only occurs in common-emitter and common-source
amplifiers.

Capacitance C'y between input and output will be represented by its equivalent Miller
capacitance at the input C'y/, and at the output Cyy,, .

For noninverting amplifiers such as the common-base and emitter-follower (or common-gate and
source-follower) configurations, the Miller effect capacitance is not a contributing concern for
high-frequency applications.
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Frequency Response of Amplifiers Miller Effect

Miller Input Capacitance (),
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Consider the network shown above, let us calculate the input impedance Z; = v;/i;

Vg Uy . Vg . Vi — Vo
Z,L:—:— cee U1 = Sl =
iy 11ty R; Zc,
Uy 1
— ...UO:Avai,ZC —_ T
. . vi_Avvi f (.L)C
— R Zog g Zog
= Ry||—S Ty, =
1 - AU 1 - A’U
1
:ZMlHRz '~-ZMi:.—,CMi:(1_Av)Cf
JwCiy,
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Frequency Response of Amplifiers Miller Effect
if Cy
IL
L1
Z'i z'1
—— —_
(o, 0
+ +
UO
Vi  — — A,, = — Vo
Z,', R.i Vi
= -
-
-

So, Miller input capacitance C'yy, is given by

Thus, the feedback capacitance C'y appears as a higher capacitance at the input, increased by a
factor of (1 — A,). Note that, A, < 0.
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Miller Output Capacitance C);,
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Consider the network shown above, let us calculate the output impedance Z, = v, /10
Vo Vo . Vo . Vo — U4
Zo:,_:—, ; U= Syl =
10 11 +if o ZCf
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— — ...UO:Avvi,Zc - T
'Uo/Ro + =2 ZvO/Av d chf
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Z Z
= Rol | Zag, = 1
T el T v AMe T T T
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Ro||Z Z ! ¢ - 2\e
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o o JWCMO ) o A’U f
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if Cy
Ti
1}
Z'i z'1
—_— | —
(o, 0
+ +
UO
Vi  — — A,, = — Vo
Z; R; Ui
= -
-
-

So, Miller output capacitance Cyy, is given by

1
CMO:(l_A_,U>Cfng

Thus, the feedback capacitance Cy appears as a similar capacitance at the output. Note that,
Ay <0and |Ay| > 1.
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Miller Representation

Cy
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o °
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Vi A’U = Vo
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Miller Effect

+0

Uy
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Miller input and output capacitances for the feedback capacitance (C'¢) remove the feedback
and simplify the representation as shown above.
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High Frequency Response

High Frequency Response - BJT Amplifiers

For the high-frequency circuit shown below, there are two factors that define the —3 dB cutoff
point: the network capacitance (parasitic (Cyc, Cpc, Cece) and wiring (Cyw, , Cwy,) capacitance)
and the frequency dependence of h¢. (or 3). Note that, low-frequency capacitors C'1, C2 and
Cs are short circuit and have no effect in high-frequency analysis.

Vee

Dr. U. Sezen & Dr. D. Gékcen (Hacettepe Uni.)

ELE230 Electronics |

ol Al
N — —— — — b ——— —— — — ]
" n

02-May-2018 38 / 48




Frequency Response of Amplifiers High Frequency Response

Input Circuit Cutoff Frequency [y,

Vee

e 4+

:

.
L

For the BJT circuit shown above, equivalent total input capacitance C¢y;, and the Thévenin
equivalent input resistance of Req, = Rs||R; form a first-order lowpass filter structure with a
cutoff frequency fr, of

1
27 (Rs||R;) Ceg,

fH,

with
Ceqi = CW,L + Cv]\/fZ + Cbe

where Rj is the source (e.g., voltage source) resistance, R; is the input resistance of the
amplifier and C}y, is the Miller input capacitance given by

R; = Ri1l||R2]|hie,
CMi = (1 - AV) Che-
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Frequency Response of Amplifiers High Frequency Response

Output Circuit Cutoff Frequency fp,
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For the BJT circuit shown above, equivalent total output capacitance C¢q, and the Thévenin
equivalent output resistance of Req, = Ro||Rr form a first-order lowpass filter structure with a
cutoff frequency fp, of

1
21 (Ro||RL) Ceq,

fr, =

with
C’eqo == Cce + C(MO + C’WO

where Ry, is the load resistance, R, is the output resistance of the amplifier and Cy, is the
Miller output capacitance given by

Ro - RC||1/hoe7
Cr, = (1 —1/Av) Che = Che.
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Frequency Response of Amplifiers High Frequency Response

hte (or ) Variation Cutoff Frequency f3
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The hy. parameter (or 3) of a transistor varies with frequency as shown above and given by

Semid
hfe = ——=
1+ j%
where fg is given by
fp= T 1 r = 1
f hfemid 27 hie (Cbe + Che) 21 re (Cbe + C'bc)
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Frequency Response of Amplifiers High Frequency Response

Combined Effect of fy,, fu, and fj3

Each cutoff frequency fr,, fH, and fg adds an additional 6 dB/octave slope as shown below.
Overall cutoff frequency fr is lower than the lowest value of these three cutoff frequencies, i.e.,

fr <min (fu,, fu,, f3)

When the three cut-off frequencies (or the lowest cutoff frequency) are a decade apart from

each other, than the overall higher cutoff frequency fz is almost equal to the lowest of these
three frequencies as depicted in the figure below, i.e.,

fH A min (leangvfﬁ)

ES

N
mid

dB

i fa, Ta
1 Ly 10 .fLu 100 f!,u | kHz 10 kHz 100 kHz \\l MHz / 10 MHz 100 MHz
'l } ‘\ 1 1 1 1 | i : \.: Il

t 1 T L T
o fh{ Slog scale)
2

BW

=6 dB/octave

=10 —

/

120 dBldecade

- 12 dB/octave A

=20 —
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Frequency Response of Amplifiers High Frequency Response
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As Miller input capacitance C)y, has the highest capacitance, almost always fr, holds the
lowest value. Also not always, but generally fg < fg,.
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Frequency Response of Amplifiers High Frequency Response

High Frequency Response - FET Amplifiers

For the high-frequency circuit shown below, there are two factors that define the —3 dB cutoff
point: the network capacitance (parasitic (Cys, Cyq, Cqs) and wiring (Cyy,, Cw, ) capacitance).
Note that, low-frequency capacitors C1, C2 and C3 are short circuit and have no effect in
high-frequency analysis.
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0 Vo
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Frequency Response of Amplifiers High Frequency Response

Input Circuit Cutoff Frequency [y,

Voo

0 Vo

Ry
s r\} Rg

s
For the JFET circuit shown above, equivalent total input capacitance Ccq, and the Thévenin

equivalent input resistance of Req, = Rs||R; form a first-order lowpass filter structure with a
cutoff frequency fg, of

1
1 = S (RalIR:) Cen,

with
Ceq; = Cw; +Cup, + Cygs
where R is the source (e.g., voltage source) resistance, R; is the input resistance of the
amplifier and C)y, is the Miller input capacitance given by
R; = Rg,
Cm, =(1—Ay)Cyq.
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Frequency Response of Amplifiers High Frequency Response

Output Circuit Cutoff Frequency fp,
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For the JFET circuit shown above, equivalent total output capacitance C¢q, and the Thévenin
equivalent output resistance of Req, = Ro||Rr, form a first-order lowpass filter structure with a

cutoff frequency fr, of

1
Tt = S (Rol[RL) Cen,

with
Ceqo, = Cuas + Cn, + Cw,
where Ry, is the load resistance, R, is the output resistance of the amplifier and C);, is the
Miller output capacitance given by
Ro = Rpl|ras,
Cym, =(1—-1/Ay)Cyq = Cyq.
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Frequency Response of Amplifiers High Frequency Response

Combined Effect of fy, and fp,

Each cutoff frequency fg, and fg, adds an additional 6 dB/octave slope. Overall cutoff
frequency fp is lower than the lowest value of these three cutoff frequencies, i.e.,

fH < min (fH17fH2)

When the two cut-off frequencies are a decade apart from each other, than the overall higher
cutoff frequency fg is almost equal to the lowest of the two frequencies, i.e.,

fu ~min (fu,, fi,)

As Miller input capacitance Cyy, has the highest capacitance, almost always fr, > fm,.
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Frequency Response of Amplifiers Gain-Bandwidth Product

Gain-Bandwidth Product

There is a Figure of Merit applied to amplifiers called the Gain-Bandwidth Product (GBP)
that is commonly used to initiate the design process of an amplifier. It provides important

information about the relationship between the gain of the amplifier and the expected operating
frequency range.

The gain-bandwidth product of an amplifier is constant. Thus, gain and bandwidth are
inversely proportional, i.e., when we increase the gain, the bandwidth decreases. As a result, we
can express the gain-bandwidth product (GBP) as follows

GBP = A4,,, ,,BW . BW=fm—fL
~ Ay, o fH B> L

For example, fr is the gain-bandwidth product for fz as it is the cutoff frequency for hy, =1,
i.e., fa & fT-
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