Montogue

Quiz EL205
Frequency Response

P> PROBLEM DISTRIBUTION

Problems Subject
122 Low-frequency response of a common-source
amplifier
3.4 Low-frequency response of a common-emitter
amp with short-circuit time constants
5-7 Internal capacitive effects of the MOSFET
8-9 Internal capacitive effects of the BJT
10-11 High-frequency response of a common-source
amplifier
12-13 High-frequency response of a common-emitter
amplifier
14-17 Frequency analysis
18 - 20 High-frequency response of a common-source
amplifier with open-circuit time constants
N High-frequency response of a common-emitter
amplifier with open-circuit time constants

P> PROBLEMS

H Problem 1 (Sedra and Smith, 2015, w/ permission)

A CS amplifier has Cci=Cs=Ccz =1 pF,Rc = 10 MQ, Rsig =100 kQ, gm = 2
mA/V,Rp =R, =Rs =10 kQ. Find the midband gain Aw, pole frequencies fri, fr2
and fr3, the lower 3-dB frequency fi, and the zero frequency fz.

Theory: See Topic 1.

H Problem 2 (Sedra and Smith, 2015, w/ permission)

The amplifier in Figure 1(see Additional Information section) is biased
to operate at gm =5 mA/V and Rs = 1.8 kQ. Find the value of Cs that places its
associated pole at 100 Hz or lower. What are the actual frequencies of the
pole and zero realized?

Theory: See Topic 1.

H Problem 3 (Sedra and Smith, 2015, w/ permission)

A common-emitter amplifier has Cci =Ce =Ccz2 =1 uF, Rs = 100 kQ, Rsig =
5kQ, gn =40 mA/V, rm=2.5kQ,Re =5 kQ, Rc = 8 kQ, and R. = 5 kQ. Find the
value of the time constant associated with each capacitor, and hence
estimate the value of the lower 3-dB frequency f.. Also compute the
frequency of the transmission zero introduced by C: and comment on its
effect onf.. Take f =100 as the BJT current gain parameter.

Theory: See Topic 2.

H Problem LI' (Sedra and Smith, 2015, w/ permission)

Problem 4.1: Consider the common-emitter amplifier of Figure 2 under the
following conditions: Rsig = 5 kQ, Rs1 = 33 kQ, Rs2 = 22 kQ, Re = 3.9 kQ, Rc = 4.7
kQ, R. =5.6 k), and Vcc =5 V. The dc collector current can be shown to be Ic ~
0.3 mA, at which g =120. Find the input resistance Ri» and the midband gain
Am. If Cci =Ccz2=1puF and Ce = 20 pF, find the three short-circuit time
constants and an estimate for the lower 3-dB frequency f..
Problem 4.2: For the amplifier described in Problem 4.1, design the coupling and
bypass capacitors for a lower 3-dB frequency of 50 Hz. Design so that each of Cc
and Ccz to determining fi is only 10%.

Theory: See Topic 2.
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Pl Problem 5 (Sedra and Smith, 2015, w/ permission)

Problem 5.1: Consider an-channel MOSFET with oxide thickness tox =10 nm,
length L =1.0 um, width W =10 um, overlap length Loy = 0.05 pm, source-body
capacitance at zero body-source bias Cs»o = 10 fF, drain-body capacitance at
zero reverse-bias voltage Cavo = 10 fF, junction built-in voltage Vo= 0.6 V,
reverse-bias voltage Vss = 1V, and drain-source voltage Vos = 2 V. The device is
assumed to operate at 100 pA and transconductance parameter k;, = 160
HA/V2. Determine the oxide capacitance Cox, the overlap capacitance Cov, and
the four internal capacitances (gate-to-source Cqs, gate-to-drain Cg, source-
body Cs, and drain-body Ca). The permittivity of silicon oxide is taken as €,,
=3.45x10" F/m.
Problem 5.2: Follow up on your results and determine the unity-gain
frequency fr.

Theory: See Topic 3.

H Problem 6 (Sedra and Smith, 2015, w/ permission)
Starting from the expression for fr for a MOSFET (equation 18),

_ g,
Jr = 27(C, +C,,)

and making the approximation that Cg > Cgd (i.e., the gate-source
capacitance is much greater than the gate-drain capacitance) and that the
overlap component of Cgs is negligibly small, show that

1.5 | uli,
Ir=
7L\ 2C WL

where u, is electron mobility, Io is drain current, Cox is oxide capacitance, W is
effective width, and L is effective length. Thus note that to obtain a high f+
from a given device, it must be operated at a high current. Also note that
faster operation is obtained from smaller devices.

Theory: See Topic 3.

Pl Problem 7 (Sedra and Smith, 2015, w/ permission)

Find the unity-gain bandwidth fr for a MOSFET operating at bias
current /o =200 pA and overdrive voltage Vov = 0.3 V. The MOSFET has gate-
source capacitance Cg = 25 fF and gate-drain capacitance Cga = 5 fF.

Theory: See Topic 3.

Pl Problem 8 (Sedra and Smith, 2015, w/ permission)

A bipolar junction transistor operates at a dc collector currentlc =1
mA and a collector-base junction reverse bias of 2 V. The device has forward
base-transit time 7z = 20 ps, base-emitter junction capacitance at zero
emitter-base junction voltage Cieo = 20 fF, depletion capacitance at zero
voltage Cpo = 20 fF, base-emitter junction built-in voltage Voe = 0.9 V,
collector-base junction built-in voltage Voc = 0.5 V, and collector-base
junction grading coefficient mcs = 0.33. Determine the small-signal diffusion
capacitance Cs, the base-emitter junction capacitance Cj, the emitter-base
capacitance Cr, the depletion capacitance Cy, and the unity-gain bandwidth

fr.
Theory: See Topic 4.

H Problem 9 (Sedra and Smith, 2015, w/ permission)

Problem 9.1: Find the unity-gain bandwidth f; and the beta cut-off
frequency fp = fr/B for a BJT operating at bias currentlc = 0.5 mA if the
device has collector-base capacitance C, =1 pF, emitter-base capacitance Cr =
8 pF, and current gain parameter 8 = 100.
Problem 9.2: For the bipolar transistor described in Problem 9.1, emitter-base
capacitance Crincludes a relatively constant depletion-layer capacitance of 2
pF. If the device is operated at a bias current Ic =0.25 mA, what does the
unity-gain bandwidth f become?

Theory: See Topic 4.
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Pl Problem 1 O (Sedra and Smith, 2015, w/ permission)

Problem 10.1: Find the midband gain Am and the upper 3-dB frequency f+ of a
CS amplifier fed with a signal source having an internal resistance Rsig = 120
kQ. The amplifier has R = 3.2 MQ, Ro =R. =16 kQ, transconductance gm =1
mA/V?, 1, =165 kQ, gate-source capacitance Cgs = 1 pF, and gate-drain
capacitance Cg = 0.4 pF. Also, find the frequency of the transmission zero f-.
Problem 10.2: If it is possible to replace the MOSFET used in the amplifier in
Problem 10.1 with another having the same gate-source capacitance Cgs but a
smaller gate-drain capacitance Cgs, what is the maximum value that its Cga
can be in order to obtain an upper 3-dB frequency f+ of at least 1 MHz?
Theory: See Topic 5.

Pl Problem 1 1 (Sedra and Smith, 2015, w/ permission)

In a particular common-source amplifier for which the midband
voltage gain between gate and drain (i.e., —gmR]) is =39 V/V, the NMOS
transistor has gate-source capacitance Cg = 1.0 pF and gate-drain
capacitance Cg = 0.1 pF. What input capacitance Ci» would you expect? For
what range of signal-source resistances can you expect the 3-dB frequency
to exceed 1 MHz? Neglect the effect of Re.

Theory: See Topic 5.

H Problem 1 2 (Sedra and Smith, 2015, w/ permission)

It is required to find the midband gain and the upper 3-dB frequency
of the CE amplifier illustrated in Figure 2. Use as data emitter current /e =1
mA, Re = Re||Rs2 = 120 k, collector resistance Rc =7.5 kQ, signal source
resistance Rsig = 6 k(), load resistance R. = 4.8 kQ, 5, =100, Early voltage Va =
100 V, emitter-base capacitance C, = 1 pF, transfer frequency fr = 825 MHz,
and r, =50 Q; the circuit is biased at Ic = 1 mA. Also determine the frequency
of transmission zero.

Theory: See Topic 6.

H Problem 1 3 (Sedra and Smith, 2015, w/ permission)

Some of the frequency response relations given in the Additional
Information section can be somewhat simplified under the right
circumstances. Consider the high-frequency response of a CE amplifier fed
by a relatively large source resistance Rsig. Refer to the amplifier in Figure 2
and to its high-frequency, equivalent-circuit model and the analysis shown
in Figure 5. Let Rs > Rsig, rx < Rsig, Rsig > rm, gmR}, » 1, and gmR[C,, » C,. Under
these conditions, show that:

1. The midband gain Am ~ —BR| /Rg;g.
2. The upper 3-dB frequency fu = 1/(2nC,BR}).
3. The gain-bandwidth product |Aulfn = 1/(21C,,Rgig).
4. Use the approximation to gain-bandwidth for the case Rsig =25 k@2 and C,, =
1 pF.
Theory: See Topic 6.

Pl Problem 1 LI' (Sedra and Smith, 2015, w/ permission)

A direct-coupled amplifier has a dc gain of 1000 V/V and an upper 3-
dB frequency of 100 kHz. Find the transfer function and the gain-bandwidth
product in hertz.

p| Problem 1 5 (Sedra and Smith, 2015, w/ permission)

Problem 15.1: The high-frequency response of an amplifier is characterized
by two zeros ats —» o and two poles at wp; and wp,. For wp, =kwpq, find the
value of k that results in the exact value of 3-dB frequency wy being 0.9wp;.
Problem 15.2: For the amplifier described in Problem 15.1, find the exact and
approximate values of the 3-dB frequency wy if the proportionality constant
k equals 1.0. Repeat for k = 4.

Theory: See Topic 7.

Pl Problem 1 6 (Sedra and Smith, 2015, w/ permission)

A direct-coupled amplifier has a low-frequency gain of 40 dB, poles at
2 MHz and 20 MHz, a zero on the negative real axis at 200 MHz, and another
zero at infinite frequency. Write the amplifier gain function and compute the
3-dB frequency.

Theory: See Topic 7.

© 2021 Montogue Quiz



Pl Problem 1 7 (Sedra and Smith, 2015, w/ permission)

An amplifier with a dc gain of 60 dB has a single-pole, high-frequency
response with a 3-dB frequency of 100 kHz.
Problem 17.1: Give an expression for the gain function A(s).
Problem 17.2: Sketch Bode plots for gain magnitude and phase.
Problem 17.3: If a change in the amplifier circuit causes its transfer function
to acquire another pole at 1 MHz, sketch the resulting gain magnitude and
specify the unity-gain frequency.

Pl Problem 1 8 (Sedra and Smith, 2015, w/ permission)

An integrated-circuit CS amplifier has transconductance gm = 1.4
mA/V, gate-source capacitance Cg = 25 fF, gate-drain capacitance Cgi = 6 fF,
output node-to-ground capacitance C. = 27 fF, Thévenin resistance of signal
generator R;ig =12 k€, and output-node-to-ground resistance R} =12 k(.
Problem 18.1: Determine the 3-dB frequency fx using open-circuit time
constants. Also determine the frequency of the transmission zero fz caused
by gate-to-drain capacitance Cg. Then, determine the gain-bandwidth
product.

Problem 18.2: Repeat the calculation of f« for the CS amplifier of Problem
18.2, this time using the Miller effect method. By what percentage does this
estimate differ from that obtained in Problem 18.1 using the method of
open-circuit time constants? Which of the two estimates is more realistic,
and why?

Problem 18.3: For the CS amplifier introduced above, using the value of fn
determined by the method of open-circuit time constants in Problem 18.1,
find the gain-bandwidth product.

Theory: See Topic 8.

H Problem 1 9 (Sedra and Smith, 2015, w/ permission)

A CS amplifier that can be represented by the equivalent circuit of
Figure 6 has gate-source capacitance Cg = 2 pF, gate-drain capacitance Cga =
0.1 pF, output-node-to-ground capacitance C. = 2 pF, transconductance gm =
4 mA/V, and signal-source resistance Rg;, = R} =20 kQ. Find the midband gain

|Am|, the input capacitance using the Miller approximation, and hence an
estimate of the 3-dB frequency fu. Also, obtain another estimate of fu using
open-circuit time constants. Which of the two estimates is more accurate
and why?

Theory: See Topic 8.

H Problem 2 0 (Sedra and Smith, 2015, w/ permission)

For acommon source amplifier with gm =5 mA/V, Cg = 5 pF, Cga = 1 pF,
C.=5 pF, R;ig =10 kQ, R, =10 kQ, find time constant 75 using Miller’s
approximation and use your result to estimate the upper 3-dB frequency f.
What is the percentage of T that is caused by the interaction of Rg;, with
be lowered in order to double

the input capacitance? To what value must Ry,

fu?
Theory: See Topic 8.

Pl Problem 21 (Sedra and Smith, 2015, w/ permission)

Consider a bipolar active-loaded common-emitter amplifier having
the load current source implemented with a pnp transistor. Let the circuit be
operating at a 1-mA bias current. The transistors are specified as follows:
current gain B(npn) = 200, Early voltages Va, =130V, [Va,| = 50 V, emitter-base
capacitance Cr =16 pF, collector-base capacitance C, = 0.3 pF, drain-to-
ground capacitance C. =5 pF, and resistance rx = 200 Q. The amplifier is fed
with a signal source having a resistance of 36 k(. Determine
1. The midband voltage gain Aw;

2. The input capacitance Ci» and the 3-dB frequency f+ using the Miller effect
approach;
3. The 3-dB frequency using open-circuit time constants;
4. The frequency of transmission zero fz;
5. The gain-bandwidth product.
Theory: See Topic 9.
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P> ADDITIONAL INFORMATION

Topic 1: Low-frequency response of a common-source amplifier
To analyze the low-frequency response of a CS amplifier, we refer to
the amplifier equivalent circuit illustrated in Figure 1; this arrangement is
obtained by short-circuit supply voltage Voo and replacing the MOSFET with
its T model.
Figure 1. Capacitatively coupled common-source amplifier
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The midband gain Am of the amplifier is given by

4, = _R—Ggm (RD [ RL) M
R; + R,
where R =Rai|[Rq2 is the equivalent gate resistance, gm is the MOSFET's
transconductance, Rp is drain resistance, and R, is load resistance.
- Coupling capacitance Ccr introduces a pole with frequency wp, given by

1
Wp, = (2)
CCl (Rsig + RG )

where Rig is the signal-source resistance and Rs = Ra1||Re: is the equivalent
gate resistance.
- Bypass capacitance Cs introduces a pole with frequency wp, given by

+1/R

o, :gm—/S (3)

Cs
where gm is transconductance and Rs is source resistance.
- Coupling capacitance Ccz introduces a pole with frequency wp; given by

1
4)
Ce, (R, +R,)
where Rp is drain resistance and R, is load resistance.
- The zero frequency is given by
1

1w ©

- One crucial aspect of the low-frequency response of CS and CE amplifiers
is the determination of 3-dB frequency fi. A quick way to estimate this
quantity is possible if the highest-frequency pole (here, assumed to be f&:) is
separated from the nearest pole or zero (here, fe1) by at least a factor of 4
(two octaves). In such a case, fi is approximately equal to the highest of the

pole frequencies,
Jo = [

Topic 2: Low-frequency response of the CE amplifier with short-circuit time
constants

To analyze the low-frequency response of a CE amplifier, we utilize
the equivalent circuit shown in Figure 2 below; this arrangement is obtained
by short-circuiting voltage supply Vcc and replacing the BJT with its T model.
In contrast to the low-freq model of the CS amplifier, here the finite input
current in the base of the BJT causes coupling capacitors Cc; and Ccz to
interact. That is, unlike the case of the CS amplifier, here each of the two
poles caused by Cc; and Ccz will depend on both capacitor valuesin a
complicated fashion that hinders design insight. Accordingly, Sedra and
Smith chose not to determine individual pole frequencies directly, instead
using the so-called method of short-circuit time constants to obtain an
estimate of the 3-dB frequency f. directly.

Wpy =
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Figure 2. Capacitatively coupled common-emitter amplifier
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Considering each capacitor in Figure 2, one at a time, while short-
circuiting the other two results in the three circuits illustrated in Figure 3.
Figure 3. Capacitor circuits for modelling the low-freq. response of a CE amp.
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— With reference to figure (a) above, the resistance seen by coupling
capacitor Car is

R, :(RB [ rﬂ)+Rsig (6)

where Rs is base resistance, rn is input resistance at the base when Ct is
short-circuited, and Rsig is signal source resistance. Multiplying Rci by
coupling capacitance Cc gives time constant 7.

— With reference to figure (b) above, the resistance seen by bypass capacitor
Ceis

Ry || Ry,

p+1
where Re is the added emitter lead resistance, re is transistor emitter
resistance, Rz is base resistance, Rsig is signal source resistance, and g is the
BJT's current gain parameter. Multiplying Re by bypass capacitance Ce gives
time constant .
— With reference to figure (c) above, the resistance seen by coupling
capacitorCez is

RCE :RE || re+

(7)

R.,=R.+R, (8)
where Rc is collector resistance and R. is load resistance. Multiplying Rcz by
coupling capacitance Cc; gives time constant 7.
- With the three time constants in hand, the 3-dB frequency can be
determined as

{1 1 1
+—+

27\ Tey Ter  Teo

I

- The zero frequency is given by
1
f2=5—— (10)
“ 27C.R,
— For the midband voltage gain, use the expression

Rin
4, 0r G, =~ g Sn (ReIR,) (11)

in sig

)

where Rin = Re||rn.
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Topic 3: Internal capacitive effects of the MOSFET

- Problem 5 addresses the partition of internal capacitive components in
high-frequency MOSFET operation. In a typical such separation, the
capacitance of the MOSFET is made up of four contributions:

— First, we have the gate-to-source capacitance Cgs,

2
C, =5WLC, +C,, (12)

where W is channel width, L is channel length, Cox is oxide (or gate)
capacitance, and Cov is overlap capacitance. The oxide capacitance Cox should
be familiar to most students and equals the ratio of the permittivity ¢,, of
silicon oxide [g,, =3.9 x (8.85x107?) F/m] to the thickness to« of the oxide
layer,

c =%u (13)
tO)C
The overlap capacitance Coy, in turn, is a contribution to gate
capacitance that arises from the overlap of the gate with the source region
and the drain region. Each of these overlaps has a length Loy, so that the Cov
can be expressed as

C,=WL C_ (14)

Typically, Lov is 0.05 to 0.1 times the channel length L.
— Second, we have the gate-to-drain capacitance Cgs, which for most
purposes equals the overlap capacitance Cov,

ng = Cov = WL()VC()X (1 5)
— Third, we have the source-body capacitance Cs, one of two depletion-layer
capacitances in the MOSFET structure. Cs, can be determined as

c,=—Sm_ )

1+-3%
"

Here, Cso is the value of Cs» at zero body-source bias, Vss is the
magnitude of this reverse-bias voltage, and Vo is the junction built-in voltage
(0.6 to 0.8 V).

— Fourth, we have the drain-body capacitance Ca, which is the second
depletion-layer capacitance. Ca can be determined as

C, =—=2 (17)
1+@
"

Here, Cavo is the value of Ca» at zero drain-body bias, Vos is the
magnitude of this reverse-bias voltage, and Vo is the junction built-in
voltage.
> A figure of merit for the high-frequency operation of the MOSFET is the
so-called unity gain frequency fr, also known as transfer frequency. fris
defined as the frequency at which the short-circuit current gain of the
common-source configuration becomes unity. To determine fr, we use

fr =2 (18)
27(C, +C,)

where Cys is the gate-source capacitance and Cga is the gate-drain

capacitance.

Topic 4: Internal capacitive effects of the BJT

- Like the MOSFET, the bipolar junction transistor has internal capacitive

effects of its own.

— For small signals, we can define the small-signal diffusion capacitance Ce,.

C,=r1.g, (19

where 15 is a device constant known as the forward base-transit time and gm
is transconductance. As the name implies, 7z has dimensions of time and is
typically in the range of 10 ps to 100 ps. One simple interpretation of Cee is
that when the base-emitter voltage changes by a certain amount AVgg, the
charge stored in the base changes by an amount Cse AV = Tpgm AVgg.

— A change in Vs changes not only the charge stored in the base region but
also the charge stored in the base-emitter depletion layer. This distinct

/
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charge-stored effect is represented by the emitter-base junction depletion-
layer capacitance, Cje, which can be estimated with the simple relationship

C, ~2C,, (20)

je0

where Cjeo is the value of Cje at zero EBJ voltage.
— The emitter-base capacitance Cr is obtained by adding Cu. to Cp,

C,=C,+C, (21)

— The junction or depletion capacitance C, can be estimated with the
relationship

C
=—2 — (22)

Cﬂ
1+@
Voe

where Cyo is the value of C, at zero voltage; Ves is the magnitude of the CBJ
reverse-bias voltage, Vo is the CBJ built-in voltage (typically, 0.75 V), and m is
the grading coefficient (typically, 0.2 - 0.5).

- The unity-gain bandwidth or transition frequency of a BJT is

g
fr= - (23)
27(C,+C,)
Topic 5: High-frequency response of a CS amplifier
Figure 4 shows the circuit used to model the high-frequency response
of a CS amplifier.
Figure 4. Equivalent circuit for high-frequency response of a CS amplifier.
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- The midband gain Am can be estimated as
R
— G !
Ay, ~ TR (ngL) (24)
G sig

where R is the gate resistance, Rsig is the signal source resistance, gm is
transconductance, and R;, is the compound load resistance, which in the
figure above consists of three generic components: transistor output
resistance r,, drain resistance Ry, and load resistance R;; that is,

RL, = (ro | RD | RL) (25)
- The upper 3-dB frequency of the CS amplifier configuration is given by

1
Tn=2c, (R, I R;) 20

Here, input capacitance Cin is given by
C,=C,+C,=C,+C, (1+g,R;) (27)

where Cgs and Cgq are capacitances shown in the foregoing circuit; the
equivalent capacitance Ceq is found by multiplying the gate-drain
capacitance Cg by the so-called Miller multiplier (1+gmR}).
Topic 6: High-frequency response of a CE amplifier
Figure 5 shows circuit used to model the high-frequency response of
a CE amplifier.
Figure 5. Equivalent circuit for high-frequency response of a CE amplifier.
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- The midband gain Am can be estimated as

R 7
pE— - R)) (28
Y R,+R, 1 +rx+(Rsig ||RB)(gm 1) @29

sig '

where Rs is base resistance, Rsig is signal source resistance, rris input
resistance at the base when bypass capacitor Ce is short-circuited, rx is the
added base resistance, gm is transconductance, and R; is the compound load
resistance, which consists of three generic components: the transistor
output resistance ro, the collector resistance Rc, and the load resistance Ry;
that is,

Ry =(, IR IR;) (29)

- The upper 3-dB frequency of the common-emitter configuration is

1
=—— (30
fH 272-Cin Rs’ig ( )

Here, input capacitance Cin is expressed as
C. =C, -I-Cy (1+ng£) 31
and
Ry =r ||| n+(R, IR,)]| 32)

where rr is input resistance at the base when bypass capacitor Ce is short-
circuited, r« is the added base resistance, Rz is base resistance, and Rsig is
signal source resistance.

Topic 7: Frequency analysis

- The 3-dB frequency wy can be estimated with the general relationship

1 (33)

W, ~
1 1 1 1 1 1
—t 5ttt |72 5ttt
a)Pl a)PZ a)Pn wZ 1 a)Z 2 a)Zn

where wpq, Wpy, ... are the pole frequencies and wy;, wy,, ... are the zero
frequencies.
Topic 8: High frequency response of a CS amplifier with open-circuit time
constants
Figure 6 shows the generalized high-frequency equivalent circuit for
the CS amplifier.
Figure 6. Generalized high-frequency equivalent circuit for a CS amp.
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- To estimate the 3-dB frequency of a CS amplifier with the open-circuit
time constants method, we apply the formula

Sy~ — (34)

2rt,
where 1y, the effective high-frequency time constant, is made up of three
contributions,

Ty =Ty +Tg T7¢ (35)

- First, 745 is given by

7, =C, R, (36)
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where Cg is the internal gate-source capacitance and Ry is the resistance

seen by Cgs when other capacitances are set to zero; in
—_— 4 —_—
Rgs - Rsig =r || |:rx +(RB || Rsig )]
— Second, 744 is given by

C, R, (38)

this case,

(37)

where Cq is the internal gate-drain capacitance and Ry is the resistance seen
by Ces when other capacitances are set to zero; in this case,

R, =R, (1+g,R )+R;, (39)

sig
- Third, 7¢, is given by

re, =C R, (40)

Where C¢, represents the total capacitance between the drain node and
ground and R, is the resistance seen by C¢, when other capacitances are set

to zero; in this case,

R

C, ZRE :(ro ||RD ||RL) (41)

— Expanding equation 35 with the respective resistance components, the

effective time constant becomes

w =C R, +Cyy | R, (1+g,R )+ R] |+ C,R; (42)

gs ™~ sig

Topic 9: High frequency response of a CE amplifier with open-circuit time

constants

- The formulas presented above for the CS case can be easily adapted to the
case of the CE amplifier. Analogously to equation 35, the effective time

constant for the CE amp is expressed as
Ty =T, +7,+7, (43)
— Refer to Figure 5. First, t,; is given by
7. =GR, (44)
where

R, =Rl =r, [ r.+(Ry | Ry, )]

sig
- Second, T, is given by

T, = CﬂRﬂ (46)
where

R, = RS'lg (1+ng )+R' (47

- Third, 7, is given by

7., =C. R, (43)
where

Re, =R, =7, [|R. | R, (49)

(45)

)

— Expanding equation 43 with the respective resistance components, the

effective time constant becomes

y =C.Rl,+C,| R, (1+g,R )+ R |+ C,R; (50)

7 tsig
P> SOLUTIONS
P.1=) Solution
The midband gain is given by equation 1,
R 10
A, =——%—g (R, ||R, )=———x(2.0x1
“ " R.+R, & (Ro l1R) =157

Frequency fr is determined with equation 2,

W, = ! = fo = !
"o (R, +R:) " 2nC, (R, +R,)
S = 1 =[0.0158 Hz

27 %107 x| (0.1+10)x10° |

0%)x 10x10
10+10

x103j=

The bypass capacitance Cs is chosen so that the highest frequency
pole fr2 equals the lower 3-dB frequency fi, that is (equation 3),
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g, + R g, + R
:——) - =" 9
fPZ 27Z'CS fPZ 27TCS
2.0x10° +(10x103)’1 .
. = = 7| =
p2 27rx107° fL

The third pole frequency we need is (equation 4)

1 1

[ = = =|7.96 Hz
" 27C, (R, +R,) 27107 x[(10+10)x10’ ]
Lastly, the zero frequency is (equation 5)
1 1
f, = = =|15.92Hz
22CRs  27x107° x(10x10°)
P.2 =) Solution

Capacitance Cs is found by rearranging equation 3,

gt R o g tR

Wpy = —> (g
C 27 fp,

Since fp, o C5'1, the minimum capacitance required to maintain the
corresponding pole frequency at 100 Hz or lower is given by

5.0x107° + I
1.8x10°

C, = =8.84x10°F =(8.84 uF
27x100

The corresponding zero frequency is (equation 5)

1 1
- 22CoRy 27%(8.84x10°)x(1.8x10)

=110.0Hz

e

P.3 =) Solution

Time constant 7, is given by equation 6,

Ty =CoRey = Coy [ (Ry | 7, )+ Ry, | =107 XKMXW}(S.WW )} =(7.44ms

100+2.5

Time constant 7., is, in turn (equation 8),

Ty = CoyRey = Coy (Ro + R, ) =107 x| (8+5)x10° | = [13ms

Lastly, determining the resistance seen by the bypass capacitance Cce
requires more algebra (equation 7),

1005
R, IR
R, =R, | 4+M =5.0]]| 0.025+190+5 | _ 9 9711kO
£+1 100+1

so that

7oy = CpRe =107 %(0.0711x10%) =|0.0711ms

Gleaning the previous results, the lower 3-dB frequency is calculated
to be (equation 9)

fL=L 1+ : + ! :Lx( ! + 1 +ij103=2270Hz:2.27kHz
2\ 1oy Top Ten ) 2m \7.44 0.0711 13

Noting that the zero frequency (equation 10)

11
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1 1
- 22C,R,  2mx107° x(5.0x10°)

/7 =31.8Hz

is much lower than fi, we surmise that it has negligible effect on the low-
frequency response of the amplifier.

P.4 =) Solution

Problem 4.1: Firstly, note that resistances Rs; and Rsz are in parallel, so
that

33x22
X

R, =R, || R,, BT 10° =13.2kQ

Taking 25 mV as the thermal voltage, transconductance gm is

I 03x107
g, =1e 293X 01 A = 12mA
v, 25x10

Resistance rris

LB 0 g
g, 12x10

Input resistance Rin is
R =R, |lr, =13.2||10=5.69kQ

Emitter resistancer. is

=t -1 __g330
g, 12x10

Gleaning our results, the midband gain is calculated to be (equation 11)

R 5.69 o (47x56
A, =——"n g (R.IR,)=- (12x107 x| 2220 108 | - [CT6 3 vV
v Rm+Rsiggm( IR)=-50,57 ) (4.7+5.6 j

To determine the first pole frequency, we write (resistance
components taken from equation 6)

1 1
Jni= 27Ce, (Ry I, +Ry,) 27107 x[(5.69+5)x10° |

=149 Hz

This result corresponds to a time constant 7., such that

1 1
T,y =——=—-=0.0671s =|67.1ms
for 149
Next, we establish resistance Rce(equation 7)
13.2x5
RB || Rsig

2k 1 -39)[0.0833+13:255 | —0.110kQ
120+1

which corresponds to a time constant 7. such that

Tep = CpRey =(20x107°)x(0.110x10%) = 0.00220s = [2.2ms

and to a pole frequency fr: given by

1
Ir

_ - =72.3Hz
27C, R 27 x(20x10°)x(0.110x10°)

The third pole frequency is given by (resistance components taken
from equation 8)

1 1
Irs

= = =15.5H
27Ce, (Ro+R,) 27 x10° x[(4.7+5.6)x10" | ’

and corresponds to a time constant 7, such that

Toy = L = é =0.0645s =|64.5ms

Ips

Gleaning the three pole frequencies determined just now, we can
estimate the lower 3-dB frequency,

fo=fm S+ frs =149+7234+15.5=|103Hz

12
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Problem 4.2: If coupling capacitors Cc; and Ccz each contribute 10% to
the determination of fi, the bypass capacitance Ce will contribute the
remaining 80%. With a lower 3-dB frequency of 50 Hz and resistance Rce
determined in the previous problem as 0.11 kQ, we have

C, = 1 = 1 =3.62x107° F={36.2puF
27 fr, Rex  27%(0.8x50)x(0.110x10°)
——

Next, noting that coupling capacitor Cci is to contribute 10% to the
determination of f., we may write

1 1
C. = - =|2.98uF
‘oz o (Ry+ Ry, ) 2x(0.1x50)x[(5.69+5)x10" |
=0.1f;
Likewise for Ccz,
1 1

C. = - =3.09uF
< 27f(R.+R,) 27 % (0.1x50)x[ (4.7 +5.6)x10" | 2
P.5 =) Solution

Problem 5.1: To find the oxide capacitance, we divide the permittivity
£, Of silicon oxide by the thickness to (equation 13)

L&, 345%x10™"

ox

=3.45%x10" F/m*

¢ 10x10~°

ox

Noting that 1 fF=10""Fand 1 m? =10" pm?, the result above can be
restated as

15
C, =3.45x107 11)(1)2—%2 =|3.45 fF/um’
pm

To determine the overlap capacitance Cov, simply multiply Cox by the
product of width W =10 um and overlap length Lo, = 0.05 um (equation 14),

C,=WL C_ =10x0.05x3.45=1.73 fF

oV — ox

To determine the gate-to-source capacitance Cgs, use equation 12,

C :%WLCM +C, =§x10x1.0x3.45+1.73 =[24.73(F

8s

The gate-to-drain capacitance Cgs is given by equation 15,

C,, =WL,C, =10x0.05x3.45=[1.73fF|=C,,

ov — ox

which of course happens to be the same result as the overlap capacitance Cov.
Next, the source-body capacitance is expressed as (equation 16)

Csb — Cst — 1 O

1+@ \/1+1'0
Vy 0.6

Similarly, the drain-body capacitance is given by equation 17,

6.12fF

Cpoe 10 g
‘ Vos \/1+ 1.0+2.0
1+ =Vsg +Vbs 0.6
Vo

Problem 5.2: The unity-gain frequency in Hz is given by equation 18,

_ Em
Jr = 27(C, +C,,)

13
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We already have Cg = 24.73 fF and Cga = 1.73 fF, and the
transconductance gn can be determined from the operational characteristics
of the device,

g, = 2k,;K1D :\/2x(160><10_6)xl—ox(IOOXIO_(’) =5.66x107 A/V
L 1.0
so that
—4
fr = 00x10 __3 404x10° Hz =[3.40GHz
27 %(24.73+1.73)x 10

P.6 =) Solution

Firstly, if Cgs > Cga, the unity-gain bandwidth simplifies to

P o &
27(C,+C,) 27C,

Here, the transconductance gn is given by

/ w
gm = 2lunC0x TID

while gate-source capacitance Cg;s is, neglecting the overlap component,

C, = %WLCOX +WL,C, =~ %WLCOX
so that, substituting in fr,
w
2/’lncax 7]D 1 2/unCox VZvID
L T i
2ex=WLC, T\ wrCl
3 9
. f _ L 18ﬂnC0xWID
T 2\ awtpC
. f _ i /unCoxWID
T an\owrrpce
1 = 1.5 | w1,
T zL\2C, WL
P.7 mp Solution
The unity-gain bandwidth for a MOSFET is given by equation 18,
£ = Em _ 21, Vo _ 1,
T
27(C,+C,) 27(C,+Cy) 7V, (Cu+Cy)
-6
o f = 20010 =7.07x10° Hz =[7.07 GHz
7x0.3x[(25+5)x10™"° ]
P.8 = Solution

The small-signal diffusion capacitance is obtained as the product of
forward base-transit time 7 and transconductance gn (see equation 19),

-3
%zf&xm% F=|0.8 pF

1 _
Ch =748, =T, = =(20x10"7)x
VT
The base-emitter junction capacitance can be estimated as twice its
value at zero EB) voltage (see equation 20),

C, =2C,, =2x20=[40 fF

The emitter-base capacitance equals the sum of Cee and Cje (equation

25%x10

21),

C,=C,+C,, =08x107"+40x10™"" = 0.8x107"* +0.04x10™"* =|0.84 pF

Next, the depletion capacitance is given by equation 22,

14
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C
C = LN 20 =|11.76 fF

H m 0.33
1+@ (1+2'0j
V. 0.5

Lastly, the unity-gain bandwidth or transition frequency fris
expressed as (equation 23),

g (1.0x107/25x107)
fT - - - -12 -15
27(C,+C,) 27x(0.84x10"7 +11.76x10™")

P.9 =) Solution

Problem 9.1: The unity-gain bandwidth for a BJT is given by (equation
19; using a thermal voltage of 25 mV)

1o = Em _ ]C/VT _ I

" oor(c.+C,) 27(C.+C,) 22V (C,+C,
B 0.5%107°
27x(25%107 )x[ (8+1)x1077 |

(m
)

ot =3.54x10° Hz =354 MHz

Dividing fr by the current gain parameter yields fg,

fr  354x10°

fﬁ =" =
B 100

Problem 9.2: With an added 2-pF depletion-layer contribution to the
emitter-base capacitance, C» becomes

C,=C,+C, =2.0+8.0=10pF

3.54 MHz

so that, substituting in (1),
0.25%x107°

fr= =1.45x10° Hz =|145MHz
27 x(25%107 )x[(10+1)x 1077 ]
P.10 = Solution
Problem 10.1: The midband gain Awm is given by equation 24,
R R
=Y g Rl =——C r|IR, || R
M RG+RSig gm L RG+RSig gm(o” D|| L)
Here, per equation 25,
1 1
R = = =7630Q =7.63kQ
| 1 1 | 1 1 ! !
" p " p 7T 5+ 3
r, R, R, 165x10° 16x10° 16x10
so that
6
A, =~ 3'62X10 -x(1.0x107)x(7.63x10° ) =|-7.35V/V
3.2x10°+120x10

The equivalent capacitance Ce is given by
C,=(1+g,R)C, =(1+1.0x7.63)x0.4 =3.45pF

and can be used to determine the total input capacitance Ci, (see equation
27),
C, = Cgs +Ceq =1.0+3.45=4.45pF
The upper 3-dB frequency f+ is calculated to be (see equation 26)
| 1

S = 27C, (R, | R;) B (120x103)x(3.2x106)]

—12
2mx(4:45x10 )x[(120x103)+(3.2x106)

The transmission zero has a frequency
g, 1.0x107°
fZ - - -12
27C,,  27%(0.4x107?)

=398 MHz

15

© 2021 Montogue Quiz

=7.474x10° Hz =

7.47 GHz

309kHz




The transmission zero frequency is about 1290 times greater than the

upper 3-dB frequency.
Problem 10.2: Writing the expression for upper 3-dB frequency and

solving for gate-drain capacitance Cgy,

1 1 1
S = 27C, (R, 1 R;)  27(Cp+C, ) (R IIR) 27 oo +(1+8,R1) Cy | (R I R )

, 1

= Cy, +(1+ngL)ng = . (R Iz )
H sig G
1 J—
C27fy (R IRs)
o l+g R!

The maximum Cg corresponds to afx equal to 1 MHz; other variables
remain unchanged. Accordingly,

1 1 12
_c ~1.0x10
27f, (R, 1 R;) % 27x(1.0x10°)x(116x10°)
o C =T - =[0.0431pF
= 1+g R 1+(1.0x107)x 7630
P.11 =) Solution

To establish the input capacitance, simply substitute the pertaining
variables into equation 27,

C,=C,(1+g,R )+C, =0.1x(1+39)+1.0=|5.0 pF
Now, note that the 3-dB frequency is given by
1
Ju

- 27C,R!
Since fu and Ry, are inversely proportional, the 3-dB frequency will

in” sig
sig
be greater than 1 MHz so long as the signal-source resistance Rg;g is lower

than a maximum value Rgig max given by

1 1
=10°Hz=———> Rl 0. =—=
fH 27[CinRs,ig,max T 106 27Z-Cin
, 1 1
Rsigmax =—=X g =31.8kQ
’ 10 27r><(5.0><10 )
Accordingly, fu > 1 MHz if Rg;s < 31.8 kQ.
P.12 =) Solution
Computing and gleaning the hybrid-m model parameters, we have
1 1.
g, = < = —O =40mA/V
V. 25
LB 10 0
g, 40x10
V 1
C = —4 = LO% =100kQ
I. 1.0x10
40x10°
C rc =8 8010 ook

T o 27x(800x10°)
C,=7.72-C, =7.72-1.0=6.72pF

The midband voltage gain follows as (equation 28)

_ RB r/r g R'
M m L
R, +Rsig r,tr +(RB [ Rsig) :rn”?g:”RL
4, =20 2:5 x(40x107)x[(100]]7.5]] 4.8)x10° ]
120+ 6 120x 6 ‘
2.5+0.05+ 12056 '=2840 Q
© A, =[-327 VIV

16

© 2021 Montogue Quiz



so that

20log,, |4,,| =20log,,|-32.7| =(30.3dB
Now, the upper 3-dB frequency is given by equation 30,
1
=———-(I
S 27C. R! ( )

in” 'sig

Here, Cin is given by the sum of emitter-base capacitance C, and Miller
capacitance,
C,=C,+C,(1+g,R )=6.72+1.0x(1+40x2.84) =121pF
and R is given by
Riy =7 ||| 7 +(Ry || Ry,

sig

so that, substituting in (),

Ju

)]=2.501[0.05+(120] 6)] =174k

1
- 27%(121x1077) x(1.74x10°)

Lastly, it can be shown that the CE amplifier has a transmission zero
with frequency

=1756 kHz

£, == = 0.04 =[6.37 GHz

27C. 27%(1.0x107?)

7

P.13 =) Solution

The midband gain is given by equation 28, which can be restated as

R r 1 r

AM:_ z = ngiz_ X -
RB+Rsig rﬂ'+rx+(RSig ||RB) 1+& r +r +i
5 T Ry +R,

Here, observing that resistance Rg is substantially greater than the
signal-source resistance,

1 7 r
AM =- X = ngIi ~ = = ng£ =
R, RyR, r.+r.+R,
1+ ro+r o —————— &
R, R, +RSig
—0 —R

Sig

Now, if Rsig > r« and rs, we simplify further to obtain

’ ’
A _ Vﬂ' R! ~_r7rngL _ _ﬂRL
M T R gty ® R - R
r/r + rx + sig sig sig
[ —
~R

sig

Now, the upper 3-dB frequency is given by equation 30,
1 1

g.R;

rﬂ

r,+r, + RSig

Em

fH = ; =

27C Ry, 27 x [Cﬂ +C,(1+g,R, )] X {rﬂ [ [rx + (RB | Ry, )}}

Here, with gnR; > 1and Rs > Ry,
fu= ! _ !

f 27x(C, +g,R,C,)x(r, | R,,)
22x| C, +C, (1+g,R}) x| r, (R, | Ry, )
=gk} >R,

Finally, with gmR[C, > Cr and Rgjg > 15,
f = 1 B 1 B 1
A 2z g,r. R,C, |27C,BR,

——
27Z-X C;Z' +ng1'JC,u X r;r || Rsig :ﬁ
—_ —
—)ngl"C/u =7

17
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Gleaning the two previous results, we can establish an approximation
for the gain-bandwidth product,

KR 1 1
GBW =|4, | f, ~ x _
[Aul S R, 27C, KK |27C,R,,
With Rsig =25 kQ and C, =1 pF, we get
1

GBW =~ =16.37MHz
27 x(1.0x1077 ) x(25x10°)
P.14 =) Solution
The transfer function is expressed as

TF - 4, _ 1000 _ 1000

s s S
I+ 1+ +—
27 f,, 27 x(100x10° ) 200,000

In turn, the gain-bandwidth product is
1, =|4,| £, =]1000]x(100x10°) =[10° Hz

P.15 =) Solution

Problem 15.1: The 3-dB frequency can be estimated with the general
relationship (equation 33)

~

s 1 1 1 1
\/(2+2+...j—2(2+2+...j
a)Pl a)PZ a)Zl a)ZZ

The amplifier in question has two zeros ats — oo and two poles at wp,
and wp,, SO we may write

,, = = (D

o 1 1 2 2 1
2 2
A yA

+ —_

1
2 + 2
a)Pl a)PZ 2 1 % 2 a)Pl a)PZ
— —
—© —o©

The transfer function H for the amplifier is

or, equivalently,

which has magnitude given by

|H (jo)|= 5 2
) )

Now, if the 3-dB frequency occurs at |H(jwy)| = 1/v/2, we may write
I e B 2 2
—u =, 1+(a’—f'j 1+£”—H] —2 (1)
0] w 2 a)Pl a)PZ
1+[Hj 1+(Hj
Wp, Wpy

Now, one of the pole frequencies, wp,, must be a multiple of wp; by a
proportionality constant k such that the 3-dB frequency will end up being wy
=0.9wp,. Accordingly, we substitute and solve for &,

18
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2 2
{1{—0‘9””} "1{—0'9””) ]z 2 - (1+0.81)>{1+ °'§1j =2
a)Pl ka)Pl k

081 2
+ R

2.78

Thus, Wpy = 2.780)}31.

Problem 15.2: The exact value can determined by substituting wp, =
kwpq =1.0wp, in equation (I1) and solving for wy,

2 2 2 2
1+[a’—H) 1+£”—HJ =2 1{‘“—11} 1+[ “’HJ =2
a)Pl a)PZ a)Pl 1'Oa)Pl
2 2
EAREETay P
a)Pl a)Pl
2
2
(1+“’—§’J =2
a)Pl

2
)

.'.1+—§’—\/§

Wp, B
Lo = (\/E—l)a);l
o, =2 -lw,, =[0.644a,,

To compute the approximate value, we substitute the pertaining
quantities into equation (1), giving

o ] - ] 1
" L1 L1 2
oy op, \op 1.0°0; \o,
]
R COH:$
Wp,
@, =%: 0.707a,,

The approximate solution overestimates the exact solution by 9.8%.
Now, letting k = 4, we substitute in equation (I) as before to obtain

2 2 2 2
1+[a’—HJ 1+(a’—HJ =2 1+[‘0—H} 1+[ D j =2
a)Pl a)PZ a)Pl 4'00)1’1
2 2
O TR | R T
W)y l6w;,
2 2 4 :2
low,, w, 16w,
2P 2
e | e |
16|\ w,, 16\ w,,

Substituting (wy/wpq)? = a converts the biquadratic equation above
into a second-degree equation,

ia2 +£a—1 =0
16 16
S.a=0.894,-17.9

Rejecting the negative solution,

19
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2
az(”—*’} =0.894 - @, =+/0.894m,,
a)Pl
“ o, =0.946w,,
The approximate result is
o = 1 3 1 3 1
o, [, 17
Wy @ Ny 407w, 16w,
4
o, =——0o, =(0.970w
H \/ﬁ H P1

The approximation overestimates the actual wy by 2.5%.

P.16 =) Solution

The gain function is given by A(s) = AwFu(s), where Am is the midband
gain and Fu(s) is a transfer function with general form,

. (1+22J(1+w‘;j... (1+w‘;}
(1+a;j[1+w;j...(1+a;j

The amplifier in question has poles at fp;=2 MHz and fp, =20 MHz
and zeros at f; =200 MHz and f;, — o, so we may write

) )
I+ 1+( j
27r><(200><106) 27T X 00
;ﬁf—/

—0

F

w(s)=
[1+ 27Z><(2.0><106)J[1+ 27z><(20><106)J

N
(1+126 109j
~F e

H(S): S S
(1+7j(1+8j
1.26x10 1.26x10

The low-frequency gain in decibels is 40 dB and can be used to
determine the value of Awm,

5
20log,, |4,,| =40 — 4,, =10* =100
so that

( S j
9
A(s) = A, F, (s) =[100x 1.26x10

S S
(1+7j(1+8j
1.26x10 1.26x10

Now, the 3-dB frequency is given by the general relation

20
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LWy =
1 1 1 1
5+ =2 e, + -
6 6
[27z><(2.0><10 )] [27z><(20><10 )] [2;z><(200><10 )] 2
s o, =1.25%10" rad/s
7
- _ L2500 99,10 Hz = [1.99MHZ
2
P.17 & Solution
Problem 17.1: The gain function is given by
1 1
A(s)= 4, F, (s)=1000x ={1000
1+ > 1+%
27 %(100x10°) 6.28x10

Problem 17.2: Use the technique explained in Sedra and Smith (2015)
(or pretty much any control engineering textbook). In Mathematica, the
following code may be used,

1
4= A= Tr-ans{-'er‘Functio«‘nl‘ﬂodel[maeﬂr ( / ( ’) ], 5]
1+s/ (6.28x10

1000 \ | B
11+1.59236x10°%s |

Out[d]=

15]- BodePlot[A]

The code returns the following Bode plots.
60 f—/————— — Ty

50 [
Magnitude (dB)

45

40

o T T T
Phase (deg) -
-60

-80+

109 106 107

Frequency (rad/s)

Problem 17.3: With two poles, the transfer function becomes

1 1

H(S): =
(14' > j[” : } 1+ § 1+ 5
@p, @p, 27zx(100x103) 27r><(1.0><106)
- F !

H(S) S S
(1+5](1+6j
6.28x10 6.28x10

and the gain function follows as

1000

A(s)=A4,F,(s)= - -
(1+5)(1+6)
6.28x10 6.28x10

To prepare the Bode plot of the system, we first expand A(s),
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1000

A(s)= 5 :
(6.28><10 +s](6.28x10 +SJ

6.28x10° 6.28x10°
) 1000x(6.28x105)x(6.28x106)
~ (6.28x10° +5)(6.28x10° +5)

A(s) = 3.95x10"
3.94%10” +6.91x10°%s + s°

The corresponding Bode plot can be established with the following code.

3,95 % 10" ]
S
3.944+10'2+6.91410% s + 52

Inf7]= Az = TransferFunctionModel[

II; 3.95 <101 ‘ T
1 3.94x10%% -6.91x10°%s + 52 |

Out[7]

inis}= BodePlot [A;]

This code returns the following graphs. Inspecting the graph and
converting circular frequency to linear frequency, we see that the unity-gain
frequency has changed to about 60 MHz.

60 F—= [ T [ T

Magnitude (dB) |

il A il P TS PSR
10 1 i',‘-‘ 10/ 10°

Phase (deg)

-100F

109 10°

Frequrency (rad/s)

P.18 = Solution

Problem 18.1: We first determine the resistances seen by the three
capacitors Cgs, Cgd, and Ci, respectively,

Rgs = RS'ig =12 kQ
R, =R (1+g,R )+R =12x(1+1.4x12)+12=226kQ
RCL =R =12kQ

The time constants follow as (egs. 36, 38, and 40)
7, =C,R, =(25x10"")x(12x10%) =300ps

70 =CyR,, =(6.0x107"")x(226x10°) =1360ps

7, =C, R, =(27x107")x(12x10° ) =324ps

The effective high-frequency time constant ty is obtained by adding
the three time constants, as in equation 35,

Ty =Ty +7T, +7c, =300+1360+324 =1980ps
and the 3-dB frequency fx is determined as (equation 34)
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Ju = L ! =|80.4 MHz

277, 27%(1980x1077)

Now, the frequency of transmission zero can be established with
reference to the generalized high-frequency equivalent circuit for the CS
amp, repeated below for convenience.

Rsig G Cea D
W] - o
Vsig Ves == C, R, =cC,
Q.-nv_::.w

Setting frequency s to its transition value sz, V, will be zero and a node
equation applied to the output node ats =sz brings to

g,
SZng (Vgs _K) = nggs - SZ =
Cp
1.4%x107
o f = =(37.1 GHz
J2 27x6.0x107"°

Problem 18.2: In the Miller effect approach, the 3-dB frequency is
given by equation 30,

1
27C. R

in” “sig

Ju =

Here, RSlg
estimated from

C,=C,+C,(1+g,R)=25+6.0x(1+1.4x12)=132fF
so that

12 kQ as given, while input capacitance Cin can be

Sy = 1 = 1 =(100MHz

27C, R, 27 x(132x107% )x(12x10°)

That is, the Miller effect approach predicts a 3-dB frequency about
24% greater than the value determined with open-circuit time constants.
The open-circuit time constant approach is more precise because it includes
the effect of the capacitance C. between the drain node and ground.
Problem 18.3: The midband voltage gain is given by

A, =—g,R; =—(14x107)x(12x10°) =-16.8V/V
so that

GBW =|4,,| f,, =16.8x(80.4x10°) =[1.35GHz

P.19 = Solution
The midband gain is given by

4, =-g,R; =—(4x107)x(20x10%) =|-80 V/V
In Miller’s approach, the input capacitance is given by equation 27,
C,=C,+C, (1+gm ) 2.0+0. 1><(1+4><20) 10.1pF
and the 3-dB frequency follows as (equation 26)
1 B 1
Ju = 27C, R, 2mx(10.1x1072)x(20x10°)

Switching to the method of open-circuit time constants, we first

=7.88x10° =|788kHz

compute the three time constants (equations 36, 38, and 40)
=C,R, =C,R,, =(2.0x10"?)x(20x10") = 40ns

&

7y =CyRy =Co[ Rl (1+g,R; )+ R ]=(o.mo“)x{(20x103)x[1+(4.0x10*3)x(20x103)]+(20x103)}=164ns
7, =C,R. =C,R; =(2.0x10")x(20x10°) =40ns

so that (equation 35)
Ty =Ty + Ty +7c, =40+164+40 =244 ns
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Finally, substituting in equation 34,

f=— 1 - 6.52x10° Hz = [652 KHz
277, 27x(244x107)

The estimate obtained from the time-constant method is more
accurate than the result obtained with the Miller method because the former
accounts for the output-node-to-ground capacitance C.

P.20 =) Solution

Time constant 7 can be determined as (equation 42)

w =CoRl, +Cy | R, (1+g,R )+ R, |+ C,R]

gs” 'sig sig

7, :(s.oxlo*”)x(10><103)+(1.0><10*12)x[(10x103)><(1+5.0x10)+(10x103)]

+(5.0><10—12)><(10x103) =6.20x107 s =[620 ns

An estimate of the 3-dB frequency easily follows,

1 _ I =2.57x10° Hz =[257kHz
27, 2wx(620x107)

The input capacitance is given by equation 27,
Co=C,+C, (1+g,R)=(5.0x10"7)+(1.0x10"? )x(1+5x10) = 5.6 x 10" F = 56 pF

and can be multiplied with the signal-source resistance Ry

H:

sig =10 kQ toyield a

time value t,

t=C_R' _(56x10—12)x(10><103):5.6x10-7s=560ns

in” “sig

The ratio of t to the complete time constant 7 is

L300 100% = 90.3%
620

TH
Thus, about nine-tenths of the full time constant t; stems from the
interaction of the input capacitance Ci» with the signal-source resistance
Rgig-
P.21 =) Solution

The transconductance is gm =1c/Vr=1.0x102/25x102=0.04 A/V = 40
mA/V. With a bias current | =1 mA and the appropriate Early voltages, load
resistance R is

Viw Pl _
R =r v, o= e =130,000|| 50,000
L Onpn ” Opnp I || ] 1 O 10_3 ” 1 O 10 -3 ”
R = 13050 _ 36.1kQ
130+50
The hybrid-m resistance is
= ,B(npn) = 200 =5kQ
g 0.04
The midband voltage gain follows as
A, =——3 ¢ R = 30 0.04x(36.1x10°) =—175.24 | -175V/V
Ry, +r. +r, 36+0.2+5
Now, in the Miller approach the input capacitance Ci is given by
C,=C +C (1+gm )—16+O 3><(1+40><36 1) 450pF
Thévenin resistance Ry, is determined next (equation 45),
, 5.0x(0.2+36)
Rl =rll(r+Ry)= = 439kQ
¢ ¢/ 5.0+(0.2+36)
The 3-dB frequency is then
fy = ! 1 =8.06x10* Hz = |80.6 kHz

27C, R, 27 x(450x107)x(4.39x10°)

Now, the 3-dB frequency as determined with the open-circuit time
constant approach is

1

2rt,

Ju =

where 7y is given by the sum of the three contributions (equation 50)
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7, =C,R},+C,| R,

7 tsig sig

(1+ng£)+R£]+CLR£
w1, =(16x107)x(439x10° )+ (0.3x1072 ) x[ (4.39x107 ) x (1+ 40x36.1) +(36.1x10°)

+(5.0x1077)x(36.1x10°) =2.16x10* s = 2.16 s

so that
1

:2;zx(2.16x10-6)

That is, the value of fi estimated with the open-circuit time constant
method is about 9.4% lower than the value determined with the Miller effect
approach.

The frequency of transmission zero is calculated as

£, == = 0.04 =2.12x10" Hz =[21.2GHz
27nC 27z><(0.3><10_12)

U

=73,700Hz =|73.7 kHz

Ju

Lastly, the gain-bandwidth product, using the 3-dB frequency
determined with the OCTC method, is found as

=4y fy =175%(73.7x10°) =1.29x10” Hz =[12.9MHz

P> REFERENCE
e SEDRA, AS.and SMITH, K.C. (2015). Microelectronic Circuits. 7th edition.
Oxford: Oxford University Press.

Was this material helpful to you? If so, please consider donating a small

amount to our project at www.montoguequiz.com/donate so we can keep

posting free, high-quality materials like this one on a regular basis.
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