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Introduction

Bode Plot

The general rules to draw the bode plot are:

* For the magnitude curve: the slope of the magnitude plot
changes by 20dB/decade at every zero frequency and by
— 20dB/decade at every pole frequency.

* For the phase curve: the slope of the phase plot changes by
459 /decade starting a decade before every zero frequency
and by —45°/decade starting a decade before every pole
frequency. The effect of each zero or pole ends one decade
after its frequency.
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Introduction

Bode Plot

The shown figure illustrates the magnitude Bode plot of the
following transfer function
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Introduction

Transfer Function of an Amplifier

Up to now the gain of the amplifier is assumed to be constant and
independent of the frequency of the input signal
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Introduction

Midband

There i1s a wide frequency range over which the gain remains

almost constant (A4,;). This range is called the middle-frequency
band or midband.
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Introduction

Midband

The amplifier is designed so that its midband coincides with the
frequency spectrum of the signals it is required to amplify.
Otherwise, the amplifier would distort the input signal.
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Introduction

Low-Frequency Band

At low frequencies, the magnitude of the amplifier gain falls off
due to that the coupling and bypass capacitors no longer have
low impedances.
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Introduction

Low-Frequency Band

The frequency f; is the lower end of the midband. f; is defined as
the frequency at which the gain drops by 3dB below its value in

midband.
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Introduction

High-Frequency Band

At high frequencies, the magnitude of the amplifier gain falls off
due to that internal capacitance in the BJT and in the MOSFET
no longer have high impedances.
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Introduction

High-Frequency Band

The frequency fy 1s the higher end of the midband. f 1s defined
as the frequency at which the gain drops by 3dB below its value
in midband.
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Introduction

Bandwidth

The amplifier bandwidth (BW) is defined by f; and fy

BW = fy - 1
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Introduction

Gain Bandwidth Product

The gain bandwidth product 1s a figure-of-merit for the amplifier
and 1s defined as

GB = |A,| x BW
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Introduction

Low Frequency Response

In low frequency band, the gain falls off due to the effect of the
coupling and bypass capacitors

Coupling capacitor is usually used w3
to couple only the AC signal from R Cmm B2 O

: I '
one circuit to another. Ve o—AM—o—] I——|I: %
C —

Bypass capacitor is a capacitor that shorts
the AC signals to the ground = =

Bypass capacitor removes any AC noise that present on a DC
signal. This result in a much cleaner DC signal.



Introduction

Low Frequency Response

The value of the coupling and bypass capacitors are usually high

At midband and high frequencies, these large capacitances have

negligibly small impedances and can be assumed to be short
circuits.

In low frequency band, the impedances of these capacitances are
big and cannot be negligible

Low frequency band | Midband | High frequency band
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Introduction

High Frequency Response

In high frequency band, the gain falls off due to the effect of the
internal (parasitic) capacitance inside the transistors.

The parasitic capacitors are usually very small (in the range of
fF) and can be neglected in low and midband frequencies by
assuming it to be open circuits. However, at high frequency its
impedance are not negligible.

Low frequency band | Midband | High frequency band
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Frequency Response

High Frequency Response

High Frequency Model of the MOSFET
The MOSFET has four internal capacitances:

Cys and Cyq, result from the gate-capacitance effect
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Frequency Response

High Frequency Response

High Frequency Model of the MOSFET
The MOSFET has four internal capacitances:

Csp and Cyp, are the depletion capacitances of the pn junctions
formed by the source region and the substrate, and the drain
region and the substrate respectively.

G D
G b §
n* 1 m@ b n*
Cb Cdb
1 . 1

Dr. Mohamed Refky



Frequency Response

High Frequency Response
High Frequency Model of the MOSFET

The polysilicon gate forms a capacitor with the channel region,
with the oxide layer serving as the capacitor dielectric.

The gate capacitance per unit gate area is denoted C,,.
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Frequency Response

High Frequency Response
High Frequency Model of the MOSFET

When the channel is pinched off, the gate capacitance is given by
2/3 (W x L)C,, and exist completely at the source side.

There 1s a small capacitance results from the overlap of the gate
with the source region This capacitance is given by W X L, C,x

G D
G ©
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Csp o Cdb
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Frequency Response

High Frequency Response
High Frequency Model of the MOSFET

The total capacitance between the gate and the source is given by

Cys = 2/3 (W X L)Cox + W X Loy Cop
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Frequency Response

High Frequency Response
High Frequency Model of the MOSFET

Because the channel pinch-off at the drain end, the capacitance
between the gate and the source consists entirely of the overlap
component

ng =W X LOU Cox
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Frequency Response

High Frequency Response
High Frequency Model of the MOSFET

The capacitances of the reverse-

biased pn junctions formed C. — Cspo
between the source and the p- s 1+ Vsp
type substrate 1s given by Vo

T
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Frequency Response

High Frequency Response
High Frequency Model of the MOSFET

The capacitances of the reverse-

biased pn junctions formed Cor = Capo
between the drain and the p- ab 1+@
type substrate 1s given by Vo

T

n* 1 m@ b n*
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Frequency Response

High Frequency Response
High Frequency Model of the MOSFET

To preform high frequency analysis, the small-signal model of the
MOSFET is modified to include the parasitic capacitances.




Frequency Response

High Frequency Response

Miller’s Theorem

Miller’s Theorem is a technique for replacing a floating
Impedance by two equivalent grounded impedances.

1 I 1 g = I I g = I
— 7 R — LI
+ + + | | +
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I



Frequency Response

High Frequency Response

Miller’s Theorem 1 I,
Nodes 1 and 2 are also connected to - "
other parts of the circuit v, v,
It is assumed that the voltage at o T o

node 2 is related to that at node 1 by -

V, = KV h=1 =1,

+ | +
From the top circuit v, Z, Z, v,
vV, =V - N

2T 5 I 5

7 =
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Frequency Response

High Frequency Response

Miller’s Theorem o I,
From the bottom circuit N z i
|74 V. Vi V2
Il == _1, Iz = - _2 _
Zy Zy 5 T >
For the two circuits to be equivalent
=1 =1,
L =1 I =1 + | | +
i -V | _wn-w ot A B "
A Z,  Z o o
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Frequency Response

High Frequency Response

Miller’s Theorem o I,
N o LN
Vi =V, V, W=V, + "
Z, Z z, z Y
Vi V, o o
Zi=17 L=/ L
1 Vl_VZ 2 VZ _Vl
_7 1 _ 7 1 111i1 IZj 2
AV 1=V, . | C 3
— 7 1 _ 7 1 4} Zq Z v,
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Frequency Response

High Frequency Response

Miller’s Theorem
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Frequency Response

High Frequency Response

Miller’s Theorem
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Frequency Response

High Frequency Response
Amplifier Poles Estimation

R, R,

Ay AN m AN—o0 O Vour
Viné V
— C; —_— C, — G

For the two cascade amplifiers shown above:

= R; represents the output resistance of amplifier i
= (; represents the input capacitance of amplifier i
= A; represents the Midband gain of the amplifier i
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Frequency Response

High Frequency Response
Amplifier Poles Estimation

Ry a R b R,
,A\ AMA oV,

Aq NV 2
Vin V
—— Gy —_— C, — G;

(o)

The overall transfer function is given by

Vout _ Va Vb Vout _ Al Az 1

Vie VinV, V, 1+sR.,C; 1+sR,C, 1+ sR,(;

The overall transfer function has three poles



Frequency Response

High Frequency Response
Amplifier Poles Estimation

Rs x Ry y

P
A NV A A%
—— Gy —_— C, — G;

(o]
o
o
=
~

Each pole can be determine directly by calculating the reciprocal
of the multiplication of the total capacitance seen from the node
to ground by the total resistance seen from the node to ground

after shutting down the input.



Frequency Response

High Frequency Response
Amplifier Poles Estimation

Rs «x Ry ,\ R,
Aq AN \AZ/ AN\—o

O Vout

While calculating the pole at certain node, replace the capacitors
at the other nodes by open circuit

X Cx =C1 Ry = Rs Wpx = 1/[RxCy]
= 1/[R5C1]



Frequency Response

High Frequency Response
Amplifier Poles Estimation

Rly

ok
AYAVAY \AZ/ AYAAY, O O Vout

While calculating the pole at certain node, replace the capacitors
at the other nodes by open circuit

y ¢, =G, Ry=Ri | wpy=1/[RyG)]
= 1/[R1C2]



Frequency Response

High Frequency Response
Amplifier Poles Estimation

Rly

ok
AYAVAY \AZ/ AYAAY, O O Vout

While calculating the pole at certain node, replace the capacitors
at the other nodes by open circuit

Z C,=Cg R; =R, Wpz = 1/[R,C,]
= 1/[R,C\]



Frequency Response

High Frequency Response
Amplifier Poles Estimation

The association of one pole with each node in the amplifier
circuit provides an intuitive approach to estimate the poles of its
transfer function

= Determine the total equivalent capacitance from the node
of interest to ground C,,, 4,

= Determine the total small-signal resistance from the node
of interest to ground Ry, ,q4¢

» The pole frequency is given by w.,,qe = 1/[CrodeRnodel

While calculating the pole at certain node, replace the capacitors
at the other nodes by open circuit



Frequency Response

Common Source Configuration

VDD

ng ERD

[ oV,

" Mm,ft 1
R [T

To simplify the analysis, Miller’s approximation is used to
convert Cyq in two grounded capacitors

In Miller’s approximation, the Midband gain is used instead of
the high frequency gain
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Frequency Response

Common Source Configuration

VDD

Rp

oV

To simplify the analysis, Miller’s approximation is used to
convert Cyq in two grounded capacitors

III—H—

C;=>0- Av)cgd

=1+ ngD)ng
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=(1- 1/Av)ng
=1+ 1/[ngD])ng = ng




Frequency Response

Common Source Configuration

For the input node x
Cx = Cys + Cyq(1+ gmRp) Ry, = R;
1
Rs|Cys + Cya(1 + gmRp)]




Frequency Response

Common Source Confiquration

R . LC T
J AMN—o |': ::I: ::I:
For the output n(;de y )
Cy — Cdb + ng Ry — RD
1
W

PY = Ry [Cap + Coa



Frequency Response

Common Source Configuration

VDD

R

oV

R i
L I

By knowing the two poles, the transfer function can be written as
Ay
(14 s/wpx)(1+ s/wyy)
_ngD
[1/(wpxwpy)]s? + [(1/@px) + (1/wpy )]s +1

A(s) =
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Frequency Response

Common Source Configuration

_ngD

A(s) = >
[RsRpCy]s? + [RsCys + Rs(1 + gmRp)Cya + Rp(Cap + Cya)]s + 1

C1 = Cys[Cap + Cga| + (1 + gmRp)Cya|Cap + Cyal

The direct analysis (without any approximation) results in the
following transfer function

(ngs - gm)RD

A(s) = >
[RsRpCy]s? + [RsCys + Rs(1 + gmRp)Cya + Rp(Cap + Cya )]s + 1

Cy = Cys|Cap + Cgal + CyaCuap



Frequency Response

Common Source Configuration

The quick method gives a very good estimation of the poles of
the transfer function. However, it does not count for the zeros.

The zero arises from the feedthrough oo
path that conducts the input signal to gRD
the output through Cyq4 at very high "
frequencies. C' !

R, gd L
The zero can be computed by AN I': B
shorting the output to ground x

Vx Sngd = ImVx - Sz = gm/ng
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Frequency Response

Common Gate Configuration

All the parasitic capacitances of Vop

Qq are connected either from R,

the input node to ground and or Ve 1
from output node to ground. Lt

Because the input and output |
nodes are 1isolated. Miller’s Vin% ch::c
approximation is not needed L

Because this amplifier has no Miller multiplication of
capacitances, it achieves a wide bandwidth.
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Frequency Response

Common Gate Configuration

For the input node x

Cxy = Cys + Csp

R, ZRS//l/gm K

1 | I G —— s

Wy =
7Y RyCy

1
[Rs//1/gml[Cys + Csp)




Frequency Response

Common Gate Configuration

For the input node y V?
Cy = Cga + Cap v,
Ry = RD R,
1 f/\/\;%
Wy = AL
py Ry Cy

T
1

Cya

'||—| I—



Frequency Response

Common Gate Configuration
By knowing the two poles of the Voo

amplifier, the transfer function g
can be written as Vg

Cya

'll—i I—

I
l

Ay Vi,
(1 + S/a)px)(l + S/a)py)

_ Rp/(1/gm + Rs)
(14 [Rs//1/gml[Cys + Csp|s) (1 + Rp[Cya + Cap]s)

A(s) =

j»




Frequency Response

Cascode Amplifier

The Miller approximation of

Cga1 18 determined by the mid-

band frequency gain
Imi1
A, =——
v Im2

The Miller multiplication effect
is less significant in cascode
amplifier than in common
source configuration.
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Frequency Response

Cascode Amplifier

For the output node x

VDD
"
Cy = Cgy + (1 + @) Cyar V
gmz

t s
R, = R, .
1 \i;\,_cx /AJIJ 0
"R L =1
1 —




Frequency Response

Cascode Amplifier
For the output node y Voo
Ro
Ry = 1/gm2 Ve SV,
p —Lﬂ:Qz
Cj/ = CgSZ ‘I‘ Cdbl ‘I‘ CSbZ ‘I‘ (1 ‘I‘ iz) ngl :
_ 1 Y - 111
(Upy = Ry Cy J I{ibl IgSZ l:csbz
9m2 - =

Cosa + Cat + Cona + (14 222) g

mil
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Frequency Response

Cascode Amplifier
g

For the output node z
C, = Cgaz + Capy

RZ - RD
Rs

o = 1
PZ " R,C, J
— 1 -
" Rp [ngz + Capz + CL]

gd2

db2



Frequency Response

Differential Pair
Passive Loaded Differential Pair

C,. 1s the total capacitance between Voo Voo
the common source node and

Rp Rp
ground g S g
Css includes Cyp, and Cyq of Qg, as - °_|th szll_ovaz
well as C, of Q; and C, of Q5.

This Cfapachance. can be 31.gn1ﬁcant, RS (D
especially if wide transistors are
used for Qg, Q4, and Q,. Ved
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Frequency Response

Differential Pair

Passive Loaded Differential Pair

When a differential signal v;; is
applied, a virtual ground appears at
the common sources

The differential half circuit can be
used to determine the frequency
dependence of the differential gain

o—|':Q1

szl—o—‘%

The frequency characteristics of the differential half circuit is
identical to that of the common source amplifier
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Frequency Response

Differential Pair
Passive Loaded Differential Pair

v;q/2 and —v;4/2 are multiplied = =
by the same transfer function to

generate the output Ro3 o Sho
vod/z . ngD Vid o c Vid
vig/2| (1+s/wp1)(1+s/wp2) 70_":& QZ:II_O_T

The number of poles in A4 (s) is equal to that of each signal path
(not the sum of the number of poles in the two paths).
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Frequency Response

Differential Pair
Passive Loaded Differential Pair

When a common mode signal v, = =
is applied, Cs and R, contribute in
the common mode gain Rog SRy + 88

For the case where there is a
M Uem °_| ': Ql sz |_° Uem

mismatch AR between the two

drain resistances, the common

mode gain was

vo _gmARD ARD

Vem 14+ 29mRss 2Rgs

Dr. Mohamed Refky
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Aem =



Frequency Response

Differential Pair

Passive Loaded Differential Pair
Replacing Rgs by Zgs = Rgs//(1/5Css) — =

ARp R Rp + ARy
ACm = —7‘5‘5 § : v, ; §
AR 1 v v
=-— ( + SCSS) °_|I:Q ’ jl_o
2 \Rgg
AR




Frequency Response

Differential Pair
Passive Loaded Differential Pair

Ay has zero at = =

1
w, = Rp Rp + AR
z R.S'.S' C.S'.S' § + Vo — §
This zero is at a frequency much °_|th QZ:II—° .
lower than those of the other poles

and zeros of the circuit.

Css —— Rgs

This zero dominates the frequency
dependence of A,,, and CMRR. =
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Frequency Response

Differential Pair
Passive Loaded Differential Pair

The common mode gain increases at = =
the rate of 20 dB/decade starting at a
relatively low frequency Ro3 SRy + 88

The increase in the common mode

. Vem °_|th szll_ovcm
gain causes the CMRR of the
differential amplifier to decrease

Css —— Rgs
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Frequency Response

Differential Pair
Active Loaded Differential Pair

This differential pair contains two
signal paths with different transfer Qj|__|t
functions. m .

Q4
The path consisting of Qq, Q3, and  ,, th | sz y
Q, includes a pole at node m given 2 % “Z

by
Wpm = Im3/Cm Vss

The capacitance Cyy, arises from Cyg3, Cysa, Cap3, Cap1, and the

Miller effect of Cyq1 and Cyqq
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Frequency Response

Differential Pair
Active Loaded Differential Pair

The pole associated with node m is Yoo Yoo

called the mirror pole ng_ _|t04

The two paths contain the output thl :j_o

pole at node y which is given by s 5 | }%_ﬂ
wpy = 1/([102//7041Cy) = §, L

The capacitance C,, arises from Cgpy, Capa,
and the Miller effect of ngz and ng4
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Frequency Response

Differential Pair

Active Loaded Differential Pair

The transfer function of the path
consisting of Q, is given by

Voo Voo

Vo2 Ay

—V;q/2 N (1 + s/a).py) %5t& | Qj@ N

While the transfer function of the
path consisting of Q4, Q3, and Q4 is -

given by
Vo1 Ay

Via/2 N (1+s/wpm)(1+s/wpy)
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Frequency Response

Differential Pair

Active Loaded Differential Pair
The total output is given by

5

Vo = Vo1 — Vo2 :“__il:04 ,
Ay Vid th :j_o
(1 + s/wpm)(l + S/(Upy) 2 5 | }%_vm
v 1 ﬁ; I
(1 + S/‘Upy) Z =

An(1+ s/[2wpm])
(1 + s/(upm)(l + s/cupy)




Frequency Response

Differential Pair
Active Loaded Differential Pair

The active loaded differential pair "o Yoo
amplifier has a zero at Qj|__|t

Wy = 2Wpm

Q4
—o o
':Ql Qz:l
The total transfer function of any ;5 % }%‘7
1 =

amplifier contain all the poles that =
appears in any signal path

The common pole appears as a single pole in the total transfer
function
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