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General information

Welcome to the 2012 versions of the ATIK and ANIK courses. Jointly referred to as the
ANTIK courses. This is your exercise manual for this year and more information is found
at:

http://ww.es.isy.liu.sel/courses/A*I K/l essons. htm
We are currently compiling most of our material in a more handy format and you now find
the new generation of our exercises manual. Unfortunately this (this year) implies that
some of the solutions are found in multiple other sources. We have however indicated
where to find the solutions in the exercises of this document.

K -- Kompedium
J&M - Johns & Martin

S - Schaumann
The teaching assistant can guide you through how to find the answers to the questions.

x As usual it is suggested to not print the whole document. Keep your laptop
hext to you... save some trees.
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EXERCISE SECTION 1: INTRODUCTION

This document is released by Electronics Systems (ES), Dep't of E.E., Linkdéping University. Repository refers to ES Print Date: 01/21/13, 07:58



No Rev Date Repo/Course Page
A LlnkOng University o024  paa 2012-02-29 ANTIK 10 of 165

Ry
%J~j INSTITUTE OF TECHNOLOGY
Vs ux®

Title ANTIK Exercises 2012 ID jacwi50

1.1. Definitions of voltages and currents

As a quick reference, we have pasted the directions, and indicators to ports, currents,
voltages, etc., for the NMOS and PMOS transistors in Figure 1.1.1.

VSG *
DS S
Q—E) )
I *D SB VSD

(a) NMOS (b) PMOS

?m

w L5 O

<
<

Figure 1.1.1: Schematic symbols of (a) NMOS and
(b) PMOS transistors with voltages and currents indicated.
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1.2. (Approximate) Device equations

General

For convenience we use a couple of 'abbreviations' and shorter forms, as:

Vyy=Ves—Vy (and v,,=V =V, for PMOS) is the effective gate voltage. (1)
l‘loc‘ox w — /4 — w
0 W k= C . , p=K-—, S=— 2
ST HoCoxr B I3 I (2)
1 ,
?\=7 is the channel length modulation. (3)
0

(Notice the deliberately "sloppy" notation with lower and upper cases.)

NMOS transistors
Cut-off region (subtreshold):
Ves<Vyorv,<0 (4)

1,~0 (5)

x The current is considered to be more or less 0 for hand calculations. It should
however be mentioned that nowadays one should not be too afraid to use the
transistors in the sub-threshold region. As we get close to the threshold the
gain of the transistor is comparatively

Linear region:

VeszVioorv,>0 (6)
Vips<Veas=Vr,0r Vipg<v,

nyeC,. W
O 2V 5=V )V ps— V)= (2veffV —V2, (7)

] =~
R A

Saturated region:
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VeszVi,orv,>0
VipszVes—Vior VipgZv,,

2

Vv
. l-l-V—&g N0('Vgﬁ»

0

Threshold voltage:

VoV oty (V20,7 20,

(8)

(9)

(10)

x The higher source-bulk voltage the higher the threshold voltage, i.e., bad.

PMOS transistors
Cut-off region (subtreshold):

V<V orv,<0

1,~0

Linear region:

V=V, or v,>0

Ver<V—Vy,or VSD<vdf

—~ |‘10.(/101( K

1
S T

Saturated region:

Ve=V,, or veﬁr>0

Vp=Ve—V,, or VSDZveﬁ.

2
)

VSD
: 1+V— ~XV Ve

0

Threshold voltage:

VoV oty 20,—V -2,

(Z(VSG_ Vi) Vs~ V;D):(X.(zveﬁ’VSD_

2
VSD

(11)
(12)

(13)

(14)

(15)

(16)

(17)
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1.3. Circuit noise

Thermal noise

The thermal noise spectral density at the gate of a CMOS transistor is

where y traditionally was 2/3, but nowadays it can be higher than 1.

Flicker noise

The flicker noise spectral density at the gate of a CMOS transistor is

v (f)

___ K
WLC, [

where K is a constant.

(18)

(19)

x Integrating the noise spectral density over a certain frequency band gives you

Approximate parameters for a 0.35-micron process

the noise power. Notice that, in both cases, an infinite noise power is obtained
if integrating over all frequencies.

In Table 1.1 we have compiled some "older" process parameters for hand calculations that
are also used throughout the exercises.

x Notice that more modern processes will have quite different values, but it is

also more difficult to perform the hand calculations in the same way.

Table 1.1: Some typical values for handcalculations.

Param. |Unit NMOS PMOS |Comment

M, cm’/V s 400 130 Charge mobility, "holes are slower than electrons".
C,. nFlcm? 450 450

Ve V 33 20 L=1pm

V, V 100 50 L=5um

7 |14 0.47 0.62 The PMOS typically has higher threshold voltage ...
Y NI7 0.62 0.41 ... but is less sensitive to bulk variations.

2, V 0.86 0.82
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EXERCISE SECTION 2: DC ANALYSIS
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2.1. DC analysis on a common-source gain stage with cascodes

TETERD ATIC & TEEL0 ANTIK Fape 21

1. DC analysis on a common-source gain stage with cascodes.,
We neglect the body effect and channel-length modulation i the DO calculations {AC anal-
yais 15 performed in Ex. @),
We define the effective gate-source voltage of an NMOS transistor as

Vern = Vos— V7 (L1

and, similarly, the effective source-gate voltage of a PMOS transistor as

I Ff'.m if'r (different I’.I.. for NAMOS and PMOS transistors!y

We have the simplified current equation for a satumated transistor

g
et e

Iy=a-V,, (1.2)

Since the transistor sizes are equal for A1 and M2 | and they have the same drin current,
they will also have the same I’"” . Similarly, M3 and A4 will have the same V;-;;"

For NMOS transistors (0] and A2 )

. I .
Vegin ™ =~ 0,105 V {1.3)

and for PMOS transistors

'r.l'J -
Vigp = 4= = 0185V (1.4)

(o cifferent for NMOS and PMOS transistors!}

Thus, ¥, pe™ F fin Fr= 0105+047 =038V ¥, . is not determined by

i b

the current alone, we a|5';, need to know P, for M1, We have h

Voiaez ™ Vos 1t Vg2 ™ Vog T Ve (1.5}
To ensure that M1 is properly saturated we choose

Vi1 Vhyj.'n F02V (1.6}
and thus

Frige,1 = 2+ Vogpn # FpH 02 W= DER Y {1.7}
We make a similar analysis for the PMOS part and find that

Fiige a Voo~ (Ve t Frh = 33 (01854 062) =250 V {1.8)

To ensure that M4 is properly saturated we set
Ven g V-'.I'.f._.u 0,2 W and find that
Vs, 3 Fop— (2 Vg pt Prt02) =33 (2- 0,185+ 062+ 0.2 LAY
The output range 15 now given by the following relations
Vowt 2 Vpe 1t Von = 2 Vg P02 041 W (1.9}
and
I

-
[iFTh)

Vin Fpa* Vg ) = Vop— (2 Vo, +02)=273V  (110)

ES. [8Y. Linkdpings universitet
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2.2. DC analysis of a bias circuit

TETERN ATIC & TEEII0 ANTIK Fage 22

2. DC analysis on a bias circuit.
Here we assume that all transistors are operating in the saturation region and that the channel-
length modulation is neglected. Choose a suitable value of ‘V-.- LEE., i"x 21 . The maximum
current through the circuit 15

I 'PJJ'.'\..-.
=37
Fatl

Spd (2.1)
The current through all the transistors is equal and

A (V- Vo Vi (22)

f.n'J 2 ] oo x

o 3L 't Vias VT‘_J: (2.3)

Iy “‘"““:':Vﬁm Vi)t (24)

Moreover,

Fip = Pt (205 — Vg — o 20) . (2.5)

Eq. (2.1) and Eq. (2.4} gives

W 2r
— =233, (26)
L-'l h]“hl’m‘ PJ?I:_
Eq. (2.1} and Eq. (2.2} gives
W 2
it o =037 . (2.7)

L K (¥Fpp V,T FTL}:
Eqg. (2.5) viclds

Vi = 08461, (28]
and from Eq. (2.1) and Eq. (2.3} we obtain
W ar
T s 2 0,56 (2.9)
- KV Vs V)

ES, [SY, Linkiipings univiersitet
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2.3. DC analysis of a common-gate amplifier

TSTERD ATIC & TREI ANTIK Fage 23

3. DC analysis on a common-gate amplifier.
a) The transistor M| isinthe cut-off regime as long as ¥y, — Vo < ) no (very small) cur-
rent will flow through transistor A so the output voltage will be equal to I,

When the input voleage is lower than, but close to, ¥, — V4 the transistor will be saturated
W - . - - - - v . T s Thee

since Fpe= F_ —F, = Fig— V- Vo= [PI , and F*.ﬂm, ischoseto V=V, . ]hi.‘ll'l]'.lut
voltage for which the transistor M| enters the linear region is depending on the value of |

and can be computed as follows.

b} The current through transistor M in saturation is

Ipg = alFy ¥ =V )21+ RV, - 7)) (3.1)
In saturation the current through transistor ML must equal .Fl,w_‘ ;
f_ﬁj,._-._., el V_r-.vl r"l-l_ Vﬂ LR F,_”u J:"r| 1 (3.3}

Solving for ¥

wus — V7 mives the following expression.

1 Liias 1
¥ ,I = - |‘-‘-|;T.'. 1 {33}
aul eV —¥Fi Vo) &
The transistor operates in the samuration region when F_ . — ) For =V, — Fry - Insert-

ing Eq. (3.3} into previous equation and solving for 1) gives the input voltage where the tran-
sition between the saturation and linear operation appears.

ES, [5Y, Linkipings universited
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2.4. Simple gain stages with passive load

TETERD ATIC & TEEL0 ANTIK Fape 25

5. Simple gain stages with resistive load.
First considering the common-source stage.

a) The ESSS 15 shown in Figure 30, Where R 176,

e
Eml V.‘n D LI:F:E TRLE riit

Flgure 3 The ESS5 of a common-source gain stage with resistive load.

=

b} The transfer function can be computed by using nodal analysis in the output node.

Tl VH.I y i;l'.lﬂﬂ[g:f.fl Fir) 0 (5.1}
The transfer function is

J:)-ul?lrl' van 1 ) {5.2}

PJJ.I B © 5

The output resistance can be computed by sdding a voltage source 1 between the output
node and ground. Then compate the current delivered by that voltage source when the mput
source/sources is zero | 1 equals zero).

V. 1 1
‘j‘f R — 15.3)

X a0 Eanl

V=1
) The transistor M 15 in the cut-off regime when P s below ¥y, yielding the output volt-
age equal to V. Increasing the input voltage will givethe Vg =V — Fry = 0 andthe
transistor will operate in the saturation region and the output voltage will decrease quadrati-
cally with the input voltage. Increasing the voltage further will result in a transistor operating

in the linear region and the output voltage will then decrease linearly with the mput voltage.
d} Obwviously, F, > Fr . In the saturation region it holds that
n

ot

= Vpp— RalV, — Vb . 5.4}
For saturation 1t 15 required that

i)’

[N}

=V, Fr. {5.5)
Combming Eq. (5.4} and Eq. (5.5) viclds

¥ ¥ ¥
l:......‘.f"...........ﬂ By {5.6)
R R

The maximum input voltage s computed with equality in Eq. (5.6), hence

v

I

VT}E }

. -1 1, Voo
i i, max ¥ T 2R AR a2 R 3.7}
{The solution .. ,.,,I"_ is obviously false, since ityields ¥, <.}
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a) The ESSS of the common drain, common gate, and CMOS inverter is shown in Figure 31.

1 - L 1 *

h - Eet(0-F 0 T Foe
LAY [ AP T‘ ret| |G Prm: el in l Bl JG it

Figure 31: The ESES for the a) commaon drain and b) common gate

b} Using nodal analysis at the output node gives the following DO gam and output resistance.

Cs CD CG
DC E'u:i“ H.I.II| -»"fml '-;ﬁrml
et T | Za T g PO | gt 0
Cutput resisi- 1 1 1
ance IR Ry FRR G FRR R

) Common-drain amplifier: The transistor M a5 cut off unbl 17, < 3, +

Fy . Then will
be in the saturation region.

Common-gate amphifier: The transistor will be in the linear or saturation region when the input
voltage is low. An increased voltage will result that the transistor will be cut off.

d}
¢} The ESSS of the common-drain circuit with the bulk effect is shown in Figure 32,

"-‘r.r.'zl':-'.-.'lt-"'l:'m'r':I

. : -
Sl “":.:n' .LJ.--W,I-J ¢ #} DJ!H Gl;" 1 CJ'_, 1’..(&”

Figure 32: The ESES of the common-drain circwit inclhsding the bulk effect.

The transfier function is given by

I

ont ‘el

= [5.8)
VJ’M Em y Emtirl I Ean ™ (‘rr'w

The ESS5 of the common-gate amplifier when the bulk effect is considercd 15 shown in

EX, [8Y, Linkifpings universitet
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Figure 13,
~Bmbs1 Yin
i
'.‘{m| Vl'ﬂ l‘ @ ':'Jn.lxl |:|t;.in —_— Cf 1'-Ilr-'.-.!r
Vi =
Flgure 33: The ESS8 of o common-gate amplifier when the bulk effect is considered.
The transfer function is
(5.9}

- f
b @il Edxl I Eml " Emps
Fm sl ¥ Gr'n'
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EXERCISE SECTION 3: AC ANALYSIS
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3.1. Derivation of small-signal parameters 1
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4. Derivation of small-signal parameters.
a) In the linear region we have the following expression for the current £,

=
. W . Vsl
In=ng Cop 1"[”’;}; V) Vg 7} 0
Further we have
dl W
i) i
Em dVgy Mo Cay T Vs (4.2)
ol W
fi ’ . -
d¥ My Cop T AFVag= Ve Vg (4.3

I}y 15 affected by the bulk-source voltage through variations in the threshold voltage, ie.

il iy OF i Iﬂi"r

Embs f”ﬁi‘.‘i a8 VT ' o Vﬁ.'r' Em f r"rllr_';

We have the following relation for the threshold voltage

Vo= Vgt 120~ Vg 205 (4.5}

(4.4)

yielding
aFy Y
= [4.6)
Vs 2. 1wV
and thus
-\."{H.In“.\ M.I.“.m;““- ' HM' [4'?]
2 «I'zm,u Vag
This relation is alse valid in the saturated region.
b} In the saturated region we have the following expression for
Mo Co W 2 :
Ins=5—="7 Wgs V) {14} ¥py) (4.8)
Thus
ol W [ W 32
i - - - - .
Em Fﬁ_"" Mo Corr 7 (Fas— Fr) ‘J"Jln Cor 7 (Vas Vr];'
(4.9}
and
dly, My € W, T .
Sde © gF — T e Vel - h=h-Iy 4.10)
ng =

E%, [5Y, Linkiipings universited
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3.2. Derivation of small-signal parameters 2 (K7)
TBD Solution to be added.
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3.3. Small-signal parameters (K8)
TBD Solution to be added.
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3.4. Common-gate amplifier with non ideal input source
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6.  Common-gate amplifier with non ideal input source.

The small-signal equivalent is shown in Figure 34 where R, |
Sde2
.L-rl'.lll'l
1
_ 1 ¢
Enr(-¥1) UHJ.-.-I
v, =
Giy
1';!!!

Figure 34: ESSS for the common-gate amplifier valid for low frequencies.

Using nodal analysis in the nodes ¥ and ¥ gives the following equations
gm] i':1 y [Fﬂm Ifl ]gﬁ.fl. y {Vr'w Fll}l:;l'.ll 0 (6.1}
Eml r"l-L y { r"l-r.ln'r F] ]g:f.'.'l ! r"l-r.-n'r{-."f'nl'.'.3 : ""C.n'.} 0 (6.2
Solving for ¥ in Eq. (6.1) and inserting it into Eq. (6.2) results in

E‘:ﬂi‘.‘ Gl 1 + 8t}
J?-l'n '\-"-:d'.‘-|r;llﬂ‘ I Kd.\l[(;l'n T T gu'.':'l': f 'E{-".l'.f'-s!rm'l FO

=
in " £an) (6.3)
f:'].“g"rl
Bt Ty F Gaaa( Gy + g V8 Cp (g + Gy

where g0 g is assumed.

The DC gam 15 computed by setting 5 = () and the location of the first pole 15 computed from
Eq. (6.3) by comparing with the transfer function

F"l-r.ln-r Ail (6.4}
VJ'.Il 5
I+ =
1

The DC gaim and the first pole can then be expressed as

c;m'-s;nrl
= - -3
._’-‘-'J_-\.E[E«.'ml_ t GJ’.IJ f Hd.fl.ffm

Ay (6.5)
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-.%'a.l’.ﬁl[gml ' 'r:'r'.u} f K:f.'-'l{-;r'u

f ki (6.6)
. f\-"".':l.l'l y "rrl'rl:lr'.l'.
b Cg.ﬂ i5 connected from node ) to ground. The nodal analysis in node ¥ and ¥,
Zives:
Em J:'-I-I ! fi,ﬁlrl’ r;l }-"fd'.l.l ! I:VJ'.H FI J(;l'n i-I:'l"!'.r".lt'.'.l 0 6.7}
i Ifl ! I;i':.-_uu J?I J-.;;u's'l I FHHJEHJ.fl I ""‘r'-.f.] 0 {L"R}
Solving for ¥ in Eq. (8.8)
¥ PR o S
. I Bl " Eara L (6.9)
‘Imrr Em1 ™ Ean
Inserting mmto Eq. (6.7} gives
"““V'.-"lrl' Gl By ‘;":_d':l} (610}
in a b b es”
where
4 gd.flf;m I '-;;d.fl{ Gm I Eml I HJ.-.'I} (6.11)
b= Conun ¥ e+ Cpl@ Y Gy Y ) (6.12)
¢m oGy (6.13)

The load capacitance 15 often much larger than the parasitic capacitances. This results in that
the load capacitor will be give rise to the dominant pole and the pamasitic capacitances wall
contribute to the pole located much higher in frequency. When it s a large difference between
the capacitances, the poles will be well separated. For well separated poles the following ap-
proximation holds.

- ) 2 . 2
Ikl-i][l-iwl ]|_1[1—|-}---L_zl|l|~f-- (614}
1 Py M By P AN 25 1.5

Comparing Eq. (6.14) and Eq. {6. 10 gives the following poles.

8ats1 Tin * L2 (Cin * L1 + 1)
CK.\I[-gu'.-:'I PRy H Ol * Ot )
£ Yin * Baaa( T * £
Crllrg, * @)

pr =3
b
(6.15)

E__E-.;:-ru'.'i'l ' "r’fn =

b.16
< ey I '8 ¢ )

w5l
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3.5. Common-gate amplifier input impedance (K3)

Lesson 2 Analog Discrete-Time Integrated Circuits, TSTESD

Exercise K3

Small Signal Maodel:

Vot

G &)

| 'Sm\'; in ‘ T @E.‘i Iin R\\ul.

B
| ]in

When using y- or - parameters o derive the input impedance, either the output current or the
outpul voltage should be selb to zero. When analysing circuits where the input resistance
depends on the load impedance (the CG stage is such a circuit) it is more convenient o include
the load in the analysis and leaving the output open. This has be done in the ahove small signal

model and gives the following nodal equations:

(T = Vil + (Vig = Vo dgas + 8.V . Vi
Fd r r r ~ rIJI = =
Winlm +OVo = Vol T 8. Vi = VouGow i
C
L+ —=
\'a.)

_ et 4_|| L+ Rr_mrl

T EntTEtE, Bl ra )

kI Elektronics Systems, http:tawweesisy.linse!
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3.6. Amplifier stages with active load
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7. Amplifier stages with active load.
a) The ESSS of the four amplifier stages is shown in Figure 35,
+ ¥ —
Vin Bt Vin dP Ll}dsl Edvd — T f_';_ L.."*‘ﬂ'
- a} — .“"|1|[]'1'm| () Eda
i
"y I:I J— oo "
Vi, arl | |8z L Yo . . .
" b g ' ' EntVin (P tig ==L Ve
Zmlt 1..I'II-1:AIJ‘I -
b p—
[ ] * B
| P
S Vie L"m| u}:,ﬂ) = Viu
: _
Vi —
cl -
Flgure 35: The ESS5 of the amplifiers with active load. a) Common spuree, b)) commaon drain, ¢) common

gate, and d) CMOS inverter

The bulk effect 15 neglected.

b and c) To calculate the D gain and the dominating pole only the capacitance O necds to he
considered.

Nodal analysis of the commen-source amplifier

Em1 Vl'n ' errf&'u'.ﬂ f Edx2 f -":(-11'.] 0 (7.1}

gives the transfer function

Fous Emi Ea 1 Ay (7.2)
Vin Lot VB2 *8CL L VB s __ 1+&
Bas1 + Biez Py
oy

where Ay is the DC gain and @, s the dominating pole.

The putput resistance is compute by adding a voltage source at the output, F_, and compute the
current  delivered  from  the source when the input source is zeroed. This  gives
I V(& & o) and the output resistance

x
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Ve 1
Fomg ™ = 1.3}
- Lo Eaa  Eao
Nodal analysis for the commeon-drain amplifier
'-;‘rnrl{lfr'n Ffma} I F'-I-nm{'-“:-gl'.-.'l - HC..'.} o {]‘_4]-
gives the transfer function
’ll'.*lrl' Eml 1 (1.5)
PJJ.I Eml f Eaxl I-."f-.-.l'.'.El ; &
Emt T Ean1 * &aiz
C

L

The output current through the output source equals [
cutput resistance

F.l.'['-s;u'.i'l I Edzl I KIII|J and the

Ve 1
Fowt ™ : (7.6)
o "r.'r el I Eaez " &
The common-gate amplificr:
Eml VJ’M N I:Fum an }gu'.ﬂ I qul;gd.fl I "':"r'-.l'.:I 0 1.7
gives the transfer function
’ll'.*lrl' Emi i Eisl 1 {?3}
PJJ.I Eas1 f g:l'.'-‘:] | _____.J.'.____
Eae1 t Ban1
O
The output current through the outpat source cquals { Volga, ¥ Eya) an the output
resistance
¥, 1
' = (7.9
r F
. I, Bt 8an
The CMOS inverier
l:'-"fml I Hnrl}’;r'n y {-"{J.-.I " &2 I "’"C}.}err 0 [?']ﬂ}
giving the transfer function
,ﬂ'lrl' Ew1 ¥ Ea2 | (7.11)
Fm Baa1 ¥ -.;;a.l'.sll M.
Byl " &2
('11'.
The output resistance is given by
V. 1
i (7.12)
o Eie T Eaa
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Summary:

Common Source

DC gain

Eml
Kael 7 Kds2

Output resistance

1
Hasr ¥ Baez

Bandwidth

Eaer T Baa

Common drain

KIII|
et T Ean T &

1
ot T 8 T Eaa

Common gate

Hm ¥ Ean
Sart M Bz

1
e ¥ B

CMOS inverter

g te

Sl m2

Eae1 ™ Hasz

Eaor ¥ EBaen

B T B
E.‘JI

In principle we can see that in a single stage amplifier the DC gain can approximately be ex-

pressed as g

’
. 3
int Sow

B, in" o

and the bandwidth is g ACp

140r,,C, )

[LATH

d} The highest gain is obtained i o CMOS inverter. The circuit with highest bandwidth 1s the
common-drain amplifier.
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3.7. Current mirrors
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8. Current mirrors.
a) The ESSS of the simple current mirror 15 shown in Figure 36a.
' r r
¥ B | 1err ‘r';” I Vmu
l o Sm18ds1 'qr.uEl -‘fi‘@ Bx2

Bz Vﬁn
1]

aj
a} The ESSS for the simple current mirror. b) Simplified ESS5 for the simple current mirror.,

Flgure 3b:

The input resistance 15 computed by adding a input voltage source to ¥, and computing the

current delivered by the source. The output should be terminated by the resistive load &, ..
(8.1}

rr'rr Eml J:)-l'n ! Vl'n-"fd'.-.l I-’J'n['-s’rd.:'l I Em l}
We see that if a transistor has o connection between its drain and gate, called diode-connected,
the small-signal moedel will be a resistor with the value g+ g, | as shown in Figure 36b.
(8.2}

The mput resistance 1s

. Fiu 1
i W — -
fj'.ll Eu1 7 B

The output resistance is computed by adding a voltage source at the output and computing the
current it delivers. This wiall give the output resistance cqual o

. ouf 1 8.3

F o I — (8.3}

Eadx2

oI .I'_‘ -

The E&&S of the cascode current mirror 15 shown in Figure 37.
..V
'qm-l-f- 1'Jl.iw_ i'r_;"‘l 1 il

vl'n

B +'E'|£'.-.3 D L

B2

J_'r'lml i'r.x

Filgure 37: The ES38 of a cascode current mirror.
{Vl'n V:”Hrﬂ'.‘l F Barad V.‘r{gml N -?&'u’.-.]j - The

The mput current s given by [,
node voltage F_ can be eliminated from the equations and the output resistance is given by
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. FH.I Eml i Edel I Emi " Eir3 a1 I Eml __L_ ; __L_ (5.4
" "rl'n f«."-’ml ' E&rlf.'i]}{«."fﬂl3 : Ha'.'i.'*] EmlEm3 Eml K3
The output current is given by
'rr.lua Rnr-if iI-l:I ! '-s!ru'.':n'l[ Vr.lua Vl} -"':J.I|E[J I Edx2 P. (8.5)
since f;p = 0 and therehy is F. = 0. The output resistance is given by
o E.':f.’.'.l Eaez " Bidea ™ Ema - Ema (8.6
L Ede2Eava Ede28dvd
The ESSS of the wide-swing current mirror is shown m Figure 38
V. .
i 1"(4”
Blr)
B
Flgure 38: The ES85 of a wide-swing current mimor,
The mput current equals J;, = g~ 0+ 0V, — Vg, Fintrgr * Vigaoy - The in-
PUE resistance 1s
Eﬂ Edn1 y Eaed " B3 - Ema “L_ (5.7}
-\."{J.II||;I.;‘¢.d.1'.1 y HIII]} Y R e r.l:.l'l{gn'.-.'ﬂ ! ym?i': w1
L0+ 8aaa ¥y (5.8)
[ 8.

.
(4,4 -|r|'|-|
v,)

The output current 15 given by

Hmd-f i’.I:I ¥ E&ru'.'in'l[ F"I.r.l.a.u
15

#

r.I'JHE
The cutput resistance 15
. i"-r.uu Eade2 " Bdsd ™ Ema = Emd
o
L Ear1lasy LA
by The lowest possible F,  of a trnsistor in the ssturstion region, ¥, ..
a o L r . - : LI g i i —
dewar Voo Ve The ¥, o is expressed as a function of the drain current in a transistor
in the following way.
EX, [8Y, Linkifpings universitet
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.2
f.n'J I:Lf Vg.'\.' V T] i l 55 [R']ﬂ}
gives
(8.11}

Solving for V...

o
(8.12)

xat o
I'he mimimum gate source voltage for a transistor that 15 operating in the saturation region is

ra I}' I I.-" J_E I F.."
gEmin Asgat T o T
The minimum voltage is derrved by determining the minimum voltage required to ensure that
all transistors are operating in the saturation region for each possible way from ground to the
node of interest, not passing directly between the gate to the draim.
I'he lowest possible input'output voltage of the simple current mirror 1s
V. ¥ V, H ¥ Fin + I 8.13
Jarmin !:I':Ii.l"l.', gsminl © avsarl ¥ gsminl E;.I 1 [5.13)
I
¥ v == (8.14
eREmin dssal o -14)
"'j 2
The lowest possible input'output voltage for the cascode current mimor is
- - -
i Ff._]r.fﬂlrr'wl l(-._1r.1'r|'|'u.|3 [R']j}
¥ ¥
ﬁ'h'J.IJJ.ﬁ l|.:'l.J.l|u|-1 d.'\.'.-.'a'ril ¥

i"l:'_um.lu'n i | FJ.-..-.JJ'-‘ v, drgard r’-Eh'r!'rrﬂ'l I
fﬂ I E M n-lrr ¥ r.lrfr
ix Tl 015 T4 it (8.16)

fn gy _*.2
0 Tl s d
The lowest possible input'output’bias voltage for the wide-swing current mimror is
¥ | ¥ ¥ ¥ 1 f’-u-" E (817
Jarmin MR gsminl® U avsarl desaed ! a | Tl 17}
' I r r - . [
i gutmin | UL I dreai2 J dssard Pd.f.!dﬂ I P;gsmm" J gsmind J:d.-.'.-.':rrd-l'
(8.18)
i)]"-7I
" (e & I i i !
; bigsmin TP Fd’.\.\ml ; grmind? Pd.f.fr.'l'l Pg.:mmd 1
i T 1 [8.19)
in et rof
Mmaxy = — Vgt
Ly |
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Summary:
Simple Cascode Wide-Swing
Input imped- 1 1 1 1
ance a1 f Edn1 EAT Ema E4T
Catput imped- 1 Lot Eond
ance - m— m—
Buts2 Euralea Eealaa
Lovwest input
I I i I
voltage =& Iy Jﬂ B JJ.E bV ||£ + Vi
o, a, ity : a,
Lowest output T T T i
voliage o R A LS N L L PR T '
& o o Tl o Y p a, Tom

Lowest bias
voltage

See above

c) The current mirror that 15 most ideal is the wide swing and cascode current mirror since they
have the lowest input resistance and the highest cutput resistance. But by looking at the possible
input'output voltage the wide-swing curmrent mirror is best. 1f the chip area 1s of concemn then the
simplest current mirror 1s the one to choose. Depending on the application each of these current
mirrors can be the best choice.
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3.8. Gain stages with cascodes

TETERD ATIC & TEEL0 ANTIK Fape 37

&, Gamn stages with cascodes.
a) A gain-boosted common-source amplifier.

b} We first compute the output impedance of 3 cascode as shown in Figure 39 with the ES55

Flgure 39: a A cascode rransistor. b) The ESSS of the circuit.

as shown in Figure 39, The current £, , i=

'rrmr p_‘.gu'.'in'l Em3 P_‘.' -"fa'.'.?i[ P_I' r"rm'a} {51}
The output resistance 1s
¥ Pum B Eas t Bang - Em3i ‘43 (.2}
ol =
Lo Eae1¥adra Eaealara Eaed

where 45 is the gain of the transistor M5 . The two transistors above can be replaced by a
resistor with the values of 45 g, when we are computing the small-signal characteristics,
The simplified ESSS of the amplifier 15 shown in Figure 40 The DC gain can be computed

Vg

1 ¥,
J R=d3/84e4
¥

i onef
-."'-rmi['r.-r} @ J K2
el '
L e v,

. v ] R=A5'845
p'.l’!fu:.-.vi |I:l|,.f |
{-"I' -1 il i'(--rrll @ :| Biixl

|
I"J‘h‘ —
— I: M, = 1
| —

a) I
Figure 40: a) Equivalent low frequency folded cascode amplifier. b) ESSS of the simplified amplifier.

=

using the following equations.
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' IHJ’T l;um'!xd.fl o (9.5)
' errﬂ 0 (0.4
[9.5)

L. 'Ii’m I F.lu‘\-""r.l'.ﬂ - Ve

Ll [Hnrl y Edxa )

L]
{ Rnrl”;:r f [ i’;r.la.u
Solving for ¥, = gives the following DC gain.
Eml

B8z T ClE 40 * Bon * Ema)

PFMH

Kads18ds2 | Eds38ded
Em3

im
Eml

Ema

The D gain can be expressed as g, 7 2

Sz Laez and gy 37 ey respectively.

Figure 41
er
d—#—"_vdd

C5 amplifi
L

Figure 41:

V.
¥y

SOLUTCE.

"rmrr

Solving for ¥

A part of the gain-boosted cascode transistor.

We start to caleulate the DC gain of the common-source amplifier to

Continuwing to derive the output resistance by setting up the curent delivered by the output

where the cutput conductance 15 the sum of the con-

'y 9
s 1 8ats2 FG
Kz
’u]l]
ductances seen from the cutput to ground and from the output to the positive supply voltage (the
parallel connection of the tao cutput resistances seen up and down from the cutput). The cascode
transistors are used to enhance the owtput resistance by the gain of the cascode transistors, Le

The D gain of the gain-boosted amplifier can be caleulated in the same way as the cascode tran-
sistors. The upper part of the transistor together with its small-signal equivalent is shown in

(9.6)

(9.7

A [aty

PA\""H'.'E 4

i

ol PI ]gd.f.?
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'3 f
‘In-lrr Edx3 t Kz " Bz "'"'r.':gm.'l -

r [ersebey
o 'rrmr Loir3&ana {93}

A:'.\x"—’m?‘ 7] v

Baealies  Eaes T Eplaaag

The output impedance is increased by the gain of the commaon-source amplifier, 4 _ .

The same type of computation as the one above will give the output DC gain of the whole
circmit. The simphified small-signal schematic for the gam-boosted amplifier s shown in

e | i"'r'.rr i D Fonied, ang

T, aemm

Flgure 42: Acsimplified ESSS of the gain-boosted amplifier,
Figure 42.

The output resistance

5 3

r (9.9
o, o
P Bt e 8aaia

and

Emh Em2
Eaeh 7 Eds78de 28051

(9,109

rl?l'fl'. A

The DO gain is given by

¥ Z £
l::ll'ﬂ'__‘:_-\.J.lll = ] Sl ] ['].]l}
in ot |
Fouwt,up  Vout, down

¢} The parasitic capacitance in the signal path for the amplifier with cascodes 1s much lower
since we do not have the f.'x_.m in the signal path compared with the amplifier using gain
boosting.

The bandwidth is g C; for a single stage amplifier. The output conductance of the gam
boosted amplificr s much less than the one width cascodes. Hence, the bandwidth of the gain
boosted amplifier 1s much lower than the amplifier with cascodes.

Summary:
DC gain First pole (handwidth)
Commeon source Eml Eax1 ™ Bds2
L ) Cy
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Cemman souree Eml Ean18aez | Ede18ina
with cascodes !
Edr1 852 | Eawausd Em1 Em3
L2 Em3 -
Gailn-boosted g Conr
COMMON-SOUree p— ron
amplifier s o

Lot Ban2Savg + Bavr  Bas38iteaBiiss F Eaen

r
Emz

where g
ell
Ewmk Emz Ems
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EXERCISE SECTION 4: DIFFERENTIAL GAIN STAGES
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4.1. A single-ended differential gain stage

TETERD ATIC & TEEL0 ANTIK Fape 41

10, A single-ended differential gain stage.
a) The OR {output range) is the possible swing at the output so that all transistoms are operat-
ing in the saturation region.

s
' ' ' 03
} oI, MR Vir = Vedsars Via (101}
.|'J5 D" ..'_'H
Vum min IJ-.mr‘i y d-.mr_ — ““2}
W g ‘|| i s ;.I

The output range 15 also dependent on the input voltage which results that

s r " r i £
l FILE, T F"r'ﬂ' P;z.'il y Pu’.s! J In l i (10.3)
which results in a minimum cutput voltage for all transistors operating in the saturation region
cqual to
Ins  {4ns
ra . M - - i
¥ oet, min niu.x[Jmnq ST Vi Vs {(10h4)

The commaon-mode range is the possible input swing.

: ||"'J:~s [{ps .
PJJ.I. min Va’.-..-.ajﬁ N V.l.:'.-.l E‘; y EEI'.T f PT| [(100.5)

i;J.ll.J.lm.'r FDD V;z.:.? I-’J.-..-.ajl ' I’.l{.‘-‘l
(10.6)
v o3 Frat¥Fp=F Ios ¥+ F
futa) o1 T3 Tl oo 20_3 i Tl

The ES55 of the differential gain stage 1s shown in Figure 43,

EwatLaa

e P'I: D ot

Em I”};u' P-:I.] gy —— C{_

Figure 43: The ESS5 of a single-ended differential gain stage.

It 15 assumed that transistors A and M5 are equally sized, as well as rransistors My and Ay,
If the currents in both branches of the differentinl gain stage are equal, then g, =g 2
Fgel ® EarF oy ® Lpg-80d gy & 2,0 The following expressions hold for the circoit in
Figure 43:
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(23 * Eaes) Vot L (Ve = V) g (V- Fy) = 0, (10.7)
Il'.'J.l'l{ Frr PI} ' gﬂ'.'i'l[ i“"_,'. F.'! I gml{ F.P PIJ : E;a'.'i'l[ F"I-r.lrﬂ' PI} 0.
{10.8)
and
Rnrl{yp F.J ' -.S;d.f'l{ r'-I-r.lnll' PI} " w3 FA' t Fr.lrfr{"'{'.'ur. t Rd.f.-l} 0. (105
Solving for ¥, = vields
r f-.‘;a’.'i.'* I EK".] ng'l l r".r.! i;.u] (10,100

MO gy B WM&y + &z) 5O () + 2y + 8300

Assuming that g e g o e and dividing both the numerator and denominator of Eq.
{1010y with 2gr - vields

LV~ )
1 et L (10.11)
Ean1 ¥ Gz T80y
To compute the output resistance, ¢, . we connect an AC voltage source, ¥, . to the output
node and set VP ¥, (0 {and, of course, neglect O ). The current delivered by ¥, is de-
noted £, . The following equations hold:
"rr.-lrr Ema V.‘r ez Fﬂm I Em1 P Ed I[ Fﬂua V_r} o, (10.12)
2\-"{J.II| V_l' y HJ.-.'I[ V.‘r : F ! I;"_uu:l 0 L [II}_[3]
and
Em1 ‘V_l.' I gd.fl{V.'r V_l.'} I {-"fmﬁ ! gu’.:”;.r 0. (10.14)
Solving for £ yiclds
Mg P M T2, 5]
Syl 53 Axd 0 B3l . -
.I*m.-r PR 2{__’..’J_.'3 s "'m3} ]unr"-—"[-?-d.fl t Kgl'.-,-]”u|rr~ {1015}
under the assumption that g, « 2(g_4 + g9 ). Hence, the output resistance is
.I'.IJIJ I
, N _ (10.16)
ot "rmrr Eae1 ™ Edss
and the ocutput impedance 15
= = ! (11T
T g T R PO '
b} The maximum current that can be delivered to the load capacitor is £, . Hence,
I
SR = o (10.18)

Ir'-.". -
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4.2. Differential stage with passive load

TETERD ATIC & TEEL0 ANTIK Fape 43

11. Differential stage with passive load.
Here we would like to denve the differential and common-mode gain, The small-signal
schemes are a little bit different.
a) The circuit is fully differental and thereby it 15 sufficient to compute the differential gam
for half the circurt shown m Figure 44a. The differential gaimn 15 then

Oy
i

v, ) L

CAef
IJ;.'\lll'l'r
a
ol ¥ o) £l +
roW il
-.ss-'rwl{ Pp' Pr'l] L
Virtual ground for —
differential input ¥,  EmaFeVe)
signals
Flgure 44: The ES85 of a differential gain stage for computing a) the differential gain (half cirenit) and

b} the gain from the common-mode input to the common-rmaode output voltage.

A i;.'_uu;,:- errn ‘errn Eml (11.1)
Jiff ; " 3 .
w Vp J:fn ¥ . Edrl e )
The second equality comes from the fact that Vﬂmﬂ Vg Bl i-"],J ¥, andwe have

a fully differential gain stage. Nearly the same computation as in Exercise 10,

b} The gmin from the common-mode imput voltage to the common-mode output voltage 15
computed using nodal analysis mn the ESSS shown in Figure 44b. The nedal analysis is per-
formed nnodes V- 'errp and gnd.

i{:r.la.u.llr‘;u". y [ F'-I-r.lnlu.l I-: }-."'-rJ.-. 1 : gm'l [ F:n ]r‘} 0 (11 2}
Voap G g~ V)it Ea(Vy— V) = 0 (11.3)
Vrmm c;.n'. I r’-I-r.lnll'.n c;.n'. I Frgu'.-:_? 0 (11.4)

Solving for ¥_ in Eq. (11.4) gives

- G.n'. - -
Ve ;;{ r"r.ln-r.r.! L (1.5}
Adding the Eq. (11.2yand Eq. (11.3) gives
[Vrmrln y Vr.mu.l}(;.n'. ! Vr.lrfrpgd.'\.'l ! errn\."fd'.\l N Vp\.s;m'l y i':J.ltl;«-"ﬂ-rl (11.6)

FARRS TR SRy ML

The design is fully symmetrical (e transistor Af, 15 equal to M, yielding the same

transconductances, g, . and cutput conductances, gy, ). The Eq. (11.6) is then simplified to

[Vr.lua;.l I Fr.luau][gd.v ' (;.I'J N [PJ'.I y i’:.u'I-.;:'wr 2[-.5!-'.51'5 I Hul}Vr (1.7
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’.f r
38 (11.8)

(1.3

L
I i

TETER) ATIC & TEEII) ANTIK
Combining Eq. (11.5) and Eq. (11.7) gives the gain
:fﬁfgu"i I E’F} g E(E.T.I:gd.s I E"III}

-

i i el

2
¥

PSRR_“ i ’umﬁi ;:lrrn ]
un

Gy

Km.?f'I JI}

Flgure 45:
O L
O L

IR
Fi PFJHH.I

¥

mutched to M,
( I)--'_uun rJrrf.r.! i G."

the negative PSER 15 infinite

L, em I)' &
T
3
¢} The power supply rejection ration (PSR R) from the negative supply is defined as

AJJ:,I'_,I' l
The differential gain is already computed so it is just the differential output vanations due to a
noisy ground line that is of interest. The small-signal model 15 shown in Figure 45, The small-
|.l|rlw
Emi1 Ve {;; Lt |-!.{ 3V, ; ‘J[ ] Eis2

il ( L
]

: The ES8S for computing the negative power supply noise gain to the differential owtpur
signal source is ¥, . Nodal analysis in nodes 1
i '
Vg, *3

I T I: I)--\'.IJI].II
I: ¥, T F:'}K:l'.'."'
Vg
We take the difference between Eqg. (11.10) and Eq. (11.11) and assuming that transistor M, is

v Eml Ve
This vields that the gain from the negative supply to the differential output is zero and thereby

[': I

mlr.r.l

Eidea

¥
gives the following equations.
(11.10

Vyoand V,
(11.11)
i

]
0
V J'-;ﬁrr.':.'l I Fuglllﬁ

o

22l V)
v, '!R:I'.fl I {V
(11.12)

-
f I s

1]

oy }
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EXERCISE SECTION 5: OTAS AND OPS
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5.1. OP and OTA

An operational amplifier (OP) has ideally zero output impedance and is thus suitable for
driving resistive loads, since in this way there is no voltage division between the output
imepdance and the load resistance. Resistive loads are most often used off-chip, but also
on chip in, e.qg., active RC filters.

The operational transconducatance amplifier (OTA), however has ideally infinite output
impedance, and os thus suitable for driving capacitive loads, as is often the case in "on-
chip" situations, such as Gm-C filters or sample-and-hold circuits, or SC circuits.
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5.2. Current mirror OTA
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13, Current mirror OTA.
We start by some useful relations

pn=lal = Jdal, I".I'I'I'('.'H.T%ID (151

Which gives

W '\-’:J}IL 13.2)
:I'I'£1u.'r;D
Furthermore,
By = My (133
The total power dissipation is
. . 3K
Pins Vo tor r’dd‘rﬁ[i ' ﬁ:} (13.4)
Where £ 15 the current-mimror gain, Solving for [, gives
2 Py,
= sim ot 135
B3vK Ty t33)
From Johns& Martin {pages 273 =)
Kl P Y
SR = =yt K_ (13.6)
C, OV 3K
Kg Cy
i = T, =g + 0 (137
A, = K A 18
0 o e =" (138}
ml’ owt s Kgrrrl

Solution:

We start with the slew-mte specification to determine the K wvalue. Solving for K in Eg. (13.6)
gives

ERY
K o it = 3 36 (139
ZPJJ'.'..-.

— —8R

A
When K is chosen we get { = 170p4 and we determine B by combining Eq. (13.7}and Eq.
{122} yielding

Cf mf L f,r: i

H"I = 5By (153,100

MK Coly, KuC,d,

~ X

From Eq. {13.8) we get the required output resistance ¢ o= 3, 18MC,

ES, [SY, Linkiipings univiersitet
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The output stage 15 a common-source amplifier with cascodes like the one in the Ex. % The
cutput conductance is given by the parallel combination of the nmoes and pmos resistances.
Here we have chosen the size of the output resistances of the nmos and pmos transistors equal

or,=r, 2r - The pmos resistance is given by

| Emin _ Emp p
- —r =z Fod (13,11}
d nivE& 1) Ki-,, e e
Similarly
I &wiz Emn 2
" e e —_——g TR (1312}

Eac1a¥ar1z S

Here we have assumed that the size of transistors My 15 equal to A, and M5 is equal to
M4 and thereby they will have the same small-signal parameters.

The DC current through the output stage is given by Jp = J,K72 and we know that
£y ™ iy These two expression together with Eq. (13.11) and Eq. (13.12) gives

g '."_rmr,flpfﬁ.f(.-f'?_}l =1 3m& (1313
Fon ™ 20 A T K2 P o= 0548 (13.14)
Solving for the widths by using Eq. [13.1} gives

W W Hﬁ' k = 113pm (13,15}

¢ IIII z I'I'p Cu X "r.n'J'
Sk

W [y s =4 Eum (1316}
2 4 :I'wa'u:rh} *
: . : : Wy

W W, W. W, [ W, e = 48 m (1317
) L

W, L -a-i;-%!pni (1318}
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5.3. A simplified model of a two-stage operational transconductance
amplifier

TETERD ATIC & TSEIZD ANTIK Page 48

14. A simplified model of a two-stage operational transconductance amplifier.

a) A compensation circult can for example consist of a capacitor, or a capacitor and a resistor.
For a useful compensation circuit there can not be a DO path between the nodes of the compen-
sation circuit. We use the approximation g » &, and assume that M, and M, are equally
sized, and that My and M, are equally sized. Further, the bulk effect is neglected.

Er 7 Lz ™ Eea (14.1)
Eir ™ Baee T Baer {14.2)
Emr 7 Eml 7 Em2 (14.3)
Emtr © Em7 (14.4)
C Cg.'\."." Pt Capa t Cypn + Cgh'.r {14.5)
Cp = CotCan* Capa* Cugs + Cans (14.6)
b} The small-signal propettics are calculated using nodal analysis in the nodes V_T and Frmr'
Vi P Vg s OV -V sC = 0 (14.7)
StV et Voud 8y 3 C )+ (Vg — VdsC, = 0 (14.8)

Solving for ¥ in Eq. (14.8) and inserting it into Eq. {14.7} gives

EE'." e ey — 5C.)
'

Vi gagpr b s+ Cgr (O Codgp+ Colmpr) + 57 (0 + OO+ Ol

We simplify the expression above by assuming that g0 g g and O O w O, vielding

Ib’-n-ll = "":J-'l-ll{'\-’:}.ll.nl'r JI.C:_;] {]4.':-"]
in £y t .'!.'f_‘\!,{m” ] ﬁ{_f. I
Eq. (14.9} can be used to get the DC zain, poles and zero.
A, = SmiEmil (14.10)
gy Ep
o= ..{’.‘.'.E’..f.‘f. (14.11)
AL
rr v
= Etn 1 1 Emg (14.12)
= OO Oy
Emir
7, = (14.13)

B

The zero is located in the rght half plane (RHP).
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The unity-gain frequency is approximately given by the expression @ = 4o, if the poles
are well separated.

EmiBmir 8l Ly

£ B

B g EanCe .

{14.14)
Q.ED.

c, d, and ¢} Recall that g o (W ALY and g, = /L. The DO gain, unity-gain fre-
gueney and the first pole can be expressed as

—

[,

W,

dj‘fg*’m 1"_::!}&-

.‘!‘" Em28m7 -
fyu’.-.l N E&ru's-i}{ygr.'.ﬁ ! -.;9n'l'a.|'.:'-":I { 1 . [ rﬂff l M 1 l'". 14.15
L W7\ e P
Ld.ln—”’rli'z L,ﬁ.|”"'l|£'l|'
(Ly+ L) finstLe + L3) e
r Wy
“h."""‘qﬂ' :;f-fﬂs (14,16}
i =2
(Lo Lyy L, 1)lne
o kg ooy sy Lyt 2 ML L 2
plk{x a3 &.ar.m}'[Et:J.m Lasz? T2 "4 fi (1417}
gm'."c<' H'.-: )
“}_“;fuf.f-r
If 1, 1y
= = 4 i {14.18)
4nL, Lnr'lL |'Ii|"|: Ly Tpsallps
DC gain | unity-gain | bandwidth
frequency
W, increased | Increased | Increased | -
Ihias Imcreased | Decreased | Increased | Increased
Wy increased | - - -
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5.4. A two-stage OTA without compensation circuit

TETERN ATIC & TEEII0 ANTIK Fage 50

15, A two-stage OTA without compensation circuit.

The ES55 of the two-stage amplifier 15 shown in Figure 46. The following assumption has been

i
i Al g
+ .
O Cor
' r
(;«-".lrrlI in Zr _— ¥ Ia £ —
mll®
Flgure 4i: The ES88 of an ordinary two-stage amplifier with no compensation.

used, g w g, and no bulk cffect.

Since there 1s no connection between the first stage and the second stage, 1.e. no component be-
tween the node ¥ and ¥ the transfer function can be computed directly by the following

CXPrEsSInn e
Als i'f.r.lau ‘Vr.urr V.!.' Emii Emi 15.1
3) = 5= = == " —— = (15.1)
i x Uin B T s pEr T sty

where @ % Luge Ear T Em T Emze o En T Bas T €a0e E5 7 B -

C, (o7 and Oy o
The DC gain is
y Ew2Em7 . Ly f2WsLly Ly [Wals (152)
il -
[Hd.fl g Eoiva ]['-;’rd.f'.‘l I H:f.'.'._'} {LJ f 1,,1 :l,llf_,l_jﬁ{Lﬁ t 1',! :l...llf,l_]ﬁ
which gives that
1
Ay e (15.3)
JTnsTne
b} The dominant pole 15 located at
r o
P, Es.u'.mr EasT (15.4)

L
if the load capacitor 15 assumed to be much larger than the capacitve parasitics, The non domi-
nant pole 15 located at

3 ¥ or
P (;snu'.ﬂ‘ Edza (15.5)
C T

c) The unity-gain frequency

= A, _ Smafmy (15.6)
(Gasz + Eawa) T
The phase margin is defined as & mokarg Ao, ).
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mﬁl ':'Jlr
i, = T alan-— — alan-—— (15.7)
1 M3

d} An ideal operational amplifier has zero output impedance. To decrease the output imped-

ance we have to compute the output resistance of the amplifier. Adding a voltage source at

the output and caleulating the current delivered by the source according to the following
'rr.lm i-:r.uu['-;‘:Id.fﬁ- I K:l’.'.".":l [Ij'ﬂ}

The output resistance 15, thus,

* I,"-Uu ] = ] [ : ‘}}
a f”m. Eave ™ Bawr |(‘l" f ‘1" !
'~.[|5 I 6

The output resistance 15 decreased if the current through the output stage is increased. Another
way to decrease the output resistance is to add a buffer stage, for example a common-drain
amplifier, at the output of the circuit.
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5.5. Feedback modes (K2)

Lesson 1 Analog Discrete-Time Integrated Circuits, TSTESD

Exercise K2

a) Small-signal model

Op-amp
r—————————— — = 1
| |
[ —
| + w1+
W ;
iin A :R' inf h‘\'u\'im\ : v
] |
\ )
[ g
! [ | !
| R, |
I I
| |
t t
b ———— -

Feedback net

It is scen in the figure that the feedback net is connected in parallel with the amplifier at both
the input and the output. The type of feedback is thus shunt-shunt which means that the input
and output impedance of the amplifier will be divided by (1+1) where T is the loop-gain.

Replace the feedback net with y-parameter representation:

i T T T TAmplifier T T T T T T 7 K
| e
| Ry Ry } ' ' | |
| + N
v,
| |
L - - — = - - - - - - = 4
f———————
volRz

|
|
I
! Idcal fecdback net
The upper circuit can be interpreted as an amplificr with:

-

Tiea = By IRy, 20 = 2,11 By and A = (—a)(Ry Il Ry)

2T 4

where v, = Ai_.

The system level model for the circuit above is shown below

0 Elektronics Systems, http:tawweesisy.linse!
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Analog Discrete-Time Integrated Circults, TSTES0 Lesson 1
v

The loop gain is determined by:

Toap= 2 RIR (-]
=41 = o IR ()

The input and output impedance of the Feedback system is given by:

- Zind — RI " RE TautA - Rlll:ﬂ

G ST T UeT e T TeT T TeT

The transfer function is given by:

Va A | 1

= = e————
FR B Y A W S 2

'y

h) By replacing the fecdback net with its h-parameter representation (sce 1)) the following

small-signal model can be used:

r——- - -"—-—-——-—- - - - - = a
| |
| - |
| FoutA |
v
. )
Ena Vina i
| *in. in. a¥iga |
| |
1
L e e e — — — _ == 4

-0

R, + R,
IR +R), A= -

where 2, = 0. 2,4 =

The loop gain is given by T" = Af = [W
1 2

i

Ryv (R ,Rs)

TR +R.tz,

Ri+Ry, oy R
H,JR|+JEE

a and v, = Ay

The type of feedback is series-shunt and thercfone the total input and ootput impedance are

aiven by
z IR +R,)
[—— = A 1 2
Tiw = Tyl + 1) = 5= and —]'TI_ -2 1= T
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Lesson 1 Analog Discrete-Time Integrated Circuits, TSTESD

The transber function is given by

A 1 :Rli—h’.:

x4 1 I

o _

Vin

Elektronics Systems, http:awwes syl sef

Print Date: 01/21/13, 07:58

This document is released by Electronics Systems (ES), Dep't of E.E., Linképing University. Repository refers to ES



Page

e No Rev Date Repo/Course
: Lkang University o024  paa 2012-02-29 ANTIK 55 of 165
"ﬁ,% ‘&{? INSTITUTE OF TECHNOLOGY
Title ANTIK Exercises 2012 ID jacwi50
5.6. Feedback factor (K4)
Analog Discrete-Time Integrated Circuits, TSTEBD Lesson 4

Exercise K4
Caleulated the loop gain: Break the feedback loop

Cs
c
\'Iin ! = -
1 | Vo outT
/ Als)
Break the loop bere -
Loop gain:
. LA(sC)) [
Tis) = A(s) e+ 170y~ T % {_.:ﬂ[:] = Pais)
The feedback Factor:
C,
|
The closed loop system can be modelled as below (see lesson 1)
= ¥ out
where [ = —sC5 and Z; = ;
LT T s sl
The closed loop transfer function is thus given by
v Zi-Alx Z sC C
Appls) = == sC, _r( S .= 50 L [l g __‘I
. Vi L+ Z(-Als))f 1 7S ! C,
—Afsy "
& ., 1
W=P=z73e

The loop gain calculated from the system model:
(—sCo)(-Alx)) =

Tis) = Z-A(s)f = m

[ AP S %

Congclusion: When calculating the loop gain we can break the loop to directly get the loop gain

and feedback factor [, but the total transfer function is not given by 1/f when using shunt-

shunt feedback.
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5.7. Compensation of a two-stage OTA

TETERN ATIC & TEEII0 ANTIK Fage 32

16, Compensation of a two-stage OTA.
a) The resistor value can be choose so that the compensation zero is located at nfinity, nulling
resistor. The other way is to use the lead compensation method where the zero 15 placed slightly
higher in frequency than the unity-gain frequency.
b} Starting with the Miller capacitor compensation:

The simplified ESSS 15 shown m Figure 47, The transfer function is caleulated using nodal anal-

I i’-.I'.llf.l'
|

" o Cyy

Eml ¥ in () &r — () it j—
L * -.ssrm-llj?:v l
Flgure 47: The ESS5 of an ordinary two-stage amplifier with compensation,
ysis in the nodes ¥ and ¥

£ I,J'.II ' V-r{-."':.n' b ('1.1'] ! Fx F‘-I-r.lnll'}"':"r'-r 0 (16.1)
H"I”Y_.l. I Vum[gh' g "'.{'-H} ' I:'J?.r.-lrl' V:J'“:e o {”"2]

Solving for ¥ in Eq. (16.2) and inserting it into Eq. (16.1} gives

E St Eer —5C,)

- ; . - . - + P g
Vin gy + s(C+ gt (Cp+ C gyt Cry) +67(C,C+ CCH Cp))
Some simplification can be m place. g v, Cow O, C_= ).

F:im'r = gulf{gulfl "cu-‘] (1 £.3)
in s t .'!.'f_l:.__!,-_"m” e 1:{( I
The above equation can be used to get the DC gain, poles and zero.
A, = SmiEmil (16.4)
g En
o
pr o = (16.5)
FmrCL
v r
w88 1 Emn (16.6)
= C.Oumy Cy
Ewir
ER r”,' {167

The zero is located in the right hand planc (RHE).

The unity-gain frequency is approximately give by the expression @, = 4 ey if the poles arc
well sepamated.
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Er £ EanCe .

The resistor and capacitor (lead) compensation 1s shown in Figure 48, Nodal analysis in the

i"':__, | c"n:' J:'rm.-i'
' |
Cy R Cu

o
-
-.5'\-'JrrlI i &f j— F_.:

{8k}

(16.8)

Emil r"l:'l:

Figure 48: The ESSS of a twe-stage amplifier compensated with a resistor and a capacitor.

nodes V¥, and ¥V = gives the following equations.

roatVin + Vil b sC) + (V,— VG, = D (16.9)
(V- VG + (¥, V.)sC, = 0 (16.10)

LiNTE)

g r P & (1"
-?':rul.n'.r] x y r"r.lnla{--""l'.n'.l' sC ”] ( I

[ipTe)

VsCo= 0 {16,113

Solving this system of equations gives

E‘:ff‘.‘ G Ly C G g, )]s
el

-Vl-n PV dxj (16,12}
where

a = g e {16.13)

b= ACey* Cogg) G C gy + Clg b gy g,)) (16.14}

¢ = CyCG .+ CACues + Crggy+ (€ Cp)GL) {16.15)

d = C;C;C, (16.16)

The above expressions can be simplified by Oy O, Cpa O, pag and g f5)

b CpupG, + Colem {1617}
SN S e {16.18)
The DC gain s
_‘!” Hllligm’HF;n:' Emr& pir (16, |L.}]-
g, Ei&
The first pole 15 well separated from the other ones,
o £, Silr Eisr
N = s = - o (1620
b Chgb 4 CGE,, CugtCony Clun

The zero s located at
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r s
EX , |:1 iy 1 [|l.‘!.2]]
{'rl: 1:-‘rr ¥ '.'J.l.l'ul":| I f 1 - d._l_x'|
I.kgmﬁ G."'I

The unity-gain frequency 1s
Emr
o, = Agp, = rall [16.22)
T
When the compensation circuit 1s inserted the first pole will decrease in frequency at the same

time as the DC gam 15 not changed. This will result in a decreased unity-gain frequency and a
mare stable amplifier.

¢} To merease the phase margin of the system we need to place the compensation zero of the cir-
cuit at & frequency higher than the unity-gain frequency. |:1| > G, gives
1 ond
s —— T 16,23
L 1 C 118.25)

(L L
Oy G

which can be rearranged according to

R.- = ...]... : _I- [ 16.24)
Emr  Emis

R =1 g o then we will have o zero in the left hand plane,
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5.8. A folded-cascode OTA

TETERD ATIC & TEEL0 ANTIK Fape 35

17. A folded-cascode OTA.

For symmetrical fully differential circuits with only a differential input signal, the node at the
source of Mg 15 small-signal ground. Further, the circuit is a fully differential gaim stage and
therebwy it s sufficient to compute the small-signal transfer function of half the circult.

The equivalent small-signal model 15 shown in Figure 49,

| LEA
V. |
f: ? BV
Bt Vie J; Basi "
— ” C‘I
— '-E:luE]"'. )

Flgure 49: ES8S for the folded-cascode amplifies.

- aluele . e IF L s e ' " o X
Performing nodal analysis in the nodes V7, I.l_ cand ¥ results in the following equations

Em1 ir.]‘.ll N V.THJ.-.I ! 'V.ng.\'l I HJ.H'.‘V:T I {F: err}gu'.':'-' 0
Emk r’tl' ! [V_r Vﬂmhgd.-.'ﬁ ' V_‘.*-;:d.f'lli 0 7.1y
Hlll'."]?:'r y [PJ\. Vr.lrﬂ'}-."':d'.'.'.' ‘err'"."r'-.r. F s r"I-I ' fVI P-HHE'!H:I'.TH 0

Solving for ¥ i the system of equations gives

ol

Fowr _ Ei (B 7 + Bt Mg B+ Bata10)
Fin W * Baa W W * Bt * Bamro) ¥ (81 * #tr ¥ Baes ¥ B Ml tn * o)+ 5C

(17.2)
dividing bw the two expressions within the parenthesis in the numerator and assuming that
gy # arg, mves the following expression

I’l.?lrl' vml i |T.3}
Vie (840 ¥ Bara )€ , Bash®uern | O
et
Em7 ]
The DC pain is extracted from Eq. (17.3).
:‘!‘" Eml ml (17.4)
(8401 * £40a)80er | Easafario Lo

w7 Em#
and the first pole s given by
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s
e -g-‘-‘;‘-‘ {17.5)

b} The phase margin is increased if the ratio between the second pole and the unity-gaim frequen-
cy is increased. The unity-gain frequency can be expressed as

9 f'l
- EJ.L”{ r.u.'LI fﬂ'].".r
m -
m"q:_..[mul ;_u..c..;..;_um...f..:......._ {].._f-,]

where [y, is the current through transistor M) . The second pole is given in the exercise to be

Em7 Em7
PrE==== {17.7)
C.‘r C 57
where [ s the current through transistors M, My and M, The expression for the ratio
betwern the second pole and the unity-gam frequency 15 given by
r-.ll"l'l' -'-.Ilfm.-.'r
—'Ilj —
s JC Ly JWily .
EE - 3 o 2 I:I'.E ~.||I"[_l r:'.n'. "rrr.'.fr (17 )
CH W I C Lo (WL W N Loy
:I-I-l O ““L-Irf'in o] T
n L] Ay
r".r.
Further, the DC gain can be expressed as
4 = Eml =
o . . s
(Zas1 * Laa3 )8y , Zassann
w7t Emg
. W
2 Hy C ox “I- fﬂ'].l'.r
-}
fllf‘-"’:-".-" ' lﬂffﬂ'l:.l' ' lf-n:';l'.'.'r}}'-""'-"'rr.-J.'n:' " '-""HJ"HIIE:.'.':'
. ¥ [ u73)
2 I"p{' r.l.l."L__fru.'n:' '.II Zp'r? C n.TI:rra.w
['i-"l
L—LJ"W'
“Hp*ax 1 1 B
[E‘Ifm;r,r N E‘;[rdr'_r_r y "rn'u.'::':l__.ldfm.-.r . jr;-'r
AWl 20 Cor WLl yy
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From Eqg. {17.8) and Eq. {179} the solution can be computed.

The phase margin can be increased if the area is limited by for example:

* Inecreasing {,  the drawbacks will be higher power consumption and lower DC gain.

The phase margin can be increased if the power 1s critical by for cxample:
Increasing C | the drawbacks is decreased slew rate and unity-gain frequency, but the DC gain
will mot be changed.

Decrease W, the drawback is decreased DC gain, no changes to the unity-gain frequency or the
slew matc.

The phase margin can be increased if the unity-gain frequency and the power consumption is
critical for example by:

+  Decrease W, the drawback is decreased DO gain, no changes to the unity-gain frequency or the
slew Tatce,
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5.9. OP usage (K9)
Analog Discrete-Time Integrated Circuits, TSTEBD Lesson &

Exercises

Exercise K9

GIC - Generalized impedance converter.

The gic can he wvsed to realize on-chip inductances.
Howvewver, the circuit is area consuming and there are
some other drawbacks.

Derive the K -matrix

[vi| _ [a8][va
5L e |-t

where

N

Vs

A=

(IF W links with K-matrix K; are cascaded, the total system can be described by the matrix
product Kypr = K Ko Ky

Assumne that the OPamps are ideal. This implics that the voltage over the input must be ero.
This forees the potential in V| to be equal to V| and V., and further V| = V,. With KCL,
and denoting the currents through £, and X, with [, and [, . respectively, we have:

Vi-hE —Tn&, =V = V) which gives [, = -1 & /%,

Vo= 1.2, -0, Z, = ¥V =V, which gives I, = -1,Z,/Z,

Due to the infinite input impedance, there can be no current flowing into the OFamps, and:
o g I Za2y

Iyn = —lyy which gives 1\ Z /2o = 1,477 ar ) = _;32_'

From this we get

2.7,

A=1.B=0,C=0,D= =
Fava

If an impedance, #, is terminating port bwo, the relation hetween output current and voltage
is given by

Vy = 1%

Equations Vl = 5"3 and fl = -

7, =0
=T =

“in

Supposc
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Z =7 =z,=zl=nundzJ=s'?
we have

£, = sCR? = sl
which simulates an inductor.

Exercise Lxtra
Find a signal flow chart which describes a 4th arder leapfrog filtker. Or generally, an even order

leaplrog filter.
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5.10. GM usage (K10)

Analog Discrete-Time Integrated Circuits, TSTESD

Lesson 7

Exercise K10
The equations for the circuit are given by

I= 50, (Vo= V,,)

I, =G,V
fytdy =850y Vi
/ ' LG G
Vour = E'U:"’E‘J = c__zu.:_ll,ml]_'_ﬁ_
’ _ Um1, LIIV here - r c
.,W—Gw‘fa 3 where @ = L+

Va3 T
2 €
2
i
¥y + You
_ | O,
¥,

With this circuit we can perform an addition and an integration.
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EXERCISE SECTION 6: NOISE IN CMOS CIRCUITS
x If not stated otherwise, we use the process parameters given in Sec. (), the
power supply voltage is V,,=3.3 V, the transistor lengths are L=1 um.

x If not stated otherwise, the bulks of the NMOS and PMOS transistors are
connected to ground and positive supply, respectively.
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6.1. Noise in a multi-stage amplifier

TETERN ATIC & TEEII0 ANTIK Fage 38

18, Noise noa multi-stage amplifier.
a) In Figure 500b) the small-signal equivalent for the circuit 1s shown., Further, the gain for each

Thiant This2 Thired

|

Vo .
O-|—| ML —|—[ M2 —|—[ M3
. = ) =
; Cpaa e

1 Fin Hm2 ¥y Em3 ¥y

Flgure 5i: {a) Multi-stage circuit, {b) small-signal equivalent and {¢) superposition principle.

gain stage 15 computed to

Emi i 2 Em3
= T O —_—
Bt T 300 Barz t 50, Saes T80

The total output noise 15 now given by superpositioning the different noise contributions accord-

Ay and A (15.1)

ing to
2 1,12 1.1,
Vi ror = Valdidpds| v ldads|” vl (182)
where

ES, [SY, Linkiipings univiersitet
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Il (18.3)
2
ﬁmlgm'-":"ﬁm?
K;ﬁ
b f2anfC -’l

(18.4)

"1
3 Em3

BT 1
2

-

Y- |
|ch1 -’_"“-'rtl
: m Syt ".l{.'.'
& ]
# 1
wl

2
3 rﬂr]
By combining Eq. (18.1), Eq. {182} and Eq. {18.3) we ge
3 g I :I'[j'r:,ﬁ-,l |-.5~'.-,|1- kf2 ]'I:,I"rgﬁl Loz TS :I'[j'rl.l
BET 1
SRR T S
equal and all transistors equally sized = equal g & and € we get
Fi2nfiC
(18.5)

If!
N, TOor

HRT 1
3 Em2
4
f [
#i2nfC |

r
dx

S"m

A A4,
The bandwidth of the circuit is approximately given by the dominating pole because

and withall I,
I}--:.' ror &k L
n, |Hg|'-. JIJI_."C | I"'|~
T'he equivalent output noise power is computed as the integral of the spectral density over the
frequency spectrum. This is here approximated using the noise bandwidth concept. Hence
the output noise power is
- r r !1 A
2 Pr _ ZATEm| Em  Em 1 18
P ot Vi, mr‘;{ 3 === P £—
H:f-. '-;"df Edx S
'.‘
2kTE H £
|||| m L R | [|3.'ﬁl}
3'[-13'&»&&;.'., s
b} The total output noise scales with [, as
Ve L. [g H:_" ]\L L IK] f : poolg =2 fod
¥ 1O0T" PR B Tt e
'-;’Hlﬁ de K:;;.'.' A Jﬁjkfﬁl 'F.I'J "
L= 2dp ), (18.7)
ie., increasing J iy decreases the equivalent output noise power
I'he DC gain of the circuit is given by
r r ¢ 302
Eml&n2Em3 ""I,“;I‘JI . [|3.H}
Ein8anfan p
(18.9)

"‘TT-I'J'T
the DC gain will be lower for a larger f,

Cim» CH-\' I'his pole 15 computed from
A S T3 I&'df'l
ST PR (4550 I
. "'-'d'-.?'}
the pole s given by
P ‘S-Ef-"-‘ (18.10)
“L
ES. [5Y, Linkiipings universite
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Hence, the bandwidth scales as g ~ & = larger bandwidth for a larger f,

c) From Eq. (18.2) we can see that 4, amplifies all noise sources, 1.e., this stage should have the

smallest pain. 4, on the other hand only amplifies the first noise source and should therefore
have the largest gain,

EX, [8Y, Linkifpings universitet
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6.2. Noise in CMOS circuits

TETERD ATIC & TEEL0 ANTIK Fape 6

19, MNoise in CMOS cirouits.

a) The cquivalent small-signal model for the circut 1s shown in Figure 51,

L ) . Vour
e H 2l
'qﬂﬂ( in” .l.'-‘l * Sdx2 i B2

¥, —

Sm2 i'r:l.'
- -
V

®
w® [ Ju
-

a) b

Figure 51: E385 for the source-degenerated C8 stage. a) Input to sutput. b) bias te output.

To compute the equivalent output noise power the transfer function from ¥, to F_,, and
from ¥, to ¥, 15 computed. We start by sctting up the equations required to compute the

transfor function from the mput to the owtpat.

Em { IJ-J'n ‘V.'r] Embs1 F.!.' ' ferr F.r]gd.fl F.'r'?":.-.l'.'.l 0 (1%, 1
Em1 ( J?-l'n F.r] Emisl F.'r ! Vum 'V.'r}g:f.\'l ! err"' "r'-.l'. 0 “92}
Solving for ¥ by eliminating V' gives the following transfer function
¥ i 1
Hy = 2 = - (19.3)
i Sdrl ] 4 :
Fn1&ds1

Crl&mt + Embs1 T &as1 + &as2)
The equations for the transfer function between Fyoand 1 is given by

iy
Klu]Vn ' -."fJ.-.EI{? y Eml V:'r y Embrl r"l-: ! [FA.' Vﬂm}gd.-.'l 0 “L}';"}
Eanl FJ.' " Bkl V.‘r I [V: Ifl?lrl'}w-".:ﬂl.ﬂ err""‘r".f. 0 [IL).S}

Solving for ¥,,, by climinating ¥, results in

H _i:.‘li.‘.'i (21 * oupt ¥ B M 1

- Vs Ear1 &2 I < g

Ede1 Bax2
{'-L['-s:ml ' Km.l':-.'.l ' -"f.5.|'_-.| ' '-s;d.'il}
- ['-;‘:rrrl I b J'-s;ml 1 [||._}_,h}
Eds1 Eads2 14 g
Eds1 K52
Colgun * Eppa 80 Y Eaa)
The rms cutput noise 15 given by
a1 i 2 . 2.2 ..
V2, = [|H P Vidr+ ||y (19.7)

ES. [8Y. Linkdpings universitet
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where
2 BET 1
Vin = = = {19.8)
and
¥ BeT 1 (19.9)
3 gml
The last two equations comes from the fact that the thermal notse power of a transistor is mod-
clled as a gaussian white nolse source.
The two integrals in Eq. (19.7) can be calculated using the concept of noise bandwidth which
results in the following computation.
; b ! V8m1| P
..;m Lf’_ﬂl. JI.I ;'-' { Eml " Eps1 MEm Jr F',l, (19.10)
et T Edv | 8ds2 J 4
- r 2 F
2 MT{H....K A8 ¥ a1 ) B ! -
" Htn Hux1 82 L Bl * Boubs1 + Bae1 T Bz
2.& TI: Eml e i [Hrrrl y Emibr ngl"'_
rge sdxl .
T3C Bt (Eu1 * Eppst )™ Ear18ax2 4
ZRT[RM é’m]&"rl‘] (1%.11)
30 g Eda1ann
b} Relevant design parameters are for example the current through the cireunt and the size of the
transistor,
Fewnting the Eq. (19.11) with the design parameters yiclds
. hT ] L, FH,I'_J.L C WL ﬂpufmﬁ* L\'
Yoo = T EAL i (19.12)
hiax s
The DC gain from the input to the output is given by
Kl ql"nCﬂ.TH;I'[I (19,13
'rhr'r.-.f
Linz "rf-‘-l':.-.'
e 19.14
T LG (3.14)

A
o
Eixl
and the unity-gain frequency is given by
Luts28m1
! -."'-rd..|| N gu'.sl':c'ﬂ'

LTI
1

" [-.;:M'l y Kl
T'he equivalent output noise power can be reduced by
Increase the biss current -= Decrensed DC gain, Inereased umity-gain frequency, and Increased slew
Decreased W, -= No change to the DO gain, unity-gain frequency or slew rate.

= Nochange to the DC gain, increased unity-gain freg. and no change to the slew rate

EX, [8Y, Linkifpings universitet
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6.3. Noise in an amplifier

TETERD ATIC & TEEL0 ANTIK Fape 63

20. Moise in an amplifier.
a) The ESSS 15 shown in Figure 520

Eml vgn‘]

Fhgure 52: The ES58 of the noisy circuit
We have to caleulate the transfer function from the pate of transistor M1 to the output, H1,
from transistor M2 to the cutput, £2, and from the ¥, to

the output, 1.

Hl Sm1&m2 (20.1)

B 8oz * €y, Cp E”H’.‘izf'-!f.fl} ' -"'3'5--1.('1353

According o exercise 2 the poles of the transfer function can be extracted directly.

'
Py == (20.2)
c,

and
i
g = =2 (20.3)
cg.-.?

Continuing with the transfer function from the gate of M2 to the outpuat.

H2 Ema . [200.4)
Laza H 50,
The transfer function from F}, to the output 15
|: r I i }r
H 5*r|'rl‘ s &Taz — (20.5)
Ban1 Bz T 9800 Ot 8402000 +5°C,C
The spectral density of the output can be calculated as
";r.lm Lllr} |H'| Lllr} : F'-I-ﬂ'l f |H2L-Ir}|3 Ful (20.6)
where
i %I;L (20.7)
mi

The noise power at the output can now be calculated according to the equation below.

e

Vi = | Soud Nl (20.8)

]
If we do not like to perform the integration we can use the concept of noise bandwidth (sec

ES. [8Y. Linkdpings universitet
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chapter 4 in Johns& Martin). The integral of a one pole system (or a system with well separated
poles) is equivalent to the integral of a rectangle with the width of the dominant pole divided by
foar.

F2

ot

Z.I:T&'mv ] J.II|'-;3'H|' ; ]] (20,5

] & 1'-'[-1"\ g:l".‘|

b} Derive the noise voltage that can be referred to the input.

The input referred noise voltage can be obtain by dividing the output referred noise voltage by

SJ'ML-” ~"-nan‘-'*"|H1|2 (200 100

This gives the answer

§ (/) BETE 2 '(l Bl 2‘-
" 3 Eml . Ep1Em2 /

) Propose one way to increase the maximum signal-to-noise ratio, SNE in the circuit. What will

happen to the DC gain, unity-gain frequency, bandwidth and the phase margin of the circuit?

(20011

The gain, pl, p2, @ of the circuit are already derived. Assume that the input voltage source is
white.

F'E ™ r
Harl | &dnz

2T 1 |
Vo= 5 (f) ---ML] pomidil | 2di2 (20.12)
. " 3 L Em l-"':ml.J i.n'.
i 2 5
;.EIE..L\| P _gd"] (20,13
3 Em1 E'-.l'. Em1&wmz)
2
L |L |f o RV RV 014

¥ = Iﬂ:—mﬂ:ﬂ-
LAW T 2 W,

v - W L WL
‘dl:l Em1&m2 . 1-17" 1+2 (20,15}
Zan1&asa N dbiasiTpias

Kdr2 {7
1 ol O sl 20016
2 c, "Lc, { 1
L1 {) -
B BT 2017
fra= - * WiL,L, { I
r 5 WL WL
':'J,,.*-‘T“J'-'] -.sz-m'lg(u:_ - L f ?_r.'f (20.18)
Edni bias] =L

The above five equations shows that will happen if a parameter is changed. Bemember that

EX, [8Y, Linkifpings universitet
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Ep& a2
. ' . . hase
Change T Al pl WALy~ gairy phast
margin
Increase decreases Increases no change INCrenses decreases
Wl
increase I1 | decreases decreases no change decrenses increases
Increase decreases increases no change increases decreases
W2
decrease 12 | decreases increases decreases decrenses increases
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6.4. Noise in a common-source amplifier biased by a current mirror

TETERN ATIC & TEEII0 ANTIK Fage o6

21. Moise in a common-source amplifier bissed by a curent mirror.
a) The spectral density function of for the resistor 15 given by

T = TR (21.1)
The ESS5S 15 shown in Figure 53

2m2Vy

b, " e

Flgure 53: The ESS8 of the noisy circuit.

We have to caleulate the transfer function from the drain of transistor M1 to the output, H1, from
transistor M2 o the output, H2, from transistor M3 to the output, H2, and from the resistor to the
output, H4.

Consider a current source at in parallel with transistor M this will give a ransfer function from
that current source to the cutput sccording to

Hlw — 1 (21.2)
Lan1 + Gaxz 50

the pole 15 located in

p &un1 t Baez
'I -

C;
Contnuing with the transfer function from the noise current source m transistor Y2 to the output.
This gives that H2 Hl.

The transfer function from M2 to the output 15 given by

(21.3)

r &
H1 ot / x Eml 1 {2' 4
' Vilun  Saa Y8 *sC, L. 41
L ] m3 R
The transfer function from the resistor to the output is grven by
foy 2
il X ml 1 -
Hd _-i,- }..... — e {.r.I.S]
P Easl T Eae2 T8

: 1
Fgges t iy A

The spectral density function of the cutput can be calculated as

ES, [SY, Linkiipings univiersitet
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2,2 2 2 242
H[{ﬂ o nl ™ |H]t:”|2r.u3 f |H3|;.|r:|3rn.'l f |Ha|;||r} 2 i [21-'ﬁ'}
(21.7)
(21.8)

“;r.lrfrU}

resenn=,
m 3'\-

| S N0elf
If we do not like to perform the integration we can use the concept of noise bandwidth [sec
chapter 4 in Johns&Martin). The tegral of a one pole svstem (or a system with well sepa-
rated poles) is cquivalent to the ntegral of a rectangle with the width of the dominant pole
"
fm2 G

'I.’Ell'f
o
divided by four,
2kT 1| &m - Ir.\,"f_l,u?i . |
Bioa t 8an O] 3 3 (1, c IR
kﬁ Em3 '\-’"ﬂ'.'iﬁ)l A

)2
[iiliy B PN ]
Increase the load capacitor. This will decrease the unity-gain frequency of the amplificr, but the

where
EET
i
The notse power at the output can now be caleulated sccording to

b

Decrease the resistance K. This will nerease the current through transistor 33 and thereby
through all transistors. The output noise voltage is approximately propomional to the inverse of

gain will not change.
the square root of the current through transistor M1 g, oo 178 is assumed. Increasing the cur-
rent will decrease the DO gain of the circuit but increase the unity-gai frequency.
Devrease the size of M1, Decreases the DC gain and the unity-gam frequency.
Diecrease the size of both M2 and M3 == approximately constant current. Mo change will happen
(21,107

to neither the DC gain nor the unity-gain frequency.
c) The ESSS 15 the same as in Figure 53, The transfer function H1 and H2 will not be affected,

-
-
but H3 and H4 will be changed.
-
H, | Em2 - l
’ Earn T &gsz 7L
axl a5l HLE | g | Byt d r |
Em2 1
H, : o= =3 (21113}
Earn T &aw2 Ty I
! ! 7] Flmy 8 T9C
The dominating poele of both H3 and H4 are approximately
1 I .
ﬁ Kulﬁ EJ_-.?G
i) 2112
; z (21.12)
LUsing the same way to calculate the output noise a5 in 3a) gives
2 b
2 - Jr
V.En-r KT 3'1- [HIII| T gmﬂ t H"I_ 1 ] L;F-I f ﬁlﬁ}
Baer ¥ Eaa| A0 Baer Va1 L g .4 =
R md " a3 A
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6.5. Opamp noise (K6)
Analog Discrete-Time Integrated Circuits, TSTEBD Lesson 5

Exercise Ko

'LJ
1. Determing the transfer functions, H; = 1-"_” . from all the noise sources in the amplificr (one

ni

for cach transistor) to the output.

7

2. Calculate the total output noise by 5, (f) = Z |H,-|.§',-(f)
1=1

S 1ol f)
3. calculate the equivalent input noise by S, (1) %
Il

The noise sources in the differential amplificr have the following transfer functions to the gate

of My (the output of stage 11 V0

v ¥ ¥V ¥ ¥ Ems
._“I = ,.—"I = Hh\'l;emh'l N .—“I = LI = HM‘.‘-RHHH and LI =
Vil L Vo Vaa RS B3

where R,y = g I rgn and B o = rge i,

T get the total transfer Function to the cutput the noise voltages are amplificd by the gain

of stage 2:

[ = [H| = 8iBount Bar R [Ha| = [Hy| = 8,308,000 87800 andl
[Hsl = S Sz St R

The transfer functions for the transistors in stage 2 are:

[He = Spellann a0d [Ho| = 8,080

The total equivalent input noise spectral density is thus given by

T . -
) . HiS5:00 o o (Baant L
Sl = ¥ s _ s.uwszt.m[g—jj (55000 + 8,00+

1=1 st

"'I: Hus \;|_Sﬁ[.f'] +(A|_|:|1S?U'] +|r\

Bt y: - .
| Sslf) =
Ewathy ’

S/

f

2.8,0f 'E\'za i
2 ~|.J+I\q |f|_'l53(”

Sm

. 201 K
where () = #kTZ7— + ————xr—
“ ! i (“—'If,]fﬂﬂ_l‘f

Conclusions:
= Noise contributions from Ms-M5 are small
* Large area for the transistors == small 1/-noise

* By 7 By == small contribution from M3-M,.

» large g == Small thermal noise in M,-M;.

Elektronics Systems, http:tawweesisy.linse!
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EXERCISE SECTION 7: CONTINUOUS-TIME FILTERS
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7.1. First-order filter
Some important reasons for migrating to an active filter implementation are
> Poles and zeros can be placed anywhere in the real axis
> Poles and zeros can be placed independently
» The filter can be loaded without altering the transfer function.
> Integration and differentiation functions can be implemented
> Active filters can be designed to have a certain gain

» Cascading is possible to realize higher-order filters
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7.2. Bilinear transfer functions
TBD Solution to be added.
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7.3. Higher-order filters starting point (S 5.3)

TBD Refer pp. 104-107, 'Design of Analog Filters' , Schaumann and Valkenburg
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7.4. Biquads (S 5.4)

TBD Refer Ex 3.11, pp. 107-109, 'Design of Analog Filters' , Schaumann and Valkenburg
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7.5. Tow-Thomas (S 5.6)

TBD Refer pp. 129-134, 'Design of Analog Filters' , Schaumann and Valkenburg
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7.6. Sensitivity analysis (S 5.7)

a) passive low pass RLC - Refer pp. 460-461, 'Design of Analog Filters' , Schaumann and Valkenburg
b) inverting amplifier - Refer pp. 457-458, 'Design of Analog Filters' , Schaumann and Valkenburg
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7.7. Sallen Key
TBD Solution to be added.
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7.8. Butterworth LP-filter

TETERN ATIC & TEEII0 ANTIK Fage 68

2.9 — Continuwouns-time filters

22, Butterworth LP-filter.

From the specification we get that 4= 3dB at @@ T35 103 = 22 krad/s and that
4

A e = 2E5dBat @, = 2me 100 109 = 63 krad's.
Nomogram and formulas gives us a filter order of & = 3 (page 27 and 25,

According to the “Tabell och Formelsamlingen™ at page 23 the in-resistance for the voltage sup-
plv 15 nomualized  to 17R,.  This gives us  the  refection factor
Fom R SR, = 6001200 = 05,

From the table at page 28 (r = 0,5y we get the normalized values:

L,,™ 32612 C, = 07789 L, = LI18II

Which are de normalized according to L -f!;-ﬂ and O
i 0

L, = 889mH, C, = S9aF, L, = 49m#H " o

which finally gets us:

ES, [SY, Linkiipings univiersitet
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7.9. Chebychev LP filter
TETERO ATIC & TREIZ0 ANTIK Page 69
23, Chebychev LP filter.
The specification 15 given as:
@, = 1000 rads, @ = 2000 rad's, Z, = 1k, Z, = 12500

A filter of Chebyshey [ tvpe shall be implemented, with lowest possible order that meets the
specification above, The transfer curve is normalized giving us the maximal value £ 1.
By using that and the information given by the specification we get:

Apae ™ 0logl.2 = 1L58dBand 4_;, = 20log(1./0,1} = 20dB (23.1)
By using a nomogram we can derive the filter order but ot can also be caloulated as
ILI'4.1||I S, —
N acosh 10 ! .f:u:nshL aul:] =[2,58 k] (23.2)
10 e (O]
We also know that we shall implement a current-mode filter and that » |2j J'erl 178,

The ripple can be derived to be approximately 1,6 dB. This means that we shall use the clos-
o5t lower value given by the table (= 1dB, page 36). We read the component values — and
since we have a current mode filter and we have an odd filter order (& = 3 the fiest com-
ponent must be a capacitance {page 23},

C

L,

=R

ln

12,5563
0.1657

C,, = 88038

1

/J) A [
) —_— —
N _-

The values are de nomalized, which gives

sZ
o - Cu 12,5563 s -
I A T B T .
Z,Ly, 1000 - 0,1657
L2 165 |
b2 0,1657H s
B iy 1000 23.4)
G, |
G 88038 PF -
- gy
13 ,\\-‘
.HH'\-\.
E .
'EII:I
: s
= Hhh
<
i - ' 3 | - .
114 10 10 io o - J
Fragerey [radianz)
- h :\\‘--\-
"!' 1a0 I o B ]
[ i Lie :
H _""-\...\__‘
E-mu \"'g
i 1;1' i ul:\’ |;:-‘ 1;_ S
Frugomrcy [radiana)
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7.10. Butterworth BS-filter

TETERN ATIC & TEEII0 ANTIK Fage T

24, Butterworth BS-filter.

From the text we get the following specification.

A
f@, = 1600 [rads]
O o, = 2000 [tad/s]
| @y = BO0 [rads]
Ly = 4000 [rad/s)
AL ; I | Ay = 50 [dB]
: : . LA, = 3[dB]

(g iy iy iy

First we transform the BS-specification to an LP-specification. According to page 67 in “Tabell
och Formelsamlingen™ we get:

(7 = @y, = oo, = 16002000 = 32.10°

2 5
] 32 10° 3
0 22 w110 [radss
1 o, w, 3200 [rads]
DE 5
T 32.10°
0 8107 [rad's
1 fily — i 400 L ]

Momogram, (the requirement on the attenuation is the same as for the BS specification} and the
transformed frequencies gives the filter order N=3. We now get the nomualized clement values
from table (r=1) and we de normahized them according to page 22 in “Tabell och Formelsamlin-
gen” (R = 100, @, = L3, ):

R 1 R 1LY k| L
L 1 L, 0.1H Ty
denormalization
L, 1 Ly = 01H
. . R
C, =2 €, = 20pF

MNow we can transform our LP-filter back to the specified BP-filter according to page 67 in

ES, [SY, Linkiipings univiersitet
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TETERD ATIC & TSEID ANTIK

Page 71

“T&F™, which gives us the final BS-filer:

¢ R = 1000
VLy o= Ly = 100mH

1€, = C; = 3,134F
| €, = 20uF
L L, = 15.6mH
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A doubly resistive terminated ladder network

TETERN ATIC & TEEII0 ANTIK Fage 72

23, A doubly resistive terminated ladder network.
The solution is much the same as for Exercise 1.3, but since it is not specified which filter type
to use it could be interesting to se how the filter order differs between the different filter tvpes.
First we transform the BS-specification to an LP-specification sccording to:
Mow we can use either a nomogram of some computer based
program, e.g, Matlab to derive the different filier orders.

(o] = 4n”-09-9.10°

0, = 2n. Tis [rad/s) The following Matlab code can be used to derive the filter orders

| for a Butterworth-, Chebyshey -, and a Caver-tvpe filter.
W2y o= 2a 3 107 [radis)

¥ Filter epecificaticn

Wo = 2+*pi*le3;

Ws = G%pi*le3;

Amax = 1;

Amin = 40;

% Filter order for a Butterworth-type filter
HBW = buttord{wc, we, Amax, Amin, "e*)

= HNBEW = 5

¥ Filter order for a chebyehev I-type filter
HCI = cheblord(wWco, Wa, Amax, Amin, 's°]

= NCI = 4

¥ Filter order for a cCauer-type filter

HCR = ellipord(wWc, Wa, Amax, Amin, 's°]

» NCA = 3

Here we can see that for the piven specification the Cager-type filter gives the lowest filter order
(N=3) followed by the Chebwshev I-type filter (N=4) and finally the Butterworth-type filier
[N=3)

210 — Switehed Capacitor Circnits
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7.12. First-order GmC filter (Ex. 15.2 J&M)

x Covered by the main course book. The solutions are found via the course web
page.
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7.13. Second-order GmC filter (Ex. 15.3 J&M)

x Covered by the main course book. The solutions are found via the course web
page.
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7.14.

Active filters (K11)

Analog Discrete-Time Integrated Circuits, TSTEBD Lesson &

Exercise Kl11 )
Realize the Flver having the transfer function
(]
H = — 200
5=+ 310 5+ 610
We rewrite the function as _J

Y(o) o [s2+3%107 - s +6x210°] = 1x10° X ()

Or

A B
5 L] i
3

Yis) = #1007 ¥is)— 6:-<'|1[] ¥is)+ Ix]jt] Xis)

5 5" 5" > . >

5'rn'l\.f'

- . . ] o
I'he fow graph is transformed. A = —6x107,

B = -3210" and D = ~1x10°. Nete the insertion of /7!

the inverter. This can now be used to implement the 4

active filter.

(Note that there is no inversion included in the
active RC filter implementation). Now the com-
ponent values have to be determined. Assume all
capacitances to be cqual. We can sec that the
intermediate node can be written as

V=2 v+ 2 xm
5 5
Identifying this from the active implementation, we have

I I
Vi = = = V(5] = —— - Xls
w= g MW e W

This gives

1 [ 1 G
A= —m = -6zl and D = —m = —1=10

We also see that the outpul can be written as
visy = Lov,+ Boxin
5 5
Identifying this from the active implementation, we have
! s
B = —— = -3xl0
RyC
We also see that the implementation above is impossible. The intermediate node Vi, is not

transformed correctly. In fact, we have o inverse the voltage with a bulTer.
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Lesson B Analeg Discrete-Time Integrated Circuits, TSTESD
I T
Then we identily R, | |
1 1,1
et e
Set the capacitance to zay O = 1pF Ry
The equations give
Ry=q.Rp=1 Ry=2and
Z=R= 10’

We do some notations. The structure could be changed by letting A be positive using an
inverting buffer on the output signal instead. This decreases the number of opamps with one.
We thercby also conclude that we do not find the simplest structure by forcing all inpul argu-
ments to the summation nodes to e negative. We also see that we can use the inverting huffers
to seale signal levels and relaxing the size on Z. There are numerous way to implement the
filter. One can also soon realize that K, Ry, and £ can dependently be scaled and still main-

tain true transfer funclion, see next excroisc.

13 Elektronics Systems, httpsfiwww es isy livsef
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7.15. Active filters (K12)

Lesson 7 Analog Discrete-Time Integrated Circuits, TSTESD

Exercise K12

_<_|
i v.-’! . vﬁ
s %

5=+ 3x100 . 5+ 6210
The function is rewritten in the same manner as in the &H é-f'.'

previous excroise. In this case we however have a

slightly different structure.

Realize the Flver having the transfer function

3 o L] 5] &
AT A0 ad o
3 5= ¥ &=

5

¥is) = — ¥ix)

We assume that we Feed back the positive output
(constant A) and we construct with a negative Vour |
intermediabe node, —VM.
With
A=6xl’, B = 3407, D = 107 and
E = -1x10"

In this implementation we will follow the signal
Aew zraph

80 Elektronics Systems, http:tawweesisy.linse!
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7.16. Active filters (K13)
TBD Solutions to be added.
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7.17. Active filters (K14)
TBD Solutions to be added.
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7.18. Leapfrog filters (K15)

Analog Discrete-Time Integrated Circuits, TSTESD

Lesson &
Exercise KI5 -
Ad ) =-100a gl Hi ) 1=
Pass Band: 0 < f < 35kHzand A, = 1dB
Stop Band > 10kHz and A,,;, = 20dB Amin S
Passive Butterwarthfilter, arder is found in table to be
N =3,
We choose a woltage driven T-net with reflection
r = 1 for symmetry. Resistances are chosen to be Ama
Ri=R; = Ry = 1kQ2 0 o, w, LU-
Component values are found in table to be:
Oy =100, =2and O, =1
These values are denormalized according table o
[ Ry L . 1IN
€= —2 L=-"" withay, = e ™ = a[J10" e 1] 227,55 kradss,
mI]RII y,

La o
A mumber of filter components have been Found. Cre- (e
ate a signal flow chart For the circuit. The nodal volt- v
ages for the circuil is Toond to be (normalized with

This gives I 1 1,
O = O3 = 363aF and L, = 72.6mHA r‘—,'_\]—:
3 2 R
F
IQ 1 u

R

E-V, R, .

R Rly = g(E=V)
i

Vv, = ! I.—1,) vV, = I RI - RIS
1= 5 Ham e 1= ' M i

ViV R
= REy = (V- V)
;oo ] | oo ] .
Vi = gt Vi = (Rl RI)
I, = b Rl = £1‘
4 R.l_ 4 = )re; 3

From these equations we find:
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Lesson &

Analog Discrete-Time Integrated Circults, TSTES0

RIR, .

RI
N -1

Mexdify the graph by propagating the inverters and denote negative voltage nodes:

r *
—'I.‘xH('_&
+

-V

-LisRC,

Vi=Ys3

wu#
RI,

We now have a number of integrators, K;_ Realized with operational amplifiers we have a

structure according to

- R'.‘ RK | -
-V — £ — Y=V
1! 1 F

Ry Ry ™4 _ by
I 7 T
Rig

We now have o determine the component values for this realization, This is done by compar-
ing the signal ow chart with the OFamp net:
Leapfrog Sizanal flow graph Result
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Lesson 6

Analog Discrete-Time Integrated Circuits, TSTESD

E E

: R 2 A
—V = _ V],=-——=—-—+— C,R, = CR.
=V, sCyR, Vil R, sRC, ~ sRC, e
. 1Y ) RV Ve
Vil = TR Vily, = R RG, T SRT Culls = O1F;
. 1 R , | : .
Vi, = 0, E, Vilgy, = _\.-Rt'l[_m:] CyR, = C\R
: . :
-1 -V R . ,
(Rl , = _[.-T w [RIGL, = (V) CoRy = Lo/R
5 7 Sz
_ =¥ _ R, o
[-RI,1, = TR [-Rij, = “_:i . CoRy = L/R
. 1 —Ri, 1 i ,
[V5] R = _ET.;- [V,] ar = —EL—}?;:J CaRy = C3R
. 1 V5 1 R Vq .
V.]., = ——— v =V, = — O R = (R
Valy, sCR Valy, sRC. R, 37 sCR, 000 S

Mow we have several equations. Choose all capacitors to be equally large, maybe:

C,=C5 = Cg = MnF

The values are chosen to be approximately equal to those found in the ladder filter realization,

which would give reasonable resistance values. From the equations we also find:

CiRy 3630F . 10

R, = R = 2ol
4 B C, 30nF

And this also gives
R

Rk, = f:"l} =T and R, = RK =
4

Ok,
= 121k och Ry = L - = 121k
[

La

Ca

For symmetry, £, = £, = By = £, arc chosen 1o be equal, which gives:

1.0,
C 1 Ll_‘.

R =

Finally, we have

=R = JL,/C = 000J72.6/36.3 = 141k

Ry =R, = Ry = Ry = 1.21 - 141k = 171k,

The final value that bas to be determined is the resistor value used in the invering bulfer, r.

Choose r to be equal to anyone of the other resistances, ic.,

r==R, = 171k
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7.19. Leapfrog filters (K16)
Lesson &

Analog Discrete-Time Integrated Circuits, TSTEBD

Exercise Klb

Synthesize an active elliptic leaplrog flter. Termination resistances are 1. Specification

aives:
Pass band: 0 < < 2xkrads, A,

=20dB

= (.1dB

Stop band: o > 4xkradfs, A, ;,

Order is found with table to be N = 3.
This gives [ollowing filter structure, Component
values are found o be
C) = 03 = 08740, O = 02411 and
R; = Ry = k2,

Ly = 09083, and

k- =1
Denormalized values are given by

R
and L = Jf.,_, give O = Cy= 301wl , Ou= 3840k, Ly = 144.6mH
]

wy Ry
Set up the equations:
E-V f
1 .
= — RIL= —(E-V)
1] " o R.i 1

i
vi= g V, = — (k- RI,)
DT T T
1 R
V-V ORI = vV —Vy)
1t : .-;L:f'[]+.r3!,1l’_'1][ o

V= ——(RI,~RI,)
3

1

V,= —(l,-1) =
1= g SRC

_ Vs _ R

0= Rly = 5V

Introuduce a current, Iy, through the inductor. The equations are moditied:
. . ) , ko v
Ri, = RI;+sRC,(V, - V) and RI, = TU’. =V3)
- - - < sl -
The 15 expression can be eliminated, and gives:
(RIy-RIy —sRCV, -V =

1
vV, = —
LT SRC,

-

v
Ci+i, *

1
V)= (RIy-RIy
L= RC, T o e R

And correspondingly

71
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Analog Discrete-Time Integrated Circuits, TSTESD

Lesson 6
vy = 7]uu1'—m4)+ Ly,
TOGRICL+ O T Ca+105
1 A
This gives the structure with a pair of _ | =
- T Ry T 1:\ . t
helping” vollage sources. T e
The cquations are writlen as: (j) Q x
1 SR

E
| O, Ol

R .
Ry = G(E=V))
I

1 [
i  ————— —_ ! (R —
Vi = e g Rl R Y e Vs

. _ R ,
RIS = (V= Vy)

Cy
= — L —_—
Vi = TG+ t'_'.‘]u”: Rig 1-(.: +(‘31 |
R
RI, = R—J Vs
The signal flow chart is given by
—
AL o L
i)

I\'
e

-2 23

-LERIC | +C5) |
: RisLy RIR
L

RIR;
SUSRIC+Ca)

Vo ) ; & o
o RIK

i

Realization

The e terms can be realized by using capacitors instead of resistances. This realizes a nega-

tive and scaled signal Mow.
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Analog Discrete-Time Integrated Circults, TSTES0 Lesson &
+
Component values are Found using the same manner as for the previous exercise. The resist-
ances can be implemented by using transistors,
73
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7.20. Leapfrog filters (K17)
TBD Solutions to be added.
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7.21. Leapfrog filters (K18)
TBD Solutions to be added.
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7.22. Gyrators (K19)
TBD Solutions to be added.
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7.23. Gm-C filters (K20)
TBD Solutions to be added.
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7.24. Gm-C filter parasitics (K21)
TBD Solutions to be added.
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7.25. Gm-C filters (K22)
TBD Solutions to be added.
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EXERCISE SECTION 8: SWITCHED CAPACITOR CIRCUITS
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8.1. Switched capacitor accumulator 1

TETERD ATIC & TEEL0 ANTIK Fape 73

26. Switched capacitor cirouit.
a) Here we use the charge analysis, The SC cmwout 15 shown for both clock phases in
Figure 54.

¥, clock phase 1

Figure 54z The SC circuit in both clock phases.

Using the charge analysis in the cirowt starting at time | (olock plase 1)

(e = (70 - 0)C, (26.1)

R B W ) 1 [ (26.2)
At time § + T folock plase 2)

gty = (0-0)C, (26.3)

gty = (Fi+2)-0)C, (26.4)
At tme ¢+ 2t folock phase 1)

gold2zy = (¥ (04 2r) - O, (26.5)

golt+ 2y = (Fyle+2t)— ), (26.6)

Another equation is required to be able to compute the transfer function. This equation comes
from the charge conservation. In clock phase 2 the charge of the two capacitors can not dis-
appear since the charge can not be discharged through the opamp input terminals. This means
that the charge on the capacitors at the end of clock phase 1 is equal to the charge of the ca-
pacitors during the whole clock phase 2.

gLty gale) gyt ) galt + ) (26.7)

The charge of 5 ab the time £+ © 15 equal to the charge of O at tme ¢+ 21 since no
charge can be given by the opamp mput.

galt+Th = ga(r+ 2It) [26.8)
Inserting the above equations mto Eq. (26.7) gives
L, + Falnc, Folf+ iy i+ 2t)C, [26.9)

To compute the transfer function we have to take the Z-transform of both sides.

Voo, + a2y = Falzhzly {2610}
Solving for F5(20/ V(2] gives
Fii= L A
- ) ...l_...!'.... _l...:......... .[jf,.”}

This 15 3 non inverting discrete-time accumulator (compare continuous-time meegrator) with
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a delay of one clock period T = 21,

by Each switch and capacitor has parasitic capacitances connected to ground. In Figure 55 the

Flgure 55: A non inverting accumulator with parasitics.

parasitics are shown.
C'Pu 15 connected between the ideal mput and ground and wAll not change the ransfer function,
':ph 15 connected between ground and ground and thereby not change the transfer function,

' is connected between the ideal input and ground or shorted to ground. Mo effect on the
transfer function.

CPd' Connected to ground. Mo effect on the transfer function.
‘:P*' 15 connected between ground and virtual ground thereby not changing the transfer function.

f.’w,- is connected to the ideal operational amplifier and ground not changing the transfer func-
Hon.

':P.L' 15 connected to either ground or virtual ground and thereby not changing the transfer fune-
ton.

The transfer function is not sensitive to parasitics.
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8.2. Switched capacitor accumulator 2
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27. Switched capacitor cirouit.
a) Here we use the charge analysis, The SC cmwout 15 shown for both clock phases in

Figure 56.
: ”If-
&

Ci

C o

¥y clock phasc 1 —

+

clock phase 2
Figure S6: The SC circuit in both clock phases.o

Using the charge analysis in the cirowt starting at time | (olock plase 1)

(6 = (M (0-0)C, (27.1)

R B W ) 1 [ (27.2)
At time § + T folock plase 2)

gty = (0-0)C, (27.3%)

gty = (Fi+2)-0)C, (27.4)
At tme ¢+ 2t folock phase 1)

gold2zy = (¥ (04 2r) - O, (27.5)

golt+ 2y = (Fyle+2t)— ), (276}

Another equation is required to be able to compute the transfer function. This equation comes
from the charge conservation. In clock phase 1, ¢ + 2t the charge of the two capacitors can
not disappear since the charge can not be discharged through the opamp mput terminals. This
means that the charge on the capacitors at the end of clock phase 2, 1+ £, is equal to the
charge of the capacitors during the whole clock phase 1, ¢+ 2t

glt Tyt galet o) = gqlf+2e) gL+ 21) (27.7)

The charge of C; at the ime ¢ 15 equal to the charge of C5 at ime ¢+ T since no charge can
be given by the opamp mput.

galth = gali+ ) (27.8)
Inserting the above equations mto Eq. (27.7) gives

Foleso)Cy = Fylt+ 2005+ ¥+ 2130, (27.9)
and

Falt) = Vylt+ 1) {2710}

To compute the transfer function we have to take the Z-transform of both sides.

Vo(2)Cy = Faiz)2Cy + Vy(2)2C, (27.11)

Solving for Fa(z)/ ¥ (2] gives

ES. [8Y. Linkdpings universitet
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Faiz) [ C
—_ ._l.; _..l_......L... (27.12)
P’lfz} f.:: |. l..-.l'l = [

This 15 an mverting discrete-time accumulator {compare continuous-time integrator) with no de-
lay.

b} Each switch and capacitor has parasitic capacitances connected to ground. In Figure 57 the

Figure 57: A inverting accomulator with parasitics.

parasitics are shown.
E'Pd 15 connected between the ideal mput and ground and will not change the ransfer function.
':ph 15 connected between ground and ground and thereby not change the transfer function,

O is connected between the ideal input and ground or shorted to ground. Mo effect on the
transfer function.

de Connected to ground. Mo effect on the transfer function.
CP*' 15 connected between ground and virtual ground thereby not changing the transfer function.

l.’.’w,- is connected to the ideal operational amplifier and ground not changing the transfer func-
tion.

C s either connected to the virtual ground, ground or grownd and ground. Henee, the transfer
function of the circuit is not changed.

The transfer function is not sensitive to parasitics.
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8.3. Switched capacitor circuit 1
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28, Switched capacitor circuit.
a) Here we use the charge analysis, The SC cmwout 15 shown for both clock phases in

Figure 58.
C,
. +| |—
P,
+| |_ ¥,
==

— clock phase 1: £+ 201 — clock phase 2: t+{2n+ 1)t
Figure 58: The SC circnit in both clock phases.

Using the charge analysis in the cirowt starting at time 1 (clock plase 1)

gpley = (¥ -0, (23.1)

galfy = (¥ -0, (28.2)

gty = (0¥ (0 (28.3)
At time { + T folock plase 2)

goletTh = (e - 00 (28.4)

golt by = (Fi+e)-0)C, (28.5)

golt+zp = (00, (28.f1)
At time §+ 2t folock phase {)

gpli+2e) = (Ve + 2c) - )y (28.7)

galf+ 2y = (Fye+ 2t)— D), (28.8)

gyl +2e) = (0¥ e+ 1)), (28.9)

Other equations are required to be able to compute the transfer function. These equations
come from the charge conservation. In clock phase 2 the charge of the three capacitors can
not disappear since the charge can not be discharged through the opamp mput terminals. This
means that the charge on the capacitors at the end of clock phase 1 is equal to the charge of
the capacitors during the whole clock phase 2.

golth (e gy = gl o) tg bt} ga(ett) 28,106}

The charge of O and ' at the time ¢ + © are equal to the charge of O and O at ime
{+ 21 since no charge can be given by the opamp input.

gple bt let o) = gyli+ 2y + g+ 2) {2811}
Inserting the above equations mto Eq. (28 10) gives
e+ V(- ncy = i+ o + Fyle+ oo, {2812}

Inserting equation Eq. (28117 mto Eq. {28.12) gives

ES. [8Y. Linkdpings universitet
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FileyCy + Vol -V Oy = File+20)0) + Pl + 200, (23135
To compute the transfer function we make a Z-transformation of both sides.
FolzWzCy - ) (28.14)
1
(23.15)

G

i";| L= {'-I.
Solving for V() F () gives
Kz} 1= Gy —2C) Ci 4
0, -0, Cor-1

C .
Fiizh C
This is a bilincar inverting discrete-time accumulator { compare confinuous-time integrator).

b} Each switch and capacitor has parasitic capacitances connected to ground. In Figure 59 the

A hilinear inverting accumulator with parasitics.
15 connected between the ideal mput and ground and will not change the ransfer function.
|

Flgure 59:
parasitics are shown.
':pb 15 connected between ground and ground and thereby not change the transfer function.
CP*' The pamasitic capacitor is in parallel with O3 and thereby it will change the transfer function
. 1 -
L E.ﬁ‘.. z
L 1. = I

r
E___"‘:

Cra

-~
=

-1
2 l Cap -
thereby not changing the transfer function.

G,

B

=1 e

1

according to
o
2,

V(=)
':,ud 15 connected between ground and virtual groun

Fiiz)

[ f.:n -
[
is connected to the ideal operational amplifier and ground not changing the transfer func-

Cre

ton.
The transfer function is sensitive to parasitics.
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8.4. Switched capacitor circuit 2

TETERD ATIC & TEEIND ANTIK Page 79

29 Switched capacitor circuit.
a) The the tao different clock phases of the cireuit is shown Figure 600

[
. + |+
- * C 1 =T1=
v, { ;
"ol , == Vs
] :|| e Yz t:+_—|;
clock phase 1 clock phase 2
Figure 6i: T'hse circuit in the two different clock phases,
Starting in the clock phase | at ome &
gohty = (¥ (5 -mc, (29.1)
galty = (F -0y, (29.2)
At time £+ 1T
gilft+Th Falf + 1), (29.3)
galt+1y = 0 [29.4)
At time {+ 2t
gyl 2e) = (F (r+ 2rp -0}, [2%.5)
golt+2e) = (F(t+2t)-0)C, (29.6)

The last cquation comes from the charge conservation. The charge at the end of clock phase
{ 15 equal to the charge during clock phase ¢+ © since no charge can vanish ko the opera-
tional amplifier.

golth a0y = g+ )+ o+ 1) (29.7)
Inserting the above equations mnto Eq. (29.7) gives.

P, + 1o, Ve o) +0 (2%.8)
performing z-transformation on both sides gives

FA2HC, + C,) = 2P F(2)C, (29.9)
which gives the following transfer function

Foiz) PRT AR N T

A b P PR (29.10)

i’:[:': 1: 1 \ 1: |J

P 172, \ . \ \ \
I'he factor = is just a time delay from the input to the output, it means that when the input
15 sampled at time £, the output will not be avallable unel the gme §+ 1.

b} There will be parasitic capacitances at both sides of each switch and the input and output
of the operational amplifier as shown in Figure 61.

C'Pd 15 connected between the ideal input and ground. Mot changing the transfer function

This document is released by Electronics Systems (ES), Dep't of E.E., Linképing University. Repository refers to ES Print Date: 01/21/13, 07:58
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Flgure 61: The SC-gircuit with all parasitic capacitances.

thereby not interacting with the transfer function.

de 15 connected between ideal mput and ground or the ideal output of the opamp and ground
and thereby no change in the transfer function will appear.

':P-l' is comnected between the virtual ground and ground not causing any change in the transfer

function.

iz connected between the ideal output of the opamp and ground and thereby not changing
the transfer function.

Henee, the circuit 1s insensitive of capacitive parasitics with respect to the transfer function.

c) To handle the offsct voltage it is assumed to be a function of time with the propertics,
Vo lttm 1) ¥, (1y"n and the Z-transform of ¥, (1) equals F_(2).

Artime ¢, ¢ + 21, 1+ 41 and s0 on, the potential at the negative input of the operational ampli-
fier, ¥, will be equal to

V. (t+nt) I—‘f‘ér:m{.r}. (29.11)

Attime £+ 1T, ¢+ 31, { * 51 and so on, the potential at the negatrve input of the operatonal
amplifier will be equal to

Faldf +{m+ 1)1}

Foi+i{m+ 1)) ¥ .0 y (29.12)
Using charge analvsis gives:
gli) {V,(!“,I ﬁlfm{:})fl (29.13)
A .. c
gale) {I"'l(!’:l -mffm{.f})fl (29, 14)
@0+ 3 = (Fyt+2) - V(e + T,
I
[P’l{! f T}[] f E)I i’“[a’}]f] (29.15)
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8.5. Switched capacitor circuit 3
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0. Switched capacitor circuit.
The circwit 15 shown in Figure 62,

Flgure 62: The SC circuit with parasitic capacitances

¥ is the input voltage of the amplifier. The transfer function can be denived by using charge

analysis.
|
gl = CyFpe - F e (30.1)
gal ) = Ca( Fale)— F ) (30.2)
ga(t) = C3(- V(1)) (30.3)
t+T:
gleto) = O Fle+ 1) (304
golt+th = g,() (30.5)
ot ) = C(F 1y F (t+ 1)) {30.6)
t+21
gple+2e) = O e+ 2oy F e+ 2)) (307
galt+ 2y = Co(Fale+2t) - Vit + 21)) {30.8)
gyt +21h Ca b e+ 2n) {309
Charge redistribution
gole) tgsin) goltt Tt gt [ 30 10

gl t 2 tgq(e+ 2Tt g+ 2t)
goltt g i o)+ g i+t (30011

We also know that Fy = A0V — F_} where V) and V_ is the positive and negative input
node of the OFTA respectively. An offset voltage of the OTA is modelled by & voltage source at

ES, [SY, Linkiipings univiersitet
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the positive input. Solve for 1.

K -I:-;E B owhere Btk a et = V(1R {30.12)
Eq. {30,100 grves that
CF (= O Ve + ) -V (f+ 1)) (30,13}
Solving this squation gives
- Faie) _
L1+ 1) TERN (30,14

Inserting all necessary equations i Eq. (30011 gives the following transfer function:

[ ¥z F (2}
Faiz) 1 2¥ ) ash )

SN . . C
Ellﬁfcl.{llf‘ﬁj I

{30.15)

|+ A+1
Co(A+ 1) +C, +Cq

b %es it is insensitive to parasitics.
Parasitics:
CJM 15 conneccted to an wdeal voltage source 15 will not affcet the transfer function.

CPI* 15 connected between ground and virtual ground or ground and ground so it will not af-
fect the transfer function.

CP*' 15 connected between ground and virtual ground so it will not affect the transfer function

.+ is either connected to the output of the OTA or it will not be connected so it will not
affcet the ransfer function.

CP‘. is connected to the output of the OTA and thereby not change the transfer function.
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8.6. Switched capacitor circuit 4
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31, Switched capacitor circuit.

a) See solution c)
b} ¥es it is nsensitive to parasitics. All parasitics are shown in Figure 63

Parasitics:
'E'Pa are connected to an ideal voltage source is will not be affected.
CPF‘ are connected between ground and virtual ground so it will not be affected.

' are connected to the output of the ideal OTA, so it will not be affected.
', are either connected to the output of the OTA or a node which has a constant voltage.

Henee, it will not affect the transfer function.

- f’- -
v © =
I_I E‘T:qa 1 1 C;]”{‘p_l !
Lgy
- Cph cne v,

Flzure a3: The SC circuit with parasifics.

c) The output from the SC-circuit 1s shown in Figure 64, Every other output

V-‘ —_—

a

I'ﬁ‘lrl:'lﬁ -

T IT 3T 4T 5T

Flgure éd: The output voltage as a function of the time.

i T/2) the output voltage will be ¥, .
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d} The circuit is iInsensitive to parasitics so the transfer function will not change. The speed
of the circuit will decrease since a larger load is applied to the output of the amplificer.

c) Assume that at time t the circuit is in the state as shown in Figure 65.
Durning time &, t+2 1, t+4t and so on, vi sce that

Fold 2t} = (V, (10— F (r+ 2nt))d (31.1)

FaltH(2n = 10t) = (F_ 0] - Fale+(2n+ 112))4 (31.2)
Eqg. (21.1) gives
Folf -+ 2nt)

Vit +20%) = ¥, () - ——— (31.3)

Eq. (31.2) gives

iy
Vot (2n+ 1)) e ] (31.4)
| + =
A4
Use charge redistnbution analysis
Dunng time §
o o Va0
|:|I"||:f} fl[u F‘-m'{{} ! '_T] [31-5}
. . Falry
() = C{ (0¥, () T] (31.6)
- i Valt)
414} iﬁ{lzfﬁl Pl T] (31.7)
Dunng time ¢+ 1 (¥, {t+ ) = F_{1} ¥
¥ }\I
il
giletT) = OVt 1) -EJLL- (31.8)
1+L1]
A}I
V(0]
i
galt+th = Cof Fi(t+1) -El-l- (31.9)
1+ E)I
g3t +1) = g3(0) (3110}
The charge across capacitor 3 is constant from time t to t+T since it 15 not connected any-
where.
During time ¢ + 2 ( F_ (#+ 21) Vo
f . Fyle+2eh, _
gplf+ 21) EﬂkE] Fo.in m:qum-)l (3111}
4 Vile+ 2t
galt +20) = Co V(04 20)- V(1) 4 ‘“‘2‘“‘“““‘““““; (31.12)
14 Vali+ 2ty
galt + 21) (.‘_-,ilkil*’zl;Lr F2T)Fo (1) F ——— {31.13)
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Charge conservation:

goltF o) tg(r+ o)y rg(rto) = g (f+3e)F g {21y + g (11}

Inserting the above equations in the charge conservation equation and then a Z-tmnsformation

rives the - -f o S =
gives the transfer function (Z-transform of ¥ (#) ¥z

l -
(oo Gt
{L]l-ll -

Vy(z)

s 1 \
[ e

O+ Cg) — Caz
8 A

5

. O+ 0
N Vol d

. 1
ﬁ-"[' 4/

f‘{l 1y Gt G
VA A

The solution for exercise a) is obtained by letting 4 = oo

1

3
1(C,+C)2” — Cyz
[P SR - S
C; =1 1)

ﬁ -
fi

Falz)

Figure 65: The switched capacitor circuit.

(31.14)

(31.15)
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8.7. Switched capacitor circuit 5
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32, Switched capacitor circuit.

a) The SC circunt in the different clock phases are shown in Figure 66. We do a charge redis-

Phase 1 at time & Phase 2 at time t + 172

4"I — + ¢'I
o 4|—L-D—
g 1 B - ! | :
; 4 w i
| ¢ B iF T

Phase 2 at tme ¢+ 3T/2

. K, ba Iy

¥ < 2 r

R S il
+ 1= =] |+

g, I o
- S

Flgure i: Switched capacitor circuit in different phases

tribution analysis. First we state the initial conditions of the circuit.

Phase | at time ¢

g1(1) = v, A1) Oy (32.1)
galt) = 0 323
gagle) = 4 (32.3)
iyt vkt KO [32.4)
Phase 2 at time ¢+ T/2
g e T2y = v (1+T52).C) (32.5)
g e+ T2y m v (+T52) 5 (32.6)
goplt# T2y = v, (¢+T/2)- K- Cy (32.7)
Gualt# TA2)y = v e+ TA2)- K- C) (32.8)

The charge on the negative input node of the OF (g (1) + g (1)) s distributed between all
four capacitances, i.e,

g} gugle) = g0+ T/2) + g2+ T/2) 4

Pt T2 gt + T2 (32.9)
Phase | at time ¢+ T
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I‘-]rlflr T T}
gt + 1)

¥ ot

{0+ T)-C) s gale+ T
Vil f T Oy K gapelt + 1)

0 (32,10

0 (32.11)

and we get a charge conservation because no charge can leave the negative input node of the OP.

gt Tyt gl T)
3r/2

g (e +3T/2)

Phase 2 at time 1+

errf ‘

g (e +3T/2) = w0
Gopht +3TA2) = v, it
q"”lflr T 3 T:'E ] l'l-nff

grit+ T/2h+ grglt+T/2) (12.12)
$3T/2)-C

F3ITA2)-C, (12.1%)
$3T/2)-K-C,;

£3T/2)-K-C, (12.14)

The charge on the negative input node of the OF is distributed between all four capacitances, i.e,

g (it Thtg plt+T)

g8+ 3T+ ga(0+3ITA2)+

Fgp el d T2+ g+ 3T/ 2) (32.15)
By combining Eq. (32,12 with Eq. (32.15) we get
g i+ TA2 b g gt TA2) g+ 3T 2 b g (0 + 3T 2+ L
Pl i+ 3TA2) + a0+ 3742 (32.16)
which 15 equal to
Vo M T2 Oy (02 TA2) 0 K= v 0+ 3T72) ) 4
(v, Mt * 3T O (v TA2) - Oy Kbwy (1 + T/2y O Ky (32.17)
bw using the z-transform we finally get the transfer function
Fooiz Kiz(C,+C)-C
l:':.::[[:]} f{:{[q: - r.‘:a {.'11 ]].I (32.18)

, L., an inverting amplifier.

b} To see if the circult 1s sensitive

o parasitics we examine all the parasitic capacitances and
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check whether they can destroy the opemation.

CF'1 —.. will not affect the transfier function because it is always connected to the input node.
... 15 shorted betareen eround a virtual ground.
n2 E g
C . ... will not affect the transfer function because it is always connected to the output node.
P2 ) P
C,ud _.. Is either shorted or connected to the output node and will never contribute to the out-
put.
C . ... 15 cither shorted to ground or virtual ground.
o5 a L
C,m‘u .. 15 either shorted or connected to the input node and will never contribute to the owtput.

. L., the citouit is insensitive i parasitics.

c) If the switch transistors would have a non-negligible on-resistance the charging/discharg-
ing through them would not be mstantaneously. This affects the speed of the circuit and not
the transfer function. To compensate for this problem one have to make sure that we are using
non-overlapping switching signals and that they are slow enough so that the cireuit has time
o settle properly.
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Example Charge I (K25)
Deerive the transFer function and discuss the sensitivity
af the circuit. Values are

O = Cyand O = 1120,
Consider the start-up conditions at time ¢ The charge
at Oy and Cy is

gi(4) = 0 and g4(1) = Caval)
€ is coupled between ground and virtual ground

(OPamp input). The charge must be zero.

Time ¢ + T. Switches bave changed.
) ischarged by the voltage v (f + 1) and the output
ol the OPamp, v, . that adds extra charge. The charge
at O} becomes

g (t+T) = C vt +Th=vy(r +1]]
Mote the chosen sign of the charge. For C5 we have

gali+T) = Covali+7T).

On the negative plate, the charge is stored.
Gali+T) = galt) dvs vy(i+T) = vy(f)

(No charge can disappear from the input of the OPamp
il it is unconnected).

At time f+ 2T the switches are closed. ©) is again

connected o ground and virtual ground, which emptics +
) . The positive charge leaks down to ground, the neg-
ative charge is redistributed to the negative plate of 5. o
The extra charge needed to compensate the positive

plate of C5 is taken from the OPamp output.

The charge at C and C5 must he
g4+ 21) = 0 and g-(r+21) = Cyrale +21)
Charge conservation gives (al the negative plate of ©, )
gt +2T) = —galt+ )+ (—g (1 +T)) = —ga(t) —g (1 +T)
This gives
Cova(t+2T) = Covy )+ C [y (r+T)= vyt +1T)] =
= Cyvalt+ 1)+ [y (f+ T —valt +1)]

We also scc that
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vyt +2T) = wy(r +31)
which gives

Cara(t+ 3T = Cavalt + )+ Cpvalt + 1) = Cyvplt+ 1)
z-transform, with ¢ = AT and 21 = T

(€52 - Cat P+ €23 Vyiz) = €22V (2)
which gives the transfer function

Vi Q) L o 1

Hi(z) = =—= = = 553 == T
@ EvmTa o e Y S| Y e
If the capacitances are equally large, ©) = €, the circuil is a simple delay element, (sample-
and-hold)
Hiz) = 2!
In the second case, ©) = 1,120, the tansfer funclion becomes
Hz) = 112
b z+0.12

This is used Lo compensate for the sine weighting of the signal.

Example parasitics 1

T
1T T T Looc s, Gt L I

! : ool [Tele Ca T Icv Cotly I 'l'"-..-

: .. ¢‘: l’I

: —(_ S 4—%4_ AT, CAcpd,

RN W I L T i

e i clo] Telo = ‘-I I+ I Icl. 1

The parasitic capacitances are associated with all oodes in the circuil. Consider the parasitic
capacitances, € through O . They are the parasitic capacitances associated with the switches
as discussed carlicr.

During clock phase ¢, €. €. and €y are coupled in parallel. The same is true for Cp, C,
and Oy, - €, is connected to the output of the OPamp. €, is connected to the input signal. The
previous charge at the capacitances coupled in paralle] will redistribube 1o C;.

During clock phasc ¢, €. €, and C_ arc coupled in parallel. The same is true for C,, Cp
and €. €, is caupled to virtual ground at the OPamp input. C is connected 1o ground. The
parallel capacitances will be charged and during next clock phase this charge redistribote and
affect the transfer function.

Note that €y and €, always are connected to ground or virtual ground and will therefore not

affect the transter function. While the input signal is directly connected bo O the capacitances

Elektronics Systems, http:awwes syl sef 85
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8.9. SC circuit (K26)

Analog Discrete-Time Integrated Circuits, TSTESD

Lesson 8
O, O, € will not affeet the transfer function.
¥ g 3

Example Charge IT (K2i)

Conzider time . Charge at C) and C4 is

g1(4) = Cyvs(8) and go(1) = Cova(t)

Att+1 ) ischarged with v (1)

g i+T) = Cyvilt+T)

€, conserves ils charge
Galt) = Cavalt) = gyli+ 1) = Cyvyii+7)

Attime ¢+ 21 O is switched

g i+ 21 = Opeali+21) P
1
The charge at € is redistributed between C; and O
in such a way that the total charge is conserved
v, f
[ E—

g+ 2T+ g0 +27) = g i+ T+ g+ T)

Ot + 2T+ Covalt +27) =
= Oyt + 1)+ Covy(t+ 1) = (O + Co)v,y (1 +21)
Attime ¢+ 37, The charge at ', is conserved.
valt+3T) = walf + 21

This is concluded into
(O + Cadvalr+3T) — Cavalr + 1) = Cvg e+ 1)

lett = kT and T = 21, z-transform
(O + 0 -0V, = PV ()
T'his gives the transfer function
Valz) _ C _ OC+0)
AC +0)-C;  2-C 0+ C5)

Hiz) = ——
Vi(z)
f_'l must be much larger than (_':, L'I = I'_':_ to achieve a sample-and-hold cirucit

Hiz) =z}
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Example parasitics 1T
Consider the parasitic capacitances C through C .

During clock phase ;. Oy, € and € are coupled in parallel.
The same is true For Cp, O and Cy, . C,

a

is short and O, is con-

nected to the input signal.
The charge on the parallel capacitances will redistribute to Cy . | |
During clock phase §, . €. € and C_ arc coupled in parallel. -7.‘-'..1"-'&1 Teles
The same is true for C, . C ¢ and €, . € is coupled to the input oL
of the OPamp. € is connected to the output of the OFamp. =L =L

NS .
Now note that €, €. C_ and C,; always are connected to SRS A

around or virtual ground, hence always short and will not affect

the transfer function. The charge on ) ‘s plate connected to the J_— Cu I J‘r"—'o*"—'.*"—'..‘
input of the OPamp determines the transfer function. While the N R
input signal is directly connected to O neither will the capaci- CHCAC)
lances C'L,_ C'Jr, C?{. or Ck affect the transfer function. o, f T
L] =
CtCutC. ™ Tl
CAEHE,
-
1 I
Elektronics Systems, http:awwes syl sef 87
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SC circuit (K27)
Analog Discrete-Time Integrated Circuits, TSTEBD Lesson 8
Exercise K27
Attime ¢ the charge is discribed by
g, () = Cpvyind
galt) = Covalt)
g3li) = Cavali)
Attime ¢ +T:
Charge at € and C5
g i+T) = q,01)
galt+T) = galt)
€5 is charged with the input vollage
gali+T) = Cyvilt+71)
Attime ¢+ 271
Tatal charge on the three capacitances is
G+ 2T+ gali + 20+ g (o + 27)
where
g+ 2t) = Opog(f+21)
galt+2T) = Cova(r+21)
g4lt+2T) = Covalr+21)
The total charge musl be conserved, no charge
disappears from the input of the OFPamp:
G U+ 2T+ g, +2T)+ g, (0 + 2T) =
= g+ TI g+ T+ gyt +T) =
= g +gali) +gsit+ 1)
Use the charge expression, and we have
(Ca+ C3dvalt + 270+ Opv (0 + 270 = Cpv () + Covaltd + Cavy (0 + 1)
which gives
vyt +2T) — — & —va(1) = L |'|(a]+&r|[r+1)—1-|(r+21:)
- O+ 0y = Ca+ 0y C
Lett = kT and T = 21, z-transform
C y
Vilz) G+t . G+ 0y C,
T+, Co+ 0y
29
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We now sce that the output signal is affected by the input signal atcach half clock period. Two
ways can be used to design a first-order all pass flter.

1 Eliminate =12 by assuming vilt) = w4+ T) which gives :_"'3'1-’|LE] = V=l

2) Eliminate z!'? by assuming v (£ + 1) = v, (1 + 27) which gives zV2V (z) = =V (z)

this gives

C+C, 1
o, g ¢, o TTG
H|[:.]——(.:+£.1-7£.JNH1L.] = —m'k -:Jif_:
oLt C, YN
For an all pass filter, if the pole is given by z = p, the zero is given by 2 = 1/ p. This gives
C+C0y O+ 0y s | G, G C - v
oG T _L_'l_m:. I

Elektronics Systems, http:awwes syl sef

Print Date: 01/21/13, 07:58

This document is released by Electronics Systems (ES), Dep't of E.E., Linképing University. Repository refers to ES



Page

e No Rev Date Repo/Course
S Linkoping University o024  paa 2012-02-29 ANTIK 132 of 165
1"*%,” ‘4‘;4‘ INSTITUTE OF TECHNOLOGY
Title  ANTIK Exercises 2012 ID jacwis0
8.11. SC circuit (K28)
Lesson 8

Analog Discrete-Time Integrated Circuits, TSTEBD

Exercise K213
Attime ¢ the lower C) is charged
g (1) = Cyvylt)
The upper is shorted.
gurle) = 0
Attime ¢+ T the upper Cy is charged
G i1 = O+ 1)
The lower is shorted. The charge will however
redistribute to the negative plate at O, . The posi-

tive plate at €, will get extra charge from the out-

put of the OFamp. The charge at ©, is wrillen as
Galt +T) = Covalt +T) = galf) + gy (1) =

= Cavalt)+ Cyvyit)
Attime ¢ + 27 the operation is practical the same due to the symmetrical capacitances.

Gl +2T) = Covali+21) = gl +Th+ g+ 1) = Cyvalt + 1)+ Cpvy [+ T)

We see that the input signal is delayed and switched to the output ab every half clock cycle.

We have

c
valt+2T) = vyt + C—_'[rl(r +T)+ (1]

And the transfer function is
Oy ;24
Hizl = —-=
@ = g

IF we now onee again assume that v (£) = vy (£+T) or v (1 + 1) = w1+ 21), then

oy Col4-
Hiz) = — |0rH(:J=c—.'-]t“_',

91
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8.12. Clock feedthrough (K29)
TBD Solutions to be added.
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8.13. Switch sharing (K30)
TBD Solutions to be added.
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8.14. SC circuit (K37)
Lesson 8

Analog Discrete-Time Integrated Circuits, TSTEBD

Exercise K37
At time (. The upper capacitor is shorted hetween
zround and virtual ground and the lower capacitor is
charged with the input voltage:

g 000 = Dand g, (1) = Cyv (4]

5 has the charge:
galt) = Caval)
Attime ¢+ 1. The upper capacitor is charged.
G, + 1) = Oyl +1T)
Ihe lower capacitor is shorted, all charge is lost to the ground,
g,lt+1) =10
The charge in ', is conserved since no charge can disappear from the input of the OPamp.
Gali +T) = qalt) dvs Cyvy(F+T) = Cyvali]) dvs vy (8 +T) = wyli)
Time 1+ 21. The upper capacitor is discharged, but its charge will be redistributed over the
lower capacitor and ', . The redistribution is determined by the input voltage. We have
= Cpvy(t+ 210, galt + 21) = Cava(i + 2710

G+ 21) = 0, g0 +27)

and
= —g T+ (—gaf + 1))

=1l + 21D+ (—galr + 27T))

Which gives
Cor i+ 2T+ Covg(t+27) = Cpvr+ 1) + Oyt + 1) = Cpv(r+ 1)+ Oy ()

The input signal is sampled-and-held as
v+t = v

which gives
Cor (it + 2T+ Cova(t+ 210 = C vl + Cyvyli])

z-transform

Oy (z=1)Vy(2) = Cy-(1-2)- Vo)
and
Viiz) Cy oo C,
Hiz) = A = 2221 o 2
Viz) - €y z- ¢

The circoit is an inverting amplificr. Practically, however, a pole on the unit circle can not be

cancelled by a zero. The circuit has to be used in a feedback loop.
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8.15. Signal switching (K39)
TBD Solutions to be added.
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8.16. Sampled noise (K24)
TBD Solutions to be added.
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EXERCISE SECTION 9: SC FILTERS
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9.1. SC filter building blocks (K36)

Lesson 8 Analog Discrete-Time Integrated Circuits, TSTESD

Exercises

Exercise K36

Derive the iransfer Funciion H(z).
Attime ¢ the charge at the transistors is writlen as

g, () = Cpryind

galt) = Coralf)

G (1) = @l (1)

Gealt) = aCyra(1)
At t+ 1, o) and aC, are completely shorted.
The total charge on € and €, must however be
conserved, while no charge can disappear from the
input of the OPamp. Changes of the input signal
will determine how the charge is distribubed
between O and £

G+ Th+ gaf+ T = g (6] + g408)

G 1+ T) = goalt+T) =0
At t+ 2T we use the same result. Mo charge disap-
pears from the OPamp input. [t has to redistribute 1o
the other (previously discharged) capacitances:

gili+Ti+gali+T) =

= g+ 2T) +g,lt+ 210+
g 2T+ g0 +2T)

= g —gal)

This gives
Covr (0 + Cavalty = (14 0)C v (i + 2T) + (1 + o0 Cyvy (i + 2T)
Let ¢ = KT and 2T = T, z-transform and the transfer function is
e
B BN -0 EE I B
1 Cy
1+

o
B = yE ™ 6 Ora1- 6,

which is an inverting amplifier. The pole is cancelled by the zero.
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9.2. Bilinear integrator (K38)

Lesson 8 Analog Discrete-Time Integrated Circuits, TSTESD

Exercise K38
Cieneral transfer function for hilinear integrator:
H(z) = K- -1
T a4

Attime ¢ the charge distribution is

g lt) = Cywyli)

Galt) = Cavalt)

g5(4) = 0 (shorted)
Attime 1+ 7T C5 is coupled in parallel with © and
will take charge from C, and € :

g li+T) = Cpvylt+1T)

Galt+T) = Cyvalt +71)

Ggali+T) = Cyv(r+ 1)

The charge distribution will he
G+ T+ g (f+ T+ g i +T) = gy (1) + ga(8)
Attime ¢ + 2T the otal charge at ©) and €, is conserved. It will though redistribute due to
the change of input voltage.
g U+ T+ g+ T = g (F+2T) + go00 + 27T)
Concludingly, we have
g )+ galt) = g+ T+ g (8 + 200+ g,0r +27), iee,
Cyvp () = Cpr 4+ 21) = Cyv (0 + 1) = Oy [valt + 2T) = vy (1]
which gives

[ '
vl +2T) —va(t) = - |'|U+3T]+L—,'l'|[l+tj—1'|[rj
2 1

Suppose v (1) = v (f+ ), hence a sample-and-hold circuit at the input, which climinated

the 212 -term in the transfer function. Let ¢+ = &7 and 2T = T. z-transform

Valz) C, z+(C/C - 1)
H(z) = ——— = __'%
Viiz) Cy z-1
Choosee €3 = 2C, and we have
S 144!
Hiz) = —E:' _—
2 Elektronics Systems, http:tawweesisy.linse!
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9.3. LDI transform (K31)
TBD Solutions to be added.
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9.4. LDI transform (K32)
TBD Solutions to be added.
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9.5. SC filter 1
TBD Solutions to be added.
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9.6. Filter scaling (K23)
TBD Solutions to be added.
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9.7. LDI SC filter (K33)

Lesson § Analog Discrete-Time Integrated Circuits, TSTESD

Exercise K33

The arder is found to be N = 3. Values are R; Ly Ry
Cyy = 1.0, =2, Ll.hv = 1 and Cs 0, H
R; = R = 1k02
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9.8. SC elliptic filter (K34)

Analog Discrete-Time Integrated Circuits, TSTEBD Lesson 9

Exercise K34
Dhie to the Fact that
R=R=FR,
we know that the de gainis 1.2
You can also sce that the filter is realizing a third order clliptic low pass filter. Suppose that
the maximum output value is given by de voltage. This implics that we directly can choose the
scaling parameter k) in such a way that all nodes in the net become scaled with a factor bwao,

henee k) = 2.
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9.9. SC filter (K35)

Lesson § Analog Discrete-Time Integrated Circuits, TSTESD
Exercises
Exercise K35 . Ly
i I_(VY\ 2
Third order low pass filter with an elliptic ref-  —| | | _‘
crence [ilter. The specification gives r; 1 Ry
f. = 34kHz, A, = 0.024B, | o, o U
.lr..hHJIp.'E' = |28kHz,

Marmalized values from table are:
R;=Ry= k0. Cy , = Cy, = 05275, 0, = 01921, L, , = 0.7700
LDI transformation gives

Lz} s
5 =5 where s, =

Denormalize the values.

Compensate for the LD transformation errors,
Find the [low graph

Use standard 5C integrabors.

Identify the values

1z Elektronics Systems, http:tawweesisy.linse!
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9.10. SC filter (K40)

Analog Discrete-Time Integrated Circuits, TSTEBD Lesson 9

Example Exercise K30

Synthesize an LD filter. Transformation

Rekonstrucrad

specifikation

[kHz]

aive
= g 28
5 =5

The specification on the reference filter

angular cut-ofl frequency is chosen to be 1.25
w. = 2 1500rads

Since sampling frequency is f, = 40kHz
we have the discrete-time cut-off frequency
as

1.5k

—
1.5 2.5 1/2T=20

Poisson S;:lrl'lpkld

specilikation

_ sk s
Q, = J57 - 2= 0.2356

and the discrete-time stop-band [requency as 28

2.5k

- 2= (03927

T

1.2

From this we have s,

L

ml’

LY
D7 Tiin(e, /1)

0.2356 03927 | &

LDI Referensfilter-

30007

specilikation

= & 4093 krad/s

2mmn(0.2356/2) o8

We find the w,

@y, = Zsgein(f2 )=

=2 40003 ¢« sin((.392772) =

= 15,643 kradfs

Design an clliptic Aleer. Order is found tobe & = 3.

k2 = 1 and choose R, = R, = 1kQ

The normated values on the components are

¥
oy

Suppose the resistors are equal, or

O, =y, = 19314, ¢, = 03781 and L, = 0.7571
These are denormalized with
P e
i = L and O = ;
' W, " ! mI]RI] "
Elektronics Systems, http:tawweesisy.linse! a5

This document is released by Electronics Systems (ES), Dep't of E.E., Linképing University. Repository refers to ES

Print Date: 01/21/13, 07:58



Page

e No Rev Date Repo/Course
S Linkoping University o024  paa 2012-02-29 ANTIK 149 of 165
"a%” ‘&{? INSTITUTE OF TECHNOLOGY

Title ANTIK Exercises 2012 ID jacwi50

Analog Discrete-Time Integrated Circuits, TSTESD

Which gives
C, = C; = 204.9sF

Lo = BO3mH

Cy = 401l

The filter is transformed. The constant

used in the fgure is given by P‘}Y‘"
2
) = C +0 = Cy+ 0y Iy | ‘
Setting up the wellknown equations for [ ] V3 Gy WGyl Ry

currents and voltages in the lilter, we

have | O+ | Ot

R
Riy= RI- 2V,

R .
)(Vl LY

1
V, = ——(Ri, - RI5), BRI, =
! (Rlg— &), Rip (L0175,

RO,

1 R R

Vy= —(RI,-RI) R = =V, = —V
3 ..-;ec‘l[ 2 ) Ry R, * TR,

cle. With this the signal flow graph becomes

LI transform by seiting

i

5§ = .'!D'

=
5

e
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Analog Discrete-Time Integrated Circults, TSTES0 Lesson 9
L3
Ry

I
2 Y2 inthe integrators by propagaling backwards.

Elminate z

HE 12
E

1

terms in the outer feedback amplificrs. This is practically not pos-

We now though have 27172
sible o implement. One way 1o implement this is simply to remove the = Y2 term in the

CXpression:
ko 12

FL'-._

We could assume that the original 8, and R, have the expressions

— R .l gl
R’_ = Hf_ Fy and HI. = Rr‘ z
As discussed carlier, z 12 naturally contains valuahle frequency information

N [:r.uﬂ
2y 2wt
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Lesson § Analog Discrete-Time Integrated Circuits, TSTES0
Ihereby |
_ I (@3] _ | Ryt
Equ - Ll
Ry| | —*
-Lyp,

fw? o, Ry .
= R,.J1 'LTJ —_;m—: = R {w) - jwl,
=% =%

Which is realized by a Frequency dependent resistance in series
with an inductance, or more useful in this filicr implemenation, as a frequency dependet resist-
ance in parallel with a capacitor.

(Rp (@) - jOL)(Ry(0) +j0L,)
Ry (w)+ jol, -
Ry

112

Ry -z

- ki 1 _

ORI (@25 + joR, /25, |

= ] ! ] = Ryayllc, J_
Ry (w) T('r.

—
-’ﬁ_-"m R, A0S 2s,)

Suppose that Oy is coupled in parallel with C5 and correspondingly
For the inner source resistance C; is in parallel with € . This is corrected by letting the com-

ponents have the values
1 1

LspR;

- sin
wy

O =0 -0 =0 - |
1 . 1 82Ty
()

- .-
bR,

) =0,-C;, = Cy—
3 3 L 3 -
2aphy
We still have an error that is caused by the fact that we will notimplement a frequency depend-
ent resistance. This error is considered to be acceptahle. The realization of the filter is given
>
W=V

by the flow graph

=
=
3
|
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The two integrators (inverting amplificrs with and without delay)
are replaced with their corresponding SC circuits.
The transfer function of the summing integrator is given by

Vaiz] = Z ('I Violz C-Z Valz
@) = P [E i 2 Vi |

Check: Mo direct signal path from input to the output.

The transfer function of the summing and inverting integrator is

aiven by
Vi = (2@ 2 Vi@
R 1z | C3 1= C.H e

Check: Direct signal path from input to the output.

{Charge that is dirccted to Cy is given by a lincar combination of ¥

the input signals vy (¢) and v5(1) )

Integrators are used in the realization. The sizes of the capacitors
have 1o be identilicd. This is done by comparing signal paths in the SC realization with those
of the signal flow graph:

SC filter Siznal Flow Graph Result
RV Sl v = Sa_ 1
e =g 2 e = 7 Ra) (S
v =8 TR B R
gy W = "L Ra, T, T ke
v, = I pyep— U T
v, T Vv T s RaR, T sRa) O, s Ry
_ S Ca R
1-RIJ] . LRIy, = e el
. . R c I
[-RI], = [-RI), = — : k. Ry —
! Tpbel -z [
X R 1 1 11 1
|'- - 1)’ ——— . -

Val gy, Vsl g R, sRCy 1-:71 Oy ngRpag
Pl = g o1 I
H"lr' “"l" Ry xpflly 1-771 PR 1

Far the feedback we have:
[N [ C [
=V, = — -V,), =-— =2
. C, ¥, o, [ o
. Cis 2 Cip G,
Vi, =-—= v, =-= ==
3 f i - ER | 1 13 ﬂ:‘
We assume that
=R =R
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= _—d =l l\—
c_”!— C."2::
o !

Multiplication of £, with 2 gives Rz which
also gives a phase shilt of -180 degrees, which

changes the sign of all nodes in the flter.

Further, the correction term gives

-
I ey
07 Zsin(0,/2)

and € = €, - 1/ 25, R

0.1072

Which yiclds
€ _Cs_ Gy _ -m‘,mc'|+c':3_£] €,y Cp_ [mr_ﬁ(f_'_.‘-ff_':)_i] !
C; €77 C; | 2sin(Q72) IR| TC;; € | 2siniQ72) 2R
Cy  Cy  2Rsin(9,./2)
Co Cu w, Ly
l"’I-l- {'.] Cl.‘) t;'-2
T s M e = sin(€1/2)
B0 - — oo — 2
z R 1T R,u_
With values we have
€y _ G _ G _Cy_Cn_rom- |S[JU-m[][]-(2[14.9n+4[].1u1_1_J '
C; O, C0; €, €5 L 2sini0.2356./2) 2
l'_' l'_' 9., I "'\'.‘ﬁ /"\
._s - _l) _ 2. 1000 - sin((0.2356 _)"6”.._”!!')
Co Cn 30007 - 80 3m
c C
U 40l = 0.1725
C. Ch sin(0.2336/2)

20 -
40.Ln + 204 9n — S o0

Choose the integrators” capacitors all equal

100
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Analog Discrete-Time Integrated Circults, TSTES0

C,=Cy=Cy =47nF
From this we bave the values of all other capacitors,

Scaling:

Scale the flter s that the relabon between the OPamp cutputs and the input signal is unity
(I...-narm). We are scaling the filter to keep the signal levels at wanted levels. The principle
of scaling can be described by dividing the net into subnets. The subnets have a number of
inputs and outputs. IF the inputs are scaled with a constant &; all nodes of the subnet will be
scaled with a factor k;, as well as we have to scale all outputs with 17k,

In this case the signal alier the first node is scaled to & X, the second with &,k X and finally

the third (the output) with k]R:E | x3. By changing the values of the capacitances we now can

realize the scaling. At C_1 W s klf_‘_l instead. For C{:_’ ['G,.»’k:, CS_}CB'*!‘
. Cu . . e .
(.H—)W.t’.m—){.m-k:k,,.cg—:cqfk,.C,,—>c,|-.&3 cle.
273
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EXERCISE SECTION 10: DATA CONVERTERS, FUNDAMENTAL

x Covered by the main course book. The solutions are found via the course web
page.

This document is released by Electronics Systems (ES), Dep't of E.E., Linkdéping University. Repository refers to ES Print Date: 01/21/13, 07:58



e No Rev Date Repo/Course Page
4}% L'“kOng University o024  pan 2012-02-29 ANTIK 156 of 165

EA Mf INSTITUTE OF TECHNOLOGY
o Title  ANTIK Exercises 2012 D jacwis0

10.1. D/A swing (Q 11.1 J&M)

For a unipolar D/A converter, all the levels are represented by one single output, i.e., we
do not have negative values. The code is offset binary.

A 10-bit converter, will have 2'° levels starting from 0 and ending at 2" —1 . This means
that the maximum output must be:

Vo =V 155(2¥=1)=1023-1 mV =1.023 V (20)

out, max
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10.2. SNR (Q 11.2 J&M)
x (Similar to Quiz 5 in the ANIK course 2012).

For any N -bit converter we can write the SNR as

SNR=6.02-N +4.77—PAR (21)

where PAR=P /P is the peak to average ratio for the signal. For a full-scale
sinusoidal, this value is 2 (linear scale), i.e., 3 dB. The ADC range is now V,,=3 V, which
means that the peak power is

2

2

| 4
—|_rd
Ppk—( >

J
2

2
== (22)

In the exercise, a sinusoid of 1 Vpp is applied, which means that the signal power is

[P S=—ll=] ==
sig 2 2 8 (23)
The SNR is thus
P 9/4
SNR=6.O2-N+4.77—10-10g10;ﬂ=6.02-12+4.77—10-10g10m~64 dB (24)

Sig
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10.3.
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10.4.
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10.7. INL/DNL (Q 11.7 J&M)
Measured values are given by:

-0.01, 1.03, 2.02, 2.96, 3.95, 5.02, 6.00, 7.08 V
and ideal values should be

0.00, 1.00, 2.00, 3.00, 4.00, 5.00, 6.00, 7.00 V

Approach 1:

The INL is directly given by the difference between the measured and ideal values, which
means that INL is equal to:

-0.01, 0.03, 0.02, -0.04, -0.05, 0.02, 0.00, 0.08

The DNL is the difference in ideal step between two consecutive values compared to the
ideal step (1.00 V):

1.03 - (-0.01) - 1.00 = 0.04
2.02-1.03-1.00 =-0.01
2.96 - 2.02-1.00 =-0.06
3.95-2.96 - 1.00 = -0.01
5.02 - 3.95-1.00 = 0.07
6.00 - 5.02 - 1.00 = -0.02
7.08 - 6.00 - 1.00 = 0.08

The worst-case INL and DNL are given by the absolute max of the values above.

Approach 2: Compensation for gain and offset error

We can compensate for offset and gain error to align the lowest and highest values. The
gain error (ideally this should be 0) is

_7.08—(—0.01) 7
G= I 1 =0.09 (25)
Real gain IdcaT;zain

and we find a small offset in the first code, so the offset error is

0=-0.01 (26)

We can now compensate each value with the gain and offset error according to:
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V.=V —0-G- s
k™ 7 meas 2 N 1 (2 7 )

Now we will get:
0.000, 1.027, 2.004, 2.931, 3.909, 4.966, 5.933, 7.000
With INL
0.000, 0.027, 0.004, -0.069, -0.091, -0.034, -0.067, 0.000
and DNL
0.027, -0.023, -0.073, -0.022, 0.057, 0.033, 0.067.
The worst-case INL and DNL are given by the absolute max of the values above.

Approach 3: Best-fit compensation
We can assume that offset and gain error can be neglected in some applications. In that
case, we want to align according to a best fit line, i.e., not assume that the end values are
the correct ones. This implies also that the actual step size is not 1 V anymore.
In this case, the offset and gain errors become
G=0.0056 and 0O=-0.0133
and the compensated values become
0.0033 1.0377 2.0221 2.9565 3.9410 5.0054 5.9798 7.0542
with DNL and INL (referring to the compensated LSB step size, which is 1+G=1.0056).
DNL = 0.0344 -0.0156 -0.0656 -0.0156 0.0644 -0.0256 0.0744

INL = 0.0033 0.0377 0.0221 -0.0435 -0.0590 0.0054 -0.0202 0.0542

The worst-case INL and DNL are given by the absolute max of the values above.
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EXERCISE SECTION 11: DATA CONVERTERS, DAC

x Covered by the main course book. The solutions are found via the course web
page.
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11.4. R-2R ladder DAC (Q 12.11 J&M)

x Missing in the manual is that the R, is the left-most vertical resistor, and R,
is the left-most horizontal resistor. R is the right-most vertical resistor.
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EXERCISE SECTION 12: DATA CONVERTERS, ADC

x Covered by the main course book. The solutions are found via the course web
page.
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