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Chap ter 7 Overview

. Basics
Circuits with R, C, L with Alternating Current
Diodes

Field Effect Transistors

Operational Amplifiers

e MOSFET Basics Transistors - Basics

e Excursion: CMOS Technology
e CMOS Circuits

2- Transistor Circuits
. Field Effect Transistors

® N oA ®N

. Additional Topics

e Filters

* \oltage Regulators
 Noise
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CMOS Circuits - Cont’d

In: Chapter 7: Field Effect Transistors
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Common Source Amplifier

The Equ:valent to the Common Em/tter

_
— - — = —_— e e — ——————— e S —

Common
source

N — — -

Uein O

- KIT

Karlsruhe Institute of Technology
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¢ Upp « Small signal replacement circuit: %
~ Reminder: BJT common emitter
—0 o Ujus
|
Ro ] e e
() Uein dm Uein @ DS RD f-Is
y Uein Rgg Rcg Rc¢
* © Uyus ' '
L - E
Amplification:
dU, r R dU ¢;
-~ Vy = Waws __ D5\ R0 9m dUein _ _ (1) || Rp) g~ —gmRp (o <<1o0)
dUezn dUezn
Impedances:
dUein dUaus
n — ~ Rous = =R ~ R
Rezn d Iein .9 ... D “ DS D
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Common Source Amplifier ﬂ(IT

Ideallzed EXtenSIon Karlsruhe Institute of Technology

* Replacing Rp with a current source:

o
Amplification depends Rp: Large internal resistance = large amplification
C) Iy Technical aspect: large resistors need lots of space in CMOS technology
+—o U, . Amplificationhere: Vy=—gn(rps| Ri)~ —gmrps = ;:S (Ri >> ps)
Uein ® I Numerical example:
———

los= 100pA; A=0.1 V-1 =>gps=A lps=10 uS
FUr gm= 100 uS : Vu= 10

N - — = - —_————— - - P — _ —
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Common Source Amplifier ﬂ(l

Concrete Implementation: FET Diode as Current Source Karlsruhe Institute of Technology

— = e = — — == e — — —

— - — . = = __ — =

o Upp * In this configuration:

Uez’n O [ Tl

—_— — —_— — _— _—
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Common Source Amplifier ﬂ(IT

More “Bang Current M/rror as Current Source Karlsruhe Insttute of Technology

—————— — — = e — = == — —————————— ——— —— —— — S

— _—_—
E— — _ — — e e — —— ———— — — — _ = R

In contrast to FET diode: Feedback and current into

amplifier separated, with that:
* Differential source-drain resistance not determined

by amplification, but by Rps.

o Upp

13 | ’ I 15

| Amplification:
AN ! ° Vaus VU = —9m, (D3, || TDS,)  here: rpse >> 1/gm2
\_/ fo Accurate for small currents Ips, since ros = 1/gbs; gos= A Ips

Numerical example:

l gm= 100 uS; Ips ~ 10 A
Mit A=0.1 V-1 =>gps=Alps=1uS =>rps=1 MQ
=> \y =-50

A rf'
o1
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Cascode
The Path to larger Ampl/f/cat/on

- = e —————— — — — — e T —— — e —
————— e ——— — — = — e e _ — L P ——— —— _ ———  —————
——— —_ -

- AT

Karlsruhe Institute of Technology

U Small si naI re Iacement circuit
D D (Current source o in concrete J P
implementations for example l O Uaus
a PMOS current mirror)

WA B
Uein O ‘ [ Tl Uein \J I 'DS1

ik T

— e ——— =—"=
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Cascode
The Path to larger Amplification

- KIT

Karlsruhe Institute of Technology

__

* How it works: Current source lp (not shown in small signal replacement

l o Uuus circuit) defines the current in the circuit. With that:
A
ATy = fme hllogn + 221 -
I, IR, Most
Uo ) I rDS2 (B d.U ) 2~ oy LU, Mocg
\
dm ’&la/z
! amL LU, -dlhy) + =C
® o Uj i rD.S L
| © ( ext VOI'Fu‘( J
i
R R P dlhanyg = — Gy dllin * Tpgg * Chor o1z #2)
dUaus
1 Amplification: Vu = dUs X —9gm1TDS19m2 TDS;
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Excursion: CMOS Technology & Transistor Parameters

- KIT

Consequences for ana/Og DeS/gn Karlsruhe Institute ofTechnoIogy
» Reminder: Simple amplifier: Ubp
NMOS common source 9 Upp Cascode with @ I,
amplifier current source Central parameters:
¢——o U,us
B Rp gm : transconductance
| . .
Uo o |[:T2 ros : differential
* ° Uaus resistance of transistor
¢—O Ul
Uein © |
€in | > Uein O I [ T].
Amplification:
dU ~ ~
V, = dUe’” Vo R =8, Rp Vu R = 8u1"ps1 8m2" s>

—_—-— =——
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Excursion: CMOS Technology & Transistor Parameters

Consequences for ana/og Des:gn

— _— — — = —_— e e — ——————— e S — — _ e —_— - — —

— - — = —

- KIT

Karlsruhe Institute of Technology

* Relevant parameters for analog behavior (for example amplification): gm, ros (= 1/gps)

Table 1.3 IBM digital Node am 250 180 130 90 65 from: |
CMOS technology - | Oliveira, Goes: “Parametric Analog
characterization, from [26] L nm 180 130 92 63 43 Signal Amplification
Lox nm 62 445 312 22 1.8 Applied to Nanoscale CMOS
Vb \Y% 2.5 1.8 1.5 1.2 1 Technologies”, Springer,
rdafive +o V., V 044 043 034 036 024 DOI 10.1007/978-1-4614-1671-5
width v/ < [F uS/um 335 500 720 1060 1400 = ———
o uS/um 22 40 65 100 230 Om, fos (and with that the |
 Fog = — 152 125 11.1 106 6.1 1 ampllflcatlon). degrades for
7 m JT GHz 35 53 94 140 210 smaller transistors. |

Lo amplication
-Far CaScodle 57[C

(Re-)optimization, or even |
In a short conclusion, technology scaling tends to achieve a higher g;, in s!:)ec?fic redesign of a

saturation which degrades the gain but, at the same time, due to limited voltage |CIrcult for a new

range, the g, in linear region tends to be lower, degrading the ON resistance of the |technology required!

switch.

—— ——— = _—m — — ——
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Source Follower/ Common Drain

The FE T Equ:va/ent of the common Collector

]

- KIT

Karlsruhe Institute of Technology
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FYIl: Folded Cascode ﬂ(IT

A Var/atlon of the regular Cascode Karlsruhe Insttute of Technology

—_— ——————— = — ———

— — e — = —_— e e — ——————— e S —
e _ — _ — N __ — = = —

e An alternative implementation of the cascode: Current split across two branches (similar to differential amplifier)

Upp
compare to: “regular” cascode
U]T)D
Rp
® oU)
PMBS  { anus

' U
Ueino—— | _ 5} o Uy e[,

I fAes i

l The strength of this circuit:
Larger dynamic range in output voltage!

—— e — — —_— B e R e e i I S - - — -

S— B—— = —————u — = — = —_— = —— == —
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FYI: Differential Amplifier

- KIT

CMOS /mp/ementathn Karlsruhe Institute of Technology
UQD * The basic implementation
) VU _ d(]aus _ dUaus—l— o d(]aus— = —Gm RD
dU ein dUeln+ dUeln —
RD RD
Uaus— o 9 ¢ O Uaus .
" . and a range of further improvements, the same

Usinss o }[‘Ml M, |j} 0 Utin_ as for the BJT

— e — — —_——— _ e = = - - _——
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FYI: Differential Amplifier

- KIT

CMOS Imp lementa tlon Karlsruhe Institute of Technology
U’QD * One extension: “active load” instead of ohmic
resistors:
p— — Enables high impedance and consequently high
l RN amplification without large voltage drop: Larger
Ui o 3 M; = [: dynamic range of the amplifier.
anUS

Assumption: opposing transistors identical,
resulting In:

ST TR 4 gop . .
P anel - - W O 2
P N A_“:: i L ®
4 - .; RN
A". "Q‘
e T 1 2 | : ein —
'1_‘.‘ ;
,',‘. )
Q.. P
e, - ) e
S A W - . -

- R S e s A I

i =S _—— == Jp———— p— = —————u — D
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As an Example: A real Circuit ﬂ(IT

ATLAS Phase I S///con Str/p Detector (ITk Str/ps) Front-end ASIC ABCStar Karlruhe Institue of Technology

= ————— = —— ———————— — ——— —— —— S

* A complex ASIC with analog and digital parts

256 Detector pads Serial interface
Analogue
Front End
256 channels ReadOut
Block
Evt_Buffer Cluster Data

Finder

(128 evts)

Sl

PR/LP LCB & PR/LP Top_Logic
LCB_IN Decoders
Voltage regulators

—_—-— =——
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As an Example: A real Circuit
ATLAS Phase I S///con Strlp Detector (ITk Str/ps) Front-end ASIC ABCStar

- KIT

Karlsruhe Institute of Technology

The analog front-end: 256 copies in the chip

Finally: Binary readout (strip hit or not)
But: Thresholds etc. require an analog processing of

R2
E WA
: >~— ~—
O — :
O*‘ T9 O—| T13 T17 [(__T18
o8 E T6 | —”_:T%
— | |-
: Vreplica C
I T4 O—HiTH T12j| =—e
e[ | f R1 ©
T of } NN T19:_] [:szo [_:Tz“
l :
| I Rf ]
Bl | o ;—I_:Tzs
INPUT '—H.:m | T21:_”—I—< T22
T O—{ TI0 | I-: %
G \T_) = 3 = —

Preamplifier

[
) I
%Jb
Discriminator ( =)
Digital GND
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gb

the signals.
4-step circuit as analog front-end

In addition: protection circuit on input

PAD o ___ 22Chm FEINPUT
zl » —\AA—e >
i 4 Av.4 :
N ~ I
| .
| ,,1 * 2N /i ZS:
: 4’: _’: |
| :
'GNDA )\ . o o
=
GNDIT L:—

L[ Ln
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As an Example: A real Circuit

¢

ATLAS Phase /] S/I/con Str/p Detector (ITk Str/ps) Front—end ASIC ABCStar Karsruhe Isttute of Technology

1. Part: Pre-amp; Booster

® gt Vues

ol -C (08CE palled
e Yo bpF shep £ (6Cm)
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As an Example: A real Circuit

¢

ATLAS Phase /] S/I/con Str/p Detector (ITk Str/ps) Front-end ASIC ABCStar ke Instute of Technology
e R 2. Part: Shaper, Discriminator
@ DI‘M -Po /M
(=S codlo
1 @ infagel e of
OUTPUT SO“,M/
O—
| @ h’}‘; f”'lﬂ%én @
] CCLNO% S'acd‘cw
ha <ol Fivccﬁo[a(
Discriminator CL “‘7 "l%o Qorvechs-§
(D debloetral
........................................................................................................................................... ampl Aoy : rgpuF
%) olff&r "‘M'ﬁm&f
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Other Transistor Types

In: Chapter 7: Field Effect Transistors

— = e ——— ———— m_————— —— = = - — =
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Depletion-mode MOSFETs

- I

Seletleltende MOSFETS B - 7 o o | o ) Karlsruhe Institute ofTechnology
(}_| C.On J“c[,w 0@,, e/ e Two types of MOSFETSs:
g D L‘JQ( fo n Jo/.«, )  Enhancement-mode (Anreicherungs-Modus)
The most common variant - considered up to now
7 //////ﬁ////// 7 * Depletion-mode (Verarmungs-Modus)
i /)
_J p ID(rnA)
Ohmic Saturation Region
A <—>, - » V35,+ve
D Vas = +0.5V
Ipss I Vs = 0 Vss =0
Veg =-05V |
_ _ Vas =-1.0V <4
» Conductive for Ugs = 0: negative threshold voltage Vs -ve
* Non-conductive only for significantly negative Ugs maet 20V

0 2 4 6 8 10 12 Voo e

from Electonics Tutorlals

e — — e ——— —_— ——_—— =——— .
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JFET: Junction FET
Sperrsch/ch t-FET

u«c»s e n-conductive channel between source and

S !’ , G D drain at Ugs =0
\V4

- I

Karlsruhe Institute of Technology

P — — -

p” * Negative Ugs pinches off the channel:
[ Reduction of lgs
n++ n n++ : :
 Ugs =0, Ups > 0, results in reverse-bias
on pn-junction: (Almost) no current
from G to D
U ps d
S G D
-+ ¢
As two types: p clqﬂ/d('ﬂm 2o
n-channel p-channel - \V/ -

)P S n
s p :

. = = ——
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e —— - = N e — — — = —

JFET: Junction FET
Sperrsch/ch t-FET

ﬂ(IT

Karlsruhe Institute of Technology

Uas

nt+ n ntt
hmsch
M DS A ORegsicc)ne
As two types:
n-channel p-channel

D G<—/|S
s p

—_— B S e e T T e ————— ——————————  _____  ———— . — —— = — — — .
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Next Lectures:

Analog 14 - Chapter 08 - Thursday, February 8, 2024
Analog 15 - Chapter 08 - Tuesday, February 13, 2024




Time Plan for Next Lectures

A feW Changes com/ng up/

- KIT

Karlsruhe Institute of Technology

= = —— ————————— ———— ——— — ——

Calender Week Tuesday Thursday
45 07.11. Analog 09.11. Digital
46 14.11. Analog 16.11. Digital
47 21.11. Digital 23.11. Analog
48 28.11. Digital 30.11. Digital
49 05.12. Digital 07.12. Analog
50 12.12. Digital 14.12. Analog
51 19.12. Analog 21.12. Digital
2 09.01. Analog 11.01. Digital
3 16.01. Digital 18.01. Digital
4 23.01. Analog 25.01. Digital
S 30.01. Analog 01.02. Digital
6 06.02. Analog 08.02. Analog
14 13.02. Analog 15.02. None

— - e —— —_— = R — — — ——— B _ _
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