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Table 1.1 The Four Amplifier Types
Type Circuit Model Gain Parameter Ideal Characteristics
I lifi Open-C ltage G R=co
Voltage Ampli -Circuit Volta i
oltage Amplifier pen-Circuit Voltage Gain R =0
AP v,
< A =2 VIV
v; :: R; vo 0, ia:(l( )
O
- i; - . R, =0
Current Amplifier —_— Short-Circuit Current Gain R —=oo
oO— . o
i
Z A== (A/A)
$h Ii 14,0
o
- R; =00
Transconductance Short-Circuit Transconductance  p _ o
g O——— o
Amplifier N i
s G,==| (A
vig M Ui ly,=0
O
i; R, =0
Transresistance — Open-Circuit Transresistance R =0
o o—— 0=
Amplifier v
Sk R,= 2| (VIA)
e Liliy=0
O

©2020 Oxford University Press ST-1

Reprinting or distribution, electronically or otherwise, without the express written consent of Oxford University Press is prohibited.



ST-2 Summary Tables Supplement

Table 1.2 Frequency Response of STC Networks
Low-Pass (LP) High-Pass (HP)
. K Ks

Transfer Function 7T'(s) —_—

1+ (s/w,) s+ w,
Transfer Function (for physical K K
frequencies) T (jw) 1+ j(@lawy) 1 —j(wylw)

K

Magnitude Response |7 (jo)| # L

V14 (wlwy)? 1+ (wy/w)?
Phase Response ZT (jw) —tan”" (wlw,) tan™" (wylw)
Transmission at w = 0 (dc) K 0
Transmission at @ = 0o 0 K
3-dB Frequency , = 1/t; T = time constant

7 =CRor L/R

Bode Plots in Fig. 1.23 in Fig. 1.24

Table 2.1 Characteristics of the Ideal Op Amp

. Infinite input impedance

. Zero output impedance

. Zero common-mode gain or, equivalently, infinite common-mode rejection
. Infinite open-loop gain A

. Infinite bandwidth

[ N S
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Table 3.1 Summary of Important Semiconductor Equations

Quantity Relationship Values of Constants and Parameters (for
Intrinsic Si at 7 = 300 K)
B=73x10" ecm™K "
Carrier concentration in3 n = BT g Ee/T E,=1.12eV By
intrinsic silicon (cm™”) k=38.62x 10" eV/K
n,=1.5x10"/cm’
J=—qp % g=1.60 x 10~ coulomb
Diffusif)n Current2 P (;ndx D,, — 12 cm?/s
density (A/em’) Jy=aD, - D, =34 cm’/s

Drift current density
(Alem’)

1,=480 cm’/V - s
1, = 1350 cm’/V -

Resistivity (€ - cm)

u, and p, decrease with the increase in
doping concentration

Relationship between

V, =kTlq~259 mV

mobility and diffusivity “, “, =Vr
Carrier concentration in n, =N,
n-type silicon (cm™) P = ”'Z/ND
Carrier concentration in P =N,
e -3
p-type silicon (cm ™) Ny = niZ IN,
Junction built-in Vo=V, m(NA}ZVD)
voltage (V) i
X Da
X, N,
Width of depletion W=ux,+x, e, =11.7e,
region (cm) e,=8.854 x 107" Flem
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Table 3.1 continued

Quantity Relationship Values of Constants and Parameters (for
Intrinsic Si at 7 = 300 K)
Charge stored in depletion N, N,
layer (coulomb) Q,= A AW
Y N,+Np
I=1+1,
D
2 P V/V,
Forward current (A) I,=Aqn; N (e = 1)
‘P 'D

lifetime (s)

" LnNA

D

Saturation current (A) I, =Agn Ly D,
\znN, LN,
‘P n
W,

-V relationship =1 (e r- 1)
Minority-carrier 7, = L;/D 7, = Li/Dn Lp,Ln =1 pmto 100 pm

T, T, = 1 ns to 10* ns

Minority-carrier
charge storage
(coulomb)

Depletion capacitance (F)

Co—A (ﬂ) NN, \ L
o 2 J\N+N, Y,

Diffusion
capacitance (F)
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Table 4.1 Diode models
i—1 U/Vy_I’ V=E
Exact i=le ) o 5 23
k = Boltzmann’s constant = 8.62 x 107 eV/K=1.38 x 1077 J/K
T = the absolute temperature in Kelvin = 273 + temperature in °C
g = the magnitude of electronic charge = 1.60 x 107" coulomb
V=V, =23V, log 2
Constant i
voltage drop o—
model "
—_ D
O—
i>0 v,=07V
. Iz
Reverse bias —— s
model
+
Vzo
v, Vz = Vzo + 1,17
rZ
Small-signal Ve
ry=—
model I,
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Table 5.1 Regions of Operation of the Enhancement NMOS Transistor

i - .
D 1< Triode __sy—  Saturation
_ + Ups < Yoy | Ups = Yoy
UGp i |
D >
+ \ ;—k,;(%/) L |
N —Z | /7
1
7T I Ugs = Vi + Yov
UGs i
_ _ | Cutoff
1
—_— —_— »
= = - Slope = — ! Gs < Vin
_ 1 1
8ps = s 0 L /
= ky(¥)voy Yov Ups

By, <V, :no channel; transistor in cutoff; i, = 0

B y,g = V,, +v,y: achannel is induced; transistor operates in the triode region or the saturation region depend-
ing on whether the channel is continuous or pinched off at the drain end;

[ ' 1

Triode Region Saturation Region
Continuous channel, obtained by: Pinched-off channel, obtained by:
vop >V, Uop < Vi
or equivalently: or equivalently:
Ups < Yoy Ups Z Vgy
Then, Then
. (W 12 . 1., (W 2
ip = ky (‘I:)[(vcs = Vi) Ups— Qvns} Ip = Ekn (Z)(vcs = Vi)
or equivalently, or equivalently,
. (W 1 .1, (W) 2
ip = Iy T /\Yov~=5YDs)Ups Ip = an 7 ) Yov
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Table 5.2 Regions of Operation of the Enhancement PMOS Transistor

+ N ipf<— Triode —si<— Saturation —
Vs Usp < |vov| : Usp > voy |
- Ly (W g2 b ,
) L'I: ), :
Upg ¢ ip _ | Vg6 = Vil + lvov]
+ | Cutoff
: Usg < |le |
Slope = — !
10
DS = 7
£DS = i lvov| Usp
— k(W
= kp (T) |UOV|
B oy < ‘th‘: no channel; transistor in cutoff; i, = 0
B v = ‘V, p‘ + ‘Uo v‘ : a channel is induced; transistor operates in the triode region or in the saturation region

depending on whether the channel is continuous or pinched off at the drain end;

Triode Region Saturation Region
Continuous channel, obtained by: Pinched-off channel, obtained by:
Upg > ‘th‘ Upg < ‘th‘
or equivalently or equivalently
Usp <|vou] Usp 2 Vo]
Then Then
. (W 12 . 1,,(W 2
lD = kp(Z)[(vSG_‘le‘)vSD_EvSD} lD = EkP(Z)(USG_‘V"")
or equivalently or equivalently
=K w 1 A | B W\ 2
p = /BT ‘vov‘_i”sz) Usp Ip = 5%\ |Yov
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Table 6.1 BJT Modes of Operation

Mode EBJ CBJ

Cutoff Reverse Reverse
Active Forward Reverse
Saturation Forward Forward

Table 6.2 Summary of the BJT Current-Voltage Relationships in the Active Mode

. Vpr IV,
— BE'VT
i =Ie

i 1
iy = < _ (i)e”BE’VT
B B
2 1,
io=C — 5 )eusEr
E
o o

Note: For the pnp transistor, replace v, With v,.

. . . . i
i =aig lBZ(l—a)lE:rj’:l
ic = Pig ip=(B+ iy
a
P=1q S

V, =thermal voltage = — ~25 mV at room temperature
q

Table 6.3 Simplified Models for the Operation of the BJT in DC Circuits

npn

pnp

Active
EBJ:
Forward
Biased

CBI:
Reverse
Biased

+

Vee=03V

C

. Iy I = Broreeals
Saturation > -
. Bo——m ———oC
EBI:
+ + "
Forward

Biased Ver=0.7V T T Vepa =02V

CBI: B ® B
Forward l B
E

Biased

ﬂforced < ﬂmin

+

— Vh(‘sm =02V

——oC
e
1(‘ = Bi‘nrtcdlﬁ
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Table 7.1 Systematic Procedure for the Analysis of Transistor Amplifier Circuits

1. Eliminate the signal source and determine the dc operating point of the transistor.
2. Calculate the values of the parameters of the small-signal model.

3. Eliminate the dc sources by replacing each dc voltage source by a short circuit and each dc current source
by an open circuit.

4. Replace the transistor with one of its small-signal, equivalent-circuit models. Although any of the models
can be used, one might be more convenient than the others for the particular circuit being analyzed. This
point is made clearer in Section 7.3.

5. Analyze the resulting circuit to determine the required quantities (e.g., voltage gain, input resistance).

Table 7.2 Small-Signal Models of the MOSFET

Small-Signal Parameters
NMOS transistors

B Transconductance:

- Wy - f w, _ 2
&n = 1,C, L Vov = /24, CnxL I = Vo

B Output resistance:
r,= V,/I, = 1/AL,

PMOS transistors

Same formulas as for NMOS except using [V, |, |VA , 1Al and replacing p1, with 1t .

Small-Signal, Equivalent-Circuit Models

D
8mYs
G D G
o—o0 o) o To
+ +
8m .Ugs 1
'Ugs Ty ng 5
T
S S
Hybrid-7 model T models
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Table 7.3 Small-Signal Models of the BJT

Hybrid-7 Model

B g, v, Version

B pi, Version

B g, v, Version

E

iy

B —oC Bo——=

+

>
U &l :; r, T
8nlr S Bi,
E E

T Model

B «i Version

Model Parameters in Terms of DC Bias Currents

=1 r==alt r=f=ht r,= 1l
Vr 1, 1. I, I, 1.
In Terms of g,
« B
r,=— r,=-—
8m 8m
In Terms of r,
a
o= ro=+r, fnt =
r@ r7! rﬂ
Relationships between a and f
o g 1
= = — = —
F=1=, *TEr prl=1
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Table 7.4 Characteristics of MOSFET Amplifiers™®
Characteristics
Amplifier type R;, A, R, A, G,
Common source (Fig. 7.36) o) -g.Rp R, -8, (RpIR,) -8, (RpIIR,)
R —g,. (R IR R,|IR
Common source with R (Fig. 7.38) 00 . R, AL —g’"( bIR)
» 1 +ng: 1 +ngs 1 +ng5
_ RD”RL _ RD”RL
g, +R, /g, +R;
1 R, IR
Common gate (Fig. 7.40 — R R R, IR bk
gate (Fig ) g, 8ullp D gm( pll L) Ry +1/g,
. 1 R, R,
Source follower (Fig. 7.43) 00 1 — _— _
8 R, +1/g, R, +1/g,
4 For the interpretation of Rin, Ay, and R, refer to Fig. 7.35(b).
> The MOSFET output resistance r, is not taken into account in these formulas.
Table 7.5 Characteristics of BJT Amplifiers™™*
Rin Avo Rﬂ Av Gv
Common B+ Dr —g R R -8, (R:IIR,) —ﬂ&
' ¢ mitc c m\Rell iy R+ B+,
emitter R.IR g
(Fig. 7.37) —q L
re
R —g (R-IIR R.|IR
Common B+D(r,+R,) TR En CR R, 7&’]»«( L l 1) -B cllR
emitter with +8.R, +8.R, Ri+(B+1)(r, +R,)
R, (Fig. 7.39) RCIIR,
¢ r,+R,
R.|IR
Common base r, 2. R¢ R gn(RCIRy) *p - lL_ L
. Lt
(Fig. 7.41) sig T7e
R.|IR
SRR,
re
R R
Emitter B+D(r,+R,) 1 r, L -
follower R +r, Ri+r +Rs/(B+1)
(Fig. 7.44) Gy=1
R Rsig
out re + ﬂ + 1
4 For the interpretation of R, A,,, and R, refer to Fig. 7.35.
b The BIT output resistance r, is not taken into account in these formulas.
¢ Setting # = oo (e = 1) and replacing r, with 1/g,,, Rc with Rp, and R, with R, results in the corresponding formulas for MOSFET amplifiers
(Table 7.4).
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Table 8.1 Gain Distribution in the MOS Cascode Amplifier for Various Values of R,

Case R, R, R, A, A, A,
1 w oo rD _gm rO g"er - (ger)z
2 Grdr I S I o)
2 2 1
3 T - -2 5 (&, —(&urs
8m 8m 2 ( ) ( )
4 0.2r, 12 12 ~12 0.17(g,r,) —02(g,7,)
gm g?ﬂ
Table 10.1 The MOSFET High-Frequency Model
Model
s I : R op
+ L
\% €, T,
gs 8s o0
_ nggs gmebs
I L . =—C,
Vbs T CSb
+
o l
S B
Model Parameters
w / W 21 C,
gm:#ﬂcﬂxz{vov} = ZHHC()AZID= 2 CXh= ¢
[Vovl [Ves|
1+ 5
VO
G =X8w» X =0.11002
C
r0=|VA|/ID Cop= de] |
1+=25
2 i
Cg: = EWLCOX +WL,C,.
c,,=WL,C £ = Em
gd ‘ov ~ox o (ng +ng)
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Table 10.2 The BJT High-Frequency Model
C;L
o I e
+
> >
V.S ra = 3
5 B S
O l & O
E
8 =1cVy rn:‘VAVIC e = Bol8,
g"‘l
Cn + C;z - ?fT Cn = Cde + C/’e Cde = z-Fgm Cje - 2C‘jeO
vV
c, = C,LO/(I 1 Vel ) m=03-0.5
Oc

Table 11.1 Summary of the Parameters and Formulas for the Ideal
Feedback-Amplifier Structure of Fig. 11.1

e Open-loop gain =A
e Feedback factor = S
e Loop gain = A (positive number)

e Amount of feedback =1 +Ap

X, A
Closed-1 in=A=-"=
. osed-loop gain = A, Y T 1tAp
. Ap
e Feedback signal =x, = ——x;
1+Ap
1
e Input signal to basic amplifier = x, = X,
1+AB
1
° Af |idea1:B
Closed-1 i function of the ideal val 1A (1) !
. osed-loop gain as a function of the ideal value —: A, = — | ————
b 5 = \B )1+ 1/ap
1 1
. ForA:oo,xi:O,xf:xx,xG:Exx,Af:Afhdea]:E
e For large loop gain, Af > 1,
~ 1 ~ ~
Af_ﬁ Xy =X, x;~0
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Table 16.1 Important Parameters of the VTC of the Logic Inverter (Refer to Fig. 16.13)
Vor: Output low level

Vou: Output high level

Vi Maximum value of input interpreted by the inverter as a logic 0

Vi Minimum value of input interpreted by the inverter as a logic 1

NM,:  Noise margin for low input =V, -V,

NM,,:  Noise margin for high input = V,,,, -V,

Table 16.2 Summary of Important Static Characteristics of the CMOS Logic Inverter
Inverter Output Resistance
B When v, is low (current sinking): . Vob
(W Db
psnN = 1/ [ K, (‘Z) (Vop = th)}
Tpsp
— Op
B When v, is high (current sourcing): s
P
Tpsp = 1/ []9/: (‘;Z) (Vop - ‘th‘)} 40— t +—O R
P Sy
—|_ O~
T'psn
Inverter VTC and Noise Margins w
0
Slope = —1
VM = W where 7 = kt}_(%_ Vou = Vop
1+r ];l (w/L), |
|
w | /
For matched devices, that is, i, (VZV) = U, (Z) sand V, ==V, =V, } /§
n P | / Slope = +1
= |
r=1 /\/ Slope = —1
Vi = Vpp/2 P } ‘ ,
1 (—}VM,_ —> } < NMjy —
V1L:§(3VDD +27) L J
| V=0 ; : : } -
Vig = §(5 Vop=2V)) OV Vu Ve G
1 v =Yoo
NMH:NML:§(3VDD +2V,) L)
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Table 17.1 Implications of Device and Voltage Scaling
Parameter Relationship Scaling Factor
1 W,L,t, /8
2 Vo V., /s
3 Area/Device WL 1/8*
4 Cox Eux/tux S
5 6K, #Cov 14, s
6 Coue WLC,, 1/
7 1, (intrinsic) aCIK'Vy,, /s
8 Energy/Switching cycle CVLZ)D 1/s°
(intrinsic)
9 Py, Lo CVip = Vi 1/8
21,
10 Power density P, /Device area 1

Table 17.2 Summary of Important Speed and Power Characteristics of the CMOS Logic Inverter

Propagation Delay

Using average currents (Fig. 17.4):

t o€ where 2
~— o, =
T ke (W/L), Voo 73, ( V., )2
4 VDD VDD
a,C 2
tpiy =~ ——————— wWhere o, =
K, (W/L), Vi AN (|vrp|)2
4 VDD VDD
Using equivalent resistances (Fig. 17.5):
Ryn(Wy /L,
b, = 0.69RyC where Ry = R Werr /L)
(W./L,)
Re WE” Le
tpy = 0.69R,C where R, = M
(W,/L,)

For a ramp-input signal, #py;, =~ RyC and tpy =~ R,C.

Power Dissipation
Py, = CV[ZJD
PDP =P, x 1,

EDP = PDP x tp
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Table G.3 Comparison of MOSFET and the BJT

NMOS

Circuit Symbol

To Operate in

Have to Be
Satisfied

the Active Mode,
Two Conditions

(1) Induce a channel:

Ugs =V, V,=0.3-05V
Let  vgs =V, + oy

(2) Pinch-off channel at drain:
Up <V,

or equivalently,

Ups = Voys  Voy =0.1-03V

(1) Forward-bias EBJ:

Upie 2 Vigrons Vigon = 0.5V

(2) Reverse-bias CBJ:
Uge < Vcon» Vicon = 0.4V
or equivalently,

Uep > 0.3V

Current—Voltage
Characteristics in
the Active Region

1 w
L

1 W, Ups
=-u,C, —vp 1+
2:un o vov( + v,

ip= El“ncox*(vcs - Vz)2(1 +5

S vy Ucg
ir=Ie 1+

ig=0 ip=iclp
Low-Frequency, Go 5 B C
Hybrid-r Model + +
vgs 8m Ugs U I'r EmVn

mo—=e

T Model

Low-Frequency
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Table G.3 continued

Source (Emitter)
Grounded

NMOS npn
Transconductance 8w =1,/ (Vo !2) g, =11V,
gm
w
8n = (Auncmc) Z VOV
w
8l z(luncw() N Iy
. V,L
Output Resistance r, =V, =—— r,=V,/.
r{) ID
Intrinsic Gain Ay =V (Vpyl2) Ay =V, IV,
A, = ,
0 8o 2VAL
Ay =
VOV
Viv/2p,C, WL
Ay=—"""
Vip
Input Resistance with 00 r,=plg,

High-Frequency

directly through the origin.

Model
. 2
Capacitances Cy= 3 WLC, + WL, C,. C,=C,+C,
Cde =Tp8m
C}e = 2Cj€0
V m
C,=Cu/ [1 + ﬁ]
ng - WLOVCDX # o, VC 0
. 8§ 8
Transition fr=—7"77"—— fr=—""—
Frequency f; 27 (Cy +Cyo) 27 (C, +C,)
2
For C,, > C,yand €, gWLCM, For C,>» C, and C, =C,,
1.5u1,V, 2u,V,
o 2t ov fr= L
2r L? 27 Wy
. w
Design Iy, Voy, L, T I, Vg, A (or 1)
Parameters
Good Analog Yes, because the device is symmetrical No, because the device is asymmetrical
Switch? and thus the i,—U,,; characteristics pass with an offset voltage V4 -
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Table J.1 Standard Resistance Values

1% Resistor Values (kQ)

Table J.3 Meter Conversion Factors

0.1 wm = 100 nm
1A=10"%ecm=10"m

Ipm= 10 em=10"m

lm=1020m=106um=109nm

©2020 Oxford University Press
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5% Resistor Values (kQ) 100-174 178-309 316-549 562-976
10 100 178 316 562
11 102 182 324 576
12 105 187 332 590
13 107 191 340 604
15 110 196 348 619
16 113 200 357 634
18 115 205 365 649
20 118 210 374 665
22 121 215 383 681
24 124 221 392 698
27 127 226 402 715
30 130 232 412 732
33 133 237 422 750
36 137 243 432 768
39 140 249 442 787
43 143 255 453 806
47 147 261 464 825
51 150 267 475 845
56 154 274 487 866
62 158 280 499 887
68 162 287 511 909
75 165 294 523 931
82 169 301 536 953
91 174 309 549 976

Table J.2 Sl Unit Prefixes

Name Symbol Factor

femto f x107"

pico p x107"

nano n x107°

micro n x107°

milli m x107°

kilo k x10°

mega M x10°

giga G x10°

tera T x10"

peta P x10"

Summary Tables Supplement
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Table K.1 Typical Values of CMOS Device Parameters

0.8 pm 0.5 pm 0.25 pm 0.18 pm 0.13 pm 65 nm 28 nm

Parameter NMOS PMOS NMOS PMOS NMOS PMOS NMOS PMOS NMOS PMOS NMOS PMOS NMOS PMOS

1,, (nm) 15 15 9 9 6 6 4 4 2.7 2.7 1.4 1.4 1.4 1.4
Cox (fF/meZ) 2.3 23 3.8 3.8 5.8 5.8 8.6 8.6 128 128 25 25 34 34
" (cm2/V ) 550 250 500 180 460 160 450 100 400 100 216 40 220 200

yCox(MA/Vz) 127 58 190 68 267 93 387 86 511 128 540 100 750 680
Vo (V) 0.7 -0.7 0.7 -0.8 0.5 -0.6 0.5 -0.5 0.4 -0.4 035 -035 |03 -0.3
Vpp (V) 5 5 33 33 2.5 2.5 1.8 1.8 1.3 1.3 1.0 1.0 0.9 0.9
Vol (Vium) 25 20 20 10 5 6 5 6 5 6 3 3 1.5 1.5

Cyp fF/um) 0.2 0.2 0.4 0.4 0.3 0.3 037 033 036 0.33 0.33 031 0.4 0.4

Table K.2 Typical Parameter Values for BJTs*

Standard High-Voltage Process Advanced Low-Voltage Process
Parameter npn Lateral pnp npn Lateral pnp
Ay (pm’) 500 900 2 2
Is (A) 5x107° 2x107" 6x107" 6x107"°
Bo (AIA) 200 50 100 50
vV, (V) 130 50 35 30
Vego (V) 50 60 8 18
T 0.35ns 30ns 10ps 650 ps
Cio 1pF 0.3 pF 5{F 14{F
Cpo 0.3 pF 1 pF SfF 15fF
r.(Q) 200 300 400 200
*Adapted from Gray et al. (2001); see Appendix I.
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