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Course outline

1. The pn junction
2. Direct current in the junction
3. The MOS transistor

4. Passive components
5. CMOS large-signal model
6. CMOS small-signal model

7. Devices and models in SPICE: for
CMOS
8. Current mirrors and voltage references
9. Simple amplifiers
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1.1

1. The pn junction

*The pn junction plays a fundamental
role In all semiconductor devices.

*A pure intrinsic silicon crystal is made as

a tridimensional array of atoms: crystal
lattice.

*Atoms are held in place by the valence
electrons that form bonds among the
atoms.

*At zero absolute temperature all these
electrons are frozen firmly in place. At
room temperature the lattice vibrates and
this thermal motion makes some
electrons loose from the parent atom.

*They then become free electrons that
can move across the crystal.

eEach free electron leave a hole in the
parent atom and the atom next to it could
supply a valence electron to fill that hole
and the next to next could do the same.

S.Centro, “Notes on Analogue CMOS Design”
Octaber 27, 19898
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1.2

*As a result we can think to a moving
hole that carries a positive charge.

*\When a wondering around electron
meets a wondering around hole they
annihilate; this is called recombination.

eThe volume concentration of free
electrons and holes in the intrinsic silicon
are equal

n;j =n, =1.45¢1010cm=

eBecause there are 5 ¢ 1022 cm™3 atom:s
in a silicon crystal only 3 out of every 10
13 of these atoms contribute to an
electron-hole pair. Electrons and holes
are called carriers.

ot is possible to make the number of free
electrons different from that of the holes
inserting foreign atoms, impurities, In
the lattice crystal.

*This process is called doping and the
crystal becomes then extrinsic.

S.Centro, “Notes on Analogue CMQOS Design”
October 27, 1998
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1.3

*To enrich the population of free
electrons, the dopant is chosen to have
one electron more than those required to
bond to the neighborough atoms in the
crystal.

*The dopant atoms in this case are called
donors (phosphorous, arsenic,
antimony) and the extrinsic silicon is n-

type. Electrons are majority cariers and
hole minority.

*To enrich the population of holes, atoms
with one electron less than those required
for perfect bonding are inserted.

*The dopant atoms in this case are called
acceptors (boron, gallium, indium) and
the extrinsic silicon is p-type. Holes are
majority cariers and electrons minority.

The donor concentration is called Np,

while the acceptor concentration is called
Nj4. They are several order of magnitude

higher than n;.

S.Centro, “Notes on Analogue CMOS Design”
October 27. 1998
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Typically there are one donor or
acceptor atom out of every 108 atoms of
silicon.

oIn the figure a physical model of a pn
junction is given. We assume that the
impurity concentration changes abruptly
from Np, donors in n-type, to Na,

acceptors in p-type.

S.Centro. “Notes on Analogue CMOS Design”
Octoher 27, 1998
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1.5

*This is called step junction.

*When the junction is formed, the two
types of carriers diffuse across the
junction.

*/t should be noted that diffusion takes
place everytime there is a different
concentration of particles or a gradient
in the concentration and it does not imply
any electric field (smoke in the air, color in
the water etc.).

*When electrons diffuse across the
junction they leave positive charged
donors, near the junction, geNp .

Similarly holes leaving the p side,
generate a charge -g*N, negative near
the junction.

*Due to these charges of opposite sign
but same in absolute value, an electrical
field Ey is created that tends to cause an

opposite carrier movement (drift
current) of free electrons and holes.

S.Centro, “Notes on Analogue CMOS Design”
October 27, 1998
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1.6

\Vhen the current due to the free carrier
diffusion equals the drift current due to Egy

the junction is in equilibrium with Vp =0
and ip=0.

*The depletion region, x4, is defined as

the region around the juction whichi is
depleted of free carriers:

Xd = Xn— Xp (11)
Because of electrical neutrality:

QNDXH = —QNAXp (1 2)

where g = 1.6 « 10-19 C, electron charge.

oFrom Gauss’ law:

_gNaxp _ gNpXn
Esi Esi (1.3)

Eo

S.Centro, “Notes on Analcgue CMOS Design”
October 27, 1998
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1.7

where Eg; is the dielectric constant of

Si; 83,': 11.7‘80 where 80=
8.851014F/cm.

*The voltage is found by integrating:

'_"EO(.X:H - Xp)
2 (1.4)

Bo— Vb =

whereVp is the externally applied

voltage. @, is the barrier potential znd
IS given as

kT~ NaNo
QDOZ——-h’l ;
q ni
=me@b
ni (1.5)

S.Centro, “Notes on Analogue CMOS Design”
October 27, 1998
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where k= 1.38 * 10723 J/°K is the
Boltzmann constant and n; is the intrinsic

concentration of Si. V¢ at 300°K is 25.9
mV.

eFrom (1.2), (1.3) and (1.4) we get:

o {2&(([50 — VD)NAT

QND(NA+ND)
(1.6)
eV
’ QNA(NA+ND)
(1.7}

and then:

S.Centro, “Notes on Analogue CMOS Design”

October 27, 1998
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Xd

2E:(Do— Vo)(Na+ No) |
C]NAND

_2851'(NA + Nb)

_ } (Go V)"

qNA Nbp

(1.8)

*From (1.8) we understand that the
depletion width is proportional to the
square root of the difference between
barrier potential and externally applied
voltage. x4 extends with the junction

iInverse biasing.
*\We see also that:

Xq = Xn |f NA > ND
Qr
Xd:Xp if ND >> NA'

That means that the depletion region will
extend further into the lightly doped
semiconductor than it will into the heavily
doped semiconductor.

*We also define the depletion charge that
IS equal to the magnitude of the fixed
charge on either side of the junction:

S.Centro, “Notes on Analogue CMOS Design”
Cctober 27, 1998
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Qj = ‘AC]NAXp‘f — AQNDXH

zgSIQNAND—I“z 172
=A - — Vo)
1: Ns+ Nb J (¢O )

(1.9)

where A is the cross section area of
junction in cmz2,

eSubstituting (1.6) or (1.7) in (1.3) we get:

Fo = [ 2QNAND ‘(¢0 B VD)“E
Esi(Ns+ Nbp)

(1.10)

(1.8}, (1.9) and (1.10), here summarized, are the
key relations to understand the pn junction

X 2Esi(Na+ No)
d —
QNA ND

1/2

} (Po—Vb)''"
(1.8)

Xq= Xp if NA>>ND, de—‘:Xp if

ND>> NA

S.Centro, “Notes on Analogue CMOS Design”
October 27, 1998
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283:‘QNAND V2 5
Qj = Ali :l -(¢O_VD)”-
Na+ Nbp
2gN:sNo | "
Eo=|7 Lt 1 (Po—V
Esi( Na+ Nbp) (1.10)

*The depletion region of a pn junction
forms a capacitance called depletion-
layer capacitance. Its value can be found
by (1.11):

/2
C dQ; _ A‘[ EsqNaNo |~ 1 |
dVo 2(Ni+ Np) ((Do— VD)”h

— CjO
(1= (Vo/Q)]"

(1.11)

where Cj = Cjp at Vy=0 and mis the

grading coefficient.
m = 1/2 for step junction, in practice
m=1/3 -+ 1/2.

S5.Ceritro, "Notes on Analogue CMOS Design”
October 27, 19938

.



[y 'S

e

l‘L

ré:

1.12
Exercise

Let's calculate x,, x5, X4, 0g, Cjo. and C;jat Vd = -4V, ambient
pr A Ady Y05 Mo f

temperature, for a step junction:
being NA=5¢ 1015 cm-3, ND = 1020 cm-3, A =10+ 10 um2,
We know that if ND >> NA then:

{zgs,(gbo - vp)}'”
Xd = Xp = —
QN4

where

510"
(1.45)° 10%

Po=25.9.10" In

=917 mV

{2 11.7-8.85-107" -4.917}'”
Xp = Xd =
1.6-107%.5.10"

=1.128 um
“= A[&q%} | 71"""‘{7:
2 (4.917)"
-1 ' —y 152
_ o~ 117-8.85:107°-1.6-10 7-5-10 w
24917 |
=9.178-10" F

Cjo=9.178. 10"{1 + ---4} "
0.917

=21.25-10" F

S.Centro, “Notes on Analogue CMOS Design”
October 27, 1398
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1.13

*The voltage breakdown of a reverse
biased (V4 < 0) junction is determined by

the maximum electric field that can exist
across the depletion region.

For silicon the maximum electric field is
about:

Emax = 300 kV/cm

*We can use the (1.10) where V< 0,

much larger than QDO, to compute the

breakdown voltage in the same case of
the previous exercise:

7 (C_:SI(NA +ND)

-—

VDbreaka’on‘n — max
26] NA Np

=~ 38.2 V

S.Centro, “Notes on Analogue CMOS Design”
October 27, 1998
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2.1

2 Direct current in the

junction
*The total current of direct biased junction
IS
§ p-type semiconductor D:f;f:)"{?” n-ty pe semiconductor ;
ni (") p,0x)
P (0) = g exp(o)
10) =y exPU2) ~ 7
t
— ’_
n = _’i ANNNNN 2 P o
ey Excess concentration Excess concentration of holes
of electrons

w0 v =10

NMinority carrier congentrations in a forward-biased pn junction.

made of four components: holes and
electrons drift currents and hole and
electrons diffusion currents . In our
analysis we assume that Vis sustained

entirely at the junction.

*Then the total junction voltage will be

(@p - V). In forward bias Vg > 0, so the
applied voltage reduces the barrier to the

S.Centro, “Notes on Analog CMOS Design”
October 27, 1998
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2.2

diffusion flow of majority carriers at the
junction.

*The reduced barrier permits transfer of
holes from p-side to n-side and electrons
from n-side to p-side.

*When these carriers enter the quasi-
neutral region they become minority
carriers and they are quickly neutralised
by the majority carriers entering from
ohmic contacts.

*The majority carriers act only as suppliers
of minority carriers current or as
neutralisers in the quasi-neutral region.

*The excess of minority carriers
concentration on each side of the junction
Is shown by the curves. The concentration
starts at a maximum and decreases to the
value nyg or pnp that are the equilibrium
concentrations of the minority carriers in
the p-type and n-type semiconductors.

*The equilibrium concentration can be
evaluated according to the following

S.Centro, “Notes on Analog CMOS Design”

October 27, 1998 =
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2.3

considerations; as the free electrons
concentration increases the chance of
recombination with a hole increases.
The hole concentration decreases by the
same factor.

*Hence the product p,g«Np,in the n-type,

remains the same as in the intrinsic case,
n2, where p=n;. The same applies to the

product nyg *N4,in the p-type.

*Then
FnoeNp=n7 and
Pno=n7#/Np (2.1)
Npo Na=npZ and
Npo =n2/Ns (2.2)

*As V, is increased, the excess minority
concentration is increased. For Vg=0
there is no excess, for V4 < 0the minority

S.Centro, "Notes on Analog CMOS Design”
October 27, 1998
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carrier concentration is depleted below its
equilibrium value.

*he current that flows in the junction is
proportional to the slope at x =0

Jp(x) = —QDP&)HJ
OX |1 (23)
|
Jll(.X) = ananP
Z3 (2.3a)
being
pn(O) = Pno QVD/VI (2 4)

np(O) — FHpo - (?VD/Vr

and D, and D,, are the diffusion

constants of the hole in n-type and
electron in p-type.

*The diffusion constants are related to the
mobility 1 by the Einstein relationship
D=11V;, where mobility is constant of

S.Centro, "Notes on Analog CMOS Design”
October 27, 1998 N
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2.5

proportionality between the electric field
and the carrier velocity v=UE.

*\With some manipulation we get that

j- qA|:DppnO " D npo}(ew)/v{ B 1)
Ly Ly

— [S(QVD/VI _1):: IS'QVD/VI

where L, and L, are the diffusion lengths
for holes in n-type and electrons in p-type.

S.Centro, “Notes on Analog CMOS Design”
October 27, 1998
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2.6

Example

Let’s calculate Is, saturation current, using the (2.3), for a
junction where

Na=5°1015cm-3, Np= 1020 ¢m-3

Dp=20cm?2/s, Dp= 10 cm2/s, L= 10¢10"4 cm, L, = 5 +10-4 cm
and

A = 1000+ 10-8 cm2.

1 no 20 70 5
k::L6~N)”[ Op ”’-on-

+
5-100° 10-10™

Rpo =

n®  (1.45)* .10

=4.2-10°
Na 510"

n®  (1.45)°-10°

. 2.1
Nbp 107

pm‘) =

L=134-10" A

S.Centro, "Notes on Analog CMQOS Design”
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3.1

3.The MOS transistor

*The physical structure of n-channel and p-
channel MOS, using p-well technology is
shown in the figure.

H T substrate

Physical structure of an NMOS and PMOS transistor in a p-well, CMOS tecanology.

p~ and n~ means lightly doped while p* and
n* means heavily doped silicon.

*The substrate, either well or bulk, form a
junction with source and drain. Because
source and drain are separated by two
inverse junctions the resistance in between
is of the order of 1012 Q. The gate and the

S.Centro, “Notes on Analog CMOS Design”

October 27, 1998 =



3.2

substrate are separated by SiO, and form
a capacitance whose value is C,, L W.
Assuming to consider the n-type MOS, at

the left in the figure, when a voltage is
applied to the gate (positive) the positive

charges of the p~ substrate are pushed
away, that is equivalent to a negative
charge created underneath the gate.

*The mobile charge dQ of holes originally
contained in an infinitesimal horizontal
layer of p-type material below the gate is
given by

dQ — Cj(—NA) dxdq (3' 1)

the change in potential required to displace
the charge is

dQ
851'

d¢s = —xdidE = — x4

that substituting (3.1), becomes

5.Centro, "Wotes on Analog CMOS Design”
Gctober 27 1384



3.3

ds = Xd G Nadxd
Esi (3.2)

that can be easily integrated

2
N.
¢S = A4 g + ¢F
2Esi (3.3)
where the integration constant QO is the
equilibrium electrostatic potential that for
p-type is

¢ V. hl—}-}L
N (3.4)

and for n-type is

No
ni (3.5)

¢F:Vf-ln

eAssuming QDS > QD,.— the (3.3) can be used
to compute xg4

S.Centro, “"Notes on Analog CMOS Design”
October 27, 1998 —
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(2 Es:

[""11/2
Qs — Or

L gNs (3.6)

Xd =

From (3.1), the immobile charge of the

acceptor ions stripped of their mobile holes
is

Q = —d Na xd (3.7)

where x4 is the thickness of depleted
region. Combining (3.6) and (3.7) we get

ngSii@S . @fl““ 1/2

QN4

e —

=— 2gN:E/Qs— @

Q:_'CINA

(3.8)

*When the gate voltage reaches a value
called threshold voltage , V+, the
substrate underneath becomes inverted.
Consequently a (p/n) channel exists
between source and drain that allows
carriers to flow. This phenomenon is

S.Centro, “Notes on Analog CMQOS Design”
CIntnher 27 10498
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3.5

known as strong inversion . In order to
achieve this inversion the surface potential
must increase from its original negative
value to a positive value. The value of gate-
source voltage necessary to cause this
change in surface potential is the threshold
voltage.

The threshold voltage will be discussed in
some more detail, dealing with CMOG&
models.

S8.Centro, “Notes on Analog CMOS Design”
October 27, 1958
ctober N\



4.1

4. Passive components

*The value of integrated capacitors is given
by

. g()X A
t X

C — Cox A

where &,y is the dielectric constant of silicon
dioxide (= 3.45¢10-5 pF/um), t,, is the
thickness and A is the area of capacitor.

*lt is always desirable that ratics of
capacitors rather than absolute capacitor
values define circuit performance.

*In order to match two capacitors as
precisely as possible, it is desirable that the
errors associated with each are also
matched.

e et C;’ be defined as

5.Centro, “Naotes on Analog CMOS Design”
Olntnher 27 13498
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and 02’

Si

S.Centro, “Notes on Analog CMOS Design”
Dotober 27, 1898
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4.3

*The ratio of C,” to C1’ can be expressed as

C!  C:%AC
' G AC
1+AC:/C: C
T1£ACC C)
— C>
G

that is true if the errors of C; and C, are the
same.

*[n general it is desirable to obtain capaciior
ratios using the same “unitary” capacitor.
For instance the ratio

~35pF 7-05pF

3.5 =
IlpF  2-0.5pF

or

S.Centro, “Notes on Analocg CMOS Design”
October 27, 1938
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_6-0.5pF+0.7 pE
2-0.5 pF

3.7

*The tempco of these capacitors is in the
range of 20+50 ppm/°C while the voltage

coefficient is in the range of -10 to -200
ppm/V.

*The other passive component compatible
with MOS technology is the resistor .
Even though we shall use primarily circuits
containing only MOS active devices and

capacitors, some applications use the
resistor.

Resistors compatible with MOS technolcgy
inciude:

diffused, polysilicon, p-well (or n-wel/
and pinched resistors.

S.Centro, “Notes cn Analog CMOS Design”
Qctobsr 27, 1998
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Palysihonn

{hy
Resistors. (a) Diffused. (b) Polysilicon (¢} P-well (d) Pinched

Metal Thick oside

S.Centro, “Notes on Analocg CMQOS Design”
Oirntnher 27 1981
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4.6

Approximate Performance Summary of CMOS Passive Components.

Component  Range of Relative Temperature voltage Absolute
Type values Accuracy Cocfficient Coefficient AgCuracy

Poiy/poly 03-04 0.06% 25 ppm/°C 50 ppm/V 20%

capaciter fFru!

NCS 033-05 0 06% 25 opm/oC 20 ppm/V 10%

capacilor MF/u?

D ffused 10-100 2% (5 um  150C ppm/°C 200 ppm/sV 5%

resstor ohms/sq widih)

Poly 30-200 2% {5 um 1500 ppmsC 100 ppmsy 30%

rgsislor ONMs/5Q widthy}

won mpl 0.5-2K 1% (5 um 400 ppm/tC 800 ppmsY 5%

resisior ohms/ 54 wigth)

p-well 1-1Ck 2% 8000 ppm/tC 10k ppm/Y 40%

res1slor ohms/sg

pinch 5-2Ck 10% L0k ppm/oC 20k ppm /A S0%

resisler Chms/sg

*The sheet resistance of diffused is in the
range of 10 to 100 ohm/square.

Polysilicon has a sheet resistance of 30 10
600 ohm/square and can be trimmed (laser
trimming).

The p-well (or n-well) have high sheet
resistance (1 to 10 Kohm/square) but poor
accuracy.

Pinched resistors are some like JFET with
gate tied to a positive supply (in the case of
the figure being n+ connected to  n-j.They
require proper modeling.

S.Centro, “Notes on Analog CMOS Design”
October 27, 1938
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5. CMOS LARGE-SIGNAL
MODEL

*Modeling is defined as the process by
which the electrical properties of a
semiconductor device or a group of
interconnected devices (active and
passive) are represented by means of
mathematical equations or tables.

*“A model is an artifice that gives one
the illusion of knowing more about a

process than one actually does” (Alva
Archer from Datel Linear).

*The primary application of a large-signal
model is to simulate or solve the large-
signal behavior, that includes the biasing
of the active devices.

*Once the bias points have been
established, a small-signal model can
be used to determine the small-signal
performance.

eSince most of the parameters of the small-
signal model depend on the large-signal

S.Centro, “Notes on Analog CMOS Design”
Mirishar 97 1333



52

voltages and currents (biasing), the small-
signal model depends heavily upon the
large-signal variables.

*A large-signal model, for strong
inversion (saturation region), that
includes second-order effects is
presented next.

Second order effect are required to
increase the accuracy in many cases as
short-channel devices or high currents.

*\When operating in sub-treshold region
the strong inversion model is not accurate
anymore.

Sub-threshold operation is suitable for
extremely low power circuits. This subject
will not be presented here.

*All large-signal models will be developed
for the n-channel MOS device with positive
polarities as shown in the following figure.
part a. The same model can be use for p-
channel MOS device if all voltages and
currents are multtiplied by -1, and the
absolute value of the p-channel is used.
This is equivalent to use voltages and
currents as in the part b of the figure.

S.Centro, “Notes on Analog CMOS Design”
October 27, 1398
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5.3

Go

ros YsG

T -

¥

L
N

-&= t &
5
(a) (b

Positive sign convention f{or {(a} n-channet, and (b) p-
MOS transistor.

*l ower case variables, with capital
subscripts, will be used for the large-signal
models, and lower-case variables with
lower-case subscripts will be used for the
variables of small-signal models. When &
current or a voltage is a model parameter
it will be designated by an upper-case
variable and an upper-case subscript.
When the length and width of the MOS
device is grater than 10um and the
substrate doping is low, the model
suggested by Sah (also used in SPICE) is
very appropriate.

S.Centro, “Notes on Analog CMQOS Design”
Mrtnhar 27 1GQGR



5.4

*The ipis described by the following
relationresult is

. )C()tw ‘

i = 2 (Vos = Vi) = vis / 2vs (14 Ay )
(5.1)

where:

Lo = surface mobility of the channel

(cm2/Vss),

Cox = €ox/Tox = Ccapacitance per unit areas
of the gate oxide (F/cm?),

W = effective channel width,

L = effective channel length,

I = channel length modulation paramete:
(v-1),

V1 is the threshold voltage.

S.Centro, "Notes on Analog CMOS Design”
October 27, 1998
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5.5

G O——

Complete large-signal model for the MQS transistor.

*The threshold voltage is given as Vg,

as a typical process parameter, in the case
of Vgg =0, that is the most usual case in

most applications.

*In the realm of circuit design it is more
desirable to express the ip in terms of

electrical parameters rather than physical
parameters. For this reason the (5.1)
becomes

[ = ﬁ[(VGS — V)= (Vs /2)]VDS (1 + AV )
(5.2)

S.Centro, “Notes on Analog CMOS Design”
Cclober 27, 1938
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5.6

where

i4

(1,C,.)—

=K
g L (5.3)

I

W
L

K’ is called transconductance
parameter and is normally given as a
model parameter.

It is equal to 1,Coyx , ONly in NON saturated
region, in saturated region, is usually

smaller. K’ is given in uA/Va-

*The saturation region begins as soon as

Vps(saty= Vas - V1 (5.4)

therefore replacing in (5.2) vpg defined as

in (5.4), but leaving the terms that accounts
for channel-length modulation, we get

, %%
i,=K EZ(VGS -V.) (1-&-},1)[)5.)(5.5)

2

S.Centro, “Notes on Analog CMOS Design”
Qctober 27, 1998 :
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5.7

*In the saturation region the ip is
iIndependent from vpg, except for the

channel-length modulation, that somehow
reminds the Early effect in bipolar
transistors. The ip, vpg characteristic is

shown In the figure.

1
ps T Ves— Yy —
P e
I e — .
Lo - Yas T Vr o=
/
f
;’ Channel modulation
! ¢ficers J -V
I T
0.75 p = vos = Vi o= 867
/
I" Saturation repion
Linear
region 4 e
e
0.50 ,f < vos - Vo= 707
/
/
/
/
/
o e e — T %
i _— 3T T o=
7
/
s
// c f‘ '(J§7"=O
’ toff reg:
/, via r\bon /—
~
o b ! : > ; e -
0 0.5 0 .5 30 Y s
Qutput characteristics of the MOS device,
Example

Assume that two MOS transistors, one n-iype and another -
type, have a W/L ratio of 100um/10um and the large signal 7 2zi
parameters are those give in the table, iet’'s find the ip curra:
in the case that drain, gate, source, and buik voltages of NiITS
is 5V, 3V, 0V,and 0V while the ones for PMOS are the same v/iih
opposite sign.
From (5.4) we get that

VDS (sat) = Vgs - Vo = 3V -1V = 2V

S.Centro, “Notes on Analog CMOS Design”
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5.8

Since vpg is 5V, the transistor operates in saturation region

then using the (5.5) and the values in the table:

. %% >
ih=K 2—£("G.s - VT) (1 +A"ns)
_17%107° %100
2#%10
= 357 LA

Also the PMOS is in saturation, so we get:

(3—1V(1+.01%5)

: W >
Lp :K‘Z("SG_VT) (1+)"V5/))
810" %100 5
= 3—-1)"(14.02=5
e (CRD )

= 176uA

S.Centro, “Notes on Analog CMOS Design”
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6. CMOS SMALL-SIGNAL
MODEL

Drua;
="
L
r i
i \ ‘ -
1?, noCy
L ! i
W o
it i MW
/‘I"\
ST
Gate O BV Ernnels .L'J:% ‘\ 'J"un ——O Hulk
s H -i gns
I +
i + MA{(_
Catr : by
; ]
i i
(’ \\
s
(‘gh i o s
[ L,
I r

Source
Small-signal mode! of the MOS transistor.

*The figure shows a small-signal model -«
MOS transistor at low frequency. Reminc
that small-signal parameters will have
lower case subscripts.

*The small signal parameters are definec in
terms of the ratio of small perturbations
of the large-signal variables or as
partial differentiation of one large-
signal variable with respect to
another.

S.Centro, “Notes on Analog CMOS Design”
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6.2

The channel conductances, gm, 9mpbs
and ggs are defined as

8 = e
aVGS (6.1)
¢ = i,
mbs
aVBS (6.2)
¢ = i,
ds —
8VDS (6.3)
calculated at quiescent point.
Eventually

gbd =Jdisp/dvep=0
gbs=Jdisp/dvse~0

being bulk to drain and bulk to source
junctions normally reverse biased.

*The (6.1) can be derived from (5.5), then
substituting to ip ,Ip and to vpg ,Vps as

we consider small perturbations, given a
certain operating point.

8.Centro, “Notes on Analog CMOS Design”
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')

KW
Z2(VGS — V )(1 + AVVDS)

= 2K WILI, 1+ AV,

= [*(2K'W/L) (6.1a)
If we rewrite the (6.2) as

_—di, iy Y,
g mbs aVSB O’)VT &VSB

remembering that we said that V7 is a

function of the bulk-source voltage and
noting that

i, di,,

Mo, IV,

we get

gmbs — gmn (6261)

S.Centro, “Notes on Analog CMQOS Design”
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where n is the derivative of Vr thatis
written as

n= L

2.2D, + Vs )

where y, bulk threshold , and 2¢®r,

surface potential at strong inversion, are
model parameters (see table).

The (6.3) can be rewritten, deriving (5.5)
we get

84 =M (6.3a)

(6.4)

Constants for Silicon.

Constant
Symbol Constant Description Value Units  °
Ve, Siticon bandgap (27°C) 1 205 volts
Boltzmann’s constant E3RI %10 joujes/ K
n Intrinsic carner ¢concentration {27°Ch .45 % 10" cm™?
t. Permittivity of silicon 10359 x 10 ¥ Faradsscm
€., Permituvity of S1O, 3.45x 107 Farads/cm

Example

Find the values ¢f ¢, . Gmbs « Gds Using the large signal mod -
parameters given in the table for both NMOS and PMOS
devices assuming a dc value of the drain current of S50uA ars -
butk-source voltage of 5V. The W/L ratio is 1. being W =10ur.
Using (6.1a) we get for NMOS,

S.Centro, “Notes on Analog CMQS Design”
November 2, 1928
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Model Parameters for a Typical CMOS Bulk Process Suitable for Hand
Calculations Using the Simple Model. These Values Are Based uponas5um
Silicon-Gate Bulk CMOS p-well Process.

6.5

Parameter Parameter Typtcal Paramcter vVaiue
Symbo) Description NMOS PMOS units
Vi, Threshold Voltage 1 £ 02 -1 x 0.2z volts
(an = 0}
K. Transconduclance 17.0 = 10% 8.0 * (0% HANOU
Parameter (in
saturation)
Klon o1 Transconductance 25.0 £ 10% 10.0 £ 10% dA/vOlL
Parameter {in
nonsaturation)
v Bulk threshold b3 06 {valts)' '
parameter
A Channel lengih 001k = 10 um) 0.02(L = {0 um} {velis) ™
modulation 0.004 (L = 20 pm) 0008 (L = 20 um)
parameter
210 Surface poterual at G 7 06 volts
strong nversion
For PMOS:

g”l

From (6.4)

for NNICS.
For PMOS

then. using (6.22)
we have ghps = 3.

JI,2KW/L)
50(2%8)*107°
28.3UA/V

we get

ot

(N

(7 + 5)'
27

Using the {6.3a) we get

g s

S.Centro, “Notes on
1588 P
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that means an output resistance rggs = 2MCQ for the NMOS and

8us :[D/l
=50=%107"=%.02
=1uA/V

that means an output resistance rgg = 1M for the PMOS.

S.Centro, “Notes on Analog CMOS Design”
November 2, 1998
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7 DEVICES AND MODELS
IN SPICE FOR CMOS

*For CMOS simulation in SPICE, there are
devices lines (statements), and models
lines (statements).

*The purpose of the device statement is
to identify the device name , describe the
topological connections of it, identify the
model of the device, that contains the
circuit and physical parameters, provide up
to 8 geometric parameters , and 1
device multiplier which simulates the
effect of multiple devices in parallel (default
value = 1).

*CMOS device general form is:

S.Centro, "Notes on Analog CMOS Design”
November 2, 1998
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7.2

M<name>

+<drain node> <gate node>
+<source node> <bulk node>
+<model name>

L=<value>] [W=<value>]
AD=<value>] [AS=<value>]
PD=<value>] [PS=<value>]
NRD=<value>] [NRS=<value>]
NRG=<value>] [NRB=<value>]
M=<value>]

+ + + + + +

* M<name> can be any name that starts
with M: eg. M1, MNMOS, MPMOS,
M4MOS etc.

L and W are channel length and width in
meters (default value = 100um).

AD and AS are the drain and source
diffusion areas in square meters (default
value = 0). They can be calculated
according the technology information.
PD and PS are drain and source diffusion
perimeters in meters (default value = 0).
NRD,and NRS (default value = 1), NRG,
and NRB (default value = 0) are the
relative resistivities of the drain, source,
gate, and substrate in squares.

S.Centro, “Notes on Analog CMOS Design”
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7.3

M is the device multiplier (default value =

1).

*Obviously not all the information can be
entered until the device is geometrically
defined. [n the early phase of simulation
only L and W are entered usually.

eExamples:

M1 14 2 13 0 PNOM L=25u W=12u

*hkkkkhhkkk

MSTRONG 15 3 0 0 NSTRONG

ok ke gk &k ok ok

MTWICE 15 3 0 0 NSTRONG M=2
MIN 2 3 4 4 NWEAK L=33u W= 12u
+AD=288p AS=288p PD=60u PS=60u
+NRD=14 NRS=24 NRG=10

e ok Ak ok ok ok

Model general form

.MODEL
+<model name>
+NMOS (or PMOS)

S.Centro, “Notes on Analog CMOS Design”
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+[model parameters]

*The model statement is preceded by a
period to flag the program that is not a
component, then there is the model name
followed by the model type (NMOS or
PMOS). The model parameters list starts
with model level definition and provides
electrical and process parameters.

Example
MODEL MYMOS NMOS
+(LEVEL=1 VTO=.7 BF=30)

* Kk ek Kk ok kK oke ke ke

*The four most popular SPICE models for
CMOS differ from the formulation of the |-/
characteristic.

The LEVEL=1model uses the (5.1) or (5.2)
to compute the drain current (large-signai..
It is also called Shichman-Hodges model.
LEVEL=2 (Extended Model) and
LEVEL=3 are respectively geometry
based analytic model (small-signal), and
semi-empirical short-channel model. The

S.Centro, “Notes on Analog CMOS Design”
Ncvember 2, 1938
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7.5

second takes into account second order
effects .

In Level=4 or BSIM [Berkeley Short-
channel lgfet (isolated gate field effect
transistor) model for MOS transistor] all
parameters are obtained from process
characterization.

Unlike the other models BSIM is designed
for use with a process characterization
system that provides all parameters: most
of the SPICEs do not use any default for
these parameters.

«The level 1 parameters, covered in
section 5, are the zero-bias threshold
voltage VTO, the intrinsic
transconductance parameter KP, the bulk
threshold parameter GAMMA, the surface
potential at strong inversion PHI, and the
channel length modulation parameter
LAMBDA. These were in given in the

S.Centro, “Notes on Analog CMOS Design”
November 2, 1998
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7.6

table repeated here with the proper units.

Model Parameters (or a Tyvpical CMOS Bulk Process Suitable for Hand
Calculations U'sing the Simple Model. These Values Are Based upon a 5 um
Silicon-Gate Bulk CMOS p-Well Process.

Parameler Paramezter Typicai Paramcier Value

Symbo! Cescrintion MNACS PMCS Lnits
Threshold Voitage £ 02 -tz 0z volts
Ve = )
<, Transcanduciance 17.0 = 10% 80 + 10% wA/vOlC

Parameter (in
saturalion)

| S Transconduciance 250 = 10% 100 = 10% LY
Parametlar {in

nonsaturatcny

Y Bulg thresheld 13 EY) {volts) "
parameler
A Channel lengin G0l L = (0um) SO02ZqL = 10 umy welis
maoduiation Q0G4 L = 20 um) 5008 L s X0 umy
paramester
21e. | Surface poertiaiat 0.7 06 volts

SIFONG lNversion

*Other parameters are included to
complete the model at level 1, all
depending on the geometrical dimensions
(see later).

*As already said the level 2 requires
additional parameters, not discussed so
far, to take into account second order
effects.

el_evel 1 is aimost not used while level 2
and 3 are the most used ones. Some
examples of real models level 2 and 3 from
a very popular process follow. Level 4 is
more difficult to find from fundries.

.......................................................

S.Centro, “Notes on Analog CMOS Design”
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7.7

LIBRERIA D COl ‘PO(.'ZNT\ ..'5\“3 ERAND_/\
PF%OCES o DOPPIO e TAL DOPPIO PCOLY

...........................................................

typical paramaters

MODEL 2 CUBAN NMOS LEVEL=2
CG50 =49 CT’DE 09 CGDC =0
CJd =0.350E-03 MJ 04 5

JS =0, SDOE-US P& =0 8005-00 RGH  =23.00E-00 XQC  =1E+Q0

TOX  =2270E-C9 XJ =0 570E-08 LD =0 303E-C6 WD =0.564E-08
VTC  =0.804E+00 NSUB =23.80E+15 NFS =1 180£-12 NEFF =5310E-0C
JO =552 0E-00 UCRIT =21.00E-04 UEXP =0181E-00 UTRA =0000E-00
VIAAX =066 0E-03 DELTA =1.860£-00

DE-09 CGBGC =0.08

z7 = E-09
20E-00 CJSVW =01

09 MUSW =0.300E-00

T
4T e

[ BT

+ ot o+ o+

I

MODEL 2_CUBAP PMOS LEVEL=

Lo

+ CG30 =0.370E-08 CGDLO 370E-08 CGBO =0.084E- OJ
CJ =0.220E-03 MY =0 L30E-00 CJEW =0.120c-09 WUSW =026k 00
Js =0.200c-03 FB =0.7C05-00 RsH =82 00E-UD »OC =1E+00
TOX  =024.73z-08 KJ =0.472E-0&6 LG =0 315E-05 WD =0 5B1E-C6

+
+ E-0Ox :
+ VTO = 77*"[ 00 N&SUs =12060E+15 NrFS =102 EvM MEFF =2560E-00
+ 2 0E-CG0 UCRIT =2020E-04 UEXP =0.242E-00 UTRA =0.000E-CT
+ SEE-03 DELTA =2 100E-GO

T [T

L'ERERIA T CONPONE HBE
FPROCC DD DA Zurt AMNALO W ETAL DOFRRD =00
SLIAENTAZC i 3V
f’f fa Y SR ':\.‘ ‘o \’\

..........................................................

.............................................................

...........................................................

MNODEL 2 Cozamti N

- CG50 23

+ U

+ JS .

+ TOX  =310E-09

+ VTO  =0770Z+00

+ UO =582 T=-00

+ VIAAX =88.00E-02

FMODEL 2 CUBACP PIAOS LEVEL=E

+ CG50 =7560cz-09 CGLO =036

+ CJ =0 560E-03 M =L 300E-0 7
+ JS =0.020E-03 B =0 7E0E-00
+ TOX =31 175202 XU CISREREN SRS

S.Centro, “Nates on Analog CMOS Design”
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« MTO  =- BOAE-00 NEUS =11 215-15 NFS  =0327E-12 NEFF =2.030E+00
- U0 =180 2E-00 UCRIT =19 72E-C4 UERP =0.219E-00 UTHA =0.000E-GD
« VMAX =341 Z0E-03 DELTA =1.04C0E-00

Ty eorst cage socar paramatars

MODEL 2 CUBAV/CPN NAMOS LEVEL=2

+ CGS0 =0.270£-03 CCGDO =0.370t-09 CGBOC Ces

+ CJ 2.300E-63 NJ =0.440E-00 CJSW =0 100E PAISW  =0.300E~00
- JS ~O\OO:: a3 FB =0.800E-00 RSH :Q‘ZULE 00 XKQC =1E+00

TOX =2800z-09 XJ =0 570E-06 LD =0.473E-06 WD =0 450E-06
VTO =0 B50E+00 MNSUB =1800E-15 NF3 =1.100E-12 NEFF =631CE-00
uc =380 .0E-00 UCRIT =21.00E+04 UEXP =0.131E+00 UTRA =0.000E~00
VMAX =066.06-03 DELTA =1 6G0E-00

MODEL 2_CUBAWCPP PMOS LEVEL=2

D E-0Y
09

+ o+
=N

+ +

+ CGSO =0370E-09 CGDL =0.370E-09 CGBO =Y OG»W O'J

+ CJ =0 2680E-03 U =0.490E-00 CJS\.’ =5 100E- PAISW =0.2005% =30
+ JS =0.200E-03 PB =0.700E-00 RSH OQOE J.J f\u(_/ =1E-00

+ TOX =Z28.CJE-C9 XJ =0 472E-06 LD 75r 0f \’JD =0.450E-05

+ VTO  =-650E-00 NSUB =08530&E-15 NFS 1020512 NEEE =2 200000
+ U0 =190 CE-00 UCHIT =z QDL*U% UEXP :02 DT__‘ "') UTRA -‘—‘O.L.-‘\j\,£v*\4“u‘
+ VMAX =042 2E-G3 DELTA = OOE GO

P T T T L T I T I T I T T 2 T T R R P

%

worst casea spzed parameiars

MODEL 2_CUBAWCSN NWMOS LEVEL=2

+ CGSO =0370E-09 CGDO =0370E-08 CGBO =0.054E-09

+ CJ =0.4005-03 N VO 44LL o FJD“J' =0 2008-08 ANJSYW =0.330e-00
+J5s =0.5CC0E 03 45300800 QT =1g400

+ TOX  =32.00 2 1FSE-0n WWD =0. 7508 -0

« VTO  =0.45275 TRTEL T NEEE =551 -

= O =220 7 BTN JTRA =2l

- VMAX =089

MODEL 2 ClUZATOLN SSLloVEl

- CGE0O =0.270E-C8 CoDO =0.370E-09

+ CGBO =0.C054E-09 CJ  =0.350E-03 BEV =04050E-03

+ fA =0.4402-00 CJ3W =01508-0Y eV =0.050=-
- MBSV =G520E-L0 JS  =0.500E-03

+ F3 =0.ECLE-CO REH  =73300e-00 oEv

- XQC =1z=-17 TOXK  =3000E-0¢ DEV

+ xJ =0 270200 LD =5.505k-08 DEV

- WD =0.600E-06 DIV =221302-08 VIO =0 8008-00 LEV

~ NSUB =zBz3E-15 D= =10.23E8+15 NFS  =1.180E+12

~ NEFrF =8 310E-CD UGS =35302-00 DEV =035 0

S.Centro, “Notes on Analog CMOS Design”
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+ UCRIT =21.2CE-04 LEXP =0181E-00

+ UTRA =0 0202-00 VRIAK =086 Co-03

« DELTA =1 500200

TAODEL 2 CUSATOLP PIAOS LEVEL=2

- CG30 =0 3VSE-CD C=DO =0 370E-G3

+ CGBO =0.234c-08 Cd  =0320E-C3 DEVY =0.04GE-C3

+ hJ =0 4302-00 CJUSW =0 150E-0O OEV =0.050E-09
+ MJSW =0.280E-00 JS  =0.200E-02

+ PB =0.700E-00 RSH =65 008-00 DEV  =1500E8-00
+ XQC =1E-CO TOX =29.70E-09 CEV =02 00E-04
+ xJ =0.472E-06 LD =0.325E-08 DEV =0 150E-06
+ WD =0.6073E-06 DEV =G 15CE-26 VIO =-800E+00 DEV =0 1350FE-00
+ NSUB =13.25E+15 DEV =04.78E-15 NFS =1020E+12

+ NEFF =2 ZalE-0Q0 UQ =173.0E-LC DEV =015 2B-00
+ UCRIT =20 Z2E-04 UEXP =0245E-CO

+ UTRA =0 0C3C-00 VITAX =045 6803

------------------------------------------------------------

LIBRERIA &I COMPCONENTI IMOS BRAND_X
*PROCESSO DA dum ANALOGICO SINGOLO RAETAL, DOFPPIO POLY
: ALIMENTAZIONE 11V
CCF BRAND X

typical parametars

+ CJ 3 RWUSW  =0.2600e- L0
+ J5 NOC =0.400e -4
+ TOx OrETCH=-1.27E
LT MES :
+ Ui JaT
~ ECV Bty

AODzL O

+ OGS0

- CJ PAGSW =0 2GR
+ J5 AT =0.400E-00
+ 10X OXETCH=-1.35L-00
+ YT0O HES =1.000E 0%
+ UO VST =500.0E-07

ol evel 3
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1ds

e T 2 e e e L O S AL T

- _ AL

: 2um nhDS

* WWarst-case slow garamiziers

MMODEL NENES MIAOS LEVEL=2 BSH=50 TOX=3302-10 LD=0126-8 Xd=0.27E-¢ -

+ MIAAX=13ES ETA=7.25 WAPPL=S 5 NSUB=2E14 UO=0650 THZTA=01

+ VTO=0438 CRS0=7 335170 CEZ00=2.4ZE-13 Cd i -10 -

+ PE=Q 7 'AJ=05 MUE/=0 3 N EZ=1E10 ’
TMCDEL NZEROS M -

+ VMAX=13Es ET A= O’-

~ MTO=05286 CGSO

+ PB=0.7 MJ=C5 MJ
MODEL NOEPS MNNMO

+ VEAAX =1 3ES ETA=C, -

+ VTQ=-2075 CGEG

- 9=07 NMi=05

. -
delhralpoyiene sigei=-0 125U ‘
-Jewta\”’(uﬂe Siami=( S

CTenzon

. 3

S.Centro, “Notes on Analog CMOS Design”
November 2, 1998



7.11

+ VTO=0 212 CGESC=34E-10 CG00=3.+5-70 CJ=4.8E-5 Ci3W=1.65E-10
- P8=07 Liu=05 MISW=03 NFS=1E10

PAODEL NZERADOF NROS LEVEL=3 RSH=20 TOx=270E-10 LD=0.23E-3 XJ=0 13358
+ MMAX=1TES ETA=01C KAPPA=0.5 NSUB=15E14 UQ=/80 THETA=0.00

+ VTO=0172 CES0=34E-10 CGDO=3 4F-10 CJ=4 8E-5 CJSW=1 65E-10

+ PB=07 =05 AUEW=03 NFS=1E10

MODEL NDEPF NMOS LEVEL=3 RSH=Z0 TOX=273E-10 LtD=0.23E-G XJ=0 33E-5
+ VIMAKX=17E4 ETA=010 KAPPA=05 NSUS=20814 UC=7530 THETA=0.03

+ VTO=-2.384 CCGE0=34E-10 CGDO=3.4E-10 CJ=2 FE-5 CUSW=1.63E-10

+ PB=07 MJ=05 MJSW=03 NFS=1E10

‘deltalpolyione side=0.125U
"deaW,one sidei=0 U

*As already stated L. and W are the
parameters to be defined early in the
simulation, however there are other
parameters as AD, AS, PD, and PS that
have a close relation to L and W so they can
defined also at the beginning. In order to
have a device definition that changes all
these parameters as we need to change L
and W during simulation, it is convenient o
define a subcircuit that includes the device
as in the example.

*|n the example we change the other
parameters as a function of L and W
according to the process characteristic.

eSubcircuit definition requires a .SUBCKT
instance and a statement that has the
following structure:

S.Centro, “Notes on Analog CMQOS Design”
November 2, 1398 P



]

7.12

SUBCKT <name>

+[list of nodes]

+[PARAMS <name>=<value>]
+[TEXT]

ENDS <name>

* Rk o Wk kA E R T T RE AR L A

SUBCKT TN_2_CUBAQb D G S PARAMS: WN=3U LN=2U
M1 D G S S 2 CUBAQN W={WN} L={LN}

+ AD={2U*WN}AS={2U " WN}PD={2U+(2*WN}}PS={2U+(2"WN)}

+ NRD={2U/WN}NRS={2U/WN)

ENDS TN_2_CUBAQb

* PMOS_CAE

SUBCKT TP_2_CUBAQD D a S PARAMS: WP=3U LP=2U
M 1 D G s S 2 CUBAQP W={WP} L={LP)

+ AD={2U*WP}AS={2U " WP}PD={2U+(2"WP)}IPS={2U+(2"WP)}

+ NRD={2U/WP}NRS={2U/WP}

ENDS TP_2_CUBAQb

SUBCKT CAE_12N D G S PARAMS:  W=2U L=2U

M1 D G S 0 MODN  W={W} L=[L}

+ AD={2U*W}AS={2U " WIPD={2U+(2"W)} PS={2U+{2*W)}

+ NRD={2U/WINRS=(2U/W)

ENDS CAE_12N

SUBCKT CAE_12P D G S PARAMS:  W=2U L=2U

M1 D G S S MODP  W={W)  L={L}

+ AD={2U"WJAS={2U"W]}PD={2U+(2°W)} PS={2U+(2"W)}

+ NRD={2U/WINRS={2U/W}

.ENDS CAE_12P

S.Centro, “Notes on Analog CMOS Design”
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8.1

8. CURRENT MIRRORS
AND VOLTAGE
REFERENCES

*A very useful building block in CMOS analog
design is the current mirror , already well
known in bipolar technology.

*The current mirror uses the principle that if
the gate source voltage of two identical
MOS transistor are equal, the channel
current should be equal.

[N

J J

MI M2

71Xl
] TT

§.Centro, “Notes on Analog CMOS Design”
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8.2

Normally i;, is defined by a current
generator or some other means and /g IS
the mirrored current. M1 is in saturated
reglion as Vpgs = Vgsit -

Assuming that vpg, >Vgs.yr2, We can use

the equation (5.5) of the MOS transistor in
the saturated region. So the ratio is

fowr _ LaWo [ Vgs = Vo 1t M psy Ky
iin [’ZWI I+ A’VDSI KI'

(8.1)
eNormally the components are identical as
they are processed on the same silicon area
and thus the physical parameters are the

same for both devices. Also assuming that 4
effect is negligible (vpgo=Vpgy), the (8.1)
simplifies as

Vs — V7

Lout -

i Lo W, (8.2)

LW,

consequently ig,t/iis 1S @ function of the
aspect ratio under control of the designer. It
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8.3

IS evident that Zout seen from the drain of M2
Is equal to ras.

*There are many techniques that allow tight
control of the aspect ratio using suitable
layouts and geometries

*The current mirrors are widely used as
amplifiers load as we’'ll see. It's then

important to evaluate their dynamic
impedance (load).

* \We consider first the load impedance Z,,;
of the following simple circuit.

Zout ilo

il: IorVis Gﬁ) Imos'bs 7 % i .
EQUIV. -> | l'

S.Centro, "Notes on Analog CMOS Design”
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Ig = =8mVs — 8mbsVs = " 8m R]O - gmb.s'R]O = _R[() (gm + g;;‘rbs)

VO = llr TV, = [Ords o [gra’s T [OR - ](ers + [OR”ds(gm + gmbs)+ ]()R

ds

V
ZO = %) =R+ rf/é‘ + erﬁ‘ (gm + gnrby) = &m er-"

(8.3)

*\We can now try to improve the previous
current mirror whose Z,,,; was equal to rys

with the following cascode current mirror.

F I
| | T
EQUIV. -> ST

S.Centro, “Notes on Analog CMOS Design”
Nevermbzr 20 7885 P
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*\We must remember that the small signal vgs
IS Zero as the voltage at the gate of M1 is
defined by the one on the M2 gate.

The Zout is again given by (8.3) rewritten:

Zo=V0/ — o ip 4 | + g ) = +r ot ST
0 [0 T ds ds2 FastVas2\ 8mn2 Sombs2 ] ™ rdsl ,d.S'Z ng}:f.\‘l}J\'“

(8.4)

*The current mirror in order to work properly
must have the output transistors in
saturation region, that means,
remembering the (5.4):

VDs(sat2Vas - V=AYV .
3.5

where AV is just the voltage on top of the VT.

eAlso we must remember that

) . W 2 ,W 0
ip =K E(VGS*VT) (1+Avpg) = K ZAV

(8.6)

S.Centro, “Notes on Analog CMOS Design”
November 2, 1998 YN



8.6

Hence being the id the same, we have

and assuming M1 and M2 of the same type

W W, .
—L AV =—= AV,]
L Lo 7

(8.7)

The aspect ratio W/L can be used to control
AV.

\WVe show now a method to reduce VsaAT at
minimum in a cascode current mirror.

S.Centro, "Notes on Analog CMQOS Design”
November 2, 1398
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M6 M4
1/4
Er l E:1/1 M2 | 1/

MI 1/1

171 M5 M3 1/1
!
f

ﬁ
1
L

A4 N

&

<

*All the transistors have the same
dimensions (aspect ratio) exception for M6
that is 4 times longer, or 4 times more
narrow.

Voltage in gate of M5 is:

Vgs=Vr+AV
Voltage in gate of M6, rembering, (8.7) is:
Vige=V1+2AV+V 5=2V1+3AV

Voltage in gate of M2is:

S.Centro, “Notes on Analog CMOS Design”
November 2, 1398 L
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Vg2= Vg@’ VT+A V= VT+2A V
while voltage in gate of M1 is:

V

g-/— VT+A V

eIn this case, remembering (8.6), we have for
M2:

Vpa(satymin =Vas - V=24V

Again it's worth to remember that AV is
controlled by the aspect ratio of the
transistors.

Example

Calculate the aspect ratios for a cascode curent mir. a2l
allows Vmin = 0.8V
with an output current of 700uA.

According to (8.6), and assuming the transistor para:ni <.21s
of pag. 7.12, we have for M1 to M5:

o 2%100%107°
W,/ _— Lot | =73.5
/L K AV?  17%107%%.16

while for M6 we have W/L=18,4.

S.Centro, “Notes on Analog CMOS Design”
November 2, 1398



8.9

*To generate a reference voltage let’s
consider the following circuit that is called Vy

referenced source.

] A

M

Ri R2 %

*L et's assume that M3 and M4 have the
same aspect ratio, they are then a current
mirror with ig =ig =1 . let's now compute the

S.Centro, “Notes on Analog CMOS Design”
November 2, 1898
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voltage drop across R1, using (5.5), where
we ignore the A effect.

i=K —2(V V) =K' Vo — Vo )"
2L2( GS2 T) 2L2( R1 7)

' 2iL

* 2

The last approximation is correct for smali /
and W larger than L.
We can also write that

The voltage drop across R2 is obtained
through the M5 current mirror

S.Centro, “Notes on Analog CMOS Design”
November 2, 1998
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*The current mirror and voltage reference
presented here have the objective of
providing stable values with respect to
changes in power supply and temperature. It
IS easy to understand that while power
supply independence is obtained,
satisfactory temperature performance could
not with the presented design.

*References that offer good temperature
performance will be presented later.

S.Centro, “Notes an Analog CMOS Design”
MNovember 2, 1998 P
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9.1

9. SIMPLE AMPLIFIERS

*The inverter is the basic gain stage of
CMOS circuits. Typically the inverter uses
the common source configuration with
either a resistor for a load or a current
sink/source as an active load.

A very common circuit is given in the
following figure.

V3S

*The current through M2 is found from
(5.5) assuming that

Vps=Vgs-Vr
In the graph the working point is given as
the intersection between the M1
characteristic and M2 load curve.

S.Centro, “Notes on Analog CMOS Design™ December 1, 1998
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*From the following equivalent circuit one
can obtain the small signal gain as

Vour _ —8mi ~ 8ml
Vi 8ast T 842 T8m2  Em2
Ky WL,

S.Centro, "Notes cn Analog CMOS Design” Decembff_l,\ 1998



9.3

* — O

G) rds1 G) rds2 Vout

gmitvin gm2vout

.

O

*A modified version of the inverter is
shown in the following figure where the
load is a current generator, that could
mirror another current.

The small signal equivalent circuit misses
now the second current generator and the
small signal gain is obtained, using (6.1a)
and (€.3a), as

Vour _  T&mi _DKN'Wl( 1 }

Vin - Las1 T 842 _\/ LIy Ayt A,
(9.1)

We see that the gain increases as the
current Ip decreases. This holds true until
the transistor work in the saturation
region.

Gains of -500 and little more can be
obtained by this stage.

The graph gives the transfer characteristic
of this type of inverter.

S.Centrn “Mates nn Analan CMOS Naginn” Naremher 1 1008
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< Jvour

VSS

\ TR

0,41‘””
'{’!)fl
0
h | Sl 021
oo j =
detn ; P :
TRT AN /v h e 0
~ W/ i R LRI
et AN ‘ i
asly, T F | - W Rt
1 X 4 -
. YR as, Phas Tov
A‘/i\" A 5 i LR

«Another type of inverter is the push-pull
inverter given in the figure.

S.Centro. “Notes on Analog CMOS Design” December 1, 1998
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vin o———Cl vout

#
ettt mLPIVH P
MIm -
!IUH\;I'ELIE.‘HHN:// .
CORE,, reErn . T I TN A
- I3
re -
re /’
- // e
PRSI -
4 M bath e
041 nnl // FALLT I o
4 L
- s i

I s // sl

Transfer characlerisucs of CMOS inverters (Vy, = L. = 6, Wk

The gain, using the small signal equivalent
circuit and the already used formulas, is
given by

Vour _ —8m1 — 8&m2

VIN 8ast T 8ds2

S MNantrAa "Alatae An Arnai-c SYUS s e T einmb s 4 A0S



i |

9.6

e (\/W \/m)[kl s ]

(9.2)

Gains in the order of -1000 can be easily
obtained.

S.Centro, “Notes on Analog CMOS Design” December 1, 1998
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*Differential amplifiers can be designed
with CMOS technology. In the following
figures two different structures are shown:
one uses n-type input stage while the
second uses the p-type input.

vDD
O
Vo)
Mda
W=30U L=10U
M3
W=30U L=10U |} Z 'E
= = | |
Rl
) M7
(RBIAS ]
W=100U L=5U
10 ) 1
1 Tk
10P Vout
W=100U L=10U
Vin- M1 Vin+ CCOMP 3
[:—l |—<:|
. M2
W=100U L=10U 4
MS M6 M8
W=650U L=5U
| o
W=200U L=10U W=200U L=10U

J

5. Cantro. “Notes on Analoa CMOS Desian® Naramber 1 1GAR
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2

s W=300U L=10U

Ww=300U L=10U

t & | W=300U L=:5U
| 1
M6

vin- a1

o[

W=100U L=10U

M3

W=30U L=10U

3

W=100U L=10U jl"—C———}

vout+

M2

M8

[oow] —

‘,‘mp
| -

M4

W=30U L=10U

| RI €
I|: (RBIAS] é

1

M7
t W=100U L=10U

<

The two circuits have been simulated with
models LEVEL2 and the sub circuits given
in the section 7.
The SPICE listing of the two ampilifiers is

given.

SUBCIRCUITS and MODELs have been
written and put in a library CUBA.lIb.

S.Centro, “Notes on Analog CMOS Design” December 1, 1998
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SUBCKT AMP_CUBA_n VIN+ VIN- VDD VSS VOUT PARAMS: RBIAS=200K
X1 2 VIN- 4 VSS TN_2_CUBAQb PARAMS: WN=100U LN=10U

X2 10 VIN+ 4 VSS TN_2_CUBAQb PARAMS: WN=100U LN=10U
X322 VDD VDD TP_2_CUBAQb PARAMS: WP=30U LP=10U

X4 10 2 VDD VDD TP_2_CUBAQb PARAMS: WP=30U LP=10U

X5 4 6 VSS VSS TN_2_CUBAQb PARAMS: WN=200U LN=10U

X6 6 6 VSS VSS TN_2_CUBAQb PARAMS: WN=200U LN=10U

X7 VOUT 10 VDD VDD TP_2_CUBAQb PARAMS: WP=100U LP=10U
X8 VOUT 6 VSS VSS TN_2_CUBAQb PARAMS: WN=650U LN=5U
CCOMP VOUT 10 10PF

R1 VDD 6 {RBIAS}

ENDS AMP_CUBA_n

LA L I I AR S A O B B BN A AR NN R AR

SUBCKT AMP_CUBA_p VIN+ VIN- VDD VSS VOUT PARAMS: RBIAS=200K

X1 3 VIN- 2 VDD TP_2_CUBAQb PARAMS:WP=100U LP=10U
X2 10 VIN+ 2 VDD TP_2_CUBAQb PARAMS: WP=100U LP=10U
X3 33 VSS VSS TN_2_CUBAQb PARAMS: WN=30U LN=10U

X4 10 3 VSS VSS TN_2_CUBAQb PARAMS: WN=30U LN=10U
X526 VDD VDD TP_2_CUBAQb PARAMS: WP=300U LP=10U
X6 6 6 VDD VDD TP_2_CUBAQb PARAMS: WP=300U LP=10U
X7 VOUT 10 VSS VSS TN_2_CUBAQb PARAMS: WN=100U LN=10U
X8 VOUT 6 VDD VDD TP_2_CUBAQb PARAMS: WP=900U LP=5U
CCOMP VOUT 10 10PF

R1 VSS 6 {RBIAS}

ENDS AMP_CUBA _p

t & % ok ok ok ok ok kR ok kX kA K W N kK % koW Ok

SUBCKT TN_2_CUBAQb D G S BK PARAMS: WN=3L

LN=2U
M1 D G S BK 2 CUBAQN W={WN} L={LN}
+AD={2U"WN} AS={2U WN}PD={2U+(2*WN)}PS={2U+(2*"WN)}
+NRD={2U/WN} NRS={2U/WN}
ENDS TN_2_CUBAQb

* ko N F A F X F W E T A K E TR EF ATk koW

* PMOS_CAE

SUBCKTTP_2 CUBAQb D G S BK  PARAMS: WP
LP=2U

M1 D G s BK 2 CUBAQP W={WP)} L={LP)

+AD={2U*WP} AS={2U"WP}PD={2U+(2*WP)|PS={2U~(2"WP)}

+NRD={2U/WP} NRS={2U/WP}
ENDS TP_2_CUBAQb

L A L]
*

* 2_CUBAQ 2um CMOS

LR AR IR B R IR T I I R A A A A R A R RN EEE N

* typical parameters

MODEL 2_CUBAQN NMOS LEVEL=2

+ CGSO =0.560E-09 CGDO =0.560E-09 CGBO =0.165£-09

+ CJ =0.4C0E-03 MJ =0.500E+00 CJSW =0.390E-08 MJSW =0.060E+00
+JS  =0.020E-03 PB =0.860E+00 RSH =30.00E+00 XQC =1E+00

+ TOX =31.10E-C9 XJ =0.054E-06 LD  =0.338E-06 WD =0.644E-06
VTO  =0.770E2+00 NSUB =33.10E+15 NFS =0.293E+12 NEFF =3.560E+00
+ UQ  =582.0E+00 UCRIT =20.90E+04 UEXP =0.235E+00 UTRA =0.000E+00
+ VMAX =86.C0E+03 DELTA =0E+00

MODEL 2_CUBAQP PMOS LEVEL=2

+ CGSO =0560E-09 CGDO =0.560E-09 CGBO =0.165E-09

+

8 Centrn "Nnftae An Anainn CMOC Dacinn® MNarsomhar 11000
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+ CJ =0.360E-03 MJ =0.500E+00 CJSW =0.310E-09 MJSW =0.010E+00
+JS  =0.040E-03 PB =0.730E+00 RSH =81.00E+00 XQC =1E+00

+ TOX =3110E-09 XJ =0.021E-06 LD =C.315E-06 WD =0.731E-06

+ VTO =-B04E+00 NSUB =11.80E+15 NFS =0.337E+12 NEFF =2.030E+00
+UO  =1B0.0E+00 UCRIT =19.70E+04 UEXP =0.219E+00 UTRA =0.000E+00
+ VMAX =41.20E+03 DELTA =1.040E+00

LI IR B B R AR BRI A ] * W ok Ak koM AR PEEIE 2N SR S A B AL N AR B A A B L B L T

*Then the following circuit has been
simulated both for the n-type and p-type 1o
find the AC and TRAN responses.

RFEED
S00K
—AA-
+2.5V
CTEST RS1
1 100K
100 1000 VIN-
1omv — AV —O
VIN XAMP
RSIG RREF 252
100K 100K 2 v
50K S R_CAD
VIN 50K

47 AMP_CUBA_n/p

-2 5V
A4

3 Carirn, "Holea on Analog CMOE Design” [December 1. 1998
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SPICE File_1

"""""" **r*ANALISYS OF DIFF_AMP N_TYPE
Jib CUBA.lib

.TRAN 11U 400u

AC dec 10 10 20MEG

Vin 100 0 ac 10m pwi(0 OV 100u OV 110u -100mV 200u -100mV 210u 0 250U oV
+260U 100mV 360u 100mV 370u Ov 10m 0)
.PROBE

0oP

.TEMP 25

.PARAM RBIAS=400K

.STEP PARAM RBIAS LIST 100K, 200K,400K, 800K
*power supply (simmetrical)

V10 vDD 0 2.5V

V20 0 VSS 2.5V

XAMP VIN+ VIN- VDD VSS VOUT AMP_CUBA_n PARAMS: RBIAS={RBIAS}
*FEEDBACK & LOAD NETWORK

RFEED VOUT VIN- 500K

RS1 VIN+ 0 100K

RS2 VIN- 1000 50K

RLAOD VOUT 0 50K

*SIGNAL NETWORK

RSIG 100 0 100K

RREF 1000 0 100K

CTEST 100 1000 1

END

SPICE File_2

i CUBALb

mrrrwermreere s ANALISYS OF DIFF_AMP P_TYPE
.TRAN 1U 400u

AC dec 10 10 20MEG

Vin 100 0 ac 10m pwl(0 OV 100u OV 110u -100mV 200u -100mV 210u ¢ 250U 0OV
+280U 100mY 360u 100mV 370u Ov 10m Q)
PROBE

0P

.TEMP 25

.PARAM RBIAS=400K

STEP PARAM RBIAS LIST 100K, 200K, 400K, 800K

*power supply {simmetrical)

V10 VDD 0 2.5V

V20 0 VSS 2.5V

XAMP VIN+ VIN- vDD VSS VOUT AMP_CUBA_p PARAMS: RBIAS={RBIAS}
"FEEDBACK & LOAD NETWORK

RFEED VQUT VIN- 500K

RS1 VIN+ 0 100K

RS2 ViN- 1000 50K

RLAOD VOUT 0 50K

& kA X W ok & R Kk ok Kk F k& kK ko

*SIGNAL NETWORK

S.Centro. “Notes on Analog CMOS Design™ December f, 1988
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RSIG 100 0 100K
RREF 1000 0 100K
CTEST 100 1000 1
END

100mv 7

l
/

-1

P— 4 ——— %

!

ov{o— m— L—l—o—J :
-100mV - - -—4~—-—-—n-—1
h SEL>>

- g —

=

I 1.0V : 5-’-0_.1

OV'U_'—! 'k—'-u ' !-ll—

\ 1

\ |

§ -1.0V 1 S:}-—.——o-n:;—-*-n-—l

-4
50us 100us 200us 300us 400us
o me & v(ivout)
Time

zat [Lodg [Auto-ranggd [Set_rangg [add_axlig [Change_titlg [color _Option

S.Centro, “Notes on An:zlog CMOS Design™ December 1,
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50mvV

OV 1

o®m < 4 yv{100)

0V 1
|
SEL>»> i
-0.5v T - l 1 5
195us  _ 200us 205us 210us 215us 2iluz
0. @ ¢ ervivout)

Time Cl = 206.250u, 82.324m

Cz = 200.438u, 865.286m

Exit [Hard_copy] [Peak |Trough [siOpd [Mif [ma¥ |dif=  5.8125u, -782.96lx

[Search commandsd

Label poiny

Q Mantrn

“Ntntac nn Analna CMOIR Nacina®

Naramhbhar 1 1908




-

=11

ad |

B0

a m » + vdb(vout)-vdb{vin-)

80

4017

G i © + g G tnasas oy wmnns- T g T
.......................................................................................................... s
5
O..
SEL>>
10H=z 1.0KHz
[d@lm o + vdb{voutr)-vdb (100}
Frequency Cl = 10,000, 19.968
C2 = 24¢.914K, 16.256
Exit [Hard copy [Pea¥ [Trough [slopd [Mind [maX dif= -246.904K, 2.7118

[search commandd [Label poin

S.Centro, "Notes on Analog CMOS Design” Decernber 1, 1938
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e

MOSFET MODEL PARAMETERS

L A A A L R R T R e R E R E R s LI N ]

* WK Rk ok ok on & K ko

2_CUBAQP 2_CUBAQN
PMOS NMOS
LEVEL 2 2

L 100.000000E-06 100.000000E-08

W 100.000000E-C6 100.000000E-086
LD 315.000000E-09 338.000000E-09
WD  731.000000E-09 644 .000000E-09
VTO -804 T7
KP 19.686040E-06 64.621530E-06
GAMMA 563673 .9440861
PHI .703995 .75735
RSH 81 30
Js 40.000000E-06 20.000000E-06
PB 79 .86
PBSW 79 .86
CJ 360.000000E-06 400.000000E-056
CJSW  310.000000E-12 390.000000E-12
MJSW .01 .08
CGSO 560.000000E-12 560.000000E-12
CGDO  560.000000E-12 560.000000E-12
CGBC  165.000000E-12 165.000000E-12
NSUB 11.80G000E+15 33.100000E+15
NFES 337.000000E+09 293.000000E+09
TOX 31.1000C0E-09 31.160000E-C9
XJ 21.000000E-09 54.000000E-08
uo 180 582
UCRIT 197.000000E+03 2056.00000CE+03
UEXP 219 . 235
VMAX 41.200000E+03 86.00000CE+03
NEFF 2.03 3.56
DELTA 1.04

T MOSFET MODEL PARAMETERS

KP

Uuo

FB
7.932E-G1
8.627E-01

PHI
7.078E-01
7.608E-01

1S(JS)
2.934E-05 2.019£-05 1.818E.0
1.467E-05 6.527E-05 5.879E-02

NAME
2_CUBAQP
2_CUBAQN

VTO
-8.074E-01
7.733E-01

LE R Wk kkkw kR LR TR TN

01/21/96 19:25:38 PSpice 6.0 (Jan 109%4) ID# 53735

* kX k ®

SPICE File_1

* % r

SMALL SIGNAL BIAS SOLUTION TEMPERATURE = 25.000 DEG C

ok

CURRENT STEP PARAM HRBIAS = 100.0000E+03

[ e Hhlmd o mn Asmmdrmen VAT Mol [l TV R | Ea YTl
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3.16

R S RN B SR A A

PR

LR R R N LI

ttttl’t!ttt.ttQttt'tttti*t'.ttti!tﬁtﬁtt

TEE IR B B B B B

NODE VOLTAGE NODE  VOLTAGE  NODE VOLTAGE NODE  VOLTAGE
(100)  0.0000 ( VDD) 25000 ( VSS) -2.5000 (1000) -.0021
( VIN+)  0.0000 (VIN-)  -.0032  (VOUT) -.0137 (XAMP.2) .7966
(XAMP.4) -1.4707  (XAMP.6) -1.4446 (XAMP.10) -.2187

*rrt MOSFETS

NAME XAMP.X1.M1 XAMP.X2.M1 XAMP.X3.M1 XAMP X4.M1 XAMP X5.M1
MODEL 2 CUBAQN 2_CUBAQN 2_CUBAQP 2_CUBAQP 2 CUBAQN
1D 1,96E-05  1.98E-05 -1.96E-05 -1.98E-06  3.94E-05
VGS 1.47E+00  1.47E+00 -1.70E+00 -1.70E+00  1.06E+00
VDS 2.27E+00 1.25E+00 -1.70E+00 -2.72E+0C  1.03E+00
vBS -1.03E+00 -1.03E+00 0.00E+00  0.00E+00  0.00E+00
VTH 1.24E4+00 1.24E+00 -851E-01 -8.50E-01  8.14E-01
VDSAT 2.03E-01 2.05E-0t -6.92E-01 -6.93E-01 1.92E-01
GM 1.44E-04  1.44E-04 4.39E-05 4.45E-05 2.72E-04
GDS 2 00E-07 2.62E-07 2.59E-07 1.81E-07 5.28E-07
GMB 4.82E-05 4.83E-05 1.21E-05 1.23E-05 1.30E-04
CcBD 1.08E-13 1.156-13  3.11E-14  2.92&-14  2.57E-13
CBS 1.00E-13 1.209E-13 4.08E-14 4.08E-14  35.°5E-13
CGSOV 553E-14 5.53E-14  1.60E-14 160E-14  1.11E-13
CGDOV 5.53E-14 5.53E-14 1.80E-14 1.60E-14 111E-13
cGBOV 1.54E-15 1.54E-15 1.55E-15  1.55E-15  1.54E-15
CGS 681E-13 6.81E-13 1.98E-13 1.98E-13 1 37E-12
CGD 0.00E+00 0.00E4+0C 0.00E+0C  0.00E+0C  0.00E+00
CGB 0.00E+00 0.00E+00  0.00E+0C  0.00E+00  C.00E+0C
NAME XAMP X6.M1 XAMP X7 M1 XAMP.X8.Mt1

MODEL 2_CUBAQN 2_CUBAQP 2_CUBAQN

D 3.94E-05 -3.13E-04  3.14E-C4

VGS 1.08E+00 -2.72E+C0  1.06E+CO

vDS 1.06E+00 -2.51E+00  2.49E+C0O

VBS 0.00E+00 0.00E+00  0.00E+QC

VTH 8.14E-01 -8.49E-01  8.00E-O1

VDSAT 1.92E-01 -1.49E+00  2.01E-01%

GM 2.72E-04 293E-04 2.07E-03

GDS 5.22E-07 3.93E-06 5.60E-06

GMB 1.36E-04 6.59E-05 1.01E-03

CBD 2.57E-13 9.69E-14  7.31E-13

CBS 3.16E-13  1.34E-13  1.03E-12

CGSOV 1.11€-13 5.52E-14  3.63E-13

CGDOV 1.11E-13 5.52E-14  3.63E-13

CGBOV 1.54E-15 1.55E-15 7.13E-16

CGS 1.37E-12 6.83E-13 2.08E-12

CcGD 0.00E+00 0.00E+0C  0.00E+QC

caB 0.00E+00 0.00E+00  0.00E+0Q0

S.Centro, “Notes on Analog CMOS Design” December 1, 1998
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e

SMALL SIGNAL BIAS SOLUTION TEMPERATURE = 25.000 DEG C

tewe

CURRENT STEP PARAM RBIAS = 200.0000E+03

M A A I I e R N EE R EEE R I X x ow

LI I R

NODE  VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE  VOLTAGE
( 100) 0.0000 ( VDD) 25000 ( VSS) -2.5000 ( 1000) -.0012
( VIN$) 0.0000 (VIN-) -0019  (VOUT) -0080  (XAMP.2) 1.0497
(XAMP . 4) -1.4113 (XAMP.6) -1.5274 (XAMP.10) .3020

v MOSFETS

NAME XAMP . X1.M1 XAMP.X2.M1 XAMP.X3.M1 XAMP.X4.M1 XAMP.X5 M1
MODEL 2_CUBAQN 2 CUBAQN 2_CUBAQP 2_CUBAQP 2_CUBAQN
1D 1.00E-05 1.01E-05 -100E-05 -1.01E-05 2.02E-05
VGS 1.41E+00  1.41E+00 -1.45E+00 -1.45E+00 9.73E-O1
vDS 2.46E+00 1.71E+00 -1.45E+00 -2.20E+00 1.09E+00
VBS -1.09E+00 -1.09E+00 0.00E+00 0.00E+0C  0.00E+00
VTH 1.26E+400 1.26E+00 -8.51E-01 -B.50E-01 8.14E-01
VDSAT 1.46E-01 1.47E-01  -4.95E-01  -4.95E-01 1.37E-01
GM 1.03E-04 1.03E-04 3.13E-05 3.16E-05 1.94E-C4
GDS 1.23E-07 1.44E-07 1.40E-07 1.09E-07 83.12E-07
GMB 3.42E-05 3.43E-05 9.02E-06 9.10E-06 9.89E-05
cBD 1.07E-13  111E-13  3.18k-14  3.01E-14 255E-13
cBS 1.28E-13  1.28E-13  4.08E-14 4.08E-14 3.16E-13
CGSOV 553E-14 553E-14  1.60E-t4 1.60E-14 111E-13
CGDOV 5.53E-14 5.53E-14 160E-14 1.60E-14 1.11E-13
CGBOV 1.54E-15  1.54E-15  {1.58E-15  1.55E-15  1.54E-15
CGS 6.81E-13  681E-13  1.98E-13  1.98E-13 1.37&-12
CGD 0.00£+00 0.COE+00 0.00E+00 0.00E+00 0.00E+00
CGH 0.00E+00  0.00E+00 O.00E+CC  0.00E+00  0.00E+00
NAME XAMP.X6.M1 XAMP.X7.M1 XAMP.X8.M1

MODEL 2_CUBAQN 2_CUBAGP 2_CUBAQN

1D 2.01E-05 -1.66E-04 _ 1.66E-04

VGS 9.73E-01 -2.20E+00  9.73E-01

VDS 9.73E-01 -251E+00 2.49E+00

VBS 0.00E+00 0.00E+00 0.00E+0Q0

VTH 8.14E-01 -8.49E-01 8.00E-01

VDSAT 1.37E-01 -1.08E+00  1.46E-01

GM 1.94E-04 2.40E-04 _ 1,5QE-03

GDS 3.29E-07 1.82E-06 3.51E-06

GMB 9.87E-05 6.09E-05 7.46E-04

CBD 2.58E-13 9.69E-14 7.31E-13

CBS 3.16E-13  1.34E-13  1.03E-12

CGSoV 1.11E-13  5.52E-14  3.63E-13

CcGbov 1.11E-13  5.52E-14 3.63E-13

CGBOV 1.54E-15 1.55E-15 7.13E-18
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CGS 1.37E-12 6.83E-13 2.08E-12
CGD 0.00E+00 0.00E+00 0.00E+00
CGB 0.00E+00 0.00E+00 0.00E+CO

1222

SMALL SIGNAL BIAS SOLUTION TEMPERATURE = 25.000 DEGC

L 2]

CURRENT STEP PARAM RBIAS = 400.0000E+03

P A

& h R W ok ¥ *F K kR

NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE

( 100) 0.0000 { VDD) 2.5000 ( VSS) -2.5000 { 1000)-760.5E-06
( VIN4) 00000  (VIN-) -.0011 (VOUT) -0049 (XAMP.2) 1.2334
(XAMP.4) -1.3687 (XAMP.8) -1.5872  (XAMP.10) 6755

*** MOSFETS

O R R RIS I A I AR I I R I 2 O O B A O B O L L

et |

-

NAME XAMP.X1.M1 XAMP X2.M1 XAMP.X3.M1 XAMP.X4.M1 XAMP.X5.M1
MODEL 2 CUBAQN 2_CUBAQN 2_CUBAQP 2_CUBAQP 2_CUBAQN
1D 5.11E-06 5.15E-06 _-5.11E-06 -5 15E-08 1.03E-05
V@GS 1.37E+00 1.37E+00 -1.27E+00 -1.27E+0C  9.13&-01
VDS 2.60E+00 2.04E+00 -1.27E+00 -1.82E+00 1.13E+00
VBS -1.13E+00 -1.13E+00 0.00E+00  0.00E+00  0.CCE+0Q0
VTH 1.27E+00C 1.27E+00 -8.51E-C1 -8.51E-01 8.14E-01
VDSAT 1.04E-01 1.05E-01 -3.53E-01 -3.53E-01 9.79E-02
GM 7.34E-05 7.36E-05 2. 22E-05 2.24E-05 1.38E-04
GDS 7.77E-08 B8.65E-08 7.60E-08 6.19E-08 1.92E-07
GMB 2.43E-05 2.44E-05 8.64E-068 6.69E-06 7.12E-05
CBD 1.06E-13 1.09E-13  3.24E-14  3.09E-14 2 54E-13
CBS 1.27E-13 1.27E-13  4.08E-14 4.08E-14  3.18E-13
CGSOV 553E-14 553E-14 16CE-14 1.60E-14  1.11E-13
CGDOoV 5.53E-14 553E-14  1.60E-14 1.60E-i4 1.11E-13
CGBOV 1.54E-15 154E-15 155E-15  1.55E-15 1.84E-15
CGS 5.81E-13 6.81E-13  1.98E-13 1.98E-13 1.37E-12
CGD 0.00E+0C 0.00E+00 C.COE+0C 0.00E+0Q0  0.00E+00
CGB 0.00E+Q0 0.00E+00 0.00E+00 0.00E+0C  0.00E+00
NAME XAMP . X6.M1 XAMP.X7 M1 XAMP.X8 M1

MODEL 2 CUBAQN 2_CUBAQP 2_CUBAQN

18] 1.02E-05 -8.85E-05  8.86E-05

VGS 9.13E-01 -1.82E+00 9.13E-01

VDS 9.13E-01  -2.51E+00  2.50E+00

VBS 0.00E+C0O  0.00E+00  C.COE+00

VTH 8 14E-01 -8.49E-01 8.COE-01

VDSAT 9.77E-02 -7.B9E-01 1.07E-01

GM 1.386-04 1.75E-04 _ 1.09E-03

GDS 2.11E-07 9.10E-07 2.27E-06

GMB 710E-05 4.69E-05 5.50E-04

cBD 2.61E-13 9.70E-14 7.31E-13

S.Centro, “Notes on Analog CMOS Design” _Dec:ember 1, 1998
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CBSs
CGSOV
CGDOV
CGBOV
CGS
CGD
CGB

3.16E-13
1.11E-13
1.11E-13
1.54E-15
1.37E-12
0.00E+00
0.00E+00

1.34E-13
5.52E-14
5.52E-14
1.55E-15
6.83E-13
0.00E+00
0.00E+00

1.03E-12
3.63E-13
3.63E-13
7.13E-16
2.08E-12
0.00E+G0
0.00E+0Q0
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***+  SMALL SIGNAL BIAS SOLUTION

****  CURRENT STEP

P N I I I R T B B I B B L S

* % E ok E K R F * A

.

TEMPERATURE =

25.000 DEG C

PARAM RBIAS = 800.0000E+03

GR't'lt"k*tlt’tttittttttltﬁ.*l’ttt‘t't

NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE

( 100)

( VIN+)

(XAMP .4)

0.0000 (

0.0000

-1.3382 (XAMP.6)

“*** MOSFETS

VDD)

{ VIN-)-730.1E-06

25000 {

VSS)

{ VOUT)

-1.6301 {XAMP.10)

-2.5000

-.0032

( 1000)-486.7E-06
(XAMP 2)

9441

NAME XAMP.X1.M1 XAMP.X2.M1 XAMP.X3.M1 XAMP.X4.M1 XAMP.X5M1
MODEL 2 CUBAQN 2_CUBAQN 2_CUBAQP 2_CUBAQP 2 CUBAQGN
1D 2 59E-06 2.61E-06 -2.508E-06__-2.61E-06 5.20E-06
VGS 1.34E+00 1.34E+00 -1.13E+00 -1.13E+00 8.70E-01
VDS 2.70E+00 2. 28E+00 -1.13E+00 -1.56E+00 1.16E+00
VBS -1.16E+00 -1, 16E+00C 0.00E+00 0.00E+00 0.00E+00
VTH 1.28E+0C0 1.28E+00 -8.51E-01 -8.51E-01 8. 14E-01
VDSAT 7.42E-02 7.45E-02 -2.51E-01 -2.51E-O1 5.96E-02
GM 5.23E-05 5.25E-05 1.58E-05% 1.56E-05 9.81£-05
GDS 5.07E-08 5.47E-08 4 15E-08 3.51E-C8 1.23E-07
GMB 1.72E-05 1.73E-05 4. 84E-0B6 4 87E-05 5.1QE-05
CBD 1.05E-13 1.07E-13 3.29E-14 3.15E-14 2 53E-13
CBS 1.27E-13 1.27E-13 4.08E-14 4.08E-14 3.16E-13
CGsSOV 553E-14 5.53E-14 1.60E-14 1.60E-14 1.11&5-13
CGDOV 5.53E-14 5.53E-14 1.60E-14 1.60E-14 T11E-13
ceEBOV 1.64E-15 1.54E-15 1.55E-15 1.55E-15 1.54E-15
CGS 6.81E-183 6.81E-13 1.98E-13 1.98E-13 1.37E-12
cGb 0.00E+00 0Q.00E+00 0.0CE+0C  0.00E+00  0.00E+0O
CcGB 0.00E+00 0.00E+CO 0.C0E+00  0©.00E+CO 0.00E~+00Q
NAME XAMP . X6.M1 XAMP.X7 M1 XAMP. X8 M1

MODEL 2 CUBAQN 2_CUBAQP 2 CUBAQN

1D 5.16E-06  -4.73E-05 4 79E-Q5

VGS 8.70E-01 -1.56E+00 8.70E-01

VDS 8.70E-01 -2.50E+00 2.50E+00

VBS 0.00E+00 0.00E+00 0.00E+00

VTH 8.14E-01 -8.,49E-0O1 8.00E-01

VDSAT 6.94E-02 -5.80E-01 7.86E-02

GM 9.77E-05 1.28E-04 B8.03E-04

GDS 1.38E-07 4.79E-07 1.52E-06

GMB 5.08E-05 3.59E-05 4.08E-04

CBD 2 63E-13 9.70E-14  7.31E-13

CcBS 3.16E-13 1.34E-13 1.03E-12

CGsov 1.11E-13 5.52E-14 3.63E-13

CGDOV 1.11E-13 5.52E-14 3.63E-13

CGBOV 1 54E-15 1.55E-15 7.13E-16

CGSs 1.37E-12 6.83E-13 2.08E-12

& Nantes, GAMatme Ar Analnn SMOS Dasian”

December 1. 1998
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CGD 0.00E+00 0.00E+00  0.00E+00
cGB 0.00E+00 0.00E+00 0.00E+0Q0

*Based on the previous amplifier we can
built a precise bandgap voltage
reference.

*The principle is trying to generate a
voltage reference with zero tempo, adding
In a proper way two voltage sources with
opposite tempco.

*The structure is the one in the following
scheme.

Rl % R3 % «2 5V
60K 10K

VIN-

R2
36K

1

F‘ﬂQ‘ !—‘%’Qz

<

AMP_CUBA_n 2.5V
PARAMS: RBIAS=100K

*Let’s analyze the simple circuit assuming
that X1 has infinite gain (op.amp.):

VOUT B V[N— . V[N— B VBI

R, R,

I SNl R ok m A 1 . /ANRESNSY s n -~
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(9.3)
Being
Vine =Vine = Vi
(9.4)
we get
R
Vour = EI'(VBz —Vp )+ Vg
2
(9.5)

Remembering, (2.3), that

VBI/
= IS c VT
Vi //T

taking into account the ratio

Ip1
and

[Dzz[Se

Ipy =nlp,

we can compute the difference (VB2-VB1)
between the two junction voltages and the
(9.5) becomes

S.Centro, "Notes on Analeg D)A05 Doy Decesibar 1, 1688
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R
VOUT = L VT ll‘l(n) + VBz
R,

(9.6)
It is worth to remind that
q

(9.7)

and n is the ratio between the currents
through Rzand R;. In fact nis also the

ratio of the two resistances.

*The requirement is to have zero tempco
for Voyr, that means to have the derivative

ZE10.

In(n)—2.2%107 =0

oT R, oT
(9.8)
R
—1--/fln(n):z.z*10“3
R, g
(9.9)
R 6x107
~Linm)y=2.2%107" 16710 = =25.6
R, 1.38%10°

(9.10)
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e|n this conditions we have

Vour =25.6%26mV +600mV =1.24V (g 41)

that corresponds to the bandgap voltage
Vo

*We just remind here the definition of
bandgap voltage, Vgo.

*The junction voltage Vgg, can be
expressed by

kT t

9 e (9.1

that can be easily compared with (9.5),
from which we understand that

Vour =Veo (9.12)

*In our case we would have

Vour = §6%5" £26mV1In(6) +600mV == 1.3V

The correct value will be obtained with
simulation. Vgo is the extrapolated value

of Vgg at T[°K]=0.

2 Centra. “Notes on Analoa CMOS Design” Deceiber 1, 1998



9.25

eIt should be noted that pnp transistor are
obtained in CMOS technology with the so
called lateral bipolar. The base is the
n-well (p substrate) while source and drain
are emitter and collector (or viceversa).

To control the value n one can also play
with the transistor dimensions, changing
the current density through the emitter
base junction.

*The SPICE circuit description follows.
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SPICE File_1
PROBE

oP

.TRAN 10N 2u
TEMP 0, 25, 50

LiB CUBA.LIB

LIB MY-BJT.LIB
Q1001 QBFT92
Q2 0 0 VIN+ QBFT92
R1 VOUT VIN- 60K
R2 VIN- 1 3.5K

R3 VOUT VIN+ 10K
X1 VIN+ VIN- VDD VSS VOUT AMP_CUBA_n PARAMS: RBIAS=1C0K
~* POWER SPPLY
vVivDbD 0 25

V2 0 VSS 25

‘END PREEEEE IR BRI S
SPICE File_2
PROBE

OP

.TRAN 10N 2u
.TEMP 0, 25, 50

.LIB CUBA.LIB

LIB MY-BJT.LIB

Q1 001 QBFT92
Q2 0 0 VIN+ QBFT92
R1 VOUT VIN- 60K
R2 VIN- 1 3.6536K
R3 VOUT VIN+ 10K
X1 VIN+ VIN- VDD VSS VOUT AMP_CUBA_n PARAMS: RBIAS=100K
“* POWER SPPLY

V1 VDD 0 2.5

V2 0 VSS 2.5
SPICE File 3
.PROBE

OP

.TRAN 10N 3u
.TEMP 0, 25, 50

.LIB CUBA.LIB

LIB MY-BJT.LIB

Q1 001 QBFTY2
Q2 0 0 VIN+ QBFT82
R1 VOUT VIN- 60K
R2 VIN- 1 3.85K

R3 VOUT VIN+ 10K
X1 VIN+ VIN- VDD VSS VOUT AMP_CUBA n PARAMS: RBIAS=100K
* POWER SPPLY

8 Centro. "Notes on Analoa CMOS Design” December 1, 1998
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Vi VDD 0 2.5
V2 0 VSS 2.5
END ttttttttttttttttttttttt

*The three listings differ only for R2 value.
The circuit has been simulated for three
different temperatures and the one with
the R2=3.6536K has the lowest tempo.

1.26V

1.20V1

o

T T
Os 0.2us 0. 4us 0.6us 0.8us
OM+ + X 0 K ©Viyout)

1.12v

-y

1lne

Exit [Lod {Auto-range [Set_rangd [add_aXid [Change_ticld [color Ogptiod

The tempco’s are -400uV/ °C, -300uV/ °C,
-330uV/ °C.

The nominal value at 25 eC is 1.2062V.
The biasing for the best value, at 25 °C, is
given below.
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FErk

01/3G/96 12:04:29 *"°77°7°7 PSpice 6.0 (Jan 1994) “ = [DH 53788
SPICE File_2
= OPERATING POINT INFORMATION  TEMPERATURE = 25.000 DEGC
**** BIPOLAR JUNCTION TRANSISTORS
NAME al Q2
MODEL QBFT92 QBFT92
{8 -3.05E-07 -1.B2E-06
G -1.09E-05 -6.49E-05
VBE -4.94E-01  -5.39E-01
VBC 0.00E+00 0.00E+00
VCE -4,94E-01  -5.39E-01
BETADC 3.57E+01 3.57E+01
GM 4.23E-04 252E-03
RPI 8.42E+04 1.41E+04
BRX G.00E+00  0.00E+00
RO 2.21E+06 3.70E+05
CBE 1.338-12  1.43E-12
cBC 1.04E-12  1.04E-12
cBX 0.00E+00  0.00E+Q0
CJs 0.Q0E+00 0.COE+0Q0
BETAAC 3.57E+01  3.57E+01
FT 2.84E+07 1.62E+08
T MOSFETS -
NAME X1 X1.M1 XT.X2M1 X1X3M1 X1.X4M1T  X1.X5 M1 )
MODEL 2 CUBAQN 2_CUBAQN 2 _CUBAQP 2 CUBAQP 2 CUBAGN
D 1.97E-05 2.00E-05 -1.97E-05 -2.00E-05 3.96E-05
VGS 1.60E+00 {1 60E+00 -1.70E+0C -1.70E+00 1.06E+00
VDS 1.86E+00  4.18E-01 -1.70E+00 -3.15E+00 1.44E+00
VBS -1.44E+00 -1.44E+00 0.00E+00  0.00E+00  C.00E+00
VTH 1.37E+00 1.37E+00 -8.51E-01 -8.50E-01 8.14E-01
VDSAT 2.06E-01 2.08E-C1 -6.93E-01 -6.54E-01 1.93E-01
GM 1.456-04 1.46E-04 4.40E-05 4.47E-05 2.73E-04
GDS 2.24E-07  4.32E-07  2.5%E-07 1.76E-Q7  4.48E-07
GMB 4 42E-05  4.42E-05 1.21E-05 1.23E-05 1.37E-04
CBD 1.08E-13 119E-13 3.11E-14  2.86E-14  2.46E-13
c8s 1.23E-13 1.23E-13 4.08E-14 4.08E-14  3.16E-13
CGSOoV 553E-14 5.53E-14  160E-14 1.60E-14 1.11E-13
CGDOV 5.53E-14 5.53E-14  1.60E-14  1.60E-14 1.11E-13
CGBOV 1.54E-15 154E-15 1,55E-15 1.55E-15  1.54E-15
CGS 6.81E-13 6.81£-13  1.98E-13 1.98E-13 1.37E-12
C M antes

“Rimbmen am Analan CAMOS Necinn” Naremhbar T 1368
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CGD 0.00E+00 0.00E+00 0.00E+00 0.00E+00  0.00E+00
CGB 0.00E+00  0.00E+00 0.00E+00 0.00E+00  0.00E+00
NAME X1 XeM1 X1.X7.M1 X1.X8.M1
MODEL  2_CUBAQN 2 CUBAQP 2_CUBAQN
ID 3.94E-05 -3.98E-04  3.20E-04
VGS 1.06E+00 -3.15E+00  1.06E+00
VDS 1.06E+00 -1.28E+00 3.71E+00
VBS 0.00E+00  0.00E+00  0.00E+00
VTH 8.14E-01 -8.50E-01  7.99E-Of
VDSAT 1.92E-01 -1.82E+00 2.02E-01
GM 2.72E-04 2.23E-04 2.10E-03
GDS 522E-07 1.48E-04 4.57E-06
GMB 1.36E-04 5.15E-05  1.03E-03
CBD 2.57E-13  1.06E-13  6.8B5E-13
CBS 3.16E-13  1.34E-13  1.03E-12
CGSOV 1.11E-13  5.52E-14 3.63E-13
CGDOV 1.11E-13  552E-14 3.63E-13
CGBOV 1.54E-15 1.55E-15 7.13E-16
CGS 1.37E-12  5.39E-13  2.08E-12
CGD 0.00E+00 4.34E-13  0.00E+00
CGB 0.00E+00 0.00E+00  0.00E+00
'Y 01/30/96 12:04:29 ********* PSpice 6.0 (Jan 1994} ******** |D# 537&8
SPICE File 2
Tt INITIAL TRANSIENT SOLUTION  TEMPERATURE = 25.000 DEG C
NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE
(1) 4935 ( VDD) 2.5000 ( VSS) -2.5000 ( VIN+) 5394
( VIN-) 5344 { VOUT) 1.2062 ( X1.2) 7953 ( X1.4)  -1.0639
( X1.6) -1.4445 (X1.10)  -.6456
VOLTAGE SCURCE CURRENTS
NAME CURRENT
Vi -4 769E-04
V2 -3.990E-04

TOTAL POWER DISSIPATION 2.19E-03 WATTS
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