Large-Signal Transfer Function
of Bipolar Differential Amplifier

= Vop=Voi1-Vo2
Vo1=Vec-lcaRe Vo2 =Vee-le2Re

1 1 O
V = (l~p—I R~ = Ofl R-~G - [
op = (lca=1c)Re F'BIAS CD_1+eV'D/Vth 1+e_V'D/V“D

... which can be written as:
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Operational Amplifiers

»  Two-port (differential) small-signal model of an op amp

Rout

Vi

V_ é °

» |deal “general purpose’ op amp:
Riq --> infinity, Ry --> 0, a,4 --> infinity
Examples. 741 op amp has
Rg=27MQ, Ry, =47Q, a,= 300,000 (approx).

MOS inputs --> can get near-infinite differential input resistance

= Many other specifications ...
DC input common-mode voltage range and output swings
output current sourcing (out) or sinking (in) capability

offset voltage and its temperature dependence
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Internal Op Amps

= “Internal” op amp: loads are capacitive --> no need for R,;; --> 0 Q

therefore, no output stage (common-collector or common-drain)

Building block construction of an internal operational amplifier:

input
differential
amplifier

differential

+
tosingle- IDef/: o
ended . shift
conversion I

second
gain
stage

ol o< +l
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Differential Input Stage

By using a current-mirror, we can implement differential-to-single ended
conversion together with the differential input stage (without loss of 3 dB gain)

simple MOS version of input stage

V+

EE 105 Spring 1997
Lecture 27




Basic Two-Stage CM OS Op Amp Topology

= Add a second common-source gain stage to boost the overall voltage gain

T

(})ee %

Capacitor C. isimportant in the op amp frequency response

DC output is assumed to be Vo =0V
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DC Bias Solution

High gain --> place op amp in unity gain feedback loop to establish a stable DC
operating point

T,_—+

op amp °

:

= Nodel
The source-gate voltage is defined by the DC current in Mg

+ O J 2lggr O
V.=V -GV, + (]
1 T
g 'P Hp Cox(W/ L)g]
= Node?
Theinput voltages are at (nearly) zero volts, so the source-gate voltage of M4

and M, determines V,

2(-15,/2)
(W/D),,

pox

= Node3
The voltage is set by diode-connected M5

i J 2(-157/2)
Vo=V +V_ +
3 n n ox(W/L)34
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DC Bias Solution (Cont.)

Node 4

V,=V +V__ + 2-1pe)
4 i “ncox(W/ I‘)5

DC voltages of drains of M; and M, should be matched to avoid a systematic
offset --> V3 = V4

2(-1p7/2) 2(-1pg)
HnCox(V\//L)3,4 ) Hncox(W/L)S
—Ipe _ (W/L)g _ (W/L)g
—Ip;  2(W/L)3,  (W/L),

where the second equality follows from Vgz6 = Vgs7
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Common-M ode I nput Voltage Range

= AsV,cincreases, Node 2 follows and eventually M, will enter the triode region

‘ | VSG7| + 4
Mg | | Va7
M,

+
V$_1 Vsl,z = VD7 | \img
4{ My M2 |
p

or=

+
Vop7 =V =(Vic*+ Va1

Maximum input common-mode voltage:

+
Vepr(sat) = Vse7tVp =V ~(Vicmax T Vse1)

+
Vicmax =V —V1p~Vse1—Vse?
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Common-M ode I nput Voltage Range (Cont.)

= AsV,c decreases, the input pair will eventually enter the triode region

V+

\V/
1.2
Va1 * + Vg <l>"o6
4| EMI M2 }7
M\ M\
V1=V Vo PV TV Vs
Mc
= M3 I ”E M, 4”5 Ms
e

Vep1 = (Vic*Veg1) = (V. +Vgg3) 2Vgay + Vo
When M, just enters the triode region,

2(1s/2)

VIC,miI‘I =V +VGS3+VTP =V +VTp+VTn+ /\/uncox(W/L)S
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Output Voltage Range

= The output node can increase until Mg enters the triode region

+

so the maximum output voltage is

2(-1pe)
+ + D6
Vv =V =V, —Veur = V' =

O,max Tp "SG6 /\/“pcox(W/ L)e

= Similarly, the output node can decrease until Mg enters the triode region

Vpss = Vo=V 2Vggs—Voy

] 2(-1pg)
VO min v o+
’ HnCox(W/L)s
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Small-Signal Analysis of CMOS Two-Stage Op Amp

» Cascade two-port models of differential amplifier with current-mirror supply
(input stage) and common-source amplifier with current supply (second gain

stage)

|

+ +
\a Gy Ryt Y2 CrM2 =R, o

Ve o _ o
n First stage:

polarity of G, isinverted to reflect reversal of input terminals ... which is done

to make the overall gain positive for vy >0

G = 9m

Rout1 = o2 ll foa
= Second stage:

Gz = I

Rout = o5 Il Tos

Ado = (_Gml Routl) (_sz Rout)

Avdo ~ gml(r02||ro4)gm5(ro5||r06)
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Two-Stage CM OS Design Example

Design constraints

Typical situation for an internal op amp: area and power are both limited.
Simplified area constraint -- set W5 = 150 pm

(for minimize channel-length modulation, set Ly, = 3 pm)

Set DC power budget at 1.25 mW (including reference current) for case where
we have symmetrical supplies: V' =25V andV =-25V.

Initial Transistor Sizing:

Make (W/L), = (150 pm / 3 pm) in order to maximize G,,;; and maximize
common-mode input voltage range

DC currents: assume | gege = 50 HA

Set DC bias current of differential amplifier = DC bias of common-source stage
= 100 pA each as afirst-cut --> total current drawn is 250 YA --> power Spec. is
just met

Transistor dimensions: (W/L)5 = (150 pm/ 3 pm) to maximize g5

(W7L)s  _ ~lps _ 100 pA _

2(W/L)3 4, Ipy 100 pA !

Therefore (W/L)3 4 = (WIL)5 /2 = 25 --> Wj3 4 = 75 pm since we use L, to save
area.

For symmetrical output swing, we set (W/L)g = (W/L)5 = (150 pm / 3 pum)

To maximize common-mode input range, we also set (W/L)7 = (150 um/ 3 pm)
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First-Cut CMOS Two-Stage Op Amp

-

6
(150/3)

+2.5V
Mg | | <M, | <M
(75/3) | @ |- (150/3) |
0
Z—( iEM M E“—:
Vi- (1%0/3) (1%0/3) Vits  C
|
|

®
+

——C
L Vo

@
Ms | ® | My Mg
(75/3) [ | | -] (75/3) (150/3)
-25V
n-channel MOSFET
H,Cox = 50\“/#2 to=15nm Cov = 0.5 fF/um @z,=0.95V
_ _ 0.1(um/V) _ _
Mon =10V A= == Cino =0.1fFum?  m, =05
Y,=06VY2 29 =-08V Ciswno =05 fF/um  my, =033
| p-channel MOSFET I
HoCox =25 tlliz\ tox =15nm Cov = 0.5 fF/um @5, =0.95V
- = 01(um/V) - 2 -
Viop =10V Ap= == Cjpy=03fFm m, =05
y,=06VY¥2 29 =08V Cisupo = 0-35 fFlum ~ myg, =0.33
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DC Bias Solution

= Assume that the DC input voltagesare V|, =V,_.=0V and Vo =0V

= |nput common-mode voltage range

Vicmax = 25V —(-1V)-128V-14V = 082V

Vicmin = —25V+128V +(-1V) = 222V

room for improvement in the upper limit -- possible at the expense of increased
area (W/L) ratios must be increased.

= Output voltage swing

Vomax = 25V =04V =21V

Vomin = —25V +028V = 222V

output range in nearly symmetrical and adequate
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Small-Signal Performance

= Small-signal parameters:
Om1 = Ome = 357 US
Om5 = 2 Oy = 714 US
lop = oa = 600 kQ
l'os = log = 300 kKQ

» Differential voltage gain:

a4, = (0.357)(600||600)(714)(300||300) = 1.15x10"

in decibels, |a,qolgg = 81 dB.
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