Increasing the gain of the simple differential amplifier with mirror load

We need to increase the

- A, =G_R  output resistance
Rout T rd2 // rd4 d/ meout Vdd

y G,, is difficult to increase: it
d

d coincides with g, of the
T J differential pair [_}-r{r—_ R ( )
r
M3 L"I_‘ M4 We can replace = S
1o V . the simple mirror 2r
down ~
l: Mo 4__1 with a cascode+ o M1 215
12

mirror
Vi, Vie
7 But this
lo ly increases only
ss Rup

8§
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Cascode differential amplifier

e

M6 M5
Tov R, =21, +r,(14+8,.2r,)
- v | G
M3 | I—m— 2r
v, +o, Mg e+ v, We add a differential
— — common gate stage
7 / " (M3,M4) to the differential
VO pair: forming a differential
s cascode stage
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Cascode differential amplifier: R,

\Iiid T Rup = rd8 —I_ rd5 (1_|_ rdgg ) rd5 <rd8gm5>
Mfé—“_ 8 Rdown ;27’(12 _|_rd4 (1+gm4.2rd2> gzra% <rd2gm4>
A
Mb 5 R ' : v Y
T RS & b= 2 g
t | ' o R = R // RdOW”
M3 “_IM4 C b 2
o—[I M1
o JM Ty,
77 I 7 [ R,, =1y (rngm5>// Fi4 (rngm4> ]
0
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Cascode differential amplifier

_ Y

p2 = 8mVa

Gm — gml
2 Ad — GmRout

Ay =8, l(rd2gm4rd4)//(rd8gm5rd5)]

If all devices have the same r and g,

~ (gmrd)z

Y
Vdd _ v, IOCC — IDl
: T
Cascode 1 0CC — va d
M7 r__ M8 -&b current mirror
(—p
M6 M5 I, l oy e
nut/—_’
| |_I sz Diff. Common gate
|_’. 4—'
|Vé Mﬂ ID1 + * ID2
[ —_— Differential pair
y + oH , M1 m2 4_|_° + Y 17~ (common source) [+~ V2
i1 i2
_ . — ~
1 I 77 l,  Cascode A
0 V.,  Differential d
Ves stage
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CMOS cascode amplifier: output range

V -
“ T Upper limit
M7 r__ M8 Vout—mirmr — Vdd _Vout 2 VMIN —cascode
| Vout-mirror |
M6 | MS___ Vdd o VMIN —cascode Z Vout
Vout
— V
| | k2
M3 - <_IM 4 max (Vout ) T Vdd o VMIN —cascode
S+ o~ M M o+ y
- a - § As V.., gets higher than max(V,,), Ry,
? , decreases making the gain decrease
0
VSS
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CMOS cascode amplifier: output range

V., Lower limit
T
M7 [ we Vioss = Vou = Vsa 2 Vipsara
Vs = Vi = Visa

M6 M5
I:J—f{ Vour = Via T Visa = Visara

= = “ min (Vout> = Vo = Visa T Vosara

M3 M4
o—[, M m2 | .
V"’i ’ - i V., In strong inversion: min <V0ut) =V,-V,
7 717

lo For an approximation of min(V,,) in weak
V. inversion just add 100 mV
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3+

v |

Input common mode range
min (Vzc ) = Vs +Vimv—sair +Vasi
Vosi = Vo1 =V 2 Vosar
V=V, — Vi
Vs =Vie = Vas)

.

sz _VGS3 _Vic _|_VGSI > VDSATI
ViC) = Vo = Viss T Vosi = Vosur

=

oo

>4
/N

max <Vzc ) = sz R VDSATI
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Cascode amplifier: all ranges

Vdd * VOUZ‘

max(Vic)=V,, —Vpsars

\' out

max( Vout) = Vdd_/ VMIN-cascodeJ

Vk2

V.

IC

A
min(V,c)=Vss+Viunsart Vs

A
min(Ve,)=Vie =VesitVsars

V.

SS

SS

dd T
M7 __’“—o—”‘__ M8
me [ M5
T Vout
= — sz
M3 M4
s NI
v,* v,

7
lo
?VSS

V- determines a trade-
off between the input
common mode range
and the output swing
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Y Adaptive V,,

dd T
M7 l‘_— M8 Via = Vass =Vie T Vasi = Vosun
Me ‘—l_“:‘r’ sz > ‘{iC _VGJSl _|_VGS3 _|_VDSAT1
Vout v
[ = e Vsi |
M3 M4 M3
FoA M M2 o 4 Vi, =V _|_YGS3 _|_VDJSAT1 o]
Vi Vi, Y V.
s CP A Vio = Vo + Visio gt
lO
Ves Visio = Vass T Vosar
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Voo Adaptive Vy, Same as in the
case of a general
M7 l— ws cascode structure
I Visio = Vass T Vosar @
M6 |—~—|[:L|\j5
Viout [(VGS -V, )10 = MsVpsur + (VGS -V )3]
| —
M3_> <_M4 IO—eff:IO_IB
v T o—, M1 o 2 A+ v The adaptive V,, does not solve the
" _ _ problem that, as V increases, the output
n | " swing gets smaller. The advantage is that
0 the ampilifier is more flexible and no
V.. trade-off on Vy, should be made in the
“Telescopic” amplifier design phase.
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Removing the interaction between input and output range:

The Folded Cascode
Tvdd

ORNO) Folding

According to the folding
mechanism, the signal
V (variations) initially travels

jl j’ s from one rail to the other
™ out and then invert direction
:1 |-_> and goes back to the initial

rail

4oL M w2 t]l—0 +
e ‘ / & JHHL
V. Y2
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Folded cascode amplifier: device currents

T Vdd
M3 M4
[ |
Ve I . Il
llD1 lIDz
oM M2 o

M6

M10

] Condition:
<ID6:II_ID2 I,,>0
Iy, =1, — 1), us > ()
Loce =1p7 —1pg =17 — 1)
| M7 | Vie
1 — ’_c?c’c IOCC:<II_ID1>_(II_ID2>
[, Mo
H—mit Loee :_<ID1_ID2>g_gmlvd
lVSS
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Folded cascode: setting the correct /, value
g Quiescent point:

Tvdd ID6:II_IDZZO
M3 M4 IO d Lo i
V° i[ Ir__ ? kID7211_ID120 p1 — Ip2 — 5
T e 2, L
> [ >—
2
% L0 | Y | v = s With a large input
E l 2 l oV signal (| Vi,|> Vppax):
oM M2 oyt M8 J-—[, mo Vi > Vouux 1p =1
v v
r1_ A Vi V < _V : I _ I
n | 7 w0 |, mr id DMAX == D2 0
V 1v [,>1, usually: I =1,
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Folded cascode: differential mode gain
Ad — GmRout

a3

s

rd4

loce =2—8,Vs = G, =—8&u

M1

M2

Ad — _gmlRout
v
— _P
M6 Ly, M7 Ly Vio Rout .
_|f ——° l
| <= P
e O
mi0 [, M
s
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Folded cascode: output resistance (2)

,7;”: M1

M2

(1) (2) . ey (2)
L —I—l 1, = /—I—z
V., =V
pl p .
Vo= 0

os

M6 _,| | k2

Ms—wf’_g §

VG “_0_' p p p
r . _lp1_|_l
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Folded cascode: output resistance (2)

.(1 p ~ —
lél) = 'y R, =71, (1—|_gm7RS7> Ry = 1,531 121,
AN ” R, /12
i]gll) «, Rs7 wp = Ta78 m7 (”d3 ra’l)
2ry, | s
o (’ M6\ M7 FOOREI() 25
l 4 L 4 K& ) 1-r = “pl
”57 0 | =L PP L+ 2r,
pl=i Rup ‘p_
M8 +(1) Vor
,71,7_”: +A1 M2 :“;l,, == Mo [p2 1V,,=0
FLCORETCDREI() Va3
2 Upl—r 1
% m1q), , |F—| L m11 P P T oy
rOS
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Folded cascode: output resistance (2)

d3

M1

M2 :]I’—_,\” Me

M10

R, = 798,0T
@ Yy
p2
Rdw
-(2) __
i Yy
pl
Rup
-(1) -(1)
[ =1
p2 pl
rs+2r,
g tas 4 Yy
Rup rs+2r, R,,
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Folded cascode: output resistance (3)

1 1
i =v |— 1+ FE
R, ;s t2r,) Ry, R — Rl +R1
1 l—l_:;B dw
Rout — RL 1+ _232 ‘|‘RL I+ 21,
r r
up d3 d2 dw If Fgo=lg3=lq7=g9="g11 =4
Im7=9mo=9m
Rout :Rdw//Rup—r 2 Rdw =T, (gmrd)
Iy18m (7 //2r"r/§rd » ry (8.7)
d718m7\"a3 di _
RdW — d9gm9rd11 Rup—r — ;) up—r
1+ d3 j\\f R _rd<gmrd>
r,+2r, 3 out 3
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Folded cascode: differential mode gain

Ad — _gmlRout

If rgo=ry3=rg7="go=rq11 =rg

Im7=9m9= Im1= Om

1 (8ul) (gm’"d>2

A =— __
¢ 8T 3
Compare with the (g,7,)
“Telescopic” amplifier A, = >
... and with the simple (g,1)
amplifier with mirror 4, = )

load (non-cascode)
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Simple method to find if a terminal is inverting / non-inverting

7»[) T g Ad — _gmlRout
M3 M4 . .
6|, |+ o—F—" Vo =Vi—Vs
\,/ o ll’ llf
+ s
, v
Signal paths: l’m llm M6 | M7 = 2
*—0 V
1. From G to D: inversion out
2. From Gto S: noinversion oM w2 :]|—o+v M8 JH—[, Mo
3. From S to D: no inversion m_ . _ Vi
" ?I m M0 [, w1
SS VSS
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Ac, CMRR

It is possible to demonstrate ( L
v, that, for V=0, voltage and Then: <
M3 "M currents in the amplifiers are i}
o I Ir__ Symmetncal . out
T— |
S A 11
vout — vk — _idz —|_
ng gmlO
| el v (11
Laz | |V Vou = "% +
d?2 k o V. t 27'0S g gmlo]
e ;IH b TH- v
Vi?_ - "2 for ng — gmlO — gm
Mo |- m {
" % v Ao =——F+ CMRR ~

gl’l’l rOS

(8T )2

gm rOS
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M3 M4

k3 ll1

Folded cascode: output range
min <Vout ) — VSS —|_ VMIN—cascode LOWGI’ ||m|t

min (Vout> — VSS + VG511 + VDSAT9

oM w2

i1

M6

H

!
|—<>—|EFI\/;9_\ift fax <VO”’) =Vt ‘VGS7‘ _ ‘VDSAT7‘

l VSS

Upper limit
L ‘VDS7‘ =V + ‘VGS7 ‘ —Vou 2 ‘VDSAT7‘
' i | \2(2 sz + ‘VGS7 ‘ _ ‘VDSAT7‘ > Vout

V In strong inversion:

out-mirror

Mﬂ_ ‘VDSAT7‘ — ‘VGS7 ‘ - “/1‘7‘
max (V ): V., +‘Vt7‘

out
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Maximum V,,

+o—[, M1

M6

l VSS

max (V

out

Vs =V =Vis +‘VG

V|, sets the voltage of

max (V

) =V, + ‘VGS7‘ - ‘VDSAT7‘

out) =V — ‘VDSATS‘ - ‘VDSAT7‘

- b e and M2-M4 drains
7 Vou ‘VDSS‘ =V = V3 =V —Via _‘VG 7‘ > VDSAT3‘
L me
E max (Vk2> =V~ ‘VDSATS‘ - ‘VGS7‘
[, w11 /
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Input common mode range

Tvdd
M3 M4
I |
Vo I '[u
V
Y Ihs Me :“ M ml 5(2
—
l l ° Vout
) IR TR <_—“_°+V M8 J-—[, Mo
it X Vi
i / 7 w0 A M
0
VSS | VSS

max (Vi) = Vi, —[Viosars| = Ves|

min (Vzc ) — Vss + VM]N—mil T VGS 1
Vs =V =Vis +‘VGS7‘

M1 (M2) has the drain at a fixed
voltage. If the gate voltage increases,
M1 (M2) will eventually leave saturation

Visi =V — Vs =
=V, +‘VGS7‘_<VC _VGSI) >V

— " DSAT1

max (VC ) — sz + ‘VGS7 ‘ - VGS] o VDSATI

max (VC ) — Vdd o ‘VDSAT3‘ + VGSI o VDSATI
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Folded cascode: summary of properties

DC Gain: Slightly smaller than the telescopic amplifier
(non-folded cascode) gain. May reach several thousands
or even 104 (80 dB) with long mosfets. Larger than thegain
of the cascade of two common source stages.

Output swing:

Input CM range:

max (Vout ) — Vdd o ‘VDSATS‘ o ‘VDSAT7 ‘

min (V ) — VSS T VGSll T VDSAT9

out

min (VZC ) — VSS + VMIN—tail + VGS 1
max <Vc ) — Vdd o ‘VDSAT3‘ + VGSI o VDSATI
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The only true advantage of the telescopic amplifier

Current consumption (/g,,,,) v
dd T
vdd p— =~
3 TM4 Isupply ICS T ICG — 2IO M7 |—°—|l: M8 supply
o—F |
Vis ll1 l’1 M6 |—<>—|[1_|\:|5
CG CG ’J lViout
Tor Ip2 e L:ll T o \QQ Il—» 4——“ Vi
| B y N3 N4
out o M1 M2
V+°—”: VI :l|'_°+v M8 |——[, mo Vi1+ _”: 4__“_° +sz
T ‘ | o _|H—{ e % / ”
cs Wh . °S Ty
vss J\Vss Ss

Current
re-use

P. Bruschi — Microelectronic System Design

26



Example of BJT Op-Amp with a Folded cascode input stage

Emitter-degenerated
input pair

(improves input
differential range, with

benefits in terms of ~

Slew-Rate

THS4031-EP i3
THS4032-EP [EXAS MENTS
SLOSE10-NOVEMEBER 2008 wwvwti.com

APPLICATION INFORMATION

THEORY OF OPERATION

The THS403x is a high-speed operational amplifier configured in a voltage feedback architecture. It is built using
a 30-V, dielectrically isolated, complementary bipolar process with NPN and PNP transistors possessing frs of
several GHz. This results in an exceptionally high-performance amplifier that has wide bandwidth, high slew rate,
fast settling time, and low distortion. A simplified schematic is shown in Figure 51.

3 é i 177" Wilson current mirror
' with emitter
' N degeneration.
IN- (2) {/ (6) OUT
/
IN+ (3)

nuli s ks)
Figure 51. THS4031 Simplified Schematic
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