ELEC-E3510 Basics of IC Design

Lecture 5:
OTA Amplifiers



OTA — Operational Transconductance Amplifier
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Symmetrical input stage:
M1l=M2 and M3 =M4

Current mirrors:

M4 &MS = |, = EVV\\ZII:;E; l, = 2”’5 l, =B, "I,
4 m4
M3&M7 =1, = E:/ijt;7 ‘1, _zﬂ , =B, "I,
3 m3
M8 &Mb =1, = Ex;t;‘_’ l, _iﬂ |, =B, -1,
8 m8
Required: ifM5=M7 and M8=M6

B, =B, B, =B, =B, and B, =1



OTA transconductance and gain
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OTA transforms the input voltage difference to the output current
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Transconductance of OTA:

= gm = Blgml

Voltage gain is obtained by feeding

the output current into output load
resistor.
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Without external load resistor:
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ROUT =
gDSS +gDS6

— A — Blgml
gDS5 + gDSG



Small-signal analysis
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Transferfunction of the two signal branches:
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Poles:
D, = 8mz T 8os1 * Bos3 _ 8ms
Coss +Cas7 +Coar +Cpgz €
0, = 8ma T Bos2 + Bosa _ Ema
1 Cosa +Cass +Copy +Cpps Cyy
D, = 8ms 1 8ps7 T Eoss _ Bms
Cass +Cose +Copy +Copg Cp3
_ Boss T 8ose
P = C
L

gDSS + gDSG << gmi

PL <<P1,P,,P3
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Symmetrical design:
ass. M, =M,, M, =M,, (M7 =M5)(M8 =M6)
= ng = gm4' CpZ = Cpl

=P, =P,



Transferfunction of OTA:

Compensation of OTA amplifier:

Combine the two signal paths A
A
H.(S) assumegps ; << g, Ay
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Vin. o AN =p, = Boss * Boss . Bmi _ P, i=13
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Output node is
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Cascode OTA
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OTA gain is

A — Blgml — Blgml

g, Boss T 8pss

= Blgml(RDSS ] RDSG)

Larger output resistance gives higher
voltage gain

= use cascode transistors to
increase the output impedance.

Replace Mg and M, with cascode
current sources.

Cascode transistors increase the
output impedance by the internal
gain of the cascode transistor.

1

gDSSgDSII + gDS6gD512
gmll gmlz

o =




Let’s calculate the gain of a cascode amplifier. The input voltage is connected to the gate of transistor M,
and the other transistors are biased with voltages Vg,, Vg3 and Vy,. The difference to a simple current
source loaded inverter is the addition of the cascode transistors M, and M.
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Let’s start the analysis with the cascode current source of M; and M, and calculate its small
signal output conductance.

Vbb -
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Writing the node equations we get

(gDS3 + gDS4)VX — Bos3Vour = ~8m3Vx

Bos3Vout ~Bps3Vx = 8msVx T lout

The resulting small signal output conductance is

_ 'out _ gDS3gDS4 . gDS3
goutl - - ~ gDS4

Vout gDS3 + gDS4 + gm3 gm3




Now we can solve the rest of the small signal circuit and the resulting gain.

VDD
(o]

— 7

goutl
M3 F-: Vout
v -
—0m2V1 Ops2
— Vou Vi
Ms
V -
B2 N :
| . Im1Vin Ops1
Mq -
Vin o—] 7
il 1
[ —
Vss

The node equations are

(gDSI + gDSZ)Vl ~Bos2Vout = 78m1Vin —8Bm2V1

(goutl + gDSZ)Vout —Bps2V1 =8m2Va



With some arranging we get

(ng +8ps1 t gDsz)Vl ~8Bps2Vout = ~8m1Vin

Bout1 T8
V1 — outl DS2 V

ng + gDSZ

out

Inserting the value of v, to the first equation we get

goutl + gDSZ

(gmz + gDSl + gDSZ) Vout - gDSZVout = _gmlvin
ng + gDSZ
8z + Bos1 + B052)8ous +80s180s2,,  __,
out gml in
ng + gDSZ

The transfer function after simplification (g, >> gp) IS

Vout gml _ gml

V. gDSZ gDSZ gDS3
gDSl + goutl gDSl + gDS4

m?2 m?2 m3

The output conductance of the whole amplifier is very small due to the g./g,, terms.



Cascode OTA

The gain of cascode OTA becomes:

— ngpRN _ Blgml

Rp + RN gDSSgDSII + gDSGgD512
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There is also a pole associated with a cascode transistor.
Assuming M ; = My, (i.e. matched)

gm gm
0, = 11 12 = p.

CGSll CGSlZ

However, as p, = p; => there is also a zero

z—lm +p.)
2 4 5

Which compensates one of the poles!

The dominant pole of the cascode OTA is

gDS5gD511 + gDS6gD512
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Output signal swing of cascode OTA

Jhve

Veio—
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Cascode OTA has limited signal swing

VDS,SATMS +150mV

~900mV
Vossatmur +150mV

V

DS,SATM12

V

DS,SATM6

+150mV

~900mV
+150mV



VGS=VDS+VT<

Ves=Vps+V7 (‘

"

Cascode biasing

Biasing for maximum output swing
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= VDSS,SAT = ZVDSLSAT
= VGSS = VTN + VDSS,SAT = VTN + 2VDSl,SAT



14 > |1+ 2 |f1e > 14>
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OTA CAS 2 Stage (Miller comp.)
B.g.,
A g g : gl g gml (ng + gm9 )
DS50DS11 DS6©DS12
0 i (gDSZ + gDS4 XgDSS + gDS9 )
Bm11 Em12
gm3 ng
P4 2C. +2C,, 2C, +2C,,
8o (805> + Bosa N8oss + Boss) _ B
P> 2Cqs +2C,, (gm8 *8mg )Cc AoCc
gmll 1_
p3 CGSll RZCC
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OTA CAS 2 Stage (Miller comp.)
gD;ng + g“;gm (Bns +810)Cc _ Bns + 8o
pL e C = CACL + (CA + CL )CC CL

L
Z 20)

Blgml h

GBW c 5

SR Bllss ls_s
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Folded — cascode OTA

i S

Typical biasing ly,3 = 17 = lys = lss

and |y, = Iy, = lyo = Iv1 = lvs = lve = 1ss/2

* Eliminates the diode connected
load transistors of the input stage

= one pole less
= broader bandwidth possible

VSS

e No current mirror
| = no current gain

= gm :gml

* Larger parasitic capacitance at
the source of M, and M,
= cascode pole at lower

Input voltage divides the input stage biasing current |, between M1 and M2, frequencies
on the other hand I, and |I,, defines how much biasing current of M7 and M5

goes to output stage through M10 and M11

loutr = Iv1= w2



Folded — cascode OTA transferfunction

Voo DC-gain: A g .
Folded-cascode OTA Vcbl M |:JM5 Bs68ps12 + (gDSZ +gDSS)gDSll
transferfunction analysis: o Bz Bt
Vv M . .
MLy v, e [MH Load pole:  p, is the dominant pole
:_£| ] gDsegDsu + (gDsz + gDSS)gDsn
| ° Vout _ 8. _ Emiz Bmi1
Ves (M e T C
lss :?3—”3—'12 = C, . . .
DL Cascode-transistor My,(= M,) pole:
- MSJF EMG p, = ~Ems
CGSll + CDBZ + CDBS +CDBll

Hl(S) VOUT = A Vss
V, /2 (1 LS )
P,
Vv

Pole-zero pair of current mirror Mg and Mg,
_ _ng
pz -
CGSS + CGS6 +CDBS +CDBlO

ZZ Epz

Pole-zero pair due to cascode device M,:
P _ _gm12

3 Z, =P
CDBG + CSBlZ + CGSlZ ’ ’
. . A,
P_is dominant pole p <<p,;=  A(s)= .
1+—
Py

GBW is given by: GBW =p, ‘A, _8m



Modified folded — cascode OTA

|deally ZERO offset:

VED Cascode transistor M, added so that:
Viy 1= M; _
o IL I Ms * Voss = Vise
= ID,I\/IS = D,M6
V. ng I Mo | M e Channel length modulation
ot L | 1 eliminated

= systematic offset eliminated
Vv j ° Vout = also PSRR improved
GS8
e Vi3 ||__M12§\ [ E/Illz ——C * DC operating point harder to
R k s design to keep Mg in saturation
N I = Ve, >V, +V

I DS12,SAT DS8,SAT
—| M M
8 6 _
| \ .7 VGSS - VDSS,SAT + VTS
7 "\ vV <V
V DS12,SAT T8
VD58, SAT 5SS VDSlZ, SAT



Tripple — cascode FOTA

< IF_JMB f Ma
Second cascode transistor added to increase
A the output impedance and DC-gain:
ch ¢ M5 < M
° 6
L L— A — gml
Vc3 - M7 ‘J (gd4 8w )gde "Bas + 8411 "8d10 "Buo
o M8 Bme " Bms 8mio "8Bmo
1 Vgut ~ 106
M, M, :”—o Va - =120dB
Vine —]| Mo
Vv 7 T G ¢ Reduced output swing due to
OCS_ My, — three devices in series (all need
Ly to be in saturation for high gain)




Miller compensated amplifier with cascode input stage

Cascode-transistors added to input gain stage to increase
the output impedance and gain by gain of cascode transistor.

Cascode transistors do not limit linear signal range because

only 10-20 mV signal swing needed at the output of the
input stage.

Gain increased by 30-50 dB and can be as high as 120...130 dB.

A, = 8m18ma
(gDS3 * 8psa Sps11 " Boso + 8ps2 “8ps7
gm9 gm7
A
A
120...130dB—---«

/



Regulated cascode OTA

Regulated cascode transistors
increases the output impedance

1

I =
ouT
gDSGgD512

Bbss8ps11 +
Ag .., A8 .1

Output impedance and gain are
increased with the gain of A
Settling is affected by regulation
amplifiers, may cause ringing

The gain of regulated cascode OTA:

A= Bgml\/OUT
ABg. .

B0s58ps11 + Eps68ps12
8m1 8m12




Fully differential OTA

Vb2 r— —
o S R T
Vi | | V, Vout.

=
T
1
oS

g

Eanlla N
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=

VSS

No diode connection of Mg
= one zero-pole pair less
= faster settling

Fully symmetrical

= very good PSRR

Disturbances from power lines rejected.

Ideally a 2-pole transfer-function:

AO
(1 + S)(l + S)
P, P,
gml

H(S) =

A, =
Eos68ps12 + (gDSZ + gDSS) Eos11
gm12 gmll
8ps680s12 + (gDSZ + gDSS) Eos11
gm12 gm11
P, =-
CL
p, = —8mi1

CGSll + CDBZ + CDBS + CDBll

P, <<p, P,isadominant pole

GBW=p1-AO=%

L

A(s)
A
80dB |-
40dB |-
[P1] GBW  |p,|
0 1 (] 1
<I“A(S) |p|1| GB:W |p|2|

-90°

-180°

Needs a common-mode feedback to stabilize
output DC-level (output can fluctuate freely).



