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Introduction

Difference between OTA and OPAMP

OTA OPAMP
Vis . Vis Vout
Vi ' ocaoy. Vi v A >
Ve o—+Gm out=Ym" Vid G Vig Vid¢°_7A L
¢\2__: T| c Vidl % == C_ V. R VidlA'Vidl<> =R
= The OTA is ideally a differential = The OPAMP is ideally a voltage
transconductance amplifier modelled amplifier which is modelled by a VCVS
by a VCCS of value G,, of value A
= |t has a high output impedance andis = It has a low output impedance and is
therefore suited to drive high therefore suited to drive low
impedance loads such as capacitors impedance loads such as resistances
= Single-stage OTA have their dominant = The dominant pole is set internally to
pole set by the load capacitance C; the OPAMP by a compensation
capacitor
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OTA with capacitive feedback

OTA with Capacitive Feedback

CF Cs Cr

c .. —h

Vino_"S . V AVinl Vl%cin %va EE Rout é ) +CLlAVout
m ( °© Vout

Cin=-|_=J=‘_ =-|_=CL ° . J—- ) . )

O

= (QTAs are often appearing with a capacitive feedback

= Assuming first that C;,, < Cs, the voltage gain of the SC amplifier is set by the
ratio

Cs

Ay ideal = _C_F

= However, the input capacitance cannot really be neglected particularly in the case
the input differential pair is biased in weak inversion leading to large input
transistors

= From the left schematic we see that it is the same as the one studied for CS stage
in closed-loop configuration

= We can therefore use these results to minimize the power consumption of OTAs
with capacitive coupling
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OTA with capacitive feedback

Small-signal Step Response

= The small-signal step response is given by the inverse Laplace transform of
AV,,:(s) = AV, /s - A,(s), resulting in

t

T —_

1—<1+—Z>-e TP]
Tp

= As expected, the final value AV, (t — o) is given by

<A —a
P Aac AV, = LAV,
1+ﬁ'AdC 1+

ﬁ’Adc
= —a- (1 —¢egain) " AVip = —a - AV, for B+ Age > 1

= where the OTA finite gain introduces a settling error £,4,, = 1/(B - Agc)

AVoy (t) = AV - Ag -

AVpyt(t = ) = AV, - Ag = —«

EPFI: © C. Enz | 2025 Single-ended Differential Amplifier Slide 6 E KV



OTA with capacitive feedback

Small-signal Step Response

oC C

e
#Avml Cin CLlAVout th’

(o, L l \

circuit attime t = 07
= The positive zero introduces a step at t = 0 opposite to the final value

T, 04
AV An - —2=AV.. ca- B - = AV... -
moT g, m @ P Cout T (atap)A+a)+a;
= wherea; £ C./C

= This comes from the fact that at time ¢ = 0, the OTA did not yet react and the
voltage step AV;,, imposed at the input is transmitted directly to the output through
the capacitive network shown above, resulting in

out — BVin C-C, c+¢, " (a+ap)(+a)+a;
C+C;

= which is identical to the expression above
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OTA with capacitive feedback

Small-signal Settling Time

A
AVin
AVout(O)_\

> {

AVout(*)

tset

= The settling time t,,; is defined as the time required to approach the equilibrium
with a precision equal to €

AVt (t = tger) = (L —€) - AV (t > 00)
= which leads to

£ C
teoy = —Tp - | ~ —71. -] 11-F0"-
=t ) = e (18- )|
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OTA with capacitive feedback

Large-signal Analysis — Slew-rate

The above analysis was based on a linear model of the OTA

However, at t = 07, the virtual ground may see a rather large voltage that will
saturate the input differential pair

In this situation, the current delivered by the OTA is limited by the differential pair
bias current 21, and the output voltage is slewing linearly until the OTA input
voltage comes back to the linear region

This phenomena is described by the slew-rate SR, which is defined as the
maximum change rate of the output voltage

AVour 21,
dt  C,y

This slewing might significantly increase the settling time compared to the value
obtained from the linear analysis

SR =

In the following slides we will make a large-signal analysis and derive an
expression of the settling time that includes the effect of slewing
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OTA with capacitive feedback

Step Response including Slewing

A large-signal analysis of the response to a negative input step —AV;,, accounting
for slewing can be performed assuming the differential pair is biased in WI

|t leads to the expression of the output voltage V,,,; (t) normalized to the final
value V, 100 = (B — 1)/B - AV}, given by

Vout(t) =1- % - In (Y(t) + \/y(t)z + 1)

Voutoo
with y(t) £ sinh (,B Vo”t) e ®andwhere AV, 2 Vi — Vouro IS the
Ut

step at the output after the output voltage has settled and V.10 2 V,,: (t = 0)
is the initial value

Parameter B is defined as

B outoo .
P o nUy =1=5) ZnUT

The normalized output voltage has been plotted versus the normalized time ¢ /7,
for various values of the parameter B ranging from 0.1 (linear settling) to 10
(strongly nonlinear settling with slewing period dominating), assuming that

Vouto = 0 and hence that AV, = Vyuroo

Vout () £
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OTA with capacitive feedback

Step Response including Slewing

1.0
0.9 — B=0.001
0.8} —— B=1

. 0.7} —— B=2
£ —— B=3
o —

N 0.6 B=4

= 05 B=5

]

504 B=6

O B=7
0.3 B=8
0.2 — B=9

- — ~f. —— B=1
0.1 w, Tp_ﬁ Wy, 0
OO AN R R R C.‘O‘flt. .:|C.‘L.-}._ .(% ._.[.g). .IC.‘ PR

tir,=BtlT,

= The dot on each curve shows the point at which the slewing stops and the
differential pair leaves saturation

= The above plot shows that the slewing time can be much larger than the linear
settling time
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OTA with capacitive feedback

Settling Time including Slewing

The corresponding settling time (including the slewing period) is then given by

AV,
- sinh (,3 2nUT) - sinh(B)
set = °p | sinh(B-g) |~ P sinh(B - €)
= since usually V0 < Vyyuteo and therefore AV,,,+ = V00 resulting in
IB . AVOUt IB outoo B
2nUr 2nUr

The settling time given by the above expression is plotted in the next slide versus
parameter B = B - V100 / (2nU7) for various values of the targeted precision

Note that for g - AV,,,;/(2nU;) « 1, we find the small-signal settling time

1
tset = Tp - In z
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OTA with capacitive feedback

Settling Time including Slewing

307

X AVO'UI ~ ﬁ X Voutoo —
2nU; " 2nUp

Voutoo
B2 - ——=(1-p)-
B 2nUr ( A)

|4 C

Vour  C +aC + Cpp
1 Gy

Wy =—=
T‘U. CO‘U.t

AV,
2nUr

p =

Wy =—=f w
) u
Tp

Cout=CL+(1_,B)'C

BAV,

4! (2nU5)
= The value at the origin corresponds to the small-signal settling time
= The above plot shows that slewing can significantly increase the settling time

= This may be an issue in micropower SC circuits which can be circumvented by
using inverter based OTA (which are class AB and hence are not limiting the
current) or OTA with adaptive bias allowing for a much larger transient current

E P - I © C. Enz | 2025 Single-ended Differential Amplifier Slide 13 E KV




OTA with capacitive feedback

Example

As an example we want to find the required bias current for the SC amplifier to achieve
an unity voltage gain magnitude A; = a = 1.

Let's assume the SC amplifier works with two non-overlapping phases having a clock
frequency f., = 1 MHz

Imposing that the amplifier needs to settle within a half clock period to.; = T /2 =
500 ns for an output step voltage AV, = 1.2 V with a settling error e = 1073

Choosing aC = C = 1 pF and assuming the input and load capacitance are C;,, =
10 fF and C;, = 0.1 fF, respectively, we find that the output capacitance is C,,; =
602 fF, the feedback gain f = 0.5

Assumingn = 1.3, we get B = 9 and t,, = 38.5 ns corresponding to GBW =
8.3 MHz

The required transconductance is then G,,, = 31.5 uA/V
Assuming the differential pair is biased in WI, we get I, = 1 uA

If we use the small-signal settling time formula we get GBW = 4.4 MHz and [}, =
557 nA which is almost half the value obtained from the large-signal settling
estimation

We see that if we use the simplest linear settling time estimation, we will not achieve
the desired settling error
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The Simple OTA

The Single-stage Differential OTA (or Simple OTA)

' —V
M1a=Myp 5 o°
M2a=Mg, Mo, [P——d| My,
M3,=M3p lost Vout

)
14

out
Vo2 ™ M”grﬂo Vi ==,
1
2"’} jzlb I
5 (e
L

M,,-M,, in common substrate M,,-M,, in separate well

Combination of a differential pair and a current mirror

Differential and common-mode input voltages defined as
VintgtVin-
2

Via £ Viny = Vip—and Vi £

Vid Vid

Ving = Vic +—-and Vi = Vi — =~

= Differential- and common-mode defined by V;. = 0 and V;; = 0, respectively

https://github.com/chrisenz/Analog-Circuit-Design/tree/main/Amplifiers/OTAs/Simple%200TA
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The Simple OTA

The Simple OTA - Large-signal Transfer Characteristic

M,,-M,, in separate well

1.8

; : 3 : 3 r
- M,,-My,, in separate ///////
. — Voo 1.6 wel
Mzq b—1—d Map 1.4
1.2
out Vout —
inp. A Mia Ml 2. 1.0 V=07V [0.8(0.9] 1[1.1] y
—o P o 5 a1
1 o 0.8 T
2l ' > P o ot
i@ 2 |V 0.6 P
Mz, [F—— M3, 0.4 P ;/4/ slope=1
: 1 0.2 e
0.0 ek
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The Simple OTA

The Simple OTA - Large-signal Transfer Characteristic

M,,-M,, in common substrate

Vout
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The Simple OTA

The Simple OTA - Large-signal Transfer Characteristic

M,,-M,, in separate well

1 8 ; T 3 T i ; : B ' ! !
- Myp-Myy in separagg\ \‘\ﬁw\\\
1.6~ well L VS R B A
1 Voo
2 14 S . e .
Moy [p——d| My,
2b R
out Vo =
inp M My . I—-.l_' 1.0 """"""""" """ Vin_=OL7 viosfoo| {1
R I 3
o 1 >O o8- . - i i o
D 3 21, v 0.6 1 1 o e
in+ /Q e :
M3a —— M3b 04 | | | | i
e L 0.2 77777777 P P P o P L P P
0.0
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The Simple OTA

The Single-stage OTA - Differential Transadmittance

Gm a . Gm a .
szlég 2-|-CQ SR szlgg 2_|_Cz G”‘ZbIAVZ 20 |og(Ydm/C[5dmé }
i —p A ® 020
Gmia'AVG1a Gm1b'AVG1b-l- GmiaAVgiaty Grmib AV i+ 0 p p >
( ‘ S both only
° Gms1a AV Gms1b- AV o o AVG1@ AVG1p o b (0] A r|ght
rancnes
VinFAVGwl AV1F§ G =C4 lvin—=AVG1b Vin+l AV1F§ Gi %= Ci lV active bar:t?\f:
L T -6
M,,-M,, in common substrate M,,-M,, in separate well

Small-signal circuit assuming that G, < G,,, < Gy, for all transistors

Assuming also a perfect matching between the two current branches, i.e. G,,,14 =
Gimip = Gm1, Gmaa = Gmap = Gma, in differential mode (V;. = 0), AV;= 0 and
hence the effect of G514 = Gms1p = Gmsy 1S NUl

The differential transadmittance is then given by

T S
p o
Y Alout_ 1+S7_G 1-I_a)Z
Ty, ™ 14sT, T ™M 14 S
Wp
1 G . .
whererp—w—p—G—mand w; = 2wy, w, and w, = 2w, form a doublet

At dc the differential transconductance is simply equal to G,,,;
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The Simple OTA

The Single-stage OTA - Differential Voltage Gain

The differential voltage gain A,,4 is then given by

V Y . 1
a ‘out _ md= md'ZL W|th YL =_=GO+SCL
Vid Yy Zy,

8
Y
3

|

I

= where Y] is the total output admittance with G, = G ;43 + G454, A4 then writes

S S
1+— 1+—
A — Gml . +wZ=A . +(1)Z
dm GO+SCL 1_|_i de 1+i 1+i
“p Wo Wy
= where
G G G
Age = C’;’:)l,a)(,:C—z,a)p:CiZz,wZ:pr

= w Is the dominant pole since usually G, < G, and hence w, K w,
" w)y is the non-dominant pole

= The zero is equal to twice the non-dominant pole
" w, and w, = 2w, form a doublet

= Since w, and w, are close they can be ignored in a 1-order approximation

https://github.com/chrisenz/Analog-Circuit-Design/tree/main/Amplifiers/OTAs/Simple%200TA
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The Simple OTA

The Single-stage OTA - Bode Plots

Mag(Agm)
[dB] a S
1+
Ao B w,
Adm - Adc
S S
(14 ) (145
~ Adc ~ Wy
\/2(,0p = S —
Wy Op 0;=20p 1+ — S
0 4 » o (log) Wy
o A _ Gm1
dc —
Go
\ Go
Wog = —
\ GCL
arg(Adm) _mz
[degree] a p C2
0 » o (log) .
w; = 2wy
-45 Gm1
Wy = Adc Wo = C
-90 L
-109.5
https://github.com/chrisenz/Analog-Circuit-Design/tree/main/Amplifiers/OTAs/Simple%200TA
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The Simple OTA

The Single-stage OTA - Noise Analysis

— 1

GmZa
AV, |E

{

Gms1a'AV?

InZa

In1a

‘4‘; AL

m2b AVZ _Gm2a In2a - In2b Gm2b'AV2
AV, |E
nout lnput
é % Gm1a AVG1 /n1a /m% %Gmﬂ)'AVGml‘
Gms1b* AV ?

AV1F

YVVYY

M;,-M,, in common substrate

—> 4—
lzathap AVg1a zathab AVi1p
AV Gy
L 4 _T_ L 4

M,,-M,, in separate well

AVg1a= AVg1p= —AV

= The small-signal schematics for calculating the output noise current are shown
above where all the output conductances have been neglected

= Assuming perfect matching (i.e. G104 = Gmip = G ANd Gog = Gppp =
G.2), the bottom currents sources I,,5, and 1,5, split equally between the two
branches so that they do not produce any net current at the output

= |t can be shown that the output noise current is simply given by

ILnout = In1ia — In1p — Inza + In2p

https://github.com/chrisenz/Analog-Circuit-Design/tree/main/Amplifiers/OTAs/Simple%200TA
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The Simple OTA

The Single-stage OTA - Input-referred Noise Resistance

= Writing the output noise current PSD as S,,,,,: (f) = 4kTG,,,,,: (f) with
Gnout(f) = Gnla(f) + Gnlb(f) + GnZa(f) + Gan(f) - Z(Gnl(f) + Gpy (f))

= where Gni(f) = VniGmi + Gﬁliﬁfori =1,2
= The noise can be referred to the differential input by dividing G,,5.,¢ bY Gim1,
resulting in
Grout (f)
Rnin(f) = nguzt = Rpt + Rnf (f)
mil

= where R,,; is the part of the input-referred noise resistance corresponding to the
thermal noise

Yn1 sz Vn1 Vn2 sz
Ryy=2l—+ym—|=2—(1+——=
e ( Vn2 GZ > Gml ( Yn1 Gml)

and R, ¢ (f) is the part corresponding to the 1/f noise

2
Pn Gm2 Py 2pn
o =2 (G2 e ]
" leLlf Gm1) Walof | Wilsf

2
1+ <Gm2> Pp Wilq
Gmi/) Pn W7L,

https://github.com/chrisenz/Analog-Circuit-Design/tree/main/Amplifiers/OTAs/Simple%200TA
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The Simple OTA

Input-referred Thermal Noise Resistance

= The input-referred thermal noise resistance is given by

)4
R, (f) = Z—Gnl (1 + n¢n)
mi

G
= Where Nep, = 122 Jm2

= represents the contribution to the input-referred thermal noise of the current mirror
relative to the differential pair

= To limit the contribution of the current mirror to @ minimum, G,,,» /G4 < 1

= This can be done by biasing M,.-M,, in weak inversion and M,_-M,, in strong
inversion, respectively, resulting in

Iy
G . =
Yn2 2n,Ur 8n, Ur ™ g Ur
Nth = = 21
Yn1 Vo2 — Vrop 3 Vo2 = Vrop Gmz = :
Vo2 = Vrop

The contribution 1, of the current mirror to input-referred thermal noise
resistance can be minimized by choosing V;, — Vro,, as large as the constraints

on the voltage headroom allows for

https://github.com/chrisenz/Analog-Circuit-Design/tree/main/Amplifiers/OTAs/Simple%200TA
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The Simple OTA

The Single-stage OTA - Thermal Noise Excess Factor

= |nthe same way a noise excess factor y,, has been defined for a single transistor,
a thermal noise excess factor can also be defined for the OTA as

Yota = Gm " Rut = 2¥n1 - (1 + 0¢p)
= with
_Ynz Gmz
e Vn1 Gml
= The minimum value of the OTA noise excess factor is equal to that of the
differential paironly ¥,tq = 2¥n1

= The OTA thermal noise excess factor y,+, can me minimized by minimizing 1
as discussed in the previous slide

https://github.com/chrisenz/Analog-Circuit-Design/tree/main/Amplifiers/OTAs/Simple%200TA
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The Simple OTA

The Single-stage OTA - Input-referred Flicker Noise

The input-referred flicker noise resistance s given by

Rug(f) = Llf (1+n7)

2
n =.0p <Gm2> Wi Ly
t Pn \Gm1) WrL,
= represents the contribution to the input-referred flicker noise of the current mirror

relative to the differential pair

= |t depends on the ratio of the flicker noise parameters p,, /p,, and can be
minimized by having a large G,,,1 /G, ratio and a large W, L, / (W, L) ratio

= where

https://github.com/chrisenz/Analog-Circuit-Design/tree/main/Amplifiers/OTAs/Simple%200TA
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The Simple OTA

The Single-stage OTA - Flicker Noise Corner Frequency

The 1/f noise corner frequency f;, is defined as the frequency at which the 1/f
noise becomes equal to the thermal noise

Rnf(fk) = Rp¢
which leads to
szRl MZ/pZ'(l‘l'Ufl):Gml' Pn .1+77fl
nt Wil Yni Wili 1+ n
The transconductance G, is set by the constraints either on thermal noise or on
bandwidth (GBW product)

The corner frequency can be reduced by increasing W, L, and W, L, at the same
time to conserve the same 1), factor

Assuming (G,,,»/Gm1)? < 1 as required by the constraints on minimizing the
contribution of the current mirror to the input-referred offset and thermal noise the
corner frequency is then mainly set by the differential pair transistor area

~ Gml Pn
fk — ’ W L
Yn1 1L1

https://github.com/chrisenz/Analog-Circuit-Design/tree/main/Amplifiers/OTAs/Simple%200TA
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The Simple OTA

The Single-stage OTA - Offset Voltage Analysis

Mismatch between the two transistors of the differential pair M,,-M,, and of the
current mirror M,,-M,,, causes some current to flow at the output even for a zero
differential input voltage V;4; =

This output current can be compensated by applying a certain differential input
voltage defined as the input-referred offset voltage V¢

The analysis of the mismatch effects for deriving the variance of the input-referred
offset voltage can be done similarly to the noise analysis

We can reuse the expression of the output noise current
lout = In1ia = Inip — Inza + In2p
bUt W|th Inla =+ AIDl/Z’ Inlb - — AID]_/Z, InZa = — AIDz/Z and ITle -

+ Alp, /2, where Al and Al are the current mismatch in the differential and
current mirror, respectively

The output current then simplifies to
lout = Alpy + Alp,

https://github.com/chrisenz/Analog-Circuit-Design/tree/main/Amplifiers/OTAs/Simple%200TA
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The Simple OTA

The Single-stage OTA - Input-referred Offset Voltage

Of course Al and Alp, are random variables and the variance of the output
offset current is then given by

2 _ 2 2 _ 12 (.2 2
Olout = OAlpy T OAlp, = Iy (GA1D1/1D1 T O-AIDZ/IDZ)
2
2 _ 2 Gmi 2 :
= where OAlpi/Ip; = OB; T ( Iy ) oy, fori = 1,2
. A7 Ay .
= with of =—-andof = —Tfori =12
L WiL; Tt WiL;

= The variance of the output offset current then becomes

2 _ 12 (.2 2 2 2 2 2
of .=l (01+0ﬁ2)+Gm1 O'VTl-l-sz oy,

= The variance of the input-referred offset voltage is obtained by dividing the
variance of the output offset current resulting in

I, \° G\’
2 _ b 2 2 m2 2 2
OVps = <Gm1> (0-31 T 0-.32) T (Gm1> Ovr, + Ovr,

https://github.com/chrisenz/Analog-Circuit-Design/tree/main/Amplifiers/OTAs/Simple%200TA
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The Simple OTA

The Single-stage OTA - Input-referred Offset Voltage

We can split the input-referred offset voltage variance between the 5-and V-
mismatch

oy = 0y, + 05
where the V--mismatch is given by

2
2 2 2 A
2 _ 2 _(Gm2\ %12 _ (Gm2 Vrp | Wilq
oy, = op.. (1 + &) where &, = ( ) = ( ) (A )

2
Gmi/ Oyp, Gm1 Vrn ) Wal2

represents the V--mismatch contribution to the input-referred offset of the current
mirror relative to that of the differential pair

The contribution of the Vz-mismatch of the current mirror &, can be minimized by
maximizing G,,,1/ Gmo

https://github.com/chrisenz/Analog-Circuit-Design/tree/main/Amplifiers/OTAs/Simple%200TA
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The Simple OTA

The Single-stage OTA - Input-referred Offset Voltage

= The -mismatch is given by

2 2 Z
2 _ [ Ip 2 _ %8, _ [48 Wi L

= represents the B-mismatch contribution to the input-referred offset of the current
mirror relative to that of the differential pair

= The contribution of the f-mismatch can be minimized by choosing G,,,; /I, as
large as possible by biasing the differential pair in weak inversion

= Since M,, and M,, (M,, and M,,) share the same bias current I, = Ip, = I},
this can only be done by biasing the current mirror in strong inversion and hence

Gm1 = Ip1/ (M Ur) and Gy = 21p, /(n3Vpssar2) leading to
Gmz  2nqUr  2nqUp _ 204Uy

— =~ K1
Gm1  M2Vpssatz  M2Vpa Vg2 — Vrop

The overdrive voltage of M,,-M,, V2 — Vo, Needs to be set as large as possible
without pushing M, out of saturation

https://github.com/chrisenz/Analog-Circuit-Design/tree/main/Amplifiers/OTAs/Simple%200TA
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The Simple OTA quarto

V'

The Single-stage OTA — Example =

30 Vbb
é M2, Moy,
cVout
inp inn —_— CL
Vin+o— o VmT
21t i
3
|\/|3al:|: l
Specification Symbol Value Unit
Minimum DC gain Age 60 dB
Minimum gain-bandwidth product GBW 1 MH=z
Load capacitance Cr, 1 pF
Maximum input-referred offset voltage Vjsmax 10 mV

https://github.com/chrisenz/Analog-Circuit-Design/tree/main/Amplifiers/OTAs/Simple%200TA
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The Simple OTA @& quarto

a .A
Parameters of a Generic 180nm Process e
°
Parameter Value Unit Parameter NMOS PMOS Unit
T 300 K sEKV parameters
Ur 25875 mV n 127 131 -
Ispect 715 173 nA
Parameter Value Unit Viro 0.455 0.445 1%
Vbp 18 vV Lsat 26 36 nm
Coz 8.443 1L A 20 20 -
pum
Wnin 200 nm Overlap capacitances parameters
Lunin 180  nm Cépo 0.366  0.329 L
Caso 0.366  0.329 &
CeBo 0 0 P
Junction capacitances parameters
Cy 1 1.121 ﬁ%}
Cisw 0.2 0.248 ;{_11:‘1
Flicker noise parameters
Kr 8.1e-24 6.8e-23 J
AF 1 1 -
p 0.05794 0.4828  Vm’
Matching parameters
Ayt 5 5 mV - um
AB 1 1 % Cpm
Source and drain sheet resistance parameter
Rg 600 2386 o
Width and length parameters
AW 39 54 nm
AL -76 -72 nm

https://github.com/chrisenz/Analog-Circuit-Design/tree/main/Amplifiers/OTAs/Simple%200TA
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The Simple OTA quarto

n n .
Sizing Summary
? Specifications Bias
21, )
Moy [p—p—d| M2, ) )
Name Value Unit Name Value Unit
Age 60 dB Voo 1.8 Vv
GBW 100 MHz
V inp M1a Ib 250 nA
in+ I CL 1 pF
1
2lpy * V gsmax 10 mV
3 jZIb PM 60 degree
Maq F: :,_| Map
Transistor sizes
Type [ Function w L ID W/L Ispec IC [VP-VS| n |VG-VTO|VDSsat| Gspec Gms Gm Gds [gamman
Mila| n DP [ 12.55E-06 | 3.59E-06 | 250E-09| 3.495822 | 2.50E-06 | 0.100 [-0.057|1.27| -0.045 | 0.105 | 96.60E-06 | 8.85E-06 | 6.96E-06 | 3.48E-09 | 0.653
Mib| n DP [ 12.55E-06 | 3.59E-06 | 250E-09| 3.495822 | 2.50E-06 | 0.100 [-0.057|1.27| -0.045 | 0.105 | 96.60E-06 | 8.85E-06 | 6.96E-06 | 3.48E-09 | 0.653
M2a| p CM | 230.00E-09| 6.32E-06 |250E-09| 0.036392 | 6.30E-09 |39.678| 0.347 [1.31| 0.265 | 0.342 | 243.51E-09 | 1.42E-06 | 1.08E-06 | 1.98E-09 [ 0.839
M2b| p CM | 230.00E-09| 6.32E-06 |250E-09| 0.036392 | 6.30E-09 |39.678| 0.347 [1.31| 0.265 | 0.342 | 243.51E-09 | 1.42E-06 | 1.08E-06 | 1.98E-09 [ 0.839
M3a| n CM | 200.00E-09| 5.72E-06 | 500E-09| 0.034965 | 25.00E-09|20.000| 0.243 [1.27| 0.191 | 0.254 | 966.19E-09 | 3.86E-06 | 3.04E-06 | 4.37E-09 [ 0.805
M3b| n CM | 200.00E-09| 5.72E-06 | 500E-09| 0.034965 | 25.00E-09]20.000| 0.243 [1.27| 0.191 | 0.254 | 966.19E-09 | 3.86E-06 | 3.04E-06 | 4.37E-09 | 0.805
L https://github.com/chrisenz/Analog-Circuit-Design/tree/main/Amplifiers/OTAs/Simple%200TA
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The Simple OTA quarto

s

Simulations - Large-signal Transfer Characteristic oy

1.4

1.3 fremmmmmemem e L

1.2F Vop= 1.8V

11 ; V.= 09V
< 1.7 Vo= 0.902 V
=, Vore= 0.900 V

5101 V, = -1.094 uV

>~ S N R Vi tmax & 1.300 V

0.9t : Vioutmin = 0.780 V

08 : ____________________________ i- _______________________________ szingg 0.52V

0.7} §

06 i PRI AT ST ST S S S S S S T : PR S U IR TSR ST AT S S S !

=04 -03 -02 -01 00 01 02 03 04
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The Simple OTA quarto

Simulations - Large-signal Transfer Characteristic (zoomjz=

210 =5

0.9157
0.910}
: Vop= 1.8V
[ V0= 0.902V
__ 0.905¢ Vo= 0.900 V
>, S V. = -1.095 uV
% 0.900 f---mmmmmmmmmmm e = Voutmax = 0-915 V
o - b V.= 0.888 V
> : - Vo= 0.03 V
0.895¢ o A= 1.387e+03
f Lo A= 62.84 dB
0.890} |
0.885 —~———— e '
Vig V]

https://github.com/chrisenz/Analog-Circuit-Design/tree/main/Amplifiers/OTAs/Simple%200TA
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The Simple OTA

Simulations — OL SS Transfer Function

arg{A .} [degree]

|Avd| [d B]

70

60
50
40
30
20
10
0
-10
-20
-30
-40

-50F¢

-180

—— Simulation
-—-- Theory

A, = 62.1 dB (theory)
A= 62.8 dB (sim.)
GBW= 1.1 MHz (theory)
GBW= 1.1 MHz (sim.)

| === Theory

[ —— Simulation Phase margin = 84 degL

PM= 86.9 deg (theory)
N PM= 84.3 deg (sim.)

!

10

1

10° 10° 10" 10> 10° 10" 10

Frequency [HZz]

https://github.com/chrisenz/Analog-Circuit-Design/tree/main/Amplifiers/OTAs/Simple%200TA
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The Simple OTA & quarto
—_

Input-referred Thermal Noise o

= To evaluate the thermal noise, we first compute G,,,; = 6.962 uA/V, G,,, =
1.085 uA/V,y,; = 0.653, ¥, = 0.839 from which we getn;, = 0.2,
which means that the contribution of the current mirror remains small

= The OTA thermal noise excess noise factor is then given by

Yota = Zynl(l + nth) = 1.568
= which is only slightly larger than the contribution of the differential pair

= The input thermal noise resistance Is

Yota
Gm

= which corresponds to /S,;; = +/ 4kTRnt = 61 —
dBv

= In the Smash simulator we have plotted 10 log(Sn,) = —144.3 —

R, =222 =225 kQ

https://github.com/chrisenz/Analog-Circuit-Design/tree/main/Amplifiers/OTAs/Simple%200TA
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The Simple OTA & quarto
—_

Input-referred Flicker Noise o

The contribution to the input-referred flicker noise of the current mirror relative to
the differential pair is obtained as

2
N = (gm) Pp Mil1 _ g 045
m1/) Pn W2l
= which means that the current mirror contributes 5 times more than the differential
pair
= This is partly due to the fact that for this technology the pMOS flicker noise is 8.3
times larger than the nMOS (p,, about 8.3 times larger than p,,)

= The resulting corner frequency is then given by

an Gml an
“ WiLiRy; ( ﬂ) Yota Wilq

-(1+1n5) =69 kHz

https://github.com/chrisenz/Analog-Circuit-Design/tree/main/Amplifiers/OTAs/Simple%200TA
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The Simple OTA quarto

s

Simulations - Input-referred Noise ooy

— =90
N [
L _

100}
0\3 :
S, —110: —— Total (sim.)
9) _1201 -—— Thermal (theory)
¥ i -==Flicker (theory)
() [ --= Total (theory)
D =130
o [
zZ [
+~ —140
S .
CC). [
— _150- 1 1 1 1 11N 1 1

10° 10" 10° 10° 10" 10° 10° 10" 10°

Frequency [HZz]
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The Simple OTA

quarto

Simulations - Input-referred Thermal Noise

— -140
N

I

S
g.:i;—145—
a)

N

o

s |
& -1501
(@) i
pa

5

=

= -155 .

10° 10° 10" 10° 10° 10’

Frequency [HZz]

= White noise dominated by differential pair M,,-M,,

https://github.com/chrisenz/Analog-Circuit-Design/tree/main/Amplifiers/OTAs/Simple%200TA

10

— M1a-M1b
— M2a-M2b
—— Total (sim.)

8

--- Total (theory)

S = -144.3 dBv/V Hz (theory)
Suin = ~144.1 dBVIV Hz (sim.)

f, = 69.0 kHz (theory)
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The Simple OTA quarto

s

Simulations - Input-referred Flicker Noise e

— =90
N [
L _

~100}
E \
S, ~10¢ —— Mi1a-M1b
a) : — M2a-M2b
P 120 —— Total (sim.)
() I —-—- Total (theory)
2 -130¢
o) [
Z [
+— =140}
5 :
o _
__150- . Lol PR | ST | Lol L L

10° 10" 10° 10° 10" 10°

Frequency [HZz]

= Flicker noise dominated by current mirror M,_-M,,

https://github.com/chrisenz/Analog-Circuit-Design/tree/main/Amplifiers/OTAs/Simple%200TA
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The Simple OTA quarto

s

Simulations - Total Input-referred Noise ooy

— 90
N [
L .

-100¢
q\>3 .
3, 10 —— M1a-M1b (total)
) Z —— M2a-M2b (total
? -120 erifizb (total)
o i — Total
Q [ -== Total (theory)
D -130¢
(@] |
zZ [
+— =140
2 [
o I
= —150! N V. 3 X 5 g

10O 10 10 10 10 10 10 10 10

Frequency [HZz]

M,,-M,, dominate the white noise, whereas M,,-M,, dominate the flicker noise

https://github.com/chrisenz/Analog-Circuit-Design/tree/main/Amplifiers/OTAs/Simple%200TA
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The Simple OTA & quarto
—_

Input-referred Offset Voltage =

= To evaluate the input referred offset voltage we first calculate

op = —Bn_ — 149 x 10-3 and o, = I = 0.744 mV
A1 VWilq Vr VWilq
Ay —3 _ Ay
O = Fr = 8.3 x 107" and oy, = T 4.15mV

= Resulting in

= The input-referred offset voltage is then given by

2 2
Iy 2 2 Gma 2 2
oy, . = \/(—) (0-.81 + UBZ) + <— oy, + oy =1.085mV

Gml Gml
= which as expected is dominated by the offset voltage of the differential pair and
which is below the target specification

https://github.com/chrisenz/Analog-Circuit-Design/tree/main/Amplifiers/OTAs/Simple%200TA
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The Simple OTA quarto

Simulations — MC Simulation of Offset Voltage (open-loop!

895.8m 896.4m 897m 897.6m 898.2m 898.8m 899.4m 900.6m 901.2m 901.8m 902.4m 903m 903.6m 904.2m 904.8m

~

5 0.9 "K lvout

Offset simulation using Monte Carlo simulations with 1000 runs
The standard deviation is V,; = 1.04 mV which is close to the 1.08 mV predicted value
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The Simple OTA quarto

o o ®

Monte Carlo Simulation of Offset Voltage (closed-loop)

40m 80m 120m 160m 200m 240m 280m 320m 360m 400m 440m 480m 520m 560m 600m 640m 680m 720m 760m 800m 840m 880m 920m 960m 1 1.04 108 112 116

Rf=1 Q

e PR EE

g o

[ -
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
]
i
1
1

The standard deviation of V¢ is about 1.044 mV which is consistent with the dispersion
simulation giving 1.047 mV and close to the 1.08 mV theoretical prediction
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The Simple OTA quarto

Monte Carlo Simulation of Offset Voltage

40m 80m 120m 160m 200m 240m 280m 320m 360m 400m 440m 480m 520m 560m 600m 640m 680m 720m 760m 800m 840m 880m 920m 960m i 1.04 1.08 112 1.16

Contribution of M, (M,,) only

(contribution of CM must be multiplied by v/2)

Contributign of M,, (M,,)) only
(contribution of ¢P must be multiplied by v/2)

Oyos=1.05 mV

R S~ AP S S MO | | e S S iy

Offset simulation using Monte Carlo simulations with 1000 runs

= As expected the contribution of the differential pair (M,,-M,,) dominates within the
linear range
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Outline

= |ntroduction

= Settling time of OTA with capacitive feedback
= The single-stage or simple OTA

= The symmetrical OTA
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The Symmetrical OTA

The Symmetrical Differential OTA

T:l T ? E Vbp
Current mirrors Moc P19 Maa = Mz Jp—4———4] Mx
current gains 2 4
defined as:
A1=B2c/Po2a inn Mia My inp lout  Vout
A2=Bas/Baa Ve Fo Vine  outpo——o——r]
As=B2d/B2o 21 . =—C_
Az=A1A; s =

M3al:||—" M5a I—"—| M5b —||:‘M3b

. . -l- .

= The symmetrical OTA offers a higher output voltage swing

= |ts transconductance can be boosted thanks to the current mirrors current gains
which can be set to values larger than one

Tout
G, 2 ;;“ = Az - Gy

= This is achieved at the cost of a larger noise

F. Krummenacher, “High voltage gain CMOS OTA for micropower SC filters,” Electronics Letters, Vol. 17, pp. 160-162, 1981.
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The Symmetrical OTA

The Symmetrical Differential Cascode OTA

Current mirrors

A1Z1
M2C b
current gains
defined as:

A1=B2c/PB2a i @AM
Ao=B3p/B3a Vin- E_

A3=Bzd/ sz 2/
with 5 >
A3=A1 'A2

Mgaljl—u Ms, |—

T\

= (Cascode transistors M, and M, are added to increase the output resistance and
hence improve the dc gain at the cost of a reduced output swing

= In the following analysis, we will assume that M,,=M,, and M,,=M,, and hence
Gmia = Gmip = G, Wig = Wiy = Wy, Lig = L1p = L1, Ginza =
Gmap = Gma, Waq = Wop = W5, Lyg = Lyp = Ly

= Additionally we will use G,,,3 = G34

F. Krummenacher, “High voltage gain CMOS OTA for micropower SC filters,” Electronics Letters, Vol. 17, pp. 160-162, 1981.
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The Symmetrical OTA

Small-signal Equivalent Schematic

4
Gm1aAVG1a éGm1b'AVG1b
AV, | ==C; EE Gm2a : Gmab EE Ci== |AV,
| —|—C1 ‘AV1 = Gy |
R
Gos7 . Gusa

oo
w w
s o
>
I§
(@)
(e}
|I
|
4—
>
IG)
3
5
ORI
S
wyy
>
=

3
GmZCIAV% 6k EElAV AVl
3_|_ m3a = 3 5

L

Gmib = Gmia = Gm1 > Gy
Gmabp = Gmaa = Gma
Gmaa = A3Gmzp = A3Gm2
Gmac = A1Gmaa = A1Gma
Gmzp = A2Gmza = A2Gm3
Az = A4,

Gmi > Ggsifori =1..10
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The Symmetrical OTA

Small-signal Transfer Function

= The small-signal output voltage can be evaluated from the above small-signal

equivalent circuit
ay, = _Aae | Vi AVin- _ AVing + AV ( 1 1 )‘
1+t |1+5Tps  (1451,)(1+57p3)  2(1+57p1) \1+5Tpa (14 575)(1 +57p3)
= where Az = G /G,
= is the dc gain and Gy, = A3G1

= the OTA equivalent transconductance and

GasanGas7  Gas2aGasa
o — +
Gms7 Gms4

= the total output conductance and 7, = C, /G, the time constant corresponding to
the dominant pole w,

= The other time constants are given by
Tp1 = C1/(2Gn1), Tp2 = Cy2/ Gz, Tp3z = C3/ G, Tps = Cy/ G2
In most practical cases, we usually have 7, > T,;, Tp3, Tpa > Tp1
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The Symmetrical OTA

Transfer Function Approximation

The small-signal output voltage can be written as

A
AWoue= 77— —[F(s) - AViny = G(s) - AVipr-]
(0]
1 1 1 1 1

1 1 1 1 1
G(s) = +5 -
) (1+57p2) (1 +5753) 21+ 5T (1 t5tp (14 s7p0)(1 4 STPB))

= The above transfer functions can be simplified according to

1
HZ:l(l + STpk) =1+ Szz=1 Tpk forow < -
k=1 Tpk

= which leads to
1+st,

F(s)=G(s) = T+ sz,

= where 7, = 7, + and Ty = Tpy + Tpz + Tpz + Tpa
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The Symmetrical OTA

Transfer Function Approximation

Forw < % the above expression can be further simplified considering that

1+st, 1
1+sty; 1+4+s(ty—1,)

{

= where
Tp2 T Tp3 + Tps _ D
2 2
= T, represents the sum of the time constants associated with all the current mirrors

= F(s)and G(s) then writes

Tqg —Tp =

F(s) =2G(s) = =
1+S7p

U - 1 1
= whichisvalidforo <—=————
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The Symmetrical OTA

Approximate Differential Transfer Function

The simplified transfer function is then given by

AV A A
Adm(S) 2 out ~ dc _ dc

AViq (1+ s71,) (1 + S%p) (1 + i) (1 + i)

u W|th Wy = 1/T0 and (,()p = Z/Tp
= where itis assumed that 7,, = 7, + Tp3 + Tps K T,

" wy = 1/7, K w, is the dominant pole which is set by the load capacitance at
the OTA output whereas w,, = 2/7,, represents the non-dominant pole due to
all the time constants due to the parasitic capacitances at the current mirror nodes

= The transfer function can be further simplified as
1 1

STy, (1 + STP) i(l _|_i>

Wy, Wy

= where w, = 1/t = Az.w¢ = G,/ C, is the unity-gain frequency or gain-
bandwidth product which is set by the OTA transconductance G,,, and the toal
load capacitance C,
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The Symmetrical OTA

Noise Analysis

Neglecting the contribution of the cascode transistors M, and M-, the PSD of the
output noise current is given by

Stnout = A3(Stra T Sty + Stza + Stuap) T A (She  Stnse) + Stuag + Sty
or if we express the output PSD in terms of the output noise conductance
St = KT - Grous
where
Gnout — ZA% ’ (Gnl + an) + A% ) (GnZC + GnSa) + GnZd + Gn3b
where we have assumed that M, ,.=M,, M,,=M,, and with
pi

iLi

Gni = YniGmi + G2 - for all transistors

The input-referred noise is then given by
R . A Grout — 2(Gn1 + Gnz) | Gnac + Gnza | Gnaa + Gnap
MTAZ G2 G2, A2 G2, A% G2,

where we have used A; = A, - A,
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The Symmetrical OTA

Input-referred Thermal Noise

= The input-referred thermal noise resistance is given by
Zynl

Gmi

Ryen = (1 + 1)

= where

_ Yn2 G 1 (Van Gm2c | Vn3a Gm3a> 1 (VnZd Gm2d | Yn3b Gm3b>

= + + +
Vn1 Gml ZA% ynl Gml Vn1 Gml ZA% Vn1 Gml Vn1 Gml

Ntn

= represents the contributions to the input-referred thermal noise of the current
mirrors relative to that of the differential pair

= Now Gz = A1 * Gz = A1 * Gia, Gm3bl = Ay Gmza = A2 - Gz and
Gmaa = Az - Gmap = Az - Gy and assuming that ypq = Ynop = Ynoe =
Yn2d = VYn2z @0 Yn3q = Vn3p = Vn3 thenn, reduces to

G 1 1 1 G 1
nthgynz m2.<2+_+_>+ 2Vn3 m3.<1+_>
2Yn1 Gma Ay As 247 Yn1 Gma A,
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Input-referred Thermal Noise (4; = 4, = A3 = 1)

= |ncase A; = A, = A; = 1thennyy, reduces to

Y2 Gmz | Vn3 Gms
Ntn = 2 +
Yn1Gm1  ¥Yn1 Gma
" |ncase G,1 > G and G,,,1 > Gpy3, the thermal noise is dominated by the
input differential pair and the previous expression can be simplified

2Yn1
Rnth = =

Gml
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The Symmetrical OTA

Thermal Noise Excess Factor

= To compare with other OTA it is useful to derive the thermal noise excess factor
Yota = Gm " Rutn
= where G,,, = Az - G,,,1 is the OTA transconductance
= This results in
Yota = 243 Yn1 - (1 + 0¢p)

* |ncase G,;1 > Gy and G,,,1 > Gi3, the noise is dominated by the input
differential pair and the previous expression can be simplified

Yota = 2AS "Yn1
= We see that y,;, IS proportional to the current gain A,

= |ntroducing current gains improves the transconductance at the cost of higher
noise
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The Symmetrical OTA

Input-referred Flicker Noise

= The input-referred flicker noise is given by

2 2
2 G 2 1 1 G 1 1
Wily Gmi) \Waly = Waclye  Waalaa) A7 \Gmi) \Wzalsa  WiplLap

= which can be written as

2p
Rnfl = Wlef . (1 + nfl)

= where

_ P (G2 (2Waly | Wily Wil \ 1 (Gug\'( Wily | Wil
"= 20, <G_m1> ( Wol, " Wloe WZdL2d> a2 <Gm1> (WgaLga * ngLgb)
= represents the contributions to the input-referred flicker noise of the current mirrors
relative to that of the differential pair
= Ford; = A; = Az = 1, My =My=My =My and My =My, Woq = Wap, = W =
Waa = Wy, Laq = Loy = Lyc = Lag = Ly, W3q = W3p = W3, L3q = L3p
L5 then 7, reduces to

2 2 W
ne = pr (Gm2> WiL4 n (Gm3> 1L1
fl—

P \Gm1) W>L,; Gmi1) W3ls
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The Symmetrical OTA

Input-referred Offset Voltage

= The input-referred voltage can be obtained in a similar way than noise
= The variance of the input-referred offset voltage is given by

I 2
o, = ot (L 6i7) 4 (5) -, (1465)

= where ¢y represents the V- mismatch contributions to the input-referred offset of
the current mirror relative to that of the differential pair

2 2 2 2
€V — 2 (Gm2> ) O-VTZ + ( Gm3 > . O-VTg

= and ¢p represents the f mismatch contributions to the input-referred offset of the

current mirror relative to that of the differential pair
02 of

Sfp=2—5+5>

%, A1 %8,
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The Symmetrical OTA

Input-referred Offset Voltage

2 A2 2
52 = Avry g2 —=_/Tp 2 _ Avry
. with VT wy i, Vrz = w,iL, VT3 " wyl,
2 2 2
0_2 — Aﬁn 0.2 — Aﬁp 0_2 — Aﬁn
b1 W;L4 B2 W5L, B3 WsLs

= Replacing results in
2 2 2

£, =2 (Gm2> . (AVTp> _ WiL4 n ( G ) . WiL,

v Gmi) \Av,,) Waly \A;Gpi) WiLs

S (/ﬁ)z Wily 1 Wil
P Ag ) Wol, = A2 Wsls
= Similarly to the flicker noise, the input-referred offset (variance or standard
deviation) can be reduced by increasing the M, -M,, area W, L, but at the same
time also increasing the area of the current mirrors W, L, (and hence W, L,

and W, 4L, 4) and depending on A, also the area of M,_-M,, W5, L5, and
W3pL3p

= and
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_—

Design Example o

T] A T A H Voo 180nm CMOS process
Mo Moqg

Table 3.4: Transistor process parameters

6
2 4 Parameter NMOS PMOS Unit
M4:|I Vb1 sEKV parameters
Vool Mia  Mip i o\ N out Vout n 1.27 1.31 -
in-© I I in+ ou Tspect 715 173 nA
1 44 4
! C Vro 0.455 0.445 Vv
2Ib} M7:|| ° Vbo | - - 26 36 nm
3 21y 5 il A 20 20 e
8 Overlap capacitances parameters
M3a |_" MSa l__—| M5b 1 A2 __| M3b CGDO 0.366 0.329 m
M ' A Caso 0.366  0.329 iz
JT_ CGBO 0 0 ‘Z—TI:L
Junction capacitances parameters
3 1 1.121 Ed
Table 3.1: OTA specifications. ! “;%2
Cisw 0.2 0.248 o
Specification Symbol Value Unit Flicker noise parameters
Kr 8.1e-24  6.8e-23 J
Minimum DC gain Ade 100 dB AF 1 1 -
Minimum ggin—bandwidth product GBW 1 MHz p 0.05794  0.4828 VXZQ
Load capacitance & 1 pEF Matching parameters
Maximum input-referred random offset voltage Vios 10 mV Ay 5 5 mvV - um
Phase margin PM 60 ° Ag 1 1 % - pum
Source and drain sheet resistance parameter
Table 3.2: Physical parameters  Table 3.3: Global process parameters Ry 600 2386 9
Sh ,um
- - Width and length parameters
Parameter Value Unit Parameter Value Unit AW 39 54 nm
T 300 K Vbbb 1.8 \% AL -76 =72 nm
Ur 25.875  mV Cos 8443 L5
Winin 200 nm
Lmin 180 nm
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Sizing Summary

® ® ®

A1I1
Mz(;[]b—‘_d M2a MZb —

2 ‘ Bias
, Mig Myl
Vip. o F2o /., Name Value
K VDD 1.8
21,
3 2l Ib 250.0E-9
Mo J—t M }_"8_{ M Vb1l 0.9
3
381] 2 1A, Vb2 0.9
1T\
L
Al == Az == A3 == 1
Transistor sizes

Type|Function w L ID W/L | Ispec IC VP-VS n | VG-VTO | VDSsat Gspec Gms Gm Gds gamman
M1la| n DP 2.9E-6 | 840.0E-9 | 250.0E-9 | 3.500 | 2.5E-6 | 0.100 | -0.05714 |1.27| -0.04494 | 0.104784 | 96.716E-6 | 8.852E-6 | 6.962E-6 | 14.881E-9| 0.653447
Mi1b| n DP 2.9E-6 | 840.0E-9 | 250.0E-9 | 3.500 | 2.5E-6 | 0.100 | -0.05714 |1.27| -0.04494 | 0.104784 | 96.716E-6 | 8.852E-6 | 6.962E-6 | 14.881E-9| 0.653447
M2a| p cM 310.0E-9| 5.3E-6 | 250.0E-9 | 0.058 | 10.1E-9 |24.734| 0.2717 |1.31| 0.208035 | 0.277401 |390.631E-9| 1.757E-6 | 1.345E-6 | 2.354E-9 | 0.831101
M2b| p CcM 310.0E-9| 5.3E-6 | 250.0E-9 | 0.058 | 10.1E-9 |24.734| 0.2717 |1.31| 0.208035 | 0.277401 |390.631E-9| 1.757E-6 | 1.345E-6 | 2.354E-9 | 0.831101
M2c| p c™M 310.0E-9| 5.3E-6 | 250.0E-9 | 0.058 | 10.1E-9 |24.734| 0.2717 |1.31| 0.208035 | 0.277401 |390.631E-9| 1.757E-6 | 1.345E-6 | 2.354E-9 | 0.831101
M2d| p cM 310.0E-9| 5.3E-6 | 250.0E-9 | 0.058 | 10.1E-9 |24.734| 0.2717 |1.31| 0.208035 | 0.277401 |390.631E-9| 1.757E-6 | 1.345E-6 | 2.354E-9 | 0.831101
M3a| n CcM 200.0E-9 | 10.1E-6 | 250.0E-9 | 0.020 | 14.1E-9 [17.682| 0.227358 [1.27| 0.17883 | 0.240966 |546.434E-9| 2.041E-6 | 1.605E-6 | 1.236E-9 | 0.802819
M3b| n CcM 200.0E-9 | 10.1E-6 | 250.0E-9 | 0.020 | 14.1E-9 [17.682| 0.227358 [1.27| 0.17883 | 0.240966 |546.434E-9| 2.041E-6 | 1.605E-6 | 1.236E-9 | 0.802819
M4 | p CA 3.6E-6 | 250.0E-9 | 250.0E-9 |14.440| 2.5E-6 | 0.100 | -0.05711 |1.31| -0.04373 | 0.104786 | 96.62E-6 | 8.851E-6 | 6.777E-6 | 50.0E-9 | 0.671284
M5a| n c™M 200.0E-9| 3.9E-6 | 500.0E-9 | 0.051 | 36.6E-9 [13.671| 0.197557 |1.27| 0.155391 | 0.217542 | 1.413E-6 | 4.567E-6 | 3.592E-6 | 6.394E-9 | 0.797494
M5b| n c™M 200.0E-9| 3.9E-6 | 500.0E-9 | 0.051 | 36.6E-9 [13.671| 0.197557 |1.27| 0.155391 | 0.217542 | 1.413E-6 | 4.567E-6 | 3.592E-6 | 6.394E-9 | 0.797494
M7 | n CA 1.3E-6 | 360.0E-9 | 250.0E-9 | 3.500 | 2.5E-6 | 0.100 | -0.05714 |1.27| -0.04494 | 0.104784 | 96.716E-6 | 8.852E-6 | 6.962E-6 |34.722E-9| 0.653447
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s

Simulations - Large-signal Transfer Characteristic oy

1.6
1.4}
R A Vo= 1.8V
1'2; VZD= 0.9V
= | Vo= 0.318 V
=, 1.0} vouf;—ogssv
3 [T , V= 73.768 uV
~°0.8¢ ! V, imax 2 1.300 V
[ ! V. imin < 0.500 V
0.6} ; Viwing = 0.80 V
_________________________________ .}____________________________
0.4F |
O%0 8 70 75 80 85
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The Symmetrical OTA quarto

Simulations — Large-signal Transfer Characteristic (zoom@

Vpp= 1.8V
V0= 0.318V
Vyug = 0.933 V
V. = 73.768 uV
V. imae = 1.205V
V. = 0.646 V
Viping = 0.56 V
A= 1.398e+05
A= 102.91 dB

o S - R 7 B /- 7

Via WV]
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[ ] [ | u .”l.t\
Simulations — Open-loop Gain Response Kors
120 ————
100¢F T —— Simulation
80+ --- Theory
m 60F
S, 40¢F
_‘g 20¢
< o:_ A= 111.7dB (theory) | ___ | N
= A= 103.1dB (sim.) !
—20| GBW= 1.1 GHz (theory) ]
~40H GBW= 1.1 GHz (sim.) :
_60 L 1 1 1 I I I i
0 !
oy —— Simulation i
% -45] -== Theory i
(4] i i
e - _ i
— _90: _______________________________________________ I
‘C>J y
> -135} ; i =80°
9 | PM= 81.5 (theory) Phase margin = 80
® | PM= 79.6" (sim.) ‘ "
-180'5 =5 ' 5 78

10 10° 10 10° 10° 10" 10° 10° 10" 10
Frequency [HZz]
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s_

Simulations - Input-referred Noise PSD =

N -90
T Z Spinn= ~142.6 dBvIV Hz (theory)

-100F} f.= 274.1 kHz (theory)
R I
03 [
S, _11O: —— Total (sim.)
9) _1201 -—- Thermal (theory)
¥ i -==Flicker (theory)
() [ --= Total (theory)
2 -130¢
o [
Z [
+~ —140
- F -
CC). I i
— _1 50 I 1 1 1 1 1 : > 1

10° 10" 10° 10° 10" 10° 10° 10" 10°

Frequency [HZz]
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Simulations - Individual Contributions

Hz]
L L
N =~ O ©
o O O O

dBv/

— —-130
-140
-150
-160
-170

Input Noise PSD
| |
S 3

10° 10° 10° 10° 10° 10° 10
Frequency [HZ]

M1a-M1b (total)
M2a-M2b-M2c-M2d (total)
M3a-M3b

M4

M7

Total

Total (theory)

quarto

s

Ju pyte‘r
e’
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The Symmetrical OTA

Simulations - Input-referred Thermal Noise

— —130
N I
T :
-140¢ — -
= i ———~
A -150¢
3, i
N -160F
N [
O _170}
()] |
2 [
‘O —-180¢
E L[S, 1= -142.6 dBv/V Hz (theory)
S -190 ’
o | Spin.in = -142.4 dBvIV Hz (sim.)
E_ZOO- |1 |2 |3 |4 |5 |6 |7
100 10 10 10 10 10 10 10 10

Frequency [HZz]

8

quarto

s
Ju pyte‘r
e’

M1a-M1b
M2a-M2b-M2c-M2d
M3a-M3b

M4

M7

Total (sim.)

Total (theory)
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The Symmetrical OTA

Simulations - Input-referred Flicker Noise

— =90
N i
I -100¢
Z Moy
M —1205-
S. -130¢
O _140t
3 ~140;
O -150¢F
2 160
S -170;
— -180¢F
2 -190}
= —200¢

10

10

10° 10° 10 10

Frequency [HZz]

M1a-M1b
M2a-M2b-M2c-M2d
M3a-M3b

M4

M7

Total (sim.)

Total (theory)

quarto

s

Ju pyte‘r
e’
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The Symmetrical OTA quad rto

Monte Carlo Simulation of Offset Voltage (open-loop) ==

882m 884m 886m 888m 890m 892m 894m 896m 898m
S
l Vout

900m 902m 04m 906m 908m 910m 912m 914m 916m 918m

KT K1)

= Offset simulation using Monte Carlo simulations with 1000 runs

= The standard deviation 1, is about 3.73mV, which is consistent with the dispersion
simulation giving 3.77 mV and close to the 3.68 mV theoretical prediction
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The Symmetrical OTA quad rto

Monte Carlo Simulation of Offset Voltage (closed-loop) =

60m 120m 180m 240m  300m 360m  420m  480m  540m  600m 660m  720m 780m 840m  900m  960m 1.02 1.08

Rf=1 (0]

= The standard deviation of V, is about 3.75 mV which is consistent with the dispersion
simulation giving 3.77 mV and equal to the 3.68 mV theoretical prediction
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The Symmetrical OTA qud rto

Monte Carlo Simulation of Offset Voltage

60m 120m 180m 240m 300m 360m 420m 480m 540m 600m 660m 720m 780m 840m 900m 960m 1.02 1.08 114

|
1
1
1
1
1
1
1
1
1
1
1
1
1
T
1
1
1
1
1
1
1
1
1
1
L
1
1
1
[|
1
1
1
1
L
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
[|
[|

100u
KT KT

= Qffset simulation using Monte Carlo simulations with 1000 runs

= As expected the contribution of the differential pair (M,,-M,,) dominates within the
linear range
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