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Outline

= The two-stage OTA or Miller OTA
= The telescopic OTA
= The folded cascode OTA
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The Miller OTA

The Two-stage OTA or Miller OTA
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The gain of the simple OTA can be enhanced by adding a 2" gain stage
implemented by M,

Because of the higher gain, the OTA needs to be frequency compensated to
ensure that it will remain stable in all feedback configurations

The compensation is achieved by adding capacitor C,. which takes advantage of
the Miller effect hence its name of Miller compensation and Miller OTA

The amplifier small-signal transfer function is analyzed next
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The Miller OTA

The Miller OTA - Small-signal Analysis
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= The OTA small-signal circuit is shown in the top circuit

= Assuming perfect matching and differential operation AV;1,= —AVi14,= Viq/2,
the voltage at node 3 remains unchanged and hence AV;= 0. The source
transconductances can then be omitted leading to the simplified circuit

= |f the capacitance C, at the current mirror node 4 is neglected and we assume
perfect matching, then AV,= — G,,,1/Gma - (—Viq/2)

= The two transconductances connected to node 1 can then be replaced by a single
transconductance resulting in the schematic shown in the next slide
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The Miller OTA

The Miller OTA - Small-signal Analysis
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= The small-signal differential gain is then given by

S S
AVout 1_Z 1+mys 1_Z
Ay(s) £ = Agc = Age = Agc -
AV _S\(4_ S 1+ d;s + d,s? (1,1 %
(1 p1) (1 pz) 1 S(P1 +P2) +p1p2
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Gm1 Gme
Age = gi | C:r;
1 C,.
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The Miller OTA

The Miller OTA - Small-signal Analysis

= Let's first ignore the compensation capacitor (C, = 0)
= The zero disappears and the two poles are simply given by

,_
pP1 = C,
, G
P2 = c

= We see that the poles are actually associated to the nodes 1 and 2 (output)
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The Miller OTA

The Miller OTA - Dominant-Pole

= The compensation capacitor introduces a right half-plane (RHP) zero z; =
G2/ C. and has two real poles p; and p,

= Assuming that the poles are widely separated |p;| < |p,| then
1 ¢ C C G, G
d, = — 1+2+C<1+1+ mz)

P1_G1 G, Gy G, G,

= We can further assume that G,,,, /G, > 1 and the dominant pole p, is

approximately given by
G116y

sz Cc
= The gain-bandwidth product GBW is then approximately given by

G
GBW = wpy - Age = é’”
C

= Note that w,,, £ |p,| must be at least equal to GBW for the above
approximation to hold

wp1 = |pg| =

G
GBW < —2£
C,
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The Miller OTA

The Miller OTA - Non-dominant Pole

= The non-dominant pole p, is then approximately given by
1 G2 Ce

pidy  CcCp+ CoCy+ GG,
= We see that the dominant pole magnitude w,,; decreases as C, increases,
whereas w,,, increases as C increases

Wpp = Ip2| = —

= Thus, increasing C. causes the poles to split apart as illustrated in the next slide

= |f C,, C, > C; the non-dominant pole is approximately set by the output
capacitance
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The Miller OTA

The Miller OTA - Setting the Zero and Non-dominant Pole

The ratio of the non-dominant pole w,,, and the RHP zero w, to the unity-gain
frequency w,, are given by
Wp2 Gmz2  Cc and Wz _ Gm2

Wy Gm1 L Wy mi
and hence
w w C w C
P2=—2.Cand = ===<
Wy wy Cf Wp2 CL

The unity gain frequency w,,, non-dominant pole w,,, and zero w, need to satisfy
the following inequality

W, < Wy < @, 0r1 <222 <
u p2 VA Wy Wy

Wz

This translates to the following inequality
C, G
1< =<2
Cc Gml
This means that the compensation capacitance C. should stay smaller than the
load capacitance C;, and that the ratio of the transconductance of M, to that of M, -

M., should be larger than C; /C,
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The Miller OTA

The Miller OTA - Choosing the Compensation Cap

= Usually the compensation capacitance C. is a fraction of the load capacitance C;
which can be determined from the specified phase margin PM which is given by

Wy, Wy T
PM = arctan| — | + arctan|{ — | — =
W, Wp2 2
= For example if w,,/w, = 4and w,/w,, = 2,then w,/w, = 8and PM =
68.8° which is usually more than sufficient. However we need to account for
parasitic capacitances which add to the load capacitance and reduce the non-

dominant pole. Therefore a good trade-off to start the design and achieve a
sufficient PM (typically larger than 45°) is to choose w,,, = 4w, and w, =

2wpy = Bwy

= This results in choosing C, = C; /2

EPFI: © C. Enz | 2025 Single-ended Differential Amplifier Slide 10 E KV



The Miller OTA

The Miller OTA - A Note on Power Consumption

It is important to note that choosing w, /w, = G,,,,/G.,q1 = 8 for securing
enough phase margin has a direct impact on the power consumption

Indeed, if we assume that both M,,-M,, and M, are all biased in weak inversion for
maximizing the current efficiency, then G,,,; = I, /(n,, Ur) and G,,, =

Ib2/(np UT)
Assuming that n,, = n,,, G2 /Gy = Ip2/Ip1 = 8
This means that the bias current of M, is 8 times larger than that of M,-M,, !

The total current consumption, without accounting for the current flowing in M,
and Mg, isthen ;o = 211 + I, = 10 I}4

We can express the minimum total current consumption in terms of the gain-
bandwidth product GBW as I;,; = 10n Uy - C. - GBW =5n Uy - Cp -
GBW

This can be compared to the total current consumption of the symmetrical cascode
OTAI;,; =41, =4nU; - C, - GBW

We deduce that for the same gain-bandwidth product GBW and load capacitance
C;, the Miller OTA consumes about 25% more current than the symmetrical
cascode OTA

EPFI: © C. Enz | 2025 Single-ended Differential Amplifier Slide 11

KV



The Miller OTA

The Miller OTA - Pole Splitting

C,>0
Uncompensated 3 o Compensated
C,=0
1 _ GZ / 1 ~ G]_GZ
L= _C_Z —X o —>c Gmz2Cc
R p2  p2 Pt P z4 e G,sC,
b2 = C1 A GCCCZ + CCC1 + Clcz
4Bl = 2 f0r 5, €. > €

arg(Adm)
[degree] 4
0

-45
-90 -
-135 A
-180 A

P. E. Allen and D. R. Holberg, CMOS Analog Circuit Design, 3™-ed., Oxford University Press, 2012.
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The Miller OTA

The Miller OTA - Miller Approximation

= The dominant-pole is often called a Miller pole because it takes advantage of the
Miller effect

= The dominant-pole can actually be found by using the Miller approximation

= Using the result obtained earlier without the compensation capacitor and replacing
C; by the Miller capacitance C,; = G,,,C./ G, results in

G616y
sz Cc

= which is identical to the earlier result
= However, the Miller approximation does account for the RHP zero

= The later introduces very undesirable effects with regards to stability: it increases
the phase shift and at the same time increases the magnitude

= The effects of the RHP zero can be mitigated by different means
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The Miller OTA

Mitigating the Effect of the RHP Zero

Vbp
&
CC CC CC

e = e
g
1

= The effect of the RHP can be eliminated by introducing a voltage follower in
series with compensation capacitor which blocks the feedforward path through C.

= The RHP zero has now disappeared while the dc gain, dominant-pole and non-
dominant remain the same

GG GG Gy C G
G1Gy Gm2Cc C2(Cct+Cy) Co
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The Miller OTA

The Miller OTA — Noise Analysis

Cc
2

In ] ‘ 1Gre AV, j_ ]
Gig C AV1 G2 TC2 AViout

= \We can reuse the noise analysis performed for the simple OTA

= |f we neglect the capacitances at the 15t-stage current mirror node and assume a
perfect matching, the noise coming from the first stage can be modelled by the
noisy current source I,,1, whereas I,,, models the noise coming from transistors

M, and M,
= The input-referred equivalent noise is then given by
Inq G4 1+5s(C +C.)/Gy _ Ina Gy

Viea = = |
" Gy GniGme 1-5Cc/Grz T Gy GpaGmz
" Forw < G,/(C; +C.) < G /Co
= The input-referred PSD is then given by

S, G\
S, =—mgf__L ) .g
Vneq G?%‘Ll <Gm1 Gm2> Iy
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The Miller OTA - Thermal Noise

For thermal noise we have
Si,, = 4kT -2 (Yn1 - Gma + Vna - Gma)
St, = 4kT - (Ynz - Gz + 2Vns * Gs)
= The input-referred thermal noise resistance is then given by

Zynl Vne
_ _ q
Rytn = G '(1+71th)—G
mil mil
= where n — Yna Gma Glz . (Vnz + 2Yns . Gms)
th Yn1 Gma 26m1Gmz Yn1 Yn1  Gm2

= s the contribution to the input-referred thermal noise of the current mirror M,,-M,,, the 2"%-stage
M, and the current mirror Mz,-M;, relative to that of the differential pair and

Vneq = 2Yn1 - (1+ nth)
= is the OTA equivalent thermal noise excess factor
= The contribution of the current mirror M,,-M,, can be minimized by choosing G,;,1 > G4
= The contribution of M, and M;_-M;, are small thanks to the factor
Gl2 _ (Gdsl + Gds4)2

o ZGmleZ 2GmleZ
= which is in the order of the dc gain

= The contribution of the current source M;_,-M;, can be made negligible by choosing G, > G5

> 1
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The Miller OTA - Flicker Noise

For flicker noise we have
4kT
S, =2 (G Pn_ 4 G2 p”)

f WLy T WLy
5, = 4;T (sz W’: RELE VIZ ’25>
= The input-referred flicker noise resistance is then given by
Ryp = Mf%lﬁf (1+np)
2 2 2
swhers o = (G b S () (e e 2 () )

= s the contribution to the input-referred flicker noise of the current mirror M,,-M,,, the 2"¢-stage M,
and the current mirror Ms,-M;, relative to that of the differential pair

= \We see that the contribution of the current mirror M,,-M,, can be minimized by choosing G,,; >
G4 (Same as for the simple OTA)

= The contributions of M, and Ms,-M, are small thanks to the first stage gain

2 2
< G4 ) _ <Gdsl + Gds4> > 1
Gml Gml

= The contribution of the current source Mz,-M, can be made negligible by choosing G2 > G5
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The Miller OTA

The Miller OTA - Input-referred Offset Voltage

4 2

1
AlptatAlpas 1 Abw+Albay G ,-AV, 1 Gz AV; |
AV E Gw G E AV, 26 |AVeu
L g l \

A

= The estimation of the offset voltage can be handled similarly to the noise

= |tis essentially due to the first stage and is therefore similar to what was done for
the simple OTA
= The input-referred offset voltage standard deviation is then given by

Lo \° G\’
_ bl 2 2 m4 2 2
O-Vos _ (Gm1> (O- 1 + O-ﬁ4) + <Gm1> O-VT4 + O-VTl

= with

Aﬁn AVT
Op. = and oy.. = n
ﬁl /W1L1 VT1 /W1L1

AB Ay

_ p _ Tp
ﬁ4 = and O-VT4 = ——
N WaLy N WaLy
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The Miller OTA

The Miller OTA - Design Example

Zlbé%

\/in_ innl T CL

217 - T Iz

5m 6
Msa I: | M53
Specification Symbol Value  Unit
Minimum DC gain Age 100 dB
Minimum gain-bandwidth product GBW 1 MH =z
Load capacitance Cr 1 pF
Maximum input-referred random offset voltage Vos 10 mV
Phase margin PM 60 ©

quarto

o g,

Jﬁpytér
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The Miller OTA quarto

.A

The Miller OTA - Technology Parameters e

Parameter NMOS PMOS Unit
sEKV parameters
n 1.27 1.31 -
Parameter Value Unit I specl] 715 173 nA
- Viro 0.455 0.445 V
T 300 K I 26 36 -
U 25.875 mV ot w
T : A 20 20 o
Overlap capacitances parameters
Cabo 0.366  0.329 %
Caso 0.366  0.329 I
fF
CGBo 0 0 o
Junction capacitances parameters
or 1 1.121 IE
nm
Crsw 0.2 0.248 L
Parameter Value Unit . X H
Flicker noise parameters
Vbop 1.8 V Kr 8.1le-24  6.8e-23 J
Con 8.443 JE, AF 1 1 _
pm V-m?
Woin 200 nm p 0.05794  0.4828 .
Lmin 180 nm Matching parameters
Ay 5 5 mV - pm
Ag 1 1 Yo - pm
Source and drain sheet resistance parameter
R.p 600 2386 u%
Width and length parameters
AW 39 54 nm
AL -76 -72 nm
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The Miller OTA & quarto

The Miller OTA - Design Equations s
= Slew-rate: SR = 22"1
= First-stage dc gain: Ay = —%with G1 = Gge1 + Gys3
1
= Second-stage dc gain: A,, = —%with Gy = Ggasp + Ggsa
2
= Gain-bandwidth: GBW =
= Dominant pole: P = — GGlGCZ,
m2%c
= Non-dominant pole: =~ Omle o _Imzyc Co»C
on-dominant pole:  p, = — = — =2 2, C¢ 1
= RHP zero: Z; = Gg‘z

= |n addition to the above design equations, the specifications may also include the
input common-mode range and the output swing, the power dissipation, the white
noise and the flicker noise (or corner frequency)
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The Miller OTA quad rto
° [ ]
Sizing Summary
* * +— Voo
2Ib /b2
—d| M, .
Ce v Bias
I 2=out Y out
]
- , | Name Value
Vin-o=H[ My, M [0 Vins TCL
1 VDD 1.8
2l Y T2 ) T b2 Ibl1 | 130.0E-9
5 6
b2 2.0E-6
Maa 1]: Msbl]'ﬁ :[l Msa Cc  |500.0E-15
Transistor sizes
Type [ Function W L ID wW/L Ispec IC |VP-VS| n |VG-VTO|VDSsat| Gspec Gms Gm Gds [gamman
Mila|l n DP 2.1E-6 1.1E-6 | 130.0E-9 1.816 1.3E-6 | 0.10 |-0.057|1.27| -0.045 | 0.105 | 50.2E-6 | 4.6E-6 3.6E-6 5.7E-9 0.65
Milb| n DP 2.1E-6 1.1E-6 | 130.0E-9 1.816 1.3E-6 | 0.10 |-0.057|1.27| -0.045 | 0.105 | 50.2E-6 | 4.6E-6 3.6E-6 5.7E-9 0.65
M2 p CS 12.0E-6 | 2.2E-6| 2.0E-6 5.530 |[957.4E-9| 2.09 | 0.054 |1.31 0.041 | 0.128 | 37.0E-6 | 38.1E-6 | 29.2E-6 | 46.1E-9 0.76
M3al n CM 200.0E-9 |17.1E-6] 260.0E-9 0.012 8.4E-9 (31.07| 0.306 |1.27| 0.241 | 0.306 |323.4E-9| 1.6E-6 1.3E-6 |760.7E-12| 0.81
M3b| n CM 200.0E-9 |17.1E-6] 260.0E-9 0.012 8.4E-9 (31.07| 0.306 |1.27| 0.241 | 0.306 |323.4E-9| 1.6E-6 1.3E-6 |760.7E-12| 0.81
Mda| p CM 200.0E-9 | 6.9E-6 | 130.0E-9 0.029 5.0E-9 (25.94]| 0.279 |1.31| 0.213 | 0.283 [193.7E-9| 894.3E-9 | 684.8E-9 [940.7E-12( 0.83
Mab| p CM 200.0E-9 | 6.9E-6 | 130.0E-9 0.029 5.0E-9 (25.94]| 0.279 |1.31| 0.213 | 0.283 [193.7E-9| 894.3E-9 | 684.8E-9 [940.7E-12( 0.83
Mba| n CM 210.0E-9 | 2.2E-6 | 2.0E-6 0.097 69.2E-9 |28.90| 0.295 (1.27| 0.232 | 0.297 | 2.7E-6 | 13.1E-6 | 10.3E-6 | 46.1E-9 0.81
M5b| n CM 210.0E-9 | 2.2E-6 | 2.0E-6 0.097 69.2E-9 |28.90| 0.295 (1.27| 0.232 | 0.297 | 2.7E-6 | 13.1E-6 | 10.3E-6 | 46.1E-9 0.81
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The Miller OTA quarto

_

Large-signal Transfer Characteristic — Simulations oy

18,
16}
14}
12f

> 10}

>§o.8§
0.6}
0.4|
0.2}

00450  —0448  -0446 0444 0442
Vig [mV]

= There is an important systematic offset voltage due to the output conductances
and the fact that M, imposes a DC voltage at node 1 that is about V,, — Vg,

which is different than the voltage at node 4

E P - I © C. Enz | 2025 Single-ended Differential Amplifier Slide 23 E KV



The Miller OTA

Large-signal Transfer Characteristic — Simulations

Vpp= 1.8V
Vuig = 0.900 V
V. = -445.9 uV
V. i = 1.067 V
V.= 0.671V
Vping = 0-40 V
A= 3.964e+05
A= 111.96 dB

ST

STrN

Via WV]

“146.0 -4458

4456

quarto

s

Ju pyte‘r
e’
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The Miller OTA quarto

Open-loop Gain Response

120¢

100 F~======% —— Simulation
80§ -==Theory
60}
40t
20¢

0 b Age= 104.7 dB (theory)

F| Ay = 112.1 dB (sim.)

~20H GBW= 1.1 GHz (theory)

|Avd| [d B]

-40F GBW= 1.1 GHz (sim.)
_60 L 1 1 1 1 1 1 1 1
O :
'g' —_— ?Lmulatlon i
_AEL —-== Theory i
o 40 !
() i
S onl |
—~ ~90r ]
< '
_________________________________________________ \
S 1350 pm= 64.3° (theory) 5
g I "~ y Phase margin = 60
© [| PM= 59.5 (sim.) ‘

e
10 107 10" 10° 10° 10 10° 10° 10" 10

Frequency [HZz]
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The Miller OTA quarto

Y mmn

Input-referred Noise PSD =

N -907
I [ Spintn = ~141.3 dBv/V Hz (theory)

-100F f,= 165.4 kHz (theory)
Re _
5 [
S, _1103 —— Total (sim.)
9) _1201 -—- Thermal (theory)
o [ —-==Flicker (theory)
Q [ -—- Total (theory)
L -130¢
(@] L
prd [
+— =140
- [ :
= - :
—_— _1 50 [ 1 ] ] ] ] : A ]

10° 10 10° 10> 10" 10° 10° 10" 10°

Frequency [HZz]
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The Miller OTA quarto

s

Input-referred Noise PSD — White Noise e

— =120
N :
L :
> -130}
e ; — M1a-M1b
S, -140} — M2
A : M3a-M3b
N -150F —— Md4a-M4b
as _ —— M5a-M5b
@ —160} —— Total (sim.)
O I --=Total (theo
2 : (theory)
+—= =170}
S :
CC)_ I
— _180- 1 1 1 1 1 1 1

10° 100 10° 10° 10° 10° 10° 10" 10°

Frequency [HZz]
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The Miller OTA qua rto

Y

Input-referred Noise PSD - Flicker Noise e

‘N —90E

L -100}

E 1o —— M1a-M1b
S, ~120¢ — M2

0O -130} M3a-M3b
N 3 —— Mda-Mdb
. -140¢ —— M5a-M5b
B -1501 —— Total (sim.)
O - --=- Total (theory)
Z -160}

3 -170}

£ _1g0!

IRTET
Frequency [HZz]
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The Miller OTA quarto

s

Input-referred Noise PSD - Total Noise e

— -90
N [
I :
~100}
= :
% -110} —— M1a-M1b (total)
E [ — M2 (total)
I — M4a-M4b
CD/_) -120; —— M5a-M5b
D [ — Total
g ‘130: --- Total (theory)
Z :
+— =140
5 :
CC). I
— -150" ' ' '
10° 10" 10° 10° 10" 10° 10° 10" 10°

Frequency [HZz]
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The Miller OTA

Step-response

Small Input Step

quarto

N
N

AV, , AV, [mV]
> o @ O

N
T
-

0

s
Jupyte‘r
e’
Large Input Step
300} —— =
_________ — 250} VA ot
> P
£ :'I /
— 200 7
V.= 0.900 V 3 Hyd V= 0.900 V
Voutg = 0.900 V > 50k / Voutg = 0.900 V
AV, = 10 mV < AV,,= 300 mV
S g
~ 100
— Input < 50l ; —— Input
—-==Output (Theory) / === Output (Theory)
0 / —— Output (Sim.)
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
Time [us]

—— Output (Sim.)

Time [us]
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The Miller OTA quarto

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

882m 883.5m 885m 886.5m 888m 889.5m 891m 892.5m 894m 895.5m 897m 898.5m 900m 901.5m  903m ;04.5m 906m 907.5m 909m 910.5m 912m  913.5m 915m  916.5m  918m

= Monte Carlo simulation of V¢ versus V;,, for 1000 runs in open-loop mode

= The standard deviation of V. is about 4.09 mV which is consistent with the
dispersion simulation giving 4.1 mV and equal to the 4 mV theoretical prediction
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The Miller OTA quarto

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 Q

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

= Monte Carlo simulation of V. versus V;,, for 1000 runs in voltage follower mode

= The standard deviation of V. is about 4.07 mV which is consistent with the
dispersion simulation giving 4.1 mV and close to the 4 mV theoretical prediction
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The Miller OTA quarto

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

Contribution of M,, (M;,) only

(contribution of DP must be multiplied by v2)

Contribution of M, (M:4b) only

(contribution of CM-must be multiplied by +/2)

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

= The two-stage OTA or Miller OTA
= The telescopic OTA
= The folded cascode OTA
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The Telescopic OTA

Telescopic Differential OTA

+ Current reuse — Limited output swing
+ Self-compensation — Limited input common-mode range
+ High DC gain — Not appropriate for voltage follower
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The Telescopic OTA

Telescopic OTA - Small-signal Analysis

Gasaa 5 Gus3 Gus3b out Gusab
— W——W— WW WW
GrsaaAVs | Grsza'AV3 |3 4 Gmsap'AVs | Grsan AV,
5 4<I> ° 3 1" Gmia'AVoia GmibAVGip y y L
< Gms1a'AV1 = $
Gor AV £ Gusta Gastv = Alout
m2a’AV2 L|AVs Gmst1p'AV14 AV, P 1 Gman'AV2
Gus2a S AV, = C2AV;3 - ) AVt ==CL AVs|Z GdSZbe
Ci= AV E Gy
L
Slmpllfled schematic Gussa 5 Gus3a Gus3p out Gusab
for differential input _ , _ _
5 Gmsaa'AVs | Gs3a'AV3 e AV2 -G 1b'AV'd/24 Grms3b'AVa | Gisap' AV s
Gmoa'AV2 I I "A/outI Grop' AV2
G2V |==Co avs|E G GenE| AV AVe|E G
ds2a = AV, =T L2 3|= Uds1a ds1b = AV, =1= C. 6= Gds2b

= Accounting only for the capacitances at high impedance nodes (those at low
impedance cascode nodes 3, 4, 5 and 6 can be neglected in 1t-order analysis)

= Analysis becomes tedious, but can be simplified for differential input voltage using
the simplified schematic and assuming perfect matching (i.e. G,iq = Gmip =
Gmi and Gdsia = Gdsib = Gdsi fori = 1,2 4)
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The Telescopic OTA

Telescopic OTA - Differential Open-loop Gain

= Similarly to the simple OTA, the telescopic OTA has its dominant pole w, at the
output and non-dominant pole w,, at the current mirror node 2 and a pole-zero

doublet
AAVutN 1+w_Z ~ AdC qu
i S S -
(1+a)(1+a) e
= where
= i, =t ot
Go
Wy = C—L
~ sz
(,()p — C—Z
W, = 20y
Gml
w, = A Wy = ——
u dc 0 CL
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The Telescopic OTA

Noise Analysis

At low-frequency the noise of the cascode transistors M,,-M,, and M,_-M,, can be
neglected and the noise analysis is then identical to that of the simple OTA

The PSD of the output noise current is given by

Snout = Z(Slm + Slnz)
or if we express the output PSD in terms of the output noise conductance

Snout = 4kT - Grout Where Grnout = Z(Gnl + an)

with Gri = YniGmi + G2, prf fori = 1,2

The input-referred noise resistance is then given by

, Grour  2(Gpy + Grz)  2Gpy G

Rnin = 5 > =—" 1+ —=

G G Gina Gna
which can be written as Ry,;, = ZGC;’” - (1 +n) withn = %
mil ni

represents the contributions of the current mirrors referred to the input and
normalized to the contribution of the differential pair
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The Telescopic OTA

Input-referred Thermal Noise

The input-referred thermal noise resistance is given by
Zynl

Gmi

Ryen = (1 + 1)

= where

p,, = {n2Gmz
t Vn1 Gml

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

* |ncase G,,;1 > G2, the thermal noise is dominated by the input differential pair
and the previous expression can be simplified

2Yn1
Rnth = =

Gma

EPFI: © C. Enz | 2025 Single-ended Differential Amplifier Slide 39 E KV



The Telescopic OTA

Thermal Noise Excess Factor

= To compare with other OTA it is useful to derive the thermal noise excess factor
Yota = Gm * Ruen

= where G,,, = G,,,1 is the OTA transconductance

= This results in

Yota = 2Vn1 - (1 + n¢n)

= |ncase G,;1 > G2, then g, << 1 and the noise is dominated by the input
differential pair and the previous expression can be simplified

Yota = 2Yn1
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The Telescopic OTA

Input-referred Flicker Noise

The input-referred flicker noise is given by

2
R :z Pn + sz pp
MUT F WLy \Gy ) WaL,

= which can be written as

= where

= represents the contributions to the input-referred flicker noise of the current mirror
relative to that of the differential pair
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The Telescopic OTA

Output Offset Current

The offset analysis is identical to that of the simple OTA because the contribution
of the mismatch of the cascode transistors can be neglected

The random offset current is then mainly due to the mismatch between M, -M,,

The variance of the output offset current is then given by

2 _ 2 2 _ 52 (2 2
Olys — OAIp, + OAlp, = Iy (UA1D1/1D1 + UAIDz/IDZ)

2
2 _ 2 Gmi 2 -
where OAlpi/Ip; — OB; T ( Iy ) oy, fori=1,2
. A7 Ay .
with 0 =—L-andoZ . =—L fori=1,2
Bi WiL; T1 WL;

The variance of the output offset current then becomes

_ g2 2 2
cr,zos =17 - (aﬁl + 0,82) + G2 - J§T1 + G2, - 0‘372
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The Telescopic OTA

Input-referred Offset Voltage

The variance of the input-referred offset voltage is obtained by dividing the variance of
the output offset current by G2 ; resulting in

L \° G\
2 _ b 2 2 2 m2 2
O-Vos _ (G ) (O-Bl + 0.32) + GVTl + <G > O-VTZ
mil mil
= which can be written as

2
I
ot = oty (1 60) + () o, (1469)

= where .. represents the /7 mismatch contributions to the input-referred offset of the
current mirror relative to that of the differential pair

2
_ sz O-[gTz
EVT - 2

Gml O-VT1

= and ¢z represents the £ mismatch contributions to the input-referred offset of the
current mirror relative to that of the differential pair
%
. 2
=2
B1
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The Telescopic OTA

Input-referred Offset Voltage

2 A2
g2 = AVry g2 = /TP
. Vri — wyL, VT2 T w,i,
= with , 42
2 __ Aﬁn 2 Bp

= Replacing results in
2 2

£, = Gma . AVTp _W1L1

T \Gmi) \Avg,) Wal;

2
£ = (A.Bp> WiL4
P \4g | W,L,
= 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 W, L, of the current mirror M,-M,,

= And
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The Telescopic OTA

The Telescopic OTA - Design Example

Vbp

Specification Symbol Value  Unit
Minimum DC gain Age 100 dB
Minimum gain-bandwidth product GBW 1 MH=
Load capacitance Cr, 1 pF
Maximum input-referred random offset voltage Vos 10 mV
Phase margin PM 60 °
Corner frequency fx 100 kH =z

quarto
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The Telescopic OTA & quarto

V'

The Telescopic OTA - Technology Parameters =

@

Parameter NMOS PMOS Unit
sEKV parameters
n 1.27 1.31 -
Parameter Value Unit I specl] 715 173 nA
. Viro 0.455 0.445 V
r 300 K L 26 36
U 25.875 mV ot w
T : A 20 20 o
Overlap capacitances parameters
Cabo 0.366  0.329 %
Caso 0.366  0.329 I
TF
CGBo 0 0 o
Junction capacitances parameters
or 1 1.121 IE
nm
Crsw 0.2 0.248 L
Parameter Value Unit . X H
Flicker noise parameters
Vbop 1.8 V Kr 8.1le-24  6.8e-23 J
Con 8.443 JE, AF 1 1 _
pm V-m?
Winin 200 nm P 0.05794  0.4828 .
Lomin 180 nm Matching parameters
Ay 5 5 mV - pm
Ag 1 1 Yo - pm
Source and drain sheet resistance parameter
R.p 600 2386 u%
Width and length parameters
AW 39 54 nm
AL -76 -72 nm
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The Telescopic OTA qua rto
° [ ]
Sizing Summary
Voo
2 [
MzJ]P——q[IMzb Bias
5 6
Vipp o222 Maa \_q[M " Name Value
Iout out
outy VDD 1.8
b1 Mz
Voro 22— My, C. Ib | 250.0E-9
5 . I Vb1 1.2
Vi Miz My P2 Vi, Vb2 0.7
21y
7
M5a ———+— M5b
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 7.1E-6 2.0E-6 | 250.0E-9 | 3.500 | 2.5E-6 0.10 -0.05711.27| -0.045 | 0.105 | 96.7E-6 |8.9E-6|7.0E-6| 6.2E-9 0.65
M1b| n DP 7.1E-6 2.0E-6 | 250.0E-9 | 3.500 | 2.5E-6 0.10 -0.05711.27| -0.045 | 0.105 | 96.7E-6 |8.9E-6|7.0E-6| 6.2E-9 0.65
M2a| p CM 220.0E-9| 6.0E-6 | 250.0E-9 | 0.037 | 6.3E-9 39.38 |0.345|1.31( 0.264 | 0.341 | 245.3E-9|1.4E-6|1.1E-6| 2.1E-9 0.84
M2b| p CM 220.0E-9| 6.0E-6 | 250.0E-9 | 0.037 | 6.3E-9 39.38 0.345 |1.31]| 0.264 | 0.341 | 245.3E-9|1.4E-6|1.1E-6| 2.1E-9 0.84
M3a| n CA 1.9E-6 | 540.0E-9 | 250.0E-9 | 3.500 | 2.5E-6 0.10 -0.05711.27| -0.045 | 0.105 | 96.7E-6 |8.9E-6|7.0E-6]|23.1E-9| 0.65
M3b| n CA 1.9E-6 | 540.0E-9 | 250.0E-9 | 3.500 | 2.5E-6 0.10 -0.05711.27| -0.045 | 0.105 | 96.7E-6 |8.9E-6|7.0E-6]|23.1E-9| 0.65
Mda| p CA 7.8E-6 | 540.0E-9 | 250.0E-9 |14.444| 2.5E-6 0.10 -0.057(1.31| -0.044 | 0.105 | 96.6E-6 |8.9E-6|6.8E-6(23.1E-9] 0.67
Mdb| p CA 7.8E-6 | 540.0E-9 | 250.0E-9 (14.444( 2.5E-6 0.10 -0.057(1.31| -0.044 | 0.105 | 96.6E-6 [8.9E-6|6.8E-6(23.1E-9| 0.67
M5a|l n CM 200.0E-9| 8.5E-6 | 500.0E-9 | 0.024 | 16.9E-9 29.62 0.298 [1.27| 0.235 | 0.300 | 652.5E-9(3.2E-6|2.5E-6| 3.0E-9 0.81
M5b| n CM 200.0E-9| 8.5E-6 | 500.0E-9 | 0.024 | 16.9E-9 29.62 0.298 [1.27| 0.235 | 0.300 | 652.5E-9(3.2E-6|2.5E-6| 3.0E-9 0.81
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The Telescopic OTA

Large-signal Transfer Characteristic — Simulations

)

10

|
&)
O o -
&)}

Vig luV]

g

o= 0.905V

S

<

-
outmin =
~S

swing =

<

quarto

_
Ju pyte‘r
e’
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The Telescopic OTA quarto

S

Large-signal Transfer Characteristic — Simulations jopyte

1.00
V. =18V
0.95] vff,o 0.905 V
_ : Voo = 0.900 V
= [ v -0.034 Vv
= 0.90 vou,max 0.977V
3 - Vo= 0.840 V
> Voung = 0.14V
- A= 1.369e+05
0.85 A= 102.73 dB
08905 04 03 02 01 0.0 01 02 03 04 0.5

Via WV]
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The Telescopic OTA quarto

Open-loop Gain Response
120 ———
100°¢F —== —— Simulation

80¢ -==Theory

60
40
20¢
0 H Age= 110.2 dB (theory)
F| Ay = 102.7 dB (sim.)
~20H GBW= 1.1 GHz (theory)

|Avd| [d B]

-40F GBW= 1.1 GHz (sim.)
_60 L i i 1 I | | i |
0 L i

‘O PM= 872" (theory)| |
() I _ o, . !

45+ PM= 86.1 (sim. i
= 45 (sim) |
() - i
= _gol > i
prafil(] SESSE LS ‘

E .o
I 135 1
(@)) _135_' —— Simulation Phase margin = 86
E [ === Theory L
~180 T o & 7 8

10 10° 10 10° 10° 10" 10° 10° 10" 10
Frequency [HZz]
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The Telescopic OTA

Input-referred Noise PSD

S, .= -144.3 dBv/v Hz (theory)

nin,th —

f,= 98.4 kHz (theory)

— —90
N I
I X
-100}
0\3 :
T, —110}
a E
0 -120
% _
()] I
D -130¢
) [
Z :
+~ —140
= _
(@} [
= —150——
10° 10

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

—— Total (sim.)

=== Thermal (theory)
-==Flicker (theory)
--= Total (theory)

quarto

s
Jupyter
g
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The Telescopic OTA

Input-referred Noise PSD — White Noise

\

-144.3 dBv/V Hz (theory)
-144.4 dBv/V Hz (sim.)

— —130
N [
L :
-140}
E _
S, -150
a) E
) -160F
% _
() I
D -170¢
§ :
= ~180 | Shin,tn =
CC)- I Snin,th=
— —-190" .
10° 10

10°

10° 10" 10> 10°

Frequency [HZz]

quarto

s
Ju pyte‘r
e’

M1a-M1b
M2a-M2b
M3a-M3b
M4a-M4b
M5a-M5b
Total (sim.)
Total (theory)
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The Telescopic OTA quarto

s

Input-referred Noise PSD - Flicker Noise e

— -90;
N :
L -100°F
< -10f
@ -120¢ —— Mia-M1b
—_ 3 — M2a-M2b

130}
(% : —— M3a-M3b
9 —140:' —— M4a-M4b
o —190¢ —— Total (sim.)
g —160?— --- Total (theory)
< -170}
a -180}
C r
— _190 L N | M, sl N N L

10° 10" 10° 10° 10" 10°

Frequency [HZz]
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The Telescopic OTA quarto

s

Input-referred Noise PSD - Total Noise e

Hz]

M1a-M1b (total)
M2a-M2b (total)
M3a-M3b (total)
M4a-M4b (total)
Total

--= Total (theory)

Input Noise PSD [dBv/

10° 10" 10° 10° 10" 10° 10° 10" 10
Frequency [HZz]
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quarto

The Telescopic OTA
s
Step Response
e’
Small Input Step Large Input Step

12 350

10 F---- 300 N R

;‘ ;‘ ] ", ,/’/¢
E sl E 250

3 Vie= 0.900 V S200F I V= 0.800 V
S° gl Vyug = 0.900 V SO i Vyutq = 0.800 V

< AV,,= 10 mV < 150} i AV, = 300 mV

£ L "S I:'/
> 4 > 100f | 4
< — Input < # — Input
2 ---  Output (Theory) 50F § -—-- Output (Theory)
—— Output (Sim.) /’ —— Output (Sim.)
8.070.1 02 03 0.4 0.5 06 0.7 08 0.9 1.0 1.1 8.0 0.2 0.4 0.6 0.8 1.0
Time [us] Time [us]
Slide 55 [N GA"4
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The Telescopic OTA quarto

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

882m 884m 886m 888m 890m 892m 894m 896m 898m 900m 902m 904m 906m 908m 910m 912m 914m 916m 918m

= The standard deviation of V, is about 3.56 mV which is consistent with the
dispersion simulation giving 3.21 mV and equal to the 3.65 mV theoretical
prediction
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The Telescopic OTA quarto

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 Q

TR ET)

Monte Carlo simulation of V,s versus Viﬁ for 1000 runs in voltage follower mode

= The standard deviation of V. is about 3.17 mV which is consistent with the
dispersion simulation giving 3.21 mV and close to the 3.12 mV theoretical
prediction

2]
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The Telescopic 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

Contributipn of M., (M,,) only

WESEESESEEERa! Oyos™3.2 MV (contrbution offDP must be muiplied by v2)

Contribution of M, (iVIZb) only

(contribution-of CM-must be multiplied by +/2)
|

4 |

= 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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Outline

= The two-stage OTA or Miller OTA
= The telescopic OTA
= The folded cascode OTA
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The Folded Cascode OTA

Folded-cascode Differential OTA

Mza l_ll

+ Self-compensation — Higher power consumption
+ High DC gain and GBW — Higher noise

+ Good input common-mode range — Additional poles

+ Improved output swing

+ Can work as voltage follower
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The Folded Cascode OTA

Folded Cascode OTA - Differential Open-loop Gain

= Similarly to the simple OTA, the folded cascode OTA has its dominant pole w,, at
the output and non-dominant pole w,, at the current mirror node 2 and a pole-zero

doublet

Vout Wy ~ ~

_EAdC.
AVig S S) 1+> s
o (g)(g) e

G . G G G +G ) G
mi Wlth GO — ds3Ydss _I_( dsi ds?2 ds4

Agm(s) £

= where

A, =
ac = g, Gmss Gmsa
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The Folded Cascode OTA

Noise Analysis

If M,,-M,, are assumed to be perfectly matched, the noise generated by M,, cancels
out at the output node and hence the noise coming from M,, can be neglected

Neglecting also the contribution of the cascode transistors M,,-M,,, and Ms,-Ms, and
assuming that M,_-M,, and M,_-M,, are perfectly matched, the PSD of the output noise
current is given by

Snout = Z(Slnl + Slnz + Sln3)
or if we express the output PSD in terms of the output noise conductance

Snout = 4kT - Gpoyr where Grnout = Z(Gnl + Gpy + GnS)

Pi

for all transistors
WiL; f

with Gni = YniGmi + Grzni

The input-referred noise is then given by

A Gnout . Z(Gn1 + an + Gng) . ZGnl an Gn3
Rnin = 2 2 = —7 1+ +
G G Gina Gn1 Gma
which can be written as R,,;;, = @ (1 +n)withn = Enz 4 Gnz
Gin1 Gni Gn1

represents the contributions of the current mirrors referred to the input and normalized
to the contribution of the differential pair
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The Folded Cascode OTA

Input-referred Thermal Noise

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

Gmi

Ryen = (1 + 1)

= where

_ Yn2 sz 4 Yn3 Gm3

B Yn1 Gml Vn1 Gml

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

= Incase G,,1 > Gy and G,,,1 > G5, the thermal noise is dominated by the
input differential pair and the previous expression can be simplified

2Yn1
Rnth = -

Ntn

Gma
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The Folded Cascode OTA

Thermal Noise Excess Factor

= To compare with other OTA it is useful to derive the thermal noise excess factor
Yota = Gm * Ruen

= where G,,, = G,,,1 is the OTA transconductance

= This results in

Yota = 2Vn1 - (1 + n¢n)

= |ncase G,;1 > G and Gp1 > Gips, then i, < 1 and the noise is
dominated by the input differential pair and the previous expression can be
simplified

Yota = 2Yn1
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The Folded Cascode OTA

Input-referred Flicker Noise

= The input-referred flicker noise is given by

2 2
2 Pn sz pp Gm3 Pn
Rnfl —_ + +
f Wil  \Gm1) Woly, \Gmi) Wils

= which can be written as

2p
R =37 (1+00)

= where

2 2
ne = Pp <Gm2> Wil + <Gm3> Wil
i Pn \Gm1) W>L, Gm1) Wsls

= represents the contributions to the input-referred flicker noise of the current mirrors
relative to that of the differential pair
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The Folded Cascode OTA

Output Offset Current

= The random offset current is mainly due to the mismatch between M, _-M,,, M, -
MZC and M33-M3b

= The variance of the output offset current is then given by

2 _ 2 2 2
Zalout = OAIp, +20A1D2 + OAlps ,
__ 72 2 2
= Ip1- OAlpy/ipy T Ips - OAlpa/ips T Ips OAIps/Ips
2 2 Gmi\* 2 -
= where OAlp/Ip; = OB; T (7) oy, fori =1,2
. A7 Ay o
= with 02 =—L-andoZ =—Lfori=1,2
Bi WL; Ti WiL;

= The variance of the output offset current then becomes
of =1l -0 + 15,05 + 153 0p

3
2 2 2 2 2 2
+Gm1 * O-VTl + sz * O-VTZ + Gm3 ‘ O-VT3
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The Folded Cascode OTA

Input-referred Offset Voltage

The variance of the mput-referred offset voltage is obtained by dividing the variance of the output
offset current by G2, resulting in

I\ I, \ I\
> [ Im 2 b2 2 b3 2
Oos (Gm1> T (Gm1> % (Gm1> %8s

2 2
G G
2 m2 2 m3 2
+GVT1 + (Gm1> Ovr, + (Gm1> Ovrs

which can be written as

I 2
o = oty (1 60) + () 0, (1469)

mil

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
. sz O-IETZ Gm3 0-1;'1"3
§VT —\G 7 T G 2
m1/) Oyp, m1/) Oyp,
and ¢ 5 represents the £ mismatch contributions to the input-referred offset of the current mirror
relatlve to that of the differential pair

2 2 2 2
f _ (Ib2> 0-,82 + <1b3> 0-33
B Ipy 0321 Ipq 051
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The Folded Cascode 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
£, = (Gm2> . <AVTp> . WiL, n (Gm3> . WiLy
T \Gm) \Avg,) Wily  \Gmi) Wsls

£p = (119_2>2 (Aﬂp>2 WiL4 n <Ib3>2 WiLq
# 7 \Ib1) \4g,) Waly " \Ip1) Wil
= 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 W, L,, of the current sources M,,-M,. and also the
area WL of the current mirror M;-Ms,

= And
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The Folded Cascode OTA
The Folded Cascode OTA - Design Example
X vad ‘ — Ver
2 Mz
Mo, [P d Mg

Specification Symbol  Value  Unit
Minimum DC gain Age 100 dB
Minimum gain-bandwidth product GBW 1 MH:z
Load capacitance Cr 1 pF
Maximum input-referred random offset voltage Vos 10 mV
Phase margin PM 60 ©

quarto

s
Jupyter
e’
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.A

The Folded Cascode OTA - Technology Parameters e

®

Parameter NMOS PMOS Unit
sEKV parameters
n 1.27 1.31 -
Parameter Value Unit I specl] 715 173 nA
. Viro 0.455 0.445 V
r 300 K L 26 36
U 25.875 mV ot w
T : A 20 20 o
Overlap capacitances parameters
Cabo 0.366  0.329 %
Caso 0.366  0.329 I
TF
CGBo 0 0 o
Junction capacitances parameters
or 1 1.121 IE
nm
Crsw 0.2 0.248 L
Parameter Value Unit . X H
Flicker noise parameters
Vbop 1.8 V Kr 8.1le-24  6.8e-23 J
Con 8.443 JE, AF 1 1 _
pm V-m?
Winin 200 nm P 0.05794  0.4828 .
Lomin 180 nm Matching parameters
Ay 5 5 mV - pm
Ag 1 1 Yo - pm
Source and drain sheet resistance parameter
R.p 600 2386 u%
Width and length parameters
AW 39 54 nm
AL -76 -72 nm
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° [ ]
Sizing Summary
vdd
VDD
2 Map
M, | d My
) .
2l 4 S Bias
13
Map Name Value
Mg p————Fp— Vip
_ » - Vot VDD 1.8
Vips o2 ) I Ibl | 250.0E-9
Msp out C .
2y Mee =T Vi 17 Ib2 | 550.0E-9
6 7 = Vbl 1
M7y |———— My, Maa |—3—|[1|\/|3b Vb2 0.6
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 3.3E-6 | 940.0E-9 | 250.0E-9 | 3.500 | 2.5E-6 | 0.10 |-0.057|1.27| -0.045 | 0.105 | 96.7E-6 | 8.9E-6 |7.0E-6|13.3E-9| 0.65
Mib| n DP 3.3E-6 | 940.0E-9 | 250.0E-9 | 3.500 | 2.5E-6 | 0.10 |-0.057|1.27| -0.045 | 0.105 | 96.7E-6 | 8.9E-6 |7.0E-6|13.3E-9| 0.65
M2a| p CM 1.3E-6 | 5.9E-6 | 1.1E-6 | 0.215 | 37.2E-9(29.55|0.298 [1.31| 0.228 | 0.300 | 1.4E-6 | 7.1E-6 |5.5E-6| 9.4E-9 | 0.83
M2b| p CM | 630.0E-9| 5.9E-6 | 550.0E-9 | 0.108 | 18.6E-9 [29.55| 0.298 |1.31| 0.228 | 0.300 |719.4E-9| 3.6E-6 |2.7E-6| 4.7E-9 | 0.83
M2c| p CM | 630.0E-9| 5.9E-6 |550.0E-9 | 0.108 | 18.6E-9 [29.55| 0.298 |1.31| 0.228 | 0.300 |719.4E-9| 3.6E-6 |2.7E-6| 4.7E-9| 0.83
M3a| n CM | 200.0E-9 | 10.96-6 | 300.0E-9 | 0.018 | 13.1E-9 [22.93| 0.261 |1.27| 0.205 | 0.269 |505.6E-9| 2.2E-6 [1.7E-6| 1.4E-9| 0.81
M3b| n CM | 200.0E-9 | 10.9E-6 | 300.0E-9 | 0.018 | 13.1E-9[22.93| 0.261 |1.27| 0.205 | 0.269 |505.6E-9| 2.2E-6 [1.7E-6| 1.4E-9 | 0.81
M4a| p CA 9.9E-6 | 570.0E-9 | 300.0E-9 | 17.333 | 3.0E-6 | 0.10 |-0.057|1.31| -0.044 | 0.105 |116.0E-6|10.6E-6|8.1E-6|26.3E-9| 0.67
Mab| p CA 9.9E-6 | 570.0E-9 | 300.0E-9 | 17.333 | 3.0E-6 | 0.10 |-0.057|1.31| -0.044 | 0.105 |116.0E-6|10.6E-6|8.1E-6|26.3E-9| 0.67
M5a| n CA 2.3E-6 | 540.0E-9 | 300.0E-9 | 4.204 | 3.0E-6 | 0.10 |-0.057|1.27| -0.045 | 0.105 |116.2E-6|10.6E-6|8.4E-6|27.8E-9| 0.65
M5b| n CA 2.3E-6 | 540.0E-9 | 300.0E-9 | 4.204 | 3.0E-6 | 0.10 |-0.057|1.27| -0.045 | 0.105 |116.2E-6|10.6E-6|8.4E-6|27.8E-9| 0.65
M7a| n CM | 200.0E-9| 8.2E-6 | 500.0E-9 | 0.025 | 17.5E-9 [28.50| 0.293 |1.27| 0.230 | 0.295 |678.1E-9| 3.3E-6 |2.6E-6| 3.1E-9| 0.81
M7b| n CM | 200.0E-9| 8.2E-6 | 500.0E-9 | 0.025 | 17.5E-9 [28.50| 0.293 |1.27| 0.230 | 0.295 |678.1E-9| 3.3E-6 |2.6E-6| 3.1E-9 | 0.81
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s

Large-signal Transfer Characteristic — Simulations oy

1.2

utO
Vg = 0.900 V

0.8 V, = 0.676 uV
' V,putmen > 1.000 V

outmax =

vV ~ 0.600 V

outmin =

vV ~ 040V

______________________________ swing =

————

|
(&)
|
N
|
w
|
N
|
N
[ )| I——
RN
N
w
AN
(@)
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s

Large-signal Transfer Characteristic — Simulations oy

1.0

Vop= 1.8V
V0= 0.772V
Vuig = 0.900 V
V.= 0.676 yV
V. ey = 0.958 V
V. = 0.588 V
Vaping = 0.37 V
A= 1.849e+05
A= 105.34 dB

08 =05 00 05 10

Via WV]
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Open-loop Gain Response

120
100F———~ —— Simulation

80¢ -==Theory

60
40

20¢
O:_ A= 103.2 dB (theory)

F| Ay = 105.3 dB (sim.)

~20H GBW= 1.1 GHz (theory)

|Avd| [d B]

-40H GBW= 1.1 GHz (sim.) S
_60 L i 1 1 1 I | i i 9

‘O PM= 85.1" (theory) E

o PM= 84.7° (sim.) :

(@)} i

() i

= i

-3 [ TTTTTTTTTTTTTTTTTTTTrTTTTTTrTTTTT 4

>

< i . \\

'“é; -135 [ —— Simulation Phase margin = 85 N

®© [ === Theory e

~180 o PV AR

10 10° 10 10° 10° 10" 10° 10° 10" 10
Frequency [HZz]
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Y mmn

Input-referred Noise PSD =

N -90
I [ Spintn = ~142.5 dBv/V Hz (theory)

-100F f, = 237.6 kHz (theory)
Re _
5 [
S, _1103 —— Total (sim.)
()] i --=Thermal (theory)
N -120 I
al [ icker (theory)
Q [ -—- Total (theory)
D =130
(@] |
Z [
+— =140
-} F :
= - !
—_— _1 50 [ 1 ] ] ] ] : N ]

10° 10" 10° 10° 10" 10° 10° 10" 10°

Frequency [HZz]
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Input-referred Noise PSD — White Noise

— —-130
N [
L :

_140_‘ /
= i 1
Q L T
3—150_
O E
) -160¢+
o I
o [
D -170¢
O :
_,Z_, —-180 k| Spin.tn = -142.5 dBv/V Hz (theory)
g. [ | Spin,tn = -142.7 dBv/V Hz (sim.)
5_190-0 |1 |2 |3 |4 |5 5 |7

10 10 10 10 10 10 10 10 10

Frequency [HZ]

8

quarto

s
Ju pyte‘r
e’

M1a-M1b
M2a-M2b-M2c
M3a-M3b
M4a-M4b
M5a-M5b
Total (sim.)
Total (theory)
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Input-referred Noise PSD - Flicker Noise

Hz]

L L0 L
2 W N DO
S & o o oo

-150
-160F
-170¢F
-180}
= 190"

nput Noise PSD [dBv/

10

10

10° 10° 10 10

Frequency [HZz]

quarto

_
Ju pyte‘r
e’

M1a-M1b
M2a-M2b
M3a-M3b
M4a-M4b
M5a-M5b
Total (sim.)
Total (theory)
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Input-referred Noise PSD - Total Noise

Hz]

Input Noise PSD [dBv/

Lo
W N = O ©
o O O O O
TrrrrrTrTTrT T T T T T

~140}
-150}
-160F
-170}
-180}

-190" s
10° 10 10" 10

100 100 10° 10
Frequency [HZ]

quarto

s
Ju pyte‘r
e’

M1a-M1b (total)
M2a-M2b-M2c (total)
M3a-M3b (total)
M4a-M4b (total)
M5a-M5b (total)
Total

Total (theory)
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The Folded Cascode OTA
s
Step Response
e’
12 350
10— —————————— 300 R =
s Ayl S0l |
E ol ; E 250 i
E V,,= 0.900 V 3200F 4 V.= 0.900 V
S° gl Vyug = 0.900 V SO i/ Vyutq = 0.900 V
< AV,,= 10 mV < 150} [ AV, = 300 mV
5 af = i
> 4 > 100F | 4
< — Input < # —— Input
2 ---  Output (Theory) 50F } -—-- Output (Theory)
—— Output (Sim.) ,I —— Output (Sim.)
8001 02 0304 05 06 07 0.8 09 1.0 1.4 0 0.2 0.4 0.6 0.8 1.0
Time [us] Time [us]
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Monte Carlo Simulation of Offset Voltage (open-loop) ==

882m 884m 886m 888m 890m 892m 894m 896m 898m 908m 910m 912m 914m 916m 918m

e

————

= Monte Carlo simulation of V,, versus V;,, for 1000 runs in open-loop mode

= The standard deviation of I/, is about 3.56 mV which is slightly smaller than the
dispersion simulation giving 3.72 mV and close to the 3.65 mV theoretical prediction
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Monte Carlo Simulation of Offset Voltage (closed-loop)

320m 360m 400m 440m 480m 520m 560m 600m 640m 680m 720m 760m 800m 840m 880m 920m 960m 1 1.04 1.08 112 116 1.2 1.24 1.28 1.32 1.36

Rf=1 Q

= The standard deviation of V. is about 3.62 mV which is consistent with the dispersion
simulation giving 3.72 mV and close to the 3.65 mV theoretical prediction
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Monte Carlo Simulation of Offset Voltage

320m 360m 400m 440m 480m 520m 560m 600m 640m 680m 720m 760m 800m 840m 880m 920m 960m 1 1.04 1.08 112 1.16 1.2 1.24 1.28 1.32 1.36

Contribution of M, (M,,) only

(contribution of DP must be multiplied by v2)

Contribution of M,_ (M) only

(contribution of CM must be multiplied by v2)

Contribution of M5, (M) only

(contribution of CM must be multiplied by v2)

Jupyter

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