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1 Introduction
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a) Msa-M;, in common substrate. b) Ma-M;; in separate well.

Figure 1.1: Schematic of the simple differential OTA.

1 Note

Note that all nMOS transistors in Figure 1.1 have an odd number and all the pMOS transistors
an even number which explains the numbering process.

This notebook presents the analysis, design and simulation of the simple 5 transistors OTA presented
in Figure 1.1. We can distinguish the case where Mj,-Mjy, are in the common substrate (Figure 1.1
a) and the case where Mi,-My}, are in a separate well (Figure 1.1 b). We will see below that in fully
differential mode the effects of the source transconductances on the common substrate schematic are
actually canceled. The design phase is using the sEKV model and the inversion coefficient approach

1], [2], [3].

The simple OTA is the simplest single-stage differential OTA having the dominant pole set by the load
capacitance. We will see below that in differential mode the effects of the source transconductances
on the common source node voltage are actually canceled. In order to minimize the Vgg voltage of
M;i,-Myy, we have chosen to put My,-Miy, in a separate well at the cost of a larger area.

We will start with a detailed analysis of the OTA which will allow to derive all the design equations
that will be used in the design phase. The OTA is then designed for a given set of specifications for a
generic 180 nm bulk CMOS technology. The design is then validated by simulations with ngspice [4]
using the EKV 2.6 compact model [5] [6] [7] with parameters corresponding to a generic 180 nm bulk
CMOS technology [8] [9].

We now start with the small-signal analysis.

This notebook presents the design of the simple differential OTA shown in Figure 1.1. We can
distinguish the case where M1,-M;, are in the common substrate (Figure 1.1 a) and the case where
Mi,-Mjy, are in a separate well (Figure 1.1 b). We will see below that in fully differential mode the
effects of the source transconductances on the common substrate schematic are actually canceled.

We will design the circuit with M1,-Mj}, in a separate well for the specifications given below. In this
example, we don’t give any specification on the slew-rate (SR). However the sew-rate specification can
determine a bias current that is way above the one derived in this example ignoring the SR. If the SR
is too high, we can move to adaptive biasing OTAs.

© C. Enz Fundamentals of Analog VLSI Design 12.11.2025
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2 Analysis

2.1 Large-signal Analysis

2.1.1 Voltage Transfer Characteristic

Since there are two input terminals, several large-signal voltage transfer characteristics can be derived.
In many situations, one of the two input terminals will be maintained at a constant common mode
voltage (typically Vpp/2) while the other is connected to some feedback network. If for example the
negative input is set constant, at for example the middle of the supply voltage Vpp/2, the positive
input can be swept from ground to Vpp. The output voltage will change from ground to Vpp as well.
The amplifier will provide some gain for V;, ranging close to V;,—. Outside this high gain region, the
output voltage will saturate either to Vpp for Vj,+ larger than V;,_, or to 0 for Vj,;+ smaller than
Vin—. Under the above conditions, the maximum output voltage Vous maz in the linear range is limited
by My, going out of saturation

‘/out,max = Vpp — VSDsath- (21)

On the other hand, the minimum output voltage Vus min of the linear range is limited by M;iy, going
out of saturation and depends linearly on the common-mode voltage set on V;,_ according to

V;mt,min = VDSsatlb - VGSlb + Vvinf- (22)

If My, is biased in weak inversion then Vpgsei1p = 4Up = 100 mV. The value of Vg1, depends wether
Mi,-M1}, are in a separate well or are in the common substrate. The gate-to-source voltage of a
transistor can be expressed from the pinch-off voltage given by

|
Vp — Vg & % — Vs, (2.3)

from which we get
Vo = Vro +nVs +nUr (v, — vs) (2.4)

where the normalized saturation voltage v, — v, can be expressed in terms of the inversion coefficient
as

vp— vy =In (VAIC+1 1) + VAIC+1—1~In(2). (2.5)
The gate-to-source voltage is then given by

VGS = VTO+ (n— 1) VS+TLUT (’Up —US). (26)

vp — Vs is equal to zero for /C' = 0.608 and the normalized saturation voltage v, — v, for IC = 0.1 is
equal to -2.207 times n Up. So in the lower part of moderate inversion and upper part of weak inversion
we can approximate v, — vs = 0 and the gate-to-source voltage can be approximated by

Vas 2 Vg + (n—1) Vs. (2.7)

In case the transistor is in a separate well then Vg = 0, the gate-to-source voltage can simply be
approximated by the threshold voltage

Vas = V. (2.8)

In case the transistor is in the common substrate, we need to know the source voltage Vg to estimate
the gate-to-source voltage according to (2.7).
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2.1.1.1 My,-My, in a separate well:

In the case M1,-Myy, are in a separate well, then Vg; = 0. If additionally, M1,-Mj}, are biased in weak
inversion then Vpgset1p = 4Ur and Viggipy = Vrgn- The minimum output voltage in the linear range is
then given by

Vout,min = 4UvT - VTOn + ‘/in—- (29)

As long as My, remains in saturation (i.e. for Vot < Vout,maz), the currents flowing in My, and My, are
imposed equal by the current mirror. When decreasing Vj,,+ and for V,,; below V,ut min, the current
in My, is equal to I/2 as long as M;j}, remains in saturation. The gate voltage of My}, is equal to
Vin— and the source voltage of M1, and My, follows Vj,+ with a shift of Vggia & Virpgn. Since the
current is imposed equal to I;/2 by the current mirror, the decrease of the source voltage increases
the gate-to-source voltage of My, which has to be compensated by a decrease of the drain-to-source
voltage, which is the only remaining degree of freedom in Mjp, to maintain the current constant at I, /2.
This decrease of the drain-to-source voltage of Miy, brings it in the linear region with a drain-to-source
voltage close to zero. In such condition, the output voltage is about equal to the source voltage which
decreases linearly with the positive input voltage

Vout 2 Vs = V(1) = Viny — Vasia = Viny — Vron. (2.10)

These considerations lead to the large-signal characteristic shown in Figure 2.1 which is obtained from
simulation in the case of a 0.18~um process with Vpp = 1.8 V.

M,;,-M,, in separate well

1.8
M,,-M,,, in separate i
1.6 well (/;r(

Vout —

—
N
LA O O

Vile)’ 3

Figure 2.1: Large-signal Vi, versus V;,+ voltage transfer characteristic for various values of the negative
input Vj,— (M1,-Myy, in separate well).

2.1.1.2 M;,-My, in the common substrate:

In the case M1,-Mjp, are in the common substrate, the gate-to-source voltage of My, will depend on
the source voltage Vg. For M1,-Mj}, biased in weak inversion we have

Vasiy = Vron + (n1p — 1) Vs. (2.11)
The source voltage is also given by

Vs = —Vasib + Vin— = —Vron — (n1p — 1)Vs + Vin— (2.12)

© C. Enz Fundamentals of Analog VLSI Design 12.11.2025
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from which we can deduce Vg as
Vin— — Vron

Vs = 2.13
-~ (2.13)
The gate-to-source voltage of My, then writes
Vine = V1
Vasip = Vip— — ————100 (2.14)
N1y
Finally, the minimum output voltage is given by
N Vine — Vo
Vout,min = Vin— +4Ur — Vasiy, = men +4Ur. (2.15)
Below Vout min, the output voltage will decrease linearly with Vj,, with a slope 1/n1,
Vine =V,
Vout = Zint T ¥T0n (2.16)
Nia

This is confirmed by the simulations results shown in Figure 2.2.

M,,-M,, in common substrate
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Figure 2.2: Large-signal V,,; versus Vj,+ voltage transfer characteristic for various values of the negative
input Vi,— (M1,-Mjp, in common substrate).

2.1.2 Input Common Mode Voltage Range

The minimum common mode input voltage Vic min is given by the saturation limit of May,
Viemin = Vas1 + Vpssatap- (2.17)
The maximum common mode input voltage Vic maz is given by the limit of saturation of My,
Vie;mae = Vasia — Vpssatia — Vsaz + Vop = Vasia — 4Ur — Vsaz + Vpb. (2.18)

The gate-to-source voltage of M1, Vggs1 depends whether My,-Mjy, are in a separate well or in the
common substrate.

© C. Enz Fundamentals of Analog VLSI Design 12.11.2025



FExercise 8 7

2.1.2.1 My,-My,, in a separate well:

In the case M1,-Mjp, are biased in weak inversion and are in a separate well, Vgg1 = Vrgn, and the
common mode input voltage limits are given by

‘/ic,min = VTOn + VDSsat3b (219)
‘/ic,maz = VTOn - 4UT - VSG2 + VDD- (220)

The common mode input voltage range AVj. is then given by
AV;C = V%c,max - V;c,min = VDD - VSGZ - 4UTT - VDSsat3b- (221)

Equation (2.21) shows that although it is appropriate to bias Ma,-Moy, and Ms,-Mgy, in strong inversion,
choosing a too large saturation voltage will reduce the available common mode input range.

2.1.2.2 M1,-My, in a common substrate:

In the case M1,-Mjy, are biased in weak inversion and are in a common substrate, the gate-to-source
voltage of My is given by

Vast = Vron + (n1 — 1) - Vs (2.22)
For Vie = Viemin, Vs = Vpssat3p and
Viemin = Vas1 + Vpssatzs = Vron + (01 — 1)Vpssazb + Vbssatzs = Vron + 11 VDssat3b- (2.23)
The source voltage for Vi. = Vic maz is equal to
Vs = Viemaz — Vast = Viemaz — Vron — (n1 —1)Vs (2.24)
and hence Vi Vi
Vs & Semet (2.25)

Replacing in (2.22) results in
‘/ic,ma:c - VTOn

Vest = Viemaz — (2.26)
ni
and finally
Vie;maz = 11 (Vbp — Vsga — 4Ur) + Vipon. (2.27)
Finally, the common mode input voltage range AV;. is given by
AV, S ic,max ‘/ic,min = nl(VDD — Vsge — 4Ur — VDSsatSb)- (228)

From (2.21) and (2.28), we see that having M1,-M;j}, in the common substrate gives a common mode
input voltage range ny larger than having them in a separate well. Since the upper limit is identical, it
comes from the fact that the slope of the output voltage versus Vj,+ is 1/n; which is slightly smaller
than 1.

2.1.3 Slew-Rate

Assuming that the differential pair is biased in weak inversion, when the magnitude of the differential
voltage becomes larger than about 4Ur, the magnitude of the output current saturates to I,. The
OTA then behaves like a current source of value I, loaded by the load capacitance Cj,. The rate of
voltage change across the load capacitance is therefore limited to a maximum given by

dVout I

= —. 2.29
dt maz  CL ( )

Iout
Cr,

SR £

max

For a given load capacitance and a given available transient time, (2.29) often determines the minimum
required bias current.

© C. Enz Fundamentals of Analog VLSI Design 12.11.2025
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2.2 Small-signal analysis

The small-signal schematic corresponding to the schematics of Figure 1.1 are shown in Figure 2.3.

1 1
_?mza ?dﬂﬂ_ﬂz __Gaszn Guray- AV __Gn-.zs ___Gdﬂj_cz __'G:lszb Gran- A Ve
VAR A
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= = = =
? Gustb ? Gustp
-] L] o— -+
_ Grmsta AV | GrsiAVy AVg1a i AVaip
Vine=AVa1a av;|¥6,  ==C Vi-=AVors Vies AV, |EG =G Vir
L 1
a) M1a-M1b in common substrate. b) M1a-M1b in separate well.

Figure 2.3: Small-signal schematic of the simple OTA.
In the case M1,-Mjp are in the common substrate (left figure), we can recognize the source transcon-
ductances in Figure 2.3 which are controlled by the common voltage at the source AVj.

We now first look at the operation in differential mode.

2.2.1 Differential mode

In order to derive the differential transadmittance, we first will simplify the small-signal schematic of
Figure 2.3 by considering that the output conductances are much smaller than the transconductances
Gys € Gy < Gy for all transistors. This leads to the simplified small-signal schematics shown in
Figure 2.4.

le?ﬂ C; Gmzn A Vs l m2a | Cz X Gman AV

—|_ ’qut T foul
Gm1a'AVG1% % e %Gmlb‘.&v(;w_l_ rn‘la AV(m% Gm‘lb '\VG'HJ—
Gmg1aAVs 1 Gms1o-AV4 o AVGH AVG‘H}

Vin+=4‘3l VG‘Ial l% G] T CI l‘./in_=ﬁl|/|31b Mm‘l ﬂV]l

a) Miz-M4y, in common substrate. b) Mia-Msy in separate well.

ALK
LALLL

Gy % Cy l Vin-

Figure 2.4: Simplified small-signal schematic.

The differential transadmittance is defined as

Iout
Vg 2 224 2.30
T Vi (2:30)

where Vg £ Vin+ — Vin— is the input differential voltage and I,,; the output current. Note that
in the small-signal schematic, the output node has been connected to the ac ground. The output
conductance of transistor Moy, Ggsop is then grounded and can therefore be neglected. Also, the output
conductance of transistor Mo, Ggso, is in parallel with its transconductance G2, and since usually
Gasza € Gmoa, it can also be neglected. Assuming a perfect matching, i.e. Gy = Gmie = Gmi,
Gimsth = Gmsia = Gmst and Gop = Gmaa = Gma, the differential transadmittance is then given by
1+ s79/2 o 1+ s/(2ws)

Ymd = Gmli = Umil

2.31
14 sm 1+8/WQ ( )
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where 75 = 1/wy = Cy/G 2 is the time constant introduced by the current mirror Ma,-May, due to
the parasitic capacitance Cy at node 2. Note that (2.31) is valid for both M1,-Miy, in a separate well
and in a common substrate. This is due to the fact that in differential mode and assuming a perfect
matching, the common source node 1 does not change and can be considered as an ac ground. This
means that AV; = 0 and hence the two small-signal circuits on the left and right of Figure 2.4 become
identical.

The magnitude of Y,,,4 normalized to the low-frequency value G,,; is plotted versus the frequency in
Figure 2.5.

20 10g(Y gm/Gim1)
[dB]
A

Y o 2m2
0 ! I
both onty
right
branches
. branch
active .
6 active

Figure 2.5: Magnitude of the transadmittance Y;,4 normalized to GG,,; versus the frequency.

A transfer function like (2.31) is called a pole-zero doublet. This means that the zero, situated at twice
the value of the pole, is canceling the effect of the pole at frequencies above the zero. For w < ws, both
current branches of the differential pair are active. On the other hand, for wy < w, the voltage at node
2 is low-pass filtered and ac grounded and therefore the small-signal current coming from transistor
Mj, is not copied to the output anymore. The output current is hence only coming from transistor
My, resulting in half the low-frequency transconductance corresponding to the -6 dB asymptote shown
in Figure 2.5.

The differential mode open-loop voltage transfer function A,q is simply given by

AVoy
Avd = Vi é = I'md ZL (232)

where Zp, is the output load. In the case the output load is only capacitive we then have
Y, 21/Z, =Gy +5C, (2.33)
where (G, is the total conductance at the output node G, = Ggs1p + Ggsop- This results in

_ G 1+45/(2uws) _ 1+ 5/(2ws)
~ Go+80L 1+ s/wy 1+ s/wo)(1 + s/ws)

Apa (2.34)

A2

where Ag. = Gp1 /G, is the DC gain, w, LG, /C'r, the dominant pole set by the load capacitance Cf,
and ws = Gyma /C4 the non-dominant due to the parasitic capacitance at the current mirror node 2.
The Bode plot of the small-signal differential voltage transfer function is shown in Figure 2.6.

Assuming that the non-dominant pole wy is much higher than the unity gain frequency w,,, the latter
is then given by

G G G
Wy de * WO Go CL CL ( )
Note that the phase reaches a minimum for w = v/2 ws
S —g +arctg(v2/2) — arctg(v/2) = —109.5°. (2.36)

© C. Enz Fundamentals of Analog VLSI Design 12.11.2025
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Figure 2.6: Magnitude and phase of the open-loop voltage differential gain A,4 normalized to G,
versus the frequency.

2.2.2 Common mode

In common mode, the differential voltage is zero V;4 = 0 and both inputs are controlled by the common
mode voltage V;.. The common mode transadmittance Y, is defined as

I 82717'2 32/(w1w2)
Y222 — _q, -G, 2.37
Vi YA+ sm)(1+ s72) Y1+ s/w) (1 + s/ws) (2.37)

where 11 corresponds to the time constant of the common source node 1 of the differential pair given

by

1 Ch
T = — =
! w1 2Gm1

(2.38)

for My,-Mjyy, in a separate well and

1 Ch Cy
Tl = — = =
wi  2Gps1 2mGma
for M1,-Miy, in a common substrate. 75 corresponds to the time constant of the current mirror node 2
and is given by

(2.39)

1 A 02
7'2:—:7

. 2.4
w2 G2 (240)

From (2.37) we see that Y;,,. is zero at low frequency. Note that it is actually limited by the conductance
at node 1 GG; and the mismatch in the differential pair and the current mirror. At high frequency
(i.e. w > wy and w > wy), nodes 1 and 2 are ac grounded and the output current is directly provided
by My, so that Y,,. becomes equal to —G,,1.

The common-mode rejection ratio (CMMR) is then given by

a Yma  (I+sm)(I+sm/2) (14 s/wi)(l+s/(2w2)
CMRR & J = e - o) : (2.41)

which, assuming a perfect matching, is ideally infinite at low frequency and degrades for increasing
frequency to reach -6dB at high frequency.
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2.3 Noise Analysis

In order to calculate the noise output current I,,4,, the input terminals are grounded. The small-signal
equivalent circuit including the noise sources of all the transistors are shown in Figure 2.7.

nZa -|ln2 Gm2b'AV2 AL i_:‘: nZE Jrn2 szb.av&
i 2|3 L
I[ncnul: "-nuut
n1a .I"M GrmiaAVoiag n'la J’n1 Gm1b'.f\VG]bl
Gz AV, I? -

Inza+han AVisia hha*han AVisip

G, 3 AV | Gy &
1

L

i

ARAAL

a) M1a-M1b in common substrate. b) M1a-M1b in separate well.

Figure 2.7: Simplified small-signal noise schematic. a) My,-Mjp, in common substrate. b) My,-Myy, in
separate well.

The left schematic corresponds to M1,-Mjyp, in a separate well whereas the right schematic corresponds
to all N-channel transistors in the same substrate. Note that all the output conductances have been
neglected. Since we want to calculate the noise at low-frequency (meaning for w < wq), we can neglect
the parasitic capacitances C1 and Cs. If a perfect symmetry is assumed, then the two currents generated
by transconductances G,,14 and Gyu1p, or Gisie and Gis1p in the above schematic are equal. If the
current mirror is also assumed symmetrical, then the current coming from M;j, is mirrored at the output
and compensated by the current coming directly from M;j},. Therefore, the transconductances G,14
and G,,1p (respectively Gis1a and Gi,s1p) have no effect on the output current. They can therefore be
neglected. Assuming again perfect symmetry, the noise currents I3, and I3, coming from transistors
Ms, and Mgy, split equally between the two branches and produce no net current at the output neither.
They can therefore also be neglected. Finally, the output noise current is simply given by

Inout = Inla — Inlb - In2a + In2b- (242)

This means that the transfer functions at low-frequency from each of the noise sources to the output
current is simply equal to £1. Note that the sign is of no importance since for noise we are only
interested by the square of the magnitude of the transfer functions.

The power spectral density (PSD) of the output noise current is then given by

Snout(f) = 4KT - Gnout(f)v (2-43)
with
Gnout(f) = Gnla(f) + Gnlb(f) + GnQa(f) + GnQb(f) = 2(Gn1 (f) + GnQ(f)) (244)

The noise conductances G;(f) with ¢ = 1,2, are frequency dependent since they include both the
thermal and the 1/f noise. They are given by

p;
Gri(f) = Yni - Gmi + G2, - WIF L 7 (2.45)
for i = 1,2 where p1 = p, and p2 = p, and
L in weak inversion
Vni = {22 . o (2.46)
3 M In strong inversion.
The noise can be referred to the differential input by dividing G by G2, resulting in
G
Ryin(f) £ “57 = Rt + Ry (f) (247)

- 2
Gml
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where R,; is the part of the input-referred noise resistance corresponding to the thermal noise

Tnl Gm2 2’Ynl
R, —9 _ (1 2.48
nt (Gml + Tn2 G3n1> Gml ( + nth)a ( )
where o
T2 Gm2
= ——" 2.49
Tth Tnl Gml ( )

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

The flicker noise resistance R, ¢(f) is the part corresponding to the 1/f noise

Pn Gm2 2 Pp 2pn
R p(f) =2 +< ) - 1+ 7p). 2.50
1) [W1L1f Gm1 W2L2f1 Wil f (+ 1) (2:50)
where )
Gm2\~ pp Wil
_ P 2.51
st (Gm1> pn Walo (2:51)

represents the contribution to the input-referred flicker noise of the current mirror relative to the
differential pair.

In the same way a noise excess factor 7, has been defined for a single transistor, a thermal noise excess
factor can also be defined for the complete OTA as

Gnout,thermal)

Gm

where G, = Gy is the OTA differential transconductance. The total input-referred thermal noise
resistance then writes

Yota £ G - Ry = = 2'7711 : (1 + nth) (2'52)

Yota
R, = .
nt Gm )

(2.53)

The minimum value of the OTA noise excess factor is equal to that of the differential pair only, namely
Yota,min = 27n1. In order to limit the contribution of the current mirror to a minimum, the second
term in the bracket of (2.52) should be made much smaller than one. This can be achieved by setting
the transconductance ratio G,2/Gpm1 < 1. This can be done by biasing Mj,-Mjp, in weak inversion
and M2-Mjyy}, in strong inversion, respectively. Replacing G,,2/Gm1 by

Gmg . 2n1UT . anUT ~ 2n1UT (2 54)
Gm1  n2Vpssatz  n2Vee Va2 — Vriop '
results in
Y2 2mUr 8no Ur
=2 1+———|=m |1+ =], 2.55
Tota = =it ( 1 Vaz — VTOp) ' ( 3 Va2 = Vrop (2.55)

where v,1 = n1/2 and 7,2 = n22/3. The OTA thermal noise excess factor is therefore minimized
by setting the transconductance ratio Gp2/Gm1 < 1, which is realized easily if transistors Mi,-Myp
are biased in weak inversion and M2-Masy, in strong inversion and by choosing an overdrive voltage
Va2 — Vrop of M2-May, much larger than 8ng /3Ur = 4Ur where it has been assumed that ng = 3/2.

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

Ros(f) = Rt (2.56)
and is given by
Gm1 2pn,
= (14 . 2.57
fr So Wi (I +np) (2.57)

The corner frequency can be reduced by increasing Wi L; and Wy Lo at the same time to conserve
the same 7y; factor. Of course increasing the area of transistors M1 and M2 increases the parasitic
capacitance at node 2 and hence decreases the non-dominant pole ws.
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2.4 Input-referred offset voltage

Mismatch between the two transistors of the differential pair Mi,-Mjp, and of the current mirror
M2-Mpyy, causes some current to flow at the output even for a zero differential input voltage V;4 = 0.
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 (2.42) with

Inia = AéD L (2.58)
Ly = —M2D =, (2.59)
Ina = —MQD 2, (2.60)
Loy = +MQD2, (2.61)

and where Alp; and Alps are the current mismatch in the differential pair and in the current mirror,
respectively. The output current due to these current mismatches is then given by

Iout = Alp1 + Alps. (2.62)

Of course Alp; and Alps are random variables. The variance of the offset output current is then
given by

2 2 2 2 2 2
Olout = OAIp, T OAIp, = Iy - (UAlpl/IDl + UAID2/1D2> (2.63)
where
G 2
02A1D1/1D1 = 0%1 + ( }: ) UIQ/Tla (2.64)
G 2
2 2 2 2
OAIps/Ips = Op2 T ( ITZ ) ovr2- (2.65)
with
A2
2 B
i — 2.66
93i W;L;’ ( )
A2
2 _ VT
TVros = Wi.L; (2.67)

for i =1,2. Ag (usually given in %-pum) and Ay7 (usually given in mV-um) are the § and threshold
matching parameters for the process to be used.

The variance of the output offset current then writes

Otout = 1f - (01231 + 0?32) + Gy 0pr1 + Gong O (2.68)

The variance of the input-referred offset voltage is obtained by dividing the variance of the output
offset current (2.68) by G2, resulting in

Ib 2 G 9 2
Oirgs = <Gm1> (U%I + ‘7[232) + <GZ1) ovry + Opr- (2.69)
which can be written as

0-12/05 = J‘2/T + U%? (2'70)
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where oy is the Vp-mismatch given by

where &y, represents the Vy-mismatch contribution to the input-referred offset of the current mirror
relative to that of the differential pair

2
Evp = (Gm2>2 Vs _ (Gm2>2. Ave, \* Wi Ly (2.72)
T \Gm/) oy, Gm1 Avp, ) Wala '

og is the f-mismatch given by

T 2
o3 = (G:ﬂ> 0% (1+ &), (2.73)

where {g represents the S-mismatch contributions to the input-referred offset of the current mirror
relative to that of the differential pair

o A 2 Wy L
B2 Bp 141
= 2 . . 2.74
56 0'%2 <A5n> W2 L2 ( )

From (2.73), we see that the contribution of the 5 mismatch to the input-referred offset voltage can
be minimized by choosing [,/Gp,1 as small as possible (or Gy,1/1}, as large as possible). This can
be done by biasing the transistors of the differential pair in weak inversion. Secondly, from (2.72)
we see that the contribution of the V7 mismatch of the current mirror {y;, an also be minimized by
setting Gma/Gm1 < 1. Since M, and Mg, (Miy, and Moy) share the same bias current Ipy = Ipe = Iy,
this can only be done by biasing the current mirror Mo,-Moy, in strong inversion. In this case, the
transconductances of M; and My are then given by G,,1 = I/ (n1Ur) and G = 21/ (n2Vpgsar2) with
Vbssat = Vpo, leading to

Grn2  2mUp  2mUr _  2mUp
Gmi  n2Vpssaz  n2Vpa Va2 — Virop

(2.75)

The overdrive voltage of Ma,-May, Vg2 — Vo, has therefore to be chosen much larger than 2n,Ur.
However, the overdrive voltage Vg2 — Vo, cannot be made too large since it will lead to a large Vsga
voltage that, for a given input common mode voltage, will push M;, out of saturation.
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3 Design

3.1 Specifications

The OTA specifications are given in Table 3.1.

15

i Note

The specifications given in Table 3.1 are simplified specifications. They are mainly targeting
the achievement of a certain gain-bandwidth product GBW and DC gain at lowest current
consumption. The GBW sets the differential pair transconductance while the DC gain sets the
output conductance. There is an additional specification on the random input-referred offset
voltage which, if not met, might eventually require to increase the transistors area. There are
no specifications on thermal noise since the transconductance is set by the GBW. There are no
specifications on the flicker noise but if the corner frequency was set lower this would required to
increase the transistors area. There are also no specifications on the slew-rate, which might be
small because of the low-power objective. Finally, there are many more specifications such as
CMRR, PSRR, input common-mode voltage range, output-voltage swing, etc... that are not
discussed in this example.

Table 3.1: OTA specifications.

Specification Symbol Value Unit
Minimum DC gain Age 60 dB
Minimum gain-bandwidth product GBW 10 MHz
Load capacitance Cr 0.1 pF
Maximum input-referred offset voltage Vis max 4 mV

3.2 Process

We will design the simple OTA for a generic 180nm bulk CMOS process. The physical parameters are
given in Table 3.2, the global process parameters in Table 3.3 and finally the MOSFET parameters in

Table 3.4.

Table 3.2: Physical parameters

Parameter Value Unit

T 300 K
Ur 25.875 mV
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Table 3.3: Global process parameters

Parameter

Unit

\%

fF
wm?
nm

nm

Table 3.4: Transistor process parameters

Parameter NMOS PMOS Unit
sEKV parameters
n 1.27 1.31 -
Ispec 715 173 nA
Viro 0.455 0.445 \%4
Lot 26 36 nm
A 20 20 o
Overlap capacitances parameters
Cepo 0.366  0.329 £
Caso 0.366  0.329 I
CeBo 0 0 £
Junction capacitances parameters
Cy 1 1.121 L
Cjrsw 0.2 0.248 um
Flicker noise parameters
Kr 8.1e-24  6.8e-23 J
AF 1 1 -
p 0.05794 0.4828 Vo
Matching parameters
Ayt 5 5 mV - um
Ag 1 1 % s pum
Source and drain sheet resistance parameter
Ry 600 2386 o
Width and length parameters
AW 39 54 nm
AL -76 =72 nm

3.3 Design procedure

16

| Important

For this process, the transistor dimensions are rounded to 10nm. We also will ignore the length
and width reduction parameters DL and DW. The main reason is that most of the transistor
length and width are sufficiently large that ignoring these parameters has little impact.

3.3.1 Sizing of M,-My,

Mi,-My, are biased in weak inversion in order to

© C. Enz
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o maximize the G,,/Ip ratio and
e minimize the input-referred offset.

They are sized according to the specification on the GBW and the load capacitance and the required

slew-rate. Recalling that
Gml

27rCout ’
where G,,1 is the gate transconductance of M1,-My, and Cy,; is the total output capacitance which
includes the parasitic capacitance and the load capacitance Cy,. Since we do not yet know the sizes of

M;j, and My}, we cannot estimate the total output capacitance. We will start assuming C,,: = Cf.
G is then set by the GBW as

GBW =

(3.1)

G = 21 GBW (L. (3.2)

This gives a required transconductance Gp,1 = 6.283 pA/V. The minimum current to achieve this
transcondcutance is obtained in weak inversion where G, is given by

Iy

Gl = —— 3.3
ml 7’LUT ) ( )

resulting in a minimum bias current given by
Iy min = 2w no, Ur Cr, GBW. (3.4)

For the given specifications we get Ij ;i = 207 nA. In order to achieve the high gain-bandwidth
product, we have to be particularly careful about the parasitic capacitances at the output and current
mirror. Setting the inversion coefficient of Mj,-Mjp, too low will lead to a large transistor and hence
a large capacitance at the drain of My, which adds to the load capacitance. We will choose to bias
Mj,-Mjp in moderate iversion with ICy = 1.0. This gives a normalized G, nUr/Ip = 0.618 and I, =
334 nA.

The corresponding slew-rate is then equal to SR = 3.344 V/us which we will consider as sufficient.

! Important

If the slew-rate is not sufficient, the bias current I should be increased resulting in a higher
current and power consumption. Other options include the use of a class AB OTA [10] or a
dynamic/adaptive biasing OTA [11].

To have some margin to account for the additional parasitic capacitance at the output due to the
junction capacitances that add to the load capacitance Cf, we set I, = 350 nA and the inversion
coefficient to IC7 = 1.0. The transconductance can be calculated from the G,,/Ip function as Gy, =
6.576 nA/V. This leads to a gain-bandwidth product GBW = 10.5 M H z, which is slightly higher
than the target specification offering some margin.

Knowing the drain current Ip; and the inversion coefficient, we can calculate the W/L aspect ratio for
Mia-Mip as Wi /Ly = 0.490. The degree of freedom left (W5 or L;) can be determined by constraints
either on the DC gain, the offset voltage or the flicker noise. In this example we will set a minimum

DC gain. The latter is given by
Gml

Go
where G, = Ggs1p + Gasap is the small-signal conductance to the AC ground at the output node. The
output conductances are estimated with the following simple model

Adc =

(3.5)

Ipi
Gisi = — 3.6
dsi VMz ( )
with Vs, = As - L. Note that this model of the output conductance is only a very rough approximation
and the gain should therefore be checked by simulation. Some margin can be taken to ensure a sufficient

DC gain.
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A good trade-off for the output conductance is to split the output conductance G, eually between
My, and Map, Gasip = Gasap = Go/2 or since M1,-May, share the same bias current Vi1, = Vagop. The
minimum length of M1,-Mjy, is then given by L; = 5.32 pum, which gives a width W; = 2.60 pum.

3.3.2 Sizing of M3,-M3,

The sizing of Mg3,-Mjsy, is conditioned by the minimum common-mode input voltage Vicmin to be
handled according to

‘/ic,min = Vas1 + Vbssats- (37)

Because long-channel nMOS transistors have a small threshold voltage in this technology, the minimum
common-mode input voltage Vjc min can be low. If we choose an inversion coefficient for M3,-Ms;, equal
to IC3 = 20, we get Vpgsars = 2564 mV and Vicmin = 733 mV, which is low enough. We then get the
specific current Igpe.3 = 14.300 pA and aspect ratio W3/Lg = 0.049. Since this W/L is rather small,
we need to set W3 = Wiy, = 200 nm, and calculate the length L3z = 4.09 um.

We can now size the current mirror Ms,-Moy,.

3.3.3 Sizing of M5,-My,

The gate voltage of Ms, should be set as low as possible for a given maximum common mode input
voltage still keeping Mj, in saturation. For a maximum input common-mode voltage Vjcmaz, the
source-to-gate voltage of Mo, Vsgaq is given by

VSGQa = VDD - V;cmaa: + VGSla - VDSsatla- (38)

The saturation voltage of M1,-Myp, only depends on ICy. For the chosen ICy; = 1.0 it is given by
Vbssatla = 116 mV.

The gate-to-source voltage Vg1, is given by
Vasia = Vron + (non — 1) V1 + nop Ur (v — vs). (3.9)

In this design we have chosen to put Mj,-Myy, in a separate well, hence Vg1 = 0 and Vizg1, reduces
to
Vasta = Vron + non Ur (Up - Us)a (310)

where v, — vs can be estimated from the inversion coefficient IC;. For the chosen IC; = 1.0, this gives
Vas1 = 480 mV. Setting the maximum input common-mode voltage to Vicmaer = 1.3 V/, results in
Vsae = 864 mV', which corresponds to an inversion coeflicient 1Cy = 34.1.

Because Vggo also sets the quiescent output voltage, we could slightly increase Vggo so that the
quiescent output voltage is set at Vpp/2 = 0.9 V. Choosing Vgge = 900 mV, corresponds to an
inversion coefficient IC = 40.1 and a saturation voltage Vpgseta = 343 mV. The specific current
is then Igpeco = 8.74 nA, the aspect ratio Wa/Ls = 0.050 and the transconductance G, = 1.512
pA/V,

The length of Ms,-Msyy, is set by the dc gain similarly to the length of Mq,-Mjy, resulting in Ly = 5.32
pm from which we get its width Wy = 270 nm.

Since G2 may become small and the gate area of Msy,-Moy, large, we need to check whether the
non-dominant pole fp2 lies sufficiently high above the GBW to insure the desired phase margin. The
non-dominant pole is given by

Gm
Wy = 722 (3.11)
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where Cs is given by
Cy = 2(Cas2 + Capa) (3.12)

Assuming M, is in saturation, we have
Cas2 = Wa Lo Coy - Cgsi + CGSop - Wo (313)

where cg4; is the normalized intrinsic gate-to-source capacitance which is typically equal to 2/3 in
strong inversion and is proportionnal to /C' in weak inversion. The gate-to-bulk capacitance Cgps is
given by
Cap2 = Wy Ly Coy - cgpi + CaBop - Wo, (3.14)
where cgp; is the normalized gate-to-bulk intrinsic capacitance given by
n—1

Cgbi = n " Cgsi- (315)

The capacitance at node 2 scales with W5 and Lo according to

Cy =Cwry - Wo Ly + Cyy - Wo, (3.16)

with
Cwir=2Cy - (Cgsi + Cgbi)v (317)
Cw = 2(C'G'S'op + GGBop)- (318)

For the W5 and Ly chosen above, this results in Cgge = 7.50 fF, Cape = 1.11 fF, Cy = 17.21 fF
and finally f,o = 13.988 M Hz, which is to close to the specified GBW .

We therefore need to reduce ICy which will increase the G,,/Ip and since the current is set by the
bias current I, it will increase G,,2. If W5 is set to its minimum value W,,;,,, decreasing IC keeping
the same current, will increase the Wy /Lo. With W5 set, this leads to a decrease of Ly and hence a
decrease of Cy. The increase of Gy,2 and decrease of Cy leads to an increase of fp2, as required. We

can use the following script to find the required IC for having the non-dominant pole at 10 times the
GBW.

Running the optimizer results in an inversion coefficient ICy = 14.7, a transconductance G2 = 2.375
1A/ V, a transconductance ratio Gp,1/Gma = 2.769, an aspect ratio Wa /Lo = 0.138 and finally a width
and length W = 200 nm and Lo = 1.45 pm. As expected, the non-domiant pole is f,o = 100 M Hz
corresponding to the target ratio fp2/GBW = 10.

We see that IC5 has been increased, increasing Gy,2 and Wy /Lo for the given current I,,. Since Wo
hits Wi, the length Lo has been slightly increased, increasing Co at the same time to set fp2 at 10
times the GBW. Now, this has also increased Vgao

Vsae = 713 mV,
which reduces the maximum input common-mode voltage to
Viemaz = 1.451 V.

The sizing process is now finished. The resulting design is summarized in the next section.
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Figure 3.1: Length Ly and width Wy of Ma,-May, versus IC5 for a given fpo/GBW ratio.

3.4 Summary

3.4.1 Specifications

The specifications are recalled in Table 3.5.

3.4.2 Bias

Table 3.5: OTA specifications.

Specification Symbol Value Unit
Minimum DC gain Age 60 dB
Minimum gain-bandwidth product GBW 10 MHz
Load capacitance CL 0.1 pF
Maximum input-referred random offset voltage Vs max 4 mV
Phase margin PM 60 °

The bias information are summarized in Table 3.6.

Table 3.6: OTA bias.

Bias voltage or current Symbol Value Unit

Supply voltage Vbb 1.8 Vv
Bias current I 350 nA

3.4.3 Transistor information

The transistor sizes and large-signal variables are summarized in Table 3.7, whereas Table 3.8 gives the
small-signal and thermal noise parameters. An Excel table is generated with more information (e.g. all
the parasitic capacitances).
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Table 3.7: Transistor size and bias information.

21

Transistor W [um] L [um] Ip [nA] Igpec [RA] IC Vg —Vio [mV] Vpssar [mV]
Mla 2.60 5.32 350 349 1.0 15 116
M1b 2.60 5.32 350 349 1.0 15 116
M2a 0.20 1.45 350 24 14.7 157 224
M2b 0.20 1.45 350 24 14.7 157 224
M3a 0.20 4.09 700 35 20.0 191 254
M3b 0.20 4.09 700 35 20.0 191 254

Table 3.8: Transistor small-signal and thermal noise parameters.
Transistor  Gepee [HA/V]  Gms [HA/V]  Gp [pA/V]  Gas [RA/V] 7
Mla 13.505 8.356 6.573 3.289 0.717
M1b 13.505 8.356 6.573 3.289 0.717
M2a 0.923 3.101 2.375 12.066 0.821
M2b 0.923 3.101 2.375 12.066 0.821
M3a 1.351 5.408 4.254 8.557 0.805
M3b 1.351 5.408 4.254 8.557 0.805
© C. Enz Fundamentals of Analog VLSI Design 12.11.2025
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4 OTA Characteristics

In this section, we check whether the specs are achieved.

4.1 Open-loop gain

The calculated OTA features are given in Table 4.1.

Table 4.1: OTA gain variables.

Symbol Theoretical Value  Unit

Age 53 dB
G 6.573 wA/V
Gm2 2.375 wA/vV
fo 24.438 kHz
GBW 10.461 MH:z
fp2 110.282 MHz
fro 220.563 MHz

Warning

22

The slight differences between the value of fp2 calculated during the design process and the value

shown in Table 4.1 is due to the width and length rounding process.

Using the values given in Table 4.1, we can now plot the gain response shown in Figure 4.1.

4.2 Input-referred noise

We can now compute all the parameters needed for the calculation of the OTA thermal noise excess

factor and its input-referred thermal noise resistance. They are given in Table 4.2.

Table 4.2: OTA thermal noise parameters.

Symbol Theoretical Value Unit
Gm1 6.573 pA/V
Gma 2.375 pA/V

Grn1/Gm2 2.768 -
Ynl 0.717 -
Y2 0.821 -
e 0.414 -
R 308.316 EQ
Yota 2.026 -
Sinth 71.454 nV/VHz
10 - log(Shintn) -142.919 dBv/vHz
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Table 4.2: OTA thermal noise parameters.

Symbol Theoretical Value Unit

From Table 4.2, we see that 7y, = 0.414 and hence that the OTA thermal noise excess factor is
only slightly larger than that of the differential pair. This is due to the G,1/Gm2 ratio as shown in
Table 4.2.

We can now compute all the parameters needed for the calculation of the input-referred flicker noise
and the corner frequency. They are given in Table 4.3.

Table 4.3: OTA flicker noise parameters.

Symbol Theoretical Value Unit
(Gm1/Gma2)? 7.7 -
. i :
Wo Lo :
Nl 42.997 -
v/ Sningi(1 H2) 78.1 uV/VHz
10 - log(Spin1(1 Hz)) -82.1 dBv/vHz
I 1195 kHz

From Table 4.3, we see that Ma,-Mgp, contribute 42.997 times more than Mi,-Mjp,. This is coming
from the fact that W1 L1 is 48 times larger than W5 Lo and that p, is 8.3 times larger than p,. The
flicker noise will therefore be dominated by Mo,-Moy,.

We can plot the input-reffered noise which is shown in Figure 4.2.

4.3 Input-referred offset

The variance of the input-referred offset is given by (2.70) which is repeated below
U‘Q/OS = U%/T + J%, (4.1)
where oy is the Vy-mismatch given by
otr = ot - (L+Evp)- (4.2)

where &y, represents the Vy-mismatch contribution to the input-referred offset of the current mirror
relative to that of the differential pair

2
vy = (Gm)Q.U‘% _ (Gm2>2. Avy " Wiy (4.3)
T Gm1 O"Q/Tl Gmi Avy, Wy Lo
og is the S-mismatch given by
T 2
2 _ b 2
78 = (Gm1> o5 (L+Ep), 4

where {g represents the S-mismatch contributions to the input-referred offset of the current mirror
relative to that of the differential pair

o’ A5\ Wi L
fﬁ—gg_<,46p) ’WlLl’ (45)
03 Bn 2 L2
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Figure 4.1: OTA theoretical transfer function.
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Figure 4.2: OTA theoretical input-referred noise PSD.
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(4.6)

(4.7)

The parameter for calculating the standard deviation of the input-referred offset voltage are given in

Table 4.4.

Table 4.4: OTA input-referred offset parameters.

Symbol Theoretical Value Unit
ovT1 1.3444 mV
ovT2 9.28344 mV

081 0.268879 %
82 1.85669 %
Evr 6.22439 -
s 47.6829 -
ot 13.0574 mV?
ovp 3.6135 mV
ag 0.998046 mV?
og 0.999022 mV
OVos 3.749 mV

From Table 4.4, we see that the dominant contribution to the input-referred offset voltage is due to
the differential pair My,-Miy,. The resulting total input-referred offset voltage is oy o5 = 3.749 mV.

4.4 Current and power consumption

The total current consumption without accounting for the bias string Ms, is simply Iy = 2 I = 700

nA, resulting in power consumption P = Vpp - I;;s = 1.3 uW.
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5 Simulation results from ngspice

The theoretical results can be validated by comparing them to the results obtained from simulations
performed with ngspice. The cells below will run the simulations with ngspice. In order to run the
simulations you need to have ngspice installed. Please refer to the ngspice instructions.

i Note

The simulations are performed with ngspice [4] using the EKV 2.6 compact model [5] [12] [1].
For ngspice, we use the original Verilog-A implementation of EKV 2.6 [7] modified by C. Enz to
get the operating point informations and available on the Gitub va-models site provided by D.
Warning at [6] [13]. The Verilog-A code was then compiled with OpenVAF [14] to generate the
OSDI for running it with ngspice. The parameters correspond to a generic 180 nm bulk CMOS
process [8].

5.1 Operating point

We first write the parameter file for this specific design for running the ngspice simulations. Before
running the AC and NOISE simulations, we first need to check the quiescent voltages and currents and
the operating points of all transistors by running an .OP simulation. The node voltages are extracted
from the .ic file and presented in Table 5.1.

Table 5.1: OTA node voltages with the OTA in open-loop without offset correction.

Node Voltage

vdd 1.8
inp 0.9
inn 0.9

id 0

ic 0.9
out 1.087

1 0.419764

2 1.087

3 0.752329

From Table 5.1, we see that the ouput voltage Vg = 1087 mV of the open-loop circuit is close to the
input common mode voltage V;. = Vpp/2 = 900 mV. Since the operating point is in the high gain
region, we don’t need to impose an offset voltage to bring the output voltage in the high gain region.

The operating point information for all transistors coming from the EKV2.6 compact model are
extracted from the ngspice .op.dat file. The data is split into the large-signal operating informations
presented in Table 5.2, the small-signal operating point informations shown in Table 5.3 and the noise
operating point informations in Table 5.4.
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Table 5.2: Large-signal operating point information extracted from ngspice .op file for each transistor.

Transistor Ip [nA] Igpec [RA] IC [-] n[-] Vbssat [MV]
Mla 349.0 351.6 0.993 1.27 155
M1b 349.0 351.6 0.993 1.27 155
M2a 349.0 28.4 12.406 1.31 286
M2b 349.0 28.4 12.406 1.31 286
M3a 700.0 37.6 18.681 1.27 327
M3b 697.9 37.5 18.669 1.27 327

Table 5.3: Small-signal operating point information extracted from ngspice .op file for each transistor.

Transistor Gy, [WA/V]  Gps [BA/V]  Gas [RA]V]
Mla 6.455 8.313 2.566
Mi1b 6.455 8.313 2.566
M2a 2.456 3.308 5.544
M2b 2.456 3.308 5.544
M3a 4.222 0.441 4.881
M3b 4.208 5.427 8.822

Table 5.4: Noise operating point information extracted from ngspice .op file for each transistor.

Transistor R, [kQ] \/Sipsm RA/NHz n [-]  /Sip.pi at 1Hz [nA/vVHz|
Mila 114.185 43.506 0.737 8317.76
M1b 114.185 43.506 0.737 8317.76
M2a 350.763 76.251 0.861 150982
M2b 350.763 76.251 0.861 150982
M3a 200.120 57.595 0.845 31591.5
M3b 200.936 D7.712 0.846 31591.5

We can check the bias voltages and operating region of each transistor which are given in Table 5.5.

Table 5.5: Bias voltages and operating regions of each transistor.

Trans. Type Funct. Vi [V] Vs [V] Vp[V] Vps[mV] Vpgsa [mV] Reg. Sat.
Mla n DP 0.480  0.000  0.667 667 155 MI  sat
Mi1b n DP 0.480  0.000  0.667 667 155 MI  sat
M2a p CM 0.713  0.000  0.713 713 286 SI sat
M2b p CM 0.713  0.000  0.713 713 286 SI sat
Ma3a n CM 0.752  0.000  0.752 752 327 ST sat
M3b n CM 0.752  0.000 0.420 420 327 SI sat

We see that all transistors are biased in saturation. The operating points looks fine. We can now
proceed with the large-signal DC simulation.

5.2 Large-signal differential transfer characteristic

We now simulate the large-signal DC input-output transfer characteristic. The simulation result is
presented in Figure 5.1.
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Figure 5.1: Simulated large-signal input-output characteristic.

From Figure 5.1, we see that the output swing is about Viout, swing = 700 mV which is rather small. We
can now zoom into the high gain region and estimate the offset voltage and the output swing. The
simulation results are presented in Figure 5.2.

0.910
i Vpp= 1.8V
0.905 Voo = 1.087 V
_ Voutg = 0.900 V
=, [ V, = -232.963 pV
5 0900 H Voutmax 0910V
3 i . Vi yimin = 0.894 V
> i Viwing = 0.02V
i ! A= 7.980e+02
0.895 : Agn= 58.04 dB
i
L i
PR R S R N T N SR T S T S S SH S T S T
O'89—0240 -235 -230 -225 -220

Via LV

Figure 5.2: Zoom of the simulated large-signal input-output characteristic in the gain region.

We see that the required offset voltage to bring the output voltage to Vg = 900 mV is equal to Vs =
-232.963 pV, which is small.

5.3 Open-loop gain

After having checked the operating point information and making sure that the OTA output is not
saturated and in the high gain region, we can now perform the AC simulation. The simulation results
are compared to the theoretical estimations in Figure 5.3.

We see an almost perfect match between the small-signal simulations and the theoretical results except
at higher frequency where additional poles due to parasitic capacitances that have not been accounted
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Figure 5.3: Simulated gain response compared to theoretical estimation.

for introduce additional phase shift. We now will peform the noise simulations.

5.4 Input-referred noise

We can compare the theoretical input-referred noise to that obtained from simulations. The simulation
results are presented in Figure 5.4.

From Figure 5.4, we see a good match between the simulated and theoretical input-referred noise PSD.
The contributions of M1,-Mj, and Ma,-Mop to the input-referred white noise PSD are detailed in
Figure 5.5 and compared to the theoretical white noise.

We can observe that the total simulated white noise is about 0.306 dB higher than the theoretical
estimation, which is acceptable. The white noise is dominated by the differential pair M,-M;i}, which
is 1+ my, = 1.445 times (or 1.599 dB) lower than the total white noise. The contribution of Ma,-May,
is about 1y, = 0.445 times (or 3.516 dB) lower than the contribution of Mi,-Mjp. The simulated value
of ny, = 0.445 is about 1.075 larger than the theoretical estimation. This results in an OTA thermal
noise excess factor v, ot = 2.135 that is slightly larger than the predicted value 7, 1o = 2.026.

Figure 5.6 presents the breakdown of the contributions of M1,-Myy, and Mo,-Myy, to the input-referred
flicker noise. Contrary to the white noise, the flicker noise is largely dominated by the contribution of
the current mirror Ms,-Mop, which was already observed in the OTA characteristic section. It is due to
the fact that Wi Ly is 48 times larger than W5 Ly and that p, is 8.3 times larger than p;,.

The breakdown of the contributions of Mi,-Mjp, and Mg,-Mgy, to the total input-referred noise is
summarized in Figure 5.6. We can observe that the simulation is close to the theoretical estimation.
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Figure 5.4: Simulated input-referred noise PSD compared to theoretical estimation.
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Figure 5.5: Breakdown of the contributions to the simulated input-referred white noise PSD.
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Figure 5.6: Breakdown of the contributions to the simulated input-referred flicker noise PSD.
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Figure 5.7: Breakdown of the contributions to the simulated input-referred noise PSD.
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5.5 Input common-mode voltage range

We can check the input common-mode voltage range by connecting the OTA as a voltage follower and
sweeping the positive input. The result is shown in Figure 5.8.

16
7 S L S S
121
10}
0.8}
0.6}
0.4f
0.2F

Vout [V]

9.0 02 04 06 08 10 12 14 16 1.8
Vin [V]
Figure 5.8: Simulated input common-mode voltage range.

As shown in Figure 5.8, the output follows the input voltage up to 1.4 V. So the input common-mode
voltage range is about 1.4 V.

5.6 Step-response
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Figure 5.9: Schematic of the OTA connected as a voltage follower.

In this section we will check the step response of the OTA operating as a voltage follower as shown in
Figure 5.9 with its output connected to the negative input and with the same load capacitance Cf, =
0.1 pF'. According to the input common-mode voltage range established above, we will set the input
common-mode voltage to Vi, = 0.9 V to leave enough room for the large step.

5.6.1 Small-step

We start by imposing a small step AV}, = 10 mV on top of a common mode voltage V;. = 0.9 V. The
A A

simulation results are shown in Figure 5.10 where AV;y,(t) = Vip4(t) — Vie and AV,ye(t) = Vour (1) — Vourg
with V,uze the quiescent output voltage at the operating point before the step is applied. AV;, and

© C. Enz Fundamentals of Analog VLSI Design 12.11.2025



FExercise 8

33

AV, are compared to the response of a single pole circuit having a cut-off frequency equal to the
GBW . We can observe a very good match between the simulated and theoretical small step response.

1271
__10f--
> 0
E. s}

s | V= 0.900 V
S gl Vg = 0.900 V
a | AV, = 10 mV

S 4t
> 41
< [ — Input

2r —=- Output (Theory)
F I’ —— Output (Sim.)
0' ', | I IR S S R
0 20 40 60 80 100
Time [ns]

Figure 5.10: Step response of the OTA as a voltage follower for a small input step.

5.6.2 Large step

We now impose a larger step AV, = 300 mV on top of a common mode voltage V;. = 300 mV. The

simulation results are shown in Figure 5.11 where AVj, (t) £ Vi (t) — Vie and AV, (t) =

V;)ut (t) - V;)utq

with V,ute the quiescent output voltage at the operating point before the step is applied. AV;, and
AV, are compared to the response of a single pole circuit having a cut-off frequency equal to the
GBW. We now observe the effect of slew-rate which increases the settling time.

350
300 :'_ 1 ————
=y : ! 7
T 250F |
[T [ ’l’ //

S 200F |+ V., = 0.300 V
N o/ Vg = 0301V
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'{E [ ,"I
> 100F
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%020 40 60 80 100 120 140 160

Time [ns]

Figure 5.11: Step response of the OTA as a voltage follower for a large input step highlighting the

slew-rate effect.
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5.7 Current and power consumption

The total current consumption without accounting for the bias string Ms, is simply Iy = 2 I = 700
nA, resulting in power consumption P = Vpp - I;;s = 1.3 uW.
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6 Conclusion

This notebook presented the analysis, design and verification of the simple 5 transistors OTA. The
detailed analysis provided all the equations that were then used in the design phase to reach the target
specifications. The design was then performed using the inversion coefficient approach with the sEKV
transistor model for a generic 180 nm bulk CMOS process. The theoretical performance resulting from
the design were then evaluated. The design was then verified by simulation with ngspice [4] using the
EKV 2.6 compact model [5] [12] [1] and the parameters of a generic 180 nm bulk CMOS process. After
carefully checking the operating point, the large-signal transfer characteristic was simulated. Then the
small-signal open-loop transfer function was simulated. The target gain-bandwidth GBW and DC
gain gain are achieved. The input-referred noise was then simulated and compared to the theoretical
estimation. It was shown that the flicker noise is dominated by the pMOS current mirror, while the
white noise is dominated by the differential pair. The input common-mode voltage range was then
simulated with the OTA connected as a voltage follower. The input voltage is limited to 1.4 V. Finally,
the small-signal step response was simulated and successfully compared to the theoretical small step
response. The step-response with a large input step highlighted the effect of slew-rate resulting in an
increased settling time.
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