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Voltage Offset Compensation in CMOS OTAs:
Novel Approaches for Temperature Drift
Improvement

Vratislav MICHAL

STMicroelectronics, Imaging division, 12 rue Jules Horowitz, France
vratislav.michal@st.com

Abstract — This invited paper introduces novel
approaches for trimming the voltage offset of CMOS
operational amplifiers and comparators. The presented
methods can be applied either to a one-time trimming
during production testing, or via periodic calibration
during circuit operation. The primary focus of this paper
is to optimize the temperature drift of the trimmed and
untrimmed offset voltage, Vos. The paper discusses
various approaches to achieve this goal, including a)
constant current injection, b) MOS physical size
programming, and c) tail offset voltage trimming.
Furthermore, the paper introduces new techniques that
enhance temperature drift performance: d) temperature
compensated current offset injection, ¢) temperature
compensated active load trimming, f) constant-resistance
tail offset voltage trimming, and g) series input-referred
voltage generator. Additionally, the paper introduces the
concept of transconductance temperature characteristic
dumping, which has the potential to improve the residual
temperature drift of the OTA. Simulation in 130nm
CMOS demonstrating the effectiveness of the presented
methods are provided.

Index Terms—Voltage offset trimming, OTA offset-voltage
temperature drift, static offset compensation, low-offset design.
transconductance temperature characteristics dumping.

I. INTRODUCTION

Analog comparators and operational amplifiers play a crucial
role in CMOS analog circuit design. However, the accuracy
of related analog functions is limited by the input-referred
offset voltage, Vos, which arises from device mismatch.
Traditional source-coupled differential pairs used in such
devices typically achieve an input offset voltage Vos below
+5mV [1 - 4]. To attain desired circuit performance, offset
compensation (trimming) is employed to reduce Vos.

Random offset voltage arises from the mismatch due to
the process variations in a supposedly identical pair of
devices. In the most widely used OTAs depicted in Fig. 1,
which form the base of the majority of operational amplifiers
and comparators, input offset voltage Vos is primarily caused
by the mismatch in the differential pair M, and in the active
contributors to the mismatch are the parameters associated
with the first-order saturated drain current equation [1]:
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Fig. 1. Basic OTA structures used as the basis for operational amplifiers and

comparators [1], [2]: @) two gain stages Miller OTA, b) single gain stage
symmetrical OTA and c) folded cascode OTA with single gain stage.

namely threshold voltage Vru and transconductance
parameter f§ = unp,Cox(W/L). The parameter £ depends on the
electron/hole mobility unp, gate oxide capacitance per unit
area Cox, and channel aspect ratio /L. In saturation, the gate
source voltage, Vs, can be expressed from (1) as:
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A small change AVgs leads to a corresponding change Alp,
which can be determined by evaluating the transconductance,
Zm, obtained as the derivative of (1):
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Besides the layout quality, matching errors roughly
follow the Pelgrom model [3], [4] associating contributions
o(AVt) and o (Ap/f) with transistor effective area W-L:

o (AVy)



In this model, Avr and 4p are mismatched parameters. In
some specific cases (e.g., sub-um devices with halo implant),
area W-L refers only to the implant pocket active area that has
a dominant mismatch contribution. Improving matching by
increasing differential pair area implies severe increase in
parasitic capacitance and silicon area. Compared to this,
offset reduction by circuit design allows to preserve
reasonable area efficiency and the frequency characteristic of
the operational amplifier or comparator.

Generally, offset reduction is implemented by static or
dynamic offset compensation [1], [4], [5]. Dynamic
cancellation involves periodic offset sampling and
subtracting it from the input signal. This technique enables
the offset to be reduced to extremely low levels, even in the
sub-uV range [6]. However, despite its advantages, dynamic
offset compensation through sampling or chopping leads to
reduced bandwidth, introduction of spurious noise
components, and increased power consumption.

The static compensation methods discussed in this paper
aim to perform the offset calibration once, e.g. during circuit
post-fabrication test at EWS (Electrical Wafer Sort), during
circuit power-on, or with a slow rate during circuit operation
[4], [7]. The offset voltage is being reduced by a modification
of the OTA DC operating point. Due to the discrete steps, the
trimming has limited resolution, usually fraction of mV.
Static compensation also exhibits temperature drift dVos/d T,
which originates from uncorrelated temperature contributions
AVt and the transconductance parameter S, of (1) [1].

The remainder of this paper is organized as follows: In
section II a list of methods allowing the offset compensation
is introduced. Section III presents the general offset equations
and fundamental thermal characteristics of the MOS
transistor. The following sections, IV — IX, present, one by
one, the methods listed in section II and also describe the
resulting thermal behavior of Vos. The primary emphasis is
placed on the description of the new methods presented in
sections 1IV. B, V.B, VII. B, VIII., and IX, which offer
significant improvement in temperature drift and reliable
improvements in offset voltage trimming.
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Fig. 2. Structure of NMOS Miller OTA from Fig. I a) with programmable
auxiliary offset generators allowing to compensate static offset voltage Vos.

II. METHODS OF STATIC OFFSET COMPENSATION

The mismatch in both differential pair and active load
introduces an imbalance in the DC operating point of the
operational transconductance amplifier (OTA). This
imbalance manifests as an offset between the currents
flowing through the output branches, Iy and /i, when AVin
= (. At given temperature, static compensation of the offset
voltage Vos relies on the use of any sort of auxiliary offset
generator allowing to restore the balance of Iy and I,
resulting in Vour = Vpp/2 for AVin= 0.

Fig. 2 illustrates Miller OTA with adjustable parameters,
enabling effective compensation of the offset voltage Vos.
Methods discussed in the next chapters refer to these
parameters and are listed below with corresponding section
references:

o Lyuxa,r constant current injection (IV. A)
o Lixar)(T) temperature compensated current injection (IV. B)

o Wew active load current mirror width adjustment (V. A)

Voscem(T) temperature compensated active load current
mirror adjustment (V. B)

o W differential pair symmetry adjustment (VI)

Vosa,r tail offset generator with variable resistances (VII. A)

Vos.r constant resistance tail voltage generator (VII. B)

Vos iva,r) Series input-referred voltage generator (VIII)

Transconductance temperature dumping (1X).

In addition to these parameters, Fig. 2 also incorporates
the sources Vpwr) and Irs, which can contribute to the
reduction of Vos. These sources achieve the offset reduction
by either programming the body-bias voltages Vg ) or by
injecting Irg into the feedback network of the operational
amplifier. While both methods have been extensively
discussed in available literature, this paper does not provide
a detailed analysis of these techniques. Briefly, body-bias
trimming [8] aims to adjust Vry of differential pair transistors.
While the trimming offset AVru/Vpwr) exhibits typically
non-negligible temperature  dependency, it provides a
noticeable temperature drift of compensated Vos. The method
of injecting programmable current, [rs, into the feedback
network is used for operational amplifiers that incorporate
feedback resistance Rps between input terminal Vine.) and
Vour [9]. Irs circulating in Rgg produces an output voltage
offset AVour= [Irs'Rrs, that can provide reliable
compensation of the output voltage offset given by the gain
of the feedback network and Vos of the OTA.

Offset trimming can be implemented in various ways [4],
[7]. The most straightforward is a digital sweep of one of the
above-mentioned parameters, while the OTA is in an open-
loop configuration (e.g., as comparator), and with shorted
inputs. Trimming is completed with the transition of Vour.
Demonstrations presented in this paper use this technique and
are based on infinitesimal LSB trimming steps, ideal
trimming resistances Ros, and transistors with shorted source-
bulk terminals. These simplifications allow to highlight the
ideal limits of the presented offset compensation methods.

Offset compensation can also be implemented at the
system level, such as by trimming the reference voltage of a
signal processing chain. In such scenarios, it becomes
important to minimize the temperature drift of the OTA's Vos,
without requiring the offset compensation. This aspect is
addressed in Section IX.

III. OFFSET SOURCES INCMOS OTA

The 1% gain stage of a typical CMOS comparator or
operational amplifier contains a source-coupled differential
pair and one or more current mirrors operating as an active
load (Fig. 1) [1], [2]. Ideally, when AV = 0, currents at the
output branch are balanced and Vour = Vpp/2.

When hysteresis is incorporated into the comparator, Vos
relates also to the accuracy of the hysteresis window.
Satisfactory accuracy can be provided by resistive feedback
hysteresis. However, if the hysteresis is implemented within
the OTA structure (e.g., through positive feedback in the



active load), the hysteresis window may experience
variations and thermal drift that exceed the initial Vos. In such
a case, unipolar hysteresis, or digital post-processing can be
envisaged to improve accuracy [4].

A. General input reffered offset equation
Input referred offset Vos originating from AVruany and
A(f/P)n of M and M can be expressed as:

Ay VUS(IN) B VTH(I:\’)
VUS(IN) = ; = ) + AVTH(IN) )
N

Usually large aspect ratio (W/L)n results in relatively low
overdrive voltage Vov of M; and M, (2). In this case,
dominant component of (5) is AVtuan). In a case of a large
(W/L)w and lower differential pair bias current, the
differential pair may operate in the subthreshold region. In
this case, (5) is no longer applicable. While the subthreshold
operation can offer advantages such as improved differential
pair transconductance gman) (14), it may also result in a slight
degradation of the temperature drift of Vos.

The mismatch AVricemy and A(S/B)cm in the active load
current mirror generates offset between /; and 5. Offset
Alcu/Ipey in OTA current mirror can be written as:

Al _ ABuy 2AV e (6)
1

D(0) Beu VGS(('M) - Vm(cw )

where Ip) refers to the drain current e.g., Ipo) = 0.5-Ip in
Fig. 2 OTA. Compared to the differential pair, current mirror
preferably operates with high overdrive (low W/L and
therefore low current mirror transconductance gm(cm)), which
helps to minimize the offset Alcm. The folded cascode OTA
shown in Fig. I ¢) advantageously reduces /p() of the current
mirror Mse. The offset Alcy is referred to the input Vos as:

AICM(I) + AICM(Z] = (7)

Vos = Vusu.w; +
vy Em(ivy
where Alcmyy corresponds to the contribution of respective

current mirror in the OTA.

Egs. (5), (6) and (7) can be rewritten to emphasize their
dependence on the bias current /y. The offset (5) generate by
the differential pair in saturation can be re-written as:

Vos == A/fm 2\/;—; + AV g (3)
IN IN
and then offset (6) generated by the current mirror as:
1| ABey _ NP
Aley, =70[T:[_T:M.AVTH(CM)J )

Previous equations combined by using (7) express the total
input-referred offset Vos as a function of uncorrelated
contributions of design variables £, Iy, and matching errors
ABIP)mn.cmn and AVraan,cmny. This results in a general offset
formula of an OTA with transistors operating in saturation:

o Ji {i _%} oy - (10)
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For OTA with n current mirrors, A(Scma/femn), and AVrrcmn)
scaled by appropriate Ipgy should be included in (10). In
subsequent discussions, AVty, Af/f, and I, are considered, to
the first order, temperature and bias current independent.
Compared to this, fiv and fcm have strong temperature
dependency [1]. Generally, temperature behavior of the terms
in Eq.(10) can be described as:
a) For differential pair with low overdrive, or in subtreshold
region, AVtuqny is the primary factor contributing to Vos.

v,

os =

It represents the Vru difference between differential pair
transistors M — M. Its value depends on the area (W-L)v
(4). As detailed in section Ill. B., AVtuan) exhibits very
good temperature stability, leading to a low drift dVos/d T
of the uncompensated Vos, as demonstrated in Fig. 4.

b) Mismatch Apw/fin and  Afcwn/fiomn  arises  from
lithographic inaccuracies and carrier mobility spatial
gradient, and are both weighted by V(p)/(4fn)). Theirs
contribution depends on the bias current Ip or Ip),
transconductance parameter fin = i pCox(W/L)in and the
area of the input differential pair and coresponding current
mirror transistors. In case of low-overdrive differential
pair and high-overdrive current mirror, the overall
contribution of this term is relatively small.

¢) AVraemn coresponds to the threshold voltage offset of the
current mirror #. AVtuemn is reffered to the input by the
transconductance ratio gmcmny/gman), coresponding to the
voltage gain between the gates of the current mirror # and
the input terminals. While this ratio is usually lower thean
unity, the overall contribution of all AVtuccwmn is lower
than AVrnaw. The dependency of gmemn on fi,,
eliminates the temperature contribution of /B¢, /8,y term
when the channel dopping polarity of the differential pair
and the current mirror n is identical. In such a case,
AVrthemn contributes to Vos with very low temperature
drift, similar to AVruan). In the opposite case, the
temperature characteristic of ./f.,/B,y arises from the
ratio \/ucy/my, Which is specific for a given process”.

B. Thermal characteristic of the differential pair

The drain current described by the quadratic equation (1)
and its corresponding Vgs (2) and gm (3) are affected by
various process parameters, including the electron or hole
mobility unp, oxide capacitance Cox, aspect ratio W/L, and
Vtu. Among these parameters, W/L is associated with the
physical channel dimensions, while Cox relates to the
dielectric thickness and permittivity, both of which exhibit
minimal temperature dependency and are considered as
inherently temperature stable.

In contrast to that, fnp, and consequently gm (3) is a
function of the carrier mobility unp. Its temperature
dependency is typically described as [10], [11]:

T

(1), 1) 1| (an

0

where x is a process-depended constant x =~ 1.5. By exploring
np(T), an increase of the mobility can be observed at low
temperature. Although both u, and y, results from different
scattering mechanism, their temperature evolution tends to be
similar for given process. In this favorable case, it enables the
attenuation of the contribution related to AVrucwm) in (10).

Temperature shift of Vry originates from the physical
processes occurring in the MOS capacitor. Fairly precise
model of Vru(T) is a linear function with constant
temperature drift of — (1 to 4) mV/°C [11]:

VTH(T)zVTH(E))I:1+aTHX‘(T_Tn):l (12)

“As example, /Hn/ tpcorresponding to PMOS differential pair and
NMOS current mirror reach value of ~ 1.8. For the temperature range
of —40°C to +125°C, it exhibits a variation in range of approx. +5% to
—5%. Considering gmcmygman) = 0.2, AVgsemy of SmV contribute to
the temperature drift of Vos by £50uV in given temperature range.
Lowering this contribution can be achieved by decreasing AVgscwm),
increasing gmany/gmcm ratio or eventually by use the method of the
transconductance temperature dumping described in section IX.



Example of the temperature characteristics of the
differential pair with intentionally introduced mismatch
AVraany and Afany is shown in Fig. 3. In this figure,
difference Agmmi,2), AVtHi2), and Alvi2 can be observed.
While Af is partly responsible for Agmaui.2), primary factor
responsible for this difference is the unequal drain currents
112 0f M and Mo, originating from AVtuany gman).

On the other hand, both Vruoy and Vruomz) exhibit
thermal dependency described by identical (12). As a result,
changes in ambient temperature do not significantly affect
their difference AVruan). Generally, transistor statistical
models ignore this parameter, as shown in Fig. 3, where the
temperature drift of AVruany is only 76nV. Consequently, the
differential pair with a low Vov exhibits low temperature drift
of the uncompensated offset voltage Vos, when compared to
the overall range of Vos (see Fig. 4 in the next section).
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Fig. 3. Parameters of a PMOS differential pair vs. temperature for zero
differential input voltage. A mismatch between M; and M, was introduced
by a Monte-Carlo simulation.

C. Simulation example of uncompensated OTA

An example simulation of the input offset voltage Vos
originating from random process parameters variation
(Monte-Carlo simulation) is shown in Fig. 4. The figure
shows Vos vs. temperature characteristic revealing offset peak
values ranging from -3.5mV to +3.5mV (o=950uV).
Compared to this, the temperature drift dVos/dT of the offset
voltage is relatively small due to stable AVruan).
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I
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|
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Fig. 4. Simulated temperature characteristic of uncompensated offset voltage
Vos of the OTA with PMOS differential pair. Simulation parameters were:
W/L12 = 160p/1t, W/Ls = 40/2p, W/Ls ¢ = 200/, Iy = 30pA.

The simulation was conducted using the folded cascode
OTA illustrated in Fig. I ¢). This folded cascode includes a
gain stage based on the current mirror Mss with the same
channel polarity as the input differential pair (i.e. PMOS in
Fig. 1 ¢). This ensures temperature stable term /ug,/uy and
thus a stable contribution of AVrycwmse in (10), which is

further reduced by the low bias current Inee). To eliminate
term /u,/u, associated with the NMOS current mirror M3 4,
area and Vov of M34 can be increased. Resulting increased
capacitance of M34 can be eliminated by a low 1/gmcas, as
illustrated in Fig. I c).

IV. OFFSET COMPENSATION BY A PROGRAMABLE OFFSET
CURRENT SOURCES /aux.

A.  Iauxr) constant current injection

Injecting a programmable current, /auxr), into one of
the differential pair drain terminals allows to reach the
equilibrium, Vour = Vpp/2, for zero input voltage, AVin= 0
[12]. Adjustable current sources Iauxwr) are usually
implemented as current steering DACs with discrete steps.
The value of discrete step is determined by required LSB
offset trimming step and can be very small, reaching nA
range. [aux can be implemented either as a bipolar (i.e.
delivering positive or negative current + /aux) or, more
effectively, as two unipolar current sources depicted also in
Fig. 2. In this configuration, each current source /aux L or R
is intended to compensate for the respective polarity of Vos.

As the result of 7aux current injection, an offset voltage,
Vosaaux), appears between the input terminals Vin+ and Vin-:

iIAU)( (13)

m(IN)

v,

0S(1AUX) =

where gman is the differential pair transconductance:

w
vy = Zﬂn,pcox(fj 1, :\/zﬂm/][) (14)
w

For Vosaaux) = —Vos, compensation of the offset is achieved.

As discussed earlier, the offset voltage Vos is primarily
determined by thermally stable AVruan). On the other hand,
differential pair transconductance gman) contains temperature
dependent term unp(T) related to the carrier mobility (11).
This implies that the compensation (13) introduces a high
temperature drift in the compensated Vos.

Fig. 5 illustrates an example of the trimming outcome
realized by the constant current injection trimming, using
identical OTA as the simulation shown in Fig. 4. The offset
is reduced down to pV level at the trimming temperature but
increases rapidly at other temperatures. Consequently,
compensating thermally stable offset AVruany through
thermally unstable transconductance gman) leads to a
significant thermal drift dVos/dT compared to the initial
uncompensated Vos shown in Fig. 4. In practical applications,
automatic trimming by constant current injection should be
performed periodically, or in response to changes in IC
temperature.
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Fig. 5. Example of the compensated Vs versus temperature obtained with
constant current injection method. Simulation done with the identical OTA
as the example from Fig. 4.



B.  Lwxwr)(T) temperature compensated current injection

Providing /Zauxwr)(T) with an appropriate thermal
function improves the temperature drift of the compensation
shown in the previous section IV. A. As a result from (13), the
preferred temperature characteristic of Jauxwr)(T) is to be
identical to the temperature characteristic of the input
differential pair transconductance, gmany(T) (14). In this way,
compensating current /auxwr)(T) generates a temperature-
stable input offset Vosaux), that can effectively compensate
temperature-stable terms in (10) .

Ref. [7] presents an OTA that incorporates an additional
differential pair, generating a current, which may have the
desired temperature behavior. However, it is worth noting
that this approach, as discussed in the reference, necessitates
the application of inconveniently small trimming voltages in
the microvolt (1V) range and requires complex control of the
trimming voltage common mode.

Method introduced in this section relies on the generation
of the temperature pre-compensated currents /auxw.r)(T)
generated by a supplementary current mirror Mg — Ms. This
current mirror contains an auxiliary offset Voscwmy, applied
between the gates of the reference and source transistors Mg
and Ms. As shown in Fig. 6, the drain current of each of Mg
(Ma or Mg in Fig. 7) will experience a shift with respect to
the reference current denoted as Ios(T) = Irer — Is(T).

[e;
Voo Ref. MOS VOS(CM ) source MOS N
! (cascoded)
Mg /@ Msq) Msr)
Vos(cmR)

lrer = 0110 Ig: temperature stable o |
los: temperature dependent = Vp(T) ¢ '
refference ' * Is(T) Is(r)(T) *

Fig. 6. Temperature pre-compensated current source generating Jos(T)
compensating 1/gmn) temperature variation of PMOS differential pair.

The shift in /os for a given temperature can be determined
using the drain current formula (1) re-written for /rgr as:

H,Co (W g
Tyer :pT(f]RS(VGS(R)iVTH) (15)
For given Irer, Vaswr) of Mr can be isolated from (15):
21 L
VGS(R) =V + = (7] (16)
My Co\W ) ¢
The drain current of Ms results from Vgsr) + Voscm):
B, Coi (W g
I = FT(T) (VGS(R) + Vox(cw) Vi ) (17)
RS

Merging (16) and (17), and subtracting the result from Ir
yields the current difference los = Irgr — Is:

/ w /4
os = 2VOS(CM) /"n,pCm]REF (7j - VOZS(CM )/‘n,pcoxIREF (*) (1 8)
L RS L RS

1,

Here, term with Viscy, can be neglected. It can be
observed that the remaining 1% term in (18) is comparable to
the transconductance gman) (14). By injecting Ios into the
differential pair, an input offset Vosux) is induced between
the input terminals Vin+ and Vin-. This offset arises from
Ios/gmany and can be expressed from (14) and (18) as:

(lun,pco.\']REF )R,S (W/L)R,S
(/‘wcoxlo ),N (W/L)nv

In this equation, W/L, Cox, Irer and I are constant terms with
no temperature contribution. When considering the identical
channel polarity of the differential pair and current mirror
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Fig. 7. Compensation by /Ijuxar)(T) current injection implemented by
current source Mg, M and Mg. M g correspond to Mg in previous equations.
Ros << 1/gmap allows to preserve desired Vp, temperature dependency of Ios
(see section IX). Bulk terminals of M p are tied to the sources to eliminate
the substrate effect.

Mg, the nominator and denominator terms un cancel each
other. In this case, (19) can be simplified to:

(W/L)s
VOS(AL'X) :VOS(CM)a W
w

Here, o represents constant terms in (19). In addition to the
compensation of AVruany, los(T) provides temperature-stable
compensation for the AVtrcwms,e) term in (10) when referring
to Fig. 7 OTA. This is because Ms ¢ have an identical channel
polarity to the transistors M;, and Mgs. On the other hand,
the AVtuz4) term may originate in a residual thermal drift
related to \/u,/u, . As mentioned in section III.A, this
contribution depends on the specific process parameters and
can be reduced a large gmnygmcms.4) ratio.

As shown in ref. [13] addressing a different application,
the implementation of Vosccmy between the current mirror
gates is inconvenient and requires a significant number of
additional biasing circuits. To address this limitation, Fig. 7
introduces a current mirror Mrap with additional source
resistances Ros and programmable current sources /pac(Lr).
These current sources adjust the voltages Vauxwr). For
unipolar current sources Ipacw.r), Vauxwr) is adjusted on
either the left or right Ros, depending on the initial polarity of
Vos. Similarly to the structure shown in Fig. 6, the value of
1os (18) is determined by the difference auxw) — Iaux®).
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Fig. 8. Outcome of the offset compensation by Iyuxer(T) temperature
compensated current source Mg, M and Mg.

As described in the upcoming Section 1X, the additional
source resistances Ros produce transconductance temperature
dumping, which may result in degradation, but in some cases
also contribute to the improvement of the temperature offset
compensation effectiveness. In order to accurately reproduce
the temperature behavior of gmany(T), a small value of Ros



(Ros << 1/gm@p)) may be necessary. However, this may
require a large trimming current /paca.r). To minimize this
current, a tradeoff between Irer, Ros, and W/L ) needs to
be determined through a dedicated simulations. An
alternative reduction of the trimming current can be achieved
by optimization via transconductance temperature damping
method described in Section IX.

The simulated outcome of the offset voltage trimming is
presented in Fig. 8. Compared to the constant current
injection characteristic from Fig. 5, this method significantly
reduces the temperature drift dVos/dT. In the case when a
different structure of the OTA is used (e.g., Miller OTA
shown in Fig. I a)), it is necessary to provide the injection of
the constant reference current /rgr into the output node as
well. This prevents additional offset originated from the
current difference between Msg and Mour (see Fig. 18).

V. ACTIVE LOAD CURRENT MIRROR ADJUSTEMENT

Adjusting the current mirror gain introduces a current
offset, which enables reaching the equilibrium Vour = Vpp/2
for AVin= 0. An example of the trimming based on the
current mirror adjustment is shown e.g. in ref. [8].

A. Weu active load current mirror width adjustment

Considering a programable current mirror shown in Fig. 2
and detailed in Fig. 9a) [13], a current gain parameter
kos = Wama/Wns can be introduced. This parameter £ is driven
by a digital signal [0] — [n], enabling elementary current
mirror segments [x]. For a given bias current /o, the left and
right currents /I, Ir can be expressed as Ii. = lo/(1+kos) and Ir =
koslo/(1+kos). For the folded cascode OTA, the term Y2/, is to
be substituted by the actual current mirror bias current. A
difference los = I — Ir related to the parameter ko5 can be
expressed from /r and /y.:

11—k

1+ ko L @b
This offset current can be referred to the input as Jos/gman):
I, -k

Iy =

Voo = —0 1 Kos 2

st gm(l.’\’)1+k0S ( )

As mentioned earlier, the input differential pair
transconductance  gmany exhibits  strong temperature

dependency. The temperature drift obtained by the current
mirror width adjustment is therefore similar to the
temperature drift obtained by the constant current injection
method presented in section IV. A. In practical application,
offset trimming is to be performed periodically or with the
temperature change of the integrated circuit.

Voo

Vauxw = Vauxwr) =

Ros(lo Hmu)I Ros(Ir@) *+lavxm)

lauxir)

b) Vosiem = Vauxw) = Vauxr)

Fig. 9. Adjustment of the active load current mirror: a) adjusting the physical
size (W) [13], and b) by adjusting the gate offset voltage Voscm). Ros <<
1/gms4 1s required to preserve \/up temperature dependency of los. Bulk
terminals in b) are tied to sources to eliminate the substrate effect of M3 4.

B. Voscuy(T) temperature compensated active load current
mirror adjustement

Another efficient method providing low temperature drift
dVos/dT of the compensated offset voltage can be realized by
adjusting the voltage Voscm) between the gates of the current
mirror, preferably current mirror with identical channel
doping polarity to the differential pair transistors M ».

Vpp©

1 Vauxw = Ros (Iﬁmw‘*‘nmm)I Ros Ros IV,mxuzF Ros*(ls(0) +loacr)
Ros<<g- 7 Vos(cm) ;

IUl @ Ipaci) Ms

Ipac(r)

" L N ¢ )
A
i 2} Mosc] | Mo
Ihv‘l | l/gmr,nr [V Bmeasc
3 Ms
Vi1 sensitive to ueu/min
Iss |
| s GND

Fig. 10. Offset trimming setup for Voscwm(T) temperature-compensated
active load current mirror adjustment method, based on the folded cascode.

In the OTA from Fig. 2, Voscw is generated between the
gates of the current mirror Ms,s. Similarly, as depicted in
Fig. 7, amore convenient implementation relies on the use of
additional source resistances Ros, and unipolar current
sources Ipacr). An example of this implementation is
detailed in Fig. 9 b). Here, Vos(cwm) results from the difference
between voltage drop on the left and right resistances Ros, i.e.
Voscemy= Vauxw) — Vauxw). For Ipacwr) = 0, Vauxwr) are
solely determined by DC bias currents of Ms ¢, and are equals.
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Fig. 11. Outcome of the offset compensation by the trimming of the active-
load gate voltage VOS(CM), based on OTA from Fig. 10.

The mathematical formulation and resulting temperature
characteristics of Jos = I — I are equivalent to the description
of thermally compensated current injection described in
section IV.B. In the equations presented in section IV. B, the
reference current /rgr is to be replaced by the active load bias
current, (e.g., Icasc = Iss — Io/2 in Fig. 10 OTA). Similarly as
given by (19), Ios generated by the current mirror Ms ¢ can be
referred to the input as Jos/gmany:

) ZZVOS(CM) (ﬂn,p ox (ASC)CM( / )(_M (23)
(/[ln,pCoAIO ),N (W/L)IN

y

0S(AUX

where W/L, Cox and I have no temperature contribution.
Compared to the realization from section IV.B, the mobility
ratio terms \/u,/u, or /u,/u, may remain in (23) for a
configuration with a different channel polarity of the current-
mirror and differential-pair. This is the case for the OTA from
Fig. 2, where the NMOS differential pair gman) = Vi and
PMOS active load gmem) = \/,up. In such a configuration, (23)
contain the term /i, /u,. The temperature dependency of this
term can be reduced by increasing the ratio gmany/gmcm).

In a more efficient way, the residual offset originating
from the mobility ratio ,/u,/u, can be eliminated by using an
OTA where both the differential pair and the current mirror



used for trimming have the same channel polarity. For
example, this is the case for the symmetrical OTA from
Fig. 1 b) or the folded cascode OTA from Fig. I c¢), where
both Ms ¢ and differential pair are implemented by the PMOS
transistors. In these cases, (23) can be simplified to:

w/L
VOS(AUX) = Vos(cu)a W (24)
w

where o represents constant terms in (23). An example of the
temperature characteristic of the compensated offset voltage
realized with the OTA from Fig. 10 is shown in Fig. /1.

Similarly to the method described in Section IV.B, the
presence of Ros can influence the temperature characteristics
of the current mirror employed for trimming. As a result, the
temperature compensation described by (23) and (24) may be
less efficient for large Ros, resulting in increased temperature
drift. To preserve the temperature characteristic gmcmy(T),
using a small value of Ros << 1/gm(cwm) is preferred. However,
this may result in high trimming current, Ipacw.r). Similarly
to the method described in Section IV. B, the approach
described in section IX may improve the temperature drift for
larger values of Ros.

VI. DIFFERENTIAL PAIR SYMMETRY ADJUSTMENT

Similarly to the adjustment of the current mirror
symmetry described in previous section V. A., the channel
width ratio of the differential pair transistors can also be
adjusted. This is illustrated by using arrows in Fig. 2, and a
silicon implementation example is presented in [14]. Unlike
the previous case from section V. A, the offset introduced
between /1 and /> is not related to the channel width ratio of
M., but results from the difference between respective
transconductances gmi and gmo.

An offset current /aux = I, — I originating from gmi — gm>
can be calculated using the small signal transistor model. For
AVin =0, the offset current /oux is a linear function of the bias
current /o, and gm1,2, and can be expressed as follows:

Lyw=1-1,=1, Em ~Ema (25)
& T &m2
Similarly to (13), Jaux can be referred to the input terminals
via the value of the differential pair transconductance gm(n).
When gmi # gma, the value of gman) can be expressed as:

_ L — 9 EmEm (26)

G =
N

The offset voltage introduced to the input terminals results
from (25) and (26) as:

1% _ Ly :Iign,z — 8w (2’7)

0s(4UX) guvy 2 &m&m

Here, an inconvenient ~1/gmn) dependency can be observed,
as already seen in the constant current injection and active
load current-mirror ratio trimming methods. As a
consequence, the compensated Vos exhibits a non-negligible
temperature drift comparable to the characteristis shown in
Fig. 5. The non-negligible residualt temperature drift is also
demonstrated in [ 14].

VII. TAIL OFFSET VOLTAGE GENERATORS

Adding resistive voltage generators between the source
terminals of the input differential pair is a commonly
employed method to compensate the input offset voltage
[15]. It can be shown that voltage sources Vauxwr) in Fig. 2
are referred to the OTA inputs with nearly unitary gain. As a

result, providing thermally stable voltages Vauxr) provides
high attenuation of the temperature stable term in (10).
Similarly to the structure of a degenerated differential pair
utilized to enhance the linearity of operational amplifiers, the
source resistance reduces the value of gmany [1]. As a
consequence, the OTA gain and bandwidth are also reduced.

A. Programmable tail resistance method

Tail offset voltage trimming is usually implemented by a
programmable series resistive network shown in Fig. 12, or
by a laser adjustable resistance [15]. The resistive network
shown in Fig. 12 is composed of small elements Ros and is
biased by the current source /o. Current mirror voltage Ve is
connected to one or more junctions of adjacent resistors via
analog switches SWy. The offset trimming is typically driven
by a binary, or a bi-directional thermometric search algorithm
represented by a trimming sequences example in Fig. /3.

A I} ¢

MY Vins
o

Sw)

Fig. 12. Tail offset voltage generation implemented by series resistances
segments Rogs and analog multiplexer SW[15]. Capacitor Craj. can be added
to increase degenerated gmn) at higher frequencies .

The difference between both methods is that for the
binary algorithm, both Vauxwr) are simultaneously added to
the terminals Sqr), whereas for bi-directional thermometric
search, only one of Vauxa) or Vauxw) is added between Vewm
and one of the source terminal Sqr), depending on Vos
polarity. While the resistance between S(1) and S(r) remains
independent on the trimming code for binary search, gmn) is
lower, but constant over the trimming range. Trimming by bi-
directional thermometric search algorithm improves the
transconductance for small offset correction, but decreases
gman) for larger corrections. Additionally, the bi-directional
thermometric search improves the common-mode range for
moderate offset correction by reducing the drop between
Sr) and Vewm. For extreme cases where only SW or SW,, are
conducting, both methods yield the same results (see Fig. 13).

‘ﬁﬁﬁ. Gtart)

Vs = Vs > 07 Vs = Vsw <02
100000 - 111111 111111
010000 011111 111110
001000 001111 001100
000001 e »000001 | *100000
a) d ¢

Fig. 13. Comparison of the trimming sequences of @) binary search and b)
bi-directional thermometric search algorithm. “1” and “0”, correspond to the
conducting and non-conducting switches SWx.

In the binary search algorithm, only one of SWy is on, and
the trimming process sweeps from x= 0 to x= n. The
outcome of the trimming are voltages Vauxw) = (Sw) — Vem)
and VAUX(R) = (S(R) — VCM) given as Vz]o'RL,R. Here, RL, Ry are
resistances between node Vem and respective nodes Sq) or
Sw). The offset Vaux = Vsw) — Vswr) can be approximated by
assuming the equilibrium condition as /; = I»:



1,
Vix = EO Ros {

x—(n—x)}

Here, x is the number of segments between Vem and Sr), and
(n — x) is the number of segments between Vem and S.

A bi-directional thermometric search algorithm generates
Vaux only on the source of one transistor, depending on the
polarity of Vos. This signifies that either Squ) or Sw) is
connected to Vewm, while the other source voltage is increased
by Vaux. Offset Vaux = Vsw) — Vsw) can be calculated for both
polarities of the compensation as:

1
:?”R()S{Zx—n} (28)

v IRxorV

AUX(+) T 2 oS’ AUX (-

=B R(nx) 29)

Due to the usually small bias current 7y and required LSB
trimming step, Ros value may be very small, often in the order
of ohms. Implementing such temperature stable resistors in
CMOS can be difficult. Moreover, a large number of switches
SW; introduces significant capacitance Cs, which leads to a
degradation of the power-supply rejection ratio (PSRR).

B. Vosur constant resistance tail offset voltage generator

Significant simplification and improvement of some
parameters can be achieved by realization shown in Fig. 14
containing a) single or ) two resistor Ros, both of more
convenient value when compared to Ros elements from
Fig. 12. In configuration a), OTA bias current Iy is split into
two current sources Y21y, and two programmable currents
Tauxr)are added to the source terminals S(v), S(r) of the input
differential pair. Compared to that, solution ») maintains both
programmable currents /auxr) tied to the source terminals
Sw), Sr) but contains single bias current fo.

Current sources /aux can be implemented as bipolar,
providing positive and/or negative current to one or both
nodes Sq) and S(r), or more convenient as unipolar, where
ITauxw) or Iauxm) provides a single polarity compensating
current to one of S or Sry terminals. In the latter case shown
in both Fig. 14 a) and b), only one of the left or right DAC is
used to compensate for the respective polarity of Vos. It has
to be noted that unipolar current sources /aux r) increase the
differential pair bias current by "2/aux. Therefore, for AVos =
0, /1 and I; are ideally equals to /o/2 + Iaux/2 instead of /o/2.

For unipolar current sources /aux(r), voltage Vaux =
Vsw) — Vs can be obtained from the simplified equilibrium

condition /; = I as:
1
Vix = iEIAUXR()S (30)
Besides the possibility of the temperature drift

improvement that will be described in the upcoming
section 1X, the solution from Fig. 14 a, b) has the advantage
of very low Css compared to the solution from section VII. A,
allowing to improve the CMRR. It also allows for the use of
Ros with a more practical value, which in turn enables the
scaling of the LSB step of /aux. Implementation from Fig. 74
a, b) also provides constant transconductance gman) for the
entire offset trimming range.

Comparing the implementations from Fig. /4 a) and b),
the configuration with split bias current sources 2/y improves
the common mode voltage range. This is due to the fact, that
only =/xux/2 flows through Ros in the equilibrium. However,
obtaining efficient voltage offset compensation necessitates
precise matching between the left and right current sources
%Iy Any offset between these sources, especially in terms of
temperature drift, can deteriorate the overall temperature
stability of the solution from Fig. /4 a). If the common mode
voltage headroom is sufficient, a solution with a single
current source /o depicted in Fig. 14 b) is preferred.

I}
e Y
Ves(l ;{;:X _:l{‘f\/‘ 6s(2)

C 1
laux) TAIL o laux(r)
Yalaux
(in equilibrium)
a VAUX ~ /ZROS |AUX
(in equilibrium)
“1 I2
Vin. Vin+
My 2

\/\\/Gsm
S(R)

laux()

b)

laux(r)

Fig. 14. Implementation of the constant resistance tail offset voltage
generator. The OTA bias current /, is @) split into two /y/2 current sources
which improves the dynamic range, or b) is connected to spit Ros, reducing
additional offset originating from the mismatch of Y2/, current sources from
Fig. a). Capacitor Cray, can be added to improve g at higher frequencies.

An example of the performances provided with the PMOS
differential pair implemented according to Fig. 14 b) is
shown in Fig.15. The simulation was performed using a
folded cascode OTA, and provides similar performance
compared to the results presented in sections IV.B and V.B.

Depending on the process parameters and on the value of
Ros, this method can yield an improvement of dVos/dT,
attributed to the improved matching of Vy./pt,. However, this
improvement is not always achieved, and Ros may also result
in the degradation of the temperature drift. In this case, a
small value of Ros << 1/gm(a,B) may be required to preserve
original temperature characteristic of gman(T). However,
using a low Ros value implies an increase in the trimming
current /aux(.r).- A method for reducing this trimming current
is presented in section IX.
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Fig.15. Example of the characteristic obtained with the single resistance tail
offset voltage generator, variant from Fig. /4. b).

VIII. SERIES INPUT-REFERRED VOLTAGE GENERATOR

In specific cases where the output resistance of the
voltage source is relatively small, offset voltage Vaux can be
generated directly between one or both gates of the input
differential pair, and the voltage source terminal. This is
schematically shown in Fig./6.

In this figure, the programmable current source Jaux(LRr)
injects current into the shunt resistance Ros which in turn
generates a voltage drop Vaux between the gate and the
voltage source. Considering the temperature stable resistance



Ros, this trimming method provides reliable compensation
for the temperature-constant terms in (10), comparable to the
methods described in sections IV. B, V.B and VIII. A,B.

The requirements of the voltage source low output
resistance limit the application scale to, for example, voltage
sources realized by an voltage feedback operational
amplifier, or to applications in power electronics, where a
small offset current does not alter the measured value.

VDDC

AUX( ) T
1
AUX V.
can be compensated by CMM

X+ connected to Ry

Fig.16. Compensation by gate shunt re31st0r and current source Jauxe).

IX. MATCHING IMPROVEMENTS OF THE NMOS AND PMOS
TEMPERATURE CHARACTERISTICS

Both Eg. (10) and the description in Section I1l.B address
the temperature-dependent term related to the gain between
AVrhemn and AVin. Although the electron and hole mobility
un and up results from different scattering mechanisms, their
temperature dependencies tend to be similar for a given
process. However, in certain cases, mutual ratio of the
transconductances can exhibit a noticeable temperature drift.
For instance, this may occur when different types of devices
are used within the OTA, when the differential pair operates
in the subthreshold region where the transconductance differs
from (3), or when the resulting transconductance is affected
by ahigh channel length modulation effect. In such scenarios,
the last term in (10) can introduce significant temperature
instability resulting in a higher voltage drift of the
compensated and uncompensated Vos.

In certain cases, temperature stability of the
transconductance ratio gmcmny/gman), can be improved by
selectively applying temperature transconductance damping
to either the PMOS or NMOS transistors in the OTA. The
effectiveness of the improvement depends on the process
parameters, but also on the OTA DC operating point.
Incorporation of the temperature damping can improve
resulting trimming performance, but it can also effectively
reduce the temperature drift exhibited by the uncompensated
OTA. This feature proves to be particularly advantageous for
systems where the offset of the signal processing chain is
trimmed externally, i.e. by the reference voltage source.

The temperature transconductance damping relies on the
adjustment achieved by an additional element with distinct
temperature characteristics compared to the MOS transistor.
This element can be for instance a temperature-stable resistor
Ros connected to the source of a MOS transistor. As a
consequence, the resulting transconductance becomes
proportionally dependent on the temperature characteristic of
both elements: the MOS transistor and the resistor. As an
example, the differential pairs shown in Fig. /4 contain the
source resistance Ros that modifies the temperature
characteristic of the gmany(T). Modified (degenerated)
transconductance of the differential pair resulting from the
presence of Ros can be described by following equation:

gm,z(T) (31)

A T)=
gmm)( ) 8Emi2 (T)Ros+1

where gmi2 refers to M. Similarly, temperature behavior
gmem)(T) of the active load current mirror can also be
adjusted by an additional serial source resistance.

The adjustment of gmcmny/gman) temperature stability,
achieved via temperature transconductance damping, is
demonstrated in Fig. /7. This figure shows a comparison
between an NMOS transistor in saturation without series
resistance and a PMOS transistor operating in the
subthreshold regime with variable source series resistance Rp.
It can be observed that the temperature slope of the gmxy/gme)
term exhibits an increasing tendency as the value of Rp
increases. When Rp = 4kQ, temperature compensation of
gmNyY/gme) 1s achieved, resulting in AVrucwm) in (10) being
referred to the OTA input terminal with a temperature-
constant gain. This is obtained at the cost of an acceptable
degradation of gmp for Rp = 0 > 4kQ by —18% at 27°C.
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Fig. 17. a) Transconductances of PMOS transistor with various source
resistance Rp, and NMOS transconductance gmn, ) gmn/gmp ratio for various
Rp, corresponding to the gain AVyycm/AVin. Simulation parameters: Iy =
2.5pA (NMOS and PMOS), W/Lx = 10pum/2pm, W/Lp = 200pum/1pum.

A. Improved temperature compensated current injection.

In the description provided in section IV.B, a low value of
Ros was required to maintain desired temperature
characteristic of Jos(T). This, in turn, leads to a high range of
the trimming current values /pac(r).

Fig. 18. shows a Miller OTA that is configured for
trimming through the temperature-compensated current
injection method. In order to minimize the trimming current
from Ipacr), @ source resistance Ros = SkQ of Mg a B, wWas
utilized (Fig. 7). However, as mentioned earlier, this value
alters the temperature characteristic of Zos(T).

lauxwy: |AUX(R) Irer:
high Ros hlgh Ros I"l high Ros

VDD (e,

V'N'O_;—C| ¢+—o Vour
Ms }—l—{ M, \—{ Mour
RN RN RN 1
} = Irer + I 1= lrer+ 12 V= Irer+5 o

GND

Fig. 18. PMOS Miller OTA allowing temperature transconductance damping
of both differential pair and active load. Temperature characteristics of gmx,
and gmcwm are modified by Rp, Ry, respectively, allowing to align with
dumped temperature characteristic of /os(T) current source.



In order to align the modified characteristic of Zos(T) with
the temperature characteristic of the differential pair and
active load, resistances Rp = 2kQ and Rn = 2kQ were
employed in the OTA from Fig. 18. It is worth noting that
reducing the transconductance of the differential pair
increases the range of Vos (10). However, this degradation is
compensated through the trimming process. Fig. 19 shows an
example of simulated performances based on the temperature
transconductance damping with similar results as shown in
the original characteristic from Fig. 8. However, the maximal
magnitude of Ipacqr) was reduced from 17uA to 2uA.

Ros = 5kQ
I 0 —2uA
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Fig.19. Example of the performances obtained with Fig. /8§ OTA and
temperature compensated current injection from Fig. 7 with increased Ros.
OTA was implemented with W/L;, = 160pm/1um, W/L3 4 our = 20um/2pum,
10 = 30]J.A, and IREF = SHA

B. Improving temperature drift of the untrimmed OTA.

In the case where the offset trimming is conducted at the
system level, i.e. outside the OTA, the primary focus may be
to reduce the temperature drift of the uncompensated Vos.
Similarly as in the latter case, this can be achieved by
adjusting the temperature characteristics of gmcmy/gman). This
becomes particularly relevant e.g. when the differential pair
operates in the subthreshold region, where the temperature
behavior of gman) differs from gmcm) given by (3).

The improvement of the temperature drift is demonstrated
for this particular case by using the Miller OTA from Fig. 18,
implemented without trimming circuit and with identical
transistor sizes and bias current as the example from Fig. 17.
In Fig. 17, temperature stability is achieved for single
transistors with Rp = 4kQ and Rn = 0. By incorporating these
values into the OTA from Fig. 18, the temperature drift of
Vos can be reduced by more than 50%. This improvement is
demonstrated in Fig. 20, comparing the statistical distribution
of the temperature drift averaged over —40°C to +120°C
temperature range.
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Fig. 20. Comparison of the temperature drift of the uncompensated OTA
from Fig. 18. Improvement is achieved by adding 2 x 2Rp=4kQ,
corresponding to the results presented in Fig. 17 inset.

Tab. 1. Comparison of the methods presented in this paper. * - require either
accurate Ros or Ros identical to the resistance used in bandgap to generate
Iaux or Ipac. This allows to ensure temperature stability of Vaux.

chapter | complexity Notes:

V. A very low High resolution if Jaux

V. B low *

V.A moderate Complex layout

V.B very low *

VIA high Complex layout

VII. A moderate *

VILB very low very low | *

VA very low low *

X low very low | Require high model accuracy

X. CONCLUSION

This paper presents methods of the OTA input offset
voltage trimming, that can be used in a large majority of
CMOS operational amplifiers and comparators. It focuses on
the optimization of the temperature drift of the compensated
and uncompensated input-referred offset voltage. A brief
overview of the parameters related to the methods presented
in this paper is summarized in Tab. I. New methods
presented in sections IV. B, V.B VIII. B, VIII and IX allow
parameter improvement and simplification of the trimming
process and offer state-of-the-art performances of the single
temperature offset trimming. The main target of this study is
to facilitate the trimming implementation, allowing efficient
offset compensation during the electrical wafer test or during
the circuit operation.
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