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Abstract: The authors of the article performed computer simulation of buffer amplifiers (BA), which
have medium and extremely small values of the offset voltage's systematic component (Vorf), for
different technological processes (Si, GaAs and GaN). The proposed control units are distinguished
by a small number of elements and allow operation in the range of low and high temperatures. The
variants of circuitry implementation of control units based on GaAs, GaN depletion-mode CMOS
and JFET technological processes are considered. The results of the comparative modeling showed
that the basic circuit of the BA on two field-effect transistors, when implemented on various modi-
fications of GaN MOS and depletion-mode MOS transistors, provides sufficiently low values of the
offset voltage's systematic component (less than 2 uV). The proposed BAs are designed for use in
the structure of the Sallen-Key low-pass filter (LPF) when they are implemented both on mid-fre-
quency Si CJFET and on GaAs microwave transistors. Low values of the LPF Vot have a positive
effect on the effective capacity of the ADC. An example of switching on a BA in the JFET OpAmp
structure based on the depletion-mode MOS input stage and a “folded” cascode, which, with 100%
negative feedback, can be used in the Sallen-Key LPF, is considered. Computer simulation of the
JEET/MOS OpAmp showed that the OpAmp has an open-loop voltage gain of 76-85dB, and its Vot
is within 74V in the temperature range from -60°C to +120°C. The presented circuitry of buffer am-
plifiers is intended, first of all, for the tasks of designing precision Sallen-Key low-pass filter (low-
pass filter, high-pass filter, PF, RF).

Keywords: analog circuit design; buffer amplifiers; offset voltage's systematic component; voltage
followers; operational amplifiers; depletion-mode; CMOS; JFET; Si; GaAs; GaN

1. Introduction

Buffer amplifiers (BAs), as well as voltage followers on operational amplifiers
(OpAmps) with 100% negative feedback, which have a voltage transfer coefficient close
to unity, are quite an important functional unit of many analog devices [1-5]. Promising
control units based on field-effect transistors with a control p-n-junction (JFET), as well as
field-effect CMOS (in enhancement-mode and depletion-mode) transistors [6]. Two-tran-
sistor BA circuit solutions can be popular in Sallen-Key anti-aliasing low-pass filters,
switched on at the ADC input to limit the spectra of input signals.

The main goal and novelty of the article is a comparative computer simulation of
basic buffer amplifier circuits for Si, GaAs, GaN depletion-mode CMOS and JFET techno-
logical processes with reduced static currents, as well as low and ultra-low values of the
offset voltage's systematic component.

2. CJFET BA with adjustable level of the offset voltage's systematic component
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In the low-temperature CJFET buffer amplifier circuit in Fig.1 [7] the static current
mode of field-effect transistors M1 and M2 is determined by one current-stabilizing resis-
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Figure 1. CJFET BA with low offset voltage's systematic component.

This allows, by changing its resistance, to select the specified values of the drain cur-
rents (lai, La2) of these active elements:
o = Lix = [ = Vgs.l + Vgs.z
R d1 d2 R,

where Vi is the gate-source voltage of the i-th field-effect transistor at a source cur-
rent equal to Ir.

By optimizing the numerical values of the resistances R2 and R3 in the circuit, a low
level of the offset voltage's systematic component is provided. In this case, the resistances
R2, R3 can range from hundreds of Ohms to ten kOhms. In addition, adjusting the param-
eters of the reference current sources I1 and Iz, as well as the number of transistors con-
nected in parallel (for example, NM3=NM4=3 pcs.) or the width of their channels to obtain
small Vot in the CJFET BA circuit in Fig. 2.1 can be implemented. As a result of optimiza-
tion and computer simulation of the buffer amplifier (Fig.1) in the LTSpice environment
at room temperature, as well as at cryogenic temperatures, a low offset voltage's system-
atic component was obtained (at the level of tens of microvolts, without taking into ac-
count the technological spread of element parameters) (Fig. 2a). The amplitude-frequency
characteristic (AFC) of the BA for different temperatures is shown in Fig. 2b with resistors
R1=100kOhm and R2=7.9kOhm, R3=7.79kOhm.
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Figure 2. The dependence of the offset voltage's systematic component (a) and the AFC of the gain
(b) of the optimized CJFET BA circuit in Fig. 2.1 at t=-197°C.

Computer simulation of the BA (Fig. 2.2) [7] in the LTSpice environment shows that
its static current consumption is measured in tens of microamperes
(Leons = 47 pA), and this circuit is adapted for use in the low temperature range (up to -
197°C).

3. Buffer amplifiers with extremely low offset voltage's systematic component

In the developed buffer amplifier circuit in Fig. 3, the static current mode of the field-
effect transistors M1 and M2 is determined by the current-stabilizing resistors R1 and R2,
which makes it possible, by changing their resistances, to select the specified drain current
values (la1, Ia2) of these active elements.
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Figure 3. Buffer amplifier on JFET (a) and depletion-mode CMOS (b).

The static mode of the buffer amplifier in Fig. 3a was studied in the ADS environment
on EE_HEMT transistors (Fig. 4), as well as on JFET_PFET (Fig.5) at R1=R2 =100 kQ and a
supply voltage of +10 V.
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Figure 5. Static mode of the BA in Fig. 3.1a on JFET_PFET transistors.

The simulation results showed that the BA circuit in Fig. 4, when implemented on
various modifications of GaN transistors, provides sufficiently low values of the offset
voltage's systematic component (up to 1.18 V). At the same time, it should be taken into
account that due to the peculiarities of GaN, in some cases, BA transistors have non-zero
gate currents.

The BA in Fig. 5 modeling was made in the OrCAD environment (Fig. 6) on
018NMOS transistors (JSC "Integral”, Minsk, Belarus), which operate in the depletion-
mode mode at R3=R4=1kQ and a supply voltage of 5V.
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Figure 6. Depletion-mode MOS buffer amplifier by JSC "Integral” (Minsk, Belarus).
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Figure 7. Amplitude-frequency characteristic of the gain of the depletion-mode CMOS BA in Figure
6.

4. Microwave GaAs JFET buffer amplifier and its switching circuit in the Sallen-Key
low-pass filter structure

The circuit of an anti-aliasing low-pass filter based on the considered JFET buffer
amplifier (Fig. 3a) is shown in Fig. 8. Identical JFET transistors are used here as input field
effect transistors M1 and M2. The resistances of resistors R3, R4 are chosen identical. The
considered circuitry of the BA makes it possible to obtain small values of the static error
at the output of the low-pass filter when it is implemented both on medium-frequency Si
CJFET and on GaAs microwave transistors. The developed method for constructing a low-
pass filter on the proposed BA allows reducing the static error of the low-pass filter when
it is turned on at the input of the ADC.
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Under the condition of manufacturing ideal leakage current frequency-setting capac-
itors C1 and C, as well as at Vir=0, Rioad—oc and zero input current of the buffer amplifier,
the low-pass filter zero bias voltage is calculated by the formula:

Votr = _Ig.l(Rl +Ry) + Ugs.l —Rzlp (1)

where Ig1 is the gate current of the input field effect transistor M1, lo is the static cur-
rent of the reference current source (RCS), Ugs.1 is the gate-source voltage of the M1.
Moreover, the static current of the reference current source RCS is equal to:

V,
gs.2
Ip = 222 @)
R4
where Vg2 is the gate-source voltage of the FET M2 at I=lo, R4 is the resistance of the
resistor R4.
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Figure 8. LPF based on JFET buffer amplifier (Fig. 3.1a).
Thus, the equation for Vot of the LPF in Fig. 4.1 can be summarized as:
R3
Votr = _Ig.l(Rl +R,) + Vgs.l - R_Vgs.z 3)
4

From equation (3), it can be established that with a high identity of the depletion-
mode CMOS transistors M1 and M2, as well as the same resistors R3 and R4, the offset
voltage's systematic component of the low-pass filter (Fig. 8) is close to zero

Votr = _Ig.l(Rl +Ry) =0 4)
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On Fig. 9 shows the static mode of the LPF (Fig. 8) in the LTSpice simulation envi-
ronment on microwave GaAs field-effect transistors by Minsk Research Institute of Radi-
omaterials at a temperature of 27°C, resistors R1=R2=50Q), R3=R4=1k(), Rroaac=Rn=1MQ, ca-
pacitors Ci=C>=1pF.

From the consideration of Fig. 9 it follows that the offset voltage's systematic compo-
nent of the low-pass filter takes on extremely low values (450 nV).
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Figure 9. LPF (Figure 8) static mode in the LTSpice simulation environment on microwave GaAs
JEET field-effect transistors by Minsk Research Institute of Radiomaterials.

Fig. 10 shows the logarithmic amplitude-frequency characteristic (LAFC) of the mi-
crowave GaAs LPF (Fig. 9) at 27°C.
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Figure 10. Logarithmic amplitude-frequency characteristic of the LPF in Figure 9.

5. Circuit for switching of the buffer amplifier on depletion-mode MOS input transis-
tors in an operational amplifier

The circuit of the precision OpAmp [8,9], which, with 100% negative feedback, can
be used as a voltage follower when designing a Sallen-Key low-pass filter, is shown in Fig.
11. A low level of the offset voltage's systematic component and increased values of the
voltage gain are provided in this OpAmp circuit due to the high self-adjusting symmetry
of the static mode in terms of drain currents and gate-drain voltages of the applied field-
effect transistors.
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Figure 11. Low-temperature OpAmp based on BA (Fig. 3.1a), depletion-mode MOS and "folded"
cascode (M1, M3).

The feature of the circuit in Fig. 11 is to create conditions under which the current
output Out.i provides full mutual compensation of the static current of the dynamic load
(DL) and the drain current of the field effect transistor M3. This condition is met by special
construction of the reference current source (RCS), which sets the static mode of the input
DS based on two parallel-connected elementary reference current sources on field-effect
transistors M7+M10, as well as the introduction of additional reference current sources on
field-effect transistors M5, M6 in "folded" cascode (M1, M3). CMOS OpAmp stability Fig.
11 is provided by a correction capacitor Ceor.

The offset voltage's systematic component of the OpAmp (Fig. 11) [8,9] can be esti-
mated by

-1

Vosr = Aloyti -8 = Aloyti - <§ 8in * Ai3) ()
where Aloui is the output error current of the OpAmp for the current output Out.i
(the difference between the static currents of the dynamic load DL and the drain current
of the field effect transistor M3 at zero input differential voltage vaitt of the OpAmp); gs is
the conversion rate of the input differential voltage vaitt OpAmp into the output current of
the current output Out.i; gin=goi=gu: is the steepness of the drain-gate characteristic of the
input field-effect transistors M01 and M02 of the input differential stage DS; Ais=1 is the
current transfer coefficient of the source of the field-effect transistor M3.
The current Ircs of the common source circuit Out.iz of the input differential stage DS,
as well as the drain currents of the FETs M2+M7, are determined by:

Vgs.9 +Vgs.10,
Rs  Re

Ircs = Igs + Ige =

Vgs.lz
R, ’

g7 =


https://doi.org/10.20944/preprints202205.0026.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 May 2022 d0i:10.20944/preprints202205.0026.v1

I _ Vgs.6
d6 R4 )
I _ Vgs.5
ds R3 ]
I _ Vgs.2
d2 Rl )
I _ Vgs.4
d4 RZ )

where Vg is the gate-source voltage of the ij-field-effect transistors at the operating
point Io; Irn is static current in the n-th resistor; Rn is the resistance of the n-th resistor.

The static output current of the current output error Out.i, which determines Vo, is
equal to the difference

Algyei = Ipr — Ig3

where Ini=I7 is the current in the resistor Ry, Iq3 = Igqs + Ig¢ — (Ircs/2) is the
drain current of the field effect transistor M3, Ixcg is the current of the common source
circuit Out.i2 of the input differential stage DS.

At that

Vgsa |, Vgss Vgso  Vgsio
Iy = 852 4 Yese Vess  Tes

R, R, 2Rs 2R,

If we assume that all field-effect transistors are identical and operate at a drain cur-
rent equal to some given value of I, which is provided by the same resistances in the
circuit, then we can find

lo o
Id3 =IO+IO_<§+E)=IOI

_ Vgsaz

Ig; = IpL = R Iy,

Algyei = Ipp, —lgz3 =0

Thus, with identical resistors and identical drain-gate characteristics of the applied
field-effect transistors, the output error current for OpAmp (Fig. 11) [8,9] is equal to zero
(ALouti=0). As a consequence, based on equation (1), it can be found that the offset voltage's
systematic component of the proposed OpAmp is also close to zero.

Open loop voltage gain OpAmp (Fig. 11) [8,9] is determined by the following equa-
tion

GAINgp, = gs " R; (6)

where Ri is the equivalent output resistance in the current output circuit Out.i, the
numerical values of which are determined by the parallel connection of the resistance of
the dynamic load DL, the output resistance of the field effect transistor M3 and the input
resistance BA:
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where Rss is the equivalent resistance in the source circuit of the transistor M3, |; =
1073 + 1075) is the internal feedback coefficient of the i-th field effect transistor in the
common gate circuit, due to modulation of its length channel when the gate-drain voltage
changes.

On Fig. 12 shows that the input transistors of the OpAmp operate in microamp mode,
and the total current consumption (Icons) of the circuit is 313.24 pA. In this case, the sources
of reference currents and the output buffer amplifier are made on n-channel JFET transis-
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Figure 12. Static mode of the OpAmp circuit (Figure 11) in Cadence CAD environment.

The LAFC gain OpAmp Fig. 12 and its dependence of the offset voltage's systematic
component on temperature are shown in Fig. 13 and Fig. 14 respectively.
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Figure 13. Open-loop gain LAFC of the OpAmp in Figure 12 at t=-60°C; 25°C; 120°C.
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Figure 14. Dependence Vot of the OpAmp in Figure 13 on temperature.

6. Conclusion

In the article, buffer amplifiers (BA) were studied for the design problems of Sallen-
Key class anti-aliasing low-pass filters, which are characterized by low static currents, as
well as an average and extremely low offset voltage's systematic component (Votf). The
proposed BA circuits are distinguished by a small number of elements and allow opera-
tion in the range of cryogenic temperatures, and due to the use of transistors by JSC "In-
tegral" (Minsk, Belarus) they are operable when exposed to penetrating radiation. Control
circuits based on GaAs, GaN depletion-mode CMOS and JFET technological processes
have been studied. The simulation results showed that the GaN BA, when implemented
on various modifications of MOS and depletion-mode MOS transistors, provides
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sufficiently low values of the offset voltage's systematic component (less than 2 pV). The
proposed approach to designing a microwave GaAs JFET buffer amplifier makes it possi-
ble to obtain small values of the static error at the output of a low-pass filter when it is
implemented both on mid-frequency Si CJFET and on GaAs microwave transistors. This
has a positive effect on reducing the error of the anti-aliasing low-pass filter when it is
turned on at the input of the ADC. An example of the inclusion of the proposed control
unit in the JFET OpAmp structure based on the depletion-mode MOS input stage and the
“folded” cascode, which has an open-loop voltage gain equal to 76+85 dB, and its Vo is
within 7 uV in the temperature range from -60 ° C up to +120°C. The considered circuitry
of the control unit, as well as the operational amplifier when it is turned on in the voltage
follower mode, is focused on the tasks of designing active RC filters of the Sallen-Key
family.

The research has been carried out at the expense of the Grant of the Russian Science
Foundation (project No. 18-79-10109-P).
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