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Abstract
Introduction. The developmental direction of information-measuring systems used to record, pre-process and
analyse excess low-frequency noise (flicker noise) in modern experimental technology is well known. Every
measuring channel is presented in the form of a multistage circuit with specified parameters at each stage. This
creates difficulties in adapting a measuring system to specific experimental conditions. While the solution may
be to unify all the components of the channel, the problem lies in estimating the intrinsic noise of the electronic
elements which provide a change in amplifier parameters.
Objective. To analyse the intrinsic noise of electronic potentiometers. To develop a low-noise unified DC am-
plifier with the possibility of external digital control parameters. To study the characteristics of a DC amplifier
thus developed.
Materials and methods. The superposition method was used to perform theoretical calculation of noise gain
for each component of a non-inverting amplifier. Experimental studies were based on a system consisting of a
low-noise amplifying path and spectroanalyser using the data acquisition module E14-440. Software "Power-
Graph" was used.
Results. The results of the theoretical analysis of noise amplification for metal-film resistors and experimental
studies of the characteristics of electronic potentiometers indicated that their noise voltages specific values are
almost identical. The use of a digital potentiometer as a feedback element and a low-noise bipolar-powered
bias source (AD8400) permitted the implementation of a unified module with cascading capability. External digi-
tal control was based on a single-chip microcontroller PIC18F2550, using the "Master-Slave" channel level pro-
tocol and ASCll-command-line interface based on RS-485 network. This control enabled adaptation for measur-
ing electronic component noise, low currents and voltages, flicker noise and the construction of systems for
information collecting and processing.
Conclusion. The theoretical and practical results achieved herein enable the design of multichannel distributed
DC measuring systems. The systems will offer adaptability for measuring channels to the tasks required, and
the possibility of correction of real time characteristics.
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AHHOTauuA

BBepaeHue. B coBpemMeHHON TexHMKe 3KCrepruMeHTa M3BeCTHO HanpasfieHne, CBA3aHHOe C Pa3paboTKon MH-
bopMaLNOHHO-N3MePUTENBHbBIX CUCTEM PerncTpaummn 1 aHanmsa M3bbITOUYHbIX HU3KOYACTOTHLIX LWYMOB. Jlto-
6011 n3MepUTeNnbHbIN KaHan NpeAcTaBieH B BAEe MHOrOKackaZiHOM CxeMbl € 3aZlaHHbIMY NapaMeTpamMm Kaxzao-
ro Kackajga, Yto 3aTpyaHseT ajanTaunio N3MepUTeNbHOM CUCTEMbl K KOHKPETHBIM YC/10BUAM 3KCNEepUMeHTa.
PelueHnem npobnembl aBnseTCA YHUUKALMA BCeX KOMMOHEHTOB KaHana, 04Hako npu 3TOM OZHOI 13 OCHOB-
HbIX Npo6aeM ABASEeTCS OLeHKa COBCTBEHHbIX LLYMOB 3/1€KTPOHHbIX 3/1eMeHTOB, 06ecneyrBatoLLMX U3MEeHEHNe
napameTpoB ycuUanTens.

Lienb pa6boTbl. AHanM3 COBCTBEHHbIX LLUYMOB 3/1eKTPOHHbIX MOTEHLIMOMETPOB, pPa3paboTka ManoLLyMSLLEro yHW-
GMUMPOBAHHOMO YCUAUTENS MOCTOAHHOMO TOKa C BO3MOXHOCTbIO BHELLHEero LndpoBoro yrnpasaeHNs napamet-
pamu 1 nccnefoBaHme ero XapakTepucTuk.

MaTepuanbl 1 metogbl. C MOMOLLLIO METOAa Cyrneprnosnumm Npon3BeseH TeopeTnyecknii pacyeT LYMOBOro
YCUNEHNS AN KaXAOro KOMMOHEeHTa HeWHBEepPTUPYIOLLEero yCcuanTens. JKCnepuMeHTanbHble UccaefoBaHms
NPOBOAVANCE Ha base YCTaHOBKMW, NPeACTaBASIoLLIEen CO60N ManoLWyMALLNA YCUANTENbHBIA TPAKT U CNeKTpo-
aHanmM3aTop Ha oCHOBe Moayns cbopa AaHHbIX E14-440 n nporpaMMHoOro obecneveHums «PowerGraph».
Pe3ynbTaTbl. 10 pe3ynbTataM TeopeTnYecknx pacyeTos LLYMOBOIO YCUAEHNSA A9 MeTa/lIoNJeHOYHbIX pe3n-
CTOPOB 1 3KCMepUMeHTabHbIX NCCNef0BaHWI XapakTepUCTUK 31eKTPOHHbIX MOTEHLIMOMETPOB MOKa3aHo, YTo
VX YAeNbHble 3HaYEHUS HanNpPsXXeHU LWYMOB NPakTUYeckn MAEHTUYHbI. Vicnonb3oBaHMe LM$poBOro noTeH-
LuMoMeTpa B KayecTBe 3neMeHTa 06paTHOM CBA3N 1 ManoLLyMSLLEro NCTOYHMKA CMeLLeHNs C ABYXMONSAPHbIM
nutaHnem (AD8400), Mo3BONSAIOT peann3oBaTb Ha WX OCHOBE YHUPULMPOBAHHbBIA MOAYNb C BO3MOXHOCTbIO
KackagupoBaHusi. BHelwlHee undppoBoe ynpaBieHMe Ha OCHOBE OAHOKPWCTANbHOro MWUKPOKOHTpoepa
PIC18F2550, pa3zpaboTaHHOro NpoToKOAa KaHanbHOro ypoBHsa «Master-Slave» 1 ASCll-nHTepderica KomaHAHOM
CTPOKM Ha b6ase ceTn RS-485 no3BonsfeT afanTMpPOBaTh €ro K 3agayaM U3MepeHUs LLIYMOB 3/1eKTPOHHbIX KOM-
NMOHEHTOB, MasiblX TOKOB U HanpsXeHWn, GANKKep-LLYMOB, NOCTPOEHNS pacnpeseneHHbIX cuctem cbopa n 06-
paboTkun nHdopmaumn.

3akstoveHme. [onyyeHHble TeopeTUYeckmne 1 npakTnyeckme pesynsTtaTthl 4efatoT BO3MOXHbLIM NPOeKTNPOBa-
HVe MHOTOKaHalbHbIX pacnpejeneHHbIX N3MepUTeNbHbIX CUCTEM MOCTOSIHHOMO ToKa C aganTauuen nsmepu-
TeNbHbIX KaHa/I0B K MOCTaBAeHHbIM 33j4a4aM Y BO3MOXHOCTAMW MNPOrPaMMHON KOPpPeKLMN XapakTepUCTUK B
peanbHOM BpeMeHW.

KnioueBble cnoBa: ManoLyMaALLMI NpesycunnTeNb, 3NeKTPOHHbIV LndpoBoi noTeHLmomeTp, GUabTp Ha
nepek/to4aeMblX KOHAEHCaTopax, ycuamTe b NOCTOSIHHOIO TOKa, HU3KOYaCTOTHbIN U3BBbITOYHBIN LLYM, GINKKEeP-LUYM

Ana ymtmnposaHmsa: /BaHoB B. 3., Ybe EH YH. ManowymMaLwmin nporpaMMnpyemMblii ycuamTenbs NoCTOAHHOMO
TOKa C AVCTaHLUMOHHBIM yripasneHnem // /3B. By3oB Poccuun. PagmnosnexktpoHuka. 2019. T. 22, Ne 4. C. 99-108.
doi: 10.32603/1993-8985-2019-22-4-99-108

KOHq)nI/IKT NHTepecoB. ABTOpr 3aABNA0T 06 OTCyTCTBUN KOHq)fII/IKTa NHTEpPECOB.
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Introduction. Measuring systems designed for
the detection and analysis of excess low-frequency
noises are at the present time seen as an individual
solution. Primarily, this is due to the limited class of
objectives they are designed to resolve. A measuring
channel specifically designed for such tasks general-
ly consists of a low-noise pre-amplifier (LPA), sec-
ond-stage amplifier (intermediate amplifier — [A),
high and low pass filters (HPF, LPF) [1].

In general, the provision of a high gain coeffi-
cient is less complex than in comparison with direct
current component and voltage drift compensation. A
high pass filter which limits channel passband from
below is used to resolve the drift problem. For the
reason of low LPA gain (optimising signal-to-noise
ratio and preventing saturation caused by the pres-
ence of a DC component in a signal) filters are
placed between the following amplification stages
where bias voltage is much higher. However, the use
of HPF limits the sensitivity of the diagnostic method
based on low-noise measurement. HPF with an alter-
nating cut-off frequency is required for the suppres-
sion of aliasing effects, especially for broadband sig-
nal (noises) detection.

It is important to match the output of the device
which is being tested (OUT) with the input of the
measuring amplifier. In most cases it is sufficient to
choose a suitable operational amplifier (OA) to
achieve a good ratio between noise current and noise
voltage in combination with the signal source output
impedance. In rare cases, other more specific solu-
tions need to be used. This is the reason why LPA
usually have a constant voltage gain coefficient and
specified amplification band, in addition to typical
solutions for signal source matching.

Experimental measurements of the systems using
the measuring channel operating principals described
above are presented in [2—8]. In these examples, the
total voltage gain is low because the spectrum ana-
lyser used for analysis and processing has an internal
LPA. In general, the methods and technical solutions
used are designed to adapt the measuring channel to
specific experiment conditions and are represented as
particular solutions.

Amplifiers optimised for specific conditions of
usage (for example, intrinsic flicker noise reduction)
are presented in papers [9-13]. In most cases, the
technology used is the parallel connection of several
channels with the total output voltage or the applica-

tion of cross-correlation technology. This paper [10]
deserves our special attention. The authors have at-
tempted to extend LNA features using the modular
approach combining the cross-correlation method
previously proposed, the hardware features of the
differential amplifiers and their cascading, in order to
attain general noise level reduction.

Objective and formulation of the problem. In
the aims of providing a high level of unification, the
authors propose the concept of a general-purpose LPA
capable of performing any kind of operation in the
measuring path. There is no provision for a difference
between the first and following cascades, nor is there a
requirement for hardware solutions to enable paramet-
rical drift compensation. The main requirements are
low intrinsic noise level; the possibility of gain coeffi-
cient and bias voltage remote control; signal low-pass
filtering with a programmable cut-off frequency; built-
in digital drift correction; absence of frequency char-
acteristic limits from below (DC-operation); presence
of a digital drift compensation system in a single
module, as well as in a measuring path system. Thus,
the general-purpose amplifier could be used both sepa-
rately and as part of the multi-stage system that greatly
increases the amplifier’s capabilities [14—15]. The
main problem of the amplifier development process as
described above is the need to choose and use elec-
tronic components to regulate amplification and bias
which influences noise characteristics.

Electronic digital potentiometer as a control
element. Electronic digital potentiometers (EDP) are
widely used as control elements in general-purpose
devices [15]. Three basic circuits of potentiometer
connection are normally used for the control of the
gain coefficient (see Fig. 1).

The use of EDP in low-noise amplifiers could be
limited by excess noises (in contrast to metal-film
resistors), the need for a unipolar voltage supply, and
the low maximum value of through-current limited in
the 3...5 mA range. The diagrams shown in
Fig. 1, a, b demonstrate the advantage of providing a
constant value of current in the potentiometer inde-
pendently on the value of the specified voltage gain

coefficient K. The dependence Ky, (R ) is nonlin-

ear, especially for the diagram in Fig. 1, b.

The diagram in Fig. 1, ¢ is mostly preferable for
LPA since the noise gain for resistor R s

Gp, R_ =1 [17]. However, in this diagram, only low-
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Fig. 1. Potentiometer wiring to adjust the gain

signal operation conditions are permitted for a low
value of Ry, otherwise an overload of R| is possible

due to the saturation of amplification stages. This
problem could be avoided by increasing all resistor
ratings. This may lead to an increase of component
contribution to the total noise level of the cascade.
Limiting potentiometer current to prevent overload-
ing can be achieved by means of the real-time digital
adjustment of amplification using a built-in algo-
rithm (digital current feedback servo system).

The contribution of the intrinsic electronic po-
tentiometer noise to the total noise of amplification
stage needs to be estimated, in order to use it as an
adjustment element for LPA. The main problem is
the lack of information in modern publications con-
cerning the character and structure of potentiometer
noises. A test setup needs to be developed to meas-
ure EDP noise and noise from a resistor with equiv-
alent resistance. The diagram shown in Fig. 1, a can
be used for this purpose, since the noise amplifica-

tion for Ry is G, g =Ry /Ry which is the highest

value for all the diagrams taken into consideration.

102

The percentage of the noise of Rjand all other

noise sources of a cascade need to be estimated. It is
known [17] that for the diagram shown in Fig. 1, a,
the total root-mean-square value of the voltage noise
on the output of the cascade is defined by

_ g2 2 2 - 2
Un_\/EnRL+EnR1+En0p+(|n0pR|_) (1)

where E 2

2
n R En, R~ the root-mean-square values

of the noise of the resistors R and Ry, respective-
ly; E,% op — (equivalent) voltage noise of OA the
normalised to an input; iy opR — the equivalent
current noise of OA input.

Clearly, there is an optimal value of R; which
gives the maximum contribution to the total noise

value. Using (1) the contributions of R, Ry,
OA [%] could be derived in the following way:

2 ; 2
Enr. +('n opRL)
Un
2
En Ry
Ui
2
En op

us

100; )

Kg, =

Kg, =

' 100; 3)

Kop =

b= 100. (4)

The study was carried out using a general-
purpose electronic potentiometer with the following
parameters: resistance is in the range between

Rmax =1 KOhm to Rqin =50 Ohm;, resistance var-

iation step Ng = 255.

K, %
60
40

20

0 200 400 600 800 R, Ohm
Fig. 2. Contribution of circuit elements to amplifier noise:
black curves for a fixed gain circuit; gray curves for a circuit

with a fixed value of the R
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Fig. 3. Functional diagram of the experimental setup for the study of the noise of electronic potentiometers

Two circuits were used: 1) with constant gain
and 2) with constant value of R . The first circuit

has the advantage that the total gain coefficient of the
measuring path is constant and cannot be changed.
However, this requires the synchronous measuring of

Ry and Ry for the precise adjustment of voltage

gain, which is not practically convenient. The second
circuit could be used when the measuring setup has a
broad dynamic range. Clearly the contribution of
each element of the circuit will depend on the circuit
type. Fig. 2 shows the dependencies of the above-
mentioned components’ contribution to the total
noise level for the first and the second measuring
circuits (black and grey curves respectively). Fig. 2
shows that the contribution of each component calcu-
lated on the basis of formulae (2)—(4) is in a state of
weak dependence on the study method used herein.

At the same time, the contribution of Ryis greatest
with respect to other noise sources, especially in the
300...400 Ohm range of resistivity. These dependen-
cies correspond to the most common case when the
rating of the feedback resistor is in the range of
10...100 Ohm, as usually used in LPA. Increasing
the R[ rating increases the resistor’s contribution to
the total noise and increases measurement accuracy.
It is therefore practically reasonable to use the circuit
with a constant value of R| .

Fig. 3 shows the functional diagram for the ex-

perimental setup to study electronic potentiometer
noises. Amplifiers Al and A2 are based on OP37 and

provide the main gain (approximately 104 ). Amplifi-
er A3 forms the range of the output voltage +10 V
required for the data gathering module E14-440. Thus,

the total path gain is about 660 108,

MAX7400 filters with external control are used
as the HPF with the cut-off frequency in the range of
fmid =0...20 kHz defined by a frequency synthesis-

er Fyge from the condition fi,jq =100/Fye.. The

root-mean-square value of the voltage noise was
measured using the special software "PowerGraph"
by means of the digital band pass filtering of the sig-
nal in the range of 1...2 kHz and the normalisation of
the average spectrum realisation relative to this val-
ue. The DAC ADS5320 was used as the voltage

source Eg and the resistor Ry for compensation of
the bias voltage and prevention of the measuring
channel saturation. The value R; was chosen to pro-

vide the necessary adjustment range and the neces-

sary accuracy of the bias voltage setup [1, 14, 15].
Fig. 4 represents a comparison of the experimen-

tally obtained noise characteristics of the electronic

potentiometer for the LPA gain coefficient Kup =11

as well as the calculated characteristic of the resistor
with equivalent resistance value. As shown in the Fig.
4, the electronic potentiometer is nearly equivalent to
the metal-film resistor in the noise characteristics, al-
lowing them to be used as the control elements in any
LPA. The measurement data correspond to the fre-
quencies 1...2 kHz and omit excess noise. However,
by using the specified initial values for the Johnson
noise and comparing of the noise spectral characteris-
tic with the OA noises, it can be concluded that the

e, V/JHz
- -
4.10°°~ Experiment
\

i ~ .
3:107°— Calculation
2.10° Ky, =11
1.107° | | | |

0 200 400 600 800 R, Q

Fig. 4. Equivalent voltage noise values for an amplifier with
an electronic potentiometer (experiment) and an equivalent
resistor R; (calculation)
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contribution of the low-frequency noises is minimal
and negligible compared to the OA flicker noise.

LPA hardware design. Fig. 5 shows the func-
tional diagram of the developed LPA with the digital
remote control. The main amplifier is OA DAI1. The
diagram provides for replacement of the signal source
by OA of another type, since the signal sources might
have various output impedance. For example, AD797
could be replaced by TLO71, OP37, AD795 that al-
lows for a choice of OA for the specified sensor re-
sistance without changes to the control circuit. The
gain is adjusted by EDS DA3 AD8400-1K in the

range Kup =5...100 with the step AKup =0.39 for

the specified resistance R; =10 Ohm (for decrease

of Ry contribution to the total amplifier noises).

The bias is adjusted by EDS DA4 AD8400-10k
according to a potential divider circuit. The range
and adjusting accuracy of the bias are defined by the

additional resistor R2-R4. The bias voltage Uys on

the amplifier output is derived from the equation:
(2up j
Uof =

256
where Ugyp — the supply voltage; Nj, N — the

103

Nl_Us“pj[%e

7N2 +50
Ry

)

values of control codes which are fed to DA4 and
DA3 relatively. Control codes are defined by the mi-

crocontroller (MC) DD2 PIC18F2520 using a hard-
ware SPI protocol. The analogue switcher DA2 is
proposed to achieve a drift periodical compensation
regime by adjusting output bias value and compensa-
tion using DA4. This regime could be used locally in
each amplifier, but in the case of cascading, a more
complex compensation algorithm is possible.

Using (5), the amplification stage which balances
between compensation accuracy and compensation
range can be tuned. The implementation and study of
these algorithms is the object of subsequent work.

Clearly in the case of the cascading of universal
amplifiers, a high accuracy setting of zero bias can
be achieved, if each amplifier in the measuring path
is implemented. This leads to a broadening of the
compensation range but requires reciprocal data ex-
change between the amplifier cascades. Wiring of all
amplifiers to a single net based on RS-485 interface
makes this possible.

Subsequent experiments show that the analogue
key DA2 does not contribute the additional noises.
Thus, the module shown here (Fig. 5) produces a
compensation method with sufficiently extended
functions and advantages in comparison with solu-
tions based on a modulator and demodulator. Spuri-
ous commutation frequency harmonics DA2 could be
suppressed by software, as well as by data gathering
synchronous with commutation frequency.

An eighth order elliptic filter DD1 MAX7403 is
installed on the output DA 1. The cut-off frequency is

iUsup DDl R5 UOUt
— O SCFloUTh e o=
¢—«IN CLK Cr—==
MAX7403
TS5A3157DVCR re - DA3| R_ DD2
P A f
AD797 I — ! MCU[ RrBs X 0sC A
+U —l‘—_l_____J i
R1 sup AD3400 ANO AN1—- DD4
4 RC6 VDD—"P R6 '-“('/3;7
- _Usup +Usup +U
SDI, CLK, CS1, CS2 |rRCO.. VSS— " DD3 _& =ouT IN
DA4| ¥ U, RC3 TX—DLITRXA GNP
~Ugyp I — +U ZQ1 | |RE, COM
ey - L] s “—osc1 RCS—Dg R7 o~
RS U [AD8400 R4" Osc2 RX—DI B‘E-usup GND |
PIC18F2520 ADMA485 =ouT IN
VR
R8 DD5
- LM317 | g

Fig. 5. Functional diagram of the low-noise pre-amplifier with digital remote control
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controlled by MCU or the external frequency synthe-
siser. Using MCU as the clock generator has an ad-
vantage in the event of a requirement to provide a
fixed cut-off frequency for each module in the meas-
uring path for a relatively narrow range of the fixed
values. Meanwhile, the application of the external
synthesiser allows any cut-off frequency in the range
0...30 kHz to be set. The filter is an optional module
since its presence is essential only in the lateral cas-
cades of the measuring channel. The first order filter
R5C1 limits the pass band at frequencies higher than
20 kHz which sufficiently suppress spurious harmon-
ics DD1 MAX7403 in the low frequency range [1].

Remote control protocol. The specific data
transfer protocol and the command line interface are
used for the external control of the amplifier. The
development of a proprietary protocol was necessi-
tated by the specific feature of the task to be resolved
and the unreasonable utilisation of MCU sources by
most of the known protocols (for example, ModBus-
RTU). The closest analogue of the developed proto-
col is ModBus-ASCII [18]. The transferred data is
represented as an ASCII-code which allows the use
of any terminal programme for control. Control pro-
tocol has the following requirements: simple soft-
ware realisation in MC; possibility of data transfer
between MCs in the same net, as well as between a
central device (master) and a remote device (slave)
(point-to-point connection); the possibility of extend-
ing and developing an instruction system without
using of a menu; the possibility of operation in sym-
bol-by-symbol, line-by-line, and packet regimes;
operation in an asynchronous regime without
timeouts; independence of external libraries and sup-
port of any MC with the built-in UART module; ab-
sence of collisions during role assignment to each
device (master, slave); operation without an estab-
lished connection; fixed positions of symbols in a
frame header. As preliminary experiments have
shown, a topology deviation from protocol RS-485
according to cascade or tree-type principle does not
lead to an increase of errors number at a low transfer
rate. The optimisation of the exchange protocol and
possibility of the data transfer through the power
source lines are the objects of special study.

Fig. 6 shows the frame formats of the developed
protocol. The sign of the frame beginning is the "M"
symbol after which the module is allocated a "CCC"
address in the range 0...255. In the case of address

(m[c|cfc|=|r[pP[r|r|-[D[D|D[-] .. A
a
Mc[c|c|[-|s[r[p|P|-|D[D|D[-] . A
b

[/ |A[N][s]: | Parameters "XXXX", "YYYY" |/n] /r]|
c
Fig. 6. Data transfer frames for amplifier control:
a —reading a given parameter, b — writing
a parameter, ¢ — module response

coincidence, the symbol of operation type is analysed
("R" — reading (Fig. 6, a), "S" — writing (Fig. 6, b).
Then, depending on the operation type, a parameter
address and parameter value (for writing operation)
are defined in the range 0...255 and 0...9999 corre-
spondingly. The end-of-frame character is the symbol
"LF". If the operation is successfully accomplished
then the answer as a parameter value is formed inde-
pendently on the type of operation (Fig. 6, ¢).

If the protocol operates within the single measur-
ing channel then another address system with the
structure "MXXXX.YYYY" should be used, where
"XXXX" — is the address of the measuring channel,
"YYYY" — is the address of the module in the meas-
uring channel defined by the number of amplification
stages. In total, nearly 30 base commands were
achieved and any kind of amplifier in multichannel
system could be configured. Specified configurations
can be stored in PRAM of MC and restored during
the module power up.

Results of noise characteristics study. The re-
sults of the noise measurements of the described am-
plifier prototype are shown in Fig. 7 for following

parameters: the cut-off frequency fpjg =10 kHz,

fosc =1 MHz, Kup =11, data gathering sampling

rate Fy =50 kHz. As seen in the figure, the equiva-

lent spectral density of the voltage noise at the fre-

e, V/JHz
4107
3.107°
2.107°
-9
1.10 = (l\n é é é é S o o N
— N S o S S S T
— N o O o

Fig. 7. Equivalent voltage noise spectral density of the low
noise amplifier.
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quency 1 kHz does not exceed 1.2 nV/ JHz, slight-

ly differs from the value €, used by OA. Further

measurements show that this value is maintained for
any 5< Kup <100.

In addition to commercial frequencies the 45 Hz
component, which is the combination frequency of
the MC clock frequency, is also present.

Conclusion. The developed prototype of a uni-
versal measurement amplifier could be used in the

construction of complex multichannel distributed
measuring systems. The main advantages of such an
amplifier are low intrinsic noise, DC operation, pos-
sibility of parameter remote control without too
much change to the noise characteristics, modularity,
flexibility and simplicity of the adjustment, insensi-
tivity of supplied voltage, wide options for realisa-
tion of built-in algorithms of sensitivity improvement
and suppression of intrinsic flicker noise.
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