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DIGITAL POTENTIOMETER-CONTROLLED PROGRAMMABLE
INSTRUMENTATION AMPLIFIER

The subject matter of the article concerns the schematic designs of instrumentation amplifiers with pro-
grammable gains, specifically tailored for digital processing and mixed-signal, measuring instruments, and
data analysis systems. The central goal is to design a circuit that efficiently integrates the advantages of exist-
ing programmable instrumentation amplifiers, while also offering the capability to adjust the gain through a
digital 12C/SPI interface. The research tasks comprised the analysis of current implementations of instrumen-
tation amplifiers with programmable gains, focusing on their inherent strengths and limitations. This analysis
was further extended to describe the operational principle of the proposed amplifier, emphasizing the role of
the digital potentiometer in setting the gain. The development of a calculation methodology specific to this
amplifier and computer simulations of the proposed design were also undertaken to compare its performance
against traditional fixed-gain amplifiers. The methods employed in this research incorporated comparative
analysis, computer simulations of the proposed schematic solutions, and the formulation of mathematical
models for the electronic components used. As per the results, a novel circuit solution was proposed for a
compact programmable instrumentation amplifier, which is based on a differential amplifier with a fixed gain,
augmented by a programmable digital potentiometer. This proposed solution was evaluated against existing
solutions, and calculation method was introduced to calculate the specific parameters of such an amplifier. In
conclusions, elements of the calculation method for the programmable amplifier were delineated, facilitating
estimations of permissible input voltage levels and discreteness of gain adjustments. The proposed circuit solu-
tion exhibits several advantages, such as compactness, adaptability, an extensive gain range, and the ability for
automatic gain error calibration. However, a notable limitation is the potential reduction in the common-mode
rejection ratio at higher frequencies, attributed to the parasitic capacitance at the gain adjustment input pins.

Key words: instrumentation amplifier, programmable amplifier;, digital potentiometer, data collection sys-
tems, Inter-Integrated Circuit (12C), Serial Peripheral Interface (SPI), programmable gain.

Introduction and Problem Statement. In the rap-
idly evolving field of electronic systems, the accurate
and efficient digital processing of analog signals has
emerged as a critical requirement. Such a need arises
from the frequently encountered challenge where
the inherent level of analog signals is insufficient
for leveraging the full range of the analog-to-digital
converter (ADC). This inadequacy can lead to sub-
optimal data acquisition, especially when the input
signals are of paramount importance. Specifically,
in scenarios characterized by feeble signals amidst
high interference, instrumentation amplifiers are fre-
quently employed [1]. Their merits, ranging from the
simultaneous setting of the necessary gain and off-
set to their substantial attenuation of common-mode
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noise and their ease of implementation, make them
indispensable in various electronic systems. Never-
theless, a recurring and significant challenge with
these amplifiers, particularly in systems demanding
wide dynamic ranges, is their inherent fixed gain
structure. The voltage at the output of the instrumen-
tation amplifier is defined as:

Viu =G -V, =V,) +V,y e)

Where G represents the predetermined gain,
V, is the voltage measured at the non-inverting input,
V, denotes the voltage at the inverting input, and
Vs stands for the bias voltage.

Addressing this limitation, this paper presents a
new approach towards the design of programmable
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instrumentation amplifiers. By combining the benefits
of existing programmable instrumentation amplifiers,
the proposed design further pioneers the incorpora-
tion of a digital interface, specifically the [2C/SPI, to
provide a much-desired capability: the adjustment of
amplifier gain via digital interface. Such feature can
be used in many fields, like environmental sensors
pre-processing [2], radiometric measurements [3],
etc. To establish the foundation of this research, a
comprehensive analysis of the current landscape of
programmable gain instrumentation amplifiers was
conducted, analyzing their strengths and potential
areas of improvement.

One prevalent method for constructing program-
mable gain amplifiers (PGAs) involves utilizing elec-
tromechanical relays. These components, directed by
the measurement module, implements the connection
of gain-setting resistors (R1-R4) with predetermined
values to the integrated instrumentation amplifier

(Fig. 1).

Fig. 1. Variable gain instrumentation amplifier
with gain control based on electromechanical relays

This approach offers several benefits, including a
minimal impact on the amplifier’s frequency response,
precise gain configuration, straightforward implemen-
tation, and a versatile and scalable system [4]. Conse-
quently, this technique is used in the analog front-end
modules of precision measurement apparatuses, par-
ticularly in scenarios where larger sizes, higher imple-
mentation costs, and susceptibility to mechanical stress
do not pose considerable drawbacks.

However, it is important to note the limitations of
this system, such as a restricted range of attainable
gain values, necessitating an individual relay for each
distinct gain. A possible substitute for the electrome-
chanical relay is the employment of multi-channel
analog switches [5] (Fig. 2).

While these switches offer numerous advantages,
including rapid switching capabilities, compactness,
and robustness against mechanical disturbances,
they also introduce certain imperfections. Notable
among these are the considerable non-linear resist-
ance intrinsic to the switches, their larger footprint

relative to digital potentiometers, and elevated out-
put capacitance in switches with minimal resistance
(ranging from several to hundreds of picofarads).
The latter detrimentally impacts the common-mode
noise rejection ratio (CMRR), besides the relatively
high expense for switches with favorable specifica-
tions [6]. Furthermore, the challenge of establishing
additional gain values persists, given that most analog
switch producers manufacture units with a ceiling of
4-8 channels, occasionally failing to meet the requi-
site quantity of gain variations.
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Fig. 2. Variable gain instrumentation amplifier
with gain control based on analog switch

In this context, it is also pertinent to note the
ADS825x and ADS8231 series of integrated pro-
grammable instrumentation amplifiers, developed
by Analog Devices [7]. Although these amplifiers
largely circumvent the deficiencies, they impose con-
straints on engineers by precluding the custom selec-
tion of essential gain values and intrinsic parameters
of the instrumentation amplifier. This lack of flexibil-
ity could be a limiting factor in certain specialized or
nuanced applications.

However, the recent advancements in the pro-
grammable-gain amplifiers domain have been driven
by the need for low-power consumption, high band-
width, and precise gain control.

Analysis of recent research and publications.
Park et al. (2023) conducted research on decibel-lin-
ear PGAs and presented a new design using the com-
plementary current-switching approach. This innova-
tive design offers a more expansive bandwidth and a
significant gain control capability, and it efficiently
reduces DC power usage. Utilizing a 65-nm CMOS
process, their PGA demonstrated a dB-linear gain
control range of 59.7 dB in 1-dB increments, con-
suming only 0.6 mW of DC power [8].

In the automotive sector, ultrasonic sensor sys-
tems have gained traction, necessitating specialized
PGAs. Addressing this need, Kang et al. (2023) pro-
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posed a PGA that adeptly removes DC offset and
out-of-band noise through band-pass filtering. Their
design intricately combines a low-noise amplifier
(LNA), a variable gain amplifier (VGA), an RC low-
pass filter (LPF), and a voltage buffer. Notably, the
PGA’s voltage gain can be fine-tuned from 56 dB to
110 dB within the ultrasonic signal band spanning
from 30 kHz to 70 kHz [9].

Shifting focus to CMOS technology, Germano et
al. (2023) presented a dynamic residue amplifier in
65 nm CMOS, tailored for a 2-stage SAR-pipelined
ADC. Their design stands out for its programmable
gain, achieved by varying both the common-mode
current and the amplification time window. Post-lay-
out simulations across different conditions revealed
a configurable gain with a power consumption range
between 39-61 uW [10].

Kledrowetz et al. (2023) made research in the
domain of EMG sensor signal processing, introduc-
ing an analog front-end powered by a mere 1 V. Their
design, realized using the 28 nm fully depleted silicon
on insulator (FDSOI) technology, comprises an input
instrumentation amplifier (INA) and a PGA, both in
a fully differential topology. This circuit achieves a
commendable common-mode rejection ratio (CMRR)
of 105.5 dB [11].

Lastly, in the field of wearable ECG sensors Kumar
and Balanethiram (2023) proposed an Analog Front
End (AFE) that is DC coupled, integrating an FDDA-
based Instrumentation Amplifier (IA) and a PGA with
an AC coupled input stage. This design is particularly
noteworthy for its high gain of 76dB and a CMRR of
around 127dB, making it adept at detecting ECG sig-
nals in the range of 1-2 millivolt peak to peak [12].

However, a critical examination of these advance-
ments reveals a common thread that poses a signifi-
cant limitation: each of these innovative PGAs relies
heavily on CMOS technology for their implementa-
tion. Such features allowed researchers to achieve the
micro-scale dimensions and the low power consump-
tion inherent in CMOS-based designs. While these
characteristics are advantageous in certain applica-
tions, they present a considerable barrier when these
PGAs are considered for environments that require or
favor discrete component implementation.

The constraint lies in the infeasibility of directly
translating these sophisticated, complicated, minia-
turized CMOS designs into the macro-scale world
of discrete components. Discrete implementation,
with its own set of advantages, including lower ini-
tial expenses, ease of debugging and implementa-
tion, modification upon required tasks, and unique
educational value, is virtually sidelined by the cur-
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rent research trajectory focused predominantly on
CMOS technology. This gap in research inclusivity
underscores the need for a paradigm shift, prompting
a move towards designs that embrace the versatility
and accessibility of discrete components.

Task statement. The research tasks comprised the
analysis of current implementations of instrumentation
amplifiers with programmable gains, focusing on their
inherent strengths and limitations. This analysis was
further extended to describe the operational principle
of the proposed amplifier with a digital potentiome-
ter-controlled gain. The development of a calculation
methodology specific to this amplifier and computer
simulations of the proposed design also will be under-
taken to compare its performance against traditional
fixed-gain amplifiers. Performance testing will pri-
marily be executed through computer simulations,
which will allow us to compare our new design with
traditional fixed-gain amplifiers. These simulations are
crucial for validating our design and making necessary
adjustments to enhance its performance.

Outline of the main material of the study. In
our goal of modeling a programmable differential
amplifier, the first step is the calculation of the cir-
cuit’s maximum and minimum potential gains. This
is achieved using the equation (2):

, 49400 _ , 49400
R R

ab aw min

2<G <1412 ()

1 G<l1

where R, denotes the maximum resistance the dig-
ital potentiometer can offer, which is 50 kOhm in
the current context. R,,,;, corresponds to the resist-
ance of the potentiometer’s middle terminal, essen-
tially setting the minimum resistance for the digital
potentiometer. For the models AD5272 / AD5274,
this resistance approximates to 35 Ohm. The constant
49400 references the internal gain-set resistor intrin-
sic to the AD8226 amplifier. It is pertinent to note that
the maximum and minimum gain values are also con-
strained by the specifications of the instrumentation
amplifier. Specifically, for the AD8226, the permis-
sible gain should be between 1 and 1000. Given that
we are employing the AD5272BRMZ-50-RL7 poten-
tiometer, the gain range extends from a minimum
of 2 to a maximum limited by the amplifier, 1000.
Consequently, incorporating a digital potentiometer
effectively taps into most of the accessible gain range
delivered by the instrumentation amplifier.

G <14 1482 3)

Equation (3) clarifies the relationship between
permissible gain and the differential voltage at the
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input. This equation was derived by substituting R,
with V,/3mA, where 3mA denotes the maximum cur-
rent, the digital potentiometer can handle.

49400
p.Re @)
2N
Equation (4) showcases the interdependence of
gain on the binary code set in the digital potentiom-
eter. Here, D represents the binary code fed into the
potentiometer, R, symbolizes the potentiometer’s
nominal resistance, and N stands for the potentiome-
ter’s resolution, which is 10-bit in the present context.
Fig. 3 illustrates the correlation between the peak
permissible gain and the input voltage. The amplifi-
er’s input differential voltage has an upper limit set by
the AD5272BRMZ’s peak taper current (3mA).

G<1+
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Fig. 3. Dependence of the maximum allowable gain
over the input differential voltage

The graphical representation in Fig. 4 emphasizes
that the amplifier, within high gain parameters, proffers
a diminished granularity in gain adjustment (yielding
larger gain intervals). Conversely, in lower gain ranges,
the resolution increases. This characteristic is inherently
advantageous in practical scenarios, facilitating preci-
sion gain adjustment where it’s most requisitioned.
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Fig. 4. Dependence of the gain over the binary code
specified in the potentiometer

Fig. 5 represents the common mode noise rejec-
tion ratio (CMRR) of the amplifier versus the input
frequency, comparing both a digital potentiometer
(DigiPOT) and a conventional discrete resistor setup.
This data was procured using SPICE simulations.
A minor dip in the CMRR of the amplifier with a
potentiometer at elevated frequencies is attributable
to the intrinsic parasitic capacitance present at the
gain inputs. Nonetheless, it’s vital to underscore that
combining analog and digital modules in a single cir-
cuit configuration is a prevalent endeavor. Adhering
to generally accepted circuit design and routing rules
ensures that performance degradation remains negli-
gible [13].
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Fig. 5. Dependence of the common mode noise
rejection ratio over the frequency of the input signal

Fig. 6 illustrates the proposed amplifier design,
developed with a focus on optimizing the Bill of
Materials (BOM) for cost-effectiveness, ensuring
versatility, and facilitating seamless integration with
the Analog-to-Digital Converters (ADCs) inherent in
various microcontrollers.

The operational sequence commences with the
differential input signal being applied to the IN+ and
IN- terminals. This signal is subsequently subjected
to an RF interference suppression stage and an input
protection mechanism, important for protecting the
amplifier’s inputs. It is critical that the passive com-
ponents’ values are selected aligning with the opera-
tional demands of the specific electronic application
to ensure signal integrity and reliability.

After the input conditioning, the signal is routed
to the differential amplifier, designated as D2 in the
schematic. Here, gain setup is accomplished through
the integration of a programmable digital potenti-
ometer D1, providing control over the amplification,
while ensuring optimal signal-to-noise ratio (SNR)
and minimal harmonic distortion.

In the core amplification stage, the AD8226 instru-
mentation amplifier from Analog Devices is used
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Fig. 6. Dependence of the common mode noise rejection ratio over the frequency of the input signal

[14]. To mitigate power supply noise — detrimental to
the low-level signal integrity — a decoupling network
comprising R1-L1-C2 is implemented. This config-
uration decisively isolates the digital circuitry from
the analog domain, substantially reducing parasitic
interference and ensuring optimal power delivery to
the critical operational stages.

Utilizing the AD5272 digital potentiometer from
Analog Devices [15], the design achieves up to 1024
distinct resistance configurations, broadening the
dynamic range and allowing for accurate signal scal-
ing. The biasing filter (R5-C7), provides the reference
voltage to the amplifier’s REF input, ensuring stable
operation across varying environmental conditions
and operational demands.

This reference voltage, crucial for accurate signal pro-
cessing, can be derived from a buffered resistor divider
network or a microcontroller-integrated Digital-to-Analog
Converter (DAC), enhancing system versatility and adap-
tive biasing capabilities. This approach facilitates real-
time, software-driven offset calibration, optimizing meas-
urement accuracy and system responsiveness.

In the final signal conditioning stage, the amplified
output undergoes a low-pass filter (R3-C5), attenuating
high-frequency signal artifacts and ensuring spectral
purity before ADC interfacing. The signal is then sent to
the microcontroller’s ADC module for high-resolution
digital conversion, enabling digital signal processing
techniques or subsequent routing to external analytic
instrumentation. This design yields a system charac-
terized by its precision, configurability, and seamless
integration into broader electronic architectures.

Conclusions. In this study, we presented a novel
approach to design programmable differential ampli-
fiers. A thorough evaluation of the merits and demer-
its of this methodology was undertaken.
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The salient features of the introduced differential
amplifier encompass its compact footprint, custom-
izable parameters, extensive gain variability, poten-
tial for automated gain error calibration, affordabil-
ity, and straightforwardness in both fabrication and
integration. On the flip side, certain limitations were
observed. These include a minor dip in the Common
Mode Rejection Ratio (CMRR) of the instrumenta-
tion amplifier at higher frequencies, attributable to
the inherent parasitic capacitance at the gain setting
inputs [16]. Additionally, the bandwidth is restricted
by the characteristics of the digital potentiometer.

Throughout this research, we delineated computa-
tional techniques tailored for our suggested program-
mable instrumentation amplifier. These computations
facilitate estimations of permissible input voltage
thresholds and the discreteness of gain adjustments.

The proposed circuit design allows the development
of compact, low-power, robust mixed-signal devices,
biomedical instruments, systems dedicated to quanti-
fying physical parameters, systems for collecting novel
design facilitates a broad gain range controlled digitally,
introducing substantial improvements in adaptability
and precision for various applications. While the model
exhibits enhanced functionality, particularly in auto-
mated gain calibration and error reduction, it encounters
constraints in high-frequency common-mode rejection
ratio (CMRR) due to inherent parasitic capacitance.
Nonetheless, the proposed PIA stands as an impor-
tant advancement, offering notable benefits for digital
processing systems, biomedical instrumentation, and
diverse measurement devices requiring dynamic and
accurate signal amplification. Future research should
investigate methods to mitigate the high-frequency lim-
itations to further solidify the proposed PIA’s applicabil-
ity in more complex or high-frequency reliant systems.
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Bypkoschknii S1.¥O., 3inbkoBenknii F0.®. IPOTPAMOBAHWM IHCTPYMEHTAJIbHUN
HIACUJIIOBAY 3 BCTAHOBJIEHHAM ITIOCUJIEHHSA 3A JOITOMOI'OIO
OUP®POBOI'O IIOTEHIHIOMETPA

Ilpeomemom eusueHHss 6 cmammi € CXeMOMEXHIYHI PieHHs THCMPYMEHMANbHUX NIOCUTIO8AYi8 3 Npo-
epamosanum Koeiyicumom niocunenus (programmable gain instrumentation amplifiers) ons eupiuienns
NPUKAAOHUX 3A60AHb 8 CUCIEMAX YUPPOBol 00poOKU aHAI0208UX CUSHANLE, OioMeOUdHOT anapamypu, 6UMi-
PIOBATLHUX NPUNAOAX, AHANIZT OAHUX 3 AHAN0208UX 0amUuKie i m.o. Memoro € pospobka cxemomexHiunoi pea-
J3aYii NPOSpaAMOBaAH020 THCMPYMEHMANbHO20 NIOCUTIO8AYA, WO 00 EOHYE nepesazi 8xce 8i0OMUX DilleHb 3
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MOJCIUBICTNIO 3A60AHHS HEODXIOHO020 3HAYEHHs Nocuienus no yugposomy inmepgeticy 12C / SPI. 3aoaui:
nposecmu aHaliz iCHYIOUUX peanizayiil IHCMpyMeHmanbHux nioCuniosadie 3 npoepamosanum Koepiyicumom
nIOCUNeHHs 3 YPAXy8aHHsam ix nepegae i HeOONiKi6, onucamu NPuHyun pooomu 3anponoHo8anoi peanizayii
NPOCPAMOBAHO20 THCMPYMEHMAILHOLO NIOCUNIOBAYA 3 YUPDPOBUM NOMEHYIOMEMPOM 8 AKOCTI eneMeHma, wo
3a0a€ 3Ha4eHHs. NOCUTLCHHS, CMBOPEHHSL OeAKUX eleMEeHmMie MemoOUuKly pO3PAXyHKY no0ibH020 nidcunosaud,
NPOGedeHHs. KOMN TOMEPHO20 MOOENI0BAHHS 3aNPONOHOBAHO20 PIUEHHS T NOPIGHAHHS OMPUMAHUX PE3)Ibma-
Mig 3 MAKUMU Y Peanizayii iHCmpyMenmanbHo20 NiOCUII08aya 3 Qikcosanum Koegiyicumom nocunenns. Buko-
PUCMOBYBAHUMU MEMOOAMU €. NOPIGHANbHUL AHANI3 K MeMOO 00CHIONCEHHS, KOMN TOMeEPHe MOOeN08aHHs
CXeMOMEeXHIUHUX piuens, Mamemamudne mooenosanna. Ompumani Hacmynui pesyibmamu. B xo0i pobomu
0V10 3anPONOHOBAHO HOBE CXEMOMEXHIUHE PIlueHHsT MAN02adapumHoc0 npocpamMOBAHO20 THCMPYMEHMANb-
HO20 NIOCUTIO8AYA, NPOBEOEHO 1020 NOPIGHAHHS 3 Yiice ICHYIOUUMU Peani3ayiamu, 3anponoHo8aHa Memo-
OUKA PO3PAXYHKY NAPAMEMPIE MAKO20 THCMPYMEHMATbHO20 RIOCUTIO8AYA, A MAKONC NOKA3AHT pe3yIbmamu
Komn tomepHo2o modenioganus. Ilpogedeno oyinky nepesae i Heoonikis. Ilposedenuil ananiz 3anponoHo8aHoi
peanizayii npoepamosano2o IHCMpyMeHmalbH020 NIOCUNI08AYA 003BONAE 3pOOUMU GUCHOBKU, 1O 00 Nepesas
MOICHA BIOHECTNU MAJLE POMIPU 20MOB020 PIULEeHHS, MONCIUGICING 3MIHU NI0 HEOOXIOHI napamempu, Makcu-
MATLHO MOANCIUBULL OTANA3OH Pe2YIIO8AHHA NOCUTEHHS, MOJNCTUBICIb ABMOMAMUYHO20 KANIOPYS8aANHA NOXUOKU
VCMAHOBKU NOCUTIEHHS, HEBUCOKY apmMICmb peanizayii (6 NOPI6HAHHI 3 IHUWUMU, NPeOCNABLEHUMU 8 CIMAMMI
Memooamu) i 8iOHOCHY npocmomy peanizayii. /o HedoniKie MOICHA 8i0HecmU OesiKe 3HUNCEHHS Koepiyichma
nooagients: CUH@A3HOL 3a6a0u THCMPYMEHMATLHO20 NIOCUTIO8AYA HA GUCOKUX YACOMAX Yepe3 napasumii
EMHOCMI HA 6X00AX YCNAHOBKI NOCUTEHHSL.

Knrouosi cnoea: incmpymenmanvhutl niocunro8ay, npocpamosanuli nioCcunosay, yu@dposutl nomeHyio-
Mmemp, cucmemu 300py oanux, Inter-Integrated Circuit (I12C), Serial Peripheral Interface (SPI), npoepamosane
NOCUTLEHHA.
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