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Abstract

The paper discusses the results of a joint work of the Central Office of Measures in the Republic of Poland and
the Military University of Technology in Warsaw within the framework of the project “Measurement Consistency in
Electromagnetic Power Measurements in the Sub-THz Band”. The main problems in the study of electromagnetic radiation
power in the terahertz range using a bolometric detector are considered. The design and parameters of the measuring system
based on the use of a resistive bolometric detector, own signal amplifier, and measuring converter, which were designed
and implemented at the Central Office of Measures in the Republic of Poland, are described. The results of metrological
traceability to the SI units are presented. This paper is dedicated to expanding measurement capabilities of the bolometric
detector based on a highly stable and inexpensive measuring system in the terahertz range. As a result of the joint work,
a measuring system characterized by high parameter stability and a gain of more than 20 000 V/V was developed and tested.
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Introduction

Based on the announcement of November 2,
2021, the Minister of Education and Science of the
Republic of Poland has initiated a program called
“Polish Metrology”.

The program provides support for the im-
plementation of projects aimed at increasing the level
of research capabilities of metrological institutions,
strengthening intellectual capital, increasing the
competitiveness of the Polish economy in strategic
areas for the country, developing modern technologies,
stimulating the development of metrology, in
particular in the fields of healthcare, environment,

energy and advanced measurement methods,
as well as the development of digital techno-
logies.

The Central Office of Measures in the Republic
of Poland and the Military University of Technology
in Warsaw participated in the above program with
a project entitled “Measurement Consistency in
Electromagnetic Power Measurements in the Sub-THz
Range” in Section 3 “Development of the Concept
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of a Terahertz Radiation Sensor based on a Bolomet-
ric Detector”.

A bolometer is a sensitive thermometer, which
electrical resistance varies with temperature, and which
is used for detecting and measuring feeble thermal
radiation and is especially adapted to the study of
infrared spectra [1].

The main component of the bolometer is a thin
plate painted black to increase the absorption coefficient
of radiation. Due to its small thickness, the plate
heats up quickly being exposed to the radiation and
its resistance increases. To measure small deviations
in the resistance of the plate, the latter is included in
a measuring bridge that is balanced in the absence of
illumination.

A semiconductor bolometer consists of two
thermistors. One of the thermistors is active, directly
exposed to irradiation. The second is a compensation
thermistor. It is shielded from external radiation and
is designed to compensate for changes in the ambient
temperature. Both thermistors are placed in a com-
mon sealed housing.
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The bolometer is sensitive to the entire spectrum
of radiation. However, it is mainly used in astronomy
to record radiation with submillimeter wavelengths
(intermediate between ultra-high-frequency radiation
and infrared). For this range, the bolometer is the most
sensitive sensor. The source of thermal radiation can be
the light of stars or the Sun, which has passed through
the spectrometer and decomposed into thousands of
spectral lines, each of which has a very low energy.

The main problem with measurements using
bolometric detectors, especially in wide ranges (e.g.,
terahertz), is the significantly small output signals.
The joint work of the Central Office of Measures in
the Republic of Poland and the Military University
of Technology in Warsaw within the framework of
the project entitled “Measurement Consistency in
Electromagnetic Power Measurements in the Sub-THz
Band” is dedicated to solving this problem.

Analysis of recent research and publications

A Dbolometric detector is an instrument for
broadband measurement of electromagnetic radiation
power, usually equipped with a pair of temperature
transducers, where one transducer compensates for
the effects of ambient temperature and in the other,
the electromagnetic radiation energy is absorbed and
converted into heat, which changes the temperature
of the transducer. The temperature difference between
the transducers measured over a period of time is
a measure of radiation power.

It was invented by American astronomer Samuel
Langley in 1878 [2]. At that time, the two temperature
transducers were the legs of the Wheatstone Bridge. At
that time, amplifying components such as transistor or
operational amplifier were not yet known, not even
tube amplifiers invented in 1906, and yet the inventor,
using a precise galvanometer on the diagonal of the
bridge, received a sufficient signal to detect a cow
passing on the objective axis line from a distance of
about 0.5 km [3].
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The development of electronics has made it
possible to amplify the measurement signal, but both
tube and transistor amplifiers generated electrical
noise that significantly reduced the measurement
accuracy. Mass production of operational amplifiers
with minimized temperature drift of parameters and
elimination of flicker noise has only recently begun,
having opened new prospects for designing precision
measuring instruments.

Currently, measuring transducers for use in the
terahertz range are manufactured using nanotechnology
[4—6]. Due to financial limitations of the project, it
was not possible to develop a measuring transducer
using this technology. In this project, compared to
the above-mentioned work, it was decided to expand
the frequency measurement range from 100 GHz to
several hundred THz, possibly dividing it into two
sub-bands depending on the waveguides used. It was
decided to use transducers made using SMD and THT
technologies with a conversion factor in the range of
several mW/K, which, with a one percent measurement
resolution and four percent transducer sensitivity,
makes it necessary to measure a voltage difference
of 5 uV (R, = 10 kQ, I, = 100 pA, P. = 1 mW).

Description of the construction of the measuring system
for the bolometric detector of electromagnetic radiation

In this task, it was decided to manufacture two
bolometer heads. The first one is with waveguides
made of insulating materials, operating in the frequency
range up to 1 THz, and the second one is with metal
waveguides, operating with a WM-250(WR1.0)DH cone
antenna manufactured by VDI to measure the power
of electromagnetic radiation sources above 1 THz. The
scheme of a bolometer head with metal waveguides is
shown in Fig. 1.

The following terahertz radiation sources are
available that operate on this principle:

* multiplication of gigahertz signals up to about
1 THz with a power of about 1 mW,

Waveguide cap

1 THz horn antenna

. Waveguides of
bolometer

Fig. 1. Scheme of a bolometer head with all components
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Fig. 2. Exterior view of the LTZ1000 integrated circuit [7]

* quenching of laser fluxes up to several terahertz
with a power of several uW.

Due to the low signal power of terahertz generators,
it was decided to make the measuring system of the
bolometric electromagnetic radiation detector with
optimal amplification of the measuring signal based
on modern commercially available integrated cir-
cuits.

The measuring system of the bolometric
electromagnetic radiation detector consists of five
components:

1) A DC reference voltage source.

2) Two identical voltage/current converters.

3) Differential amplifier.

4) Output amplifier.

5) Power supply.

Description of the DC voltage reference source
Each measuring instrument shall be traceable to a
reference. This can be an internal or external reference.
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The measuring system under consideration uses an
internal voltage reference.

The internal voltage reference in the measuring
system of the bolometer detector is based on the
LTZ1000 integrated circuit, which is shown in Fig. 2.

The LTZ1000 is a high-precision, ultra-stable
Zener voltage reference originally developed by Carl
Nelson for Linear Technology (now Analog Devices)
[8, 9].

This chip has four components in its case: two
control transistors, a heating element, and a high-
stability Zener diode with a voltage of ~7 V.

The diode has the following parameters: temperature
drift — 0.05 ppm/K, noise — 1.2 uV, and long-term
stability — 2 uV/Ykh. The circuit for the temperature
stabilization and raising the reference voltage to 10 V
is based on two dual ADA4077 operational amplifiers
(maximum 0.25 uV/K, 6.9 nV/YHz, type 0.5 uV/10kh)
[10]. The main characteristics of the ADA4077
operational amplifier are shown in Fig. 3.
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Fig. 3. Dependence graphs of the operational amplifier ADA4077 [10]: a — offset voltage (V) vs temperature,
b — voltage noise corner vs frequency
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Fig. 4. lllustration of seven thousand results of measuring the reference voltage of the measurement system
for the bolometric detector, performed every 10 seconds

When the component is powered by a +/— 15.00 V
symmetrical power supply and a Keithley Type 2000
digital multimeter is used, the source reference voltage
is 9.97951 V with a stable display of six significant
digits. The change in the reference voltage over time is
shown in Fig. 4 (the installation was not in a shielded
enclosure).

Description of voltage to current converters

The two identical voltage converters that convert
reference voltages into current to power resistive
temperature sensors were manufactured using 100 kQ
precision resistors with a tolerance of 0.01% and a tem-
perature coefficient of 2 ppm/K, as well as extremely
accurate, low noise, low temperature drift of the
MAX44251 type. The main feature of this type of ope-
rational amplifiers is the use of autocorrelation zeroing
technology, which provides continuous measurement
and compensation of input offset, time and tempera-
ture drift, and the influence of 1/f noise [10].

The current of ~100 pA from the current
sources thus created flows through two temperature
transducers, one of which emits the power of the
measured electromagnetic wave. The temperature
difference between the two transducers is fed back
to the operational amplifiers and produces a voltage
signal at their output, which is then transmitted to
a differential amplifier.

Description of the differential amplifier and output
amplifier

So far, the design of amplifiers with such high
resolution has been based on methods developed for
measuring electrical noise [11]. Today, thanks to new
technologies for manufacturing integrated operational

amplifiers (Low Noise Zero-Drift), they can be used
in the first stage of an amplifier. In this project,
the differential amplifier is constructed from three
MAX44251 operational amplifiers described above
and precision resistors with a tolerance of 0.01% and
a temperature coefficient of 2 ppm/K.

There are two stages in the amplifier: the first with
a 21 V/V gain and the second with a 10 V/V gain. The
output of the differential amplifier is the output to the
outside of the case via a BNC connector and fed to
the next final stage of the amplifier.

The last amplification stage, the final output
amplifier, is based on the ADA4523-1 operational
amplifier with the following parameters: noise voltage
spectral density of 4.2 nV/YHz at 1 kHz and its peak-
to-peak value of 88 nV,; (from 0.1 Hz to 10 Hz), with
is TCVOS = 10 nV/K (maximum) [10]. The gain of
this stage is 101 V/V, and the output signal is fed to
the second BNC connector.

Description of the power supply

To power the measuring system, three options were
implemented: from two stationary laboratory regulated
symmetrical power supplies; from the Eco-Line 20C
7.4V 2.4 Ah lithium-polymer battery; from an internal
battery — for less accurate measurements with voltage
converters. The latter power supply option consists
of a 230 V/24 V DC power supply, two 24 V DC to
+/— 12 Vand +/— 15 V symmetrical voltage converters,
voltage ripple suppression filters, and positive and
negative voltage stabilizer chips.

Results
A model of a measuring transducer for use in the
terahertz range with a previously described measuring
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Fig. 5. Arrangement of electronic components of the measurement system for the bolometric detector in the housing where: 1 — reference
voltage source; 2 — voltage amplifier with a gain of ~100 V/V; 3 — symmetrical current source to power the temperature transducers in the
bolometer detector; 4 — difference amplifier for measuring the voltage difference occurring on the detector transducers

circuit for use with a resistive bolometric detector
for measuring the power of electromagnetic radiation
in the terahertz range was manufactured based on
prototype printed circuit boards of the integrated
circuit manufacturers listed in the above description.
The components used in the device made it possible
to ensure high stability of the voltage source, current
sources, and amplification circuits.

The differential signal gain of the entire measuring
system is 21210 V/V. To minimize noise, the bandwidth
of the amplification unit was limited to 2 Hz (3 dB).
This limits the output noise of the instrument to
a value of 1.2 mVn(RSM), and allows for a stable
reading of three to four significant digits, depending
on the head used, with the digital multimeter mentio-
ned above.

Fig. 5 shows a photograph of the arrangement of
electronic components of the model of a measuring
system of the bolometric electromagnetic radiation
detector made as a result of joint work of the Central
Office of Measures in the Republic of Poland and the
Military University of Technology in Warsaw within the
framework of the project “Measurement Consistency
in Electromagnetic Power Measurements in the Sub-
THz Band”.

Conclusions

The work resulted in the development and testing
of a measuring system characterized by high parameter
stability and a gain of more than 20 000 V/V.

The main problem with measurements using
bolometric detectors in wider ranges is the significantly
small output difference signals. A popular solution to
this problem is the use of high-speed and highly stable
signal amplifiers and measuring transducers for the
terahertz range based on nanotechnology, which are
very expensive. The paper describes the design and
parameters of a measuring system for studying the
power of electromagnetic radiation in the terahertz
range based on the use of a resistive thermistor
bolometric detector, own made signal amplifier and
a measuring converter based on inexpensive publicly
available elements that were implemented at the
Central Office of Measures in the Republic of Poland.
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AHoTauis

Y crarTi po3risaaoThes pe3yabTraTty criiibHol npaii LlenTpanbHoi ciayx6u mip Ta Bar y Pecny6aini [Tonbia ta BilficbkkoBoi
TEeXHIYHOI akaaeMii y BapmiaBi B pamkax MpoeKTy “Y3romxeHiCTb BUMiplOBaHb MpPU BUMIpIOBAaHHSX €JIEKTPOMArHiTHOI
nmotyxxHocTi B cyo-TI'n miamasoni”. HaBemeHuWii MpOEKT peasi3oBYEThCSI Ha OCHOBI Mporpamu MiHicTpa ocCBiTM Ta
Hayku PecnyOsiku Ilosbiia “ITonbebka MeTposiorisi”. Po3mIsIHYyTO OCHOBHI MpoOiieMu TpU TOCTIIKEHHSIX MOTYKHOCTI
€JIEKTPOMATHITHOIO BUIIPOMIHIOBAHHSI TepareplioBOro aiara3oHy 3a AOIOMOTIOI0 0OJOMETPUYHOro aerekTopa. OmucaHo
KOHCTPYKIIitO Ta TapaMeTpy BUMipIOBAJIBHOI CUCTEMM JUIST JOCTIIPKEHHS TIOTYXKHOCTI €JIeKTPOMAarHiTHOrO BUITPOMiHIOBAHHS
TepareploBOro Jiama3oHy, LI0 0a3yeTbCs Ha BUCOKOCTAOLILHMX BUMIpIOBaJbHUX MepeTBopioBavyax. HaBemeHy B crarTi
CUCTeMY PO3pO0JIEHO Ha OCHOBi BUKOPUCTaHHS PE3UCTUBHOTO OOJIOMETPUYHOTO NETEKTOpa, BIACHOI MPOYKILil TincuioBaya
CUTHaJIy Ta BUMIpIOBaJIbHOIO MEpEeTBOpIOBaYa, 110 Oy/JIM CIPOEKTOBaHI Ta peajizoBaHi B LleHTpanbHiil ciayx0i Mip Ta Bar
y Pecnyoniui ITompima. HaBemeHO pesyabTaT METPOJIOTIYHOI MPOCTEXKYBaHOCTI M0 oauHHUIB SI. OCHOBHOIO ITPOOJIEMOIO
MPU BUMIPIOBAaHHSX i3 BUKOPUCTAHHSIM OOJIOMETPUYHUX AETEKTOPIB Y IIMPILIUX Jdiarla3oHax € 3HAYHO MaJli BUXiAHI CUTHaIU
pizHuii. Lo mpoGieMy MoXHa po3B’sI3aTH 3a JOMOMOIOI0 BUCKOTOYHMX Ta BHMCOKOCTAOIIBHUX ITiACHUIIOBAYiB CUTHAITY
1 BUMIpIOBaJbHUX TIEpEeTBOpPIOBaYiB. AJie Hapasi BUMIpIOBaJbHiI TepeTBOpPIOBaYi [Jis 3aCTOCYBaHHSI B TepareploBOMY
[iara3oHi BUTOTOBJISIIOTHCS 3 BUKOPUCTAHHSM HAHOTEXHOJOTIH, 1110 € AyXe NOporumMu. PoOOTY MpUCBAYEHO PO3LIMPEHHIO
BUMIPIOBJIBHUX MOXJIUBOCTE OOJIOMETPUYHOIO NETEKTOpa HAa OCHOBI BHUCOKOCTAOUIbHOI Ta HEIOpPOroi BUMipIOBaJIbHOI
CUCTEMM B TepareploBOMY Jiana3oHi. Y pe3yJibTaTi CHijbHOI mpali OyJo po3po0sieHO i MPOTECTOBAHO BUMIipIOBAJIbHY
CUCTEMY, IIIO XapaKTepU3YEThCS BUCOKOIO CTabiIbHICTIO TTapaMeTpiB i KoedinienTom mincunenHs monan 20 000 B/B.

KiouoBi cioBa: TepareplioBuii Jiara3oH; BUMiplOBaJibHa CUCTEMa; OOJIOMETPUYHUI NETeKTOp; MiJICUIIOBAY CUTHAIY;
MOTYKHICTb €JeKTPOMArHiTHOrO BUITPOMiHIOBAHHSI.
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