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Abstract — This paper describes setups for measuring
noise in the frequency range from 10 kHz to 100 MHz
of semiconductor structures made of new Dirac-
materials - 2D-COF/MOF intended for the
construction of QHRS quantum standards. The main
emphasis was placed on the preamplifiers. The first
design gives solution with equivalent input noise value
of about 1 nV//Hz at 100 kHz and 400 V/V
amplification, second - improves the spectrum
analyzer's noise figure (NF) from 7 dB to 0.64 dB.

.  INTRODUCTION

Revolutionary changes in the International System of
Units, the recognition of classical standards as too
inaccurate, and the transition to standard physical
constants force scientists to work on increasing the number
of significant figures of these constants. Promising this
direction is the development of quantum standards
characterized by excellent repeatability with atomic
accuracy. An important path here is the development of
semiconductor materials from the Dirac-materials family
[1].

After tests with graphene for the implementation of the
quantum Hall resistance standard (QHRS), the time has
come for even more chemically and physically attractive
structures of two-dimensional covalent-metalorganic
frameworks (2D-COF/MOF) [2,3]. Models made of new
materials will be subjected to various tests. The
measurement of electrical noise is quite important here
because, in the case of too much noise, it will not be
possible to measure a given quantity with sufficient
precision to be able to determine as many significant
figures of a given constant as possible after conversion.

In the international EURAMET EMPIR 20FUNO3
COMET project called “Two dimensional lattices of
covalent- and metal-organic frameworks for the Quantum
Hall resistance standard”, one of the tasks is to adapt the
equipment to measure the noise of model semiconductor
structures with the greatest possible precision. The model
of the new semiconductor structure designed to build the
standard of the measurement unit should be characterized
by low noise. It is difficult to estimate its value for a
hitherto unknown structure intended for a specific
application here. Measuring its total value in a wide
frequency band can also be difficult due to the frequency
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limitations of individual methods and measuring
instruments. For the selection of the measurement method
and the design of the target measuring apparatus using a
given semiconductor structure model, it is important to
determine the corner frequency (fc). This is a frequency on
a broadband noise characteristic for which pink noise 1/f
is equal to thermal white noise. Different semiconductor
structures have different fc frequencies, the value of which
can range from a few kilohertz to hundreds of megahertz.
In the project, work on the study of electrical noise
characteristics of the new semiconductor structure is
carried out in two ways. Noise in the low-frequency range,
where the highest noise power values occur, mainly
associated with pink 1/f noise, is studied, and correlation
methods are used to eliminate noise inside the instruments
[4]. Work is also underway to prepare a set of measuring
equipment for broadband noise testing of a semiconductor
structure model, including the purpose of determining its
fc frequency. In Fig.1. exemplary characteristics of the
noise spectral density for models made of two different
materials with quite different f. frequencies, for graphene
[4] and a semiconductor material of MOSFET transistors
with a channel length and width of 5/8 pum [5], were
presented.
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Fig. 1. Characteristics of noise spectral density for two
models made of different semiconductor materials,
showing differences in the occurrence of corner
frequencies.

The article will describe the components of the
measurement system for testing the broadband noise of the



model of the new semiconductor structure in the frequency

range from 10 kHz to 100 MHz, which will also make it

possible to find the f; frequency.

II.  DESCRIPTION OF THE CONSTRUCTION OF
THE MEASURING SETUP

The measuring setup consists of two basic elements:
a spectrum analyzer and a preamplifier.

A. Spectrum analyzer

The ESCI 3 measuring radio frequency receiver with
a built-in spectrum analyzer function was used as
a spectrum analyzer. The precision of this measuring
device is evidenced by the fact that it allows the
measurement of antenna signals at the level of several
microvolts.

The spectrum analyzer measures the magnitude of the
electrical power of the input signal over the full frequency
range, which is from 9 kHz to 3 GHz. Since the 3 GHz
frequency reaches the microwave band, it is important to
match the input and output impedances of other devices
connected to it to avoid signal reflections. There are two
impedance-matching systems for high-frequency ranges.
Television systems use 75 Q and microwave measuring
systems use 50 Q. The measurement setup is operated in a
50 Q impedance matching system in this task.

It is possible to set the spectrum analyzer to a different
reading unit instead of power, e.g. voltage, but the
instrument will convert this voltage from the measured
power on 50 Q input impedance. If a voltage source with
an impedance other than 50 Q is connected to the input,
the indicated voltage value will not correspond to the
actual voltage connected to the input. Although we are
operating at lower frequencies, the 50 Q impedance
matching rule still applies, so preamplifiers should also
have a 50 Q output impedance.

The spectrum analyzer measures the power of variable
signals dissipated into its input resistance. The noise power
spectral density of this resistance expressed as the root
mean square (RMS) of the noise voltage per 1 Hz of the
band, is given by [6]:

v2 = 4kzTR (1)

where kg is the Boltzmann constant in joules per Kelvin

(J/K), T is the absolute resistor temperature in Kelvin (K),
and R is the analyzer input resistance in ohms (Q).

The RMS of the noise voltage for a given bandwidth Af
in Hertz (Hz) measured with the input resistor is:

v, = |vE[Af = J4kzTRAf ()
and the noise power dissipated by this resistor is [6]:
P = v2/R = 4kgTAf (3)

12

The noise arising on the output resistor of devices
connected to the analyzer is transferred to its input. The
maximum noise power transfer occurs when the equivalent
resistance of the input circuit is equal to the noise-
producing resistance. In this case, there are two 50 Q
resistors. The noise power dissipated in the resistors is
divided equally between each of them. Because only half
of the source noise voltage is deposited across each of
these resistors, the outcome noise power is given by :

P = kgTAf €))]

where P is the thermal noise power in watts (W) and is

independent of the noise-generating resistance [7]. The

noise value visible on the spectrum analyzer in the absence

of active devices connected to the input depends only on
the temperature.

This power, expressed in dBm at room temperature
assumed to be 300 K for a given band Af, is expressed by
the formula:

P(dBm) =-174 dBm +10 log (Af) (5)

therefore, for the assumed frequency range, it gives a
noise power value of -94 dBm, which corresponds to about
-13 dBpuV, and the RMS value of the noise voltage for the
assumed 50 Q system of 4.5 pV (about 13 pVp.p).

B. Preamplifier

The preamplifier for the spectrum analyzer in the noise
measurement  setup usually consists of several
amplification stages, and when using sensitive analyzers it
can have a total amplification of only a few hundred times.
It is a trans-impedance electronic component. Its task is to
match the impedance of the tested element to the input
impedance of the analyzer; hence its output impedance
must be 50 Q, and the input impedance should be matched
to the impedance of the tested noise source.

The second task of the preamplifier is to reduce the noise
figure (NF) of the measurement setup with the spectrum
analyzer. In this case, the NF of the ESCI analyzer is 7 dB.

The NF and the noise factor (F) are values that indicate
the deterioration of the signal-to-noise ratio (SNR) caused
by components in the signal chain. These values are used
to evaluate the performance of an amplifier or radio
receiver, with lower values indicating better performance.

In order to organize the entire theoretical part of the task,
the known formulas describing the relationships between
SNR, F and NF will be presented below, where the i index
refers to the input and the o index to the output of
individual amplification stages or the entire measurement
system, and the dB index means that the value is presented
in decibels. In the Friis formula, the k index at F and power

gain G denotes the number of the amplifying stage [8]:
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where Fsepyp, Fiva and Fs, are the noise factors of the
whole measuring setup, the low-noise preamplifier (LNA),
and the spectrum analyzer itself, respectively, and Gy, is
the gain of the LNA.

It is important to choose the right components for the
construction of the first amplifying stage of the
preamplifier, especially the active element, i.e., the
transistor. This project decided to choose a transistor with
a noise level below 1 nV/v/Hz operating at least in the
frequency range of up to 100 MHz. Typically, transistors
with such a low noise factor also have a low crossover
frequency of pink noise with white noise. MOSFETS can
have a remarkably high f; frequency of up to several GHz.
JFETs and BJTs have a very lower f; even below the kHz
range, but JFETSs typically exhibit more flicker noise at
low frequencies than BJTs and can have f. as high as
several kHz in JFETSs not selected for flicker noise. The 1/f
noise characteristics of JFET transistors are more linear
than other transistors. [9,10]

The spectral density of the 1/f noise voltage in the CMOS
fabrication process as a function of the frequency f is often
modelled as:

, K
"L WLf (19)

where K is a process-dependent constant, K equal to
5 x 10 fC%um? for NMOS devices and 2 x 1020 fC?/um?
for hidden channel PMOS devices. Cox is the oxide
capacitance and W and L are the width and length of the
channel, respectively. [11]

In graphene, the fc can be on the order of 100 Hz, but in
MOSFETs and millimeter-wave structures it can be
several GHz, hence the f; frequency of a new and untested
semiconductor structure may be in this range.

Due to the non-linearity of the noise characteristics and
the low input impedance of the BJT transistors and the too-
high f. frequency of the MOSFET transistors, it was
decided to use a JFET transistor. Finally, the BF 862 N-
FET transistor with the following parameters was selected:
equivalent noise input voltage at 100 kHz typical value of
0.8 nV/\/Hz, and typical transition frequency of 715 MHz,
both parameters meet assumptions.
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Fig. 2. The frequency response of the first-stage
preamplifier based on the BF862 transistor.

The first stage of the preamplifier with an input
impedance of about 100 kQ was made. Fig. 2 shows the
frequency response of the first stage of the preamplifier,
from which its gain can be estimated at about 4 V/V in the
range from about 10 kHz to about 30 MHz. The LMH6629
operational amplifier was used in the second and third
stages. These stages have a gain of 10 V/V in the 900 MHz
range and an input noise voltage equivalent of 0.69
nV/v/Hz. The preamplifier made in this way has an input
noise equivalent of 1 nV/+/Hz and a gain of about 400 V/V,
which gives the RMS noise at the output of the entire
preamplifier, including the band up to 30 MHz, at the level
of 5.5 V. Although the first stage of the preamplifier with
the BF 862 transistor can work up to 100 MHz, its
characteristics above 30 MHz do not indicate the
possibility of making precise measurements, for these
reasons, for operation in the higher frequency range, it was
decided to use in the first stages a wideband FET transistor
with the symbol CE3512K2, with the best catalog value
NF = 0.30 dB, which means that to obtain the output noise
value, the input noise must be multiplied by the gain and
multiplied by 1.035. Finally, the second version of the
preamplifier was made of two CE3512K2 transistors and
an LMHG6629 circuit. Due to the battery power supply, the
transistor drain current is limited to 3 mA. This allowed us
to obtain NF at the level of 0.5 dB and gain of the stage at
the level of 12.5 dB. The first two preamplifier stages,
made identically, allowed to obtain NF of 0.53 at 25 dB
gain. The third stage has NF = 8 dB and a gain of 20 dB.

After substituting all components of the noise factors and
power gains of the individual amplification stages of the
preamplifier into the formula (8), the resulting value F;y 4
= 1.15, which allows the calculation of NF,, = 0.59 dB.
After substituting the above-calculated F,, value and the
gain value of the entire preamplifier and the noise factor of
the spectrum analyzer Fg, = 5.01 into the formula (9), a
slight change in noise factor was obtained (Fser,,;, = 1.16),
and as a result of the noise figure of the entire measurement
setup at the level of 0.64 dB. This means that thanks to the
use of the preamplifier made here, an improvement in



noise figure was obtained from 7 dB for the spectrum
analyzer alone to 0.64 dB for the entire measurement
setup.

The second variant of the preamplifier has a voltage gain
of about 178 V/V. An additional LMH6629 stage can be
added to increase the amplification. It is also possible to
connect a commercial amplifier HVA-200-40-F to the first
two stages of the preamplifier, the connection of which
will slightly reduce the quality of the noise parameters of
the system, but will enable operation with the overall
amplification of the extended version of the preamplifier
up to 65 dB and extend the f. frequency search range to
200 MHz.

I1l.  TESTING THE BROADBAND ELECTRICAL
NOISE MEASUREMENT SETUP

There are three elements in the measurement process
here: the measured sample, which is the source of noise,
the preamplifier matching the impedance of the sample to
the impedance of the spectrum analyzer, amplifying the
signal from the sample and improving the input noise
parameters of the spectrum analyzer, and as the third
element, the spectrum analyzer itself. To check the
operation of one of the mentioned elements, the other two
are reference devices with known parameters and
characteristics.

An exemplary system for checking the parameters of the
elements listed above is seen in Fig. 3. The noise source is
the analyzer's 50 Q terminator, which is connected to the
inputs of an amplifier with known parameters. The
terminator shorts the high 1 MQ impedance of the HVA-
200M-40-F amplifier, hence the input noise is at the level
of 1 nV/v/Hz, and the prominent noise is the noise of the
electronic circuits related to the inputs, which in the
midpoint of the 100 MHz band is 5.5 nV/v/Hz with 10 V/V
gain set. So the total noise related to the input being the
square root from the sum of the squares of both noises is
5.6 nV/v/Hz (the input current noise is omitted due to the
low input resistance). The last numerical value, after
taking into account the above gain and bandwidth values,
gives the RMS voltage value of the broadband noise
occurring at the output of the amplifier at the level of 560
nV, which corresponds to 55 dBuV. Due to the impedance
matching of the amplifier output with the spectrum
analyzer input, the power of -52 dBm (6.3 nW) is
transferred to the analyzer.

On the monitor screen of the spectrum analyzer shown
in Fig.3, there is a graph of the measurement of the noise
mentioned above and the amplifier shown in the same
photo. The average noise value in the design-relevant
range, i.e. from 10 kHz to 100 MHz, is almost constant at
-102.7 dBm. Above 100 MHz, the noise decreases slightly
with increasing frequency, so towards the end of the
visible 200 MHz range it is a few dBm less. During the
measurement in the non-essential frequency range, the
amplifier was disconnected to show in one picture the
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displayed floor noise level, the average value of which is
almost constant and amounts to -123.9 dBm. The given
value exceeds the value calculated from the theoretical
formula (5). First of all, the formula does not take into
account the NF of the analyzer itself and the components
present in the analyzer, such as attenuators, filters, and
conversion factors vary for different settings, which affect
the final value of the input noise of the analyzer.
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Fig. 3. An essential setup for checking the parameters of
components included in the measurement system,
consisting of a spectrum analyzer, an amplifier with
known parameters, including equivalent voltage and
current of input noise and frequency characteristics, and
a source of white noise.

There are two more important pieces of information on
the spectrum analyzer screen: RBW 100 Hz and AQT 160
s. This means that the IF (intermediate frequency) filter
with 100 Hz band resolution (RBW) has been applied
according to the setting. The second abbreviation means
acquisition time (AQT) and is equal to 160 s, but it also
means that the video bandwidth (VBW) filter, which is
used to smooth the waveforms on the screen, has been
abandoned in favour of the FFT (fast Fourier
transformation) filter, which allows for greater precision
of measurement data processing and accelerates the
frequency sweep on the screen. When using the FFT filter,
it must be considered about the RWB bandwidth
conversion factor of 1.056 when converting RMS noise to
noise spectral density.

IV.  CONCLUSION

This work aims to present the classical method of
measuring electrical noise using a spectrum analyzer as a
modern tool in the search for f; frequency at the crossover
of pink 1/f noise and white noise frequency characteristics,
thanks to a special approach to the construction of the
device connected at the input of the analyzer. This device
is an ultra-low noise preamplifier in which special



attention has been paid to the selection of the first
amplification stage. The selection of subsequent stages
was to lead to the optimal reduction of the noise figure of
the whole setup and impedance matching to the 50 Q input
of the analyzer. Although the use of the correlation method
of noise elimination from the theoretical point of view
gives better possibilities of eliminating the noise of the
measuring device, the set of apparatus presented here gives
better possibilities for the broadband measurement of the
amount of electrical noise and detection of the f frequency
of the tested semiconductor structures, including 2D-
COF/MOF structures used for building models of the
quantum Hall resistance standard, while using popular
spectrum analyzers and minimizing expenditure on
additional measuring equipment. The proposed electrical
noise measurement setup meets the assumptions for
operation in the frequency range from 10 kHz to 100 MHz.
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