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Abstract
A correlation measuring tool for an endogenous pulsed neutron source experiment is developed in this work.
Paroxysmal pulses generated by a bursts of neutron chains are detected by a 10-kbit embedded shift register with
a time resolution of 100 ns. The system is implemented on a single reprogrammable device making it a compact,
cost-effective instrument, easily adaptable for any case study. The system was verified experimentally in the
Esfahan heavy-water zero power reactor (EHWZPR). The results obtained by the measuring tool are validated by
the Feynman-α experiment, and a good agreement is seen within the boundaries of statistical uncertainties.
The theory of the methods is briefly initiated in the text. Also, the system structure is described, the experimental
results and their uncertainties are discussed, and neutron statistics in EHWZPR is examined experimentally.
Keywords: endogenous pulsed neutron source experiment, neutron noise fluctuation, zero power reactor noise,
Esfahan heavy-water zero power reactor, neutron correlation.
© 2017 Polish Academy of Sciences. All rights reserved

1. Introduction
Neutron noise fluctuations observed in a form of correlated random pulses or signals from
neutron detectors inside or nearby a nuclear reactor core are an object of a well-established and
standard branch of studies, applications, and diagnosis in the field of stochastic experimental
nuclear reactor physics. The knowledge of data treatment of neutron noise fluctuations
originated by microscopic characteristics of the core is called zero power reactor noise (ZPRN)
theory. The ultimate aim of ZPRN analysis is to measure and diagnose the kinetic parameters
of the reactor core which are determined by the geometry and material composition of the
system [1]. The main advantageous feature of the method is its complete independence from
external excitation or perturbation of the system itself which makes it a valuable technique. The
experimental methods of ZPRN analysis are categorized by several different techniques that
might be classified in five major categories: analysis of probability profiles of neutron counts,
analysis of moments of neutron count distributions, analysis of correlation among neutron
counts in the time domain, correlation polarities in the time domain, and analysis of reactor
power level in the frequency domain [2−6]. Each technique has its own data analysis and
experimental data collection method [7−18]. The endogenous (inherent) pulsed neutron source
technique is a branch of correlation analysis of neutron counts in the time domain [3] (the third
item in the above categories of ZPRN analysis). The basic principle of the technique is the
conditional start of a multichannel scaler. Bursts of neutron chains are detected by a conditional
pulse counter and the delay time-dependent correlation function of the correlative chain
neutrons is registered by the multichannel scaler. The time at which a burst of neutron chains
_____________________________________________________________________________________________________________________________________________________________________________________
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is detected is the time origin for all recorded data. A prompt neutron decay constant of the core
is determined by analysing the acquired data.
Neutrons released by fission chains are correlated in time. Two types of correlations are
possible. A positive correlation − the existence of a pulse or event at a certain time makes the
probability of another pulse or event increased immediately afterwards; this kind of correlation
is seen in nuclear reactor systems where neutrons are linked in time by fission chains.
A negative correlation − the existence of a pulse or an event at a certain time makes the
probability of another pulse or event decreased immediately afterwards; this type of correlation
is usually generated by the dead time behaviour of particle detection systems. Radioactive
particles emitted by decaying type radiation sources are random sequences obeying the Poisson
distribution law. The time interval between consecutive pulses is not invariant but follows a
purely exponential probability. This kind of random sequences is usually generated by constant
sources of decaying types, whose half-lives are practically infinite in comparison with the
observation time. A random sequence is not a correlated one; every decaying process is an
independent nuclear process [19, 20].
Considering the statistics of the above mentioned random processes, three different values
of variance to mean (VTM) ratio of the counts are possible: VTM > 1 for a positive correlation
(in a multiplying medium), VTM = 1 for a pure Poisson process, and VTM < 1 for a process
of negative correlation. Note that VTM > 1 means that the neutron fluctuations inside the
medium are larger than those in the corresponding pure Poisson process (a Poisson process with
the same mean value of neutron counts). It is noticeable that a cluster of condensed pulses
appearing in time due to a burst of neutron chains means a long time separation of the bursts by
the background or random statistics of the system.
In a multiplying medium, such as a subcritical system, random processes are not purely
correlated in time. The whole process is the superimposition of an uncorrelated random process
and the correlated process of neutrons originated from common ancestors of fission chains.
The ratio of the correlated and uncorrelated portions of the process is usually called a signal to
background ratio (SBR) which is a measure of correlation in the system. In fact, the
uncorrelated portion is much larger than the correlated one, and the extraction of data needs a
wisely adjusted experimental set-up based on physical knowledge about system statistics and
its properties. Since the Esfahan heavy-water zero power reactor (EHWZPR), the case study
of the problem in the present work, is a heavy-water reactor, producing photoneutrons is
probable. Therefore, the background portion of the neutron statistics is physically strong in
comparison with the correlated sequences in the system.
Some physical simplifications assumed in this work are summarized as follows:
− The first fundamental assumption for ZPRN analysis techniques is an ergodic hypothesis;
the reactor is in steady-state operating conditions, and the evolution of neutron population is
expected to be stationary. The reactor to be studied is stable, and its stochastic features do
not vary with time. If different measurements are repeated in different periods, the same
results within the statistical uncertainties are seen.
− The basic assumption of the background theory of the experiments is the point reactor
supposition. Therefore, the point reactor assumption should be satisfied by the conditions
of the problem. The results obtained by a detector positioned in the core should represent the
features of the whole system.
− The delayed neutrons and photoneutrons are considered as the background radiation
in EHWZPR. Only prompt neutron fluctuations are analysed.
Correlation monitors have been used in different applications for measurement of physical
parameters [21, 22]. In reactor noise studies, the theory has been studied lately, and different
apparatuses have been developed for ZPRN experiments [3−4, 9]. Analogue monitors based
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on a single rate meter or two inter-compensated rate meters and digital monitors are also applied
[16−17, 23].
The main idea of the endogenous pulsed neutron source method is to compare the neutron
counts with the average or a threshold level. Bursts of neutron chains are detected and selected
by a comparator, then, a recording apparatus is triggered to collect the correlation data. This
process is repeated for many times until acceptable statistical accuracy is met. In the present
work, a correlation monitor is developed based on field programmable gate arrays (FPGAs).
A shift register as a proven technique of neutron correlation measurement [25−25] is employed.
A 10-kbit serial-in-serial-out shift register is implemented in the design to record enough history
of the random input process with a fine discretization of time. Parameters of the design are
possible to be adjusted by the experimenter according to the case study of the problem.
Considering the physical properties of EHWZPR (αc ≈ 6.84 ± 0.088 s−1, the prompt neutron
decay constant at critical state of the core) [13], one millisecond of the input sequence is stored
in the shift register at 100 ns of time resolution. Also, an embedded zero advanced time
multichannel scaler is designed and built into the device. The neutron counts are registered by
the device every millisecond after triggering by a digital burst detection circuit. The proposed
equipment can save the accumulated data at a different number of scans performed on the burst
of neutron chains. The system is tested and validated in EHWZPR by experiment, and the
results are compared with the information obtained by the Feynman-α experiment. A good
agreement between the results is seen. The proposed system is a cost-effective and compact
instrument based on the state-of-the-art digital electronic technology. The data on neutron noise
fluctuations in heavy-water moderated critical assemblies is published elsewhere [26] but −
regarding the characteristic neutron noise in heavy-water and graphite-reflected reactors − few
papers have been published in the literature on the subject. Thus, the ZPRN analysis is mainly
applied to the fast and light-water moderated systems [27−30]. Using the proposed measuring
tool, an experimental study on neutron noise fluctuations in EHWZPR is performed. Also, the
uncertainty of the results is analysed. The results obtained by the endogenous pulsed neutron
source method are validated by the Feynman-α experiment.
2. Background theory
2.1. Endogenous pulsed neutron source method
The natural fluctuations of neutron density in a multiplying medium produce prompt
paroxysmal pulses (due to bursts of neutron chains) which are higher than the average level,
and they decay to lower levels according to the exponential law. The slope of the exponent is
the prompt neutron decay constant of the core. The paroxysmal pulses are detected to generate
the triggering signal. This detection leads to selecting the most important portion of the random
sequence which contains information about correlated neutrons. As pulses are produced by the
natural fluctuations, the method is named as endogenous or inherent pulsed neutron source
experiment. Note that, in the pulsed neutron source experiment [31], bursts of neutron chains
are induced by an external pulse mode neutron source. The equation describing the
experimental results of the two methods are the same as:
n(t)=CC exp(−αt)+UC.

(1)

where: UC is the mean neutron count (the background or uncorrelated count); CC is the neutron
count of the starting channel (the correlated count); α is the prompt neutron decay constant, and
t is a time after detection of paroxysmal pulses (or after pulse injection in the pulsed neutron
source method). Parameters of this equation are estimated by curve fitting to the experimental
data. The mean neutron count in a time interval T is defined as [3]:
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(
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1
T

)

in critical reactor

(2)
in subcritical reactor drived by an external neutron source

T

∫ F (t )dt.

Mean fission rate: ε − neutron detection efficiency (number

0

of neutrons detected per fission); So − external neutron source power; υ − Mean number
of neutrons released per fission; keff − effective multiplication factor.
Usually, the measuring time of the endogenous pulsed neutron source method is relatively
long. The relation between the data collection time, TCollection, correlated counts, CC, and other
physical parameters of the system is introduced as (3) [7]. Note that TCollection is the amount
of time which is taken by the experiment for data collection to meet an acceptable experimental
uncertainty. It is clear that the data acquisition system starts by paroxysmal pulses and then
stops when the scan is finished:
TCollection =

CC
,
< F > × ε × T ×θ

(3)

where θ is the product of a repetition rate and a signal to background ratio, which is defined
by (4):
θ = R × SBR,
(4)
where: SBR is a signal to background ratio; and R is a repetition rate of paroxysmal neutron
pulses. As the repetition rate increases, the number of scans per unit time is also increased.
Therefore, the data collection time is decreased. A larger SBR means a lower background in
comparison with the signal. A better signal to background ratio leads to a shorter time for data
collection. As a result, there is an inverse relationship between TCollection and θ. The R and SBR
parameters are defined by (5) and (6), respectively:
SBR =

CC
,
UC

(5)

∞

R=

1
×
Pi ,
T i =γ

∑

(6)

where: Pi is the probability of counting i pulses within the time interval T; and γ is a threshold
condition for detection of the bursts of neutron chains. Other parameters have the same
definitions as given in the previous equations.
This type of technique can be considered as an intermediate method between the Rossi-α
experiment [2] and the classic pulsed neutron source technique, showing similarities to both
of them in the expression describing the experimental results (refer to (1)). Therefore, the
endogenous pulsed neutron source technique enables to analyse neutron noise in thermal
reactors for a reasonably acceptable measurement time, while the Rossi-α method is widely
known as a time-consuming method in such systems. The endogenous pulsed neutron source
experiment also features practical advantages when compared with pulsed neutron source
measurements since the expensive apparatus of the pulsed neutron source is no longer
necessary. Furthermore, the setting up of the experiment and the reactor operation procedure
are considerably simplified.
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2.2. Feynman-α method
Neutrons in a non-multiplying medium generated by a Poisson neutron source have zero
correlation with each other. Therefore, the random process observed at the output of the neutron
detector is mostly similar to a Poisson distribution, the only distortion on the process is the dead
time effect of the detection system [32]. Conversely, in a multiplying medium, neutrons are
chain-correlated. Therefore, the process is different from a Poisson distribution and a larger
standard deviation in comparison with a non-multiplying medium is seen. A larger value of
standard deviation means larger fluctuations of neutron density in the core. A ratio of variance
and mean of neutron counts in a specific time window (τ) is a measure of statistical fluctuations.
It is defined as:
VTM =

C2 − C

2

.

C

(7)

where: C is the number of neutrons counted in a time window. As neutron chains in a nuclear
reactor core are correlated in time, the distribution differs from the Poisson process. Therefore,
besides uncorrelated neutron counts with a Poisson distribution (the background term or
uncorrelated neutrons from other sources or other uncorrelated neutron chains), there also exist
correlated neutrons. That is why the statistics deviate from the Poisson distribution. The degree
of deviation is expressed by Y parameter in the Feynman-α formula as [2]:
C2 − C
C

2

= 1+ Y,

(8)

the Y parameter is expressed by (9):
Y =

ν p (ν p − 1) ε  1 − exp ( −ατ ) 
1 −
,
ατ
τ 2f
α2 


(9)

where: ε is a neutron detection efficiency (the number of neutrons detected per fission); τf is the
inverse of υΣf (the product of neutron velocity and microscopic fission cross-section), and νp
is the average number of prompt neutrons released per fission. Y is a measure of deviation from
the Poisson distribution. Y is determined at different values of time windows. The curve-fitting
method is used to fit (9) to the experimental data to obtain an estimation of α parameter. A novel
method of data analysis is proposed by [33] which reduces the machine time required for the
experiment and increases the statistical accuracy. This technique is called bunching method.
More details on the Feynman-α experiment are available elsewhere [3−4, 5−6, 34].
3. System design and its architecture
Neutron fluctuations in a multiplying medium are superimposition of correlated and
uncorrelated random processes. Therefore, selected portions of the pulse sequences have to be
recorded. As correlated pulse sequences are the desired data to be recorded, the trigger signal
is asserted by positive fluctuations (burstsof neutron chains) to enable the data storage by the
multichannel scaler (MCS). The heart of correlation monitor developed in the present work is
a circuit for detecting bursts of neutron chains. Fig. 1 shows the method employed in this work
for trigger generation. The first stage is a synchronizing block, for synchronization of random
input pulses with a 10 MHz system clock. A 10-kbit serial-in serial-out shift register provides
a moving storage for the previous pulses during the last millisecond with a 100 ns time
resolution. Regarding the dead time of the neutron detectors (a few microseconds) and the
counting rate of the detector during the experiment (~30000 cps), the time resolution is good
enough. However, finer time discretization is also possible at the expense of additional
hardware resource in the form of a deeper shift register. Input pulses and output pulses of the
shift register block are counted by two separate 64-bit up-counters. By subtraction of the counts
445
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(counted by the two counter blocks), the number of pulses within the last millisecond of time
is calculated. The result is compared with a pre-set threshold value for triggering the MCS
block. In Fig. 2, a general schematic diagram of the system is presented. Except for the starting
channel of the MCS from which its data are supplied by the circuit shown in Fig. 1, the upcounter block provides neutron counts in every millisecond after triggering. Any trigger signal
starts the recording process by Nios II CPU interruption [35]. Communication with the
computer as well as internal settings of the system are accomplished by the soft core processing
unit. More details are shown in Figs. 1 and 2.

Fig. 1. The digital circuit for detection of positive fluctuations of neutron noise, generated
by bursts of neutron chains.

Preset Threshold
Value for Burst Detection
of Neutron Chains

Number of Pulses in
the Starting Channel

Clock (100 MHz)

16-bit

Input Pulses from
Neutron Detector

Burst Neutron
Chain Detection
Block

16-bit
Control Logic
State Machine

Soft Core Processing Unit
Interrupt
Generation

Controls

Trigger Signal to Start
Recording of a Burst
Neutron Chain

NIOS II Processor
+
Off-Chip Interface Peripherals
+
On-Chip Memories

USB
Connection

Up Counter
16-bit

Synchronized Nuclear
Random Process

Time
Nuclear Random Process
(Logic Pulses)

Fig. 2. A general block diagram of the correlation monitor for endogenous pulsed neutron source experiment,
the system proposed in the present work.

4. Esfahan heavy-water zero power reactor (EHWZPR)
A very useful thermal system for experimental research on neutron physics in heavy-water
moderated systems is EHWZPR, a heavy-water moderated nuclear research reactor. In this
system, natural metallic uranium fuel elements are arranged in a 20 cm lattice pitch. The
periphery of the core is filled with graphite as a reflector blanket. The present configuration
includes 112 fuel elements. The structural materials including clad, top and bottom grid plates
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Metrol. Meas. Syst., Vol. 24 (2017), No. 3, pp. 441–461.

and reactor tank are made of nuclear-grade aluminium alloy. The cylindrical reactor tank
dimensions are around 240 cm in diameter and 250 cm in height. A typical thermal power of the
reactor is equal to 10 W. It is also possible for the reactor to operate at 100 W based on ratified
experimental procedures approved by the reactor safety committee. The main actuator for
reactor control is a precise water level adjusting system.
Two independent and diverse safety systems are designed as the reactor protection system
(two safety rods and three dumping moderator valves). As a design basis accident, in the case
of loss of electrical power, the safety rods drop into the core by the gravity and within less than
three seconds, 80 cm decrease in water level is guaranteed by three normally open valves of the
dumping system. As the moderator is heavy-water, the reactor core’s size is big. No fuel
depletion calculation is needed, as this is a zero power reactor. Therefore, this is an ideal case
study for research purposes on reactor physics. The average prompt neutron lifetime is around
944 ± 10 µs [13] defining the reactor as a markedly thermal system. The present core
configuration of the reactor is shown in Fig. 3. Elements of the core are demonstrated
graphically. Some general specifications are given in Table 1 [36].
The system can function as a useful facility for research on physical properties of heavywater natural uranium reactors. Also, training of the experimenters and academic teaching, as
well as providing a useful tool for verifying and improving theoretical calculations are other
major responsibilities of the facility.
The experiment performed in the present work in EHWZPR uses a Helium-3 in-core neutron
detector. The position of the detector is located in the physical mid-height of the core. The top
view of the location is shown in Fig. 3.

Fuel Clad
Aluminum Alloy
Fuel Pin
Natural Metallic Uranium
Heavy Water as Reactor
Moderator
Lattice Pitch = 20 cm

Graphite Reflector
Blanket
Helium-3
Neutron Detector
Position

~240cm
~390cm

Fig. 3. EHWZPR core configuration; 112 fuel elements are loaded.
The location of the in-core neutron detector is also shown.
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5. Experimental set-up
Figure 4 shows the experimental set-up employed in this work. To achieve the best timing
features, the Helium-3 neutron detector and its preamplifier are assembled in a stainless steel
housing. Note that the dead time of the detector used in the present work has been recently
studied [32]. The location of the in-core neutron detector is shown in this figure. The
preamplifier performs impedance matching as well as amplification of a micro-scale signal
provided by the neutron detector. A coaxial cable connects the neutron detector to the amplifier
and other nuclear electronic modules located in the laboratory room. Note that when EHWZPR
is in operation, the radiation dose level of the reactor hall is increased. Therefore, no operating
personnel is allowed to stay in the radiation area. As a result, the remote location of the
measuring equipment is obligatory. In the laboratory room, the signal is first amplified and then
converted to the logic pulses by a time pick-off module. Three different data acquisition systems
are connected in parallel to collect the counting rate of pulses, to perform the Feynman-α
analysis, and to measure the correlation of sequences using the endogenous pulsed neutron
source data acquisition (DAQ) system. The data collected by each DAQ system are sent to
an independent computer located in the laboratory room.
Table 1. A summary of important specifications of EHWZPR.
Item
Fuel Elements
Moderator
Lattice Pitch
Reactor Tank
Reflector
Reactor Thermal Power

Safety Systems
Reactor Control
ℓ
(Prompt neutron lifetime)
βeff [pcm]
(Effective delayed neutron fraction)

Specification
Natural Metal Uranium Fuel Rods:
Diameter: ~3.5 cm
Height: ~200 cm

Heavy-water
20 cm
(Can be changed in four different lattice pitches)
Made of Aluminium Alloy:
Diameter: ~ 240 cm
Height:~ 250 cm

~75 cm Graphite Thickness at the periphery of the core
Lower than 10 W (maximum operation time is about half an hour a day)
Lower than 100 W (must be permitted by the reactor safety committee)
Two diverse and redundant safety systems:
Two Safety Rods
Emergency Dumping System (Three
normally open valves)

Water level adjustment and two control rods
944 ± 10 [µs]
665.1

6. Results and discussion
In Fig. 5, counting rates of the neutron detector after reactor start-up are shown. During the
first 6500 s, heavy water was injected into the core. A multiplication factor of EHWZPR core
was controlled by a precise adjustment of the heavy-water level. The injection of the moderator
was carried out through six stages in a safe and careful manner; every increase of the water
level took about 15 minutes. Water levels are shown in the figure. Around 15 minutes after
448
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the water level had been adjusted at 1773.4 mm (to reach the steady state conditions of the
system statistics), the data collection for Feynman-α and endogenous pulsed neutron source
experiments was started. The data were acquired by the systems in an interval between 7500 s
and 12500 s (5000 s data collection time). During the experiments, the mean value of neutron
counts was about 30000 cps. The heavy-water critical level was about 1800 mm. Based on the
reactivity value of the moderator (13.7 ± 0.41 pcm per millimetre of the heavy-water level of the
moderator), an approximate multiplication factor at 1773.4 mm was estimated to be 0.9963.
During the experiment, the reactor was held in the subcritical state. No external neutron source
was employed as background neutrons in the heavy-water moderated system are strongly
generated by the photoneutron production.
Reactor Hall

Laboratory Room

Graphite Reflector
Blanket

High Voltage
Time Pick off
Module

Time
Nuclear Random Process
(Logic Pulses)

Preamplifier
Helium-3
Neutron Detector

EHWZPR Core
Helium-3
Detector
Position

Detector Assembly

Amplifier

Counting Rate DAQ
System

Feynman-α DAQ
System

Endogenous Pulsed
Neutron Source
DAQ System

Computer A

Computer B

Computer C

Heavy Water Moderator Region Containing 112
Natural Metal Uranium Fuel Elements

Fig. 4. The set-up of the experiment performed in EHWZPR. A Helium-3 in-core neutron detector is employed.
A DAQ system for measurement of counting rates of the detector is used. Also, two isolated DAQ systems
for the Feynman-α and endogenous pulsed neutron source (the system developed in the present work)
experiments are specified.

6.1. Neutron statistics in EHWZPR
The neutron counts can be considered to have a Gaussian distribution [37]. But in the present
case, they have a larger standard deviation than the ones in a non-multiplying medium, when
both outputs are of the same mean value. A large value of standard deviation means that there
is a high probability for the variable to deviate from its mean value. This large standard
deviation becomes noticeable when the reactivity in the multiplying medium approaches the
critical state. In the neighbourhood of such data, there are relatively more neutrons that correlate
in time with each other.
During the data collection period, one million of 5 ms samples of integral counts was
acquired. A 25 s interval (5000 data points) of the recorded data is shown in Fig. 6 Part-B.
The mean count is about 149.8, and its standard deviation is 17.1. In Part-A, a pseudorandom
pure Poisson process (the process usually seen in non-multiplying mediums) is shown. Note
that in a Poisson process the standard deviation of the counts is equal to the square root of the
mean value. A moving average filter is applied to both processes, and the results are illustrated
by the red lines. Paroxysmal pulses are clearly seen in Part-B which is labelled as neutron noise
fluctuations. Therefore, it is visually confirmed that σZPRN is greater than σPoisson.
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× 10

4
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the Core), Neutron Noise Fluctuations were
Analyzed by the Correlation Measuring
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Fig. 5. Neutron counting rates in EHWZPR core after the reactor start-up. From 7500 s to 12500 s the data
was acquired (around 5000 s data collection time). During the period, the data on neutron noise fluctuations
were collected by the Feynman-α and endogenous pulsed neutron source data acquisition systems.

Figure 7 compares the experimental probability density function (pdf) of the counts with
a Gaussian pdf. Accordingly, around the mean value, the probability is more intensive than the
experimental pdf. Nonetheless, the distribution measured in EHWZPR shows extra fluctuations
around the mean neutron counts. The Gaussian distribution is also fitted to the experimental
data. The parameter values are shown in the figure. Now, assume that the Gaussian pdf is the
distribution of the background radiation. It is obvious that the experimental pdf is the
summation of correlated and background portions. Therefore, the ratio of these functions might
be useful to be studied to gain knowledge about a conditional probability of the process. (10)
shows the relation between the mentioned SBR parameter and the ratio of the pdfs:
ξ (n) =

PDFE (n) CC + U C
=
= SBR(n) + 1.
PDFP (n)
UC

(10)

In this equation n is a neutron count; PDFE is an experimental pdf of the count and PDFP is
a Gaussian pdf. The nominator of (10) is the neutron count affected by the neutron noise
fluctuations. Comparing the experimental distribution of neutron statistics in EHWZPR with a
pure Poisson distribution as shown in Fig. 7, (with the same average counting rates) a clear
deviation from the Poisson distribution occurs due to the correlated chain neutrons. In Fig. 7,
variations of the distributions are plotted. A systematic deviation between the experimental data
points and the fitted Gaussian curve is obvious. In Fig. 8, the residues of the Gaussian curve
fitted to the experimental data are displayed. Although the Gaussian curve is symmetric,
the residues have an asymmetric distribution. Regardless of the fluctuations around the mean
value ( C ± σExp), it is accepted that an observed burst of neutron chains causes a higher
abundance on the right-hand side of the curve (C > ( C + σExp)), which naturally reduces the
probability of abundance of neutron counts on the left-hand side (C < ( C − σExp)).
In Fig. 9, on the left axis in a logarithmic scale, ξ is demonstrated. In Region-A, ξ < 1, that
means that the background term is the dominant portion of the process. Therefore, no
information can be obtained by the experiments in this region. In regions B and C, the values
of ξ are greater than one. But the desired region in the endogenous pulsed neutron source
method is Region-C as the system is looking forward to detecting a burst of neutron chains.
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Due to the neutron background, any increase of the threshold level leads to a better selection
of the correlated portion of the process (a larger value of ξ). Therefore, the repetition rate
is decreased and a longer collection time is required (refer to the experimental pdf of the counts
in EHWZPR, shown in Fig. 7).
Part-A

220
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Fig. 6. Part-A: A pseudorandom Poisson process generated in MATLAB software [38].
The mean value of the counts is equal to the mean value of the counts measured in EHWZPR core. Part-B:
Neutron counts within a 5 ms period, measured in EHWZPR. The mean value of the counts is 149.8,
while the standard deviation is 17.1 (noted as σZPRN in the figure). The measured standard deviation is larger
than the standard deviation in the process with a Poisson statistics (σZPRN > σPoisson).
A moving average filteris applied to the data (the red lines) to show neutron noise fluctuations visually.

It is noticeable that there is an inverse relationship between the collection time in the
endogenous pulsed neutron source experiment and the parameter θ value, according to (3) and
(4). Combining (4), (5), (6) and (10), and using the fitted Gaussian function to the experimental
pdf of the counts (PDFE, as shown in Fig. 7), θ can be expressed as:
θ=

∞
∞
  C − C 2 
ξ −1
ξ −1
2
PDFE ( C ) dC =
C1 exp  − 
  dC ,
  C3  
T
T
γ
γ



∫

∫

(11)

where: C1 to C3 are constants which are given in Fig. 7 and C, a variable of integration, is the
number of neutron counts. As the Gaussian fitted curve contains a systematic error shown in
Fig. 8, applying the experimental data results in a more accurate definition of the parameter.
Using (6), the definition of θ can be rewritten as:
θ=

ξ −1
T

∞

∑P .
i

(12)

i =γ

The values of parameter θ defined by (12) are calculated at different possible values of γ,
and are plotted in Fig. 10. The optimum selection for γ is a range in which θ is maximized.
According to the results shown in Fig. 10, at T = 5 ms, the best choice for γ ranges from 184
to 194.
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Fig. 7. Comparison of experimental neutron statistics in EHWZPR with a Gaussian pdf of the same mean value.
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Fig. 8. Residues of the Gaussian function fitted to the experimental data. The results show that the experimental
distribution is asymmetric. At higher values of neutron counts (> 170), the residues are positive.
On the other side of the distribution, there are negative residues.
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of correlation data is less probable. In Region-B and Region-C, the ratio is larger than one.
Since the endogenous pulsed neutron source experiment is sensitive to positive neutron noise fluctuations,
a threshold level must be adjusted in Region-C for neutron burst detection.
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Fig. 10. Values of θ at different values of γ. The curves of ξ and PDFE have increasing and decreasing trends,
respectively. Therefore, θ is maximized for some values of γ.

6.2. Endogenous pulsed neutron source experiment
The endogenous pulsed neutron source experiment is carried out in EHWZPR.
The EHWZPR core configuration and the experimental set-up are shown in Figs. 3 and 4,
respectively. The accuracy of the results is directly related to the number of iterations on the
occurrences of neutron bursts applied for the analysis. Therefore, at different numbers
of iterations performed by the equipment, the collected data were stored in the memory for postanalysis examinations. In Fig. 11, a few of the results are demonstrated. It is obvious that any
increase of the number of iterations improves the statistical accuracy of the results. Note that
in EHWZPR the prompt neutron decay constant ranges from 7 s−1 to 20 s−1 based on
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a subcriticality level of the core. That is why the time domain of the total scanning time of the
MCS is set to one second. For the most accurate result (item 6 in Fig. 11), the detailed
calculation of the neutron decay constant (fitting (1) to the results) is shown in Fig. 12.
The lower x-axis represents the time (in seconds) after the triggering pulse, while the upper xaxis − the corresponding MCS channel number. Some selected data at different numbers of
iterations are presented in Table 2 in detail. It is clear that an increase of the number of iterations
leads to a tighter standard deviation uncertainty of the results, which is confirmed by a better
goodness of fit of the curve fittings. The most accurate result for the prompt neutron decay
constant is estimated as 8.348 ± 0.376 s−1. Also, the SBR parameter value of the experiment in
EHWZPR is estimated as (6.04 ± 0.16) ×10−2 (item 14 in Table 2).
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Fig. 11. Results of the endogenous pulsed neutron source experiment at different numbers of iterations
on a burst of neutron chains. The item with the least scattered data belongs to the results
with the largest number of iterations (item 6).
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Fig. 12. Results of the endogenous pulsed neutron source experiment in EHWZPR. 2240 iterations on bursts
of neutron chains are performed. (1) is fitted to the data and the fitting parameters are shown in the figure.
The lower x-axis is time after the triggering pulse, while the upper x-axis is the corresponding
MCS channel number.

6.2.1. Uncertainty analysis of results
The system was set to store the data collected in MCS channels every 20 iterations performed
on the neutron noise fluctuations in the computer memory. Total of 2240 iterations were
performed on the results which led to obtaining a 112 × 2 × 1000 data matrix. Cubic
interpolations were carried out between the data points to generate finer experimental
information. After analysing, the obtained results are presented in Figs. 13 to 15.
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Fig. 13. The experimental uncertainty of uncorrelated counts (UC) at different numbers of iterations
on a burst of neutron chains.
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Fig. 14. The experimental uncertainty of correlated counts (CC) at different numbers of iterations
on bursts of neutron chains.
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Fig. 15. The ratio of correlated counts and background counts (SBR) measured at different numbers
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Fig. 16. The experimental results for the prompt neutron decay constant (its mean and its uncertainty boundaries)
achieved at different numbers of iterations on the bursts of neutron chains.
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The uncertainty bands, as well as the mean values, are also plotted. The most accurate result
is related to the background counts (≈ ± 0.03%) (Fig. 13). The uncertainty of the correlated
counts (for 2240 iterations) is ± 2.68%. After 600 iterations, the uncertainty was bounded within
± 5%, and further iterations led to tighter statistical uncertainties with a short negative slope.
The SBR parameter value was also calculated at different numbers of iterations, and the results
are shown in Fig. 15. After 1800 iterations, the result was quasi-stable within ± 3.2% of a
statistical uncertainty. The error in SBR is mostly originated from the uncertainty of the
correlated counts. The most important result, i.e. the prompt neutron decay constant of the core,
is shown in Fig. 16. Within up to 1600 iterations, the fluctuating behaviour of the parameter is
seen due to the lack of enough collected data on the physical parameter. After that, downward
and then upward drifts of the mean value are seen within the statistical uncertainty of the
parameter.
Table 2. Parameter values fitted to the experimental data obtained by the endogenous pulsed neutron source
experiment for some selected different numbers of iterations on bursts of neutron chains.
Number of Iterations

Index

Curve Fitting Parameters
Prompt Neutron
Decay Constant

Correlated Count

[#]
[s-1]

40
100
200
300
400
600
800
1000
1200
1400
1600
1800
2000
2240

SBR×102
Goodness of
Fit

Dimensionless

0.2355
0.4278
0.5403
0.6005
0.6388
0.6898
0.7460
0.7851
0.8074
0.8240
0.8390
0.8597
0.8790
0.8944

7.48 ± 0.96
8.94 ± 0.82
7.95 ± 0.58
7.08 ± 0.46
6.76 ± 0.40
6.53 ± 0.35
6.41 ± 0.30
6.28 ± 0.26
6.29 ± 0.25
6.10 ± 0.22
6.05 ± 0.21
5.96 ± 0.19
5.99 ± 0.17
6.04 ± 0.16

[#]
CC ± *σCc

α ± *σα
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Uncorrelated
Count

5.160 ± 1.359
8.585 ± 1.294
8.354 ± 1.001
8.378 ± 0.894
8.513 ± 0.835
9.005 ± 0.783
8.929 ± 0.676
9.016 ± 0.612
9.148 ± 0.578
8.890 ± 0.533
8.974 ± 0.510
8.466 ± 0.446
8.063 ± 0.394
8.348 ± 0.376

UC ± *σUc
88 ± 11
264 ± 24
476 ± 34
638 ± 40
811 ± 48
1172 ± 67
1536 ± 70
1879 ± 28
2264 ± 87
2571 ± 93
2915 ± 100
3232 ± 102
3607 ± 104
4074 ± 109

1176 ± 5
2953 ± 6
5989 ± 8
9010 ± 10
12000 ± 10
17940 ± 10
23970 ± 15
29940 ± 15
35980 ± 15
42120 ± 20
48180 ± 20
54230 ± 25
60210 ± 25
67420 ± 25

6.3. Feynman-α experiment
Within a 5 ms time window, one million data on neutron noise fluctuations in the EHWZPR
core were measured during a 5000 s period of data collection in the experiment. The bunching
method is employed for data analysis. In this method, the time series of data on neutron counts
are measured by a MCS with a fundamental gate time channel width. Fig. 17 shows the
algorithm of bunching method graphically. Twelve data channels of neutron counts are
measured within a gate time of T, the basic gate time. The summation of data from every two
consecutive channels produces the neutron counts within a gate time of 2T. Executing the same
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operation on three consecutive data channels produces the channel data with a 3T gate time
width. The same method can be applied for generation of greater values of gate times.
The parameter k is called a combination coefficient, which is an integer number. The postanalysis of the data is performed using the MATLAB software [38]. The bunching method has
been widely applied to various research reactors or critical assemblies [13]. The variance to
mean ratios of the counts were analysed in time windows of up to one-second widths. The result
is shown in Fig. 18; the detailed information estimated by the curve fitting method is also shown
in the figure. In Table 3, the Feynman-α result is compared with the data measured by the
endogenous pulsed neutron source experiment in EHWZPR . Although the data collection time
for both methods is the same, the endogenous pulsed neutron source experiment shows the
larger standard deviation error. However, the mean values of the results have a relatively good
agreement within the statistical uncertainties. Performing the endogenous pulsed neutron source
experiment during a longer data collection period can reduce the uncertainty, as the experiment
is a stochastic method of reactor diagnosis.
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Fig. 17. The concept of bunching method.
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Fig. 18. The Feynman-α results measured in EHWZPR. Fitting parameters are shown in the figure.
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Table 3. Comparison of the prompt neutron decay constant measured in EHWZPR using the Feynman-α
and endogenous pulsed neutron source experiments.
Experimental Method

Prompt Neutron
Decay Constant
[s−1]

Goodness of Fit

Feynman-α

8.283 ± 0.011*

1.0000 ± 0.00005*

8.348 ± 0.376*

0.8944 ± 0.00005*

Endogenous Pulsed
Neutron Source
*
Standard Deviation

Data Collection Parameter
One-million Integral Counts in 5ms Time
Windows was Collected
2240 Iterations on Burst Neutron Chains
within 5000 s were Performed

7. Conclusion
The reactor noise experiments have been made as standard methods of reactor diagnosis.
A practical alternative method for the Rossi-α experiment in thermal systems is the endogenous
pulsed neutron source experiment. The method does not need any special facility. Unlike the
pulsed neutron source method, the endogenous pulsed neutron source experiment needs
a simple system set-up and reactor operation. The endogenous pulsed neutron source
experiment is an efficient method in markedly thermal systems like EHWZPR. In this work,
a correlation measuring tool is developed which can detect bursts of neutron chains accurately
using a 10-kbit embedded shift register. An MCS module of the system is also included in the
design. The system is compact, cost-effective, and uses the state-of-the-art electronic
technology. With the aid of the equipment, the endogenous pulsed neutron source experiment
was performed in EHWZPR. A prompt neutron decay constant, correlated and uncorrelated
counts and SBR parameters were estimated for different numbers of iterations on a burst
of neutron chains. A threshold parameter (γ) at is crucial for the neutron bursts detection, which
is in inverse relation to the collection time required for reaching an acceptable statistical
accuracy. An appropriate range of γ parameter as well as an uncertainty of the results have been
studied. To validate the results, we also performed the Feynman-α experiment. The results
obtained by the endogenous pulsed neutron source and Feynman-α experiments have been
compared and a good agreement is seen within the statistical uncertainties. The following
conclusions are derived:
− An appropriate range of γ parameter can be determined using the relation between θ and γ.
The optimal range of γ parameter is obtained for the maximum θ.
− The endogenous pulsed neutron source experiment is a useful and alternative method to be
employed in EHWZPR and similar multiplying systems. In such multiplying mediums, the
Rossi-α experiment cannot be applied, but the endogenous pulsed neutron source method is
applicable.
− The results obtained by the endogenous pulse neutron source experiment are confirmed by
the Feynman-α experiment in EHWZPR. Based on the same data collection time (5000 s),
the uncertainty of Feynman-α method is tighter than that of the endogenous pulsed neutron
source experiment. The endogenous pulsed neutron source method is a stochastic method
of reactor analysis. Therefore, if the experiment duration is extended to several hours, better
results with a tighter uncertainty might be achieved. For the same data collection time, the
results achieved by the Feynman-α method are more accurate than those obtained by the
endogenous pulsed neutron source experiment regarding the statistical uncertainty of the
results.
− The neutron noise characteristics of the facility was examined with the proposed measuring
tool.
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− The system developed in this work is compact, cost-effective, easily adaptable with any
special case study, reprogrammable, integrated in a single device, and uses the state-of-theart digital electronic technology.
− A moving time window is designed with a 100 ns time resolution (described in Section 3)
using a 10-kbit shift register. Therefore, bursts of neutron chains are detected accurately
in time.
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Abstract

Internet of Things (IoT) will play an important role in modern communication systems. Thousands of devices
will talk to each other at the same time. Clearly, smart and efficient hardware will play a vital role in the
development of IoT. In this context, the importance of antennas increases due to them being essential parts
of communication networks. For IoT applications, a small size with good matching and over a wide frequency
range is preferred to ensure reduced size of communication devices. In this paper, we propose a structure and
discuss design optimization of a wideband antenna for IoT applications. The antenna consists of a steppedimpedance feed line, a rectangular radiator and a ground plane. The objective is to minimize the antenna
footprint by simultaneously adjusting all geometry parameters and to maintain the electrical characteristic
of antenna at an acceptable level. The obtained design exhibits dimensions of only 3.7 mm × 11.8 mm and
a footprint of 44 mm2, an omnidirectional radiation pattern, and an excellent pattern stability. The proposed
antenna can be easily handled within compact communication devices. The simulation results are validated
through measurements of the fabricated antenna prototype.
Keywords: compact antennas, Internet of Things, communication devices, numerical optimization, footprintreduction-oriented design.
© 2017 Polish Academy of Sciences. All rights reserved

1. Introduction
In the modern era, the internet has revolutionized the way of gathering and processing
information. An increasing number of communication devices are connected to the internet
owing to their compact size and cost effectiveness. Hence, the concept of Internet of Things
(IoT) has been introduced. A widespread use of wireless networks also promotes shift towards
modern communication devices rather than traditional ones such as desktop computers,
tablets, etc. According to the recent survey, over 50 million such devices will be
interconnected with each other via internet by the end of this decade [1–3]. The required
hardware structure for IoT devices is different from that for traditional communication
networks. Therefore, design and manufacturing processes of these devices should account for
their role in the future communication systems and their specific applications. In particular,
the advent of IoT calls for new wireless microwave systems which are cost-effective and
compact by design, offer high data transmission rates, a low power consumption, so that they
could be used in wearable devices [4].
In recent years, there have been research efforts observed towards designing specific
antennas for IoT applications with a narrow bandwidth, such as a miniature antenna for IoT
[5], a dual band antenna [6], or a compact reconfigurable antenna [7]. However, the selection
of a specific antenna for any application may be a real challenge. Some of research efforts are
focused on identifying suitable technologies for fifth-generation communication and IoT
applications, especially to enable handling all devices by one system [8]. Hence, it is actually
_____________________________________________________________________________________________________________________________________________________________________________________
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more important to design antennas which offer a wide frequency range of operation [9].
On the other hand, design of compact antennas for any wireless system is a non-trivial task
due to fundamental limitations pertinent to electrically small antennas [10].
In this paper, we propose a structure of a compact monopole antenna for IoT applications.
Numerical optimization is performed to minimize the antenna size and to ensure its
acceptable matching. The selected frequency range of interest is 5 GHz to 10 GHz, important
for 5G technology [11−13]. The selection of the frequency is made due to the advancement in
technologies such as 4G and 5G. The footprint of the optimized antenna is only 44 mm2. Due
to its small size and good electrical performance, the proposed antenna can be a good
candidate for various IoT applications; in particular, it can be easily mounted on small
wireless devices. An alternative version of the antenna with improved matching obtained at
the cost of a slight size increase is also considered. The simulation and measurement results
confirm good electrical and field properties of both structures.
2. Antenna structure
The antenna geometry is shown in Fig. 1. The structure is a modification of a basic
rectangular monopole antenna with an additional micro-strip section (parameters L2, w2)
added to serve as an impedance transformer to facilitate wideband matching. The antenna is
implemented on Taconic RF-35 substrate (εr = 3.5, h = 0.762 mm, tanδ = 0.0018). The design
variables are x = [L1 L2 L3 w1 w2 Lg wg dL dw]T; ws = w2 + 2.dw; w0 = 2 mm is fixed to ensure
50-ohm input impedance. The computational model is implemented in CST Microwave
Studio [14] (~200,000 mesh cells, simulation time 2 minutes). The EM model is equipped
with an SMA connector in order to enable reliable experimental validation of the design.
The antenna is supposed to operate in a frequency range from 5 GHz to 10 GHz.
3. Design optimization

Our primary goal is to reduce the antenna size while maintaining acceptable matching
within a 5 GHz to 10 GHz frequency range. To achieve this, all geometry parameters of the
antenna have been adjusted simultaneously through numerical optimization. Let A(x) = (L1 +
L2 + L3 + dL). ws and S(x) = max{|S11(x)|5 GHz to 10 GHz} be the antenna footprint and EMsimulated maximum in-band reflection level, respectively. In rigorous terms, the objective is
to reduce A(x) and ensure S(x) ≤ –10 dB. Thus, the task is to solve (cf. [15]):

x* = argmin{A( x) + β ⋅ c(S( x))2},
x

(1)

where: β is a penalty factor (here, β = 1000), whereas c is a penalty function defined as c(S(x))
= max{S(x)+10)/10, 0}. The penalty term enforces S(x*) to satisfy the –10 dB threshold [15].
In this work, the problem (1) is solved using the trust-region-based [16] gradient search.
The finite differentiation is used to estimate the reflection response Jacobian.
For the sake of comparison, the antenna will be also designed for the best possible
matching within the frequency range of interest (5 GHz to 10 GHz). In this case, we use
a simpler formulation of the following form:

x * = arg min{S ( x )} .

(2)

x

The optimization engine is the same as before (TR-based gradient search with numerical
derivatives).
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4. Results and experimental verification
In this section we provide the results of antenna optimization. We consider two cases: (i)
the miniaturization-oriented optimization, and (ii) the matching-oriented design. The reason
for considering the alternative design is to identify the benefits of miniaturization-oriented
design in terms of an additional size reduction achieved but also to examine the electrical and
field performance differences between the two structures.
The antenna of Fig. 1 has been optimized using the approach described in Section 3. We
will refer to the antenna optimized for the minimum size as Antenna I, and to the antenna
optimized for the best matching as Antenna II. The detailed antenna dimensions are shown in
Tables 1 and 2, respectively. The footprint area of Antenna I is only 44 mm2, whereas the
footprint of Antenna II is 69 mm2. Fig. 2 shows photographs of the fabricated antenna
prototypes. The simulated and measured reflection responses are shown in Fig. 3, whereas
Figs. 4 through 7 show the simulated and measured radiation patterns. Finally, Fig. 8 shows
the simulated and measured achieved gain of both antennas. It can be observed that
an agreement between the simulation and measurement results is very good. Relatively large
discrepancies of E-plane radiation patterns for certain directions are due to the shadowing
effect of the 90-degree bend the antenna was mounted on during the measurement process.

L1
ws w
g

w0

L2
w1

L3

dL

w2
dw

Lg
Fig. 1. Geometry of the considered compact antenna. The ground plane is shown using a light grey shade.
a)

b)

Fig. 2. Photographs of the fabricated antenna prototypes: the antenna optimized for the minimum size
(Antenna I) (a); the antenna optimized for the best matching (Antenna II) (b).
The antenna fronts and backs are shown on the left- and right-hand sides, respectively.

Formulating the design problem as described in Section 3 enables to ensure that the
optimized design exhibit the smallest size while still satisfying the matching requirements at
the prescribed frequency range of 5 GHz to 10 GHz. The simulated maximum in-band
reflection for Antenna II was about –14 dB which leaves a sufficient margin to accommodate
such effects as fabrication and assembly tolerances or inaccuracy of the computational model,
and still to obtain acceptable matching for the measured prototype. This can indeed be
observed in Fig. 3b. On the other hand, Antenna I exhibits a slight violation from the –10 dB
threshold for frequencies between 9 GHz and 10 GHz.
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The H-plane radiation patterns of both antennas are omnidirectional throughout the entire
frequency range. For E-plane patterns, as mentioned before, a noticeable difference between
the simulation and measurement results can be identified which is a result of the
aforementioned shadowing effect. The achieved gain of both antennas is almost linear from
5 GHz to 10 GHz. The gain performance is excellent, given a very small footprint size.

b)

|S11 | [dB]

a)

Fig. 3. The simulated and measured reflection characteristics: Antenna I (a); Antenna II (b).
The frequency range of operation (5 GHz to 10 GHz) is marked using a horizontal line.

Fig. 4. The simulated and measured H-plane radiation patterns (E field) for the antenna optimized
for the minimum size (Antenna I). From left top to bottom right: 5 GHz, 6 GHz, 7 GHz,
8 GHz, 9 GHz, and 10 GHz.
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Fig. 5. The simulated and measured E-plane radiation patterns (E field) for the antenna optimized
for the minimum size (Antenna I). From left top to bottom right: 5 GHz, 6 GHz, 7 GHz,
8 GHz, 9 GHz, and 10 GHz.
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Fig. 6. The simulated and measured H-plane radiation patterns (E field) for the antenna optimized
for the best matching (Antenna II). From left top to bottom right: 5 GHz, 6 GHz, 7 GHz,
8 GHz, 9 GHz, and 10 GHz.
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Fig. 7. The simulated and measured E-plane radiation patterns (E field) for the antenna optimized
for the best matching (Antenna II). From left top to bottom right: 5 GHz, 6 GHz, 7 GHz,
8 GHz, 9 GHz, and 10 GHz.
Table 1. Optimized Dimensions (Antenna I).
Variable
Value [mm]

L1
2.70

Variable
Value [mm]

L1
2.43

L2
3.74

L3
5.36

w1
0.20

w2
3.74

Lg
5.45

wg
3.73

dL
0.00

dw
0.00

dL
0.63

dw
0.54

Table 2. Optimized Dimensions (Antenna II).

a)

L2
3.91

L3
6.05

w1
0.28

w2
4.24

Lg
5.63

wg
4.17

b)

Fig. 8. The simulated and measured achieved gain: the antenna optimized for the minimum size (a);
the antenna optimized for the best matching (b).

Figure 7 shows the simulated total efficiencies of the antennas. Clearly, the efficiency
of Antenna II is higher than that of Antenna I. Nevertheless, the average in-band total
efficiencies for both antennas are over 90% (92% for Antenna I and 96.5% for Antenna II).
The optimized antennas have been also compared in respect to the pattern stability, using
the pattern stability factor (PSF) [17] that represents the relationship between radiation in
a reference direction and radiation in all other directions over a specified bandwidth; here,
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the operational bandwidth of the antenna. As indicated in [17], for a good performance of a
UWB system, PSF of 0.95 or larger is desired. PSF is defined as:
r
PSF = ∫ C ( R) ds ∫ ds ,
(3)
Ω

Ω

where: Ω is a range of operating directions (here, following [17], the H-plane is considered,
r
so that the integral in (3) is reduced to a linear one); and C ( R ) is a frequency-domain
correlation pattern defined as [17]:
r
r r
C ( R) = ∫ F 2 ( R, r )ds ∫ ds
(4)
Ω

Ω

with
rr
F 2 (R, r ) =

r

r

∫ E(r, f )E (R, f )df

BW

*

r


r 2
*
2
 ∫ | E(r , f ) | df ∫ | E (R, f )| df  ,
BW

BW

(5)

r
r r
where: E (r , f ) is a far-field electric field in the direction r ; R is a reference direction; and *
denotes a complex conjugate.
The PSF values for Antenna I and Antenna II are 0.956 and 0.962, respectively. This
means that miniaturization of the antenna structure (specifically, Antenna I over Antenna II)
has no negative effect on the pattern stability, similarly as concluded in [18].
Finally, in order to verify the robustness of the design, three copies of each antenna have
been fabricated. The measured reflection responses have been shown in Fig. 8. It can be
observed that the characteristics closely resemble each other, indicating that the designs are
robust in respect to manufacturing and assembly tolerances.

Fig. 9. Comparison of total efficiencies of Antenna I and Antenna II.
a)

b)

Fig. 10. The simulated and measured reflection characteristics: the antenna optimized
for the minimum size (a); the antenna optimized for the best matching (b).
The results of measurements 1 through 3 correspond to three copies of the fabricated antennas.
The frequency range of operation (5 GHz to 10 GHz) is marked using a horizontal line.
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5. Conclusion
In the paper, the structure and design optimization of a miniaturized wideband antenna for
Internet of Things applications is presented. Simultaneous adjustment of all geometry
parameters of the antenna enables to achieve a very small footprint of only 44 mm2 and
a good matching within the prescribed frequency range of 5 GHz to 10 GHz. At the cost
of certain increase of its size (to 69 mm2), the antenna matching can be improved by around
4 dB. The discussed structures exhibit a good electrical and field performance, including high
efficiency, omnidirectional radiation pattern, high pattern stability, and almost linear gain.
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Abstract
The paper puts forward and implements a method of designing and creating a modelling simulation environment
for extensive and complete analysis of economical lighting on highways. From a general design viewpoint,
the proposed solution explores the concept of a network description language (SMOL), which has been designed
to describe the necessary network functions, mechanisms, and devices for the purpose of their computer simulation
and verification. The presented results of the performed research confirm the usability of intelligent lighting on
highways, both in the sense of the design concept and in the aspect of saving energy.
Keywords: lighting systems, economical factors, engineering systems, monitoring, domain language, modelling
and simulation environment.
© 2017 Polish Academy of Sciences. All rights reserved

1. Introduction
Economic issues encourage us to look for new opportunities of better solving specific
technical problems. Thanks to knowledge, technology, and experience we can obtain higher
optimality (reliability and effectiveness) of the designed systems.
The modern automatic control systems are to a great extent founded on measurement
networks. Current monitoring gives us the possibility of verifying the correctness of a system’s
operation. The observed dynamic development of technology causes that computer-based
automatic control systems have growing possibilities of analysing and using measurement data
(and often saving them in a central place). The current techniques of data analysis (data mining
− a data exploration process) enable us to develop useful mechanisms of detection or prediction
of failures on the basis of symptoms hidden in the measurement data. Failure of a large
management or automatic control system usually means a complete or partial stopping of the
process (and financial losses). Therefore, tools for modelling and simulating such systems are
significant in the analysis aiming at identification of weak points of the developed control
solutions.
Within the research, a system [7−10] was developed in order to enable description
of network structures of interconnected devices in SMOL (a language (…L) for describing
networked Systems for Monitoring Objects (SMO); an original, dedicated domain language,
and to run appropriate simulations.
Our study is a direct response to the research needs of one of Polish companies, specializing
in the production of electronics. Since the presented model of SMO can easily map specific
conditions of the measurement environment, we can consider all most essential cases and
examine them in terms of cost-effectiveness of the intended intelligent system for measuring
and controlling lighting on highways.
To perform this kind of detailed simulation studies, the SMO project has been expanded to
_____________________________________________________________________________________________________________________________________________________________________________________
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its branch of the description programming language SMOL (suitable also for implemental
issues), and next to the complete system SMOLsim of modelling and simulation.
This paper briefly presents the concept of the language and a practical example
demonstrating the possibilities of the developed simulation environment. Technical details
related to the way of using this system in relation to the requirements of the considered
application, are also included.
2. Modelling network structures using SMOL language
Development of measurement techniques resulted in the formation of a new branch
of distributed measurement, which is currently used to engineer intelligent management and
control of objects. The dynamic development of this branch of science was also an important
incentive for the authors to develop an original mechanism for modelling structures for
measurement-diagnostics-control (MDC) and the related MDC computer networks discussed
here. In effect, in this paper, we first focus our attention on a method of describing the MDC
networks in the dedicated language, SMOL. Proper description of a network structure, by means
of SMOL, lays down the foundations for further analysis of the network and its optimisation.
2.1. Language concept
SMOL, a dedicated language of semantics enabling the designer to model measurementdiagnostics-control networks, is an example of a domain-specific tool, tailored to solve
problems from a specific area [1].
Description of a network structure is an essential basis for representing the problems
of configuration, re-structuring, and optimisation of network subsystems. In other words,
SMOL is used to describe the components of a diagnostic network, and the accompanying
connections, along with their appropriate parameterisation. Such a formal representation will
also enable to verify the future process of implementing such a network with the use of a
relevant parser, which is a software platform for analysing a programmed network structure and
its parameters.
The semantics of the language (SMOL) are based on structures of hierarchical processing.
It is assumed that all network signals are eventually bundled together in the Central Node, which
is a central vertex of the analysed graph.
2.2. Components of network description
One of the best ways of modelling industrial computer networks is to use a directed flow
graph as a tool suitable for describing relations occurring in a network. Such a model is
represented by a triple of sets (vertices, edges, and mappings). By defining these sets, we can
precisely present an information flowchart in MDC networks.
Below, we introduce the basic types of nodes used in graphs to properly represent network
relations. The main division concerns the use of static and dynamic nodes implementing
transforming functions [10].
2.3. Central node
In general, the central node (CN component) is an object of MIMO (Multiple-Input MulipleOutput) type (with multiple inputs and outputs). It is a necessary component in defining
practical MDC networks. In an actual computer connection network, such a component
represents the centre for transmitted information that receives data from measuring gauges and
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transmits information or control signals to receivers or actuators. A general scheme of this node
is shown in Fig. 1.

Fig. 1. Central node representing a multidimensional (MIMO) object.

The central node has a set of communication channels (CC) and associated
Receiver/Transmitter (R/T) modules, belonging to the communication layer referred to as the
Communication Ring, used to exchange information between the Kernel and other nodes. The
kernel of CN is implemented as a computer system defined through proper hardware resources
and their parameters (CPU − Central Processing Unit, I/O Input/Output, DSP − Digital Signal
Processing or MEM − Memory).
The central node is always required when we intend to practically verify feasibility
of implementing a designed network.
2.4. Transferring node
Transferring node is a universal element of MIMO type, which functions as a transmitter
(TN element) in the network; it has a structure shown in Fig. 2, where CC and R/T components
function analogously to those described above for the central node.
The kernel of this node can perform all necessary T(A) functions transforming information
A. The concept of using such “transformers” is presented in Subsection 2.6.
In an actual implementation of an MDC network, the TN components have specific inputs
and outputs, and the desired methods of signal transmission assigned to them. In practice,
transmitters are working in most universal contemporary wire and wireless standards (WiFi −
Wireless Fidelity, ZigBee − IEEE 802.15 standard, Switch − http://en.wikipedia.org/wiki/
Network_switch, Modem).
2.5. Expander
In the real-world solutions, data buses are commonly applied as components specifically
dedicated to transmitting measurement and control data. Therefore, such a function is
implemented in the SMOL language intended to be a tool for designing industrial MDC network
systems.
Expander, representing a specific transmission component of designed network, gives the
possibility of exchanging information on the basis of buses (PROFIBUS −
https://en.wikipedia.org/wiki/Profibus, CAN − https://en.wikipedia.org/wiki/CAN_bus, RS232, RS-485, DSB − Diagnostic Service Bus and KNX/EIB − https://en.wikipedia.org
/wiki/KNX_(standard)) commonly used in industrial measurement and automatic control
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systems. The type of the applied protocol is pre-defined by means of a list of the parameters
available for this (Expander) object.

Fig. 2. Transferring node: a universal MIMO node.

2.6. Transformer – transforming function
MDC systems often require quick, and rather simple, modification of the transmitted data
stream. Therefore, transformers (TRs) enable to implement a program of universal
mathematical T(A) function (sum, difference, product, quotient, differentiation, integration,
averaging, and some slightly more complex digital filters) operating on the input data.
Currently, the possibility of using transformers is provided only for CN and TN nodes,
described in Subsections 2.3 and 2.4.

Fig. 3. TN node with a transforming function T(A) implemented as TR.

The mechanism of transformers’ functioning comes down to operations on data A that flow
into the node through the input communication port (CC1) and are transferred outside through
the output communication port (CC2). Fig. 3 shows an approximate working diagram of a model
transformer receiving data A through port CC1, modifying them according to a selected function
T(A) = A* (performing, for instance, a simple function T(A) = abs(A) = |A|), and using port
CC2 for displaying the results A* through.
2.7. Parameters of connections between nodes
By defining the parameters of direct connections between the system’s nodes, that is, the
parameters of communication channels (CC), one specifies the character of a medium used for
transmission (e.g. Ethernet network). The designer can determine the necessary physical
parameters of considered communication channel; for example, a length of physical medium,
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a type of it (air, copper cable, computer network, etc.), attenuation, and an estimated maximum
data transfer speed.
2.8. Sensor/actuator node
It is a common type of node terminating the network structure in particular branches.
In actual MDC networks this component usually represents a sensor and a measuring gauge,
or display a gauge and (logical) states of control actuators.
2.9. Simulation environment
The concept of SMOL language has been based on solutions meeting the requirements of the
object-oriented programming paradigm (namely, abstraction, polymorphism, encapsulation,
and inheritance) [8]. This approach facilitates mapping of pertinent relations occurring in actual
MDC systems.
A program written in the SMOL language describes a set of processes/objects
communicating with each other in order to execute specific tasks. The proposed different types
of nodes [10] enable us to implement objects having functions corresponding with devices
commonly used in communications, diagnostics and automatic control engineering. These
objects – represented according to the high-level programming language concept – have
a structure defined by means of variable fields and behaviours. They are methods or functions
embedded in the object (a function occurring independently in the code is considered to be
a regular function). This enables the programmer to unequivocally define the roles performed
by objects in the program, and organize the code structure. When programming in SMOL, the
designer modelling a network structure does not have to limit himself to the use of the
provided/implemented ready objects. Due to the application of open architecture, it is possible
to add (with the use of the inheritance mechanisms and relevant interfaces) customized
behaviours of the designed components of an MDC system. All this contributes to the ease
of development of a SMOL environment, and enhances its universality.
As it has been mentioned, a SMOL environment contains many packages of ready objects
and functions. To facilitate the designer’s work, the objects are divided into two main groups.
SMOH is a group of objects referring to hardware components. The user can therefore
employ ready-to-use objects, which are most frequently used in MDC networks. Examples
of such objects are: a network switch, gauge, sensor or actuator. Each of the ready components
has all mechanisms enabling to connect it with other network components. The connection
of objects is performed through a specially defined interface (obviously, the objects which have
no interface defined cannot be connected to other objects requiring an interface for
communication). On the basis of the provided basic set of components and functions, the
designer can customize objects with the use of the inheritance mechanism.
SMOF is a set of advanced functions useful in implementation of data flow and performing
processes in MDC networks. Transforming functions are included in the system package. The
SMOF package, among others, includes an implemented Dijkstra’s algorithm for finding the
shortest path between network nodes, and an Edmonds-Karp algorithm for computing the
maximum flow either in the whole network or in a specific part of the network. Moreover, the
SMOF package gives the possibility of generating a graphic representation of the modelled
computer network environment. Displaying the structure of connections gives rise to better
understanding of the network; the relations between its particular components have an impact
on the final evaluation of the network’s applicability, and facilitates network optimisation.
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2.10. Simulation system architecture – SMOL platform
Once the language was developed, which enabled description of the network’s connected
measurement and automation devices, we began designing a corresponding tool for simulating
the developed structures.
The intended SMOL simulation platform is composed of several interconnected modules.
Each of the modules performs a specific function. The objective of implementation task was to
develop a possibly general architecture enabling simple modification, redevelopment and
integration of designed MDC networks.
The structure of software components included in this application is shown in Fig. 4.

Fig. 4. A diagram of the SMOL architecture solution.

The SMOL platform is based on the Groovy technology (an object-oriented scripting
language patterned on Java syntax, enriched with additional features such as closures;
http://www.groovy-lang.org/) [2−3]. It is an object-oriented scripting language patterned on the
Java syntax and run on a Java Virtual Machine (JVM) [4]. Due to its dynamic typing, closures,
operator overloading and support for meta-programming (meta-classes, categories, AST
(https://sewiki.iai.uni-bonn.de/research/jtransformer/start) transformations), SMOL is well
suited for building customized domain-specific extensions. The applied technology enables
simple integration of the languages, Groovy and SMOL. There is also the possibility of
interlacing both languages, in order to achieve greater flexibility in programming using the
SMOL platform. The system’s designer can even implement a part of the functionalities
developed in Java, and then embed it − through Groovy − directly in the SMOL language.
Such system functionality significantly enhances the capabilities of both the expansion and
analysis of the discussed models of MDC networks. An unquestionable advantage of this
solution is its openness to various modifications, enabling to use the environment in diverse
industrial, engineering, and scientific applications, as well as in student projects.
2.11. SMOLsim codebase
The discrete simulation environment SMOLsim was implemented by using the Java and
Python technologies. In the design work we aimed at developing a possibly universal software
solution, which gives the ability to promptly implement different simulation scenarios and
presents a great flexibility in the usage. Certainly, an important objective of the simulation
module was also its full compatibility with the SMOL language.
In the developed simulation environment, we use discrete functions both in the formal
description (characteristics of the state variables of the system) and in the description
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of dynamics (measurement of the elapsed time). Accordingly, in this event-driven simulation,
changes (events) occur only at specific, discrete moments. This type of simulation can be
implemented based on two methods: 1) planning events and 2) process interaction [14].
According to the design assumptions, a network description expressed in the SMOL
language is transformed to a form compatible with the SMOLsim platform. The conversion
performed using scripts written in the Python environment, yields a simulation project coded in
the Java language. Thus, this project is also consistent with a commonly used tool − Apache
Maven (https://maven.apache.org/), which automatizes building software for the Java
platforms.
During the work on the simulation environment SMOLsim, we used common open-source
third-party libraries. Such a solution enhances the versatility and flexibility of the environment.
In addition, the generated Java code gives the opportunity to introduce modifications in the
object's behaviour, what also extends the functionality of the simulator. A sample of Java code
generated for one of the simulated objects (defined as a part of the description of the network
of intelligent lamps modelled in SMOL) is attached in Appendix 3.
2.12. Examples of SMOL platform applications
In recent years, the development of smart buildings increased the possibilities of using the
platform (SMOL) for modelling and simulating MDC networks. Smart buildings are currently
a synonym for a productive and economically efficient environment, which enables to optimise
various components: systems, structures, services, management, as well as the internal relations
between them [16].
More and more complex systems of optimal management of heating systems, in buildings
using passive heating and cooling, are nowadays being widely developed [5, 6]. Moreover,
there are hybrid energy systems using renewable energy sources. Smart buildings also involve
monitoring and alarm systems, fire systems and access control systems. These solutions use
a common network for communication between particular modules. The leading aim of the
work on the SMOL platform was the development of a tool for simulation and optimisation
of operation of implemented MDC networks [9], with a particular emphasis on object-oriented
and building automation systems.
Thus, apart from flexibly creating a description of general MDC structures and simulating
them, the SMOL platform also offers the possibility of describing a structure of measurement,
diagnostic and automation functionalities used in buildings, by means of a special domainspecific programming language. An unequivocal description of the network structure is the
necessary basis for precise simulation and effective optimisation of the developed networks.
Recall that the architecture of SMOL, based on interfaces and abstract classes, enables
to easily expand the functionalities. Also, the implemented basic classes open the possibility
of creating customized node implementations using the provided methods of communication
between objects and other libraries for free expansion of SMOL. An example of such expansion
is the use of SMOL for simulating BAS (Building Automation System) and BMS (Building
Management System) systems along with an expander simulating exchange of information
between the devices by means of KNX/EIB bus (or other type). The communication media can
be a twisted pair of cables, Ethernet network, energy cables, radio or infrared waves. The central
part of the network is a line, which can have 64 bus devices connected to it. The information
is sent asynchronously at a speed of 9600 bps [11−13].
KNX/EIB bus is one of the most frequently chosen solutions in implementing building
automation systems.
The SMOL tool, matched for simulation of such building systems, suitably maps the specific
mechanisms used in communication between building automation devices.
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An example of creating an algorithm with the use of SMOL for modelling and simulating
is presented in Figs. 5 and 6. The former shows the concept of a measurement network using
a KNX/EIB interface for communication purposes, and the latter presents this network in
a graphic form using the SMOL language, as a right solution for network representation,
detailed modelling, and target optimisation.

Fig. 5. The concept of a measurement network based on a KNX/EIB interface.

The software code in SMOL language describing the structure of presented MDC network
is included in Appendix 1.

Fig. 6. A graphic representation of KNX/EIB network created with the use of SMOL environment.
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3. Using SMOL environment in designing smart lighting
Let us now consider in a more detailed way an example, illustrating the working principle
of the SMOL modelling and simulation system for distributed MDC network systems, and
representing the concept of a road lighting system. In particular, in this section we present
a practical application of the platform, SMOL, concerning the development and verification
of a certain method of economical lighting of a highway. Below, we describe the subject
of analysis, the simulation method, and the research results along with an assessment of
suitability of the offered solution.
Figure 7 shows the resulting graph of the analysed network of the system, managing highway
lighting, generated by means of a SMOL parser. The corresponding software code written
in SMOL describing the structure of this MDC network is given in Appendix 2.
3.1. Object of analysis
In the analysed example shown in Fig. 7, as programmed and exercised in SMOL, the lamps
communicate with each other and exchange information about detection of a moving vehicle.
The ultimate aim of this analysis is finding an answer to the question whether – from the
viewpoint of possible savings – the designed MDC system is worth using for automatic
management of road lighting. The presented test scenarios should also show the possibilities
of effective implementation of different MDC lighting systems and (potential) verification
of energy profitability of the offered solutions.
A situation diagram being the basis for scenarios of saving energy of the road lighting,
as discussed here, is shown in Fig. 8.

Fig. 7. A graphic representation of the network structure used in managing road lighting obtained
as a result of SMOL parsing.
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Fig. 8. A situation diagram of the analysed road simulation.

3.2. Research scenarios
We are going to present here two test scenarios. Through simulated testing of the designed
network, we can spot and identify advantages and disadvantages of the discussed solution.
Before starting the experiments, let us make assumptions specifying simple and rational
scenarios of simulations. Thus, we assume that all cars drive keeping the same distance from
each other, at a constant speed of 160 km/h (44 m/s), and that the distance between each two
successive road lamps is 44 m, and the period of a light’s switching-on is 2 sec. The minimum
period of a lamp being on is defined as 10 sec., and the period between switching-off and
switching-on again is 5 sec. The technological requirements for the lamp operation cycle are
explained in Fig. 9. Moreover, we determine how the lamps are switched on in relation to
a moving car when a car is detected: a “current” lamp, which is the one whose sensor has just
detected the presence of a car, is on and, by assumption, three lamps in the direction of the car
movement are also on, which is shown in Fig. 10. For the safety of driving at a fixed speed
of 160 km/h, we further assume that entering the road invokes initially switching on four lamps
(obviously, one can use here also an adaptive algorithm, which adjusts the number of lights
to the car’s speed) at once.
The resulting diagram representing the hardware configuration of the analysed solution is
shown in Fig. 7. In this study we consider the first 9 road lamps fitted with a sensor detecting
a moving car (CD_n – Car Detection) and actuators responsible for switching lights on and off
(SW_n – Switch).
1. Off-wave OfW (switching off). The first experiment represents a situation where cars are
driving in the same direction (one after another) at the same speed. Distances between cars
are greater than 1500 metres. During this test we expected to observe the effect of automatic
switching-off of the lights. Due to the lack of information about a new approaching car from
the sensors, the lamps are switched-off, and lighting keeps up only to each single car,
currently moving.
2. On-wave OnW (switching on). The aim of this research scenario is to analyse a situation
where cars are driving in the same direction (one after another) at the same speed, with
a fixed distance between them, being smaller than 440 metres (10 × 44 m, the distance
between the lighting posts). Due to this extremely high traffic volume, we expect the effect
of constant lighting of the road lamps.
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Fig. 9. A technological cycle of a single lamp’s operation.

Fig. 10. A diagram of lighting “sleeve” diagram.

3.3. Simulation results
The results of the first simulated experiment with the lighting on-off wave (OfW) are shown
in Fig. 11, where we can observe the effect of the implemented concept of a lighting “sleeve”
(or tunnel), depicted in Fig. 10, which is:
(1)
R S = α VS ,
were: RS – a length of the lighting sleeve (the number of lamps being simultaneously on); α – a
quantity factor of 0.4318; V S – a velocity of a moving car.
Within the first 396 metres each car is driving past 9 lamps, located every 44 metres (the
lamps are turning on and off in pairs).
The obtained simulation results enable to state that after the car has driven 836 metres, the
lamps, starting from the beginning of the road, reach the stable switch-off state. This means that
a single car drives in the lighting sleeve of 836 metres (with 19 road lamps on). Four lamps are
always on before the approaching car, while the rest (15 lamps) are on at the back of the car.
A length of the lighting sleeve, defined according to the relation (1) as the number of lamps
being on at the same time, is dependent on a velocity of a driving car. The value of factor α is
determined on the basis of data obtained during simulations, and it represents the ratio of 19
lamps being simultaneously on and the velocity of a driving car. This effective linear relation
represents the rule that the higher the car’s speed, the longer the lighting sleeve. The executive
system coordinator (the central node) switches the lamps on and off in a proper mode, before
and after a driving car.
The second experiment concerning the on-wave (OnW) has yielded the results, presented in
Fig. 12, which show that gaps between the cars are short enough to not switch off the lamps.
The lamps are on constantly, waiting for information from the sensors (related to the traffic
volume reduction).
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Fig. 11. An off-wave diagram for 9 lamps located along the 396 m distance of the road.

Fig. 12. An On-wave diagram of the lamps located along the 396 m distance of the road.

3.4. Aggregate observations
The simulated examination also covered an aggregated experiment concerning a distance
of 10 000 metres (227 lamps). A car driving at a speed of 44 m/s covers this distance in 3 min
and 47 sec. Assuming that the car is driving in a 19-second tunnel (836 m or 19 road lamps),
the car uses only 8.37% of all available lamps. Obviously, for distances longer than 10
kilometres, the energy gain will be more considerable.
Figure 13 shows a simple impact of the distance on savings expressed in the percentage
of lamps being simultaneously on. This impact is now considerable. Naturally, the biggest
progress is reached for distances of up to 100 km.
On the basis of common experience, the following optimality criterion can be applied:

J = N on ⋅ PL ,

(2)

were: J – a cost; N on − a mean number of turned-on lamps; PL − a mean power consumption
of a single lamp (175 W). This criterion represents a simple function of cost, which is an average
power along the highway for a given scenario. It is obvious that for a given lamp technology
this criterion can be relatively represented by the average number of lamps turned on.
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The criteria have been verified by driving a car at various speeds along the distance
of 10 000 m, and the respective analytical data are listed in Table 1.
The results included in Table 1 are presented graphically in Fig. 14, which shows that the
higher the speed of a driving car, the higher the number of simultaneously turned-on lamps.
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Fig. 13. A percentage of the number of lamps turned on in relation to the total length of the road.
Table 1. Data of the experiment for various speeds of cars along a distance of 10 000 m.
NO.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

SPEED
18 km/h
36 km/h
54 km/h
72 km/h
90 km/h
99.72 km/h
104.4 km/h
115.2 km/h
126 km/h
144 km/h
158.4 km/h
180 km/h
198 km/h
216 km/h
234 km/h

SPEED
5 m/s
10 m/s
15 m/s
20 m/s
25 m/s
27.7 m/s
29 m/s
32 m/s
35 m/s
40 m/s
44 m/s
50 m/s
55 m/s
60 m/s
65 m/s

TIME OF TRAVEL
33.3333 min
16.6667 min
11.1111 min
8.3333 min
6.6667 min
6.0168 min
5.7471 min
5.2083 min
4.7619 min
4.1667 min
3.7879 min
3.3333 min
3.0303 min
2.7778 min
2.5641 min

NUMBER OF LAMPS TURNED-ON
6
7
9
11
12
13
14
15
16
18
19
21
23
24
26

AVERAGE POWER (W)
1 050
1 225
1 575
1 925
2 100
2 275
2 450
2 625
2 800
3 150
3 325
3 675
4 025
4 200
4 550

4. Summary
An advantage of the developed research modelling and simulation approach, based on both
the SMOL language and the implemented simulation SMOL environment, is the possibility of a
convenient description, visualisation and simulation of the analysed measurement-diagnosticscontrol (MDC) networks. It can be used for solving various problems connected with
distributed computer systems. The designer of such networks receives a functional tool for
an efficient description of the system’s, or monitored object’s, structures and associated
parameters, limitations and relations, as well as for relevant simulations.
The SMOL platform has been developed in order to solve the design problems specific for
the distributed network systems. In this paper we have presented an example of analysis of a
specific adaptive highway system that proves the multi-purpose character of the SMOL
platform. In particular, this platform has been used to analyse the profitability of introducing
changes to a road lighting system, which – according to the demonstrated case – confirms the
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Fig. 14. A mean number of turned-on lamps in the lighting sleeve vs the period of car movement
and the car’s velocity.
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Appendix 1: The software code in SMOL language describing
the structure of an MDC network (KNX-EIB)
package UTest
import SMOH.*
import Utils.*
import com.SMOF.*
import com.UI.DrawSmolEngine;
import com.prototype.DrawSecond;
import com.sample.DrawFirst;
import com.utils.CustomEdge;
import com.utils.INode;
import com.utils.NodeBase;
DrawFirst df = new DrawFirst ()
HashMap<HBase> varList = new HashMap();

// room 2
def (sensor_presence_2) = [new SANode("SAN_OB2")]
sensor_presence_2.connect(eib1,1,SpeedUnit.Kb,7)
varList.put("SAN_OB2",sensor_presence_2)
// room 3
def (sensor_presence_3) = [new SANode("SAN_OB3")]
sensor_presence_3.connect(eib1,1,SpeedUnit.Kb,7)
varList.put("SAN_OB3",sensor_presence_3)
// smoke sensor
// room 1
def (sensor_smoke_1) = [new SANode("SAN_D1")]
sensor_smoke_1.connect(eib1,1,SpeedUnit.Kb,6)
varList.put("SAN_D1",sensor_smoke_1)

// central node definition
def(root) = [new MainNode("ROOT")]
varList.put("root",root);

// room 2
def (sensor_smoke_2) = [new SANode("SAN_D2")]
sensor_smoke_2.connect(eib1,1,SpeedUnit.Kb,13)
varList.put("SAN_D1",sensor_smoke_2)

// KNX/EIB bus definition
def (eib1) = [new EIBNode("KNX/EIB")]
eib1.connect(root ,1,SpeedUnit.Kb,3)
varList.put("KNX/EIB",eib1)

// room 3
def (sensor_smoke_3) = [new SANode("SAN_D3")]
sensor_smoke_3.connect(eib1,1,SpeedUnit.Kb,13)
varList.put("SAN_D1",sensor_smoke_3)

// temperature sensor
// room 1
def (sensor_temp_1) = [new SANode("SAN_T_P1")]
sensor_temp_1.connect(eib1,1,SpeedUnit.Kb,12)
varList.put("SAN_T_P1",sensor_temp_1)

List<NodeBase> lstBase = Helper.GenerateVertexList(varList);
List<CustomEdge>
lstLink
=
Helper.GenerateEdgeList(lstBase,varList);
DrawSmolEngine
dse
=
new
DrawSmolEngine(DrawSecond.DrawDiagram(lstBase,lstLink));
dse.DrawUIGraph();

// room 2
def (sensor_temp_2) = [new SANode("SAN_T_P2")]
sensor_temp_2.connect(eib1,1,SpeedUnit.Kb,12)
varList.put("SAN_T_P2",sensor_temp_2)
// room 3
def (sensor_temp_3) = [new SANode("SAN_T_P3")]
sensor_temp_3.connect(eib1,1,SpeedUnit.Kb,15)
varList.put("SAN_T_P3",sensor_temp_3)
// temperature sensor in the air duct
// outdoor temperature
def (sensor_temp_4) = [new SANode("SAN_K_P1")]
sensor_temp_4.connect(eib1,1,SpeedUnit.Kb,4)
varList.put("SAN_K_P1",sensor_temp_4)
// air temp - IN
def (sensor_temp_5) = [new SANode("SAN_K_P2")]
sensor_temp_5.connect(eib1,1,SpeedUnit.Kb,3)
varList.put("SAN_K_P2",sensor_temp_5)
// air temp - OUT
def (sensor_temp_6) = [new SANode("SAN_K_P3")]
sensor_temp_6.connect(eib1,1,SpeedUnit.Kb,3)
varList.put("SAN_K_P3",sensor_temp_6)
// presence detector and light sensor
// room 1
def (sensor_presence_1) = [new SANode("SAN_OB1")]
sensor_presence_1.connect(eib1,1,SpeedUnit.Kb,6)
varList.put("SAN_OB1",sensor_presence_1)
// room 2
def (sensor_presence_2) = [new SANode("SAN_OB2")]
sensor_presence_2.connect(eib1,1,SpeedUnit.Kb,13)
varList.put("SAN_OB2",sensor_presence_2)
// room 3
def (sensor_presence_3) = [new SANode("SAN_OB3")]
sensor_presence_3.connect(eib1,1,SpeedUnit.Kb,13)
varList.put("SAN_OB3",sensor_presence_3)
// motion sensor
// room 1
def (sensor_presence_1) = [new SANode("SAN_OB1")]
sensor_presence_1.connect(eib1,1,SpeedUnit.Kb,6)
varList.put("SAN_OB1",sensor_presence_1)

Appendix 2: The software code written in SMOL describing
the structure of a highway lighting model
package UTest
import SMOH.*
import Utils.*
import com.SMOF.*
import com.UI.DrawSmolEngine;
import com.prototype.DrawSecond;
import com.sample.DrawFirst
import com.utils.CustomEdge
import com.utils.INode
import com.utils.NodeBase
DrawFirst df = new DrawFirst();
HashMap<HBase> varList = new HashMap();
//define central node
def(root) = [new MainNode("ROOT")]
varList.put("root",root);
// LAMP 1
//define profibus node
def (can1) = [new CanNode("LAMP_1")]
can1.connect(root,11,SpeedUnit.Mb,300)
varList.put("can1",can1);
//define SA node
def (sa1) = [new SANode("CD_L1")]
sa1.connect(can1,5,SpeedUnit.Mb,1)
varList.put("sa1",sa1);
//define SA node
def (sa2) = [new SANode("SW_L1")]
sa2.connect(can1,5,SpeedUnit.Mb,1)
varList.put("sa2",sa2);
// End of LAMP 1
// LAMP 2
//define profibus node
def (can2) = [new CanNode("LAMP_2")]
can2.connect(root,11,SpeedUnit.Mb,400)
varList.put("can2",can2);
//define SA node
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def (sa3) = [new SANode("CD_L2")]
sa3.connect(can2,5,SpeedUnit.Mb,1)
varList.put("sa3",sa3);
//define SA node
def (sa4) = [new SANode("SW_L2")]
sa4.connect(can2,5,SpeedUnit.Mb,1)
varList.put("sa4",sa4);
// End of LAMP 2
// LAMP 3
//define profibus node
def (can3) = [new CanNode("LAMP_3")]
can3.connect(root,11,SpeedUnit.Mb,500)
varList.put("can3",can3);
//define SA node
def (sa5) = [new SANode("CD_L3")]
sa5.connect(can3,5,SpeedUnit.Mb,1)
varList.put("sa5",sa5);
//define SA node
def (sa6) = [new SANode("SW_L3")]
sa6.connect(can3,5,SpeedUnit.Mb,1)
varList.put("sa6",sa6);
// End of LAMP 3
// LAMP 4
//define profibus node
def (can4) = [new CanNode("LAMP_4")]
can4.connect(root,11,SpeedUnit.Mb,600)
varList.put("can4",can4);
//define SA node
def (sa7) = [new SANode("CD_L4")]
sa7.connect(can4,5,SpeedUnit.Mb,1)
varList.put("sa7",sa7);
//define SA node
def (sa8) = [new SANode("SW_L4")]
sa8.connect(can4,5,SpeedUnit.Mb,1)
varList.put("sa8",sa8);
// End of LAMP 4
// LAMP 5
//define profibus node
def (can5) = [new CanNode("LAMP_5")]
can5.connect(root,11,SpeedUnit.Mb,500)
varList.put("can5",can5);
//define SA node
def (sa9) = [new SANode("CD_L5")]
sa9.connect(can5,5,SpeedUnit.Mb,1)
varList.put("sa9",sa9);
//define SA node
def (sa10) = [new SANode("SW_L5")]
sa10.connect(can5,5,SpeedUnit.Mb,1)
varList.put("sa10",sa10);
// End of LAMP 5
// LAMP 6
//define profibus node
def (can6) = [new CanNode("LAMP_6")]
can6.connect(root,11,SpeedUnit.Mb,400)
varList.put("can6",can6);
//define SA node
def (sa11) = [new SANode("CD_L6")]
sa11.connect(can6,5,SpeedUnit.Mb,1)
varList.put("sa11",sa11);
//define SA node
def (sa12) = [new SANode("SW_L6")]
sa12.connect(can6,5,SpeedUnit.Mb,1)
varList.put("sa12",sa12);
// End of LAMP 6
// LAMP 7
//define profibus node
def (can7) = [new CanNode("LAMP_7")]
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can7.connect(root,11,SpeedUnit.Mb,300)
varList.put("can7",can7);
//define SA node
def (sa13) = [new SANode("CD_L7")]
sa13.connect(can7,5,SpeedUnit.Mb,1)
varList.put("sa13",sa13);
//define SA node
def (sa14) = [new SANode("SW_L7")]
sa14.connect(can7,5,SpeedUnit.Mb,1)
varList.put("sa14",sa14);
// End of LAMP 7
// LAMP 8
//define profibus node
def (can8) = [new CanNode("LAMP_8")]
can8.connect(root,11,SpeedUnit.Mb,200)
varList.put("can8",can8);
//
//define SA node
def (sa15) = [new SANode("CD_L8")]
sa15.connect(can8,5,SpeedUnit.Mb,1)
varList.put("sa15",sa15);
//
////define SA node
def (sa16) = [new SANode("SW_L8")]
sa16.connect(can8,5,SpeedUnit.Mb,1)
varList.put("sa16",sa16);
// End of LAMP 8
// LAMP 9
//define profibus node
def (can9) = [new CanNode("LAMP_9")]
can9.connect(root,11,SpeedUnit.Mb,200)
varList.put("can9",can9);
////define SA node
def (sa17) = [new SANode("CD_L9")]
sa17.connect(can9,5,SpeedUnit.Mb,1)
varList.put("sa17",sa17);
//
////define SA node
def (sa18) = [new SANode("SW_L9")]
sa18.connect(can9,5,SpeedUnit.Mb,1)
varList.put("sa18",sa18);
// End of LAMP 9
List<NodeBase> lstBase = Helper.GenerateVertexList(varList)
List<CustomEdge> lstLink = Helper.GenerateEdgeList(lstBase,
varList)
DrawSmolEngine
dse
=
new
DrawSmolEngine(DrawSecond.DrawDiagram(lstBase, lstLink));
dse.DrawUIGraph();
Appendix 3: A Java code generated by the SMOLsim module
public class Lamp extends SimulationProcess {
private LampProcess myModel;
public boolean turningOnLight = false;
public boolean minIllumination = false;
public boolean turningOffLight = false;
public Lamp(Model owner, String name, boolean
showInTrace) {super(owner, name, showInTrace);
myModel = (LampProcess) owner;}
@Override
public void lifeCycle() {
sendTraceNote("Lamp process started");
}
}
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Abstract
Size-dependent dynamic instability of cylindrical nanowires incorporating the effects of Casimir attraction and
surface energy is presented in this research work. To develop the attractive intermolecular force between the
nanowire and its substrate, the proximity force approximation (PFA) for small separations, and the Dirichlet
asymptotic approximation for large separations with a cylinder-plate geometry are employed. A nonlinear
governing equation of motion for free-standing nanowires − based on the Gurtin-Murdoch model − and a strain
gradient elasticity theory are derived. To overcome the complexity of the nonlinear problem in hand, a Garlerkinbased projection procedure for construction of a reduced-order model is implemented as a way of discretization
of the governing differential equation. The effects of length-scale parameter, surface energy and vacuum
fluctuations on the dynamic instability threshold and adhesion of nanowires are examined. It is demonstrated that
in the absence of any actuation, a nanowire might behave unstably, due to the Casimir induction force.
Keywords: free-standing cylindrical nanowire, Casimir force, proximity force approximation, Dirichlet asymptotic
approximation.
© 2017 Polish Academy of Sciences. All rights reserved

1. Introduction
In the last decades, the application of nanowire-based nanostructures is extensively growing
because of their excellent physical properties such as their small size giving a large surface
area-to-volume ratio. Due to their exciting properties, nanowires are promising candidates for
detecting nano-objects with high sensitivity, and also they can be potentially employed in
several fields, such as measurement systems [1, 2], Micro/Nanoelectromechanical Systems
(M/NEMS) [3], biological or gas sensing devices [4], flexible electronics and renewable energy
technologies [5], integrated Shape Memory Alloy (SMA) [6], resonators and actuators [7, 8] and
multifunctional NEMSs.
Essentially, when the electronic and mechanical systems were successfully integrated in
a nanoscale, some new phenomena originally governed by the nanoscale quantum effects have
become more and more important. As an example, the motion of a nanowire-based structure is
affected by the small-scale quantum electro-dynamical interactions, such as vacuum
fluctuations. The van der Waals effect stems from the electrostatic interaction between a pair
of magnetic poles at an atomic-order distance. The Casimir force stands for the attractive force
between two flat parallel plates of solids that originates from quantum fluctuations in the ground
state of the electromagnetic field [9].
The effect of vacuum fluctuation forces can be modelled by the Casimir attraction which is
the dominant phenomenon in any sub-micron separation-based application [10−12]. Using
experiments, Zou et al. [13] could demonstrate the Casimir effect between two micro-machined
_____________________________________________________________________________________________________________________________________________________________________________________
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silicon components on the same substrate. They achieved this result by integrating a forcesensing micromechanical beam and an electrostatic actuator on a single chip. Buks and Roukes
[14] reported an experimental study of surface-surface interactions using micro-machined
cantilevers fabricated from Au and focused on the extreme manifestation of Casimir interaction
and the energy associated with this process.
The same effect is also numerically examined by Lombardo et al. [15], where the Casimir
interaction energy is evaluated for configurations involving two perfectly conducting eccentric
cylinders and a cylinder in front of a plane. The exact equation prescribing the Casimir force is
analytically derived by Emig et al. [16] for a configuration involving a plate and a cylinder with
the assumption of an intermediate geometry between the parallel plates and the plate-sphere
configurations. Bordag et al. [17] published a review of some experimental and theoretical
developments in the characterization of the Casimir effect in a nanoscale. They demonstrated
that the Casimir force strongly depends on the shape, size, geometry and topology
of boundaries. Therefore, many authors worked on computing the Casimir attraction assuming
different geometries, e.g. parallel plates [18−20], plate-sphere [21], parallel cylinders [22] and
plate-cylinder [23].
Also, many papers are concerned on studying the instability characteristics and nonlinear
analysis of micro/nano-scale structures involving different assumptions and theories, such as
the nonlocal elasticity theory [24−31], strain gradient theory [32−35], modified strain gradient
theory [36, 37], strain-inertia gradient elasticity [38], nonlocal strain gradient theory [39] etc.
It is worth mentioning that any nanoscale device might adhere to its actuating substrate under
the effect of the Casimir attractive force, if a minimum gap between the flexible nanostructure
and its substrate is not considered. Besides being one of the most effective ways of turning in
the instability of freestanding nanostructures, the Casimir force can also induce undesired
adhesion during the fabrication stages. Therefore, a fundamental understanding of the stability
behaviour of free-standing nanowires is central to precise designing and mounting of these
structures. All the previous works have studied the instability analysis of small-sized structures
having planar or rectangular cross-sections. However, to the best of the authors’ knowledge, no
prior study considers the Casimir force while incorporating the surface effects with the
application to dynamic instability characteristics of size-dependent nano-beams with a circular
cross-section.
The experiments demonstrate that the surface layer plays an important role in the structural
behaviour of nanoscale structures which is due to their surface-to-volume ratio [40]. Atoms in
a free surface of nanostructures experience a local environment different from that met by atoms
in any other bulk material. Consequently, these atoms have a different energy level than the
atoms in the bulk pattern. The excess energy of surface atoms is called the surface free energy
[41]. In the classical continuum mechanics, the effect of surface layer is typically ignored.
However, for nanoscale devices, because of high surface-to-volume ratios, the influence of the
surface layer on the overall dynamic behaviour of nanostructure could no longer be neglected.
Gurtin and Murdoch [42] presented a surface elasticity theory to model the surface layer of a
solid as a membrane with negligible thickness. In another study by Sedighi [43] the dynamic
pull-in behaviour of an electrically actuated nano-bridge is studied, which features a rectangular
cross-section incorporating the surface and intermolecular effects. Using a nonlocal finite
element model, Eltaher et al. [44] examined the vibration characteristics of nano-beams
accounting for the surface layer effects. Fu and Zhang [45] examined the pull-in behaviour of an
electrically actuated nano-beam by incorporating the surface elasticity. They solved the
complex mathematical problem by the Analog Equation Method (AEM). Their discussion
considered the effects of surface energies on the static and dynamic responses, pull-in voltage
and pull-in time. Koochi et al. [46] studied the influence of surface effect on the static instability
behaviour of a cantilever nano-actuator in the presence of van der Waals force (vdW).
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In the previous works, Sedighi and Bozorgmehri [47, 48] studied the dynamic behaviour
of vibrating nanowires based on the non-local and modified couple stress theories. In the current
paper, we examine the static and dynamic instability threshold of circular cross-section-based
nano-systems (such as nanowires and nanotubes) by employing the Strain Gradient Elasticity
Theory (SGET) which has three length-scale parameters to account for the size dependency
of sub-micron structures. In addition, we use a new Reduced-Order Method (ROM) to capture
the first three natural frequencies of nanowires. The main purpose of the present study is to
examine the influence of Casimir attraction on the instability/adhesion characteristics of nanobridges while addressing the size-dependency and surface layer effects. To serve this goal, the
strain gradient elasticity theory together with the Euler-Bernoulli beam model are employed to
derive a governing equation of nanowires accounting for the vacuum fluctuations and surface
energy. To solve the nonlinear governing equation of motion, a reduced-order model, based on
the so-called Galerkin expansion, is presented and performed. Finally, the effects of different
parameters on the instability behaviour and adhesion time of Casimir-induced free-standing
nanowires are studied.
2. Mathematical modelling
Figure 1 shows a schematic view and an SEM image of a free-standing doubly-clamped
nanowire above a flat plate substrate. Influenced by the Casimir attractive force, the flexible
cylinder can deform towards the fixed ground plane. The nanowire features an initial gap D ,
length L and radius R . Following, the governing equations of Casimir-induced nanowires are
derived based on two different approaches: the PFA approach for small separation and the
Dirichlet mode approach for large separation approximations.
a)

b)

c)

Fig. 1. A 3D schematic view (a); a 2D side view (b) and an SEM image of a doubly-clamped
cylinder-plate based nanowire (c).

2.1. Effect of surface stresses
Figure 2 illustrates a doubly-clamped nanowire including a surface layer. Following the
Gurtin-Murdoch approach [42], it is assumed that the nanowire has an elastic surface with zero
thickness and specific material characteristics accounting for the surface energy effects.

Fig. 2. A 2D schematic representation of a doubly-clamped nanowire.
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To model the surface energy, the nano-bridge is split into two layers; a surface layer and a
core (bulk) layer. The modulus of elasticity for the surface layer is represented by E0
(determined from atomistic calculations). Assuming there is no residual stress in the bulk
material due to surface tension, the corresponding bulk stress-strain relations of the beam may
be written as [49]:
σ xx = Eε xx + vσ zz ,
(1)
where ν is the Poisson’s ratio of nano-beam. In the classical continuum mechanics theory, the
stress component σ zz is assumed zero. However, the equilibrium will not be satisfied with this
assumption, if the surface stress is considered. In this case, the stress component σ zz is
expressed as follows [50]:
σ zz =

1 +
z
σ zz + σ zz− +
σ zz+ − σ zz− ,
2
2R

(

)

(

)

(2)

where σ zz+ and σ zz− are stresses at the top and bottom surface fibres, respectively. The stresses
of the surface layer satisfy the following equilibrium relation [45]:
σ zz =
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Moreover, Gurtin and Murdoch [42] developed the constitutive equations for the surface
layers:
τ xx = τ 0 + E0

∂u
∂w
, τ zx = τ 0
,
∂x
∂x

(4)

where τxx and τzx are non-zero membrane stresses existing on the contact surfaces of the bulk
material and surface layers. The following equilibrium relations must be satisfied by stresses
of the surface layers [50]:
+

+

2
 ∂τ βi 
+
+  ∂ ui 

 = σ iz + ρ0  2  ,
 ∂β 
 ∂t 

(5a)

2
 ∂τ βi 
−
−  ∂ ui 
(5b)

 = σ iz + ρ0  2  ,
 ∂β 
 ∂t 
where β = x, y and i = x, y, z, u i+ = u i ( z = +R ) and u i− = u i ( z = −R ) denote a displacement
−

−

of surface layers in the i-direction.

2.2. Effect of Casimir attractive force
For the case of conducting by flat parallel plates separated with a gap D, the Casimir energy
per unit area is expressed as [51]:
Epp (D) = −

π 2 hc
,
720D3

(6)

where c is the light speed and h is Planck’s constant [17]. It should be noted that this formula
can be obtained while considering the electromagnetic mode structure between two plates in
comparison with the free space by assigning a zero-point energy to each electromagnetic mode
[52]. To predict the Casimir force in the case of a small gap, the Proximity Force Approximation
(PFA) makes use of (6). The interaction between any other surfaces may be modelled by an
extension of the PFA approach with the summation of infinitesimal parallel plates [17]. For
small gaps, the correct zeroth-order approximation for the Casimir energy is given by [13]:
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E PFA = ∫ EPP (D)dS = −
s

π 2 hC dS
,
720 ∫∫ D3

(7)

where S is one of the two surfaces distanced by a gap. It should be emphasized that the PFA
cannot be used in the case of large separation or non-smooth surfaces. Therefore, another
approach should be then employed. A path integral representation [53] is used to properly
model the Casimir energy for large separations. The electrodynamic Casimir energy of two
parallel metallic surfaces assuming the Dirichlet mode definition at zero temperature can be
expressed as [54, 55]:
∞

ED =

hc
Tr ln(MM∞−1 )dq0 ,
2π ∫0

(8)

where:

(

)

M12 (u,u′; q0 ) = G0 s1 (u) -s2 ( u′) ; q0 ,

(9)

(

)

G0 x, x' ; q0 =

-q0 x-x'

e
,
4π x- x'

where a matrix M 12 denotes the geometry of surfaces 1 and 2, M ∞− 1 is an inverse of matrix

M at infinite surface separation, s i (u ) represents a vector referring to the i-th surface
parameterized by a surface vector u and G0 is the free space Green function [56].
Based on the PFA approach (for small separations), the Casimir energy can be obtained as
[13]:
3
(10)
E PFA = - π hcL R ,
960

2D5

where R denotes a radius of nanowire and D is a gap width. Therefore, the Casimir force for
Small Separation Approximation (SSA) can be obtained by differentiating the energy in respect
of D as:
∂E ( D )
1 3
2R
(11)
f =−
=
π hcL
.
cas

∂D

768

D7

Otherwise, for the case of cylinder-plate geometry with a large separation gap, i.e. D >> R,
the approximate expression for the attractive Casimir energy is written as [57]:
1
E D = - hcL
.
D2 16π ln( D )
R

(12)
Therefore, the Casimir force for large separation approximation (LSA) can be expressed as:
fcas =

hcL
1
hcL
1
+
.
D3 8π ln( D ) D3 16π ln 2 ( D )
R
R

(13)

2.3. Strain Gradient Elasticity Theory (SGET)
It is well-known that size has a strong impact on the mechanical behaviour of micro- and
nanostructures. For instance, the bending rigidity of silica and polythene beams can increase
substantially when the breadth of the beam reduces to several tens of nanometres. It should be
noted that the classical continuum theories fail to predict and interpret the size effect
phenomena. To address this issue, the size-dependent continuum theories (such as SGET) have
been developed, which introduce additional material length-scale parameters as well as the
Lame constants. In the strain gradient theory, the strain energy density with small deformation
may be expressed as [58]:
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U=

1
(1) ( 1 )
σ ij ε ij + piγ i + τ ijk
ηijk + mijs χijs ,
2

(

)

(14)

where:
ε ij =

( 1)

ηijk =

1
3

(ε jk,i + εki,j + εij,k ) −

1
15

1
ui , j + u j ,i ,
2
γ i = ε mm,i ,

(

δij ( ε mm,k + 2εmk,m ) −

)

1
15

δ jk ( εmm,i + 2εmi,m ) +δki ( εmm, j + 2εmj,m ),

1
χ ijs = e jkl ul ,ki .
2

(15)
(16)
(17)
(18)

(1)
In the above equations, u i , γ i , ηijk
, χ ijs , δ ij and e ijk indicate a displacement vector, a

dilatation gradient vector, a deviatory stretch gradient tensor, a symmetric rotation gradient
(1)
tensor, Kronecker delta and permutation symbols, respectively. Also, εij , σ ij , pi , τ ijk
, mijs ,
are a strain tensor, Cauchy’s stress and high order stress tensors, respectively, and are expressed
as [58]:
ν


σ ij = 2 µ  ε ij +
ε mmδ ij  ,
1- 2ν



(19)

pi = 2 µ l02γ i ,

(20)

(1)
(1)
τ ijk
= 2 µ l12ηijk
,

(21)

mijs = 2µl22 χijs ,

(22)

where ν and μ are Poisson’s ratio and shear modulus, respectively. Also, l0, l1 and l2 are
additional material length-scale parameters in the constitutive equations of higher-order
stresses.
2.4. Governing equation of motion
In this section, the governing equation for size-dependent vibration of Casimir-induced
nanowires in the presence of surface effects is derived. Based on the Euler-Bernoulli beam
theory, the displacement field can be expressed as follows:
∂w
u ( x, z, t ) = −zθ ( x, t ) = −z ,
w = w( x, t ) .
(23)
∂x
The strain of a material point located at a distance z from the top plane for a nano-beam is
represented as:
ε xx =

∂u
∂2 w
= −z 2 .
∂x
∂x

(24)

Substituting the linear displacement field of (23) into (15) to (22), the total strain energy
on the basis of SGET for a deformed Euler-Bernoulli beam is given by:
USGET

2
2
L
2
3
1 
8
 2 4 2  ∂ w  
2
2
2  ∂ w 
= ∫  2µ Al0 + µ Al1 + µ Al2   2  + I  2µl0 + µl1   3  dx.
2 0 
15
5
  ∂x 

  ∂x  



(25)

In (25), I represents the second moment of inertia of the beam around its y-axis. Based on
the surface elasticity theory, the strain energy in the surface layer with zero thickness can be
expressed as [59]:
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Us =

1L
τ αβ ε αβ + τ kα uk ,α dSdx,
2 ∫0 S∫

(

)

(26)

where α, β denote in-plane Cartesian coordinates of the surface and k is an out-plane Cartesian
coordinate of the surface. Substituting (4) into (26) results in:
2
L
1 
∂u 
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∫
∫
2 0 S 
∂x 
 ∂x  

Us =
=

2
L
2
2
  +
 +
1
+ ∂ w ∂ w
+  ∂w 
−
τ
−
+
τ
E
z
z

 dS dx


0
0
0


2
2
∫
∫
2 0 S +  
∂x  ∂x
 ∂x  

+

(27)

2
L
2
2
  −
 −
1
− ∂ w ∂ w
−  ∂w 
−
−
+
τ
τ
E
z
z

 dS dx.


0
0
0


2
2
∫
∫
∂x  ∂x
2 0 S −  
 ∂x  

Simplifying the surface energy described in (27) yields:
Us =

2
2
L
2

1  +
−
*  ∂w 
+
−
*∂ w
τ
+
τ
+
+
S
E
E
I

 dx.
(
)
(
)
0
0
0 
0
0
0 

2 
∫
20
 ∂x 
 ∂x  


(28)

In addition, the virtual work Wɶ induced by the axial and Casimir forces incorporating the vonKármán type nonlinear strain can be written as [60]:
2
L
l
L
  ∂w 2
1 
EA  ∂w 
Wɶ = − ∫  N 0 +
dx  
dx + ∫ f cas w dx.



∫
  ∂x 
2 0 
2 L 0  ∂x 
0


(29)

The kinetic energies for the bulk material and surface layer are obtained as follows:
2

2

2

1
1
1
 ∂w 
+  ∂w 
+
−  ∂w 
−
ρ
 dAdx + ∫ ∫ ρ 0 
 dS dx + ∫ ∫ ρ 0 
 dS dx
∫
∫
2 0 A  ∂t 
2 0 S +  ∂t 
2 0 S −  ∂t 
L

T=

L

1
= ρ A + ρ 0+ + ρ 0− S0*
2

(

) )

(

L

2

 ∂w 
∫0  ∂t  dx.
L

(30)

The first variation of the strain energy function is obtained as [61, 62]:
L

δ U b = ∫ ∫ σ ij δε ij dAdx,

(31)

0 A

where A is an area of the cross-section of nano-beam.
Substituting (15) into (22), the variation of the strain energy function can be obtained as:
l

δ U b = − ∫ ∫ zσ xx
0 A

l
 ∂ 2δ w 
∂ 2δ w
dAdx = ∫ M ( x , t ) 
dx ,
2
2 
∂x
 ∂x 
0

(32)

where M ( x, t ) = − ∫ σ xx zdA is a resultant bending moment of the nanowire. Applying the
A

Hamilton’s principle results in:
t2

∫ (δ T − [δ U

b

+ δ U s ] + δ W ) dt = 0.

(33)

t1

Subsequently, while assuming some mathematical simplifications, the nonlinear governing
equation of motion can be written as follows:
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2
4
2
∂2M
+
−
* ∂ w
+
−
* ∂ w
+
−
* ∂ w
ρ
ρ
ρ
τ
τ
=
−
A
+
+
S
−
E
+
E
I
+
+
S
0
0
0
0
0
0
0
0
0
∂x 2
∂t 2
∂x 4
∂x 2
4
6
8
4

∂ w

∂ w
+  2µ Al02 + µ Al12 + µ Al22  4 − I  2µl02 + µl12  6
15
5

 ∂x

 ∂x
2
L
2

∂ w
EA  ∂w 
+  N0 +
dx  2 + f cas ,


∫


2 L 0  ∂x 

 ∂x

(

) )

(

(

)

(

)

(34)

and the corresponding boundary conditions at the ends of the nano-bridge can be written as
follows:
∂w
∂w
( x = 0) = 0, w ( x = L ) = 0, ( x = L ) = 0,
∂x
∂x

w ( x = 0) = 0,

(35)

Using the relation of normal stress described in the equation (1), a resultant bending
moment of nanowire can be expressed as:

z 
∂ w
 ∂ w 
∫
∫  Ezε + v  2 (τ − τ )  ∂x  − ( ρ − ρ )  ∂t 

 




 z 
∂ w
 ∂ w 
+ (τ + τ ) 
 − ( ρ + ρ )  ∂t     dA
 h
 ∂x 


∂ w vAR 
∂ w
∂ w  vI 
∂ w
= EI
−
 (τ − τ ) ∂x − ( ρ − ρ ) ∂t  − 2 R  (τ + τ ) ∂x − ( ρ + ρ
∂x
2 


2

M ( x, t ) = − σ xx zdA = −
A

xx

+

−

0

0

2

2

+

−

0

0

2

A

2

2

+

−

0

0

2

2

2

+

−

0

0

2

2

+

−

0

0

2

2

(36)

2

+

−

0

0

2

2

+

−

0

0

2

∂ w
2

+

−

0

0

) ∂t

2

.


Therefore, the governing equation of motion for nanowires can be obtained by inserting (27)
into (25) as follows:
∂ w 
8
 2 4 2∂ w
2
2
2  ∂ w
+  2µ Al0 + µ Al1 + µ Al2  4 − I  2 µ l0 + µ l1  6
4
∂x
15
5

 ∂x

 ∂x
4

EI

4

6

4
4
4
4
∂ w
∂ w  vAR  +
∂ w
∂ w 
+
−
+
−
−
+
−
 (τ 0 + τ 0 ) 4 − ( ρ 0 + ρ0 ) 2 2  −
 (τ 0 − τ 0 ) 4 − ( ρ 0 − ρ0 ) 2 2 
2R 
∂x
∂x ∂t 
2 
∂x
∂x ∂t 
2
4
2

+
−
* ∂ w
+
−
* ∂ w
+
−
* ∂ w
+ ( E0 + E0 ) I 0 4 − (τ 0 + τ 0 ) S0 2 =  − ρ A + ( ρ0 + ρ 0 ) S0
2
∂x
∂x
∂t

2
l


 ∂2 w
EA  ∂w 
+  N0 +
  dx  2 + fcas  .
∫

2 L 0  ∂x 

 ∂x


−

vI 

(

)

(37)

2.5. Normalization of governing equation of motion
In order to describe the governing equation in a non-dimensional from, the following
variables are introduced:
W =

µ=
κ1 =

w
D

(E

x

, ξ =
+
0

L

)

,α =

+ E0− I 0*
+

E I

(

2 EI

, σ1 =

)

2

12 ρ L









2

t, fi =

4

+

12 ρ L

(

N 0 L2

)

EI

(

,k=

−12 ARv τ 0+ + τ 0− − 36vAR τ 0+ − τ 0−

(

+

E +h2

,τ =


l
 + 8 1

l

 2

)

+

E I

2 v ρ0+ + ρ0− R + 3 ρ0+ − ρ0−

 µ  l
α 4 =  1 + l  30  0

 15   l2
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EAD 2

),

κ2 =

(ρ

+
0

)

+ ρ0− S0*
+

ρ A

, γ =

D
R

, µl =

σ2 =

(τ

+
0

12 µ
E (h l )

)

2

+ τ 0− S0* l 2
+

,

E I

hcL4

(38)

8π D 4 EI

2



µ

l
 + 15  + µ − σ 1  , α 6 =
2


30
L
h)
(






2
  l 2
  
5  0  + 2  l1  
 l 
l  
 2  
  2 
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Thus, the non-dimensional equation of motion for size-dependent nanowires incorporating
the surface effects and the Casimir force can be written as:
∂ 4W
α4

∂ξ

4

∂ 6W
− α6

∂ξ

∂ 4W
+ κ1

6

 π 4γ

∂ 2W

2

2

∂ξ ∂τ

−σ2

∂ξ

 96

k (1 −W

)

7

+α

2

∂ 2W
 ∂W 
d ξ − (1 + κ 2 )

∂ξ 0 ∂ξ 
∂τ 2

∂ 2W

2

=

2

2

1

∫ 


,


(39a)

for the SSA approximation and:
W =

µ=
κ1 =

w
D

(E

, ξ =
+
0

x
L

,α =

)

+ E0− I 0*
E I
+

−

2 EI

, σ1 =

+

(

EAD 2

)

(

12 ρ L

(








∂ 4W
α4

∂ξ

4

+

−

2

2


l
 + 8 1

l

 2

∂ξ

6

EI

)

(

,k=

)

E I

∂ 6W
− α6

N 0 L2

+

),

12 ρ L

 µ  l
α 4 =  1 + l  30  0

 15   l2

t, fi =

4

+

−12 ARv τ 0+ + τ 0− − 36vAR τ 0+ − τ 0−

2 v ρ0 + ρ0 R + 3 ρ0 − ρ0
+

E +h2

,τ =

κ2 =

2

+
0

−

)

*

+ ρ0 S 0
+

ρ A

, γ =

R

, µl =

σ2 =

(τ

∂ξ ∂τ

+
0

12 µ
E (h l )

)

2

+ τ 0− S 0* l 2
+

,

E I

hcL4

(39b)

8π D 4 EI

2



µ

l
 + 15  + µ − σ 1  , α 6 =
2


30
L
h)
(






∂ 4W
+ κ1

(ρ

D

2
  2
  
5  l0  + 2  l1  
 l 
l  
 2  
  2 

∂ 2W
2

−σ2

∂ξ

=

2

2



1
2
2

1
1
 γ

 + α ∂ W  ∂W  d ξ − (1 + κ 2 ) ∂ W 
+
2

3
2 ∫
2
 (1 − W )  ln ( k (1 − W ) ) 2 ( ln ( k (1 − W ) ) ) 
∂ξ 0  ∂ξ 
∂τ 




for the LSA approach. It is worth mentioning that, due to the nanowire deflection W ( x, t ) , a
distance D assumed in the Casimir force is replaced by D −W . Moreover, in the case of a
large separation gap, it is assumed that D + R ≈ D .
3. Solution methodology
3.1. Reduced-order modelling
To simulate the total response of a nanowire, (39a) and (39b) are discretized using a socalled Galerkin procedure to yield a Reduced-Order Model (ROM). Hence, the deflection of
nanowire is approximated as:
n

W ( x, t ) =

∑u (t )φ ( x ),
i

i

(40)

i =1

where φi ( x ) are normalized linear undamped mode shapes of a perfectly straight clamped
beam, and ui(t) are non-dimensional modal coordinates. It is worth mentioning here that,
because of a nonlinear nature of the Casimir attractive force, symmetric (odd) and antisymmetric (even) mode shapes are assumed in this work. To obtain the ROM, we substitute the
equation (40) into (39a) and (39b), multiply by φi ( x ) , use the orthogonality conditions of the
mode shapes, and then integrate the outcome from 0 to 1. The results are differential equations
in terms of the modal coordinates ui(t) that can be integrated and the total response of nanowire
can be obtained from (40).
Several issues need to be clarified about the developed ROM. Unlike the case of rectangular
micro-beams [63], here there is no numerical advantage of multiplying (39a) or (39b) by the
denominator of Casimir force term, since the mode shape φi ( x ) will remain embedded in the
nonlinear terms even after imposing the orthogonality of the mode shapes. To deal with the
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complicated integral terms due to the nonlinear Casimir attractive force, we evaluated the
spatial integrals containing the φi ( x ) terms numerically, using a trapezoidal method, while
simultaneously integrating the differential equations of the modal coordinates ui(t).
3.2. Static response
To simulate the static response, all time-dependent terms in the governing differential
equations of nanowire in (39a) and (39b) are set equal to zero. Then, the modal coordinates ui(t)
are replaced by unknown constant coefficients ai (i = 1,2,…,n). This results in a system
of nonlinear algebraic equations in terms of coefficients ai. The system is then solved
numerically using the Newton-Raphson method [64] to obtain the static deflection of nanowire.
3.3. Eigen-value problem
In this work, we propose to examine the variation of fundamental natural frequency of a
nanowire under the effect of the attractive force. Toward this, we consider the ROM obtained
in Subsection 3.1, which can be re-written in a matrix form as:

M (U )Uɺ = R (U ) ,

(41)

U = [u1, u2 , u3 ,...,un ] ,

(42)

where:

is a modal vector of amplitudes, M (U ) is a nonlinear matrix representing the coefficients of
Uɺ , and R (U ) is a right-hand side vector representing the forcing, stiffness, and damping
coefficients. Both M (U ) and R (U ) are nonlinear functions of the modal coordinates ui(t).
Note here that we consider the symmetric and anti-symmetric mode shapes in the ROM to get
all the possible natural frequencies and mode shapes of the nanowire.
Next, we split U into a static component X s , representing the equilibrium position due to
the applied Casimir force, and a dynamic component η ( t ) representing the perturbation around
the equilibrium position, that is:
U = X s +η ( t ) .
(43)
Then, substituting (43) into (41), using the Taylor series expansion assuming small η ,
eliminating the quadratic terms, and using the fact that R ( X s ) = 0 , we obtain the following:

M ( X s )ηɺ = J ( X s )η ,

(44)

where J ( X s ) is a Jacobian matrix calculated at the equilibrium points [65].
To calculate the natural frequencies of nanowire for the applied attractive force, we
−1
substitute the stable static solution, X s , into the matrix M J and then find its corresponding
eigenvalues. The eigenvalues are calculated by solving the below equation, which gives a
characteristic algebraic equation for an eigenvalue λ :

(

)

det M −1 ( X s ) J ( X s ) − λ I = 0,

(45)

where I symbolizes an identity matrix. Finally, by taking the square root of each individual
eigenvalue, we obtain the natural frequencies of the system.
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4. Results and discussion
This work attempts to examine the influence of vacuum fluctuations and size-dependency
on the nonlinear dynamic behaviour of freestanding nanowires. In order to endorse the accuracy
of present ROM simulations, the static deflection of nanowire versus the Casimir force for SSA
and LSA models are plotted and compared with the results of Farrokhabadi et al. [66] (see
Fig. 3). One can clearly observe that the results of our modelling are in a good agreement with
those reported in the literature.
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Fig. 3. Variations of the static deflection vs the Casimir force for (a) SSA approximation (k = 5) and (b) LSA
approximation (k = 100), and for α = 1, α 6 , κ1 , σ , α , κ 2 = 0.
4

2

To show the instability behaviour of a nano-fabricated system by varying the Casimir
parameter, Fig. 4 displays variations of the static deflection and the fundamental frequency
of nanowire versus the Casimir force parameter γ for the following system parameters:
α1 = 6; κ1 = 0; κ2 = 0.2 . It is worth mentioning that, when the geometry parameter k takes rather
large values (here k = 100), the LSA approximations should be employed to take the Casimir
induction force into account. One can observe that any increase in the Casimir induction force
leads to reduction of the initial gap and natural frequency of nanowire up to the critical point
(γ = 216) beyond which the nanowire becomes unstable and consequently it collapses onto the
fixed substrate. Moreover, Fig. 5 indicates the same behaviour when the geometry parameter is
considered small, in which we have to assume the SSA approximation to account for the
vacuum fluctuations. It is demonstrated that, for SSA approximation, the nanowire falls to the
fixed plate at lower values of the Casimir parameter γ.
In order to examine the influence of geometry ratio k on the predicted critical Casimir value
of induced nanowires, variations of γ pull-in as functions of the geometry parameter for two
different models, i.e. LSA and SSA, are displayed in Fig. 6. One can observe that γ pull-in is
remarkably affected by this parameter. It is shown that the Casimir critical value increases
continuously with increasing the geometry ratio k. This reveals that, as the initial gap D
increases and/or the radius of nanowire decreases, the free-standing nanowire diverges to the
bottom plate at higher values of the Casimir parameter.
Due to a high surface-to-volume ratio of several nano-fabricated structures, it was
empirically showed that the surface stress plays a significant role in the static and dynamic
behaviour of such devices. To show the impact of surface stress σ2 on the instability
characteristics of Casimir-induced nanowires, variations of the static deflection and the first
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natural frequency are presented in Figs. 7 and 8 for both LSA and SSA approximations,
respectively.
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Fig. 4. Variations of (a) the static deflection and (b) the natural frequency vs the Casimir force for LSA
approximation and k = 100, α 4 = 1, σ 2 = 2 .
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Fig. 5. Variations of (a) the static deflection and (b) the natural frequency vs the Casimir force for SSA
approximation and k = 10, α 4 = 1, σ 2 = 2
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Fig. 6. Variations of the critical Casimir value vs the geometry ratio for (a) SSA and (b) LSA
approximations.

It is illustrated that the critical values of Casimir parameter, predicted by both LSA and
SSA models, increase as the parameter σ 2 varies from negative to positive values. In addition,
500
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one can infer that in the absence of any Casimir attraction, the fundamental frequency
of nanowire shifts upward by increasing the surface stress values.
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Fig. 7. Variations of (a) the static deflection and (b) the natural frequency vs the Casimir force for LSA
approximation and some assigned values of σ 2 and α 4 = 1 .
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Fig. 8. Variations of (a) the static deflection and (b) the natural frequency vs the Casimir force for SSA
approximation and some assigned values of σ 2 and α 4 = 1 .

As mentioned earlier, it has been validated that the mechanical behaviour of miniaturesized structures are size-dependent and the classical theories may not predict the instability
threshold of nano-beams precisely. To this end, the strain gradient elasticity theory (SGET)
including three material length-scale parameters has been employed to capture the microstructure size-dependency. In this paper, the non-dimensional parameter α4 accounts for the
length-scale parameters. Figs. 9 and 10 depict variations of the initial gap between the nanowire
and substrate as well as the first natural frequency of induced nanowire as functions of the
Casimir parameter γ for three values of parameter α4 . One can conclude that the instability
occurs at higher values of Casimir parameter by increasing the size parameter α4 . Moreover,
according to Figs. 9b and 10b, it is clearly shown that the fundamental frequency of nanowire
increases when the length-scale parameter increases.
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Fig. 9. Variations of (a) the static deflection and (b) the natural frequency vs the Casimir force for LSA
approximation and σ 2 = 2 .
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Fig. 10. Variations of (a) the static deflection and (b) the natural frequency vs the Casimir force for SSA
approximation and σ 2 = 2 .
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Fig. 11. Variations of (a) the second and (b) the third natural frequencies vs the Casimir force for LSA
approximation and some assigned values of σ 2 and α 4 = 1 .
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Fig. 12. Variations of (a) the second and (b) the third natural frequencies vs the Casimir force for SSA
approximation and some assigned values of σ 2 and α 4 = 1 .
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Fig. 13. Variations of (a) the second and (b) the third natural frequencies vs the Casimir force for LSA
approximation and σ 2 = 2 .
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Fig. 14. Variations of (a) the second and (b) the third natural frequencies vs the Casimir force for SSA
approximation and σ 2 = 2 .
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Finally, to examine the effect of Casimir attraction force on the higher frequencies
of nanowires, variations of the second and third natural frequencies for LSA and SSA models
are shown in Figs. 11 to 14, for some values of surface stress parameter σ2 and size-effect
parameter α4. As can be seen, the second natural frequency is more sensitive to the variation of
Casimir parameter in comparison with the third one. In addition, one can infer that the slope of
the second natural frequency increases with increasing the Casimir force, whereas the slope of
the third one decreases as the Casimir force increases.
According to the illustrated results in Figs. 13 and 14, it is concluded that, when the surface
stress σ 2 keeps constant, the second and third natural frequencies are very sensitive to variation
of the scale parameter α4. Furthermore, Figs. 13b and 14b exhibit that the third natural
frequency does not show a noticeable change when the surface stress is constant.
5. Conclusions
In this work we have studied the instability characteristics of Casimir-induced nanowires in
the presence of microstructure size-dependency and surface effects. A non-linear governing
equation of nanowires for both small and large separation gaps has been developed and the
static response as well as eigenvalue problems have been presented to examine the mechanical
behaviour of a considered nano-beam. It is concluded that:
1. Increasing the geometry ratio k increases the instability threshold of Casimir-induced
nanowires for both SSA and LSA models.
2. Increasing the surface stress parameter from negative to positive values, raises the critical
Casimir value and the fundamental frequency of nanowires.
3. The fundamental frequency of nanowires increases with increasing the size-dependency
parameter and the nanowire collapses onto the fixed substrate at higher values of the Casimir
parameter.
4. It has been shown that the second natural frequency is more sensitive to variations of the
Casimir parameter in comparison with the third one.
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Abstract
In this work we report simulation and experimental results for an MWIR HgCdTe photodetector designed by
computer simulation and fabricated in a joint laboratory run by VIGO Sytems S.A. and Military University of
Technology. The device is based on a modified N+pP+ heterostructure grown on 2”., epiready, semi-insulating
(100) GaAs substrates in a horizontal MOCVD AIX 200 reactor.
The devices were examined by measurements of spectral and time responses as a function of a bias voltage and
operating temperatures. The time response was measured with an Optical Parametric Oscillator (OPO) as the
source of ~25 ps pulses of infrared radiation, tuneable in a 1.55–16 μm spectral range. Two-stage Peltier cooled
devices (230 K) with a 4.1 μm cut-off wavelength were characterized by 1.6 × 1012 cm Hz1/2/W peak detectivity
and < 1 ns time constant for V > 500 mV.
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1. Introduction
The sensitive and fast response mid-IR photodetectors (MWIR) working at high operating
temperature (HOT) are of increasing demand for numerous applications in the infrared
technology [1]. But obtaining photodetectors of high detectivity and fast response at the same
time stays in contradiction. An example is one of the first HOT detectors with narrow-band gap
semiconductors used for uncooled detection of CO2 laser radiation [2]. Much faster can be
graphene devices [3]. Unfortunately, the devices based on a high recombination rate suffer from
a low responsivity since most of the charge carriers recombine before reaching contacts. At the
same time, they are noisy due to a statistical nature of the thermal generation-recombination
processes. However, the time response of IR photodetectors can be improved by fast carrier
collection [1, 4, 5]. For photodiodes the recombination mechanism is generally important at
forward, zero and weak reverse bias when the recombination rate is large. The transport removal
of charge carriers becomes the dominating mechanism for reverse bias voltages [4]. This can
be easier to achieve with thin absorbers. Unfortunately, thin absorber devices will suffer from
a low quantum efficiency. The issue is especially pronounced in detection of longer wavelength
radiation, due to decreasing absorption. A possible way to solve the problem is to enhance
absorption by the use of multi-junction detectors [6].
Hetero-structural HgCdTe photodiodes, due to the inherent flexibility of design, are very
promising for using in sensitive and broadband HOT detectors [1]. Careful optimization of the
devices’ architectures makes possible to achieve a near BLIP (Background Limited)
performance at a GHz frequency range.
_____________________________________________________________________________________________________________________________________________________________________________________
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In this work we present the theoretical modelling and experimental results for 4.1 µm cutoff wavelength photodiodes at T = 230 K, based on epitaxial HgCdTe multi-layer-band gap
engineered architecture.
2. Simulation procedure and experimental details
Numerical modelling of variable band gap and doping profile HgCdTe hetero-structures was
based on the continuity equations for electrons and holes, Poisson and thermal conductivity
equations [7, 8]. The following mechanisms of dark current generation were considered: the
Shockley-Read-Hall (SHR) and Auger 7 (Auger) generation-recombination processes, bandto-band (BTB), trap-assisted tunnelling (TAT) and dislocations-related generation (Dis).
Densities of dislocations DD = 5 × 106cm−2 and traps Nt = 1 × 1014 cm−3 were assumed to fit
to the experimental results. A detailed description of calculation methods is given in [9, 10].
The simulation results were used to select promising architectures, characterized by a low dark
current, a high responsivity and minimized parasitic impedances.
The mid-IR HgCdTe photodiodes were fabricated in a joint laboratory run by VIGO System
and Military University of Technology, Warsaw. The multilayer detector hetero-structures were
grown on 2” semi-insulating, 2 deg disoriented (100) GaAs substrates in a horizontal MOCVD
AIX 200 reactor. The inter-diffused multilayer process (IMP) technique was applied to the
HgCdTe layer deposition. A detailed description of the implemented MOCVD growth
procedure is presented in [12].

Fig. 1. A composition and doping profiles of the simulated HgCdTe hetero-structure.

An example of the photodiode structure is shown in Fig.1. The device consists of a p-type
absorber, heavily doped wide-gap P+ and N+ hole and electron contacts and a heavily doped n+
layer used to minimize the series resistance between P+ layer and contact metallization. The
four main layers are separated by interfaces with graded gap and doping profiles. The
composition of the device is obtained by a programmed change of growth temperature,
precursor fluxes, mercury pressure, duration of IMP stages and other growth parameters [5].
It should be noted that the CdTe/HgTe inter-diffusion and dopant diffusion processes were
found to be slow for (100) growth compared with that for (111) orientation, so the interfaces
were intentionally smoothed to prevent formation of dislocations by a suitable control of
precursor fluxes.
The photodiodes were examined by measurements of a spectral responsivity, current voltage
plots and a noise current. The time response was measured using an optical parametric
oscillator (OPO) as the source of ~25 ps long, tuneable wavelength (1.55–16 µm) pulses of IR
radiation, a broad-bandwidth preamplifier and an 8 GHz digital oscilloscope[12].
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3. Results and discussion
Figure 2 shows simulated band structures. For the reverse bias electrons and holes are
extracted from the absorber to N+ and P+ contacts, respectively. The carriers cannot be
replenished by injection of minority carriers from the contact layer since their concentration
there is very low. As a result, the absorber electrons are fully depleted while the hole
concentration decreases to the extrinsic concentration, leading to suppression of Auger
generation. To minimize the tunnel and generation-recombination in space charge regions, the
device structure was designed for flat absorber bands and low electric fields (Fig. 2c) in the
narrow gap part of absorber interfaces. In contrast, the P+n+ interface is made as sharp as
possible to produce a low-resistance tunnelling contact.
Due to the flat band condition, the collection of photo-generated charge carriers mostly refers
to diffusion rather than drift transport. The ambipolar diffusion coefficient in the depleted ptype absorber is large, making the collection fast.

Fig. 2. The simulated band structure for 0 V and 500 mV(yellow and red lines) bias voltages and electric fields
of 0 V (grey line) and 500 mV (green line).

Figure 3c shows the measured and calculated dark current-voltage plots. For the calculated
dark current components − the Auger, SRH and Dis-related processes are shown. The first two
mechanisms generate charge carriers mostly in the absorber region (Fig. 3a and 3 b). The
carriers diffuse to the contact regions resulting in a diffusion current which saturates at a reverse
bias > 50 mV. It is worth mentioning that, in contrast to the homo-junction pin photodiodes, the
SRH generation at absorber interfaces was to a large degree suppressed by an increased band
gap.
The generation rate of Auger is large in the heavily doped n+ contact region, but the
generation does not produce a dark current due to the high electron barrier in P+n+ interface.
In contrast, the dislocations-related current is generated mostly at interfaces with an
increased dislocation density. The current increases with the bias voltage and dominates for
large (> 700 mV) bias values.
Figure 4 shows the measured spectral responsivity and detectivity of optically immersed
HgCdTe photodiode. The device is characterized by peak and cut-off wavelengths equal to 3.4
and 4.1 µm, respectively. The spectral current response remains nearly constant over a spectral
range of 2.9 to 3.7 µm, with a high Ri~3A/W and D*~1.2·1012 cmHz1/2/W. It should be noted
that the measured detectivity of the device is larger compared with the BLIP (300 K, 180°)
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detectivity. This is due to the 36° acceptance angle, limited by the hyper-hemispherical
immersion lens.
a)

b)

c)

Fig. 3. The calculated and measured dark currents: the distribution of calculated thermal generation rates along
the sample for Auger, SRH and Dis mechanisms for bias voltages of 0 mV and 500 mV (a, b); respectively
the calculated Auger, SRH, Dis and the experimental results of thermal generation rates
in a function of bias voltage (c).

Fig. 4. The measured spectral current responsivity (blue curve), detectivity of the measured photodetector
(green curve) and D*BLIP (black and red curve).

Figure 5 shows the simulated and measured response time as a function of bias voltage.
The response is quite slow in unbiased devices and voltage signal readout conditions. This is
due to a large diffusion capacitance for zero or small bias voltages, resulting in a large RC time
constant.
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The response highly improves with increasing the bias voltage and the current mode readout.
Picosecond-range time constants are easily achievable for small area devices operating with
low (< 50 ohms) input resistance amplifiers.

Fig. 5. The simulated and measured response time as a function of bias voltage.

4. Summary and conclusions
Fast response HOT MWIR optically immersed 4.1 µm cutoff photodiodes operating at
230 K have been designed by computer simulation of modified N+pP+ HgCdTe heterostructures. The devices were implemented by MOCVD growth on GaAs substrate and
examined by the current–voltage, noise and spectral measurements. Comparison of the
calculated and measured J-V characteristics revealed the Auger and SRH mechanisms in the
absorber to be responsible for the diffusion component of dark current, dominating at a weak
(< 0.3 V) reverse bias. Another important mechanism, significant at > 0.3 V and dominating
at > 0.7 V bias, is the dislocation-related generation in absorber interfaces.
The optically immersed devices are characterized by a high (1·1012 cmHz1/2/W for 3 µm <
λ < 3.7 µm) detectivity, exceeding the 300 K, 180° BLIP limit. This was possible due to
reduction of the device acceptance angle to ~36° by the hyper-hemispherical immersion lenses.
Measurements of the time response using OPO sources of a short radiation pulse revealed
its strong dependence on the detector bias and the type of signal readout. The response is quite
slow for an unbiased device and/or voltage mode signal readout. This is due to a large RC time
constant, determined by the product of the diffusion and depletion layer capacitance of the load
and the detector series resistance. The time response highly improves with a reverse bias and a
low resistance of signal readout electronics, that makes possible to obtain a picosecond-range
response, eventually limited by the detector series resistance.
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Abstract
Although the gas insulated structures have a high degree of reliability, the unavoidable defects are primary reason
of their failures. Partial discharge (PD) has been regarded as an effective indication for condition monitoring and
diagnosis of gas insulated switchgears (GISs) to ensure their reliable and stable operation. Among various PD
detection methods, the ultra-high frequency (UHF) technique has the advantages of on-line motoring and defect
classification. In this paper, there are presented 7 types of artificial electrode systems fabricated for simulation
of real insulation defects in gas insulated structures. A real-time measurement system was developed to acquire
defect patterns in a form of phase-resolve partial discharge (PRPD) intensity graph, using a UHF sensor. Further,
the discharge distribution and statistical characteristics were extracted for defect identification using a neural
network algorithm. In addition, a conversion experiment was proposed by detecting the PD pulse simultaneously
using a non-induction resistor and a UHF sensor. A relationship between the magnitude of UHF signal and the
amplitude of apparent charge was established, which was used for evaluation of PD using the UHF sensor.
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1. Introduction
The gas insulated structures that are filled with sulphur hexafluoride (SF6) gas, such as
switchgears and transmission lines, have a high insulation and arc-extinguishing capability,
ensuring their high reliability, compact size, and economical efficiency. As a result, they are
widely employed in space-limited locations, such as city substations, offshore plants, and
electric railway systems. The gas insulated switchgears (GISs), which are composed of a circuit
breaker, disconnect and grounding switches and other high voltage components, have been used
for power transmission and distribution sine 1960s. In addition, a gas insulated transmission
line (GIL) is regarded as a safe and flexible alternative to an overhead line. However, insulation
defects generated during the manufacture, assembly, transportation and operation are one of the
primary causes of GIS and GIL failures [1−4]. Owing to the large power supply capacity, the
failures result in enormous economic losses and serious human injuries. It is therefore necessary
to monitor and diagnose the condition of gas insulated structures to work out proper
maintenance schedules and to ensure their reliable and stable operation [5−6].
The maintenance strategy for power facilities has developed from the run-to-failure, through
the maintenance as necessary, time-based and condition-based maintenance, to the reliabilitycentred maintenance (RCM) that is proposed nowadays. The RCM strategy is a combination
of the reactive, preventive, predictive, and proactive maintenance to maximise the reliability
and availability of power apparatus [7−8]. The partial discharge (PD) is defined as a localized
electrical discharge that partially bridges the insulation [9−10]. It causes progressive
deterioration and the final failure of equipment. Therefore, monitoring and analysis of PD are
important parts of RCM. The study of PD consists of four parts: detection, analysis,
_____________________________________________________________________________________________________________________________________________________________________________________
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classification, and localization [11]. PD detection methods are categorized into the conventional
and non-conventional ones. A conventional method is a means of measuring the electrical
discharge pulse, complying with IEC 60270 [9]. Non-conventional ways of detection include
acoustic emission, dissolved gas analysis, and ultra-high frequency (UHF) methods [12−19].
Among various methods, UHF is the best choice including the four mentioned activities.
In addition, it has obvious advantages of immunity against external noise and the capability
of on-line monitoring [20−21].
This paper discusses the measurement and analysis of PD using a UHF sensor for condition
monitoring and diagnosis of gas insulated structures. All of the possible insulation defects in
GIS were simulated. A real-time analysis system was developed to extract phase-resolved
partial discharge (PRPD) patterns and to identify a defect type using 17 proposed parameters.
In addition, a conversion method was proposed to analyse the relationship between the
magnitude of UHF signal and the amplitude of apparent charge, used for evaluation of PD with
the non-conventional UHF method.
2. Experiment
2.1. Insulation defects
PD occurs in an insulation defect that is generated during the manufacture, assembly, and
transportation procedures of gas insulated structures. Most of such defects can be detected in
the factory and commissioning tests whereas there are still some micro ones hard to be found.
Left without checking, those micro defects cause a progressive deterioration of the dielectric
material even though power facilities operate at their rated voltage [22]. Fig. 1 shows 7 types
of typical insulation defects in GIS and GIL, including protrusion on conductor (POC),
protrusion on enclosure (POE), void inside spacer (VIS), particle on spacer (POS), crack inside
spacer (CIS), free particle (FP), and floating. In this paper, they were simulated using artificial
defects.

Fig. 1. Typical insulation defects in GIS and GIL.

a)

b)

Fig. 2. Examples of artificial defects: protrusion on conductor (a); free particle (b).
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Examples of the POC and FP defects are illustrated in Fig. 2. In the POC and POE, a needle
electrode with a curvature radius of 5 μm representing a micro-size metallic protrusion, and
a plane electrode with a diameter of 80 mm were used. A distance between the two electrodes
was 3 mm. The edge of the plane electrode was rounded to prevent concentration of the electric
field. The VIS, POS, and CIS were designed to simulate deficiencies in the spacer of GIS or
GIL, representing an imperfection of product, attachment of a conductive particle, and a crack
resulting from impact, respectively. The FP, which is the most common defect, was created as
a 1 mm-diameter aluminium sphere to simulate a free moving metal in the chamber. All of the
artificial defects were sealed with SF6 gas with a pressure of 0.5 MPa.
2.2. Measurement system
The measurement program was developed using a real-time operation system based on
LabVIEW. Fig. 3 demonstrates a flow chart of the measurement system. The virtual instruments
(VI) were divided into HOST VI that runs on a personal computer, and RT VI that operates on
a PXI. The shared variables were used for communication between those two VIs.

Fig. 3. A flow chart of the measurement system.

In the RT VI, a producer-consumer design pattern based on queue operation was applied,
which is able to run the application with precise timing and a high degree of reliability. The
acquired signal was then fed through a band-pass filter to suppress the mobile telephone
interference at a frequency of 800−900 MHz. The peak point of UHF signal was captured by
peak detection to be displayed in the PRPD intensity graph. The arranged data were sent to the
personal computer for further analysis.
In the HOST VI, a standard state machine design pattern was built, which enabled distinct
states to operate in a programmatically determined dynamic sequence. The following
parameters: pulse distribution, skewness, kurtosis, and correlation coefficient (CC), were
extracted.
The skewness and kurtosis are given by:
  ∑ୀଵ

ሾሺሻିఓሿయ

  ∑ୀଵ
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where: X(i)(i =1, 2,..,n) are data sets; μ and σ are their means and standard deviations,
respectively. In the present study, X(i) are the PRPD data in the positive or negative half of the
applied voltage. Skewness is a measure of the symmetry of a distribution in respect of the
normal distribution. The negative values of skewness indicate data that are left-skewed,
whereas positive values indicate right-skewed data. The symmetric data which are called
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a normal distribution have a skewness value of zero. Kurtosis is an indicator of the steepness
of a probability distribution. The normal distribution has a kurtosis value of 3. The data with
a kurtosis value higher than 3 tend to be steeply distributed, whereas the data with a kurtosis
value lower than 3 tend to be distributed evenly.
The correlation coefficient that is used to evaluate the similarity of two signals is calculated
as follows:
 ܥܥൌ

∑షభ
సబ 

మ
∑షభ
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where: X(i) and Y(i) are two data sets; and ܺത and ܻത are their average values. To be specific, X(i)
and Y(i) are the PRPD data in the positive and negative halves of applied voltage, respectively.
A value of CC is between 0 and 1. A large value indicates a high similarity of two signals [23−24].
Finally, the extracted parameters were input into a neural network for classifying the type
of defect.
2.3. Experimental setup
The experimental setup is shown in Fig. 4. A dry-type transformer with a maximum output
of 50 kV was immersed in insulation oil to avoid the occurrence of corona. The applied voltage
was measured by a high voltage capacitive divider. Its capacitance and ratio were 25 pF and
10,000:1, respectively. An artificial defect was placed inside a GIS chamber to generate PD
pulses. A UHF sensor with a frequency range of 0.5−1.5 GHz was mounted in a window of GIS.
It is a semi-circular dipole antenna with a minimum detection sensitivity of 1 pico-coulombs
(pC). To verify the validity of the developed measurement system and to run the conversion
experiment, a 50 Ω non-inductive resistor was connected to detect a PD pulse. The signal was
acquired using a digital storage oscilloscope (DSO) with a sampling rate of 5 GS/s and a data
acquisition (DAQ) unit with a sampling rate of 250 MS/s.
a)

b)

Fig. 4. The experimental setup: a configuration (a); a photograph (b).

3. PRPD and defect classification
Depending on the types of defects, PD presents different patterns. The parameters extracted
from PD patterns are used for identification of defects; basing on these parameters the operating
personnel can work out a proper maintenance schedule for the in-service equipment. In this
section, the PRPD intensity graphs that feature the φ-q-n pattern were acquired from seven types
of artificial defects, where φ is a phase position, q is a discharge magnitude, and n is a count
of PD events. An intensity graph was acquired from the PXI using the UHF sensor and was
simultaneously collected by the DSO through the resistor. These two graphs were compared to
verify the validity of the proposed measurement system. To reduce the complexity of PD
patterns, characteristic properties were analysed regarding distribution of pulses and statistical
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features. For the distribution of pulses, a PRPD intensity graph was divided into 12 windows
and percentages of PD pulses in each window were calculated, named P1, P2,…, P12, as
illustrated later. The statistical features include the skewness and kurtosis of the phase spectra
in the positive and negative halves of applied voltage, as well as the CC value between the
phase spectra in the positive and negative halves. Finally, the 17 extracted parameters were
input into the artificial neural network for classifying the type of defect.
The PRPD intensity graphs of POC acquired from the DSO and the measurement system are
shown in Fig. 5. It can be seen that the same pattern was obtained. PD pulses are distributed
in 33−108º in the positive half of applied voltage and in 140−305º in the negative half.
The magnitudes of pulses in the positive half were higher than those in the negative half. In
addition, the counts of pulses in the positive and negative halves were 509 and 253, respectively.
Fig. 6 demonstrates the PRPD distribution as well as the phase spectrum. 99.5% of PD pulses
are in the positive half. Especially, 51.69% of pulses are clustered in the window of 90−180º
and −60 − −80 dBm. Further, the statistical parameters were extracted from the phase spectrum.
a)

b)

Fig. 5. A PRPD intensity graph of POC: DSO (a); the measurement system (b).
a)

b)

Fig. 6. Parameters of POC: a PRPD distribution (a); a phase spectrum (b).
a)

b)

Fig. 7. A PRPD intensity graph of FP: DSO (a); the measurement system (b).
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a)

b)

Fig. 8. Parameters of FP: a PRPD distribution (a); a phase spectrum (b).

Figures 7 and 8 illustrate the PRPD intensity graph and parameters of FP, respectively.
Pulses scattered over all of the phase and the discharge magnitude varied with the amplitude
of applied voltage. The discharge patterns were similar in the positive and negative halves.
The PRPD intensity graphs and parameters of other five types of defects are appended. In the
POE, most of PD pulses are distributed in the negative half of applied voltage, and the
magnitudes of pulses in the negative half are higher than those in the positive half. Similar
patterns in the positive and negative halves were acquired in the VIS, where pulses are
distributed within 30º−90º and 210º−270º. In the POS, PDs occurred with a magnitude lower
than −62 dBm, whereas PD pulses with a magnitude higher than −30 dBm were detected in the
floating. In the CIS, most of pulses are distributed in the P9 and P11 windows.

Fig. 9. A structure of artificial neural network.

A structure of artificial neural network is demonstrated in Fig. 9. There are 17 neurons − as
many as the number of extracted parameters in the input layer. One hidden layer with 18
neurons was used to connect the neurons in the input and output layers. The number of neurons
in the output layer is the same as that of the typical insulation defects, which is set to 7.
In addition, a sigmoid function is selected to determine the activation function. During the
training procedure, the PRPD intensity graphs had been extracted for 20 times from each defect
and a back propagation algorithm was applied to update the weights and biases until the
allowable error was less than 0.0001. Then, the updated weights and biases were written into
the measurement system to replace their initial values; they were finally used for real-time
defect identification. To verify the accuracy of the developed system, another 20 groups were
acquired for each of 7 defects, and then identified. As a result, 134 of 140 data were accurately
identified. Therefore, the proposed system can classify a defect type with an average accuracy
of 95.7%.
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4. Apparent charge calculation
In IEC 60270, PD is evaluated using an apparent charge (q), whose unit is pC [9].
The apparent charge is an integrated value of the detected pulse and can be calculated by:
௧

௧ ௩ሺ௧ሻ





  ௧     ௧ 

ହ

 pC ,

(4)

where: v(t) is a waveform of pulse detected by the non-inductive resistor. The accuracy was
verified by injecting current pulses with specified apparent charges using a calibrator, and then
comparing the injected values with the integrated ones. The magnitude of UHF signal is
expressed in dBm. The conversion experiment was performed to analyse the relationship
between the magnitude of UHF signal and the apparent charge, in order to evaluate PD with
UHF sensors. Fig. 10 shows electrical PD pulses simultaneously measured with the UHF
signals. Since a UHF pulse lasts only tens of nanoseconds, an extremely expensive acquisition
device with a high sampling rate is needed to capture such a short signal. Therefore, an integral
circuit was used in this sensor. As a result, the width of pulse detected with the UHF sensor
(lower) was longer than that detected by the 50 Ω resistor (upper). It can be seen that PD pulses
detected by the resistor and the UHF sensor matched very well, providing the evidence for
a good conversion accuracy.

Fig. 10. PD pulses detected by the 50 Ω resistor (upper) and the UHF sensor (lower).

The conversion experiment was carried out for 7 defects. The results are shown in Fig. 11.
Although obtained for different defect types, the relationships between the magnitude of UHF
signal and the amplitude of discharge follow a single curve, which is given in (5). Therefore,
the dBm can be converted into pC for evaluating PD by the UHF sensor during the on-line PD
monitoring:
  10



    .
.

pC .

(5)
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Fig. 11. The results of conversion.

5. Conclusions
This paper deals with the measurement and analysis of PD using a UHF sensor for the
purpose of condition monitoring and diagnosis of gas insulated structures. A real-time
measurement system that combined the signal acquisition, pattern generation, feature extraction
and defect identification was developed. The PRPD intensity graphs were acquired from 7 types
of artificial defects, which presented distinguishable patterns. Then, 17 parameters were
extracted, including the distribution of PD pulses over 12 phase-magnitude windows, skewness
and kurtosis of the phase spectra in the positive and negative halves of applied voltage, as well
as the correlation coefficient between the phase spectra in the positive and negative halves.
Using an artificial neural network, the defects were classified with a high accuracy of 95.7%.
In addition, by using the proposed conversion method, the relationship between the magnitude
of UHF signal and the amplitude of apparent charge was examined, even for different defects.
Therefore, PD can be evaluated using a UHF sensor in the gas insulated structures in service.
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Appendices
Figures 12−16 show the PRPD intensity graphs and parameters of five types of defects.

Fig. 12. PRPD intensity graph and parameter of protrusion on enclosure.

Fig. 13. PRPD intensity graph and parameter of void inside spacer.

Fig. 14. PRPD intensity graph and parameter of particle on spacer.

Fig. 15. PRPD intensity graph and parameter of crack inside spacer.

Fig. 16. PRPD intensity graph and parameter of floating.
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Abstract
This work is focused on the issue of non-measured points − one of the most important problems in surface texture
measurements using optical methods. The fundamental aim of this research is to analyse errors of surface texture
measurements caused by the presence of non-measured points. This study is divided into two parts. In the first
part, circles with non-measured points were artificially created on peak portions of measured surfaces. In the
second part − the results of measurement by a Talysurf CCI Lite interferometer were analysed. A measurement
area of 3.3 × 3.3 mm contained 1024 × 1024 points. The measurements were performed with different intensity
of light. Changes of parameters regarding the analysed errors depended on a surface type. The following
parameters are susceptible to errors: skewness Ssk, areal material ratio Smr, as well as the following feature
parameters: Spd, Sda, Sdv, Sha and Shv. Inaccuracies of measurement in valley parts of two-process textures led
usually to larger errors of parameter computations compared with deviations in peak portions.
Keywords: surface texture measurements, optical method, non-measured points, white light interferometer.
© 2017 Polish Academy of Sciences. All rights reserved

1. Introduction
The manufacturing industry moves towards a higher degree of production acumen. Some
properties, like materials’ contact, sealing, friction, lubricant retention and wear resistance are
related to the surface topography. The designer should decide on the number of surface
topography parameters that will meet the functional demands of a product. The knowledge
about the relationship between the product’s surface texture and its function is still incomplete.
The process of measuring the surface topography gives quantitative information about it. The
surface texture is very important for many practical applications [1−8]. Many roughness
measuring instruments give absolute measurement values of surface heights. The profile
measurement is usually quick, simple and easy to interpret. However, most surface interactions
are areal in nature. The areal (3D) texture parameters [9] are more reliable than the profile (2D)
ones. Therefore the 3D measurement became popular. The assessment of surfaces using profiles
has been employed since the early 1930’s. The measurement systems basically involved the use
of a mechanical stylus. There are a lot of factors affecting an uncertainty in surface geometry
measurements using the stylus technique. The uncertainty is influenced by various
environment, measuring equipment, measured objects, software, as well as tip shapes and sizes
[10]. There are other methods for measuring roughness [11−13]. Some kinds of errors are
common for various measuring techniques, for example errors caused by an improper digital
filtration. It was found that for multi-process (stratified) surfaces having traces of more than
one process, the application of a standardised Gaussian filter led to distortion of roughness
_____________________________________________________________________________________________________________________________________________________________________________________
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values. Cylinder textures after plateau honing are typical examples of two-process surfaces.
Although the fine texture marks fall well within a bandwidth accepted for the cut-off, the
scratches do not, since they are too wide. It was recommended that a standard cut-off should be
increased to 2.5 mm for this application [14]. A double Gaussian filter (Rk) according to the
ISO 13565-2 standard can be also applied [15]. An alternative approach is to use robust
Gaussian filters, in which additional weights decreased in the places of valleys or peaks. As a
result, textures having deep and wide valleys can be filtered properly [16−19].
The time required to collect real data for areal measurements using stylus instruments can
appear excessively long compared with the operating time of the optical techniques [20− 23].
This could now become the most important disadvantage of the stylus methods. The optical
methods are fast, but they are more sensitive to extraneous effects [24]. Among the optical
methods, some of new advanced variants of confocal methods and white light interferometry
are the most popular. The confocal optical systems are widely applied in engineering and
biology because of very high clarity of obtained images, but when a range is increased the
resolution tends to decrease; this factor does not occur when using the interferometric methods.
The coherence scanning interferometry extends interferometric techniques to surfaces that are
complex in terms of roughness, steps and discontinuities. Additional benefits include an
equivalent of autofocus at every point in the field of view [24]. The environment can
significantly contribute to measurement errors in the coherence scanning interferometer
applications. Sharp edges can cause outliers called spikes in the topographic images [25]. If the
light intensity received on a photodetector is too low, the surface height cannot be detected.
A part of this image can be corrected using interpolation with an algorithm of determining areas
with an ambiguous signal. Non-measured points exist also after the application of confocal
optical systems. Non-measured points can result from many different causes, like high
steepness of the slopes, surface absorbance or reflectivity. However, it is difficult to find in
the accessible technical literature works dealing with the effect of errors caused by nonmeasured points on the distortion of surface texture parameter values. Nevertheless, this
problem is one of the most important ones in the surface metrology. These errors may cause
a false quality assessment of machined elements.
The fundamental aim of this research is to analyse errors of surface texture measurement
of various machined surfaces caused by the presence of non-measured points. Another aim is
to select the surface topography parameters that are the most and the least sensitive to the
analysed errors.
2. Materials and methods
This study is divided into two parts. In the first part, circles with non-measured points were
artificially created on peak parts of different measured surfaces, with the same measured areas
and sampling intervals in perpendicular directions. The measuring area was 3.3 × 3.3 mm, the
sampling interval in perpendicular directions was 5 µm. Ten samples with simulated errors were
studied. A ratio of non-measured points (NM) was in each case 0.73%.
In the second part of this study the results of measurements by a Talysurf CCI Lite
interferometer (produced by Taylor Hobson Ltd) with a 0.01 nm vertical resolution were
analysed. A Nikon 5×/0.13 TI objective was used for all the measurements. The measuring area
of 3.3 × 3.3 mm contained 1024 × 1024 measured points. The measurements were performed at
a different intensity of light. The results of measurement with the smallest number of nonmeasured points were the reference (best) data. Fifteen surfaces (one- and two-process,
isotropic and anisotropic, random and deterministic) were measured and analysed.
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In both parts, TalyMap Gold version 6.1 software, copyright by Digital Surf, was used for
filling in non-measured points. They were replaced by a smooth shape calculated from the
neighbour points.
Before computations of parameters, flat surfaces were levelled using a least square plane,
whereas curved forms of surfaces were removed using polynomials.
3. Study of surfaces with artificially created non-measured points
The aim of this part of research was to analyse the effect of surface type on the errors,
because the NM ratio and shape of breaks were the same.
Ten surfaces were analysed; four of them were subjected to a detailed study. Fig. 1 shows
examples of the analysed textures. The arrows indicate places where non-measured points are
present after filling in. They indicate the effect of non-measured points on surface views. One
can see that the corrected part of image is clearly visible on the surface after milling, as shown
in Fig 1a, because the circle with non-measured points was located in a surface peak part. The
modified circles on honed (Fig. 1b) and polished surfaces (Fig. 1d) are also visible. An
anisotropic character of these textures is the most probably reason of visibility of the improved
surface parts, because the corrected details are isotropic. However, it is difficult to find a circle
with filled in non-measured points on the lapped surface with isolated oil pockets, created by
the abrasive jet machining (Fig. 1c). The presence of dimples and an isotropic character of the
peak surface part after lapping are the most probable reasons of a small visibility of the error.
a)

b)

c)

d)

Fig. 1. Contour plots of surface points after milling (a); honing (b); texturing by the abrasive jet machining
after initial lapping (c) and polishing (d) after filling in non-measured points.
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Relative changes of the surface topography parameters defined according to the ISO 25178
standard due to disturbances were studied.
Although the error caused a change of the milled surface view (see Fig. 1a), the relative
absolute changes of parameter values were not higher than 2%. A different tendency of changes
of values for various height parameters was found: for statistical parameters Sa (arithmetic
mean height) and Sq (root mean square height) as well as Spk (reduced summit height) and Sv
(maximum valley height) they decreased, whereas for Sk (core roughness depth) and Sp
(maximum peak height) parameters the changes increased. They were not higher than 0.7%.
Due to a decrease of the Spk parameter as well as Sr1 ratio (upper bearing area) values, the Sa1
parameter value decreased; its changes were comparatively large (about 1.9%). The values
of both skewness Ssk and kurtosis Sku increased. As a consequence of reduced statistical height
parameter values, the values of hybrid parameters Sdq (root mean square slope) and Sdr
(developed interfacial area ratio) decreased. The material volume Vm increased; its changes
were the biggest of all the analysed parameters (about 2%). Among the feature parameters, Spd
(peak density) and Sda (mean hill area) values increased. The spatial parameters were stable.
Generally, it was found that the values of parameters related to a peak surface part (Sa1 and
Vm) changed in the greatest degree.
It is interesting that − from the cylinder liner surface parameters − the closed dale volume
Sdv value decreased the most (about 4%) (Fig. 1b). The maximum relative change of other
parameter values was 1.7%. From the amplitude parameters only the value of Sq decreased,
whereas Spk increased. Similarly to the milled surface, the Ssk and Sku parameter values
increased, whereas those of Sdq and Sdr decreased. The functional parameter values from V
family changed; those of Vm increased, whereas Vmc (core material volume) and Vvc (core
void volume) decreased. The feature parameter values Spd and Sdv (mean dale volume)
decreased while that of Sda increased. Generally, the same tendency of parameter value changes
for the milled and honed surfaces was found.
The parameter values of textured surfaces shown in Fig. 1c changed marginally due to the
presence of non-measured points. The maximum change of parameter values was 1% ( Spd and
Sdv values decreased). The values of the following parameters decreased: Spk, Sa1, Sdr, Vvc
and Sda, whereas Sxp (extreme peak height) − increased.
The relative errors of parameters for the polished surface shown in Fig. 1d were
comparatively large. Those for Sdv decreased by about 8%, for Sr1 increased by 2.4% and –
consequently − for Sa1 increased by 3.5%, whereas for Ssk and Sda decreased by 3 and 1.6%,
respectively. Changes for other parameters were smaller than 1%; for the following parameters
they decreased: Sk, Sr2 (lower bearing area), Sp, Sa, Std (texture direction), Sdq, Sdr, Vvc and
Spd, whereas for the following parameters they increased: Spk, Sa2 (oil capacity), Sku and Vm.
Generally, after analysis of parameter value changes for all ten tested surfaces it was found
that deviations of the skewness Ssk and kurtosis Sku values occurred (up to 3%). The values
of statistical amplitude parameters Sa and Sq typically decreased, whereas those of the
parameters describing total height Sz, Sp and Sv were more stable. As a result of the amplitude
reduction, the values of hybrid parameters also decreased. Since non-measured points were
located in the peak regions of analysed surfaces, the values of parameters connected with a peak
part: Sr1, Spk, sometimes Sk and consequently Sa1 typically changed (up to 4%); in most cases
the peak density Spd value marginally decreased. The spatial parameters were usually stable;
the main directionality described by Str, changed only for the anisotropic one-directional
texture (Fig. 1d). Large changes of the feature parameters: Sdv and Sda deserve attention.
Changes of parameter values depend on a surface type. For example, maximum changes
of parameter values shown in Fig. 1c was 1%; it is difficult to find filled-in non-measured points
on this graph.
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4. Study of surfaces measured in different conditions
It was found that improper measurement conditions might cause serious inaccuracies in the
parameter calculations. High errors of parameter computations occurred even for very small
ratios of non-measured points (NM). Fig. 2 presents an example. Non-measured points of a
small ratio (0.0268%) located in a valley surface part caused a considerable increase
of roughness height in this part (the Sv value increased by more than 20%). In addition,
the spatial parameter values changed; the autocorrelation length Sal increased by more than
20%, whereas the texture parameter Str by more than 15%. The peak density decreased by about
25%, whereas the values of feature parameters: Sda, Sha (mean hill area), Sdv and Shv (mean
hill volume) increased by more than 25%. These changes are large, therefore analysis of the
surface distortion due to the presence of non-measured points deserves attention. However,
the changes of parameter values characterizing the material ratio curve, from the Sk family: Sk,
Spk, Svk (reduced valley depth), Sr1 and Sr2 were smaller than 5%. An increase of the NM ratio
from 0.00935 to 0.0268% caused non-visible changes of the contour plot; therefore it was
presented in Fig. 1 only for the reference surface.
From the analysis of several measured surfaces it was found that − due to a growth of relative
light intensity from the initial small value - the NM ratio decreased, reached the smallest value
and then increased.
a)

b)

c)

d)

e)

f)

Sv = 2.34 µm; Sal = 0.00965 mm
Str = 0.024; Spd = 887/mm2

Sv = 2.81 µm; Sal = 0.0116 mm
Str = 0.028; Spd = 669/mm2

Fig. 2. Contour plots of the polished surface before (a) and after form removal (b) with material ratio curves
(c, d) and selected parameters (e, f); graphs a, b, c, e correspond to NM ratio 0.00935%, but d and f − 0.0268%.

Too small a light intensity caused the presence of non-measured points in a valley region,
whereas too high intensity – in a peak surface part. An increase of light intensity caused
typically a growth of height, hybrid and functional (V family) parameter values as well as of oil
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capacity, however for very high NM ratios (larger than 40%) different tendencies of parameter
changes were also possible. The spatial parameter Sal value mainly decreased due to an increase
of light intensity. Its changes were higher for the anisotropic surface compared with the
isotropic or mixed ones. The variability of Sdq parameter is smaller than that of Sdr. A similar
finding was found in other research reports [22, 23] and in the first part of the present study.
a)

b)
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Sq = 0.387 µm; Sp = 1.13 µm; Sv = 2.03 µm; Ssk = −0.76; Smr = 49.1%
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f)
Sq = 0.444 µm; Sp = 1.47 µm; Sv = 3.43 µm; Ssk = −0.78; Smr = 11.9%
g)

h)
Length = 3.29 mm Pt = 1.62 µm Scale = 3 µm
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0.5

1

1.5

2
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i)

Sq = 0.442 µm; Sp = 1.27 µm; Sv = 3.43 µm; Ssk = −0.81; Smr = 35.5%
Fig. 3. Contour plots (a, d, g); extracted profiles (b, e, h) and selected parameters (c, f, i) of the polished
surface with non-measured points located in a valley part, NM ratio 10.1% (a, b, c) with non-measured points
located in a peak part, NM ratio 9.3% (d, e, f) with the smallest number of non-measured points,
NM ratio 0.1% (g, h, i).

The non-measured points caused typically an increase of the Ssk parameter and decrease
of the Sku parameter values for one-process surfaces. The functional parameters Smc (inverse
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areal material ratio) and especially Sxp were more stable than the Smr parameter. A large
variation of the Smr parameter value was found in other research reports [26, 27]. Typically,
the changes of the values of spatial parameters Str and − especially − Sal were larger than those
of height parameters, however a different situation was also possible. The main texture direction
Std was constant for the anisotropic surface with the main directionality, contrary to the
isotropic textures. It is difficult to find a tendency of changes of the peak density Spd, however
variation of this parameter value was large. The following feature parameters: Sda, Sdv, Sha
and Shv were also non-stable on the surface. The variability of Sr2 material ratio was lower
than that of Sr1 ratio. Usually, a one-process surface with the highest NM ratio corresponded
to maximum changes of parameters.
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0
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Sq = 0.24 µm
Sp = 6.82 µm
Sv = 1.81 µm
Ssk = −0.5
Sal = 0.0245
Str = 0.107

0

mm

1

Sq = 0.2 µm
Sp = 2.4 µm
Sv = 1.53 µm
Ssk = −0.42
Sal = 0.0193
Str = 0.042

Sq = 0.22 µm
Sp = 2.53 µm
Sv = 2.34 µm
Ssk = −0.68
Sal = 0.0096
Str = 0.024

NM

Fig. 4. Contour plots (a, c, e) and selected parameters (b, d, f) of the polished surface with non-measured
points located in a valley part, NM ratio 24.2% (a, b) with non-measured points located in a peak part, NM ratio
58% (c, d) with the smallest number of non-measured points, NM ratio 0.00935% (e, f).

Generally, the variability of statistical height parameters Sa, Sq, spatial parameter Std, slope
Sdq, functional parameters from V family as well as material ratio Sr2 caused by the presence
of non-measured points was relatively small. Large errors existed only for a high NM ratio.
However the following parameters are susceptible to errors caused by high NM ratios: skewness
Ssk, functional parameter Smr and the following feature parameters: Spd, Sda, Sdv, Sha and
Shv.
The changes of parameters depend on a location of non-measured points. Fig. 3 presents an
example. A surface of a little asymmetric distribution after polishing was studied. An NM ratio
of a texture shown in Figs. 3a and 3b is similar to that presented in Figs. 3d and 3e, however
one can see from both views of contour plots and extracted profiles that non-measured points
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are located in valley and peak parts, respectively. Due to the presence of non-measured points
in a valley part the Sv parameter value decreased by about 40% and Sq − by nearly 12%.
The presence of non-measured points in a peak surface part led to an increase of the Sp
parameter value by more than 15% and a decrease of the Smr value by more than 60%. Due to
the presence of non-measured points the Ssk parameter value increased. A change of Sal
parameter value was smaller than 10%, which was probably related to the fact that a mixed
surface (Str about 0.35) was analysed.
a)

b)

c)

d)

e)

f)

Fig. 5. Contour plots of a worn cylinder surface before (a, c, e) and after form removal (b, d, f)
with non-measured points located in a valley region; NM ratio 4.31%(a, b), in a peak part;
NM ratio 14.4% (c, d) and with their smallest number; NM ratio 0.102% (e, f).

The statistical parameters Sq and Sa are stable for an extremely high number of nonmeasured points. When these points are located in a peak surface part (NM ratio was 58% − see
Figs. 4c, and 4d) the Sq parameter value was overestimated by 9%. A similar error was obtained
when non-measured points were present in a valley part (NM ratio was 24.2% − see Figs. 4a
and 4b). Similarly to Fig. 3, the presence of non-measured points in a valley surface part caused
large changes of the Sv parameter value, but in a peak part – of the Sp parameter value. In both
cases, errors led to an increase of the parameter values: Sal, Str and Ssk.
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The presented above tendencies are concerned mainly with one-process surfaces. However
similar trends were observed also for two-process textures characterized by a negative skewness
(usually smaller than −1). An increase of light intensity led in most cases to a decrease
of skewness Ssk and usually to an increase of kurtosis Sku values. This is reasonable because
a small skewness corresponds to a large kurtosis. This tendency was probably caused by the
presence of non-measured points in the bottom of valleys (Figs. 3a and 3b).
a)

b)

Fig. 6. Relative changes of parameters for the surface presented in Fig. 5a (a) and 5b (b).
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Fig.7. Contour plots (a, b), extracted profiles before correction − filling in (c, d), after correction of the whole
surface (e, f) and after profile correction (g, h); NM ratio 6.68% (a, c, e, g) and 0.079% (b, d, f, h).
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For the surface shown in Fig. 3 the change of Ssk parameter value is small, but high errors
of this parameter calculation can occur for two-process textures. As a result of it a surface
machined well looks like a one-process texture and can be classified as a spoilage. An increase
of the Ssk parameter value is related to a decrease of the Svk parameter value. Errors of twoprocess surface topography parameter estimations are very important, because the functional
properties of two-process surfaces are better than those of one-process textures [28−31].
An inaccuracy of a valley part measurement typically led to larger errors of parameter
computations compared with a disturbance in a plateau region. For example, the relative errors
of parameter values for the surface shown in Figs. 5a and 5b are higher than those for the surface
presented in Figs. 5c and 5d, although the NM ratio of the latter is higher. Fig. 6 presents relative
changes of typical parameters. Negative changes correspond to underestimation, while positive
ones – to overestimation of amplitude parameters. The Ssk parameter values of the surface
shown in Fig. 5 are: in 5a and 5b −0.34, 5c and 5d −1.26, 5e and 5f −1.25.
The other tendencies of parameter changes due to the presence of non-measured points found
for a one-process surface were also confirmed for two-process textures. The texture direction
was typically constant. The feature parameters, especially Sda, Sha, Sdv and Shv were nonstable on two-process surfaces.
An incorrect light intensity could lead to the presence of spikes (Fig. 6). However, erasing
non-measured points from the whole honed surface can cause an increase of profile height (Fig.
7c and 7e), contrary to a similar correction of profile only (Fig. 7g). When the light intensity
was smaller (Fig. 7b, 7d, 7f and 7h) the non-measured points appeared in the same place (see
arrows), but without the presence of spikes. The same profile was obtained after correction
of the whole surface or profile (see Fig. 7f and 7h). The Sp parameter value for the corrected
surface after form removal with a smaller NM ratio was 1.21 µm, but with a higher one −
3.07 µm. The arrows indicate positions of errors.
5. Conclusions
The problem of non-measured points is one of the most important issues in surface texture
measurements. The presence of even a small number of non-measured points can cause false
estimation of surface texture parameters which can substantially affect the quality assessment
of machined elements.
When non-measured points were located in one place of a peak surface part, the values
of parameters describing this part changed more than the others. A character of parameter
changes depends on a surface type.
An increase of light intensity caused typically an increase of the height, hybrid and functional
parameter values; the spatial parameter Sal value mainly decreased. The following parameters
are susceptible to errors caused by a high NM ratio: skewness Ssk, functional parameter Smr
and feature parameters: Spd, Sda, Sdv, Sha and Shv.
For stratified surfaces, an increase of light intensity caused a decrease of skewness Ssk and
an increase of kurtosis Sku values. These changes can be large. For this type of surface an
inaccuracy of measurement in a valley part led usually to larger errors of parameter
computations compared with disturbances in a plateau region.
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Abstract
Most systems used in quantum physics experiments require the efficient and simultaneous recording different
multi-photon coincidence detection events. In such experiments, the single-photon gated counting systems can be
applicable. The main sources of errors in these systems are both instability of the clock source and their imperfect
synchronization with the excitation source. Below, we propose a solution for improvement of the metrological
parameters of such measuring systems. Thus, we designed a novel integrated circuit dedicated to registration of
signals from a photon number resolving detectors including a phase synchronizer module. This paper presents the
architecture of a high-resolution (~60 ps) digital phase synchronizer module cooperating with a multi-channel
coincidence counter. The main characteristic feature of the presented system is its ability to fast synchronization
(requiring only one clock period) with the measuring process. Therefore, it is designed to work with various
excitation sources of a very wide frequency range. Implementation of the phase synchronizer module in an FPGA
device enabled to reduce the synchronization error value from 2.857 ns to 214.8 ps.
Keywords: phase synchronizer, delay line, coincidence counting, quantum information, time interval
measurement, time-to-digital converters, field programmable gate arrays.
© 2017 Polish Academy of Sciences. All rights reserved

1. Introduction
The rapid development of quantum technologies in quantum optics experiments delivered
more valuable information about the fundamental nature of light. Experiments prepared in such
areas as the spectral state of a single photon characterization, the quantum cryptography and
implementation of quantum teleportation protocols still remain valid and could become very
possible directions for the future research [1−4]. The methods of single and multi-photon
statistics’ reconstruction using an optical fibre-loop detector are reported [5−6]. For this
purpose, the indirect single-photon counting techniques with picoseconds resolution can be
practicable. The preferable solution in these experiments is to use a box-car-like module [7].
Actually, a box-car-like module is a modified single-photon gated counting system with a
counting rate limited to one. In this situation, coincidences of two or more electrical pulses can
be simply obtainable.
The most popular coincidence measurement systems were built of appropriate electronic
modules, such as analogue time-to-amplitude converters, discriminators and manually- or
digitally-controlled delay gates. Additionally, most of them were characterized by slow data
processing electronic devices. Also, they required manual synchronizing signals between their
electronic stages [8−9]. Recently, the coincidence measurement systems have been constructed
in a more integrated form, i.e. using high-performance Field Programmable Gate Array devices
(FPGA) [10−13]. The rapid development of FPGA technology enables to implement fullydigital high-resolution programmable delay lines in these structures and guarantees very short
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rising and falling times of the propagated signals. It is very important regarding quick
achievement of the coincidence window.
In a traditional digital box-car module, the delay time between the trigger and the (delayed
by the digital delay line) opening and closing gate pulses, depends mainly on the internal clock
period. If the delay time is relatively long (i.e. contains a large number of clock periods), a high
stability of the internal clock must be guaranteed [14]. This involves the fact that the precision
of determination of that time interval is proportional to the number of clock periods. Otherwise,
for short time intervals, the problem of synchronization of the physical process with the
measuring system becomes very important [15]. In such a situation, the synchronization error
(without compensation) is comparable to the internal clock period T. Therefore, it can be
described by a uniform probability distribution ΘCLK in a range of −T/2 to T/2. If such a large
synchronization error is not compensated, the effective width of time-gate increases.
In consequence, the modification effect of the ideal time-gate functions by the ΘCLK function
cannot be omitted. This should be taken into account when the width of the coincidence window
is being determined. In the presented paper, the problem of compensation of this time-interval
error has been solved. It was possible thanks to the application of the fully-digital phase
synchronizer (DPS) module in an FPGA structure.
Well-known methods performing the synchronization process employ PLL and DLL control
modules [16−17]. Most of them are supplied in wire and wireless sensor network systems for
event ordering and efficient communication scheduling [18−19]. Others can be used to effective
compensation of the synchronization error in gated counting systems. This problem has been
solved by the application of a start-able PLL oscillator used as the internal clock [20]. Similar
solutions concern using a DLL loop to stabilize the delay line parameters against temperature
or power supply voltage variations [21]. The known concept of applying a PLL to the CPUCoprocessor synchronization [22] remains also valid in constructing various types of precise
TDC systems [23] to guarantee a high synchronization level between the internal signals and
appropriate functional blocks of the system. In modern FPGAs it can be achieved e.g. by DCM
blocks operating in the precise phase shifting mode [24]. Another class represents the
synchronizers used for synchronization of asynchronous input pulses with the nearest edges
of clocks. The main purpose of their application is to effectively reduce the possibility
of potential causes of metastable states in the period counters. It can be achieved by generation
of synchronized enable signals by single or dual-edge double synchronizers [25].
Contrary to the above solutions we have designed a purely digital module meant to
synchronize the internal clock signal with the leading edge of trigger pulse by a digital delay
line. In our approach a high operating frequency has been achieved by using a direct time
conversion method.
The presented paper is organized as follows. Firstly, a possibility of applying a DPS module
in quantum physics experiments has been explained in Section 2. For this purpose, an example
of optical equipment for the experimental characterization of the statistics of photon pairs is
described. A simplified block diagram of DPS module and some essential information of the
proposed synchronization technique is reported in Section 3. In this section, the experimental
results of characterization of the phase detection (PDM) and delay selection (DSM) modules
and the simulation results obtained from the DPS model are also included. In the next section,
the experimental results of real DPS testing that confirm the effective gate width reduction and
their interpretations (in Section 4) are presented. Finally, we summarize our work.
2. Box-car-like architecture
The main aim of the research was to analyse the concept of the construction and
implementation − in a Virtex4 FPGA programmable structure – of a multi-platform DPS
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module which cooperates with a multi-channel coincidence counter (CC). The basic task
of DPS module was the fast synchronization of the measurement system with the trigger pulses
produced by a pulse laser (RegA 900, Coherent, 165 fs FWHM, 774 nm). A satisfactory level
of synchronization (diferences of the successive time intervals between the trigger pulse
position and the time-gate activation) required during the entire measurement process should
be below 300 ps and must be independent of the trigger source repetition rate. An example
of practical application of the DPS module is shown in Fig. 1. Such a construction was used in
the physical experiment where the parameters of single photon sources are obtained.

Fig. 1. A multichannel coincidence meter as an example of application of the digital phase synchronizer.
DCM – the digital clock manager module built in a XC4VFX12 programmable structure; CLK_REF – the clock
signal synchronized with the rising edge of trigger pulse; CU – control unit; FL – focusing lens; XSH – BBO
crystal for generation of the second harmonic; IL – imaging lens; DM – dichroic mirrors;
BG – blue glass filter; X – down-conversion crystal; IF – interference filter; FC – fibre coupling stage,
HWP – half-wave plate; ND – neutral density filter; FLD – fibre-loop detector;
D1 and D2 – single photon counting detectors.

A typical photon source consists of a nonlinear crystal (BBO – β-barium borate) which is
pumped by a pulse laser. The most important element of the optical part of measuring
equipment (depicted in Fig. 1) is a fibre-loop detector (FLD) [26]. A single photon may be
propagated by it in eight distinct ways. The minimal delay in the proposed FLD construction is
about 100 ns, but could be shorter. It depends on the laser repetition rate (for instance, the
standard frequencies of pulse lasers are within a range of 1 kHz – 100 MHz). Inside the FLD,
photons are divided by 50/50 fibre couplers. Thus separated in time, the photons are then
registered by two photo-detectors (D1 and D2). The signals received from the photo-detectors
are compatible with the Low Voltage CMOS I/O standard supported by Virtex-4 devices.
Therefore, they can be directly connected to the CC inputs.
Unlike the well-known box-car constructions [27], the presented CC system stores
information only about the occurrence of photons in appropriate time-gates. The basic modules
of system include: a control unit (CU), a phase synchronizer (DPS), a time-gate generator
(TGG) with a fast counter (not shown in Fig. 1) and FIFO memory blocks. The internal clock
signal (350 MHz) which supplies the DPS module is synthesized by a built-in XC4VFX12
structure of the digital clock manager (DCM) blocks [28]. Its parameters determine the internal
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structure of DPS module (i.e. the required number of delay cells). At its output, the highresolution DPS module produces the reference clock signal CLK_REF. This signal is
synchronized with the rising edge of trigger pulse and provides the time base of the
measurement system. Thus, it is responsible for the precise control of activation time of the
time-gates. In this way, the CC system gained a functionality of fast synchronization with the
incoming trigger pulses.
In Fig. 1, there is presented a two-channel CC meter containing eight programmable timegates in each channel. The digital time-gate parameters (i.e. the delay and width of gate) are
stored into the CU by a PowerPC processor, through the processor local bus interface.
The PowerPC processor can modify this information at the beginning of the measuring process.
The above time-gate parameters remain unchanged during an ongoing single measurement
cycle. Each of the measurement cycles is triggered by the signal from the pulse laser. The signal
which stores the collected data into FIFO memory is produced on the basis of internal flags (not
shown in Fig. 1) delivered by the time-gate generator module which confirms closing
a respective group of time-gates. The same signal (delayed in time) erases the information
collected from the time-gates and resets the time-gate generator. The next step of data
processing is executed by the PowerPC processor [29]. Such a peculiarly constructed CC
system enables precise collection of information about incoming photons and their coincidences
using for this purpose various types of excitation sources (limited by the construction of FLD).

3. Digital phase synchronizer module
The resolution of gated counting systems is limited mainly by the instability of the reference
clock signal and the effect of lack of synchronization with the trigger pulse. These two factors
have a significant impact on the form of effective gate function (EGF). The EGF describes the
probability of wrong allocation of the input pulses in respective time-gates. In a general case,
the EGF is a result of convolution of the Gaussian probability density function (describing
instability of the main clock source) and the ideal gate function. In the case of CC system, when
the measuring system is synchronized with the excitation source, we also observe an additional
problem of compensation of the time interval between the real trigger pulse position and the
beginning of digital time-gate. This synchronization error (described by a random variable) has
a uniform distribution ΘCLK of probability and significantly modifies the time-gate function.
In consequence, the time-gate width increases, but the time resolution of CC system is reduced.
The main purpose of the phase synchronizer module implementation is minimizing the
synchronization error.
3.1. Circuit description
A block diagram of high-resolution DPS is shown in Fig. 2. The DPS architecture consists
of two high-resolution delay lines (DL) [30−34]. One of them is used to the construction of a
PDM, while the second one has been implemented in a DSM. The CLK signal has been
connected to both modules. The PDM module is used for fast phase measurement of the
standard clock CLK signal. Therefore, the propagation time of delay elements in the PDM
module must be equal to the standard clock period (TCLK). The information stored in the PDM
module (ψ 0 , ψ 1 , … , ψ N −1 ) is represented by a pseudo-thermometric code. In this way, the phase
decoder (PD) module provides detection of the first rising edge of clock signal. On this basis,
there is calculated the number of delay elements which are used in DSM module to perform the
synchronization process.
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Fig. 2. The Digital Phase Synchronizer module: a block diagram (a); the principle of operation (b).

The synchronization process can be performed by successive delaying of the clock signal
through an appropriate number of delay elements (built in the CLB blocks). The correct number
of delay elements is determined by the carry chain multiplexers (MUXCY). For the ideal DPS
module, the time characteristics of DL for both PDM and DSM modules have the same
parameters. Hence, it would be possible to directly assign the relevant time channels in both
modules. This solution provides a more simplified construction of the PD block. The main task
of PD is converting the data from a pseudo-thermometric to one-of-M code, as follows:
nτ D = (M − n )τ W . Such a solution makes possible activation of only one of the MUX elements
at a given moment. Unfortunately, in a real situation, the time characteristics of PDM and DSM
blocks are different. They are the main source of synchronization errors in the DPS module.
3.2. Delay line implementation
The modern FPGAs provide an array of fast configurable logic blocks (CLB) which
component logic resources are characterized by very short propagation times. Each of CLB
elements contains four slices (SL) which are grouped into two pairs (of two SLs each). Fig. 2
shows only part of two pairs of SLs. One pair is used for the construction of PDM, while the
second pair − for DSM. They provide the ability of implementing high-resolution DLs in the
FPGA structures. In our case, the DLs applied to the construction of DPS are made by using
logical elements placed inside SL (such as xor gates or carry chain multiplexers) and fast carry
chain interconnections. To decrease a dead time (the minimum time between two
measurements) and to adapt to work with high-frequency excitation sources we decided to use
a direct coding delay line in the PDM module. The time parameters were measured for both
DLs by a statistical test method [35]. The results are shown in Fig. 3.
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Fig. 3. The integral nonlinearity characteristics (INL): the phase detection module (a);
the delay selection module (b).

In the experiment, a standard clock generator of frequency FD = 100 MHz was used. This
element was an integral part of the ML403 evaluation board [36]. The standard clock signal has
been delivered to the DLs’ inputs. The clock phase was measured by a DF1650B function
generator of frequency 1.832 MHz. In order to obtain the DLs’ characteristics, six series of 135
thousand measurements were performed for both lines. From the above results, an average
delay of each DL was calculated. In our case, the average delay of PDM module is equal to
60 ps, whereas for the DSM module it is equal to 62 ps. Based on these parameters, the number
of delay elements in the PDM module could be determined. The calculated value (in relation to
the standard clock period) was 48. Using the average DL values, the INL and DNL
characteristics were calculated [37]. The maximal nonlinearity deviation for both cases did not
exceed the value of 1 LSB.

Fig. 4. The time deviation of the reference clock signal on an appropriate multiplexer’s input.

The clock signal has been delivered to the DSM module by − dedicated to such purposes −
the global clock connections. Such a signal distribution guarantees small time deviations
of other CLB connections. The time deviations of CLK distribution to appropriate inputs
of MUX elements in DSM were calculated by an optical direct method [38]. The optical method
enables to measure deviations of clock distribution (in the DSM module) with a 0.34 ps
resolution. The results are presented in Fig. 4. The mean value of differences between the
propagation times to each of the MUX components is equal to 58.9 ps. Moreover, it should be
noted that using accessible commercial devices does not enable such precise measurements as
those possible with the mentioned above optical delay line.
The obtained data will be used in Subsection 3.3 to identify and interpret the decisive factors
which may affect the level of synchronization errors.
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3.3. DPS simulation
The main sources of errors in CC systems are the internal clock source instability and the
imperfect synchronization of the CC system with the excitation source. For this purpose, a short
analysis of the CC system (whose resolution has been determined by the CLK period) is
presented. The following section shows also the simulation results of the DPS module.
a) Influence of the clock time parameters on determining the time-gate activation time.
The internal clock is synthesized by the built-in DCM blocks. The digital DCM’s frequency
synthesizer FX outputs drive the global clock routing network in the Virtex4 device. Such
a distribution minimizes the clock skew due to the differences in distance. To obtain some
essential information about the level of synchronization error and to prepare a DPS
simulation model, a separate measurement of the DCM’s clock jitter parameters had to be
done. The jitter parameters have been measured directly at the XC4VFX12 outputs by
a digital oscilloscope. For this measurement, a Jitter and Timing Analysis (JTA) toolkit has
been used. The measured results are shown in Fig. 5a. In the CC system, each of time-gates
have been activated after a specified time interval ∆tN, determined by the internal clock
parameters. In our experiment, the measurement was performed for specified numbers N
of clock cycles, which values depend mainly on the FLD configuration. Therefore, the
photons separately propagated through three main fiber-loop ways (shown in Fig. 1), could
be measured by three out of eight available time-gates. For this reason, the selected timegates have been activated after 35, 70 and 140 clock cycles.

Fig. 5. The experimental results of: the reference clock’s phase fluctuations (the signal generated by the DCM
module) (a); the time-gate fluctuations (obtained by a Tektronix DPO7054 digital oscilloscope)
without the phase synchronizer module (b).

The observed DCM’s clock fluctuations are the consequence of a specific DLL block
construction. The DLL is an internal part of DCM block and has been used for completion
of the digital frequency synthesis process. The obtained results indicate a determined
character of phase fluctuations. This deviation (about 40 ps) corresponds to a DL line
resolution that was used to build a DCM block.
A simple model of CC system used to determine the time-gate activation time was prepared
below. In such a case, the time interval ∆tN responsible for the time-gate activation can be
described by a random variable ε in the following way:
N

∆t N = NTCLK + ∑ ε n ,

(1)

n =1
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where: ε − is a deviation from the average value of reference clock period; N − the number
of clock cycles for determination of a specified time interval; TCLK – a reference clock period.
For the standard clock, the phase fluctuations have a normal distribution. Therefore, the
probability density function ϕ (ε ) of the random variable ε is described by:

1

ϕ (ε ) =
σε

 (ε − xε )2 
exp−
,
2σ ε2 
2π


(2)

where: xε is an average value of ε; σ ε2 is variance of the random variable ε.
In our case, the phase fluctuations are determined by the DCM construction and depend on
its DL parameters. Thus, the probability density function ϕ (ε ) is approximated by the sum
of two Gaussian probability density functions.
Using the above assumption, the PDF of ∆t N variable can be described as:
ϕ ( ∆t N ) =

1
σ ∆t N


 (∆t − NT )
exp− N 2 CLK
2σ ∆t N
2π



2



,



(3)

where: σ ∆2t N is variance of the random ∆t N variable.
Knowing the ϕ (ε ) function parameters, a model of real clock signal will be prepared
in Subsection 3.3c.
b) Synchronization of the CC system with the trigger pulse position.
In practice, the time-gate activation process consists of two parameters, where the first
parameter is the number N of a standard clock period, while the second one is the index P
of a quantization step. The required number N of a standard clock period is obtained directly
by the fast counter (not shown in Fig. 1) for every time-gate. For the simulation purposes, it
can be calculated as the integer value of the result of dividing the ∆tN interval by the standard
clock period value. The precision of time-gate settings depends on the resolution of DL
which have been implemented in the TGG module (not presented in this paper).
According to the previous considerations, there are two main factors that determine the level
of time-gate activation error: the standard clock instability (measured in Subsection 3.3a)
and the trigger pulse synchronization in relation to the time base of CC system. The
synchronization error (described by the tSYNC random variable) between the CC system and
the trigger position depends on the standard clock period and has a major impact on the level
of time-gate fluctuations in gated counting systems. Because any value of the time interval
in a range of 0 to TCLK has the same probability (equal to 1/TCLK), the PDF function of
synchronization error may be described by a uniform distribution of probability ΘCLK. Thus,
the PDF of time-gate activation error can be expressed as:

Γ(∆t N ) = ΘCLK (tSYNC ) ⊗ ϕ (∆t N ) .

(4)

As stated in Section 1, the problem of compensating the time interval error between the
trigger pulse position and the beginning of measuring cycle (i.e. the time-gate position) can
be effectively solved by a fast and portable DPS module which is constructed from the most
popular FPGA logic components. In order to ensure a short conversion time, the time interval
quantization process is based on the direct time conversion method. The quantization error
being a result of the quantization process in PDM, is proportional to the propagation times
of appropriate delay cells. Therefore, we assumed that the distribution function of the
quantization error ΘKW has a uniform distribution, where the width parameter WKW is equal
to the average quantization step of PDM module. This is described by the following relation:
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Θ KW (t ) = WKW p, where p = (− 0.5 WKW ≤ t ≤ 0.5 WKW ) .
−1

(5)

The predicate p value is equal to one in the case when the relation (− 0.5 WKW ≤ t ≤ 0.5 WKW )
holds. Otherwise, its value is equal to zero. An additional source of errors caused by the DPS
module during the conversion process are different INL characteristics of both delay lines.
The resulted errors are described by the ΘINL(tINL) function which depends on the differences
of the non-linearity errors of both DLs (ΔRINL). In view of the fact that the random variable
tINL have a discrete nature we can postulate that the probability distribution function
ΘINL(tINL) may take the following form:
M

Θ INL (t ) = ∑ P( n )δ (t − ∆RINL ( n) ) ,

(6)

n =1

where: P(n) – is a likelihood of occurring an INL error with the ∆RINL value (assigned to the
n-th time channel); δ – the Dirac delta function. For simplicity, the ΘINL(tINL) function has
been approximated by a uniform distribution in a range of the minimum and maximum
values of the s = t − ∆RINL (n) parameter. Thus, the Θ SYNC (t SYNC ) function which describes
the properties of synchronization process in the DPS module has been acquired by
convolution of the ΘKW(tKW) and ΘINL(tINL) functions. The final form of the PDF of time-gate
activation error may be written as:

ΓSYNC (∆t N ) = ΘSYNC (tSYNC ) ⊗ ϕ (∆t N ) .

(7)

c) The procedure of DPS simulation.
The following steps have been taken to obtain the DPS simulation:
− At the beginning, a model of real clock signal was prepared. For this purpose the von
Neumann method [39] has been applied. Using this model, it was possible to produce a
stimulus vector that successfully emulates the reference clock signal. The stimulus vector
represents the next phases (not quantized) of the reference clock signal with a specified
time period and imposed clock instability. In consequence of the above step, a wide
spectrum of the clock’s phase dispersion could be simulated. The results are shown in
Fig. 6a. The generated data were then used to prepare a simulation process of the PDM
and DSM modules.
− In the next step, the quantization process performed by the PDM module has been
simulated. For this purpose, the real delay line characteristics (discussed in
Subsection 3.2) and the model of real clock signal have been used. In such a situation, the
widths of quantization steps (QSs) are equal to the propagation times of appropriate delay
cells in the PDM. Therefore, for each QS, we have to determine its beginning t DB and end

t DB . Based on the randomly generated clock’s phases Pi we can calculate the quantized
standard clock phase values (phase numbers) as the numbers ni of QSs, n ∈ [1, N ] ,
in which the generated phases Pi was accepted. This can be written in the following way:
B
E
tDn
≤ Pi < tDn
, i ∈ [1, K ] , where K indicates the number of stimulus vector elements.
i
i
Therefore, a phase number n represents the quantized standard clock phase value.
In practice, this measured time interval corresponds to the sum of propagation times of
delay elements nτ D , where n is the highest position of the flip-flop which is storing the
high state at its output. The simulation result of PDM quantization process obtained by
using the ideal DL characteristic (i.e. the propagation time of a related delay cell is equal
to the average QS of PDM module) is presented in Fig. 6b.
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Fig. 6. The results of simulation: the normalized probability density function (PDF) of the reference clock phase
fluctuations (a); the PDM module simulation (b).

− The number of delay line segments M − n in the DSM module has been chosen on the
basis of known above phase numbers. In this case, no nonlinearity correcting operations
were applied.
− To verify the DSM module, the not quantized random ∆t N values calculated by the
method described in Subsection 3.3a, have been generated. Considering the DL
parameters specified in Subsection 3.2, e.g. the propagation times of delay elements (τW)
and the propagation times of MUX elements (τMUX) in the DSM module, the
M

corresponding time intervals

∑τ

i
W

M −n
+ τ MUX
have been assigned to the previously

i = M −n

generated data.
These proceedings have been used to validate the value of synchronization error between the
measuring system and the observed physical process. The result of computer simulation is
presented in Fig. 7. It is the result of generating a series of 50000 test vectors with appropriate
phase numbers. The applied phase noise of reference clock signal has been presented as the
distribution shown in Fig. 6a. For the collected data (obtained from the DPS model) we are
M
( ∆t N ) curve. The obtained uniform distribution fitting parameters are equal to
fitting ΓSYNC
WKW = 60.4 ps and WINL = 146.6 ps, respectively. Hence, we can conclude that the differences
of the non-linearity errors of both lines used in the DPS construction have a significant influence
on the level of time-gate fluctuations. The minimal variation value from the value achieved by
the PDM module reached 4.7 ps, whereas its maximum value was equal to 159.7 ps. Thus, the
average value was equal to 78 ps.

Fig. 7. The results of DPS module simulation (with the real DPS characteristics):
the probability distribution of time-gate fluctuations (a); the synchronization errors (b).
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The distribution parameters of ΘKW and ΘINL functions have been used to define the
synchronization process accuracy. For this purpose, the expanded uncertainty has been
estimated for the assumed confidence level of α = 0.997 , based on:

σ SYNC (t ) = WKW + WINL − 2 (1 − α )WKW WINL .

(8)

Based on the simulation results obtained from the DPS module, we can efficiently minimize
the level of phase fluctuations of the time-gates from 2.857 ns to 196.7 ps. The same procedure
in relation to the measurement data has been applied in Section 4.
4. Measurement results
The phase fluctuations of time-gates were measured using Tektronix DPO7054 and LeCroy
LT374 digital oscilloscopes. Fluctuations of the time-gate activation time in relation to the
triggering signal were measured. The tests were performed for both of the two cases: with and
without the DPS module. The gates have been opened after the same time interval in relation
to the excitation pulse. Therefore, the accumulated jitter for both cases (with and without the
DPS module) has the same parameters.

Fig. 8. The experimental results of time-gate fluctuations (LeCroy LT374).
The coincidence meter: using the DPS module (a); without the DPS module (b).

The results of measurements are presented in Fig. 8a and Fig. 8b. The convolutions of the
Gaussian ϕ (∆t N ) and either the ΘCLK or Θ SYNC distributions have been fitted to the obtained
measurement results. For this purpose the conv2 and fminsearch functions from MATLAB®
toolkit have been used.
From the obtained measurement results it can be concluded that the DPS module effectively
reduces fluctuations of the time-gate opening from 2.857 ns to 214.8 ps. In this way almost
a fourteen-fold improvement has been obtained. The time-gate was being opened after 2800
clock cycles since the trigger event. Similar measurements were carried out also for another
number of clock cycles while the accompanied changes of variations were observed.
In the case without a synchronization module, the width W of uniform distribution is equal
to the TCLK period of reference clock signal delivered from the DCM module. When the DPS
module is used, then the fluctuation of time-gate opening is determined mainly by the INL
errors. Additional noise created by the synchronization process is a result of the nonlinearity
of real (non-linear) DL characteristics and the voltage and temperature fluctuations of the delay
line. The last case may cause minor differences between the simulation and experimental
results.
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5. Conclusions
Further development of quantum enhanced technologies requires robust, cost effective and
easy to configure high-speed electronics capable of processing information streams on the fly.
We proposed a novel, fully synchronized gated counting system for processing signals from
avalanche photodiodes as a solution for registering signals from photon number resolving
detectors. Employing a high-resolution digital phase synchronizer module enables to
synchronize the internal reference clock source with an external physical process (under
research) and to suppress dark counts. Currently, the synchronization error has been reduced
from 2.857 ns to 214.8 ps. This ensures almost a fourteen-fold improvement. The proposed
DPS module can be operated with a wide spectrum (< 350 MHz) of excitation sources without
deterioration of its metrological parameters. Also, it is characterized by an extremely low dead
time that is equal to one clock cycle. Therefore, the implementation of the DPS module in a
gated counting system and additional application of the Virtex4 XC4VFX12 resources enables
to effectively collect complete information about the total number of photo-counts and the
history of registered events. This enables to apply our device in the quantum cryptography and
the systems diagnosing single photon sources.
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Abstract
The telemetry data are essential in evaluating the performance of aircraft and diagnosing its failures. This work
combines the oversampling technology with the run-length encoding compression algorithm with an error factor
to further enhance the compression performance of telemetry data in a multichannel acquisition system.
Compression of telemetry data is carried out with the use of FPGAs. In the experiments there are used pulse signals
and vibration signals. The proposed method is compared with two existing methods. The experimental results
indicate that the compression ratio, precision, and distortion degree of the telemetry data are improved significantly
compared with those obtained by the existing methods. The implementation and measurement of the proposed
telemetry data compression method show its effectiveness when used in a high-precision high-capacity
multichannel acquisition system.
Keywords: multichannel acquisition system, high compression performance, run-length encoding with error
parameter, oversampling, hardware implementation.
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1. Introduction
A telemetry testing system is used to evaluate the performance of aircraft and to diagnose
failures by detecting the aircraft responses to different input sensor signals in flight experiments.
The testing signals are either transmitted to the ground test station by a wireless information
channel of the telemetry system or stored in a recorder whose contents will be recycled after
the experiment. A highly efficient information channel transmission and telemetry data storage
are essential because of an increasing quantity of testing data and their types, as well as high
real-time testing requirements [1–3]. The compression of telemetry data will be further used to
optimize the bandwidth usage rate of signal channels and storage space.
Many data compression techniques have been employed in the transmission and storage
of telemetry data. The most known compression methods include: the run-length encoding
(RLE), Huffman encoding, Golomb-Rice encoding, Lempel-Ziv-Welch (LZW), and wavelet
compression [4–7]. The telemetry data are obtained from sensors in a form of text, images,
video, audio, and many other formats. Heterogeneous types of telemetry data may need various
applications of data compression techniques [8]. Maluf et al. combined discrete Fourier
transforms (DFTs) with LZW and Flate algorithms for textual data and JPEG coding for images
[8]. Two almost lossless data compression algorithms were proposed for the telemetry data
produced by hyperspectral sensors installed on a satellite [9]. The telemetry video signals of the
surface of Mars are compressed with a compression ratio of 24:1 and then transmitted from the
Mars to the Earth by USA Mars Exploration Rovers [10]. A two-stage Lempel-Ziv lossless data
compression is implemented for the telemetry data from various sensors aboard satellite launch
_____________________________________________________________________________________________________________________________________________________________________________________
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vehicles [11]. A modified Rice compression method is adopted to the telemetry data of a launch
vehicle with a compression ratio of 2:1 [12]. Combining multiple data compression algorithms
facilitates obtaining a high compression ratio [13–15]. Furthermore, proper hardware
implementation of data compression is essential in enhancing the performance of data
compression [16, 17]. Kao et al. developed a modularized approach to trade off the hardware
cost and an achievable compression ratio [18]. Lin et al. proposed a two-stage hardware
architecture to improve compression and decompression rates [4].
The precision, distortion degree, and compression ratio of the telemetry data should be
considered. The ideal condition is one with a high compression ratio, high data precision, and
no signal distortion. For practical engineering applications, specific values of these parameters
should be adjusted to a specific requirement. The compression distortion degree is generally set
to less than 0.1% for engineering applications. A range of compression ratio of the telemetry
data in the previous research is from 1.38 to 42 [9, 19, 20]. The data precision is larger than 8
bits.
Despite the progress in data compression studies, the telemetry data compression used in
telemetry acquisition systems has not been sufficiently examined yet. Firstly, given large
amounts of the telemetry data and high real-time testing requirements, a data compression
method ensuring a high compression ratio is required. Secondly, an effective hardware
implementation approach to the data compression method is needed for a real multichannel
acquisition system. Many compression methods can obtain a high compression ratio by
employing a complex hardware support, such as DSP and FPGA groups or a dedicated
compressor [21, 22]. However, these types of hardware implementation are unsuitable for some
telemetry engineering applications because of their high cost and complex design. Thirdly, the
telemetry signals collected by a telemetry system operating with high sampling rates include
interference signals mixed with useful signals because of the harsh environment. So, telemetry
signal noise has a negative effect on the data compression ratio.
To address the aforementioned challenges, we propose an effective data compression
method based on a combination of the oversampling technology and the RLE compression
algorithm with an error factor . In the study there are considered mainly the telemetry data. The
proposed approach consists of three modularized phases: 1) oversampling and normal
averaging; 2) data encoding based on RLE with an error factor; and 3) two-stage framing. The
hardware implementation of the modularized compression method for the telemetry data
employs FPGAs. The proposed data compression method used in a telemetry testing system
demonstrates the following unique advantages in comparison with the existing data
compression methods.
Firstly, the proposed method exhibits a high performance in handling the telemetry data. The
previous work enhanced a compression ratio by increasing the error parameter [23]. However,
it resulted in a significant increase of a signal distortion and a significant reduction of the
acquisition system precision. To address this issue, our approach considers all three factors by
incorporating the oversampling technology into the RLE algorithm with a compressibility error.
The proposed method achieves a high compression ratio and improves accuracy of the telemetry
data for a small error parameter value with a low signal distortion. The proposed method can
be also effectively applied to high-precision multichannel acquisition systems.
Secondly, the hardware implementation of the proposed compression method is based on
FPGAs. Compressing large amounts of the telemetry data, especially high-precision data, is not
feasible without a proper hardware support [24]. However, an effective hardware
implementation for telemetry data compression is still unavailable. In our approach, the data
compression method employs FPGAs to achieve modularized compression in a multichannel
acquisition system. The developed hardware implementation is suitable for the telemetry data
because of its low cost and simple design.
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2. Design and implementation of telemetry data compression method
The telemetry data used in our study mainly come from various types of sensor signals
in aircraft. The telemetry data come in a form of text, images, video, audio, and many other
formats. In our work, there is considered mainly the compression method for numerical data,
and the telemetry data are transformed into a digital form. Digital signals from each channel
of the sensor network in a multichannel telemetry acquisition system are assembled in a frame
processor by a quantization processor. The signals are later transmitted to a transmitter
or storage system through a sending processor being a unit of the frame processor. This process
demonstrates a typical transmission path of the telemetry signals. However, the telemetry
signals collected by the telemetry system operating with high sampling rates consist of useful
signals mixed with interference signals. The signals are preprocessed before compression
to minimize a negative effect of noise on data compression. To this purpose, an improved
approach is proposed, which consists of three modularized phases: 1) oversampling and normal
averaging of the telemetry data; 2) data compression based on RLE with an error parameter;
and 3) two-stage framing. The improved transmission path is shown in Fig. 1.

Sensors
Network

Oversampling
Processor

Normal
Averaging
Processor

RLE
Coder

Framing
Processor

Sending
Processor

Fig. 1. Transmission patch of the telemetry signal.

2.1. Telemetry data pre-processing
To reduce the negative effect of noise on data compression, the telemetry data are
preprocessed using oversampling and averaging technologies before data compression. The
oversampling prevents aliasing, improves resolution, and reduces noise. Sampling of telemetry
signals is based on the Nyquist theory. An anti-aliasing filter is commonly adopted in the
acquisition circuit to significantly inhibit signal aliasing. However, full elimination of aliasing
by using a practical filter is difficult. The oversampling technology could further improve the
effectiveness of inhibition of signal aliasing according to the principle of Nyquist theory.
Moreover, the oversampling has a significant influence on the baseband quantization noise
when the ADC noise could be approximated as white noise [25–27]. An oversampling
frequency fOS of each channel and an oversampling factor β are defined as follows:
fOS = β fNS,

(1)

β = 4w,

(2)

where fNS is an original sampling frequency.
where w is the number of additional bits of a desired resolution.
A quantization noise power QOS is expressed as:
Q ×f
(3)
QOS = N NS .
f OS
Equation (1) is substituted into (3) to obtain the quantization noise power at the oversampling
frequency:
QOS =

q 2 × f NS
Q
= N.
12( β f NS ) β

(4)

Therefore, the signal-to-quantization-noise ratio (SQNR) is further enhanced:
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=

.

(5)

We assume that N is the number of bits without oversampling. Therefore, in our proposed
approach, the resolution is equal to the effective number of bits (N + w). We can find that
oversampling reduces the quantization noise power and hence increases the resolution of an Nbit ADC and improves SQNR.
The total sampling frequency of the system, ft, is determined by the oversampling frequency
fOS of every input signal and the number m of input channels in the acquisition system, and is
denoted as follows:
(6)
m × fOS ≤ ft .
The working mode of ADC module is controlled by FPGA by adjusting the total sampling
frequency of the system.
The oversampled data are averaged according to the following procedure. To reduce the
complexity of sample logic, four nodes (e.g. A(t0), A(t1), A(t2), and A(t3)) are sampled in one
sampling cycle. The four sampling points are averaged by the averaging processor to reduce
the negative effect of noise on data compression. The averaged data A(T1) are written into the
compression register of a current channel. This procedure is repeated until the signals of all
channels are processed. All averaged data (e.g. A(T1), A(T2), ... , A(Tn)) of the corresponding
channels are later compressed. A schematic of sampling and averaging is shown in Fig. 2. The
interference signals are highly suppressed by the oversampling and averaging processes, which
enable to obtain a high compression ratio.
Conversion value
Averaged sample available
Input waveform

t

t0 t1 t2 t3T1

T2

T3

Fig. 2. Sampling and averaging process.

2.2. Data encoding based on RLE with error factor
The RLE algorithm is suitable for compressing binary sequences [28]. Therefore, the RLE
algorithm is adopted to directly compress signals from each channel of the multichannel
acquisition system. The amplitude of all telemetry data are adjusted into the same allowable
amplitude range of ADC by a signal adjustment circuit. Subsequently, the adjusted data are
transformed into the corresponding quantized data according to bits of ADC. The error
parameter is incorporated into the RLE algorithm to increase the compression efficiency. The
error bound is related with these quantized data and is set to a specific value on the basis of the
distortion tolerance. The differences between adjacent quantized data are compared with the
error bound. These quantized data are regarded as being of the same value if their difference is
smaller than the error bound; otherwise they are of different values. Therefore, the error bound
is irrelevant to the input analog signals, whether they are preprocessed or not.
In our multichannel acquisition system, the resolution of AD converter was set to 16 bits.
The data formats are shown in Table 1. The highest bit, D15, is defined as a logic number (one
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or zero) to distinguish the quantization data from the run length. Thus, D14 to D0 denote the
AD quantization data if D15 is equal to one; otherwise, they denote the run length. The averaged
data were compressed based on the run-length compression with an error parameter. A flow
chart of the compression algorithm process is shown in Fig. 3. Taking channel one as an
example, the previous data and the current data were first allocated to the initial values
of registers D0 and D1. Secondly, D1 can be replaced by D0 and Nt adds one if D1 is in an
interval of [D0−Δ, D0+Δ], and the current and next data are assigned to D0 and D1,
respectively; otherwise, Nt is reset to zero. Thirdly, the difference between D0 and D1 in the
subsequent time period is further compared with Δ. To prevent the count of run length to be too
long to disorder the data structure, the run length is automatically reset after adding to a
particular value (e.g. 32767 for a 15-bit run length), and the aforementioned 3-step procedure
is then repeated until the sampling is completed. The data of each channel can be compressed
in parallel by using the above mentioned procedure.
Table 1. Telemetry data format.
D15

D14 ∼ D0
AD quantized data
Run length (0 to 32767)

1
0

Begin
D0<=Data_AD,run-length Nt<=0
Write D0‘1’& D0(15 downto 1)to buffer1

D1<=Data_AD

D1-D0< &D1-D0 =

N

Y
Nt=0?

Nt<=Nt+1
N
Nt=32767?

N

D0<=D1
write
1& D0(15 downto 1)to buffer1

write
0 & Nt(14 downto 0)to buffer1
write
0& Nt(14 downto 0)to bufrer1
Nt<=0,
write
1 & D0(15 downto 1)to buffer1

D0<=D1Nt<=0
write
1& D0(15 downto 1)to bufrer1

Fig. 3. Flow chart of run-length compression.

2.3. Two-stage framing
For the multichannel signals of sensor networks, the correlation of data between adjacent
channels was neglected because the oversampling processor was set to the sampling polling
mode. A data packet was designed to improve the compression method (Fig. 4). In Fig. 4,
CHMN denotes the quantization data of a corresponding channel, CH_NUM is the number
of channels, RCx is the row count, FCx is the frame count, RSYNx is the row synchronous
word, and FSYNx is the frame synchronization word. The data packet is divided into two stages.
On the first level, the sampled data of each channel are compressed and packed into small data
packets called sub-frames. Each sub-frame contains labelling, a synchronous word, and
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a channel number and corresponds to one channel, thereby ensuring that all data in the same
channel are stored in a sub-frame. Each channel contains one cache, which is used to store the
compressed data of a current channel. The total of 16 sub-frames correspond to 16 channels.
Therefore, the designed structure can effectively distribute data with high relevance, thereby
enhancing the data compression ratio. The data structure is shown in Table 2. RSYNx of the
sub-frame is “EB 90”. FSYNx of the sub-frame is “14 6F”. On the second level, the sub-frames
are repacked into a new data packet called a prime frame, in which the frame count and frame
labelling of every sub-frame are included. When the size of data stored in this cache equals the
size of the sub-frame, these data are read out and then written into a buffer. In the buffer, a frame
sign, a channel number, and a time count are all included in the new data packet with the primeframe format (Table 3). The frame sign is the beginning of a data frame, and it is used to
distinguish between different data frames. The time count labels the time of current data
framing and is often regarded as the frame count.
prime-frame FSYNL FSYNH

FCL

FCH

subframe0 RSYNL RSYNH RCL

RCH CH_NUM CH00

CH01

CH0N

subframe1 RSYNL RSYNH RCL

RCH CH_NUM CH10

CH11

CH1N

RSYNL RSYNH RCL

RCH CH_NUM CH20

CH21

CH2N

RCH CH_NUM CHM0 CHM1

CHMN

subframe2

subframeM RSYNL RSYNH RCL

Fig. 4. The two-stage framing format.
Table. 2. The subframe format.
Data 0
EB

Data 1
90

Data 2
RCL

Data 3
RCH

Data 4
CH_NUM

Data 5 to Data 511
Data

Table 3. The prime-frame format.
Data 0
14

Data 1
6F

Data 2
FCL

Data 3
FCH

Data 4 to Data 8195
Data

2.4. Hardware implementation of telemetry data compression
The acquisition and compression of telemetry data were performed in the multichannel
acquisition system, as shown in Fig. 5. The system consists of an input interface, a signal
adjustment circuit, an input voltage follower, an analog multiplexer (MUX), an output voltage
follower, an A/D converter, a data buffer, and an FPGA. The test data are transmitted through
the interface to a signal adjustment module in which the amplitudes of signal are adjusted and
high-frequent noise is filtered. Under the control of FPGA, the adjusted signals of specified
channels are output through the voltage follower circuit and the multi-channel analogue switch
successively and then are converted by the ADC module. Finally, the compression process
of test data is implemented in FPGA. The whole internal logic procedure of FPGA is shown in
Fig. 6. The telemetry data are oversampled and transmitted into the A/D converter. Then, the
arithmetic average in the internal logic of FPGA is implemented to approximate the
oversampled data to the actual signal value to achieve reduction of disturbance and error. This
part of the internal function of FPGA is called an oversampled filter. Next, the data are
compressed using the RLE encoding and stored in corresponding buffers. Finally, the data are
packed and written into FIFO, ready for output by sending to the data logic module.
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a)

b)

Fig. 5. A schematic (a) and hardware circuits of the multichannel acquisition system (b).

Fig. 6. The internal logic of FPGA.

The proposed approach can achieve the real-time compression of the sampled data.
The whole process adopts a pipeline mode. First, the oversampled data are averaged. The data
from each channel are then classified based on their frame sign. Then, they are compressed via
the run-length encoding method in parallel. Finally, the data of each channel are written into
a buffer as a format of the sub-frame. Therefore, the proposed compression method does not
cause latency.
3. Measurement results
The test telemetry signals used in our study consist mainly of pulse signals and vibration
signals collected by shock sensors and vibration sensors throughout repeated measurements,
respectively. The method mentioned in [23] and the popular WinRAR method were used as the
control groups. Two multichannel acquisition systems with the same structure were used to
sample the same signals simultaneously to evaluate the performance of a proposed compression
method in terms of compression ratio, distortion degree, and system precision. The proposed
compression method was implemented in one acquisition system, and the data compression
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method mentioned in [23] was implemented in the other system. The sampling frequency was
12 kHz, and the oversampling frequency was 48 kHz. The sampled data were read and
decompressed by a home-built PC application software. The data were extracted based on the
frame format for each channel. All data were then restored if they were not run-length based on
the highest bit of the data. The sizes of the telemetry data after compression at different error
parameter Δ values were measured. The compression ratio and distortion degree of the
telemetry data and the precision of the acquisition system for these two types of compression
method were calculated using the same hardware implementation platform.
Figure 7 shows that the proposed method significantly (i.e., several-fold) improves the
compression ratio compared with the method in [23] for the pulse signal, especially when Δ is
larger than 15. For example, when the error parameter value is 25, the compression ratio of the
data is 544.46 when the proposed method was used. This value was improved by up to ten-fold.
These findings reveal that the compression ratio can be further enhanced by using the proposed
method. The enhanced compression ratio is resisted to noise disturbance by averaging the
quantization noise.

Fig. 7. A relationship between the error parameter and the compression ratio of pulse signals.

Figure 8 shows a comparison between the original waveform and the compressed signal
waveform after decompression when the error parameter value is 25. The original waveforms
mentioned in Fig. 8 indicate the output signals of the signal adjustment circuit. The pulse
waveform after decompression in the proposed method is in agreement with its original
waveform. In our study, the distortion degree is defined as a result of dividing the difference
between the values of quantized data before and after the compression by the value
of uncompressed data, to quantitatively characterize the compression effect of our method. The
distortion degrees of the pulse data at different error parameter Δ values were then compared
for the proposed method and the method in [23], as shown in Table 4. The reduction of the
distortion degree ranges from 27.78% to 38%, which indicates that the proposed method has
a lower distortion degree compared with the method in [23]. In order to directly reflect an
advantage of a high compression ratio for the same compression quality (namely, the identical
distortion degree) of the developed method, Fig. 9 demonstrates that the proposed method could
achieve a higher compression ratio with a smaller distortion, which exhibits significant
advantages in the telemetry data compression.
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Fig. 8. Comparison of the original waveform with the compressed signal waveform after decompression.
Table 4. Comparison of distortion degrees of the pulse signals.
∆

5

10

15

20

25

Method in [23]

0.027%

0.055%

0.083%

0.11%

0.14%

Proposed
method

0.019%

0.039%

0.055%

0.075%

0.087%

Improvement

29.06%

29.12%

33.78%

31.73%

38.00%

∆

30

35

40

45

Method in [23]

0.16%

0.18%

0.21%

0.24%

Proposed
method

0.11%

0.13%

0.15%

0.15%

Improvement

31.25%

27.78%

28.57%

37.50%

Finally, the precisions of the system when either method was used were compared, as shown
in Table 5. The result shows that the proposed method improves the effective number of bits
by one bit by adopting the oversampling technology. When the resolution reaches 9.95 bits, the
corresponding degree of distortion of the signal is 0.11%, which indicates that the compressed
data can be accurately restored in engineering applications.
For multichannel vibration signals, the compression ratios obtained with the proposed
method and the method mentioned in [23] are shown in Table 6. The results show that the
compression ratio is significantly improved when the proposed method was used, thereby
highlighting the effectiveness of our method.
We also compared our method with the WinRAR compression method in terms of the
compression ratio, as shown in Table 7. The WinRAR method is a lossless self-adaptive
multiple compression algorithm. The proposed method could be regarded as a lossless
compression method when the error parameter is equal to zero. On the contrary, the proposed
algorithm works in the loss mode. It is calculated that the compression ratio of the proposed
method in the lossless mode is similar to that of the WinRAR method (e.g. 1.8 for the WinRAR
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method and 1.3 for the proposed method for a vibration signal). By adjusting the error parameter
(e.g. Δ = 25), the compression ratio of the proposed method (namely, in the loss mode) is
significantly improved. In this situation, the proposed method achieves the trade-off between a
low distortion degree (less than 0.1%), which meets the practical requirement, and a high
compression ratio, compared with WinRAR − the loss method.

Fig. 9. A relationship between the distortion degree and the compression ratio of pulse signals.
Table 5. Comparison of Resolution (R) and Compression Ratio (CR) of pulse signals.

Method in [23]
Proposed
method

Method in [23]
Proposed
method

△

5

10

15

20

25

R (bit)

9.71

9.68

9.63

9.65

9.62

CR

2.63

13.23

25.72

41.77

53.51

R (bit)

10.75

10.71

10.68

10.65

10.61

CR

2.80

23.14

60.72

203.73

544.46

△

30

35

40

45

R (bit)

9.59

8.96

8.92

8.85

CR

142.58

198.2

353.6

621.7

R (bit)

10.58

9.99

9.98

9.95

CR

1024.2

1254.6

1358

1477

Table 6. The compression ratio of vibration signals.
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∆

5

10

15

20

25

Method mentioned in [23]

1.32

4.52

11.18

26.19

42.17

Proposed method

1.58

6.28

21.85

37.49

81.92

∆

30

35

40

45

Method mentioned in [23]

50.37

57.84

62.43

69.85

Proposed method

149.12

173.78

197.59

214.33

Metrol. Meas. Syst., Vol. 24 (2017), No. 3, pp. 551–562.

Table 7. Comparison of compression ratios obtained with WinRAR and the proposed method.
Method

WinRAR method

Proposed method

Pulse signal

3.92

545.8 (∆ = 25)

Vibration signal

1.88

81.92 (∆ = 25)

Type

4. Discussion
All telemetry signals of the whole testing process should be sampled and recorded to
determine the state of aircraft in the experiment. Fast-varying signals are the main components
of total data at high sampling rates, and these signals consist of active and smooth transition
phases for the whole test time. The active phase of fast-varying signals in the total flight process
is less than 20%, whereas the smooth transition phase accounts for 80% of the total fast-varying
signals [12, 23]. In the smooth transition phase, the signal values show no significant variations,
which can be considered as redundant data. Therefore, the redundant data provide space for
data compression. If the data are not preprocessed before the compression encoding, the noise
during sampling may increase the difference between adjacent redundant data, which highly
affects the compression performance. The oversampling used in this method enables
a significant reduction of noise signals in the smooth transition to achieve a high compression
ratio in appropriate error parameter conditions. Moreover, the oversampling improves the
precision of the sampled data. Thus, the distortion degree and acquisition resolution of the
telemetry data are highly improved. Based on these results, the proposed method can further
improve the compression performance to meet the requirements in practical engineering
applications. Therefore, the proposed method is significantly more effective when applied to
high-precision high-capacity acquisition systems, compared with the existing studies.
Developing a data compression method with a high compression performance is necessary
to store and transmit large quantities and various types of telemetry data. An enhanced and
effective multichannel telemetry data compression method is proposed to balance the
compression ratio, precision, and distortion. The proposed approach consists of three
modularized phases, as follows: 1) oversampling and normal averaging of the telemetry data,
2) the data compression based on RLE with an error parameter, and 3) two-stage framing. The
proposed data compression method is based on FPGAs. The proposed method significantly
improves the compression ratio of the telemetry data and the system accuracy as well as reduces
the distortion degree of the data, compared with the results of previous research.
The high performance and simple hardware implementation of our proposed method provide
an effective data compression application to high-precision multichannel acquisition systems
and high real-time testing.
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Abstract
The paper deals with the issue of constructing delay lines on the basis of surface acoustic waves and their
application to single-mode oscillators. As a result of a theoretical analysis concrete delay lines are proposed.
In the contribution, there is presented a theory of designing a symmetrical mismatched and matched delay line for
a single-mode oscillator of electrical signals on the basis of which there were designed and fabricated acousticelectronic components for sensors of non-electrical quantities.
From the experimental results it can be stated that all of six designed and fabricated delay lines can be effectively
used in the construction of single-mode oscillators.
Keywords: delay line, oscillator, surface acoustic wave, interdigital transducers.
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1. Introduction
As selective elements of oscillators of harmonic vibration besides the band-pass filters there
are also used delay lines (DLs) and resonators as prospective acoustic-electronic components
based on surface acoustic waves (SAW). From a stability point of view we can classify these
oscillators as those with volume acoustic waves and LC oscillators. The quality factor
of vibrating system of oscillators with SAW is in a range from 100 to 10 000 when these
oscillators work with the basic harmonic in a frequency range from 10 MHz to 1,5 GHz. The
main advantages are their small dimensions, low weight, high mechanic strength, low
sensitivity to vibrations and the possibility to construct oscillators without using inductors. It
increases the demand for their manufacturing and widens the spectrum of their applications in
radio electronics, telecommunications and − at the same time – is the incentive to research into
the issues connected with their theory and manufacturing.
In the paper, the DLs with SAW for single-mode oscillators are examined and the singlemode oscillation conditions for oscillators are determined and − based on the deduced theory −
concrete DL are proposed for various applications .
2. Oscillator with delay line
The basic principle of operation of an oscillator with a delay line is presented in Fig. 1.
A delay line with SAW (3) plugged in the feedback loop of an amplifier (2) is the basic element.
A piezoelectric single crystal base (e.g. Y − cut, Z − direction of propagation of LiNbO3, ST, X
− SiO2 etc.) on which there are installed the input (IDT1) and output (IDT2) interdigital
_____________________________________________________________________________________________________________________________________________________________________________________
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transducers and fabricated with the photolithographic technology. Circuits (1, 3) serve to match
the DL impedance to the impedance of electronic circuitry.
Because passing a signal from the input to the output of DL is delayed, the examined
oscillators are oscillators with a delaying feedback. The theory of these oscillators is well
known in the literature [1, 2], nevertheless the achieved results concern especially the oscillators
with broadband DLs in which the necessary frequency selectivity is secured with additional
circuits (e.g. LC), while in a range of frequencies range for possible applications the DL
parameters do not differ significantly. A different situation is in the case of DLs with SAW,
where DLs themselves have a narrow transmission band and their parameters differ
fundamentally in this range. The physical distinctiveness of functioning of the listed
components which is related to the phenomena of excitation, extension and reflection of SAW
cause that − in addition to providing a delay − the DLs have specific frequency dependencies
on the input and output admittances. Their replacement with lumped RLC circuit elements or
a broadband DL with an outer selective LC is mentioned only very generally.

Fig. 1. A block diagram of an oscillator: 1, 3 – matching circuits; 2 – an amplifier; 4 – a delay line with SAW.

It can be considered as an advantage that for the oscillators with SAW, to compensate their
static capacitances, compensational inductors plugged in input and output IDTs do not have to
be used. By leaving them out, the voltage and current coefficients of transfer radically decrease,
which eventually leads to the necessity of increasing the oscillator’s active element and thereby
to a different action in the process of proposing the DL with SAW.
In the next part we will examine firstly the oscillators without compensation inductors
(mismatched DLs with SAW) and then the oscillators with a matched DL.
2.1. Oscillator with mismatched delay line
A delay line with SAW used as a selective element of oscillator can be symmetrical or nonsymmetrical. A symmetrical DL is characterized by the same input and output IDTs, whereas a
non-symmetrical DL has the input IDT with a small number of electrodes (broadband) and the
output IDT with a big number of electrodes (narrowband). In the contribution we will only deal
with the symmetrical DL. For simplification we will assume that the input and output
admittances of active element, taking into consideration the load, are equal and real, i.e.
g1 = g2 = g. The imaginary part of input/output admittance of element (taking into consideration
the load) can be included in the static capacity of IDT of DL with SAW.
Solving the complex (1) we determine the parameters of natural oscillations:

K ( jω ) = 1 .
The depicted equation can be broken to the equation of phase balance:
ωl
+ ϕ e = 2πk
v
and the equation of modules’ balance:
564

(1)

(2)

Metrol. Meas. Syst., Vol. 24 (2017), No. 3, pp. 563–576.

K 0 K e (ω )K1 (ω )K 2 (ω ) = 1 ,
(3)
where: K0 – a coefficient of loop amplification unit consisting of the amplifier and DL; Ke(ω),
K1(ω) and K2(ω) – module characteristics of the amplifier, input and output IDTs, respectively;
l = vt0 − a distance between the centres of input and output IDTsp; v – a velocity of SAW
propagation; t0 – a delay of the DL; ϕe – a change of phase of the electric signal in the IDT and
the amplifier; k – a positive integer.
An adequate choice of the oscillator active element’s amplification enables to attain the
phase balance, whereas an appropriate geometrical arrangement of the DL enables to attain the
balance of arguments.
For a sufficiently long distance l, the value of ϕe is fundamentally smaller than ωl and so
ν

ϕe does not need be considered in the first approximation. Then the frequencies at which the
oscillations emerge can be determined from (2). Applying the above we obtain:
k
2πv
(4)
ωk =
k , fk = .
t0
l
The indicated frequencies create a discrete spectrum within an interval between single
frequencies (Fig. 2b):
1
(5)
δf = .
t0

With an appropriate choice of arrangement and IDT geometry, the single-mode oscillation
regime can be obtained. In the case of a symmetrical DC, i.e. when the input and output IDTs
are equal and have N sections of distance λ0  λ0 = v  , a module characteristic of DL’s nearby


f0 

synchronised frequency can be sufficiently exactly approximated by the function in a form
(sin 2 x ) , where
( f − f 0 ) . Zeros of the module characteristic match the values x = ± nπ,
x = Nπ
x2
f0

(n ≠ 0). Frequency intervals between zero values are given by the formula:
f
1
(6)
∆f = 0 = .
N τ
There can be stated from the presented facts, that the only condition for the single-mode
oscillation regime is that all the frequencies of the discrete spectrum (5) need to be identified,
with the exception of the synchronous frequency, with zero values of the DL module
characteristics: δf = ∆f.
Then, from the relations (5) and (6), it results that:
(7)
t0 = τ
and − after modifying − the relation:
P0 = N
(8)
can be obtained, where P0 = l and the distance l is expressed as multiples of λ0. For the singleλ0

mode oscillation regime, the DL delay (t0) and the delay created in IDT (τ) must be equal (at
least approximately), from which it results that the distance between IDT centres must be equal
to the IDT length.
It is known that the oscillator’s frequency stability is determined by the sharpness
of argument characteristic of its resonance system at the working frequency ω0. The sharper
this characteristic the higher the frequency stability.
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For the LC oscillators the sharpness of argument characteristic is determined by the time
constant τ of the circuit which is a function of the quality factor Θ of the resonance system and
the working frequency ω0 , according to the relation:
S f = τ LC = −

dΘ
2Θ
.
=
dω ω0 ω0

(9)

For the oscillators with DL and SAW there applies:
l 2πP0
.
(10)
S f = t0 = =
v
ω0
Applying the previous relations we can introduce a term of the quality factor of the resonance
system of oscillator with SAW, as follows:
πl
.
(11)
Θ = πP0 =
λ0

Fig. 2. A module characteristic of IDT (a); the frequency at which the condition of balance of arguments
is fulfilled (b).

From (11) it results that the maximum value of quality factor is set by an obtainable value
of delay which depends on the propagation velocity of SAW and on the technological
possibility to grow mono-crystals, as well as on the operating frequency ω0, which upper limit
is given by the capabilities of the photolithographic technology.
A very attractive property of oscillators with SAW is the possibility of independent
converting the module and argument characteristics of DL (Fig. 3). Two of IDTs are presented
in Fig. 3a, for which the condition (8) is fulfilled and the corresponding module and argument
characteristics are shown. A three-fold increase of the delay t0 for the same dimensions of IDTs
(P0 = 3N) causes a three-fold increase of the phase slope (10), whereas the module characteristic
does not change. In the third case (Fig. 3c), the delay and the argument characteristic remain
the same as in Fig. 3b, but the length of each of IDT increases three times. It causes narrowing
of the DL band-pass in comparison with two previous cases. In the oscillator with a given DL,
the oscillations are possible only at one frequency (in DL – Fig. 3b − the condition of the balance
of arguments and modules is fulfilled at various frequencies) and this oscillator has a higher
frequency stability than the oscillator with a DL shown in Fig. 3a. An increase of frequency
stability is achieved by the fact that at an increase of IDT dimensions and thus also at an increase
l
of delay t 0 = (while P0 = N is still valid), the oscillator becomes less sensitive to changes
v
of the electric phase shift (2).
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Fig. 3. Module and argument characteristics of IDT of various configurations.

A more accurate single-mode oscillation condition can be determined from the complete (2).
Substituting ϕe = ψ1 − ψ2 gives [1, 2]:
(ψ + ψ 2 )
,
(12)
P0 = k − 1
2π
where: ψ 1 = arctg

( bi + Bi ) g and b are real and imaginary parts of the intrinsic admittance of the
; i
i
( gi + Gi )

i − level gate of linear oscillator’s part without the backward coupling of circuit, i.e. without
DL with SAW, Gi and Bi are real and imaginary parts of the input admittance of the i − level
gate of DL with SAW nearly short-circuited with the second (j − level) gate (i = 1, 2) [3].
For piezoelectric materials with a low electromechanical coupling coefficient K2 (e.g. SiO2),
provided that the components of convertors’ admittance are mutually measurable with the
components of the input and output admittance of active element and, the following inequality
holds:
(1 + χ i ) << 1,
(13)
4K 2 N i
π
where: χi =

gi
is a matching coefficient, we obtain the following relation to set an optimal
Gi

value of relative distance between the IDT centres, at which the single-mode oscillation regime
emerges at the working frequency ω0. Applying it we obtain:

2k − 1 2 K 2
+ 2 [N 1 (1 + χ 1 ) + N 2 (1 + χ 2 )] .
(14)
2
π
It results from (14) that the optimal distance between the IDT centres in DL with SAW
P0 =

approaches an odd number of multiples

λ0
at the frequency ω0.
2
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If the input and output conductances of active element are equal to the corresponding
susceptances, i.e. g i = ω 0 CTi , then:
P0 =

4k − 1 2 K 2
+ 2 (N 1 + N 2 )
π
4

(15)

and in the case of a symmetrical DL ( N 1 = N 2 ):

4k − 1 4 K 2
+ 2 N.
(16)
4
π
It results from the equation that optimal distance between the IDT centres in this case
P0 =

approaches an odd number of multiples

λ0
at the frequency ω0.
4

2.2. Oscillator with matched delay line
To improve the characteristics of oscillators with DL with SAW the matching
(compensation) of IDT static capacitance is used. However, the use of compensation circuits
has certain advantages and disadvantages [3−5].
Among the advantages are a decrease of inserted damping and an increase of DL
transmission coefficient. It enables to achieve a higher output power and to increase
effectiveness in comparison with the oscillator with unmatched DL. A disadvantage is the
worsening of long-term stability of the oscillator frequency as a consequence of instability
of matching circuits. In simple cases we can attain the adjustment by serial connection of the
compensation inductor to the IDT clamps (at a low value of the real part of input or output
admittance of active element) or by parallel connection (at a high value of the real part).
A natural resonance frequency of the created resonance circuit (i.e. serial or parallel) has to be
close to the frequency:


ω p = 1  .
(17)

Lk CT 

1
To ensure the single-mode oscillation at g1 = g2 = g, ω CT −
= 2CT (ω − ω p ) = g for the
ω Lk
relative distance between IDT centres, the relation:
P0 = k ,
(18)
where: k – a positive integer, is valid.
From (18) it results the fact that an optimal distance between IDT centres for reaching the
single-mode oscillation must be equal to an integer number of λ0. If the resonance frequency
of adapter circuits differs from ω0, then the optimal relative distance between IDT centres can
be calculated from [1, 2]:
ω 0 − ω p2 
1  ω 0 − ω p1
(19)
P0 = k −
+

.
2
8 K ω 0  N 1 (1 + χ 1 ) N 2 (1 + χ 2 ) 
To increase the output resistance of linear resonance scheme of oscillator (i.e. active element
and DL) and also to increase the output signal filtration we can match only the output IDT
alone. In this case the optimal distance will be calculated from the relation:

ω0 − ω p 2
1 2K 2
P0 = k − +
N1 −
.
2
8 π
8K N 2 (1 + χ 2 )ω0
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(20)
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3. Design, discussion and experimental results of symmetrical delay line
In the paper the DLs with SAW for single mode oscillators are examined.
The main achievements of this paper are:
− An initial formulation of a theory of synthetizing a symmetrical DL with SAW. It is the
baseline theory according to which there are designed important parts of acoustic-electronic
components − the delay lines.
− Verification of the proposed procedure and its accuracy. Based on the theory and the
principle of a delay line there were designed and implemented a temperature sensor,
a displacement sensor and other sensors for measuring non-electrical quantities.
− A contribution to the state of the art in the field of science concerning sensors of nonelectrical quantities and their general applicability.
− Obtaining the experimental results that confirm effectiveness of all designed and
implemented delay lines for the single − mode oscillation applications, and thereby confirm
the previously mentioned advantages.
In the paper, the derived theoretical parameters are compared with the experimental ones.
Based on the previous theoretical considerations, a displacement sensor PLO 43 with
a symmetrical DL, a thermal sensor PSO 40 with a symmetrical DL and a flow sensor PLO 39
suitable for precise laboratory measurements as well as for normal operating measurements
have been designed.
a)

b)

Fig. 4. A structure of DL with SAW (a); a displacement sensor (b).

The displacement sensor consists of two pads with two IDTs installed at the end
of propagation path. The plates can move around each other, changing the distance between the
IDTs (Fig. 4). On the basis of such constructed a delay line an oscillator with a variable delay
in its feedback path is created. The oscillation frequency of the oscillator varies with the change
of propagation path length and is given by the relation:
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f =n

1
,
τ1 +τ 2

(21)

where: τ1 = ( L −1) ν,τ 2 = 1 ν , ; L − a distance between the input and output IDTs; l − a length
of overlap of the plates; v − a velocity of propagation of SAW; v´ − a velocity of propagation
of SAW in the overlapping part; n – a number expressing the mode of oscillations.
If the distance between IDTs changes (Fig. 5), with a shift of the plate, from the value of L
to L + Δl, the length of the overlap is reduced to l − Δl, whereas the oscillation frequency
changes from the value f to f + Δf. In the case when Δl << L, we can calculate (f + Δf) from the
preceding equations.

Fig. 5. A displacement sensor geometry.

PLO 43
Substrate: Y – cut, Z − propagation direction;
− LiNbiO3, thickness of the pad 1 mm.
IDM:
n − 101 electrodes, le = l0 = 10 µm.

Fig. 6. A schematic of construction (all dimensions in µm).

Thus,
f + ∆f =ɺ n

ν  ∆l l − ∆l  ν 
1− +
1 − 
L  L
L  ν ′  .

(22)

Then, the sensitivity of oscillator frequency variations to changes of an overlap length is
given by:
∆f .
ν   l
 ν  
= − n 2 1 −  − 11 − 
∆l
L   ∆l  ν ′ 

(23)

and, if v = v´, then:
∆f
ν
= −n 2 .
∆l
L

(24)

The number n of modes of oscillations depends on the phase shift that occurs in length, as
well as on the frequency-selective properties of IDT. If the plates move from L to (L + Δl), the
oscillation frequency of the n − th mode moves to the next lower frequency within the reach
of the main lobe and the oscillation frequency of the (n + 1)-th mode moves to the middle of the
main lobe (i.e. the frequency of oscillations gradually decreases when the length of overlap
decreases; also, there is a discontinuous change of frequency back to a higher frequency). In the
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case where the overlap length increases, the process of the frequency change is reversed. The
dependence of the frequency change resulting from the shift is linear.
A schematic of construction of the designed and implemented symmetrical mismatched
delay line PLO 43 for a single-mode oscillator is shown in Fig. 6. For its pad there were chosen:
Y − cut; Z − direction of propagation of LiNbO3. The substrate thickness is 1 mm. Some of the
calculated and measured parameter values are shown in Table 1.
Another delay line, PSO 40, symmetrical and mismatched, was implemented for
a temperature sensor (Fig. 7). As a material of the pad a special LST − cut (due to its higher
sensitivity), and X − direction of propagation of SiO2, have been chosen. The substrate thickness
is 0,5 mm. A design scheme is presented in Fig. 8. The fabricated DL with SAW is shown in
Fig. 9 and the dependency of inserted damping on frequency − in Fig. 10. Some calculated and
measured parameter values are listed in Table 1.

Fig. 7. A fabricated thermal sensor based on SAW.

PSO40
Substrate: LST – cut, X − propagation direction, SiO2, thickness of the pad 0,5 mm.
IDM:
n − 31 electrodes, le = l0 = 12 µm.

Fig. 8. A design scheme of delay line PSO 40 (all dimensions in µm).

Fig. 9. A photo of fabricated DL PSO 40.

One of the sensors designed on the basis presented in Section 1, was a flow sensor suitable
for precise laboratory measurements as well as normal operating measurements. Since the
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components of SAW are extremely sensitive to the temperature change (of the order of 10−4 K),
it has been applied to the construction of the flow sensor. A flow of liquid (or gas) results in
a changed temperature of the pad, which is placed on the flowmeter. On this pad, an acousticelectronic component (delay line or resonator) that reacts to the temperature change, is installed.

Fig. 10. The dependency of inserted damping on frequency for DL PSO 40.

A block diagram of the flowmeter is presented in Fig. 11.

Fig. 11. A block diagram of the flowmeter.

The fabricated flow sensor has been designed on the basis of a delay line PLO 39 (128°,
Y − cut, X − propagation direction of − LiNbO3 with a pad thickness of 1 mm). The pad with –
a DL-based SAW is heated using a thin film heater (meander) of a constant power. The flow
of a substance (gas or liquid) (i.e. its flow velocity and the substance properties), results in
a change of temperature of pads (the principle of heat transfer by convection). Changing the
temperature of the pad causes a linear change of the frequency of oscillator with SAW (in the
sensor a delay line has been used, but a resonator can be used instead, too).
The heat transfer by convection per a unit area A can be expressed by the modified Newton’s
rule:
Q = hA∆T or Q A = h∆T ,
(25)
where: h – a convective heat transfer coefficient; A – an area; ΔT – a temperature difference
(the convection constant and the temperature difference are determined by the nature of the
process).
It is clearly seen from the above relationship that the rate of heat flow grows with increasing
the temperature difference and with increasing the transmission coefficient. Increasing the
flowing substance speed causes an increase of the transfer coefficient.
The convection process can be expressed as the product of a flowing substance mass − m;
a specific heat − cp and an average surface temperature gradient − dt, as follows:
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Q = m.c p dt.

(26)

Solving (25) and (26) we can derive a relationship between the flowing quantity and the
average surface temperature gradient of acoustic − electronic component with SAW.
Then, the temperature sensitivity of an oscillator with DL-based SAW (we assume that the
volume of flowing substance, as already mentioned, causes a change in the temperature of the
component with SAW and thus a change of the oscillator frequency) is given by the following
equation:
2
(27)
df = f (ν 0 ) 1 + a (ν − ν 0 ) + b(ν − ν 0 ) + ... ,
where: a, b − temperature coefficients of the first and the second order frequency at the
reference temperature (zero) υ0.
A flow characteristic of the implemented SAW-based oscillator (a function of flow vs.
frequency) is shown in Fig. 12.

[

]

Fig. 12. A flow characteristic of a SAW-based oscillator.

As the flowmeter we used a designed, experimentally verified and fabricated symmetrical
non-adapted DL − PLO 39 (Fig. 13) with measured and calculated values − Table 1. The
dependence of insertion loss on frequency is presented in Fig. 14.
PLO 39
Substrate: 128° Y − cut, X − propagation direction, LiNbO3, thickness of the pad 1 mm.
IDM:
n = 101 electrodes, le = l0 = 12 µm.
Meander: meander width 20 µm.

Fig. 13. A photo of the fabricated DL PLO 39 and its design scheme (all dimensions in µm).
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Fig. 14. The dependence of inserted damping on frequency for the DL PLO 39.

A structural design of the flow sensor with SAW is presented in Fig. 15. The cover 2 of the
flow sensor is made of fiberglass. The top cover 3 with a seal beneath it (to decrease the
influence of external conditions on the piezoelectric substrate with the delay line) is attached
with four screws.

Fig. 15. A design of the flow sensor. 1 − piezoelectric plate with delay line and thin-film heater (meander);
2 − fiberglass cover; 3 − top cover; 4 – flow chamber; 5 − space for electronic part;
6 − inlet and outlet openings; 7 − rubber seal; 8 − holders of piezoelectric pads.

The flow sensor has an inlet and an outlet (6) for the substance flow in and out. The sensor
is connected to three wires: DC voltage, RF signal and common ground, implemented by a twowire coaxial cable, and to two wires supplying power to the thin film heater (meander).
The internal space of the sensor is divided into two parts. The bottom part is the flow
chamber − 4, through which flows the measured substance. In the top part there is a space for
storing the electronic part – 5. In the plate separating the bottom and top parts there is an
opening, at the top of which there is fixed a piezoelectric plate with the delay line with a thin
film heater (meander) – 1. The temperature of the piezoelectric plate is influenced from the
bottom by the flowing substance. The piezoelectric plate is attached with two holders − 8 (Z −
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shaped) that are of the same length as the length of the plate. Each holder is attached to a solid
plate with two screws. The screws have to be sealed, to prevent contacting the measured
substance from the flow chamber with the electronic part. Between the fixed plate and the
piezoelectric pad there is a rubber seal − 7 (with a perimeter about that of the piezoelectric pad).
A rubber seal is placed also between the piezoelectric plate and the holders. The seals also serve
as a thermal insulation preventing a heat exchange between the piezoelectric plate and the fixed
plate and holders. Where appropriate, they also work as shock dampers.
In implementing there was used a two-stage amplifier providing a high value of inserted
attenuation. For powering the meander there was used a precise stabilized power supply (with
a precise control of current and voltage). The flowmeter is attached to a modified evaluation
device (a computer with circuits of pre-setting zero and dividing by any number).
Table 1. The parameter values of the fabricated delay line (calculated and measured).
Parameter
vef [m.s−1]
K2

PLO 43
3483
0,0482

PSO 40
3357
0,0022

PLO 39
3990
0,0482

Note

Cs´ [pF.m-1]

429,3

68

696

λ0 [µm]

60

50

28

le = l0 [µm]

10

12

10

electrode and gap width

−
−
50
101
2896
7500

76,09
76,06
15
31
732
3732

142,5
142,7
50
101
1400
6110

calculated
measured

≈ 130
130
47
45

≈ 83
83
3,06
2,62

specific capacity of section

foc [MHz]
fom [MHz]
N
N
l´ [µm]
l [µm]
P0
K
CTc [pF]
CTm [pF]
Qc
Qm
bd [dB]
w [µm]
∆f
∆l

[Hz.µm-1]

≈ 220
220
78
80

λ0 =

vef
f0

n = 2N + 1
l´ = Nλ0
l = P0λ0

CTc = Cs´wN
measured

452

261

690

≈ 439
48
2200

≈ 260
58
3000

≈ 695
18
2240

QC = πP0
measured
inserted damping
aperture

300

−

−

changing the frequency by displacement

4. Conclusion
In the paper, a theory of designing a symmetrical mismatched and matched delay line for a
single-mode oscillator of electrical signals is presented. On the basis of DLs there were
designed and fabricated acoustic-electronic components for sensors of non-electrical
quantities.
From the experimental results it can be stated that effectiveness of the total of six designed
and implemented DLs was confirmed for the single-mode regime. Table 1 shows the calculated
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and measured parameter values of only two sample DLs used in displacement and temperature
sensors.
In the further research, the authors will deal with the theory of synthesis of an asymmetrical
DL with an interdigital transducer with diluted electrodes.
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Abstract
This paper presents an experimental study on influence of input light polarization on the spectral characteristics
of a fibre twist sensor based on Tilted Fiber Bragg Grating (TFBG) with simultaneous application of bending to
an optical fibre. The application of proposed measurement stand could provide the ability of transforming the
bending to a displacement. The twist measurement was performed by tuning of the sensor illuminating light
polarization angle. The spectral parameters of selected cladding mode which are sensitive to the rotation of input
light polarization angle have been shown. This paper shows the characteristics of transmittivity and wavelength
shift for an incident high-order cladding mode measured with different curvatures of fibre. The dependency
of selected cladding mode spectral parameters related with the twist measurement on the influence of temporary
bending has been shown. The measurements were performed for two positions of sensing structure refractive index
perturbations in relation to the bending direction plane. The experimental results show that the direction of TFBG
structure bending has a small influence on the stability of spectral parameters characteristic for twist measurement,
assuming that the bending direction is fixed while measurement.
Keywords: optoelectronic sensors, tilted bragg grating, sensing technology.
© 2017 Polish Academy of Sciences. All rights reserved

1. Introduction
Fiber Bragg Grating (FBG) sensors have emerged as a promising and important part
of novel measurement systems. The most important advantages of FBG-based sensors are their
high sensitivity, good repeatability, small size and immunity to electromagnetic interference
[1−4]. Another advantage of measurement systems containing FBG sensing structures is their
ability to using several gratings written in a single optical fibre and measuring many parameters
at the same time [5]. Because FBGs are inherently sensitive to both strain and temperature,
strain sensors based on Bragg grating always require temperature compensation. Some
of technological modifications, such as tapering of optical fibre or creating chirp in an FBG
structure could be implemented to obtain desirable sensing properties [6−8]. Recently, the
Tilted Fiber Bragg Grating (TFBG), which introduces an angle between the grating planes and
the fibre cross-section, has been extensively examined due to its distinctive properties in the
field of fibre sensing [6]. The most striking effect of TFBG is the strong enhancement of the
counter-propagating cladding mode resonances for its tilted grating planes.
The twist sensing is an important requirement in monitoring the health condition in
engineering such structures, as buildings and bridges. The most common approach during
designing optical fibre twist sensors is to measure the change in circular birefringence caused
by twist of fibre, such as circular birefringence is Sagnac loops’ twist sensing [9, 10].
The Sagnac-based twist sensors usually suffer from temperature dependence and instability
[11]. Recently, the TFBGs which enhance the coupling of light from the core mode with a large
number of counter propagating cladding modes, have been used as twist sensors [12].
_____________________________________________________________________________________________________________________________________________________________________________________
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An approach was made of using Long Period Fiber Gratings (LPFGs) to bending
measurements by embedding a sensing structure into a composite laminate, but LPFGs present
cross-sensitivities between different physical parameters such as pressure, strain and
temperature [13, 14]. The reduction of temperature cross-sensitivity may be obtained by using
a hybrid structure consisting of an LPFG and tilted Bragg grating for curvature measurements
[15].
Sensing structures based on TFBGs could be applied to obtaining the multi-functionality of a
fibre sensor [16]. The bend sensing principles of TFBG spectral response have been
demonstrated [17]. Independency from temperature of some TFBG-based sensors could be
obtained by the insertion of a short segment of multimode optical fibre between the TFBG
structure and a single mode fibre [18].
The spectral response of TFBG influenced by different curvatures and various input light
polarization angles has been shown [15], however the dynamics of optical power response
to twist could be increased by the application of a stronger tilt angle in the TFBG fabrication
process. The enhancement of fibre sensor characteristics is an important prerequisite
to manufacture the periodic structures with desirable spectral characteristics. This paper
presents a photonic sensing system based on a tilted Bragg grating sensor for measurements
of twist/rotation by analysis of optical power and wavelength shift of selected cladding modes
with simultaneous influence of fibre curvature changes. The twist measurement was introduced
by tuning of the input light polarization angle in relation to planes of periodic variations
of refractive index in the fibre core. The spectral response was measured for two different
TFBG tilt angles with simultaneous changing of fibre section curvature with written grating.
The dependency of twist measurement stability on influence of temporary bending has been
examined. Obtaining a double functionality of sensor is an interesting approach to develop.
2. Sensing principle of TFBG structure
The transmission spectrum of tilted Bragg grating structure is highly dependent on an
introduced tilt angle. The spectral width of cladding modes’ dips in the measured spectrum is
widening with growth of the angle. The wavelength and transmittivity of some dips and peaks
of transmitted TFBG spectrum could be influenced by the input light polarization angle and
fibre curvature. The wavelength of a specified cladding mode is determined by the grating tilt
angle and effective refractive indexes according to the following expressions [19]:
λco =

co
2n eff
Λ

cos θ TFBG

,

 n co + n cl  Λ
eff i 
 eff
λ cl
=
i
cos θ TFBG

(1)
,

(2)

where: ∆λco is a core mode wavelength; ∆λicl is a resonance wavelength between the core mode
and another one labelled i; ncoeff is an effective index of the single mode guided by the core at
the wavelength where the resonance is observed; ncleff i is an effective index of the mode i at the
same wavelength; Λ is a period of pattern used to create the grating; and θTFBG is a tilt angle
of the grating. The reflectivity of individual resonant modes Rico,cl depends on the modulation
of the refractive index according to the following expression [19]:
+∞





 4π


Rico , cl = tanh 2  LC
E co * E cl ∆ n cos 
z cos (θ TFBG ) + y sin (θ TFBG ) dxdy  ,
 Λ



−∞



∫∫

(3)

where: L is a longitude of the grating; C is a proportional constant related to the normalization
of the transverse mode fields; E is a transverse component of the electric fields of the modes;
578

Metrol. Meas. Syst., Vol. 24 (2017), No. 3, pp. 577–584.

and Δn is a function describing the variation of the refractive index due to the grating crosssection in fibre. The amplitude and wavelength of individual resonant modes could be affected
by changes of refractive index values caused by changes of input light polarization angle and
TFBG fibre section curvature.
TFBG sensors used in the following experiments were 15 mm long, written in photosensitive
germanium-doped single mode fibres by using the phase mask rotation technique and
a BraggStar KrF excimer pulse laser. The assembled experimental stand provides continuous
tuning of the input light polarization angle with simultaneous changing of the bending diameter
which affects the fibre section with written TFBG sensing structure. Fig. 1 shows the
experimental setup where the twist of input light polarization angle is introduced by an
electronically driven rotating table with a half-wave plate. The bending changes were
performed by the application of specified radius curvatures to the optical fibre section with
written TFBG structure.

Fig. 1. The experimental stand for measurement of the spectral response of TFBG sensor affected
by changes of input light polarization angle and fibre curvature.

3. Experimental results
3.1. Experimental setup and measurement principles
The experiment was performed with using a tilted Bragg grating with 4° tilt introduced in the
manufacturing process. This tilt angle value provides a good sensor response to changing of the
polarization state of input light. Fig. 2 shows a transmission spectrum measured with the
introduced input light with P-polarized state. According to Fig. 2b, the P-polarized state means
that the polarization plane of illuminated light was parallel to x−z plane when the refractive
index perturbations in the fibre core are tilted relative to y−x plane. In the experimental study
the polarization angle was being changed in a 0–90° range (i.e., from parallel to x−z plane to
parallel to y−z plane).
The changing of input light polarization angle related to planes of tilted periodic refractive
index perturbations in fibre core influences on wavelength and transmission coefficient
of cladding modes. Actually, the strength of obtained spectral differences depends on the modeorder of considered spectrum dips. Fig. 3. shows the spectral response of chosen cladding mode
dips for twisting of input light polarization. Inset (a) concerns the case of high-order cladding
mode and inset (b) concerns a case of low-order mode. The wavelengths of depicted spectra are
related to characteristic shown in Fig. 2. The relative power difference between 90 and 45
degrees twist for high-order mode is about 40%. The low-order mode is much less sensitive –
the relative power difference between boundary twist values is about 10%. To designate the
influence of curvature applied to TFBG fibre section for twist sensing properties of polarization
dependent tilted Bragg grating sensor, the high-order cladding mode with 1535.35 nm
wavelength was chosen.
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a)

b)

Fig. 2. A transmission spectrum of the tilted Bragg grating twist sensing structure with a 4° tilt angle
in the P- polarized state (a); a schematic diagram of the input light polarization state and bending
direction relative to refractive index perturbations (b).

a)

b)

Fig. 3. The spectral response of cladding mode dips in transmission spectrum treated to variable angle
of boundary input light polarization: the more sensitive high-order cladding mode (a);
low-sensitive low-order cladding mode (b).

The high stability of selected peak spectral properties are desirable in case of obtaining
a double functionality of fibre sensor. The optical spectra of selected cladding mode which
provides a strong signal response for changes of applied input light polarization twist were
measured with using Optical Spectrum Analyzer with 0.02 nm resolution. The curvatures were
performed by strengthening a loop shaped fibre section with written TFBG sensor with using
an electronically driven translation stage. Increasing of the distance between stages with fibre
clamps causes the decrease of curvature radius.
3.2. Experimental results for two bending directions
The influence of bending on the transmission spectrum of TFBG twist sensor was examined
for two perpendicular directions of bending in relation to refractive index perturbations in the
fibre core. These boundary fibre position rotations have been chosen as representative
examples. Fig. 4 shows the boundary cases of bending direction related to TFBG fringes where
the curvature plane is parallel to y−x plane. Two created measurement setups are described in
the further part of this paper as case I and case II presented in Fig. 4a and Fig. 4b, respectively.
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a)

b)

Fig. 4. Views of boundary TBFG sensor angle positions for two cases: TFBG fringes parallel
to the bending plane (a); refractive index fringes perpendicular to the bending plane (b).

In both examined cases, the bending direction was specified as parallel to y−z plane, i.e. 0°
angle of input light polarization (according to Fig. 4). In case I an optical fibre with a TFBG
sensor was positioned as it is shown in Fig. 4a. In case II the fibre was rotated by 90 degrees
around its central axis while the bending direction and light polarization planes were the same
as previously, which is shown in Fig. 4b. Figs. 5 and 6 show transmission spectra of a highorder cladding mode power dip for three boundary cases: 0, 45 and 90 degrees of input light
polarization angle chosen as representative examples of twist measurement. The bending
of TFBG fibre section was performed in a 28–8 mm range.
a)

b)

c)

Fig. 5. Spectral responses of a specified cladding mode dip influenced by changing of TFBG fibre
bending radius for three boundary cases of input light polarization angle: 0° (a); 45° (b); 90° (c)
with the bending direction presented in Fig. 4a.

Figure 5 shows that the spectra of a chosen cladding mode measured for three cases of input
light polarization are very stable for curvature diameters decreasing down to 20 mm.
The polarization state of illuminating light is not influencing a stability range – in every case
the spectrum measured for bending with a 16 mm radius is shifted to shorter wavelengths. This
phenomenon becomes more outstanding when the diameter is shortened down to 8 mm. The
high stability of spectral parameters for curvature diameters from 16 to 28 mm makes
reasonable to expect the same behaviour for longer diameters. Fig. 6 shows similar spectra for
the same input light polarization angle and bending plane dependencies, measured for the TFBG
sensor rotated by 90 degrees around the central axis, which is shown in Fig. 4b. The line styles
represent spectra measured for the TFBG structure curved with the same radiuses as shown
in Fig. 5, respectively.
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a)

b)

c)

Fig. 6. Spectral responses of the same high-order cladding mode influenced by changing of TFBG fibre
bending radius for three boundary cases of input light polarization angle: 0° (a); 45° (b); 90° (c)
with the bending direction presented in Fig. 4b.

The spectral characteristics showed in Fig. 6 prove that the strengthening of TFBG sensor
curvature has a very weak influence on the cladding mode transmission characteristics. It should
be noticed that the spectra measured for two fibre position cases and for the same input light
polarization state, have different shapes. Therefore, the fibre sensing section has to be fixed in
one rotation state. Fig. 7 and Fig. 8 show characteristics of transmission and wavelength shift
of a specified cladding mode power dip in a function of strengthened bending radius. The plots
marked as case I and case II refer to the spectral characteristics depicted in Fig. 5 and Fig. 6,
respectively.

Fig. 7. Stability plots of a chosen high-order cladding mode transmission coefficient in a function
of a curvature radius decrease.

Fig. 8. Characteristics of a specified high-order cladding mode wavelength stability in a function
of a decrease of TFBG fibre section curvature radius.
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The above graphs prove that a decrease of curvature diameter of fibre section with TBFG
has a weak influence on transmissivity and wavelength of a selected high-order cladding mode
spectrum. The spectral parameters of selected cladding mode of sensing structure positioned in
the experimental stand defined as case I show the greater sensitivity for small curvature
radiuses. The mode dip transmittivity and wavelength begin to shift from 16 mm radius to
a strengthened bend. In case II of refractive index perturbation position, the transmission
spectrum of a selected high-order cladding mode is more stable for small bending radiuses.
Due to this conditions, Table 1 contains coefficient values calculated for transmittivity and
wavelength in a 28–16 mm range of curvature radiuses. Table 1 shows the maximum
differences of transmission and wavelength of a selected cladding mode spectrum measured for
two cases of sensor position and three different input light polarization angles − for bending
radiuses in a 28–16 mm range.
Table 1. The maximum values of differences of transmission and wavelength of a selected cladding mode
spectrum for two cases of sensor position and three different input light polarization angles
(the bending radius in a 28–16 mm range).
Input light polarization
Transmission

0
0,0136

case I
45
0,0373

90
0,0289

0
0,0164

case II
45
0,0102

90
0,0132

Wavelength shift [nm]

0,01

0,014

0,016

0,012

0,08

0,016

4. Conclusions
In this paper the stability characteristics of selected spectral parameters of TFBG-based
sensor for simultaneous twist and bending are shown. The twist sensing is based on the sensor
illuminating light polarization dependencies of tilted Bragg gratings. Two different positions
of fibre in relation to the bending direction plane − denoted as case I and case II − were
examined. Increasing a grating tilt angle could significantly improve the dynamics of highorder mode spectral response to a change of input light polarization plane angle. In addition the
strongest tilt angle provides different changes of spectral characteristics when the sensing
structure is influenced by bending with evolving curvatures.
The measurement results show that the selected high-order cladding mode of a 4 degree
tilted TFBG sensing structure has a high transmission coefficient and dip wavelength stability
while being curved with strengthened radiuses. The characteristics shown in Fig. 5 and Fig. 6
show the spectra of the same cladding mode measured for the same illuminating light
polarization angle but for different fibre positions, which is presented in Fig. 4. The fibre was
rotated by 90 degrees around its central axis to obtain two boundary positions of planes
of TFBG fringes related to the bending direction. Based on the shown spectra, it is clear that
for both fibre positions in specified ranges of curvature radiuses the spectra show a high
stability. Comparison of spectral characteristics obtained for the same curvature diameters but
with different fibre positions shows that in a real measurement system of two quantities, the
fibre sensing structure has to be kept in a position which guarantees no rotation around its
central axis. Uncontrolled rotating of fibre could also destructively influence the twist sensing
abilities. However, the starting fibre angle arrangement is straightforward when we analyse the
stability of measured cladding mode parameters – fibre just has to be prevented from
uncontrolled rotating. The measurement results for both boundary cases of sensing structure
position in relation to the bending direction plane show that in both cases the measured spectra
were very stable when the loop with a sensing TFBG was strengthened, decreasing its curvature.
The high stability of spectral parameters for curvature diameters from 16 to 28 mm makes
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reasonable to expect the same behaviour for longer diameters. The improvement of TFBG
sensor twist sensing dynamics by the application of a greater internal tilt could be employed,
with no destructive influence on the bending-dependent stability of high-order twist-sensitive
cladding modes’ spectral characteristics.
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