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Abstract — A mathematical temperature model of propagation
characteristics is presented and its study is performed on the
example of a microstrip transmission line. It was found that
the maximum change of line characteristics with the separate
influence of a temperature change from minus 50°C to 150°C
on each of the cross-section parameters of the line does not
exceed 1%, and with a simultaneous influence on all
parameters — 10.76%. It was revealed that the maximum
influence on the change of line characteristics is exerted by the
change of the substrate relative dielectric permittivity, at
which the maximum change in per-unit-length parameters is
up to 10%.

Index Terms — climatic environment, ambient temperature,
thermal expansion, per-unit-length parameters, microstrip
line.

I. INTRODUCTION

ADIOELECTRONIC EQUIPMENT (REE) has

found its application in almost all spheres of modern
society, the most important of which are military and
aerospace. In such spheres REE operates in particularly
difficult and often hard climatic environment, which can
have a negative impact on it. For example, in near-earth
orbit the metal warms up to 160 °C under direct sunlight
and cools down to minus 100 °C in the shadow. A change
of environment temperature can lead to a change in the
chemical-physical and mechanical properties of materials
[1]. With the temperature increase, the growth of some
material defects accelerates, which leads to a decrease of
the bounding strength of construction elements of the
equipment. In addition, most materials in simultaneous
exposure of heat and mechanical stress are subject to
deformation. In a number of materials, heating causes
chemical decomposition and accelerated aging, which
result in a change in their parameters and characteristics.
For example, due to the high relative permittivity of water
during the operation of REE in a humid environment, a
capacitive effect occurs, which manifests itself in a change
in the surface resistance of insulators, capacitance and
quality factor, and also in a decrease of a breakdown
voltage, which can have a significant adverse effect on the
sensitivity of REE. In this regard, considering the effect of
temperature in the process of designing of REE is
extremely relevant.

II. PROBLEM STATEMENT

Depending on the application field of the REE, climatic
tests are carried out in the corresponding environment, and
materials are selected to meet the technical requirements
[2]. Meanwhile, conducting the full-scale climate tests
requires a lot of time and financial costs, so the possibility
to take into account climatic factors at an early stage of the
device design will minimize these costs. For this, a
mathematical simulation of the influence of climatic factors
on the changes in materials parameters is necessary, which
can be implemented based on mathematical models.

Printed devices based on microstrip lines are used for
various purposes in REE, including REE protection against
various interferences. In this respect, an important task is to
analyze the influence of the climatic environment on the
protective properties of devices, since they have a
complicated configuration and a change in parameters can
lead to a significant change in their characteristics.

For definiteness, we note the study of protective printed
devices. For example, ultrashort pulses of the nano-
and picosecond ranges present the greatest danger for REE,
and therefore it is worth noting protection devices against
ultrashort pulses based on meander line structures [3].
Their merit is the absence of a number of disadvantages of
traditional solutions (for example, RLC-filters): low power
and speed [4], influence of parasitic parameters [5], loss of
properties of insulating dielectric between the capacitor
plates [6]. There are also well-known studies of other
protection devices based on printed structures and signal
filtering in the frequency band widely pursued nowadays
[7-12].

However, before analyzing complicated devices, it is
advisable to practice an analysis approach and study
simpler structures. A microstrip line is seen appropriate for
this, and the first step for implementing climate models is
the simplest one — the temperature model.

The aim of this paper is to carry out a study of the
temperature effect on characteristics of a single microstrip
line. To achieve this aim, it is necessary to introduce a
mathematical temperature model; to calculate per-unit-
length capacities and secondary parameters of the
microstrip line with taking into account the environment
temperature changes; and to analyze the results. In this
work the simulation was performed using the TALGAT
system [13], which implements the calculation of
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transmission line parameter matrices with the method of
moments.

II. THEORY

The temperature model has the general view P(7), where
P is any of the structure characteristics, and 7 is the current
temperature of external environment. The following
parameter values of a microstrip line where was chosen as
an initial one (Fig. 1): the width (w) and thickness (7) of the
conductor were 1000 pm and 18 um respectively, the PCB
substrate thickness (%) was 500 um, the distance from the
structure edge to the signal conductor (d) was 3w, the
relative dielectric permittivity of the PCB substrate (g,) was
44.

d -If d
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Fig. 1. Microstrip line cross-section.

In the TALGAT Script software language, the thermal
expansion model of each of the line parameters according
to the well-known expression is implemented as following:

x=xo(1+aAT) )
where x is the value of line parameter according to thermal
expansion; xo is the initial value of this parameter; a is
the material linear thermal expansion coefficient; AT is the
temperature difference. The temperature band was from
minus 50 °C to 150°C with the step of 25°C. The
temperature difference was calculated from 25 °C. The
value of a for copper was taken equal to 17-107° according
to [14] and for the PCB substrate along Z- and Y-axes was
70-10° and 17-10°°, respectively [15].

The temperature dependence of the ¢, was taken into
account in a similar way. The coefficient o was obtained as
follows. Based on the data from [16], the absolute
coefficient of variation of ¢, from 7 was calculated as

€ -& .
rmax rmin
Oy =—"—"—"— (2)
Tmax - Tmin

where Tina and Ty are the maximum and minimum of the
temperature range values, and &ma and &g are the
maximum and minimum of the relative dielectric
permittivity values for the extreme points of the 7' range.
Fig. 2 shows the dependence of ¢, from T with frequency
changing, from which it follows that ao=-0.003. Then,
dividing oo by the average ¢, value of 5.6 we obtain o= —
5.35-10*,

Slope: —0.003K™
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Fig. 2. Dependence &.(7) for different frequencies from [16].

IV. RESULTS

The per-unit-length capacitance of the line with the
dielectric (C) and in the air (Cp) was calculated taking into
account the influence of temperature according to
expression (1). The secondary parameters of the line — per-
unit-length delay (t) and characteristic wave impedance (Z2)
- were calculated additionally. Fig. 3 shows the obtained
dependences on T for each of the cross-section parameters
(w, t, h, d and &) separately and simultaneously.

From the dependences, when the temperature separately
affects each of the parameters, it can be seen that its effect
on ¢ and d practically does not lead to a change in C, Cy, T
and Z, and its effect on w leads to their insignificant
changing. Thus, the maximum change of C(7) was 0.22%,
Co(T) — 0.18%, ©(T) — 0.017%, Z(T) — 0.2%. The change in
h has a greater effect on per-unit-length parameters. This is
because the coefficient of linear thermal expansion for the
substrate along the Z axis has a higher value. Thus, due to
the influence of temperature only on /4, the maximum
change of C(7) was already 0.93%, Co(T) — 0.79%, ©(T) —
0.07%, Z(T) — 0.86%. Finally, the change in &, has the
major effect on per-unit-length parameters. Obviously, this
is due to the large value of o and its significant effect on
the per-unit-length capacitance of the structure. Thus,
because of the temperature influence only on &, the
maximum changes in C(7), ©(7), and Z(7) were 9.99%,
4.87%, and 4.88%, respectively. It is noteworthy that the
obtained dependences have a different slope. For instance,
from the presented results it can be seen that the effect of
temperature on w and /4 differently affects the behavior of
C(T), Co(T), o(T) and Z(T). However, these dependences
with the simultaneous influence of 7 on all parameters of
the cross-section have a maximum slope, which is
generally determined by the influence of &,. For example,
with the simultaneous influence of 7 on all parameters of
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the cross-section, the maximum change of C(7) was
already 10.76%, Co(T) — 0.6%, ©(T) — 4.93% and Z(T) —
5.56%. The identical character of C(7) and Cy(7), ©(7)
dependences and the opposite character of Z(7) dependence
are remarkable. The last can be easily explained by the
expressions for calculating T and Z:

L_(CIC)”

Vo

1

(VO(CCO)O-S)
where vy is the speed of light in vacuum.

As it can be seen from expression (3), T is directly
proportional to C and inversely proportional to Cp, and
since C(7) and Co(7T) have the same slope, then the slope of
1(7T) coincides with the slope of C(7) and Co(7). As it can
be noted from expression (4), Z is inversely proportional to
the product of C and Cy; therefore, Z(7) dependence
changes its slope as opposed to C(7), Co(T) and t(7). Thus,
the separate influence of 7 on w, ¢, h and d in a rather wide
range slightly changes the per-unit-length parameters of the
line under investigation, while the maximum change of C,
Co, t and Z does not exceed 1% when T changes in the
range of minus 50 to 150°C. However, the separate
influence of T on &, is significant and the maximum change
of C, v and Z is already 10%. With the simultaneous
influence of 7 on the change of all structure parameters, the
change in per-unit-length parameters is even higher and
equals 10.76%. For clarity, Table 1 summarizes the
calculated values of w, ¢, h, d and &, in the temperature
range.

(€)

2

TABLE I
DEPENDENCE OF TRANSMISSION LINE PARAMETERS
ON TEMPERATURE
7,°C | w, um t, um h, pm d, um &
—50 | 998.725 | 17.9771 | 497.375 | 2996.17 | 4.57655
-25 999.15 | 17.9847 | 498.25 | 2997.45 | 4.5177
0 999.575 | 17.9924 | 499.125 | 2998.72 | 4.45885
25 1000 18 500 3000 4.4
50 1000.42 | 18.0077 | 500.875 | 3001.27 | 4.34115
75 1000.85 | 18.0153 | 501.75 | 3002.55 | 4.2823
100 1001.28 | 18.023 | 502.625 | 3003.82 | 4.22345
125 1001.7 | 18.0306 | 503.5 3005.1 | 4.1646
150 1002.13 | 18.0382 | 504.375 | 3006.38 | 4.10575

V. CONCLUSION

A mathematical temperature model is presented and its
study is performed on the example of a single microstrip
line. It was revealed that the influence of temperature both
separately on each of the cross-section parameters and
together on all line parameters in a rather wide range has a
significant effect on the per-unit-length capacitance and
secondary parameters of the line under investigation. The
maximum change of per-unit-length capacitances and
secondary parameters of the line with a separate influence
of temperature changes in the range from minus 50 to
150°C on each of the cross-section parameters of the line is
10%, and with a simultaneous influence on all parameters it
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is 10.76%. This effect is determined more by the influence
of temperature on changing the relative permittivity. Thus,
taking into account the described model, a significant effect
of temperature on the per-unit-length characteristics was
revealed.

However, for real materials, the coefficients of linear
thermal expansion and changes of the relative permittivity
caused by temperature may differ from the coefficients
used in the presented model, which will affect the per-unit-
length capacitance and secondary parameters of devices
based on microstrip lines. In addition, in this paper we took
only one set of parameter values. Meanwhile, the
sensitivity of various characteristics to the changing of
various parameters changes when their values change [17].
Therefore, it is possible to consider this. Thus, when
designing such devices, it is important to take into account
the temperature conditions in which they will be used and
to perform the detailed simulation of them considering the
temperature of the environment, as well as optimization, to
achieve their required characteristics in the given
temperature conditions.

The presented temperature model can be used for more
complex structures. Therefore, the next step is to evaluate
the effect of temperature changing, for example, on
meander delay lines, described in detail in [3]. In addition,
it is advisable to develop a mathematical model of the
dependence of parameters on air humidity, since its
influence can be significant. At the same time, it may be
useful to consider the influence of these factors on the
frequency characteristics of the structures. Finally, it is
important to conduct field experiments and compare the
results of measurements and simulations.

ACKNOWLEDGMENT

The study was supported by the grant Ne 19-79-10162 of
the Russian Science Foundation in TUSUR.

REFERENCES

[1] Ispytatel'naya tekhnika: Spravochnik [Testing Technology:
Handbook], Pod red. V.V. Klyucheva, M.: Mashinostroenie, Book 1,
1982, 528 p.

[2] Metody ispytanij na stojkost' k klimaticheskim vneshnim
vozdejstvuyushchim  faktoram  mashin, priborov 1  drugih
tekhnicheskih izdelij. Ispytaniya na vozdejstvie vlazhnosti. [Test
methods for resistance to climatic external influences of machines,
devices and other technical products. Humidity Testing.] Standart
P 51369-99, 1999.

[3] R.S. Surovtsev et al., “Possibility of protection against UWB pulses
based on a turn of a meander microstrip line,” IEEE Transactions on
Electromagnetic Compatibility, vol. 59, no.6, pp.1864-1871,
Dec. 2017.

[4] Z.M. Gizatullin, R.M. Gizatullin, “Investigation of the immunity of
computer equipment to the power-line electromagnetic interference,”
Journal of Communications Technology and Electronics, no. 5, 2016,
pp- 546-550.

[5] Zajkova S.A. “Passivnye komponenty radioelektronnoj apparatury
[Passive components of electronic equipment],” Posobie, Grodno:
GrGU, 2009, 67 p. (in Russian).

[6] A.S. Koldunov, “Radiolyubitel'skaya azbuka. Analogovye ustrojstva
[Radio alphabet. Analog devices],” M: Solon-Press, vol. 2, 2004,
288 p.

[7] R.Krzikalla et al., “Systematic description of the protection capability
of protection elements,” in Proc. of IEEE Int. Symp. on EMC,
Honolulu, HI, USA, 2007, pp. 1-4.

[8] R.Krzikalla et al., “Interdigital microstrip filters as protection devices
against ultrawideband pulses,” in Proc. of IEEE Int. Symp. on EMC,
Istanbul, Turkey, 2003, pp. 1313-1316.

[9] R.Krzikalla and J.L. ter Haseborg, “SPICE simulations of uwb pulse
stressed protection elements against transient interferences,” in Proc.
of IEEE Int. Symp. on EMC, Chicago, IL, USA, pp. 977-981, 2005.

[10]T. Weber et al., “Linear and nonlinear filters suppressing UWB
pulses,” IEEE Trans. on EMC, vol. 36, no. 3, 2004, pp. 423-430.

[11]Q. Cui et al., “Investigation of waffle structure SCR for electrostatic
discharge (ESD) protection,” in IEEE International Conference on
Electron Devices and Solid State Circuit (EDSSC), 2012, Bangkok,
Thailand, Dec. 2012, pp. 3-5.

[12]1H. Hayashi et al., “ESD protection design optimization using a
mixed-mode simulation and its impact on ESD protection design of
power bus line resistance,” in International Conference on Simulation
of Semiconductor Processes and Devices, 2005 (SISPAD 2005),
Tokyo, Japan, Sept. 2005, pp. 99-102,

[13]S.P. Kuksenko et al., “Novyie vozmozhnosti sistemyi modelirovaniya
elektromagnitnoy sovmestimosti TALGAT,” Dokladi Tom. gos. un-ta
sist. upr. i radioelectroniki, vol.2, no.36, 2015, pp.45-50. (in
Russian)

[14]Elementarnyj uchebnik fiziki. Mekhanika. Teplota. Molekulyarnaya
fizika. [Elementary textbook of physics. Mechanics. Heat. Molecular
physics.], G.S. Landsberg, Vol. 1. M.: Nauka, 1985, 606 p.

[15]M. Nowottnick, “Vysokotemperaturnye elektronnye moduli na
osnove organicheskih plat [High-temperature electronic modules
based on organic boards],” Tekhnologii v elektronnoj
promyshlennosti, 2009, no. 8. pp. 51-55.

[16]Hua-Min Li and Chang-Ho Ra et al., “Frequency and Temperature
Dependence of the Dielectric Properties of a PCB Substrate for
Advanced Packaging Applications,” Journal of the Korean Physical
Society, no. 3, March 2009, pp. 1096-1099.

[17]T.R. Gazizov et al., “Solving the complexity problem in the
electronics production process by reducing the sensitivity of
transmission line characteristics to their parameter variations”,
Complexity, vol. 2019, 2019, pp. 1-11.

Indira Y. Sagiyeva was born in Esik, Kazakhstan
in 1992. She received B.S. degree from Almaty
University of Energy and Communications,
Almaty, Kazakhstan, in 2014, and M.S. degree
from Tomsk State University of Control Systems
and Radioelectronics, Tomsk, Russia, in 2016.
Currently, she is a PhD student and works as a
Junior Research Fellow at TUSUR. She is the
author and coauthor of 18 scientific papers.

Alexander V. Nosov was born in Semipalatinsk,
Kazakhstan in 1994. He received B.S., M.S. and
Ph.D. degree in radio engineering from Tomsk
State University of Control Systems and
‘1, Radioelectronics, Tomsk, Russia, in 2015, in
2017 and in 2018 accordingly. Currently, he is

=
—

working as a Senior Researcher at TUSUR. He is

'JI the author and coauthor of 39 scientific papers.
_r '

Roman S. Surovtsev received an Engineering
degree and a Ph.D. degree in radio engineering
from Tomsk State University of Control Systems
and Radioelectronics, Tomsk, Russia, in 2013 and
2016, accordingly. He is currently a Senior
Researcher at TUSUR. He is the author and
coauthor of 90 scientific papers, including one
book.

—
=
-

"d

194

Authorized licensed use limited to: Novosibirsk State Technical University. Downloaded on August 08,2020 at 10:18:23 UTC from IEEE Xplore. Restrictions apply.



