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Abstract

Wearable antennas for body-centric wireless communications have become very popular recently. Wear-
able antennas are body worn as a part of clothing on the human body and enable hands-free operation, which
should also be comfortable. The latest 5G wireless technology has many advantages over 4G like high data
transmission rate, low latency, etc. With the help of advanced and innovative technologies, wearable antennas
can be developed using various materials. This paper presents a detailed review of the application of wearable
antennas designed specifically for 5G and body-centric wireless communications. It also presents the selec-
tion of materials for the antennas and different fabrication techniques. The paper also looks at the bending
of antennas at different radii and analyzes its impact on durability.

Keywords: wearable antenna, bending analysis, body-centric wireless communications, 5G wireless
communication
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O030p HOCUMBIX AHTEHH JJIsl TeXHOJ0ruu SG
U TEJOUECHTPUYECKON 0eCIIPOBOAHOM CBA3M

Cyxac P. Kaue, Ilunak I1. Ilatua

IHHcmumym mexnono2uil u ucciedosamenvcekutl yenmp umenu Canouna,
Tpumbax-poyo, e. Hacuk, 422213, Hnous
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B mocneanee Bpemst OOMBIIYIO TOMYJISPHOCTH MPHOOPETH HOCHMBIE aHTEHHBI JUISI TaK Ha3bIBAEMOM
TEJONEHTPUIECKONH OEecIpOBOJHON CBSI3M. Takwe HOCHMBIE AaHTEHHBI HOCSTCS HEMOCPEICTBEHHO
Ha TeJIe 4YeJIOBeKa KaK IEMEHT OJEXKAbl U O0ECHeuMBAaIOT CBsA3b 0€3 MOMOLIM PYK, YTO IPEAOCTaBIISIET
JIOTIOJTHUTENbHBIE ynoocTBa. HoBelimmas TexHomorusi 6ecpoBoHON cBs3u 5G MMEET psii MPEeUMYIIECTB
nepen 4G, TakuX Kak BBICOKas CKOPOCTb Tepenady JAaHHBIX, HU3Kas JIATEHTHOCTHh U Ap. Vcmombp3oBaHue
MEPEIOBBIX W WHHOBAIMOHHBIX TEXHOJIOTUH TO3BOJISET pa3pabaThiBaTh HOCHMBIE AHTEHHBI Ha OCHOBE
pasiIuyYHBIX MaTepuanoB. B Hacrosmell craThe MpPOBenEH MOAPOOHBINA aHANW3 TPUMEHEHHS HOCHMBIX
AHTEHH, pa3pa0oTaHHbIX crenuanbHo At 5SG M TEIOLEHTPUUIECKO OecrpoBOAHON cBsi3u. PaccmoTpeHs!
BOTIPOCHI BEIOOpa MaTepuaa JJisl aHTeHH W METOJOB MX M3TOTOBJICHHS. B cTaThe Takke paccMaTpuBaeTCs
BIUSTHHE pajinyca N3rnda aHTeHH Ha UX XapaKTePUCTHKH U HAIEKHOCTb.

KawueBble ciaoBa: HoOCHMas aHTEHHA, aHaIM3 W3ruba, TENONEHTpUYEcKas OecrnpoBOIHAs CBS3b,
OecrpoBoaHas CBSI3b SG
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1. Introduction

An antenna is an important part of wireless com-
munication systems. Wireless communication uses
antennas for transmitting and receiving. In the final
phase of the transmitter, the electrical signal will
be transformed into an electromagnetic signal by
the use of an antenna. To achieve continuous signal
reception at a distance, it is necessary to make use
of a receiver antenna that is capable of capturing
the needed electromagnetic signal and converting
it into an electrical signal. Subsequently, the signal
undergoes processing at the receiver. The popularity
of wearable technologies has increased, and body-
worn wireless communication devices have become
even more important with 5G communications.
These devices depend on the wearable antenna to
provide wireless connectivity between devices and
networks.

The lightweight and compact wearable an-
tenna can be worn on the human body or attached
to garments. It enhances wireless communication
on the body by optimizing signal transmission and
reception. The need for high-speed data transmission
and the increasing number of devices connected to
the Internet makes this type of communication more
and more important. The integration of wearable
antennas into wireless technology and body area
networks has been seeing steady growth and has
attracted significant interest. This is mostly due
to the utilization of textile materials, which pro-
vide users with an increased degree of comfort and
flexibility. Wearable electronics offer several
advantages, including durability, adaptabil-
ity, compactness, comfort, and energy efficiency.
In modern times, advancements in technology
demand the development of compact antennas
that can be effectively utilized in body-worn net-
works.

From 2014 through 2019, the Cisco® Visual
Networking Index Predicts the number of devices
that can be worn will increase by five times to 578
million in 2019 [1]. As per precedence research,
from 2022 to 2030, the market for wearable technol-
ogies is projected to expand at a CAGR of 13.89 %.
In 2021, the worldwide market for wearable tech was
estimated at $121.7 billion, and by 2030, that num-
ber is going to increase to around $392.4 billion [2].
Figure 1 shows various applications of wearable
technology.

Wearable
Technology
Application

o'

Figure 1 — Various application wearable technology [3]

This paper covers the latest wearable antenna
developments for SG and BCWC. The first section
discusses wearable antennas and technology applica-
tions. BCWC is classified in Section 2. Textile an-
tenna material classification is provided in Section 3.
The stages and techniques for fabricating wearable
antennas are covered in Section 4. Additionally, Sec-
tion 5 covered the bending scenarios for antennas in
various radiuses as well as the effect of bending on
return loss. However, section 6 provides the wear-
able antenna for 5G MIMO and sub-6GHz applica-
tions. Section 7 discusses wearable antennas about
future 6G connectivity. The last Section presents
the article's overall conclusion.

2. Body centric wireless communication

BCWC helps to link devices that are either im-
planted in the body or worn on the human body or
enables communication between individuals in close
physical contact. Due to its economic and social im-
pact on a diverse variety of applications, including
healthcare monitoring, intelligent entertainment, and
many others. Due to the numerous opportunities in
this field, many researchers have focused their ef-
forts in the area of health monitoring. It fits perfectly
into the realm of local area networks as found in the
human body. IEEE 802.15.6 is the latest internation-
al Wireless Body Area Network standard. This stan-
dard defines short-range communication, extremely
low-power wireless communications within or near
the human body. Figure 2 shows the three types of
body-centric communications: in, on, and off. On-
body communication operates within the frequency
ranges of 2.360-2.400 GHz and 2.400-2.483 GHz,
while in-body communication occurs within the fre-
quency range of 402—405 MHz [4].
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In-Body
Communication
Communication Between

Implants and Sensor
Network

Communication Between
Wearable Devices

Communication Between
External Network

Figure 2 — Body-centric wireless communication do-
mains [5]

Antenna and propagation research for telemedi-
cine systems falls into two categories: external sys-
tems and communication with implanted sensors. A
network of low-power wearable devices, both im-
planted and external, can use short-range UHF radio
frequencies. However, compact devices may face
limitations in data processing, power, and storage,
affecting their functionality. To address these issues,
incorporating a larger control device or base station
into the wearable network is necessary. Body-worn
communication systems have already been devel-
oped for specific occupations like paramedics, fire-
fighters, and the military [3]

Implants for medical purposes and sensor net-
works can communicate with each other inside the
body. Wireless communication links between wear-
able technologies and on-body networks enable on-
body communications. Information can be transmit-
ted between people or between individuals and a
central unit through off-body communications. This
communication typically occurs from a location out-
side the body to a device or system on the body [5].

Many antennas are placed in the body to check
brain activity, cardiac activity, etc., or they can be
worn on the body, called “On-Body Communica-
tion”. It is possible to communicate off-body by
using an external base unit as shown in Figure 3.
WBAN is used for various applications like health-
care Monitoring Applications.

2.1. In-body communication

One of the components of the in-body com-
munication system is an IMD, while the other

component is an external device for monitoring
health. There is the capability of IMDs to monitor
the wireless transmission of physiological data from
patients in real-time [7]. IMDs have been utilized for
a variety of applications, including but not limited
to capsule endoscopy [8], real-time glucose monitor-
ing [9] and brain implants [10]. The characteristics
of IMDs include a high gain, a low SAR, flexibility,
a small size, and a high bandwidth.

External Device

On-Body Path
In-Body Path

‘\ Off Body Path

Figure 3 — Schematic of body centric wireless communi-
cation [6]

B Wearable Device

Implantable
Device

Garcia-Pardo, Concepcion, et al. propose a min-
iaturized ultra-wideband system to overcome the
narrow bandwidth of the medical implant communi-
cations service band and achieve high data rates for
body-implanted communication. Indigenous sensor
networks have at least one sensor within a human.
These wireless endogenous sensors are used in medi-
cal applications to capture and track critical informa-
tion for treatment and health. In [11] the author has
developed a wearable flexible antenna using Rogers
XT8100 substrate, whose dimensions are 20 mm
in width, 30 mm in height, and 50 pm in thickness
of the substrate. The proposed antenna is primarily
well-suited for facilitating communication within
the human body, specifically in the intestinal region.
Its intended application is for capsule endoscopy, a
medical procedure involving the use of a small cap-
sule to examine the gastrointestinal tract. The anten-
na operates throughout the ISM and UWB frequency
bands, enabling effective in-body communication.

RFID is an emerging technology that has the po-
tential to improve patient safety and hospital care.
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RFID technology is used to monitor patients, staff,
and equipment in hospitals, and to uniquely identify
patients and their prescriptions, and can contribute to
a safer healthcare environment and reduce the likeli-
hood of medical errors. Implanted radio tags (rather
than body-worn) are less likely to be misplaced, are
untraceable, and are well suited for screening coop-
erative patients [12]. Implantable antennas need to
be small, or even compact because they are implant-
ed inside the human body. The human body also re-
duces the effect of antenna performance. A technique
for in-body wireless communication with RFID tags
inserted into a person's forearm was covered in [16].
The antenna's suggested measurements are 4 mm
in width and 15.75 mm in length. A portable reader
confirms a maximum reading range of 1.3 cm, and a
three-layer phantom is used to test impedance char-
acteristics. AVGs are life-saving medical devices
that are essential to the survival of patients receiving
hemodialysis for chronic kidney disease. Neverthe-
less, the use of AVGs often results in suboptimal out-
comes due to several postoperative complications.
These complications include restenosis, which is
characterized by the accumulation of cellular mate-
rial, and the formation of blood clots and infections.
These complications contribute significantly to mor-
bidity and mortality rates. The author in [17], espe-
cially for use in high-resolution monitoring applica-
tions, has developed a compact, dual-band implanted
antenna. An outline of the intelligent AVG and its
architecture are shown in Figure 4.

Electronic Implant

1. Battery

2, SMART Graft
3. Encapsulation Shell
4. Implantable Antenna
5. Connector for Sensor Input
6. Control & Impedance Circuit

Figure 4 — Outline of the intelligent autologous vein
grafts and its architecture [13]

The device functions in the 1.4 and 2.45 GHz
frequency bands, which are mostly utilized for biote-
lemetry and wireless power transfer applications. Di-
mensions of the developed miniaturized antenna are
5x5x0.635 mm’. This antenna covers the 300 MHz
to 1.4 GHz range and 380 MHz in the 2.45 GHz
band. Additionally, it also exhibits favorable imped-
ance matching at two resonant frequencies. The de-
veloped antenna [13] is useful for patients suffering
from chronic kidney disease and undergoing hemo-
dialysis.

The author developed an E-shaped monopole
antenna for pacemaker control and heartbeat moni-
toring [14]. The rectangular antenna was designed
as a flexible felt substrate and measures 37 mm by
30 mm. This system is mainly useful for people
suffering from arrhythmias. Pacemakers are very
important for that patient. After the implantation
of the pacemaker, a pacemaker stimulates the heart
with electrical pulses to transmit information until it
returns to a regular rhythm and pumps blood. This
dual-band antenna system is mounted on the chest of
the patient to measure the heartbeats, and the results
will be sent to the doctor. The doctor controls the
pacemaker's electrical pulse value to save the patient.

Because IMDs can monitor internal physiologi-
cal data in real time and treat diseases remotely, their
application in telemedicine is becoming more and
more significant [18]. Some examples of implantable
medical devices are shown in [14], [15], and [16].
However, IMDs' battery lives are capped by their
capacities [17]. IMDs can't accommodate larger bat-
teries because of their small size. Therefore, if the
batteries in an IMD need to be changed, patients go
through the misery of multiple operations. The afore-
said concerns can be addressed by implementing
wireless power transfer technologies in healthcare
systems [ 18]. The comparison of various implantable
antennas is reported in Table 1.

2.2. Off-body communication

In an off-body communication setup, one node
of the communication system is located on a per-
son's body, while the other is located at a consider-
able distance from them. Whenever a base station or
numerous broadcast stations are present, this kind of
communication becomes apparent. Figure 5 shows a
schematic representation of a wireless communica-
tion OFF-Body antenna. A directed radiation pattern
on an IoT device's antenna sends patient data to the
doctor's device [26].
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Table 1
Comparison of implantable antenna
Implant-
. SAR (W/Kg) p
Antenna . . Reflection Be.md able Appli-
Ref Dimension  Frequency  Substrate width .
type coeff (S11) | param-  cation
(%) lg 10g
eter
WMTS (1.42 for biote
(1o Meander 10mx10mms  GHz) and R?Ef:; . 1.42 gHZ’ 357, 215, 387, S lemetry
Line 0:635 mm ISM Band 6010 for 2.4 GHz 6.37 565 94.6 and
(2.42 GHz) ' ISM
-34
Fractal Rogers
shaped  0.13Ax0.06\x 2.4- brain
201 vimo 0012 243GH, /D -30 38T5 218 38T dskin M
roid 6010
antenna
Square 93.2 for
u
. 9.8x9.8x Rogers the scalp scalp
(21} mngans o egomm 2492 Roeo10 2 30 NA grSfor andheart M
tennas
the heart
a flat Rogers
[22] zigzag  3x3x0.5mm 2.4-2.48GHz 36%10 -24.9 22 323 10.8 heart ISM
structure
semi- WMTS (1.42 biote-
circular 8x9x GHz) and Rogers —48 and 10 200 112 and . lemetry
[23] 3 RT/Du- and and skin
slotted ~ x0.635 mm ISM Band roid 6010 —48 9.4 686 136 and
patch (2.42 GHz) ' ISM
15 MH .84 L.
slotted 8x6x0.5 o15 z Rogers -28.5 and 08 971.36 118.26
[24] atch mm? and 2450 6010 28 and and 102.04 scalp ISM
P MHz ' 857 80734 '
(402405
h
0s] Mo SO MHz) Rogers o 3390 2603 5386 el";‘: 1“‘1 Biote-
x0.13mm®  (433.1-438.8  RO3010 % 2752 5504 8 lemetry
MHz) intestine

Respiration, also known as breathing, holds sig-
nificant physiological significance within the realm
of living organisms. The measurement of breathing
rate serves as a crucial indicator in monitoring the
development of illness, and an atypical breathing
rate holds significant value as an indicator of a severe
medical condition.

The author introduces a unique wearable anten-
na that can detect human breath without contact. The
antenna uses multimaterial fiber for 2.4 GHz short-
range wireless network applications. Composite met-
al-glass-polymer fibers provide a remarkable degree
of flexibility, rendering them suitable for seamless
integration into textiles without affecting the comfort
or movement of the wearer. Additionally, these fibers

effectively hide the antenna from potential distur-
bances caused by the surrounding environment [27].

l’lhont

Higher
Band
.\\ Base ™,
Station

External
Communicating
Device

N—r’

-
P

-
cd
Q- ______ ,,:ﬁ »
Doctor e [}
|

Hospital

Figure 5 — Schematic representation of a wireless com-
munication OFF-Body antenna [26]
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Scarpello et al. [29] study return loss and mutual
coupling stability across varying humidity, investigat-
ing bending array, body mounting, and textile layers.

Their research measures and simulates gain pat-
terns in free space for body antennas operating in the
2.4-2.4835 GHz ISM band.

Rescue personnel vests incorporate high-gain
textile antenna arrays at this frequency, highlighting a
future trend where clothing not only protects but also
provides real-time data on wearer and environmental
conditions, enhancing safety and comfort. Further-
more, the incorporation of monitoring systems into
the clothing, particularly in a discreet manner that is
seamlessly integrated into the garment, serves to im-
prove the functionality and, of utmost significance,
the safety of the individual wearing it. The textile-
based antenna integrates seamlessly into protective
apparel like firefighter garments [30].

2.3. On-body communication

On-body communication systems are classified
as body-centric if both the transmitting and receiv-
ing nodes are carried by or attached to the human
body. These types of wireless communication sys-
tems provide a compelling solution for establishing
connections between different electronic devices that
are wearable or transported by a person. The entire
network is made by using several sensors, a data
processing unit, and many input/output modules.
The present communication system has the potential
to be used for monitoring physiological measure-
ments and various other applications by using mul-
tiple devices carried by people in their daily lives.

Figure 6 illustrates a body-worn dual-mode an-
tenna that was developed for the healthcare system
by Lin, C. H., et al. [31] that supports both on-body
and off-body communication functions.

Telemedicine | @ Sensors

Healthcare
system

@ Dual-mode antenna

------ Off body
2T
ISMband (2.45 GHZ) ¢' 10 MHz
Internet " ~.0on-body
AY
External A ]
device
2.45 GHz 10 MHz
External Dual-mode
device |€———| antenna |€ —|Sensors
Off-body On-body
mode mode

Figure 6 — On/off body communication in medical appli-
cations [31]

Lin, C. H., etal. studied the on-body electric
field distribution, reflection coefficient (S11), and ra-
diation patterns in the off-body mode.

The system has a ground (GND) electrode, feed-
ing pin, and signal electrode. The proposed antenna
is 30 mm in length 33 mm in width, and 4 mm in
height. Near the 4 mm height, the signal electrode's
center is the feeding pin.

In the ISM band, the folded ground structure
resonates at 2.45 GHz. On-body antennas must be
compact for user comfort and sensor node integra-
tion. The author introduced a dual-band, small, min-
iaturized antenna for on-body and off-body commu-
nication [32].

Miniaturization is achieved by etching two
open-end slots on the rectangular patch. Data from
body sensor nodes is received by the antenna at
2.45 GHz. It then sends this data to external monitor-
ing equipment at 5.0 GHz in ISM bands. The anten-
na is 15 mmx28 mmx1.57 mm. A wide bandwidth
of 250-370 MHz improves biological tissue antenna
robustness. The body receives 2.45 GHz and 5.0 GHz
radiation. The external control unit communicates
satisfactorily at 5.0 GHz with 7.18 dB directivity.
A flexible, compact multi-band wearable antenna
with a basic, low-profile structure was presented by
Al-Sehemi, Abdullah, et al. [32]. This antenna cov-
ers a wide range of biomedical frequency bands,
operating between 0.824 to 0.975 GHz and 1.90 to
6 GHz. The bio-composite natural rubber substrate
used in the antenna eliminates allergic or harmful re-
actions when placed on the body. The substrate can
be easily processed, is inexpensive, is flexible, and is
resistant to dust and water.

The field of WBAN is growing, enabling the
implantation of sensors in or on the human body.
These sensors communicate with a central node that
stores data on a computer or in the cloud. Positioning
sensors on an athlete is challenging due to constant
movement. Real-time data should be accessible to
coaches, athletes, and the public. To address this, the
author in [33] studied the best sensor placement for
optimal connectivity with the remote node. The wrist
sensor showed good communication with the breast
sensor, and the best Line of sight reception angles
were identified for all sensor placements.

The range of on-body communications is lim-
ited to the close vicinity of the user. The transmission
of biophysical signals can occur within the human
body, whereby a wearable transmitter is used to relay
these signals to a receiver that is also linked to the
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body. The survey paper [34] discussed wearable an-
tennas used for WBAN applications with flexible
substrates. The antenna's ability to be worn on the
human body must be flexible for on-body applica-
tion to occur. Wearable antennas are developed using
various fabrics as substrates. The fabric's increased
ability to absorb moisture results in a higher dielec-
tric constant for the material. As wearable antennas
made up of fabrics can become dirty after being in-
tegrated into garments, the properties of the antennas
change after the fabrics are washed. Scarpello, M. L.,
et al. [35] have found a solution to this problem by
coating them with thermoplastic polyurethane, which
also protects against corrosion and water absorption.
Compared to coating wearable antennas, the anten-
nas can be made using screen printing technology
with conductive ink on textile substrates. Both func-
tions together result in better stable performance. Be-
fore coating, after washing, and after many cycles,
the antenna's performance is examined.

Anbalagan, Abirami, etal.[36] developed a
novel low-profile embroidered textile antenna from
the cotton substrate and conductive Zari threads for
real-time pulse monitoring in wearable applications.
The antenna's compact design and rectangular slot
improve return loss and gain. On-body study dem-
onstrates that the antenna operates well with ab-
sorption rates below the IEC threshold for 1 g and
10 g tissue. Real-time heart rate monitoring is pro-
vided via a Particle Photon, which also uploads data
through the cloud to the Particle app. This antenna
can be used for on-body uses because it doesn't get
affected by changes in shape. The antenna's designed
dimensions are 51 x45x0.785 mm. Chahat, Nacer, et
al [37] demonstrated a small, 25x10x 1.6 mm® size
microstrip fed monopole antenna for UWB on-body
applications using substrate AR350 with a dielectric
constant of 3.5. For impulse radio application, time
domain analysis over the voxel body model is car-
ried out.

For on-body WBAN, Kumar, Vivek, and Bharat
Gupta proposed a Swastik Slot Ultra-Wide Band
(3—10.6 GHz) Antenna [38]. This health monitor an-
tenna is worn on or around the body. Partial ground
plane, slot, and feed increase antenna bandwidth. T
he antenna is 27 mmx27 mmx 1.6 mm. This SS-
UWRB patch antenna has 1.77-5.6 dB quasi-Omni di-
rectional gain and covers 4.25-12.5 GHz [8.25 GHz].
Over open space, this antenna gains 0.81-3.0 (1.8—
0.85 dB). An on-body conformal MTM antenna for
WBAN communication is presented by Hazarika

et al. [39]. The author invented the zero-reflection-
phase MTM monopole antenna. A 2x2 array of
H-shaped unit cells minimizes back radiation and
increases gain. In the conformal configuration's fre-
quency ranges, the MTM reduces the maximum SAR
averaged across 1 gram to 0.174 and 0.207 watts per
kilogram when the body and antenna are 1 mm apart.
B. Bahaa et al. introduced a wide-band spring tex-
tile (WST) antenna for wearable communications
[40]. 32x42x3 mm® felt antenna. This antenna runs
from 3.14 to 5.45 GHz. The highest gain is 6 dBi at
3.5 GHz and its bandwidth is 2306 MHz Due to its
wide frequency coverage, this antenna is excellent
for 5G and loT wireless applications. When near the
chest, the antenna has low SAR for on-body trans-
mission. Gupta et al. [41] study a square ring-shaped
ground antenna with a truncated patch for dual-mode
bio-telemetry on and off the body. Analysis and op-
timization of the proposed antenna design on a mul-
tilayer flat tissue phantom show its broad frequency
range and low SAR values for tissue safety. The pro-
posed antenna design resonates with WLAN, LTE,
and ISM frequencies from 2.6 to 5.2 GHz. It also re-
sists posture-induced frequency detuning. When near
tissue, it exhibits 15 % peak radiation efficiency at
2.45 GHz. Low SAR values help ensure tissue safe-
ty [42]. The researcher identified a limitation in the
field of on-body communication, specifically noting
that the proximity of an antenna to the human body
has a significant impact on its performance. The pri-
mary factors contributing to this influence include
frequency shifting, degradation of radiation pattern,
and loss of efficiency. The impact of bodily move-
ment on these factors varies. Das, Gautam Kumar, et
al. [43] solved the problem using metamaterial over
the body-attached antenna. In multilayer phantom
mode, antenna performance was examined.

3. Material classification for textile antenna

A textile antenna employs fabric or conductive
material integrated into clothing, requiring flexibil-
ity, durability, and comfort. Textiles with low di-
electric constants minimize surface wave losses and
enhance antenna bandwidth. Critical factors such as
loss tangent and dielectric properties influence an-
tenna performance. Ten alternative fabrics — cotton,
quartzel fabric, cordura/lycra [44], felt, moleskin,
silk, tween, panama, jeans, and denim — were evalu-
ated as substitutes for the original polyester sub-
strate in the antenna design. These fabrics maintain
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the same dimensions in width and length as 100 %
polyester but vary in thickness to accommodate dif-
ferent material characteristics (Table 2).

Table 2
Properties fornonconductive materials
Refs. . Permit- Loss tan-
No Substrate material tivity er  gent tand
Biocomposite
[32] Natural Rubber 2.3624 0.0077
[43] Felt 1.22 0.016
[44] Cordura 1.90 0.0098
[44] Lycra 1.50 0.0093
[45] Quartz Fabric 1.95 0.0004
[46] Jeans 1.7 0.025
[47] Denim 1.7 0.085
[51] Cotton 1.60 0.0400
[55] 100% polyester 1.90 0.0045
[57] Foam 1.7 0.0025

According to the data in Figure 7, the fabrics
that closest resembled the original design in terms of
bandwidth and center frequency were denim, tween,
and quartzel. The gain was greater than 8 dBi across
all substrates except for cordura/lycra.

S-parameters magnitude in dB

R
= i = w

Return loss (dB)
5

45 50 55 60 65 70 75
Frequency (GHz)

—— 100% polyester -—-- Tween ——— Cotton

------ Jeans -—-= Panama ——— Quartzel

——— Denim ------ Moleskin -~ Cordura/Lycra
——— Silk == Felt

Figure 7 — Antenna performance comparison in free-
space return loss for various textile substrates [48]

The results were quite similar to those obtained
with polyester fabric since denim and quartzel cloths
have the same thickness and relative permittivity.
The results of this free-space analysis of fabric varia-
tions are summarized in Table 3 [48].

Antenna performance summary in free space for various fabrics (Reprinted) [48] e
Substrate Piﬁii?i\\//?t Thickness F rggl?;rcy Bandwidth Gain (dBi) Ili{gicicli[;(él;
y (mm) (GHz) (GHz) (%)
100% Polyster 1.9 1.5 60.06 11.578 8.531 89.69
Jeans 1.7 1 58.5 15.094 7.841 93.19
Denim 1.87 1.5 60.36 11.505 8.653 89.91
Silk 1.75 1.16 56.82 14.439 8.298 92.33
Tween 1.69 1.37 60.3 12.818 9.138 91.88
Panamma 2.12 1.04 53.069 14.184 8.864 91.48
Felt 1.38 1.38 68.772 12.507 9.824 93.64
Moleskin 1.45 1.17 67.11 15.141 8.862 91.87
Cotton 1.63 1.5 64.05 11.357 9.686 91.58
?a‘;i‘gzel 1.95 15 59.4 11.515 8.217 89.16
Cordura/Lycra 1.5 0.5 50.97 9.052 5.213 95.49
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4. Fabrication methods

4.1. Fabrication steps

Fabrication steps for cloth as substrate are as
follows:

a) To decide the application requirements.

b) Identifying the antenna geometry and sub-
strate and numerical modeling of the antenna.

¢) Simulation using any Electromagnetic Simu-
lator.

d) Using a cutter, cutting plotter, or Computer
Numerical Control machine to cut self-adhesive,
conductive copper tape or foil will shape the antenna.

e) Sticking copper tape or foil on the substrate.

f) Connecting Subminiature version A Connec-
tor.

4.2. Fabrication methods

Fabrication is challenging in wearable anten-
nas. The design of a compact and inexpensive an-
tenna system poses various obstacles to achieving
desirable radiation properties. These challenges in-
clude ensuring a lightweight structure that can op-
erate across multiple frequency bands while main-
taining stable performance under varied situations
such as bending or rolling. An economical
and straightforward approach to producing flex-
ible electronics and RFIDs is through line pat-
terning, a method proposed by Hohnholz and
MacDiarmid in 2001 [49]. Various fabrication
method's advantages and disadvantages are given
in Table 4.

Table 4
Different fabrication methods
Ref. [ Type of antenna Fabrication Method used Advantages Disadvantages
Ink Supply . .
Buprestion high resolution,
[52] Bade— !t CyDader cost-effectiveness S
[53] | RFID Antenna Flexography Anilox_ {6 5 Substrate . . low ink viscosity
[54] Bl ( N Plate Cylinder high conductiv-
X . .
..\ - 4;— Printing Plate lty ink
1. less printing
resolution
1 Key- o -
[55] Coplanar Key Screen Printing casy and. cost no control on depos-
hole Antenna effective o .
ited ink thickness
and no. of layer
generate complex | 1. lengthy process
Microstrip Patch .SOft Photo atterns precisel 2. low throughput
[56] P lithography P P Y £p
Antenna Process and at a high 3. dangerous chemi-
resolution cals used for etching
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5. Bending analysis of wearable antenna

The fundamental issue in wearing antennas is
keeping them flat, especially when made of textiles.
Human body movements bend the wearable antenna
often [59].

The human body bends everywhere. Enjoy the
case of cloth antennas that can endure bending with-
out affecting performance. Bending can affect an-
tenna gain, bandwidth, and resonant frequency for
your application [60]. The author [61] conducted a
bending study on the antenna by mounting it on a
cylinder (er = 1) and adjusting positions, as depicted
in the Figure 8. Vertically placed antenna on cylin-
der looking outward (a) and within (b). The antenna
is horizontal on the cylinder in (¢) and (d) with the
structure pointing outward and inward.

Figure 8 — Bending position around vertical cylinder
with diameter of: @ — 80 mm; b — 60 mm; ¢ — 40 mm;
d—20 mm [61]

PVC pipes with 54.5- and 44.5-mm internal
radii resemble the shoulder, wrist, and knee. Figure
8 shows antenna bending on both PVC pipes for
their examination. Antenna resonance is 5.367 GHz
and the return loss is -17.97 dB when bent around a
54.5 mm pipe (Figure 9). When bent on a 44.5 mm
pipe, the antenna sonance frequency shifts to
5.388 GHz and the return loss is -20.22 dB [58].

The antenna in [62] is wrapped around a hol-
low cylinder made of PVC tubing with a diameter
of either 22 or 48 mm so that the bending feasibility

may be evaluated. At several different bending diam-
eters, we looked into the S11 properties of the flex-
ible foam. The graph shown in Figure 10, it can be
observed that bending with a small diameter results
in a maximum value of S11 at 39.22 dB. However,
this configuration exhibits a bandwidth of 8.47 GHz,
which falls below the threshold of 10 dB, with a
slight deviation in the initial frequency.

Figure 9 — Picture of the suggested antenna curved
around internal radii: (a —54.5 mm; b —44.5 mm)
PVC pipes [58]

— 2 T
—--= 48 mm

S11,dB

12

o <
[

a

Frequncy, GHz

Figure 10 — Comparison of S11 for bending at diam-
eters of 22 mm and 48 mm [62]

The deformation of a flexible antenna varies
across different frequency ranges and becomes par-
ticularly significant at higher frequencies due to the
antenna's reduced size. This is primarily attributed
to impedance mismatching and the limited band-
width of the antenna [63].

Muhammad Usman Ali Khan et al. [63] study
the impact of bending levels on the performance
of antennas fabricated from PET, Teflon, and PVC
substrates. The research focuses on bending radii
of 14 mm and 27 mm for flexible polymer anten-
nas operating at frequencies ranging from 2.45 to
7.45 GHz, categorized into three frequency ranges:
(i) 2.2-2.5 GHz, (ii) 2.5-5.0 GHz, and (iii) above
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5 GHz. Radial curvatures were achieved using poly-
styrene foam cylinders to maintain consistent cur-
vature in the flexible antenna structure as shown
in Figure 11.

Figure 11 — Picture of a flexible antenna bend pro-
duced by cylindrical polystyrene foam (@) at 27 mm,
(b) at 14 mm, and (c) attached to the Voltage Net-
work Analyzer at 14 mm [63]

Table 5
Percentage frequency shift in resonant frequen-
cies for PET, PTFE, and PVC surfaces for three

operating frequencies and two bend conditions
(27 and 14 mm) [50]

Substarte PET  PTFE PVC

Flat 2426 2438 2417

Operat- 27 mm 2412 2469 2.394

1:tg Shift%) -0.58 125 -0.96

Reso. 24GHz 14mm 2402 2484 2.366
nant Shift(%) -0.99 1.85 342
Flat 4312 4381 4.267

Fre-  Operat- 27mm 4442 4392 4294
quen- ingat  Shift(%) 2.92 025 0.62
&y 425GHz  14mm 4468  4.453 4.366
Shift(%) 3.49 1.61 226

Flat 7387  7.443 7.507

Operat-  27mm 7425 7429 7541

ingat  Shift(%) 0.51 0.01 045
745GHz  14mm 7464 7421 7.658
Shift(%) 1.03 029 1.97

Note: Negative sign with frequency shift (%) that
occurs towards the lowest components of frequency

Usman Ali, et al. develop and analyze four
2.4 GHz wearable antenna models with flexible mi-
crostrip patches. Rectangular patches supported by
EBG ground planes form the antennas' radiating
element. These ground planes can be mushroom-
shaped, slotted, or helical. Both antennas and EBG
surfaces use a 3 mm wash cotton textile substrate.
The proposed antennas utilize an electro-textile ma-
terial known as Zelt, which serves as a conductive
medium. The antennas that have been designed are
subsequently examined in both on-body and off-
body scenarios while considering their normal and
bent states. The performance of wearable antennas
must be stable despite being subjected to a wide
range of deformation. The proposed antenna's bend-
ing effect is shown in Figure 12 for four possible
radii 45 mm, 35 mm, 25 mm, and 15 mm in both E
and H planes [64].

E Plane

H-Plane

Figure 12 — Proposed antenna bending with varying
E and H plane radii [64]

Under a bent situation, Antenna-1's return loss
is —14 dB, compared to —24.46 dB at 2.4 GHz (Fi-
gure 13). Under bent circumstances, Antenna 2, An-
tenna 3, and Antenna 4 have lower return loss.

(@)
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Figure 13 — Comparison of antenna return loss in the E-
plane (a) and H-planes (b) at various bending radii [64]
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The author in [65] developed and Analyzed A
small, flexible hexagonal microstrip patch anten-
na with foam substrate. The bending performance
of the antenna is under consideration for radii of
24 mm and 11 mm. It was noted by the author that
when the bending radius is 24 mm, the highest value
of S11 is recorded as 35.60 dB, accompanied by a
bandwidth of 5.33 GHz. Nevertheless, the antenna's
bandwidth performance at a frequency of 5.94 GHz
is enhanced when the bending radius is set at 11 mm.

6. Application of wearable antenna in 5G

The 5G network facilitates a range of functions
and offers increased bandwidth and fast download
speeds [66]. There are a growing number of uses for
wearable technology in the fields of defense, medi-
cine, and consumer electronics. Wearable technol-
ogy will also likely to work in the development of
5G networks, which will have enhanced data transfer
speeds and decreased dropout rates across a wider
region via a greater number of smaller micro- and
pico-cell [67].

The Ericsson Mobility Report [68] projects that
there will be 3.5 billion 5G subscriptions in 2026,
indicating that the demand for 5G will continue to be
high in the upcoming years. To facilitate the imple-
mentation of 5G technology, the Federal Communi-
cations Commission will allocate spectrum resourc-
es. The 5G frequency spectrum is comprised of four
distinct groupings. To begin with, the High-Frequen-
cy Band encompasses the frequency ranges of 28, 24,
37,39 and 47 GHz. Furthermore, within the frequen-
cy range below 6 GHz, the Mid Frequency Band en-
compasses the frequencies of 2.5 GHz, 3.5 GHz, and
the range of 3.7-4.2 GHz. Finally, the 600, 800, and
900 MHz Low Frequency Band is below 1 GHz. Fu-
ture Wi-Fi technology may use unlicensed frequen-
cies from 5.9 to 95 GHz [60]. The 3GPP studied 5G
frequencies. 3GPP Release 15 Table 3 lists 5G NR
frequency bands. The first SG bands are 700 MHz,
3.5 GHz, and 26/28 GHz. Establishing and using 5G
requires these bands [66].

The integration of 5G technology into health-
care systems holds significant potential for both the
public and private sectors. Unobtrusive mm-wave
communications efficiently collect and transmit data
from healthcare devices. The author designed and
modeled a flexible graphene-based antenna. 5G an-
tennas for wearable health devices were developed
and integrated into head-mounted imaging systems.
The antenna uses an 18-um-thick graphene layer for

the conductive radiation field and ground and oper-
ates at 34.5 GHz. The patch is fractally designed for
portability. The antenna is made of flexible polyam-
ide and has a 1.5 mm substrate for wearable applica-
tions [69].

6.1. 5G Sub 6GHz

In the contemporary global landscape, particu-
larly in the aftermath of the COVID-19 pandemic,
the proliferation of wireless communication devices
has reached unprecedented levels. Consequently, the
adoption of 5G technologies has become an impera-
tive requirement, as it provides a data transmission
speed that is 100 times faster than the existing 4G
standard. The success of 5G technology depends on
compact antennas. In recent years, 5G communica-
tion is expected to use microstrip patch antenna de-
signs [70].

Desai, Arpan, et al. developed a patch antenna
with a transparent flexible co-planar waveguide and
polyethylene terephthalate substrate. A transparent
silver tin oxide (AgHT-8) sheet wideband high-gain
antenna measures 0.48 Ax0.64 A at 4.28 GHz. The
proposed transparent flexible antenna offers a 40 %
bandwidth from 3.89 to 5.9 GHz, over 3 dBi gain,
and over 80 % efficiency. Flexible and transpar-
ent, the antenna performed well in sub-6 GHz 5G
and WLAN [59]. In this paper, Kumar, Anubhav,
et al. develop a highly isolated two-port dual-band
antenna. The antenna is reduced in size by using a
beak-shaped radiator with open stubs. At higher fre-
quencies, a T-shaped stub has been used for isola-
tion, whereas open-ended slots successfully decrease
the antenna in size, improving its impedance and
isolating it by more than 20 dB. For lower frequen-
cies, the MIMO antenna's isolation can be improved
by suppressing current across radiators without in-
creasing antenna size. The two-port antenna works
on frequencies between 2500 and 3700 MHz (5G
n7, n48, and n77) and 2570 and 2300 MHz (LTE
38, 40, 41, 42, and 43). Sub-6 GHz bands, including
5.15/5.85 GHz used for WLAN, 2.4/5.0 GHz used
for Wi-Fi, and 2.45/5.8 GHz used for ISM, can be a
useful option for wireless communication [60].

Azim, Rezaul, et al. designed a planar ultra-
wideband antenna with a circular patch design for
5G communication below 6 GHz. The antenna's
circular patch and ground plane eliminate the need
for an encapsulated element or large system ground
plane. To get the appropriate operating frequency
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range, a rectangular slot was inserted into the top
edge of the ground plane. Experiments show that the
antenna functions with a reflection coefficient (S11)
of less than -10 dB from 3.05 to 5.82 GHz. This
range covers all 5G below 6 GHz N77/N78/N79 fre-
quency bands, WLAN, LTE, WiMAX, and wireless
communication technologies [69].

6.2. 5G MIMO

Shoaib et al. proposed an 8 x8 MIMO 5G wrist-
watch and dongle antennas [71]. The substrate's top
layer has 3.4 mm2 of twisted H-shaped MIMO an-
tennas. The design uses a 31.2%x31.2x1.57 mm Rog-
ers RT-5880 board with a 2.2 dielectric constant.
The substrate has eight MIMO antennas on top and
a ground plane at the bottom. The central frequency
of MIMO antennas is 25.2 GHz with 15.6 % band-
width. The antennas at resonance frequencies gain
8.732 dB, while the bandwidth gains 7.2 dB. The
EBG structure increases efficiency, gain and Band-
width [72]. Sufian, Md. Abu, et al. [73] present a
2x2 MIMO antenna with one element by translat-
ing each element orthogonally. Slots and metal
strips with shorting pins of the supported structured
antenna isolate MIMO elements. Shorting ground
plane pins and slots reduces mutual coupling and
electromagnetic field distribution. Advantages of
the proposed antenna include 15.9 % 10dB im-
pedance, 3.3 to 3.87 GHz bandwidth, and 8.72 dBi
peak gain. For 3.3-3.8 GHz (N78 band) frequency,
0.85 A0x0.85 A0x0.038\0,compact size, 3.27 to
3.82 GHz operating bandwidth, S11 < 10. Anbarasu
and Nithiyanantham [74] developed a 0.674x0.712-
inch denim antenna with a 1.7 dielectric constant and
4 mm thickness. The antenna's S11 characteristics
are below 10 dB and gain 15 dB. The antenna is an
812 GHznotch filter. The antenna radiates 4—18 and
24-58 GHz. The antenna has a 4 GHz bandwidth,
exceeding 34 GHz. A 90° angle and 80 mm radius
bent the antenna. The antenna supports WiMAX, 5G,
and GPS.An antenna substrate of standard felt with
a dielectric constant of 1.3 and two rectangular cot-
ton fabric patches with 2.23 are used. Two forms of
flexible and wearable dielectric increase microstrip
sample bandwidth by 7 GHz. The recommended
5 GHz antenna size is 54x36x2.5 mm’. Parametric
studies on cotton fabric and standard felt. The wear-
able MIMO antenna's 5 GHz bandwidth and isolation
are impacted by CF component dielectric constant
changes. This substrate has a 1.2 dielectric constant.
Bandwidth and isolation alter little when cotton

fabric €r increases from 2 to 2.5. Dielectric constants
exceeding 2.5 reduce bandwidth and isolation. The
author parametrically examined the SF substrate to
determine how SF dielectric constant variation af-
fects bandwidth and isolation. With €r of SF 1-1.5,
bandwidth and isolation stay constant. At €r 1.5,
bandwidth and isolation decrease [61]. Addepalli,
Tathababu, et al.[75] present a four-port MIMO
antenna for 5G-NR spectrum applications covering
bands n77 (3.30-4.20 GHz), n78 (3.30-3.80 GHz),
and n79 (4.40-5.00 GHz). The design includes om-
nidirectional and dipole radiation patterns in both
H- and E-planes, along with high impedance match-
ing, isolation, and diversity analysis. Two antennas
are analyzed: the four-port modified MIMO antenna
and a single-element asymmetrically fed Calendula
flower-shaped antenna.

In [76], the author introduces a novel flexible tri-
band four-port MIMO antenna tailored for modern
wearable applications in SG/WIFI 6E. Spanning fre-
quencies from 2.54 to 3.56 GHz, 4.28 to 4.97 GHz,
and 5.37 to 8.85 GHz, it covers Chinese 5G bands
n78 (3.4-3.5 GHz) and n79 (4.8-4.9 GHz), along
with Wi-Fi 6E spectrum from 5.945 to 7.125 GHz.
The design addresses the need for compact MIMO
diversity antennas to support high-speed cellular 5G
sub-6 GHz and WLAN applications, including NR
bands N77, N78, and N79, and Wi-Fi 5 and Wi-Fi 6
standards.

7. Future scope for wearable antenna in 6G

According to projections, the implementation
of 6G is expected to take place by 2030 or earlier,
facilitated by the progress made in transition technol-
ogies. This represents a notable advancement com-
pared to previous mobile transitions, when each gen-
eration required about a decade for deployment (e. g.,
1G in the 1980s, 2G in the 1990s, 3G in the 2000s,
4G in the 2010s, and 5G in the 2020s) [78]. Figure 14
depicts the potential spectrum range for the sixth gen-
eration (6G) of wireless communication technology.

This paper provides an in-depth overview of
phased-array antenna-on-display technology for use
in wireless communication, radar, sensing, and other
applications operating at microwave, millimeter-
wave (mm-Wave), and sub-THz frequencies. Figure
15 illustrates the integration of an antenna, designed
for use with 2.4 GHz Wi-Fi and Bluetooth technolo-
gies, into the OLED display of the wearable device,
as recommended by the antenna-on-display techno-

logy [78].
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Spectrum range for future radio access
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Figure 14 — Potential spectrum of 6G [77]

Figure 15 — Embedded optically invisible antenna
inside the wearable device's organic light emitting
diode display [78]

Conclusion

A detailed overview of wearable antennas
for body centric wireless communication, focus-
ing on the 5G sub-6GHz frequency spectrum.
The sub-6 GHz frequency band, which is an essential
element of the 5G spectrum, offers distinct advan-
tages such as wider coverage and improved penetra-
tion capabilities. Consequently, it is proving to be a
highly suitable option for the advancement of body
centric wireless communication in the coming gen-
eration. The article begins by introducing the con-
cept of body centric wireless communication, which
encompasses three distinct modes: in-body, on-body,
and off-body.

This article presents an in-depth review of sev-
eral substrate materials employed in the develop-
ment of wearable antennas. Additionally, it offers an
overview of the corresponding fabrication steps and
methods. This study examines the impact of varying
radii on the bending behavior of antennas and evalu-
ates their effects on the performance of wearable an-
tennas. A detailed list of substrates having dielectric
constants ranging from 1.17 and 3 is provided.

Different frequency bands are to be allocated
for 5G communications.

Furthermore, the present study examines a
range of 5G antennas operating at frequencies below

6 GHz, as well as multiple-input multiple-output an-
tennas. This paper also addresses future opportuni-
ties for portable antennas in 6G.

Appendix
Abbreviations
MIMO Multiple Input Multiple Output
BCWC Body Centric Wireless Communication
IMD Implantable Medical Device
WLAN Wireless Local Area Network
ISM Industrial Scientific and Medical
EBG Electromagnetic Band Gap
UWB Ultra Wide Band
PET Polyethylene terephthalate
PTFE Polytetrafluroethynyne
PVC Poly vinyl Chloride
MTM Metamaterial
LTE Long Term Evolution
AVG Autologous Vein Grafts
WBAN Wireless Body Area Network
RFID Radio Frequency Identification
SAR Specific Absorption Rate
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Abstract

Photonic integrated circuits constitute a vital component of contemporary telecommunications systems,
facilitating traffic management and reducing energy consumption. However, the integration of these compo-
nents presents a significant challenge in the form of high polarization sensitivity, which has the potential to
limit the overall performance of the device. The objective of this study was to develop a design method and
fabrication technology for polarization converters based on silicon nitride-on-insulator. The design of the
polarization converters was optimised through the utilisation of finite element method simulations, conducted
using the ANSYS Lumerical software. The device features an asymmetric rib waveguide, which facilitates
efficient polarisation rotation. The technological implementation comprised plasma chemical vapor deposi-
tion of silicon nitride films, three-dimensional laser lithography, and reactive ion etching. A technological
assessment determined that the reproducibility tolerance was =60 nm. To address this limitation, a mirrored
section was incorporated into the polarization converter design, thereby increasing the allowable fabrica-
tion tolerance to +215 nm without compromising device performance. The optimised polarization converter
exhibited a high level of polarization rotation efficiency, reaching 96.3 %, and an output power of 98.32 %.
The utilisation of an asymmetric rib waveguide was pivotal in attaining these outcomes, facilitating the
transfer of optical power from fundamental transverse electric to fundamental transverse magnetic modes.
The incorporation of a mirrored section enhanced the device's manufacturability, maintaining performance
despite geometric deviations. These findings highlight the robustness of the proposed design under typi-
cal fabrication constraints. This study presents a novel design and fabrication method for silicon nitride
on insulator-based polarization converters. The proposed approach improves efficiency and stability.
These results provide a foundation for future advancements in integrated photonics, with potential applica-
tions in telecommunications and beyond.

Keywords: polarisation converter; asymmetric waveguide; silicon nitride on insulator; photonic integrated
circuits
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@DOTOHHBIE ~ MHTETPAIBHBIC  CXEMBl  SIBJISIIOTCS  BaKHEHIIMM  KOMIIOHEHTOM  COBPEMEHHBIX
TEJIEKOMMYHHKALMOHHBIX CHUCTEM, YIpoIlasi Mpolecc YIpaBiIeHUs! TpaUKOM M CHIKasl 3Hepronorpedie-
Hue. OHAaKO MHTErpanus MOJO00HBIX KOMIIOHEHTOB MPEJICTABIIAET COO0O0W CEephe3Hylo MpoOieMy B BUC
BBICOKOH MOJIIPU3aLIMOHHON YyBCTBUTEIBHOCTH, KOTOPAsk MOXKET OTPAaHUYNTh OOLIYI0 TPOU3BOIUTEIBHOCTD
ycrpoiictBa. Llenb maHHOrO wHcciienoBaHMs — pa3padoTaTb METOA TPOCKTUPOBAHMS M TEXHOJIOTHIO
M3TOTOBJICHUS TIOJSIPU3ALMOHHBIX KOHBEPTEPOB Ha OCHOBE HHUTPHAA KPEeMHHA Ha H30JATOpe. 3azada
JAHHOTO HCCJIEIOBAaHUSI — YIOBICTBOPUTH clenuduueckue TpeOOBAHMSI POCCHHCKUX CHCTEM IUIOTHOTO
MYJIBTUIUIEKCUPOBAHUS C pa3/ielIeHHeM M0 JUIMHE BOJHBI. KOHCTpYKIMS MOJISpU3aLlMOHHOIO KOHBEpPTOpa
ONTHMHU3HUPOBAHA C TIOMOIIBI0 MOJEIMPOBAHUS METOJAOM KOHEYHBIX 3JIEMEHTOB, MPOBEAEHHOTO C
ncnonszoBanreM ANSYS Lumerical. YcrpolicTBo umeeT acMMMeTpHYHBI TpeOEHYATHI BOIHOBO,
oOecrieunBaloUINid BpalleHUE MOSIpU3alni. TeXHOIOrnYecKas peain3anus BbIIOIHEeHa C HCIOIb30BaHHEM
TUIa3MEHHO-XUMHYECKOTO OCAXK/ICHHUS UIEHOK HUTpHJA KpeMHUs, 3D-1a3epHoll tuTorpaduu U peakTHBHO-
IO MOHHOTO TpaBjeHUs. B pesynbrare ycTaHOBIEHO, YTO TEXHOJOTMYECKAs MOIPEIIHOCTH BOCHPOM3BE-
JIeHUs] TeoMeTpuM coctaBisgeT +60 HM. {1 yBenuueHus AoIycka, B KOHCTPYKIMIO MOJSPU3ALUOHHOTO
KOHBEPTOpa BCTPOCHA 3€PKAIbHO-OTPAKEHHAS CEKITHSI, YTO MTO3BOJIMIIO YBEIMYUTH JOMTYCK HAa H3TOTOBIICHHE
o £215 HM 6e3 yXyAmIeHHusI XapakTepUCTHK yCcTpoiicTBa. ONTUMH3UPOBAHHBINA KOHBEPTOP MOJSIPU3AIIIT
MPOAEMOHCTPUPOBaT 3((PEKTUBHOCT BpALICHUS MOJSPHU3aLUK, AocTUralomyo 96,3 %, ¥ BBIXOIHYIO
MOITHOCTE 98,32 %. Mcmonp30BaHne aCHMMETPUIHOTO TPeOEHIATOr0 BOJTHOBO 1A 00ECIICUHIIO JOCTIKECHUE
3TUX PE3YJNbTaTOB, CIOCOOCTBYsl Nepeaade ONTHYECKOH MOILIHOCTH OT MOIEPEYHOM 3IIEKTPUUECKON
(dbyHIaMeHTaIbHOM MOABI K MOMEpPEeYHOl MarHuTHOU (pyHIameHTanpHOH Moae. B maHHOM mccrnemoBaHuu
MIPEJICTABJIEH HOBBIM METOJ MPOEKTUPOBAHMS M M3TOTOBJICHHS MOJSIPU3ALMOHHBIX KOHBEPTEPOB Ha OCHOBE
HUTpHZA KPEeMHHs Ha u3oisTope. IIpemnokeHHbI moxxox mosbluaeT 3((GEKTUBHOCTh U CTAOMIBHOCTD
KOHTPOJIS MOJISIPU3ALUH, TEM CaMbIM 0OecrieurBast pa3pad0TKy HaAEKHBIX U SKOHOMHYECKH (P PEKTUBHBIX
ONTUYECKUX YCTPONCTB B CHCTEMax IUIOTHOTO MYJIBTUIICKCHPOBAHMS C pa3fiefieHHeM IO JJTUHE BOJIHBI.
OTH pe3ynbTaThl CO3MAIOT OCHOBBI Ul OyIyIIMX NOOCTHKCHMH B OOJIACTM HMHTETPajibHON (DOTOHHMKH
B 00JIACTH TEJIEKOMMYHHUKAIMK 1 32 e€ MpeeaMH.
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Introduction

The necessity for more rapid and energy-saving
broadband networks is driving global research policy
in optical transmission [1]. Photonic integrated cir-
cuits are utilised in modern telecommunications net-
works to create networks capable of accommodat-
ing increasing traffic. This approach reduces power
consumption by at least 50 % compared to tradi-
tional integrated circuits [2]. Integrating photonic
integrated circuits elements has led to a new chal-
lenge: high sensitivity to polarisation. This issue can
be addressed by implementing polarisation diversity
or conversion schemes. As a result, there has been a
surge develop passive components designed to meet
the demanding requirements for polarisation sensi-
tivity in circuits [3-5].

The process of polarisation conversion is
achieved through special passive components,
namely polarisation converters. Convertors are con-
structed as asymmetric ribbed waveguides with dis-
tinctive cross-sectional shapes. By the findings re-
ported in [6—8], the lengths of these structures range
from 20 to 150 pm. Furthermore, the devices can
convert transverse electric (TE) versus transverse
magnetic (TM) modes with an efficiency exceeding
90 %. Additionally, this outcome can be attained by
cone waveguides with a length ranging from 200 to
1500 pm, which exhibit a comparable conversion ef-
ficiency but with larger dimensions [9, 10].

The primary challenge is reproducing the geom-
etry of the integral optical polarisation converters,
which causes high lithography precision, many tech-
nological operations, and minimal roughness of both
the waveguide walls and the substrate surface [11].
A comparative analysis of integrated-optical polar-
ization converters on different photonic platforms has
revealed several advantages associated with silicon
nitride on insulator devices. These devices are char-
acterised by low insertion loss, less than 1 dB, high
polarisation conversion efficiency exceeding 95 %,
and a wide range of operating wavelengths [12, 13].
It is also noteworthy that silicon nitride on insulator
polarization converters present fewer challenges to
the lithographic process and that they can be inte-
grated with a variety of photonic platforms based on
thin-film lithium niobate (LiNbO,), silicon-on-insu-
lator, and indium phosphide (InP) [14, 15].

This paper presents new geometrical solu-
tions for integral-optical polarisation converters,
enhancing polarisation conversion efficiency

with reduced dimensions. We also describe a de-
tailed technological roadmap for cheap polarisa-
tion convertor fabrication. This study aims to im-
prove the design and manufacturing capabilities
of Russian dense wavelength division multiplex-
ing systems on any photonic platform by creating a
comprehensive design methodology and technology
for silicon nitride on insulator polarisation con-
verters. This comprehensive design methodology
and technology involve a detailed analysis of the
polarisation converter, modelled and simulated
in ANSYS Lumerical software using the finite ele-
ment and finite difference methods in the time do-
main. Additionally, it includes the technological im-
plementation method, which involves using 3D laser
photolithography and reactive ion etching of silicon
nitride formed by plasma chemical deposition in
high-density plasma.

Section I outlines the main issues related
to polarisation control in modern photonic systems.
Section II, titled "Materials and Methods", com-
prehensively analyses the polarisation converter,
modelled and simulated in ANSYS Lumerical soft-
ware using the finite element and finite difference
methods in the time domain. Additionally, this
section describes the technological implementa-
tion method, which involves using 3D laser pho-
tolithography and reactive ion etching of silicon
nitride formed by plasma chemical deposition in
high-density plasma. Section III, "Results", presents
the observations of the simulations using optimi-
sation and compares the accuracy and error of the
models against the fabricated sample. Section IV,
"Discussion", compares the results with previous
studies.

Materials and methods

The cross-sectional geometry of the polarisa-
tion converter is modelled using the finite element
method [16]. This method offers high accuracy
in the model's convergence with the real world.
Several techniques can fabricate thin films,
with radio-frequency magnetron sputtering [17]
and plasma chemical vapour deposition [18] being
two methods. This work utilises the latter method
in high-density plasma [19]. It can produce
films with a broad spectrum of stoichiometric
compositions with greater precision, which priori-
tises the characteristics of the film.
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Design of polarisation converter

The mathematical model for the integral optical
polarisation converter was created using software
for calculating and designing photonic integrated
circuits, specifically ANSYS Lumerical. This was
achieved through the use of the finite element meth-
od, a technique employed in the analysis of various
photonic devices based on their geometry and prop-
erties of the materials included in their composition.
The principal mathematical apparatus of this method
is concerned with mode profiles, cut-off frequencies,
and effective refractive indices, which enables the
geometry of the waveguide in an integrated photonic
system to be optimised, as shown by Wang Q. [20].

The model of the integral optical converter is a
waveguide rib structure based on silicon nitride on
insulator, comprising a rectangular rib waveguide at
the input, an asymmetric rib waveguide performing
the polarisation rotation function, and a rectangular
rib waveguide at the output (Figure 1).

1

2

SiN
B SiO2
o si

b

c

Figure 1 — A scheme of the integrated optical convert-
er: a —a structure of polarisation converter system top
view; b —a cross-section of the direct ridge waveguide;
¢ —a cross-section of the asymmetric ridge waveguide;
1 — input ridged waveguide; 2 — asymmetric ridged wave-
guide; 3 — output ridged waveguide

This model presents plane-polarised light with a
wavelength of 1.55 um propagates in the crest of the
SixNy-based waveguide with a refractive index of 2.
After that, the light wave passes through the rotation
section, which is an asymmetric waveguide. This
asymmetric waveguide, a key component in the po-
larisation conversion process, is designed to induce a
90° polarisation rotation in the light wave. The light
wave exits the rectangular rib waveguide, complet-
ing the polarisation conversion process.

Fabrication of polarisation converter

The initial stage involves treating the wafer sur-
face to remove organic contaminants (Figure 2a).
A 100 mm diameter Silicon-based wafer with crys-
tallographic orientation (111) is used. It is placed in
dimethylformamide at 150 °C for 20 min. Then, it is
treated in isopropyl alcohol at 25 °C for 5 min. Fi-
nally, it is dried in a nitrogen atmosphere.

Figure 2 — Technological process route for the fabrication
of an integrated-optical polarisation converter: a — wafer
cleaning; b — deposition of SiO,; ¢ — deposition of Si,N,;
d — laser lithography; e — Si;N, plasma etching; f— depo-
sition of SiO,

The second step is the plasma chemical depo-
sition of a silicon dioxide (SiO,) film (Figure 2b).
The wafer is loaded into the working chamber of the
STEICP200D unit. SiO, deposition is performed in
a monosilane (SiH,) and nitrous oxide (N,O) atmo-
sphere. The gas flow ratio is 120/20 cm?®/s, and the
chamber pressure is 1.7 Pa. The inductive coupled
plasma source power is 600 W. The deposition oc-
curs at 300 °C for 4870 s, resulting in a two pum thick
Si0, film.

The third step involves the deposition of silicon
nitride (Si,N,) (Figure 2¢). SixNy deposition is con-
ducted in situ, following the silicon dioxide (SiO,)
deposition, in a monosilane (SiH,) and nitrogen (N,)
atmosphere. The gas flow ratio is 170/5.5 cm?/s, and
the chamber pressure is 3.7 Pa. The inductive coupled
plasma source power is 600 W, and the RIE source
power is 50 W. The deposition occurs at 270 °C for
2000 s, producing an 800 nm thick Si,N, film.

The fourth step is the 3D photolithography pro-
cess to obtain an asymmetric ridge structure (Fi-
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gure 2d). The wafer is calcined at 200 °C for 5 min.
Then, AZ1505 photoresist is applied by centrifuga-
tion on an OPTI Spin SB20 at 1600 rpm with 400
acceleration. This creates an 800+ 10 nm thick resist
layer. The resist is dried at 100 °C for 4 min. Then, it
is exposed under specific parameters.

The fifth step is the plasma chemical etch-
ing of SiyN, on the STEICP200E unit (Figure 2e).
The wafer is loaded into a chamber at 23 °C. Si,N_
etching is performed in an SF6 atmosphere with a
gas flow rate of 50 cm?/s. The chamber pressure is
2.1 Pa, and the reactive ion etching source power is
34 W. Etching occurs for 800 s, monitored by an in-
terferometer. This ensures the complete removal of
SiyN, in the opened field area and the resist. This
process has a selectivity of S=1.

The sixth step is similar to step 2 (Figure 2f).

The abovementioned method represents the
technological approach to realising silicon nitride on
insulator-based integrated optical converters. These
technological operations can also be employed to
fabricate other silicon nitride on insulator-based pho-
tonic devices.

Results

Input/Output waveguides

To achieve maximum efficiency (100 %) in po-
larisation rotation and output power (100 %), the de-
sign of the input rib waveguide must ensure that the
confinement factor for the TE mode (I'"'®) is 100 %
and for the TM mode (I'"™) is 0 %. Additionally, the
design of the polarisation rotation section (asymmet-
ric rib waveguide) must ensure that I'"" and I'™ are
each 50 % for their respective modes. A modal anal-
ysis of a single-mode rib waveguide was conducted
for various crest widths (w), with the height () equal
to w (Figure 3).

1.8
1.75
1.7
1.65

g 16
1.55
L5
1.45

1.4
01 02 03 04 05 06 07 08 09 1

width, pm

Figure 3 — Dependence of the effective refractive indi-
ces n 4 of various modes on the waveguide side width w:
a—TEj; b—TMy; c—TE,; d—TM,; e - TE,

The modal analysis results indicate that the ef-
fective refractive indices of the TE, and TM,, modes
converge at crest widths (w) and heights (%) of the
waveguide starting from 800 nm. However, due to
the maximum silicon nitride film thickness being
limited to 800 nm by the technological capabilities
of the Nanotechnology Research and Educational
Center at TUSUR, further studies were conducted
with 4 = 800 nm. The impact of the waveguide crest
width (w) on the confinement factors of the TE,, and
TM, modes was investigated. The results showed
that I'™" = 100 % and '™ = 0 % are achieved with a
crest width of w = 850 nm.

Polarisation Rotation Section

Subsequently, the impact of the geometric pa-
rameters of the asymmetric rib waveguide on the
efficiency of polarisation rotation, facilitated by the
transfer of optical power from the TE, to the TM,
mode, was investigated. The geometric parameters of
the rotation section that maximise polarisation rota-
tion efficiency were determined. The cross-sectional
geometric parameters of the asymmetric waveguide
are demonstrated in Figure 4. The calculation results
are presented in Table.

SiN
[ sioz2
Si

Figure 4 — Geometric parameters of the polarisation con-
version section with maximum efficiency

Table
Polarisation converter parameters using geom-
etry for maximum efficiency

' % 1™% P,% Lum TE;,to TM,), %

50 50 98.32 57 96.3

Despite the developed integral optical con-
verter design's high polarisation rotation efficien-
cy (96.3 %) and output power (98.32 %), the tech-
nological assessment revealed this geometry's re-
producibility tolerance is +60 nm. Exceeding this
tolerance significantly reduces the device's efficien-
cy. To expand the range of technological error, the
length of the conversion section was doubled, and
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25 % of the length of the asymmetric waveguide was
mirrored (Figure 5).

sio, [ si

Figure 5 — Scheme of a model of an integrated optical
converter with a mirror-reflected asymmetric waveguide:
1 —input rib rectangular waveguide; 2 — mirror-reflect-
ed asymmetric waveguide; 3 —asymmetric waveguide;
4 — output rectangular waveguide

Bl siN

Using the mirrored section, the allowable tech-
nological error increased to 215 nm, maintaining a
polarisation conversion efficiency of 96.3 % and
an output power of 98.32 %. The length of the polari-
sation converter section (L) was 114 pm.

Discussion

The study aimed to optimise the design of a po-
larisation converter in an integral optical waveguide
system, achieving both high polarisation rotation ef-
ficiency and output power. The results indicate that
specific geometric configurations of the waveguide
are crucial in attaining these goals.

Polarisation Rotation Efficiency and Output Power

The modal analysis on the single-mode rib wave-
guide demonstrated that the effective refractive indi-
ces for the TE;, and TM,, modes converge at a crest
width (w) and height (/) starting from 800 nm. This
convergence is critical for ensuring effective mode
confinement and polarisation rotation. Our findings
suggest that a crest width of 850 nm and a height
of 800 nm optimise the confinement factors, with
I'"" reaching 100 % and T'™ falling to 0 %. This
configuration effectively isolates the TE mode,
minimising TM mode confinement, which is es-
sential for maintaining high polarisation purity and
minimising losses.

Technological Tolerance and Reproducibility

A critical aspect of the design is its manufactur-
ability within the technological constraints of avail-

able fabrication processes. The initial design, with
a tolerance of £60 nm, posed significant challenges
for consistent production, as slight deviations could
drastically reduce efficiency. To address this, we pro-
posed a design modification by extending the length
of the polarisation conversion section and incorpo-
rating a mirrored segment.

The mirrored segment works by reversing the
slope direction of the rib waveguide, altering the
phase relationship between the TE and TM modes.
This reversal creates an additional phase shift, allow-
ing the gradual accumulation of polarization rotation
over the extended waveguide length. By redistribut-
ing the phase mismatch along a longer interaction
region, the mirrored segment compensates for geo-
metric variations caused by fabrication errors. As a
result, the extended length to 114 pm, with 25 % of it
mirrored, increases the allowable technological error
to £215 nm while maintaining a polarisation conver-
sion efficiency of at least 95 % and preserving output
power.

This adjustment ensures that the device remains
effective even with variations in fabrication, enhanc-
ing reproducibility and practical applicability.

Conclusion

This study successfully developed a design
method and fabrication technology for polarization
converters based on silicon nitride-on-insulator ma-
terial. The research identified and optimized the key
geometric parameters of the asymmetric rib wave-
guide, achieving a polarization rotation efficiency
of 96.3 % and an output optical power of 98.32 %.
These results highlight the importance of precise
waveguide geometry in maintaining high conversion
efficiency.

A major innovation of this work is the incor-
poration of a mirrored section into the polarization
converter. This section reverses the slope direction
in the comb-like rib waveguide, configured as 25 %
straight section and 75 % mirrored section relative
to the OY plane in the cross-section. The mirrored
section modifies the polarization rotation direc-
tion by altering the phase relationship between the
transverse electric and transverse magnetic modes.
This change increases the variation in the effec-
tive refractive index within the waveguide struc-
ture by approximately 30 %. While the total device
length increased by 15 %, the design significantly
improved fabrication robustness. The fabrica-
tion tolerance expanded from +60 nm to +215 nm,
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maintaining a minimum polarization rotation
efficiency of 95 %.

The silicon nitride-on-insulator platform fur-
ther distinguishes this work by offering compatibil-
ity with widely used integration technologies, such
as silicon-on-insulator and indium phosphide. This
compatibility allows the polarization converters to
integrate seamlessly into modern photonic circuits.
The compact size, high efficiency, and enhanced
manufacturability make the proposed design highly
suitable for dense wavelength division multiplexing
systems and other advanced photonic applications.

Future research should prioritize experimental
validation of the proposed theoretical findings and
explore new materials to enhance the polarization
converter’s performance. Additionally, extending
the design to support broader fabrication tolerances
and additional waveguide platforms could enable its
adoption in diverse areas of integrated photonics.

This study establishes a foundation for future
advancements in photonic integration, paving the
way for the development of reliable, cost-effective,
and high-performance optical devices for telecom-
munications and related domains.

Acknowledgments

The results were obtained within the state as-
signment of the Ministry of Science and High-
er Education of the Russian Federation (theme
no. FEWM-2024-0008).

References

1. Minkenberg C. [et al.]. Co-packaged data centre
optics: Opportunities and challenges. IET Optoelectron.
2021;15(2):77-91. DOI: 10.1049/0te2.12020

2. Siew SY. [et al.]. Review of Silicon Photonics
Technology and Platform Development. J. Light. Tech-
nol. 2021;39(13):4374-4389.

DOI: 10.1109/JLT.2021.3061563

3. Zhou Z. [et al.]. Silicon On-Chip PDM and WDM
Technologies Via Plasmonics and Subwavelength Grat-
ing. IEEE J. Sel. Top. Quantum Electron. 2019;25(2):1-
13. DOI: 10.1109/JSTQE.2019.2901558

4. Han X. [et al.]. Mode and Polarisation-Division
Multiplexing Based on Silicon Nitride Loaded Lithi-
um Niobate on Insulator Platform. Laser Photon. Rev.
2022;16(1):2100529.

DOI: 10.1002/1por.202100529

5. Nagatani M. [et al.]. 110-GHz-Bandwidth InP-

HBT AMUX/ADEMUX Circuits for Beyond-1-Tb/s/ch

Digital Coherent Optical Transceivers. 2022 IEEE Cus-
tom Integrated Circuits Conference (CICC). 2022;1-8 pp.
DOI: 10.1109/CICC.2022.9777455

6. Kumari B., Varshney RK, Pal BP. Design of a
promising silicon slot waveguide-based ultra-short low
loss efficient polarisation rotator for the mid-IR. Optik
(Stuttg). 2019;180:71-83.
DOI: 10.1016/.ijle0.2018.11.067

7. Stanton EJ. [et al.]. On-chip polarisation rotator
for type I second harmonic generation. APL Photonics.
2019;4(12):126105. DOI: 10.1063/1.5133139

8. Hou Z. [et al.]. On-Chip Polarisation Rotators.
Adv. Opt. Mater. 2019;7(10):1900129.
DOI: 10.1002/adom.201900129

9. Gallacher K. [et al.]. Silicon nitride waveguide po-
larisation rotator and polarisation beam splitter for chip-
scale atomic systems. APL Photonics. 2022;7(4):046101.
DOI: 10.1063/5.0073760

10. Chen D. [et al.]. Low-loss and fabrication toler-
ant silicon mode-order converters based on novel compact
tapers. Opt. Express. 2015;23(9):11152.
DOI: 10.1364/0OE.23.011152

11. Tian Y. [et al.]. Broadband Polarisation Rotator
and Splitter Based on 70 nm-Etched Waveguides on SOI
Platform. Photonics. 2022;9(10):758.
DOI: 10.3390/photonics9100758

12. Velasco AV. [et al.]. Ultracompact polarisation
converter with a dual subwavelength trench built in a sil-
icon-on-insulator waveguide. Opt. Lett. 2012;37(3):365.
DOI: 10.1364/0L.37.000365

13. Socci L, Sorianello V, Romagnoli M. 300 nm
bandwidth adiabatic SOI polarisation splitter-rotators
exploiting continuous symmetry breaking. Opt. Express.
2015;23(15):19261. DOI: 10.1364/0E.23.019261

14. Deng C. [et al.]. Reconfigurable and low-power
consumption polarisation rotating beam splitter with EIT-
like effect based on SOI ridge waveguide. Opt. Commun.
2021;495:127054.
DOI: 10.1016/j.optcom.2021.127054

15. El-Aassar O, Rebeiz GM. A DC-to-108-GHz
CMOS SOI Distributed Power Amplifier and Modulator
Driver Leveraging Multi-Drive Complementary Stacked
Cells. IEEE J. Solid-State Circuits. 2019;54(12):3437-
3451. DOI: 10.1109/JSSC.2019.2937687

16. de Prenter, Frits, et al. "Stability and conditioning
of immersed finite element methods: analysis and reme-
dies." Archives of Computational Methods in Engineering
30.6. 2023;3617-3656 pp.
DOI: 10.1007/s11831-023-09794-y

17. Chang L-C, Chang C-Y, You Y-W. Ta—Zr—N
Thin Films Fabricated through HIPIMS/RFMS Co-Sput-
tering. Coatings. 2017;7:189.
DOI: 10.3390/coatings7110189

293



Tpubopul u memoowt usmeperutl
2024. T. 15. Ne 4. C. 287-294
D.M. Mokhovikov et al.

Devices and Methods of Measurements
2024,15(4):287-294
D.M. Mokhovikov et al.

18. Gebhard M, Mitschker F, Hoppe C, [et al.]. A
combinatorial approach to enhance barrier properties of
thin films on polymers: Seeding and capping of PECVD
thin films by PEALD. Plasma Process Polym. 2018;15.
DOI: 10.1002/ppap.201700209

19. Joshi Pooran C. [et al.]. "Low-temperature pro-
cessing of SiO, thin films by HD-PECVD technique for

gate dielectric applications." Poly-Silicon Thin Film Tran-
sistor Technology and Applications in Displays and Other
Novel Technology Areas. 2023;5004.
DOI: 10.1117/12.2522984

20. Wang Q. [et al.]. Heterogeneous Si/III-V integra-
tion and the optical vertical interconnect access. Opt. Ex-
press. 2012;20(15):16745. DOI: 10.1364/0OE.20.016745

294



Tpubopwvr u memoowl usmepeHul Devices and Methods of Measurements
2024. T. 15. Ne 4. C. 295-306 2024,15(4):295-306
C.®. Eeopos S.F. Egorov

DOI: 10.21122/2220-9506-2024-15-4-295-306

CeMelCTBO JJIEKTPOHHBIX CTPEJIKOBBIX TPEHAKEPOB
«CTpHx>»: iccenoBaHne MATEMATHYECCKUX MOJIeJIeH
PErucTPaTopoB TOUYKH NPHUIEJTUBAHUS HAYAJIBHOTO

u 0a30BOr0 ypoBHei

C.®. Eropos

Yomypmekuii gpedepanvruiii uccneoosamenvckuii yenmp Ypanvckoeo omoenenus Poccutickoii akademuu Hayx,
ya. umenu T. Bapamzunoti, 34, 2. Hoicesck 426067, Poccus

Tocmynuna 16.05.2024
Tlpunsama k nevamu 06.11.2024

Pa3paboTka CTPENKOBBIX JIEKTPOHHBIX TPEHAKEPOB (T. €. IJIsT PyYHOTO OPYXKUS M HE HCIOIB3YIOINX
Ooemnpuriacel) SBIAETCS BaKHOM 3ajadeil, T. K. MPOM3BOJICTBO JIOOOTO BHJA CTPEIIKOBOTO BOOPYKECHHA,
COTJIaCHO HOPMAaTHBHBIM JIOKyMEHTaM, TpeOyeT TakKe MPOU3BOACTBA TPEHAXKEPA NJIsl MIPUBHUTHS HABBIKOB
MIPUIIETIMBAHUSA W CTpenbObl. Pa3pabarbiBaemMoe CEMEHCTBO AIEKTPOHHBIX CTPENKOBBIX TPEHAXEPOB
«CTpWx» BKIIFOYACT TPU OOMICAOCTYIMHBIX YPOBHSI JUISI CAMOCTOSITEIILHOW COOPKU: HadaIbHBINA, 0a30BEIi
W BHUPTYyaJbHbIA. [IpHBECHBI CTPYKTYPHBIC CXEMbI PETHCTPATOPOB TOUKU MPHICIUBAHHS HA4YaIbHOTO
1 0a30BBIX YPOBHEHU U MPOBECHBI UCCIIEAOBAHMS UX MAaTeMAaTHIECKIX MOJIENICH C OIIEHKOHM MOTPEIIHOCTEH.
B0O3MOXXHOCTh caMOCTOSITENNFHO COOpaTh CTPETKOBBIM TpeHaXEP W3 OOMIEAOCTYIHBIX KOMIIOHEHT
(HOyTOYK, BeO-kamepa, MakeTsl opyxus, NK-cBeTonnosnsl, mpoektop, JazepHsle u3mydarenu, HD-kamepa)
CIOCOOCTBYET MX IIUPOKOMY HCITOIB30BaHHIO, OMUPAsCh HA pa3pabaTeiBaeMble MPOTPaMMHOE OOecTIiedeHne
YIPaKHEHUH M METOJWKHA COOPKM W HACTPOMKH PErUCTPaToOpOB TOYKH MPHUIEIUBAHUS U HMHTATOPOB
opyxus. McciaenoBanus perncTpaTtopoB Ha MOTPEUTHOCTH OMPENETIeHUS TOYKM NPUIEIHBAHUS MOKa3aIn
MIPUEMJIEMYIO TOYHOCTh M TEXHOJIOTUYHOCTH TAPUPOBKM MAaTEMATHYECKHUX MOJETEH C BO3MOXKHOCTBHIO
y4ecTh 3Ty IMOTPEIHOCTh B MOJAETHPYEMOM OaJTMCTUYECKOM paccenBaHuMu OoempumnacoB. Kpome
9TOTO HCCIEeI0OBaHa BO3MOKHOCTH TIOBBIIIEHUS OBICTPOJEHCTBHUA PETUCTPAIIMU W BO3MOXKHBIE TTOIXOJIBI
[0 TIOBBIIICHHIO TOYHOCTH M (DMKCAIMM CBaja M PAcCTOAHUSA N0 pabodero Mecta ¢ BO3MOXKHOCTBIO
repecyeTa yrIOBBIX pa3MepoB MHIIEHHOW OOCTaHOBKH 0 peajbHONH. ANTOPUTM pabOTHl MPOTPaMMHOTO
o0ecreueHns] ceMecTBa TPEHaXEPOB JODKEH TONHOCTHIO TOAIEPKMBATh HaYabHBIA M 0a30BBIE YPOBHU
peanu3anyuy ¢ Pa3TUYHBIMH KOH(PUTYpalusMU OOOPYIOBaHHS W BKIIOYaTh MYJIBTHUMEIHHHYIO CHCTEMY
oOyuenus crpenbOe. {1 BUpTyalbHOTO YPOBHA TpeHaxépa (I1eM BUPTYaJbHON pealbHOCTH Ha cMapTdoHe
Y MakeT OpYXHs co cMapTdoHOM) TpeOyeTcs pa3paboTaTh CBOE IpOTpaMMHOE oOecrieueHne (paccMaTpruBaeT-
CsI B CIICMYIONINX CTAThIX ITHKIIA).
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TOYKH IPHULIEITUBAHUS, TOTPEITHOCTh
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Abstract

Development of rifle electronic simulators (i. e. for hand weapons and not using ammunition) is an
important task since the production of any type of small arms, according to regulatory documents, re-
quires also production of a simulator to instill aiming and firing skills. The developing family of electronic
shooting simulators "STrlzh" includes three publicly available levels for self assembly: initial, basic and
virtual. Structural diagrams of aiming point’s recorders of initial and basic levels are presented and studies
of their mathematical models with estimation of errors are carried out. Ability to self assemble a shooting
simulator from publicly available components (laptop, webcam, weapon layouts, IR LEDs, projector, lasers,
HD-camera) contributes to their widespread use. Such use is based on the program exercise support under
development and methods of assembling and adjusting the targeting point recorders and weapon simulators.
Studies of recorders for the error in determining of the aiming point showed acceptable accuracy and manu-
facturability of mathematical models’ calibration with the ability to take this error into account in the simu-
lated ballistic dispersion of ammunition. Possibility of registration speed increasing and possible approaches
for increasing of the accuracy and fixation of the pile and the distance to the workplace with the possibility
of recalculating the angular dimensions of the target situation to the real one were investigated also.
The simulator family’s software algorithm should fully support the initial and basic levels of implemen-
tation with various training equipment configurations and include a multimedia shooting training system.
For the virtual level of the simulator (a virtual reality helmet on a smartphone and a weapon’s layout with
a smartphone), one needs to develop his own software (it will be discussed in the next articles).

Keywords: shooting simulator, target point, mathematical model, target point determiner, error
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BBenenue npunenuBaaug (TIlp) (paccuuTsiBaeTCs B THICAY-
HBIX JaJIbHOCTH — T.J., 1 T.a.~0,0573°= 3.448°
Pa3Pa60TKa CTPEIIKOBBIX OMEKTPOHHBIX 1w cor) wacrtora ompoca koopmusar TIp KC
TPEHAKEPOB  (T. €. JUIA  PYMHOrO OpYXuA 1 (B Tepmax WM Kaapax/Cek), pearu3amusl OTIaqH
HE  HCHOJIb3yIOliX Goempumachl)  ABnAeTCA n parunkoB MO (cpbIB, cBal, TMPHIIETHI, MaraswH,
BOXHOW 3a/layeil, T.K. TPOHU3BOJICTBO JIFOOOrO IDCHOXDAHMTENb,  3aTBOP  HAp.),  NONHOTA
BHJIla  CTPEJIKOBOI'O  BOOPYKEHHUS,  COIJIACHO

HOPMAaTHUBHBIM JIOKYMEHTaM, TpeOyeT Takke IMpo-
W3BOJICTBA TpEHAXEpa Uil TPUBUTHS HABBIKOB
MPULEIUBAHHS U CTPEIbOBL. DJIEKTPOHHBIN CTpE-
koBbii TpeHaxép (CT), Oe3ycioBHO, o0OJsagaet
0OJIBIIUMU  (PYHKIIMOHAJILHBIMUA  BO3MOKHOCTSIMU
u Ojarojapsi MOCTOSHHOMY COBEPLICHCTBOBaHHIO
U YJEIIeBJICHUIO OOIIEJOCTYMHBIX 3JIEKTPOHHBIX
KOMITOHEHT HCCJIeJOBaHUEe COOpaHHBIX W3 HHUX
peructparopoB Touku npuuenuBanus (PTIIp) mnsa
IIMPOKOTO  HUCMOJB30BAHMUA  SBISAETCS  aKTyallb-
HOW 3ajjavei, oOJajaroIiell NPaKTUYCCKON IICH-
HOCThIO [1-11].

C yuéroMm ombiTa pa3paboTKH, MOAUPUKAIMN
n BHeapenus mnpodeccuonanpaoro CT «Hrn6m-
top» (mHAekc 1Y33) mpoBoautcs pa3paboTka u
WCCIIEIOBAHNSA 110 OOIIEOCTYITHOMY CEMEHCTBY
CT «CTpHUx» [12] ¢ HagampHBIM, 0a30BBIM |
BHPTYaJIbHBIM YPOBHSIMH peann3anud. Bo3mox-
HOCTBb CaMOCTOSITEIbHO COOpaTh CTPEITKOBBIA Tpe-
HaXEp W3 0OMEAOCTYMHBIX KOMIIOHEHT (HOYTOYK,
BeO-kamepa, MakeTsl opyxusa, WMK-ceTonnomsl,
MpOEKTOp, JaszepHble u3nyuyatenu, HD-kamepa,
BUPTyaJIbHBIE  IIIJIEMBI, CMapTPOHBI)  TOJDKHA
CIOCOOCTBOBaTh WX IMUPOKOMY HCIIOIH30BAHHUIO.
Pa3paboTka ommpaeTcst B TOM YHCIE W Ha OIIBIT
ananoroporo PTIIp [13] u mepBbie uccieaoBaHUs
METOAWMK W MaTreMaTHueckmx Mozened (MM)
uupposeix PTIIp [14]. AHamusupoBainch TaKxke
3apyOeXHbIE MCTOYHUKH B 0OOJACTH OOIIENOCTYT-
wbix PTTIp [15-19].

Lenpro maHHOW pabOTHI SBJISIIOCH HCCIIENOBA-
Hue Mmatematuueckux Mmozeneid PTIIp HauanbHO-
ro u 6azoBoro yposHell peanuzaunu CT cemeiicTBa
«CTplx». B pmanpHeHmmx craThixX LMKIA IJa-
HUPYETCS HUCCIIeZIOBaHUE KOHCTPYKIIUH HWMHTATO-
poB opyxus (MO) ¢ koHTposieM cpbiBa KprOYKa
U C BapHaHTaMH peallu3alliil OTIa4M, a TaKXKe
HCCIIEIOBAHNE KOHCTPYKIMH W MaTeMaTHYECKHX
Mozeneit CT BUpTyabHOM pealbHOCTH.

PeFI/ICTpaTOpr TOYKHU NMpULIEIUBAHUSA

I'maBHpIe TexHuueckue xapaktepucTuku CT:
CpEeIHEKBAAPATHUECKOE OTKJIOHEHHE (C.K.0.) 6
MOTPELIHOCTH  OIpeeNIeHnsl KOOPAMHAT — TOYKH

peanu3anud W3MEHSIEMON MHUIICHHOW OOCTaHOBKHU
(Bpemst AHS, CE30H Troja, BETEp, OCAAKU, penbed,
MECTHbIe TpenMeTbl, mMumeHn u3 Kypca crpensO,
peaMCTUYHBIE LEJIM C AaKTUBHBIM I1OBEICHUEM
u 1p.). Takum obpazom, nccinenosanne MM PTIIp
Ha TOTPEIIHOCTh MPEACTaBICHHUS KOOPIMHATHOM
CETKH SBJSUIOCH LEIbI0 TaHHOH CTaThu.

[punnuner  pabotsr PTIlp HauanpHOro w
0azoBoro yposaeir cemeiictBa CT «CTplx»
OCHOBaHBl HAa PAcCIO3HAaBaHWU Ha M300paKCHHUAX
¢ 1udpoBoil Kamepsl €O CBETOQWIBTPOM MATEH
ot penepubix MK-muomoB y skpana (HavyalbHBIN
YPOBEHb, PHCYHOK 1) WM TSTEH Ha JKpaHe
OoT na3epHbIX wu3myudateneir Ha MO (0a3oBblit
ypoBeHb, pucyHok 2). Ho xoncrpykrusao PTIIp
pa3HBIX ypOBHEM CHJIBHO OTJIMYAIOTCS, YTO
CKa3bIBAaeTCsl HAa TEXHUYECKHX XapaKTepUCTHKaX,
CTOUMOCTH W  TEXHOJOTHYHOCTH COOpKH |
JKCIUTyaTalHH.

PTIlp wnauanvnoco yposus (HY, pucynox 1)
Ha 0a3e BeO-KaMephl CO CBETO(PIMIETPOM, 3aKperl-
néaHoit mox crBomoM WO, QUKCHpPYET TOJBKO
KoopauHatel ByX penepHbix MK-nnonoB: nesbli —
OCHOBHOM, IpaBbli JNOTIOJIHUTEIIbHBIN  JIJIA
¢ukcarmu Henmomyctumoro cBaita MO (maxiona).
Jlanee KoOpAMHATBI PENEPOB HA Kalape Kamepbl
no MM nepeBoastcs B koopaunarel TIIp Ha skpa-
HE, KOTOpBIE COXPaHAIOTCS B KOJBIEBBIX Oydepax
W HCIIONB3YIOTCSI B MOMEHT BbICTpena Juis Oauiu-
CTHYECKOTO pacuéra TOYKM TMOMajaHus (TaKxke
MO3BOJIASL aHaIu3upoBarh JBwxkeHue TIIp g0 u
[ocjie BbICTpeNa — TPACKTOPHUIO IPHLIEIUBAHUS).
[Tpr npuOAM3UTENbHONW HIMPHHE HKpaHa IUCILIes
44 cMm (mpomopiuu 16:9) HA TUIUYHOM PACCTOSTHUU
2M 70 BeO-kamepwl TonydaeTcs pabodwmii yr-
JIOBOM pasMep okoyio 13°, a 1o TopHU30HTAIH BeO-
KaMmepbl (pukcupyrot yroa o63opa U He meHee 30°
(tummmyro  40-55°). Ho wucnonp3oBaHuE TOIBKO
LUEHTpaJbHOH  4YacTH  W300paKeHUH  MUHHMHU-
3UpyeT TeoMeTpuyecKkue adeppaluyd  ONTHUKU
kamep. JlomycTuMO HCHONB30BaTh B 3aT€MHEHHOM
MOMEIICHUH B KadecTBE PEIEPOB SIPKO-Oeble
MSITHA Ha CaMOM M300pa’keHMH aucIuies: (kamepa
B ATOM ciiydae 0e3 CBETO(QWIBTPOB), HO OCTaIbHOE
M300pakeHUE MHMIICHHONH OOCTAaHOBKU JIOJDKHO
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OBITh TYCKIBIM (PSKHM «HOYB»). TpeOoBaHHS
touHoctu PTIIp HY 0,6-1,5 T.1. u OpicTponeiicTBus
15-60 I'm (xagp/cex) [12] oOycloBIEHBI HCIIONb-
3oBanneM st CT HY wumuraropoB ¢ BBICOKHM

BeO-KaMepa
webcam

OaITMCTUYECKUM paccerBaHWeM Tiynb B (cpe-
JMHHBIE OTKJIOHEHUS M3 TaONWI] HACTaBJICHHN):
[IM (muctomer MakapoBa) ~ 1,5Ta u AKM
(aBromar Kanamnukosa) = 0.6 T.1.

<—HK-mmon 1 IR-diodel

* <—= UK-uon 2
IR-diode2

IUCILIEHN
display

N

HOYTOYK
laptop

<4

Pucynox 1 — PeructpaTop TOUYKH IPULIEINBAHNS HAYAIBHOTO YPOBHS

Figure 1 — Entry level of a target point determiner

[Tpumesr: Sights:
- HOYHOIT - night
- onTudeckmi - optical

- MeXaHIYecKHii - mechanical

JazepHble W3TydaTeln
laser emitters

Jla3epHbIE MATHA \ _

laser spots

PucyHnox 2 — Peructparop TOUKH IpHUIEINBAaHNS 0A30BOTO YPOBHS

Figure 2 — Basic level target point determiner

PTIIp 6a306020 ypoens (BY, pucyHok 2) Ha
0aze, Hanpumep, HD-kamepsl co cBeTOGHIBTPOM,
3aKpeIyIEHHONW Mepea SKpPaHoM, (HUKCHPYET KOOop-
JUHATBl HECKONBKUX JIa3epHBIX ISATEH (pa3mensis
uX, HallpuMep, MO LBETYy Ul HECKOJIBKUX Pabodumux
MECT) Ha Kaape Kamepbl U1 mo MM mnepeBoauT B
KOOPJIMHATHI 3KpaHa, KOTOPbIE TaKXKe COXPAHAIOTCSA
B KomblLeBbIX Oydepax. Ilpu crammaprHoi 1mu-
pUHE TPOCKIHMOHHOTO 3KpaHa 2 M (MpOHopuuu
16:9) yrnoBoii pa3mep Ha PacCTOSHUU 5 M COCTaB-
nsgeT okono 20°, 4TO TakKe MEHbIIE TUIUYHOTO
yria o063opa kamep B 50°, Ho kadectBo HD-kamep

BhIIIIE BeO-KaMep M Pa3MeCcTUTh €€ MOXKHO OImke
5™ or skpana. Mcnomnp3oBaHue BTOPOTO Ja3ep-
HOoro uznyuatens Ha ogHoMm MO, xorma BepxHU
JMa€T Jyd CTPOrO MapajulelbHO JIMHUM IPHIIEITH-
BaHUS M SBISETCS OCHOBHBIM 111 MM, a HHX-
HUN — 1O HEOONBIIMM YIJIOM BHHU3, IO3BOJISIET
OIICHUTH CBajl OPYXHUS W PACCTOSIHHE JI0 DKpaHa
(c mepecu€TomM MacmiTaba MUIICHEW, HAIPUMED).
JlommycTMO HMCHONB30BaTh PEXKUM  «Ia3ep TOPHT
TOJIBLKO MPH HAXKaTOM CITyCKOBOM KPIOYKE», HO 3TO
HE JIaCT BO3MOXKHOCTH aHAJHM3HPOBATH TPaEKTO-
pUIO TpUIETUBaHMS A0 BbICTpena. TpeOoBaHus
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tounoctu PTIIp BY 0,3-0,8 T.0. u ObicTponeiicTBus
30-120 I' (xanp/cek) [12] oOyclioBIEHBI BO3MOXK-
HOCThIO ucnonb3oBanueM it CT 6a3oBoro ypoBHs
HO c¢ Oonee HU3KUM OAJUIMCTHYECKHM pacceuBa-
nueM nyab B: IIKM (mynemér Kanammuukosa)
~0,7 t.n., AK74 (aBromar Kanamnukosa) = 0,4 T.x1.
n naxe CBJ] (cHaiimepckasi BUHTOBKa JlparyHoBa)
~ 0,135 .n. B 0c000 momgoOpaHHON KOH(HUTYpaunuu
CT.

HccnenoBanue MaTeMaTH4eCKUX MojieJieit
PerucTpaTopoB TOYKHU NMPULIETUBAHUSA

st co3maHust u3MepUTENbHOW 0azel MM
peructparopoB Touku npuuenusanus HY wucnomns-
sytoress aBa WK-mmoma (pemepa) ¢ aBTOHOMHBIM
nutanueM (Ha Oartapeiikax uiam ot USB HoyTOyKa),
3aKpEIUIEHHBIC HA KOHLAX PEUKU JJIMHOWU IIPUMEp-
HO 30-35cMm, KoTOpass pa3Melaercs CBepXy
ouciuiess (MM DKpaHa HOYTOyKa, PHUCYHOK 1).
Hecmotpss Ha TO, 4TO ONTHKAa OOILEIOCTYIHBIX
BeO-Kamep, 3akpemsieMblx mon crBosioMm MO,
HE OTJIMYaeTcsl BBICOKMM KayecTBOM (oOmamaer
TrEeOMETPUYECKMMH M XPOMaru4yeckuMHu adeppa-
uusMH), HO Omaromapsi pabodemy yriy perucrpa-
uun R Bcero 8—15° mpu MIMPOKOYTOJbHOM OOBEKTHU-
Be (MunumyM U = 30-70°, pucyHok 3), 3aaeicTBo-
BaHHOW i  aHajdM3a  OKa3bIBae€TCs  TOJBKO
LEeHTpalbHasi YacTh M300paKeHHsl Kanupa, TIIe
abeppauuy NpPaKTHYECKH HE MPOSBISIOTCA, 4YTO
obnmeryaer ontummzauuio MM  peructpatopos
Touku npuneauBanus HY, HO u cHuxaer eé
MHCTPYMEHTAJIbHYIO TOYHOCTb.

DkpaH / Screen  Wy/W,

Kamepa / Camera M, KC

Pucynok 3 —Monenb cucteMsl «kamepa-3kpam»: W, —nm-
puHa 5KpaHa B M; W, — lIMpHHA DKpaHA B IHKCEIIX;
R —pabounii yrom; U—yron o630opa xamepsl; L, — pac-
CTOsIHHE OT 9KpaHa 110 kamepsl; M, KC — pexXuMbl KaMephl

Figure 3 — Camera-screen system model: W, —screen
width in m; W,—screen width in pixels; R —working
angle; U — camera viewing angle; L, — distance from the
screen to the camera; M, KC — camera modes

OneHuM HMHCTPYMEHTAJIBHYIO IOTPEHIHOCTD
PTIIp HY: nmpu paspemiennn BeO-kamepbr 640x480 To-
yek B pexume SD (M= 640) ¢ THOMYHOM YIJIOM
o03opa  U=150° paboumii yrom coOCTaBisIeT
R =13° npu mupune nucmnes W, =44 cMm Ha pac-
croauuu L, =2 ™ (R = 2arctg(W,/2/L,)) 1o xame-
pel. Ilomywaercs npumepHo 166 Touek Kamepsl
(M-R/U), «unakpeBatomux» 1920 touek FHD-
JicIies MULIeHHOW oOctaHoBku. llpum TouHOCTH
LEJIOYMCICHHBIX KOOPAMHAT IIGHTpa perepa B
A=+0,5 orcuéra mnosy4yaeM HHCTPYMEHTAIbHYIO
norpemHocts  PTIIp =46  Touek  sKpaHa
(1920/166*0,5) wmu £0,04° (x 2,4°) umu +0,71 T.1.,
YTO YKJIA/IbIBACTCSI B 3asBJICHHBIC XapaKTepUCTHU-
ku CT HY (mpu oTtoM uenoBedeckuil a3
nMeeT pazpemeHue 1°=1 yIIOByI0O MHUHYTY
~0,3 T.1., YTO COOTBETCTBYET MPHUMEPHO 3 TOUKaAM
FHD-nmucrimess Ha paccrosHum 2,5 M 70 T17a3a).
Pemenne mpoOsieMbl NOBBIIEHNS MHCTPYMEHTAIIb-
HOM TOYHOCTM BHUJWUTCSA B YBEIHMUEHUHU pas3pere-
HUAA BeO-kamepsl g0 1280%x720 Todek (pexum
HD, M =1280) wiu naxe no 1920x 1080 (pexxum
FHD, M =1920), 4T0 CHH3UT WHCTPYMEHTAIHHYIO
morpemHocTh B 1,5-2 pasa (Ha  BBICOKHX
paspemeHnsX y MHOTHX KaMmep YBEITHMYHBaeTCs |
yron o63opa U, a KC pe3ko majmaer), HO Tpedyer
MOBBIIICHHBIX BBIYHUCIUTEIBHBIX PECYpPCOB KOM-
mproTepa Il 00paboTkM m3o00pakeHuit. Kpome
9TOT0 MOYKHO HCIOJb30BaTh ONTHUYECKHE HACAIKU
Ha BeO-Kamepy Uil yMeHbIIEeHUs e€ yria o03opa
mo 30-40° (manmpumep, caMmofelbHBIE TpPYOBI
Kemmnmepa wmu Tamunmes [20]; BHOCHUMBIE UMH
abeppanuu — IMEpPeBOPOT M300pakeHUs B Ciydae
TpyOBsl Kemnepa, mucropcust B BUAe reoMeTpuiec-
KHX HCKaXEHUH — KOMIIEHCHUPYIOTCSI aBTOMaTH4ec-
KA C TIOMOIIBIO PErpecCHOHHBIX ypaBHeHUH MM),
HO MeHee 2R yronm o030pa Jenarh HeNb3s Y4TOOBI
[0 BCEMy IMOJI0 JucIuiess (hUKCHMpOBaIMCh BeO-
KaMmepoil JiBa periepa.

Tapuposka MM PTIIlp HVY ocymectBisercs
YCIIOBHOM py4YHOH «cTpenbboi» mo 3 pasa (ans
YCPEIOHEHHSI PYYHOTO TPHUIENNBAHUSA) B KaKIYIO
13 PaBHOMEPHO PACHOJIOKEHHBIX IO SKpaHy Ta-
PUPOBOYHBIX ~ MHIIEHEH  (Touek), KOJIMYECTBO
KOTOPBIX BBIOMpaeTcs 3apaHee or 3%X2(6) mo
7%x5(35) wm onpeaensier oOycnoeieHHyro MM
(kommgecTBO mapamMeTpoB MM mOMKHO  OBITH
He OOJble KOJMYECTBA TAPUPOBOYHBIX MHUIICHEH
ms e€ paspemieHuss mo MHK, HO wem Oombie
MUILEHEH, TEeM MeEHEee TEXHOJIOTHYHA pydHas
TapUpOBKA).

299



Tpubopul u memoowt usmeperutl
2024. T. 15. Ne 4. C. 295-306
C.®. Ezopos

Devices and Methods of Measurements
2024,;15(4):295-306
S.F. Egorov

OueHnM HMHCTPYMEHTAJIBHYI0 IOTPEIIHOCTh
PTIlp bBY: mnpu paspemienun  HD-kxamepsl
1280x720 touek (M =1280) wu TunmuHOoM e€
yrie o63opa U=150° paboumii yrom cocrasiser
R=20°, xorma mmpuHa dkpaHa W, =200cm Ha
paccrosHuu L, =5 M (R = 2arctg(W,/2/L)) no xa-
Mepbl. Ilomyuaerca npumepHo 512 Touek kamepsl
(M-R/U), «unakpwBatomux» 1920 touek FHD-
MIPOEKTOpa MUIIEHHOW oOcTtanoBkH. [Ipu TouHOCTH
LEJIOYMCICHHBIX ~ KOOpIMHAT LEHTpa ISTHA B
A=+0,5 orcuéra, MOIy4yaeM HHCTPYMEHTAJIbHYIO
norpermHOCcTh TTIp £1,9 Toukm axpana (1920/512/2)
mmn +£0,023° (£1,35°) wm +£0,4 T.a., 9To Oojee
YeM YKJIaJIbIBACTCS B 3aSBICHHBIC XapaKTEPHUCTUKU
CT BY (umpu 3TOM 4YelOBEYECKHMH TIJ1a3 HMEEeT
paspemenue 1°=1 ymioByto Munyty ~0,3 T.1., 4TO
cooTBeTcTBYeT npumepHo =1 touke FHD-3kpana
Ha paccTossHUM 5,5 M 10 miasza). Mcmonms3zoBanue
BBICOKOKAYECTBEHHOH ONTHYECKOM HACaAKd 2X Ha
kamepe [20] Mo3BOJISIET CHU3UTH UHCTPYMEHTAIBHYIO
MOTPEIIHOCTh B 2 pasa, HO MPOILE pa3MECTUTH Ka-
Mepy Onmke K dKkpaHy (Hampumep, Ha L, =2-3 M),

YTO HECKOJIBKO CHMXKAET TEXHOJOIMYHOCTbh, T. K.
Kamepy ynoOHO pa3MelaTb BMECTE C MPOEKTOPOM
(HO IPOEKTOP MOXKET OBITH U KOPOTKO(POKYCHBIN).

Tapuposka MM PTIIp BY ocymectBngercs
B aBTOMAaTMYECKOM pEXHME, KOorja Ha DJKpaHe
Ha 4yépHOM (poHE MOCIEeqOBATEILHO OTOOpaXKAKOT-
Csl 10 M3BECTHBIM KoopauHatam 7x9 (63) m3o0pa-
JKEHUH penepa (aHAJIOTOB JIa3€pHOTO  IISATHA),
CUMTHIBAIOTCSL Kamepoil 0e3 ceeroduibTpa, ompe-
Jendrorcd koopauHatel neHtpa n no MHK BbI-
YHUCIISIIOTCS TapaMeTphl BEIOpaHHOH MM.

Peanbnas norpemnocts MM PTIIp nHauansHOTO
u 0a3zoBoro ypoBHed OyayT MHOH, T. K. BCE KOM-
noHeHTel Makera CT He HIealbHBI, YTO BHOCHT
METOJMYECKYI0 M CYOBEKTUBHYIO IIOTPEIIHOCTH
(mpu pyuHo#l TapupoBke Oe3 3akperienus WO
B CTaHKE), OJHAKO TOYHOCTH ONpPEAEIEHHs LIEHTpa
ISTHA I[PU HMHTETPaJbHBIX METOJaX MOXKET OBbITH
A<<%0,5 orcuéra. Ilpu wuccinenoBanuu MM
PTIlp wnavanpHOro u ©a30BOro ypoBHEH pac-
CMaTpUBAINCh 9 BapUAHTOB PErPECCHOHHBIX YpaB-
HEHHH U psill 0OIEeIOCTYITHBIX KaMep:

ry, =b +b,x, +by, +b,xy,

MM no.1 rx, =a +a,x, +a,y, ry, =b +b,x; + by,

MM no.2 rx,=a,+a,x,+a,y, +a,xy,

MM no.3 rx, =a +a,x, +ay, +axy +ay,/ x,
1y, =b +byx; + by, +bxy, + by, | x,

MM no. 4  rx, =a, +a,x, +a,y, +a,x,y, +a;y;’x, +a,y.x;
1y, =b +byx,+b,y, +bx,y, + bSyizxi + bﬁyixiz

MM no.5 rmx, =a +a,x,+a,y, +a,xy, + as)ciy,.2 + a6x,2y,. +a, ()ciy,.)2
1y, =b +byx, +by, +bx.y, + b5xiy1'2 + b6xi2yi +b, (xiyi)2

MM no. 6 rx, =a, +a,x,+a,y, +a,xy, + asx,.2 + a()y,.2 + a7x,.yl.2 + agxl.zyl. + agx,.3 + amyl.3
ry, =b +b,x, + by, +b,x,y, + bsx,.2 + bGyI.2 + b7)cl.yi2 + ngizy,. + ng,.3 + bmy,.3

MM no.7 rx,=a,+a,x,+a,y, +a,xy, -|-a$xi2 + aﬁyi2 + a7xiyi2 +a8xl.2yl. + agxi3 +a]0yi3 +
+a11(xiyi)2 + a12‘xiyi3 + alei3yi
ry, =b +b,x, + by, +b,x,y, + bsxl.2 + b6yi2 + b7)cl.yi2 + bsxizy,. + ngf + bloy,.3 +
+b, (x,3,)" + b, +bxy,

MM no. 8 rx, =a, +a,x, +a,y, +a,x,y, + asxl.2 +aéy,.2 +a7x,.y,2 + agxl.zy[ +a9x,.3 + awy,.3 +
+all(xiyi)2 + alzxiyi3 + a13xi3yi + al4xi4 + alsyi4
ry, =b +b,x, + by, +b,x,y, + b:,,x,.2 + bﬁyi2 + b7xl.yi2 + ngizyi + ng,.3 + bmy,.3 +
+by, (x,.3,)" + b,y +baxy, +bxt by

MM no. 9

_ 2 2 2 3 3 3
rx, =a, +a,x, +a,y, +a,x,y, +asy” +ax” +a,(x,y,) +a,y’ +ax; +a,x’/y,

ry, =b +b,x, + by, +b,x,y, +b:.,yl.2 +1)6)ci2 +b, ()c,.yl.)2 -i—bgyi3 +b(,xl.3 -i-blox,.3 /'y,

racx;, y; — U3BMCPCHHBIC KOOPANHATDI IIsSITHA HA KAMEPE, I— HOpSI[IKOBLIfI HOMED IIAITHA, ¥’X;, I'Y; — BBIYMCJIICHHbIC

(CKOpPEKTHPOBaHHbBIE) KOOPAUHATHI IIATHA Ha 3KpaHE; d, ..

»a,, by, ..., b, — ko3 dUINEHTbl MOIMHOMOB

no°

JUTSL KOPPEKIMK KoopauHaT X 1 Y; n — KonudecTBO Kod(GUIMEHTOB (3aBUCHT OT HCIOIb3yeMoit MM).
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IIpn nepBoHavanbHBIX HccaenOBaHMIX [14]
B HCAJBbHBIX ONTHYECKUX YCIOBUSAX (IIPOEKTOp U
KaMepa pAacIOIOXKEHBl CTPOro HAlpOTHB LEHTpa
9KpaHa B TEMHOTE) HCIOJIB30BAJIOCH TECTOBOE
nzo0paxenne u3 13x7 OenblX MATEH Ha YEPHOM
¢done ¢ pabounm yrimom R = 60°, HO MOTPELIHOCTH
koopauHatr X M Y B C.K.0. NHKCENeH 3amepsiach
TOJBKO  HAa  IEHTPAJIBHOM  30HE  TECTOBOIO
n3o6paxenus (7x5 msaren, 1/4 mo miomany kaapa
KaMephl) 1 ObLIO OKa3aHo npeumyiiectso MM Ne 5

IMorpemHocTh KaMep AJA MaTeMaTHYecKUX Mojesieil NeNe 1-5 B 6

(trabmuua 1). BeigBneno, yro morpemHoctn MM
[0 IICHTPAJIBHON 30HE KaJipa CYIIECTBEHHO MEHb-
e, 4yeM IO BCEMYy IMONIO PErucTpaluu U3-3a
reOMEeTpUYeCKNX adeppalnuii ONTHKH Maorada-
PUTHBIX KaMep W PEKOMEHJIO0BAaHO HCIIOJIb30BaTh Ka-
Mepbl UMEHHO B TakoM pexume (R << U, puCyHOK 3).
[lepeBox c.k.0. B IUKCEIAX (6,;,) B C.K.O. T.A.
(6,,) mpu W, =1,6m, W,=848 pix u L, =2 m 1o
/4
3 m

¢dopmyme: 6., =10
ke W L

P

(¢

i HAET 6, =0943 6., ~ 6.

m

Tabauya 1/ Table 1

pix (z GT}l

Cameras error for mathematical models NeNe 1-5 in 6, (%6,,)

HOMCp PErpeCCUOHHOr0 YpaBHCHUA MaTeMaTH4YeCKON MOACIN

No Ilpp xamepr: Mathematical model regression equation number
Camera cipher

G 1 2 3 4 5

G, 0.988 0.879 0.432 0.325 0.306
1 LUMIX G3 (FHD)

6, 0.922 0.330 0.270 0.145 0.139

G, 0.569 0.554 0.372 0.291 0.288
2 LUMIX TZ20 (FHD)

6, 0.599 0.227 0.177 0.167 0.159

G, 0.654 0.607 0.376 0.291 0.288
3 PENTAX Optio MX4 (FHD)

6, 0.636 0.237 0.203 0.165 0.165

G, 0.497 0.479 0.441 0.399 0.395
4 SAMSUNG GIO (SF)

G, 0.597 0.369 0.327 0.279 0.236

G, 0.862 0.649 0.559 0.483 0.481
5 GStar X-15 (SF)

6, 0.951 0.638 0.542 0.267 0.165

6, 0.965 0911 0.455 0.315 0.263
6 MUSTEK LCD2 (SD)

6, 0.933 0.221 0.154 0.141 0.141

G, 1.330 1.109 0.415 0.486 0.415
7 JMK JK-805 (SD)

6, 1.422 0.750 0.741 0.494 0.283

G, 2.144 2.129 0.749 0.807 0.589
8 RITMIX SVR300 (SD)

6, 1.578 0.853 0.763 0.624 0.407

G, 2.545 2.519 1.192 0.745 0.643
9 Defender C-090 (SD)

G 2.123 0.645 0.468 0.410 0.358

y

[TapameTpsl MoenH «kamepa-skpany» (parameters of «camera-screen» model): L, =2 m, W, = 1,6 m, W, = 848
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Ananm3 Tabmuuel | mokaszan, YTO KPYHHO-  OTpaHMYEHHYIO romHocTs B kauectBe PTIIp
rabaputaeie FHD-kameps! (Ne 1-3) obGecnieunBator  (Hampumep, Tonbko aast MO Iluctomera Maka-
MHUHHMMAaJIbHBIE IIOIPEIIHOCTH, HO HCIIOJIIb30BAHUE  POBA).

ux B kadectBe PTIIp TexHUUecKH HEBO3MOXKHO.
YIOBICTBOPUTENBHBIC TOTPEIIHOCTHA TOKa3alu |
BCTpOCHHBIE (OTOKAMEPHI COTOBBIX Tee()OHOB
(Ne 4-5), HO HWCMONB30BaTh MX TAKKE TECXHUUYCCKH
3aTpyaHUTEIbHO. OOIIEIOCTYTHbIE MUHUATIOPHBIC
MOHTHpyeMbIe Kamephl (Ne 6-9) pasgenuiuch
Ha JBe Tpynmbl: KauecTBeHHbIE (Ne 6—7), KOTOpbIe
HaMU PEKOMEHAYETCSl KCIOIb30BaTh (HAmpumep,
MUSTEK LCD2 mna PTIIp BY u JMK JK-805
mist PTIp HY) u menee kauectBeHHbie (Ne 8-9),
ONTHKA  TIOCIACIHUX  BHOCHT  CYIIECTBEHHBIC
reoMeTpuieckie abeppai — HEPaBHOMEPHYIO
«00UK000Pa3HOCTE) (MU «ITOAYIIKOOOPa3HOCTBY ),
WHOTJIa TIPEBBIMIAIONIYI0 JIOMYCK, M XPOMAaTH-
geckne abeppanmud — TI0 KpasM Tois o63opa
MajaeT sPKOCTb M YBEIUYHMBACTCS PACCIOCHHE
[IBETOB (CJIeBa TIOSABISIOTCS KpacHBIC TIOJIOCHI,
a cIpaBa — CHHHE), 9TO OOCCIIEUMBACT MM TOJIHKO

B Texymmx wuccienoBaHHUAX yKE B peajbHBIX
yCIIOBUSIX pabodero makera (Korga MpPOEKTOp H
KaMepa pacIioioKeHbl 0 HIDKHEMY Kparo JKpaHa,
T.€. C TEOMETPUUYECKUMH HMCKAKECHUSIMH IPOEK-
UM ¥ HCIOJIB3YIOTCS AHEM, HO O3 OCBEIIeHHS,
C 3aHaBeNIEHHBIMH OKHaMH, T. €. C HepaBHOMEp-
HBIM OcCBelleHueM) po0aBieHsl B MM  HoOBbIe
perpeccuonHbie ypaBHeHUs Ne 6—9 1 paciupeHHbIH
HA0Op COBPEMCHHBIX BeO-Kamep (cpemd HUX
Buzaepeructparop AIR Tone, mnpodeccrnonansHas
kamepa ¢ aBrodokycom Canyon W ajisl CpaBHEHHS
yCIIOBHI HcciemoBaHuii Ta ke kamepa Defend-
er, uro B Tabmuue 1). WccnenoBanus mnokazaim
MIPOTHO3MpYEMBbIE  pe3yibTaTbl, 4YTO  CTapIine
MM NeNe 6-9 nyume wmmamgmmx MM NeNe 1-5
(3 [14]) u HOBBIE BeO-kaMepsl (Tabnuia 2) mydiie
ctapbix (Tabmuna 1 u3 [14]), a peanbHble YCIOBUSA
HCCIIeIOBAaHUH XyKe UaeaTbHbBIX (B [14]).

Tabnuya 2 / Table 2
IorpemnocTs MaTeMaTiHyeckux Moestei Ne 1-9 HOBbIX Kamep B 6, (2 6,,)
Error of mathematical models Ne 1-9 of new cameras in 6,;, (2 6,,)

9x7 points (1.76x1.32 m) 11;[; U,° MMl MM2 MM3 MM4 MM5 MM6 MM7 MM8 MM9 Igi’
Defender C-090, 6, 640 356 1.69 1.65 1.64 1.51 |0475 0.414 0.364 0.484
Defender C-090, ey 480 0 2,18 209 187 177 1.55 0377 0.356 0.436 0.514 30
iSlim 1300AF, 6, 640 576 449 225 2.00 138 |0.662 0.544 0.448 0.649
iSlim 1300AF, 6, 480 > 379 1,65 159 1.11  1.02 | 0.565 0.475 0.446 0.682 16
iSlim 1300AF, 6, 1280 571 432 188 1.73 136 |0.562 0.515 0.318 0.555
iSlim 1300AF, 6, 1024 > 383 149 1.40 0.845 0.901)0.669 0.475 0.350 0.447 i
DENN Photo, 6, 640 469 237 210 219 1.84 |0.614 0.691 0.729 0.919
DENN Photo, 6, 480 2 259 268 264 220 224 0717 0.730 0.783 1.030 =
Intro WU702M, 6, 640 46 102 1.08 1.06 0992 0.934|0.368 0.369 0.276 0.361 13
Intro WU702M, 6, 480 599 594 595 226 2.04 |0379 0336 0.242 0.370
Intro WU702M, 6, 1280 10.1 1.03 1.03 0981 0.905|0.256 0.254 0.180 0.236
Intro WU702M, 6, 720 > 598 594 594 188 1.64 10250 0.202 0.205 0.292 10
AIR Tone QC-02, 6, 1280 102 273 1.89 221 1.66 |0.257 0.233 0.243 0.374

AIR Tone QC-02, 6, 720 72 558 555 449 132 0.893]0.235 0.238 0.228 0.378 30
Canyon CNS-CWC5, 6, 640 5 579 1.06 0916 0.776 0.748 10.261 0.202 0.182 0.290 30
Canyon CNS-CWCS5, 6, 480 2.84 278 272 1.117 1.105(0.239 0.212 0.185 0.328
Canyon CNS-CWC5, 6, 1280 576 0978 0.881 0.793 0.6930.199 0.162 0.130 0.357
Canyon CNS-CWCS5, 6, 720 0 282 276 272 1.02 0.989]0.196 0.117 0.129 0.518 10

[TapameTpsl Mozienn «xamepa-skpan» (parameters of «camera-screen» model): L, =3,4 m, W, = 1,76 m, W, = 1024,

R=128°
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Ipu W, = 1,76 m, Wp =1024 pixu L, =34 m
Oyner 6., ~ 0,506 6.

[orpemnoctn Tabnwmim 1 w2 WMEKOT HE
aOCONMIOTHBIA ~ XapakTep, a  HMCKIIOYUTEIBHO
OTHOCUTENBHBIM (T. €. pa3Hble TaOMUIBl HENb3s
HETIOCPEACTBEHHO CpPaBHHUBATh), T. K. HMX JaHHBIC
3aBUCAT OT NAapaMeTPOB HCHBITATEIIFHOTO MakeTa
«“Z,, w,, Wp, R) u reomeTpuyeckol TOYHOCTH
ycraHoBKH komnoHeHT CT (9kpaH, HOpPOEKTOp,
Kamepa), KOTopble He OynyT HIealbHBIMH TIpU
camocOopke TpeHaxkepa. Ho MOXXHO HCIONB30BaThH
MpUMEpHBIA  Ko3pPuuueHT <2 (Ipu CpaBHEHUH
3HaueHus TaOmuIbl | yMHOXKalOTCS Ha 2 WIH
3HAYCHUs TaOIHIIBI 2 AeTsATCs Ha 2).

Amnanus tabaur 1 1 2 mokasai, 4To:

1. MM Ne 1 (stuHeiHast) CBOEW TOTPEUTHOCTHIO
OTpaXkaeT YPOBEHb T'€OMETPUUYECCKHX abeppanuii
KamMep U pakypc (pacmojokeHHEe KaMepbl B
MIPOCTPAHCTBE OTHOCUTEIBHO IIOCKOCTH IKPAHA).

2. HoBele MM Ne 6-9 mokassIBaloT moOrpem-
HOCTb B 2—3 pa3a MeHbllle, yeM ctapbie MM Ne 2-5,
HO TpeOYIOT AJIsl TAPUPOBKH CYIIECTBEHHO OOJIbIIIE-
ro KOJIM4ecTBa TOYEK (Hampumep, 63 mpotus 35) u
00513aTEJILHOTO WX PACIOJIOKEHUSI B TOM YHCIIE TI0
MEepUMETPY SKpaHa.

3. Pexum HD (M =1280) He3HaYHTEIHHO
(ma 10-20 %) Tounee, yem SD (M = 640), HO
osicTponeticTeue (KC) py 3TOM MOXKET CHUKATHCS
Oosee yem B 2 pasa.

4. s xamepsl Defender C-090 nHoBRIE MM
Ne 69 B peanbHBIX YCIOBHAX JAIOT MEHBIINE
MOTpeNHOCTH, YeM cTapple MM Ne 2-5 B uneans-
HBIX YCIIOBHUSIX.

5.MM Ne 9, koropast paspaboranHa s Hpo-
¢eccuonansroro CT «Hurubutop» c PTIIp Ha
0a3e MEepHeHIUKYISIPHBIX  OBICTPOJCHCTBYIOINX
[I3C-nuHeexk ¢ UUAMHAPUYECKUMH JUH3aMH [21],
He wumeer npeumymects it PTIIp na Gase
MaTpUYHBIX Kamep.

6. «doporue» kamepsl (Canyon CNS-CWCS,
3,5 THIC. py0.) cymiecTBeHHO (B =3 pa3a) Ka4YeCTBEH-
Hee  «meméBeix»  (DENN Photo, 300 pyO0.),
OCTaJIbHBIE KaMepbl MO KadecTBy U CTOMMOCTH
PacToN0oKeHbl MEXTy HUMHU.

7.1lo ontuManbHOMY (MHHUMAaJbHOMY) CO-
OTHOIIICHUIO  TOYHOCTH/ObICTponelicTBue  (6/KC,

0e3 yuéra CTOMMOCTH Kamep) M C Y4YETOM
TEXHOJOTMYHOCTH TapupoBku ans PTIIp HY B
pexume SD ¢ MM Ne 5 win Ne 7—8 pekoMeHyroTcs
kamepsl Defender C-090 u iSlim 1300AF (B
KpaitneMm ciydae Intro WU702M), a g PTIIp BY

B pexxnmax SD/HD ¢ MM Ne 7 i Ne 8§ — kamepsl
AIR Tone QC-02 u Canyon CNS-CWC5; MM Ne 5
texHoiornunee s PTIIp HY, T k. Tpebyer ans
pY4HOH  TapupoBKH TOibKO  9(3x3)-12(4x%3)
Touek, korma kak MM Ne 7-8 TpeOyrorT He MeHee
24(6x4)-35(7x5) Touexk.

Hna pacmmmpenus Bosmoxsocteil PTIIp HY
B KOHCTPYKIMIO BBeA€H BTOpod penepHbiii WK-
cBeToauoA (PUCYHOK 1), 4TO MO3BOJSIET (UKCHPO-
BaTh cBal K, (HaKIOH OpYXUs B CTOPOHBI Oolee
4eM Ha 5°, 9TO CYMTASTCS OMTUOKOM MPHUIICITUBAHIS)
W MacmTadupoBaTh MHIICHHYIO OOCTAaHOBKY IO
S,, (B 3aBHCHMOCTH OT pacCTosAHMs 10 pabodero
MECTa) IPH NMEPEMEILEHHUSX CTPEIIKa, YTO MO3BOJISET
caenatb MM perucTpaTopoB TOYKH MPHULETUBAHUS
HY wuHBapmaHTHON K HaKIOHY U pPACCTOSHHUIO
CTpenbObl (paboyeMy MecTy):

KCBaH = arCtg(u

—arct (m_Yj
X & mX )’

Xy =X

rae (x;,1,), (x5,),)— TEKyllUe KOOPAMHATBHI IBYX
penepnbix MK-mnonos, a mX= (x,—x,) u m¥=(,3,)—
STAJIOHHBIE PACCTOSIHUS MEXIy pernepamu (BbI-
YUCIISIIOTCST TP TapupOBKe OCHOBHOW MM); korma
Sy =1 1 Kg,,=0—crpensba koppekrHa, HHa4e,
korma Bce ke K, < 5°— IepecunThIBaIOTCA
KOOPAMHATHI IIepBOTO pemepa (JieBoro, 0a30BOTO
1t MM) — pa3BOpavYMBarOTCS U MacCIITAOHPYIOTCS
OTHOCHUTENIFHO KOOPJIWHAT JIMHUW TPHUIETHBAHUS
Ha Kajpe BeO-kamepbl Xpp,, Yy, (BBIMHCISIOTCS
pU TapUpOBKE OCHOBHOM MM myTéM «cCTpeib-
OpD» B mepBbIi penepHbiii UK-mrom m cuurarorces
WHBAapUAHTHBIMH  OT  W3MEHEHHS  PACCTOSHUS
CcTpeNbObl B pa3yMHBIX TIpenenax +0,5 M):

(1

mX* +mY?
(xz _x1)2 +(y2 _yl)

2 0

Xl = (xI_XTﬂp)COS(_RcBan)Sxy - (yl_YTl'[p)Sin(_KCBan) Sxy+
(2)
) Sxy+

Xy

Y, = (xl_XTHp)Sin(_KCBaﬂ)Sxy - (yl_YTHp)COS(_Kc
+YTHp9

Ball

e X,,y; — KOOpANHAThl OCHOBHOIO (JIEBOT0O) perepa
n X|,Y, — "HBapuaHTHBIE KOOPIMUHATEI perepa.
Ilpuctpenka PTIIlp BY (HeoOxommmo st
COOTBETCTBHSI KOOPJIMHAT JIa3epHOTO TSTHA W
TIlp w 3aBUCHUT OT THUMA TpHIET, PHUCYHOK 2)
OCYIIECTBIISIETCS 10 W3BECTHBIM  KOOPJIWHATaM
MumieHn (X*,Y*), korma ycpemHSIOTCS KOOpIUHA-
TBl JIA3ePHBIX IIITEH TIPH MHOTOKpaTtHOH (V)
«ctpenbbe» 1o Held, koropbie BeIa€T PTIIp (X,,,Y).
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Jlanee mnpou3BOIUTCS IPOrpaMMHAas KOPPEKLUs
koopauHar ot PTIIp no TIlp (BusyanbHON naMHUM
npuuenusanus) Ha AX u AY 1o Xy, Yoy, (pucy-
HOK 2) T10:

X = X HAX; Yoo = Y +AY;
3)
1 1
AX=X"-(Q.X))/N; AY=Y"-(Q.Y,)/N.
N N

IToBropHass tapupoBka u mnpucrpenka PTIIp
BY TpelOyroTcst MuIb MpH anmapaTHbIX M3MEHECHH-
X KOH(HTrypalnuu TpeHaxEépa Omaromapss WHBaA-
PUAHTHOCTH MozeinH, a Tapuposka PTIIp HY moxer
OTPeOOBaTbCSl  PEry/SIPHO  U3-33  Pa3MeEILEHUs
kamepsl ¢ mpoBogamu Ha MO, a pemnepubix K-
JIMOJIOB Ha JUCIUIEE, YTO TOJBEP)KEHO CITyYalHBIM
PEKOH(HUTYpALTUSIM.

Taxum o6pazom, B ocHoBe MM PTIIp nexar
perpeccroHHbIe ypaBHEHUS, JIOTIOJHEHHBIE Mpe-
BapUTENLHBIM Pa3BOPOTOM U MacIITaOMpOBaHUEM
()—(2) mna PTIlp HY (amanu3 u KOppeKIus
nomyctumoro cana MO wu mepememnieHus IS
WHBAapUAaHTHOCTH) W JOTIOJIHEHHBIE TOCIEeNyIOen
npuctpenkoi (3) mna PTIIp BY (cmemenue xoop-
JIMHAT JIa3epHOTO TATHA JI0 JTMHUW TPUIIEITNBAHUSA).

ITorpemmnoctu MM PTIIp  yuuThIBaroTCs
B CIyYyailHOM paccerBaHUM OOCMPUIIACOB TPH
MOJICJIMPOBAaHUN BHEIIHEW OaJUINCTHUKU OpPYKHUS
MyTEéM BBIUYMTAHUS quctepcuii [12].

3akjayeHue

OCHOBHBIE BBIBOJIBI TIO HCCIIEJOBAaHUIO MaTe-
MaTHYECKAX MOJIENe PEeTUCTPATOPOB TOYKH IIPH-
[ETMBAaHUS M ONTHMH3AINH aJITOPUTMOB PaOOTHI:

— CTpeJIKOBBIA TpPEHaXEP C PErucTparopom
TOYKHU TPUTIEITMBAHNS HAYAIBHOTO YPOBHS, KOTOPBIi
JIETKO MOXXHO cO0OpaTh CaMOCTOSITENHHO (HOYTOYK,
nuctuielt, Bed-kamepa, UK-amonpr, Maket opyxus),
XOTd W HE OTIMYACTCS BBICOKOM TOYHOCTHIO
(Ha WCCIEeNOBaHHBIX MOJEISAX Kamep BcE ke
6<<1,5T.1) W TEXHOIOTHYHOCTEIO (Tpedyercs
py4dHas ~ eXemHeBHas  TpyHo€MKas  TaphUpOBKa
MaTeMaTHIeCKO  MOJEeNH), BIIOJIHE CIOCOOCH
MIPUBUTH OCHOBHBIE HAaBBIKM B XBaTe, yIACpKaHUU
W TPUIENTWBAHUH, YTO MOXET CI0COOCTBOBAThH
€ro IIMPOKOMY NPHUMEHEHHIO (Jake B JIOMAITHHX
YCIIOBHSIX).

— CTpeJIKOBBIA TpPEHaXEP C PErucTparopoM
TOYKM TIPUIENIMBAaHUS 0a30BOTO YPOBHA, cOOpKa
KOTOpOTO TpeOyeT HEKOTOPHIX BIIOKEHHUI CpEICTB
(mpoekrop, ’KkpaH, HOyTOyK, HD-kamepa, nazepHbie

U3JIydaTeld, MakeT OpyXHs), OTIMYaeTcs Ioc-
TaTOYHOW TOYHOCTHIO (HA WCCIEIOBAHHBIX MOJIEC-
msx Kamep 6 <<0,5TJA.) U TEXHOJOTHYHOCTBIO
(aBrOMaruueckass ~ TapupOBKAa  MaTeMaTHUYECKOH
MOJENIM M pyd4Has OJHOKpaTHas TMPUCTpesa),
MO3BOJISICT TOJJICPKUBATh IOYTH BCE OCHOBHBIC
ynpaxuenus n3 Kypca crpens0, 9To crmocoOcTByeT
€ro IIMPOKOMY TMpPHMEHEHHI0 (B  y4eOHBIX
YUPEKACHUSIX ITUPOKOTO TPODUIIs).

— IIpoBeneHHbIE MCCIEOBAHMS HOTPEIIHOCTEH
MaTreMaTHUECKUX MOJENeH TMoKa3alu, 4To O0O0Jib-
[IMHCTBO OOIIENOCTYIMHBIX BeO-Kamep MOITHOCTHIO

VIOBIIETBOPSIFOT ~ TPEOOBaHUSIM  HCIOJIB30BAHHS
B perucTparopax TOYKH MpPHUIETUBAHUA, HO MO-
TyT TpeboBaTb WHIWBUAYATbHBIX  HACTPOCK.

Kpurepuem romHocTn kamep sBisieTcs TpeOoBa-
HUE «IIOTPEIIHOCTh PETUCTpaTopa TOYKU IPHIle-
TUBAaHMS JIOJDKHA OBITh MEHBIE OaJUTMCTUYECKOTO
paccerBaHMsS  COOTBETCTBYIOLIETO  OPYXHsS IO
napaMeTpy CpeAMHHOTO OTKJIOHEHHS», T. €. €CIH
0,1 r.a. ato 1cm Ha 100 M w cpaBHUBaTh OyneM
6<B (B-TabnmuyHoe 3HaYeHWE CpPEAUHHOTO
oTkioHeHus, 6 = 1.483B, cpaBHHBaeM C 3amacom).
V¥ Ilucronera MakapoBa B=4,5cm Ha 25 M, T €.
1,8 T.A. m BCe KamMephl COOTBETCTBYIOT, Y aBTOMaTa
KanmannukoBa moaepHusupoBaHHoro BB =4-6 cm
u Bo=4-11cm nma 100mMm, T.e.~0,6 .I. U Bce
KaMepbl COOTBETCTBYIOT, y aBTomMara Kamammnnkosa
Be=43cm u Bo=24cm ma 100M, Te.
~0,4 T.1. ¥ MHOTHE KaMepbl COOTBETCTBYIOT, y ITy-
nemera KanamnnkoBa BB=6cm u BO=8 cm Ha
100 M, T. e. =0,6 T.1. U Bce KaMepbl COOTBETCTBYIOT,
y cHaiinepckoii BUHTOBKH JlparyHoBa BB = 1,3 cm
n Bo6=1,4cm na 100 M, 1. e. =0,135 T.A. ¥ TOJIBKO
HEKOTOpbIE KaMepbl COOTBETCTBYIOT (Hampumep,
nonytpodeccnonansHas Canyon CNS-CWCS).

Takum oOpa3oMm, TIOKa3aHa aKTyaJbHOCTh
pa3paboTKh ceMelCTBa MOIYJIBHBIX OOIIEIO0CTYII-
HBIX CTPENIKOBBIX TPEHAKEPOB Pa3TUIHBIX YPOBHEH
peasMzaii € METOJMKAMH  KOMIIAHOBKH U
HAaCTPOMKH Ui IIMPOKOTO BHEAPEHHUS CaMo-
CTOSITENILHO COOpaHHBIX TPEHAKEPOB U3  0OIIIe-
JIOCTYTHBIX KOMITOHEHTOB (HOyTOYKOB,
KaMep, TIPOEKTOPOB, JIA3€PHBIX  HW3Jydaresew,
MUKPOKOHTPOJUIEPOB, MAaKETOB OPYXHs H TIp.)
Ha 0a3e TMPEJIOKEHHBIX U  HCCJICIOBAHHBIX
MaTeMaTHYeCKUX MOJIeNIeld perncrparopa TOYKH
NpULETUBAHUS W alTOPUTMOB  TapUPOBKH.
Taxoke akTyaldbHbI BHEIPEHHE M HCCIeOBaHNE
3P PEKTUBHBIX METOANK OOyUYEHHS Ha DIEKTPOHHBIX
CTPENKOBBIX  TpeHaxépax, 0COOEHHO JUISE
creun(pUIHBIX TPUMEHEHUH.
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Bansinue YPOBHHA I[e(l)eKTHOI‘O COIMPOTHUBJICHUSA MU30JAIINHA
00MOTOK VICKTPUHICCKHUX MAIILIMH HA MAPpaMETPbI TOKaA
X0JIOCTOI0 Xoaa

A.B. Ucaes, 10.B. CyxoaoJioB, C.B. Cu3ukoB, A.A. JlomrteB, B.A. JIblukoBckuii

bBenopyccruii Hayuonanvhsill mexHuyecKull yHugepcumen,
np-m Hezasucumocmu, 65, 2. Munck 220013, benapyco

Tocmynuna 15.10.2024
Tlpunsama k nevamu 16.11.2024

MeTobl TUArHOCTHKH, KOTOPBIC TIOMEHSIFOTCS] B HACTOSIICE BPEMs IS KOHTPOJIS 38 COCTOSTHUEM 00MO-
TOK JOJICKTPUYCCKUX MalllWH, HC IMO3BOJIAIOT BBIABJIATH lle(beKTOO6pa30BaHI/Ie B HUX Ha paHHUX CTaaUsIX
pa3BuTHSA. A 0cOOCHHO 3Ta MpobjemMa akTyalbHA IJIsT 000PYIOBaHUS, HAXOISIIETOCS HEMOCPEIACTBEHHO
B peKUME ero osKcrutyatanuu. Llenpo paboThl SIBISUIOCH PAaCcCMOTPEHHE M OICHKA BO3MOXKHOCTH
METO/Ia, KOTOPBI Ha OCHOBE aHalKM3a MapaMeTpPOB M XapaKTEPUCTHK TOKA XOJIOCTOI'O XOJia IMO3BOJHT
XapaKTepru3oBaTb COCTOAHUA TOKOBCIYIIUX qacTteii 00MOTOK JUAarHOCTHUPYEMBIX J3JICKTPUYCCKUX MallWH.
B pabote mpemcraBieHBI pe3yiabTaThl SKCICPUMEHTATBHBIX HCCICAOBAHWNA 3aKOHOMEPHOCTEH BIUSHUS
YPOBHA )Ie(i)eKTHOI‘O COIIPOTHUBJICHUA MEXBUTKOBOM N30/ B 00MOTKax OJICKTPUYCCKUX MallrH
Ha TapaMeTphl TOKAa XOJOCTOrO XO0Jla, B TOM 4YHCIE Ha OCOOCHHOCTH HW3MEHEHHUS IapaMeTpOB €ro
CIICKTPaJIb-HBIX COCTAaBJIAIOIINX. Tak >xe B cTaTbe OMpeACJICHBI AaHAJIUTUYCCKUEC 3aBUCUMOCTH IOJTYUYCHHBIX
XapaKTepUCTUK BIUSHUS W aHATU3UPYIOTCA (AKTOPBI, OIPENENSIoNre TIOTPEITHOCTH H3MEpPEeHHS
pa3pabaTbiBaéMbIM METOJOM. [IpejCcTaBACHHBI METOJ Ha OCHOBE aHAJIM3a MapaMETPOB CIEKTPaIbHBIX
COCTaBJISIIOIIMX TOKAa XOJOCTOrO XOJa IMpEeJHa3HAueH JJIsi W3MEPEHHUs COMPOTUBJICHHS MEKBUTKOBOU
N30/ TOKOBEAYIINX JacTe B 00OMOTKax OJICKTPUYCCKUX MAIIMH B YCJIOBHUAX UX ®YHKHHOHHpOBaHHH,
C BO3MOXHOCTHIO (pHKCHpOBaHMs Havaia JedeKTooOpa3oBaHMs, YTO TIO3BOJIUT B PEKUME pPEabHOTO
BpPEMEHH OIICHUBATh €ro paboTococoOHOe, MPEIOTKA3HOE U UCIPABHOE COCTOSIHHE.

KiroueBble ciioBa: JHUArHoCTHUKa 00MOTOK DJICKTPUYCCKUX MaAIlIWH, MCKBUTKOBOC COHpOTI/IBHeHI/Iﬁ
M30JII1UH, TOK XO0JIOCTOT'O X014, CHCKTpaJII)HHﬁ COCTaB
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Abstract

Diagnostic methods that will change at present for monitoring the condition of windings of electric ma-
chines do not allow to detect defect formation in them at early stages of development. And this problem is
especially relevant for equipment that is directly in its operating mode. The purpose of the work was to con-
sider and evaluate the possibility of a method that, based on the analysis of the parameters and characteristics
of the no-load current, will allow to characterize the state of the current-carrying parts of the windings of di-
agnosed electric machines. The paper presents the results of experimental studies of the patterns of influence
of the level of defective resistance of interturn insulation in the windings of electric machines on the param-
eters of the no-load current, including the features of changes in the parameters of its spectral components.
The article also defines analytical dependencies of the obtained characteristics of influence and analyzes
the factors that determine the measurement errors of the developed method. The presented method based
on the analysis of the parameters of the spectral components of the no-load current is intended for measuring
the resistance of the interturn insulation of current-carrying parts in the windings of electrical machines under
their operating conditions, with the possibility of recording the onset of defect formation, which will allow
real-time assessment of its operational, pre-failure and serviceable state.

Keywords: diagnostics of windings of electric machines, interturn insulation resistance, no-load current,

spectral composition
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BBenenue

Onnoii u3 Hambosiee CyIIECTBEHHBIX MpoOiIeM
COBPEMEHHOH SHEpPreTHKH, a Takke NpuOopo- H
CTaHKOCTPOCHHMS, SIBJISIETCS pa3paboTka HpuOOpOB
U METOJOB JMAarHOCTUKH COCTOSIHHSI DJICKTpUYec-
KuX MammH. [Ipy 3TOM yBenmMueHHe JKCIuTyara-
HOHHBIX TPeOOBaHUH K TakoMy O0OOpPYIOBaHHIO
TOJBKO YCYryOJIieT CyIIeCTBYIOUIYIO HpOOiIeMy.
W Bech KOMIDIEKC METOIOB M TIPHOOPOB Kak
UCTIONB3YEMbIX B TPOMBIIUICEHHOCTH, TaK W
CYIIECTBYIOIIMX B BHIE OKCIEPHUMEHTAIBHBIX
W HAay4YHBIX O0OpasloB, OYCHb OTrPAHHYCHHO
MO3BOJISIET  NPOBOAWTH KAueCTBEHHYIO, U  ca-
MO€ TJIaBHOE CBOCBPEMEHHYIO JWarHOCTHKY
JNIEKTPUYECKNX MAIINH, KOTOPbHIE ITO3BOJISIM OBl
3aduKcHpoBaTh Hadajgo AedekTooOpa3oBaHUE B
HUX Ha MaKCHMAJIbHO PAaHHUX CTAIHSX Pa3BUTHSL.
U, Ttem Oomee, 3TH METOIbI MAJIOTIPUTOHBI
JUIE  TIPOBEJICHHUS  JHAarHOCTUYECKUX  IPOIEIYP
000pYZIOBaHMS, HAXOJSIIETOCS HETOCPEJICTBEHHO
B peXuMe OdKCIulyaranuu. I[losromMy onHOW 3
3aa4 COBPEMEHHOTO MPUOOPOCTPOCHUS SIBISIETCS
pa3paboTka NpUOOPOB W METOJOB WM Pa3BUTHS
YK€ CYHICCTBYIOUIMX JUISI BO3MOXXHOCTH HUX MpHU-
MEHEHHUSI JJIsl JUArHOCTHUKH COCTOSIHHSL DIIEKTpPHU-
YeCKMX MalliH, B TOM YHCI€ U HX OOMOTOK,
Kak Hambojee cmaboro Mecra Takoro o000-
pYAOBaHUs, W OLCHUTb HX BO3MOXXHOCTH ISt
UCIIONIb30BaHMsI KaK B KauecTBE HHCTPYMEHTOB
IUIL TIPOTHO3UPOBAHUSI PECYPCOB  HCIIOJIB30BAHUS
JUarHOCTHPYEMOTO O0OpyAOBaHMS, TaK M BO3-
MOKHOCTH TIPHUMEHEHHSI 3THX METOJOB HEMNoc-
PEICTBEHHO B pabOYMX LUKJIAX SKCIUTyaTallUH.

CornacHO CTaTHCTHKH HambOonee cinadbiM H
YA3BUMBIM MECTOM COBPEMEHHBIX JJIIEKTPHYCCKUX
MalllMH SIBJSIETCST M30JAIHS MX TOKOBEIYIIMX 4Yac-
Telt — azaprx odmotok [1-2]. [ToaTtomy HanOGOIH-

mee BHAMaHWE NpPH  JHAarHOCTUKE  TaKOro
00Opy/lOBaHUS  YIENSAETCS COCTOSHUIO HWMEHHO
maHHo uvacth. WM OOJBIIMHCTBO  METOIOB

HANpaBJIeHO HAa OLIEHKY COCTOSHHS HMMEHHO OSTOU
yacTu. B Hacrosimiee Bpems Bce pa3zpaboTaHHbIC
METOJIbl OLICHKU COCTOSTHHSI M30JISILIUH TOKOBEIY-
IIMX YacTel MOXKHO pa3[eiMTh HAa TPH HE3aBUCH-
MbIC TPYIIIBI: H3MEPEHHE CONPOTUBICHHS H30JIs-
MU MEXIy OOMOTKaMH DJIEKTPUYECKONH MaIllliHBI
M €ro KOpIycoM, H3MEPEHHE CONPOTHBICHHS
H30JIALIMN MeXay (asHbIMH OOMOTKaMU M HM3Me-
PEHUEC MCKBHUTKOBOI'O CONPOTUBIICHUA W30JIALUN
B (pa3HOl 0OMOTKE.

HeobOxommmMo OTMETHTH, YTO HW3MEPEHHUs I10
MEpBBIM JBYM TpPYIIaM INHPOKO HCIIONB3yeTCs
B TPOMBIIUIGHHOCTH W JHarHOCTUYECKUX
nmaboparopusix [3—6]. DTu MeTombl OCHOBaHBI Ha
M3MEpPEeHHH OOIIEero TOKa, IMPOTEKAIOMIeT0 B H30-
JSIUOHHOM MaTepuaie, KOTOPBIH IPeICTaBIsIeT
co0Ol cyMMy TpEX KOMIIOHEHTOB: TOK 3apsaKH
€MKOCTH, TOK TIOIVIONICHHWS M TOK YTEYKH (WU
TOK mpoBoauMOcTH) [4]. DOTu cocTaBisioLINe
JIOCTATOYHO TPOCTO U3MepHuTh. OJHAKO JaHHBIC
METO/IBI TO3BOJISIFOT OICHUTh COCTOSTHUE H30JISAIUH
00OMOTOK Ha KOHEUHBIX CTaAMsX e€ paspylleHus,
KOTJla HMMEET MECTO KOHEYHOE CONPOTHBIICHHE
NIByX, OJJIEKTPUYECKH HE CBA3aHHBIX, YacTel
JUATHOCTHPYEMOTO  00OpymoBaHHS  (M3OJSAIUH
JIBYX WM TPEX OOMOTOK, KOpIyca), T. €. KOTja MpH
KOHTpOJIE W HM3MEpPEHHUSIX MOXXHO Ha HEBBICOKOM
YPOBHE OLICHUTH TOJIBKO PabOTOCIIOCOOHOCTDH YKe
HEHCIIPAaBHOTO JWArHOCTUPYEMOTO O0OpYyZOBaHUSI.
W nannHple MeTONBI B OONbBIIEH CTEIICHU HampaBie-
Hbl Ha OE30MAaCHOCTh 4YEJIOBEKa — YTO, KOHEYHO,
B2)KHO, HO MUHHMAJBHO XapaKTepPH3YyeT COCTOSHUE
camoro o0opynoBaHusl.

IloaToMy mOCTaBIEHHYIO 3ajady MOXKHO pe-
UTh TOJNBKO MYTEM TMPOBEACHUS HW3MEPEHHUN
no Tperbed rTpynme. Ilpu 3ToM cyliecTByrOIIMe
METOIBI KOHTPOJII COCTOSHHS (Da3HBIX OOMOTOK
JJIEKTPUYECKUX  MAlliH  00JaJaloT  caMbIM
pa3HoO0Opa3HBEIM HA0OpPOM NPHU3HAKOB, KOTOPHIE B
CBOIO O4Yepedb MO3BOJSIIOT CHCTEMaTH3MPOBATh HX
npumeHenue [6—10]. OgHako OFHUMH M3 CaMbIX
AKTUBHO PAa3BUBAIOIIUXCS Ha CETOJHSIIHUN JIeHb
METOJIOB  SIBJISIIOTCSL  METOABI,  OINpPEAETISIOoIIne
COCTOSIHUE DJICKTPUYECKUX MAlIMH 10 aHAJM3y TOKa
WJTU HAMIPSDKEHUS XOJIOCTOTro Xo/a [1 1—12]1.

Ho naxe ¢ y4€TtoMm BBICOKOW J10CTOBEPHOCTH
pe3ylIbTaTOB  JWArHOCTUKKA  3TUMH  METOJaMHU
OHH OONbBIIE TMPUMEHHMBI B JHAarHOCTHYECKUX
mabopaTopusiX MPH HUCCIENOBAaHUHA W MaJIOTIPUTOI-
Hbl B YCIOBHUSIX OKCIUTyaTallid OOOPYIOBaHUS
Ha Tnpou3BoAcTBe. [loTeHImam y 3TUX METOAOB
OTPOMHBIM W B HACTOAIIEE BpEMs HE HCYEPIIaH
JUTSI PEILICHUS IOCTABICHHOW HAMU 3a/1a4H.

Lenpro maHHOW palOOTHI SBIISTIACH OICHKA
BO3MOJKHOCTH OIPEICNICHNs] TEKYLIETO COCTOSHHUS
TOKOBEIYIIMX  YacTe  0OMOTOK  Tpex(das3HbIX

"TOCT ISO 20958-2015: KOHTPOIb COCTOSHUS 1 JIU-
arHocTuka MaiuH. CUTHATYPHBIN aHaJIN3 SIEKTPUUECKUX
CUTHAJIOB TPeX(a3HOro aCHHXPOHHOTO JIBUTATENsI: BBE/.
11.01.16. — Mocksa: Crannaprurdopm, 2016. — 24 c.
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MEKTPUUECKUX MAITHH CO BCBITHONH OOMOTKOH Ha
OCHOBE aHaJIM3a apaMETPOB U XaPAKTEPUCTUK TOKA
XOJIOCTOTO XO/1a.

OcHoBHAaA YacTh

IIpoBenéunpie B padore [13] wuccienoBaHwus
YKa3bIBAIOT, YTO TMPEJICTABICHHBIE TaM BPEMEHHBIC
3aBHCHMOCTH TOKa XOJIOCTOIO XO/a MOKa3bIBAIOT
Ha 3aBUCHMOCTL YPOBHA I[e(i)eKTHOI‘O COIIPOTHB-
JIEHUsI MEXJy BUTKAMH B OOMOTKE IMArHOCTH-
PYEMOTO 3JEKTPOJBUTaTeNsl Ha W3MEHEHUs CIBUTa
($a3pl  TMepBOH  CIEKTPATBLHOM  COCTABJISIOIICH
OTHOCHUTEIILHO ¢a3 OCTAJIbHBIX, BBICIINX
CIEKTPAIFHBIX COCTABISAIONINX. [IpoBens monomHu-
TEIbHBIN PsiJl UCCICNOBAHUN U BBIIIOJIHUB AHAIU3
MIPEJICTABJIEHHBIX 3aBHUCHUMOCTEH TOKa XOJOCTOTO
X0Jla Ha WM3MEHEHHWs IapaMeTpoOB €ro OTIEIbHBIX
CHEKTPAJIBHBIX COCTABIIAIONIMX, MOKHO CJIeNaTh
BBIBOJI, YTO OCHOBHBIMH  HMH()OPMaTHBHBIMU
rnapaMeTpaMu MOTYT SIBISITBCSL  YPOBEHb (T. €.
cymMMmapHas aMHHI/ITYIIa) BBICHINX CIHIEKTpPaJlbHbIX
COCTaBISAONMX (T. €.  PE3yJNbTUPYIOUICH  KpH-
BOM TOKa XOJOCTOTO XOJa, IOJIYYEHHOM IyTEM
CIOXEHHS BBICHIMX CHEKTPaJbHBIX COCTABIISIO-

mMx) © u3MeHeHue (caBur) ¢aspl  MEpBOi
CIIEKTPaJIbHOM  COCTaBIAIONIEH  OTHOCUTEILHO
BXOJHOTO HAINPSDKEHHUS W (WJIM) CYMMBI BBICHIMX
CIIEKTPaJIbHBIX COCTABJISIFOLLIMX (pucynoxk 1).
OnHako M3MEHEHHUs aMIUINTYJbl NPH BUTKOBOM
3aMbIKaHUH XapaKkTepU3yroTcs HEBBICOKOH
TOYHOCTBIO ~ M3MEPEHMH  NpU  CTaHIAPTHBIX

YCIOBUSIX. DTO CBSI3aHO KaK C HECTAOMIILHOCTBIO
rapamMeTpoOB HCXOIHOTO CHUTHasa (HECTaOMIBHOCTH
CETeBOr0 HAMPSDKEHUS 10 aMIUIATYyle, Halu4ue
BBICIINX TapMOHHK M Jp.), TaK U C CHJIbHBIM
BIMSHUEM Ha MapaMeTpbl CaMOTO H3MEPUTEIHHO-
ro curHaja noMex OT JUarHoCTupyeMoro Moml-

HOTO DJIEKTPOMArHuTHOro obopyznoBanus. [losTo-
My, B KauecTBe HamOoyiee ONTHUMAJIbHBIX H3MEpU-
TEJILHBIX TapaMeTpoB ObLIM BHIOpaHBI BpeMEHHBIC
3aBUCHMOCTH.

JanbHelinas o0paboTka pe3yabTaToB M aHAIIN3
MOJIyYEHHBIX 3aBUCHUMOCTEH KPHUBBIX TOKa XOJOC-
TOTO XOJa TOKa3ajf, YTO OCHOBHBIM IMapaMeTpoM,
Haumbollee  W3MEHSIOIMUMCS  TPH  BHUTKOBBIM
3aMBIKAHUM, ABISIETCS B3aUMHOE pPAacIlOJIOKEHHE
Ha BpPEMEHHOM OCH TOYeK Iepexoja uepe3 HOJb
TIEPBOM CITEKTPAIHLHOW COCTaBIMIONIEH (KpuBas 3,
pucyHku la u 1b) m TOdek mepexona 4epes HOJb
pE3yAbTUPYIOIIEN KpPHUBOWM, TOJYYEHHOH MYyTEM
CIIOKEHUS BBICHIMX CIEKTPATbHBIX COCTABISIONINX
(pucysku la u 1b, xpusas 4). Ilpu arom Hauboee
nenecooOpa3Ho  WCHONB30BaTh  JUIA  aHaIU3a
BPEMEHHOI HWHTEpBal MEX]y IepexoJoM IepBon
CIIEKTPaJIbHON COCTABJISIONICH U3 TOJIOKUTEIHHON
B OTpHIATENIbHYI 001acTh, 0003HAUEHHBIH Ha
pucyHkax la u 1b TOukoH ¢, U ClEIyIOLUM
nocye 3aQHUKCHUPOBAHHOM TIEpBOM  XapaKTepHOU
TOYKH TIEPEXOJOM Yepe3 HOJb U3 OTPHIIATEIbHON
B MOJIOXKHUTEIBHYIO pE3YIbTUPYIOIIEH KpPUBOH,
MOJIyYEHHOM NYTEM CJIOKEHHUSI BBICIIMX CIIEKT-
pa’dpHBIX  cocTaBisomux  (T.e.  Omkaimas
K t=T/2), o003HaYeHHbIM Ha pUCYHKax la u 1b
TOYKOH [y 5.

UccnenoBanusi, TpoBeJEHHBIE € MOJOOHBIMU
3JIEKTPOABUTATENIMU MOIIHOCThIO OT 150 BT 10
5,5 kBT He 3aBUCHUMO OT KOJIMYECTBa Map 0OMOTOK,
MOKa3aJIi aHAJIOTUYHBIE Pe3yJIbTaThl.

B pesymprate  mpoBemeHHS — KOMIUIEKCa
W3MEPEeHH, OIEHUBAIONINX  BIMSHUE  YPOBHS
JIeQEeKTHOTO MEKBUTKOBOTO CONPOTHBJICHUS Ha
BpeMsI MEXKIY XapaKTepHBIMH TOYKAMHU KPUBBIX
CHEKTPaJbHBIX COCTABISIONIMX TOKa XOJOCTOTO
xofa (pUCYHOK 2), Tmonay4eH HaOOp JaHHBIX

(Tabmuma 1).
Tabnuya 11/ Tablel

N3meHeHne mpoMeKyTKa BpeMeHH MEKAY XapaKTePHbIMH TOYKAMHU KPHUBBIX CHEKTPAJIbHBIX COCTABJISIIOIIMX
TOKA X0JIOCTOr0 X0/12 OT YPOBHSI CONMPOTHBJIEHHSI MEe;KBUTKOBOM M30/ISIIMM B 00MOTKAX 3JIEKTPOABUTATEIs

Change in the time interval between characteristic points of the curves of the spectral components of the no-load
current from the level of resistance of the interturn insulation in the windings of the electric motor

Hcenenyembiit Hedextroe MexBuTKOBOE conpoTtuBienue / Defective interturn resistance, Om
AJIEKTPOBUTATEIH/

Theelectricmotor 445 55 50 100 150 250 500 1000 5000 7500 10000
under study

AVP63B4Y3/

AIR63VAU3 342 259 1.992 1.52 1.125 0.905 0.721 0.680 0.649 0.641 0.641 0.641
A042-6/ AO42-6 391 2,69 192 132 0.79 0.605 0425 042 042 0.42 0.42 0.42
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Pucynok 1 — CriekTpaibHbIE  COCTaBISIONIME TOKA XOJOCTOro Xojaa oOMoTku jasuratens AWP63B4V3:
a — KpUBBIE TOKa XOJIOCTOTO XOJa TMpPH WCIPABHOM COCTOSHHM; b — KpUBBIE TOKa XOJOCTOTO XOAa TIpH
MEKXBUTKOBOM 3aMbIKaHUW uepe3 compotuBiieHne 10 OM. 1 — kpuBas BXOJHOTO CHHYCOMJAIBHOTO HAIpPSDKCHUS,
2 —KpuBas TOKa XOJOCTOro xona (a3Hoil oOMOTKH; 3 — KpHWBas TEPBOM CHEKTPAIEHOW COCTABISIOMICH TOKa
XOJIOCTOTO XOfa; 4 — pe3ylbTUpYyIolasi KpUBasi TOKA XOJOCTOTO XOJa, IMOJy4eHHas MyTEM CIOXKEHUS BBICIINX
CIIEKTPAJIbHBIX COCTABISAIOMMNX; fys, Lys, M Iys; — TOUKHU IEPEXO/A UCCIIETYEMOrO CUIHaJla YePe3 HOMb B TpeJenax
OJIHOTO NEPUONR; 1,55 L,v, U f,v, — TOYKH, COOTBETCTBYIOIIME MAKCUMyMaM KPHUBOW TOKAa B MHpPEJENaX OJHOTO
nepuoaa

Figure 1 — Spectral components of the no-load current of the winding of the AIR63V4U3 motor: a —no-load cur-
rent curves in good condition; b —no-load current curves with an interturn short circuit through a 10 Ohm re-
sistance. 1 —input sinusoidal voltage curve; 2 —no-load current curve of the phase winding; 3 —curve of
the first spectral component of the no-load current; 4 —resulting curve of the no-load current obtained by
adding up the higher spectral components; #,y,, f,v, and #,;, — points of transition of the studied signal through
zero within one period; 5, #,s, and 7,5, — points corresponding to the maxima of the current curve within
one period
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Pucynok 2 — I3MeHeHne mapaMeTpoB CIEKTPAJIBHBIX COCTABIMIOMIMX TOKa XojocTtoro xoma (XX) oT ypoBHS
COTIPOTHUBIICHUSI MEKBUTKOBOH M30IsAIu B oOMoTkax asurarenss AMP63B4VY3. | —kpuBeie Toka XX HCIpaBHOI
00MOTKH; 2 — KpuBBIe ToOKa XX MpH MeKBUTKOBOM corpoTuBieHHH 100 OM; 3 — kpuBbIe TOKa XX IPH MEKBUTKO-
BoM conpoTtuBieHud 25 Om; 4 —kpuBble Toka XX C KOPOTKO3aMKHYTBIMM BUTKaMHU; S5 —KpuBas BXOJHOIO
CHHYCOMIATIBHOTO HATIPSDKCHHS; X' — CyMMapHasi KpuBas Toka XX; X’ — KpUBas MepBOil CIIEKTPATbHOM COCTABISIO-
1mieif; X° — CyMMapHasi KPUBAs BHICIIMX CIEKTPAIbHBIX COCTABISIOMIIX

Figure 2 — Change in the parameters of the spectral components of the no-load current (NLC) from the level of inter-
turn insulation resistance in the windings of the AIR63V4U3 motor. 1 — curves of the NC current of the serviceable
winding; 2 — curves of the NC current with an interturn resistance of 100 Ohm; 3 — curves of the NC current with an
interturn resistance of 25 Ohm; 4 — curves of the NC current with short-circuited turns; 5 — curve of the input sinusoidal
voltage; x' — total curve of the NC current; x* — curve of the first spectral component; x> — total curve of higher spectral
components

Pesynprarel  umccienoBaHus  JUIA pac- R, )=

CMATPHBACMBIX JIBMTATeNIel mossoWIM ¢ mo- Y I 3 . 54
MOIIIBIO MporpaMMmHOro obecrneuenus MathCad =4, +bet, P tet,, +d-t,, P et + 1,2,
chopMUpOBaTh AHATUTHYECKYHO 3aBUCHUMOCTH (1),

KOTOpas XapakTCpUsyCT CBA3L HHTCPBalla BPC-  rne q, b, ¢, d, e, f'— 3HaUeHUs] KOAPPHUIUEHTOB MPU
MCHH  MEXKIY INCPeXOaMi Hepes  HOIb MePBOH  tAp B momuHOME; tro — BPEMS MEXKIy Tepexofamu
CHCKTPAIILHOM COCTABILAIOIICH M KPUBOU, KOTOPAT  yepes posp mepBoil cieKTpaibHON COCTABIAIONIEH
MoNydeHa MyTEM CHOXKEHWS BBICIINX CHEKTPANb-  1oun  xonocToro Xoma W Pe3y/isTHYIOLICH
HBIX COCTAB/MIONIVX, C BEMIMHON CONDOTHBICHUA sy 1orvuermofi MyTéM CIOMEHHS BRICIINX
MEXBUTKOBOH W30JMU B JAC(PEKTHOH OOMOTKE,

@ TAioKe MONyWHTb KOXQUUHCHTE! MOIHMHOMA CHeK]TBPchIZ)I:)I)TI:e(;(c)EjI];H’II(c)IHI/;IXc;JIyrIeHHLIMH K03 (-
JUIT  KaXIOTO U3 HCCIEeIyeMBIX 3JIeKTPUIECKUX (QHIMEHTAMH  BEIMONHEHO  MOCTpOCHHE  HPO-

neurareieit (tabnuia 2). OTo B CBOK oOdYepeib 5
NO3BOJIMJIO  TIOCTPOMTh ~ KpUBble  3aBucumocTn ~ MOACTHPOBAHHBIX — 3aBHCHMOCTCH — MHTCpBaJa
BPEMEHH MEKIY MEpeXoiaMil 4epe3 Homb meppoii  BPEMEHH MEXTy IEPEXOfaMi Yepes HOJb NepBoii

CIICKTDAIBHOIl COCTAaBISIOMICH TOKa Xoymocroro CUEGKTPATBHOH COCTAaBIAIOWICH M Pe3ysbTHpYIO-
X0la U pe3ylNbTUPYIONIeH KpHMBOW, MOMydeHHOH IICH KPUBOH, IIONYYCHHOM IyTEM  CIIOXKCHUS
MyTéM CJIOXEHHS BBICIIMX CIEKTPAIbHBIX COC-  BBICHIMX  CHEKTPATBHBIX  COCTABJAIOMIMX  OT
TaBJSIIOIIMX, OT BEJIUYMHBI COIMPOTHUBIICHHS MEXK-  BEJIMYMHBI  MEXKBUTKOBOTO  CONPOTHUBJIEHHS B
BUTKOBOW M30JISIIIUU B 1e(PEKTHON 0OMOTKE. 00MOTKax (pUCYHOK 3).

()
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Tabnuya 2 / Table 2

KoappuuuenTsl MaTeMaTH4eCKOl 3aBHCHMOCTH BpEeMEHH MeXKIy IepexoJaMH 4epe3 HOJIb MepBOil
CIHEKT-PAIBHONH COCTABJIAIONICH W Ppe3yJbTHPYIOIIel KpPHBOMH, MNOJYYeHHOH NYTEM CJIOKEHHS BbICHINX
CIHEKTPAJIBHBIX COCTABJISAIOIIUX OT BEJIHYMHBI CONPOTHBJICHUSI MEKBHUTKOBOI H30/1IMH B HEHCIPABHOI
00MOTKe /ISl HCCJIelyeMbIX IBUTaTe el

Coefficients of the mathematical dependence of the time between zero-crossings of the first spectral component
and the resulting curve obtained by adding the higher spectral components from the value of the interturn
insulation resistance in the faulty winding of the motors under study

Koaddpumuent / Coefficient AUNP63B4Y3 / AIR63V4U3 A042-6 / AO42-6
a 3.9180 4.6200
b -0.5343 -0.7745
c 0.0347 0.0561
d -1.1623-10° -2.0896:10°
e 2.1755-107 4.3500-107
f -2.3021-107 -5.1125-107

i L 1

1 10 100 1x10° R, Om

PucyHnok 3 — BiiusiHue BEIMYHMHBI COMPOTHBICHHUS MEKBUTKOBON H30JIAIUH B NE(EKTHOH OOMOTKE HCCIICIyEMBIX
JIBUTATeNIell Ha BpeMsi MEXAY IepexoJaMH uepe3 HOJIb MEePBOM CHEKTPabHOM COCTaBISIOUIEH TOKa XOJIOCTOTO
X0/Ja U pe3yJbTUPYIOLIEH KpPUBOH, MOJYYEHHOW IyTEM CJOKEHHMsI BBICIIUX CIHEKTPAJbHBIX COCTABJISIOIINX;
1 — anexrponsuraresib AUP63B4Y3; 2 — snekrpoasuratesib AO42-6; ¢, O — SKCIIEpUMCHTAIBHBIC 3HAYCHUS

Figure 3 — The influence of the magnitude of the interturn insulation resistance in the defective winding of the stud-
ied motors on the time between zero-crossings of the first spectral component of the no-load current and the resulting
curve obtained by adding the higher spectral components; 1 — AIR63V4U3 electric motor; 2 — AO42-6 electric motor;
0, o — experimental values

AHanu3 TONYYEHHBIX KPHUBBIX I[IOKA3aJ, YTO  3JIEKTPUYECKUX MamuH. [Ipn 3TOM OTHOCHTENnbHOE
B obmactu compotusieHuit or 100 mo 300 Om (B OTKIIOHCHWHE MOJTY4YEHHBIX AHAIUTUYECKUX
3aBICHMOCTH OT MOIIHOCTH JHAarHOCTUPYEMBIX  3aBHUCHMOCTEH OTHOCHTENHHO JIKCIIEPHMEHTAJIHHBIX
ANIEKTPUYECKUX MAIINH), XapaKTepUCTUKA WMEIOT  JIAaHHBIX IS HCCIEAyeMBIX  JBUTATeNed B
3aBUCHUMOCTB, KOTOpasi MOXKET OBITh MCIOIh30BaHA  COOTBETCTBHU C (GopMyioi (2) MpeAcTaBICHB B
JUTS OTICHKH COCTOSIHUSI OOMOTOK TMarHOCTHUPYEMbIX  Tadmuile 3.
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Tabnuya 3 / Table 3

OTHOCHTEIbHOE OTKJIOHEHHE MOJIYY€HHBIX MATEMATHIC€CKUX 3aBHCHMOCTE OT IKCIEPUMEHTAJTbHBIX TAHHBIX

Relative deviation of the obtained mathematical dependencies from the experimental data

I[C(bCKTHOC MECKBUTKOBOC COIIPOTUBJICHUC

OtHocutenbHOe oTKIIOHeHHE / Relative deviation, %

Defective interturn resistance, Om

ANP63B4Y3 / AIR63V4U3

A0O42-6 / AO42-6

1 -0.510007 -0.74194
10 1.884717 -0.349395
25 0.463705 -1.036666
50 0.20594 -0.67322
75 -0.300573 4937316
100 3.692751 -0.363588
150 2.56792 4.626284
250 0.829355 4.577137
500 3.460188 4.234727
1000 -6.120721 -6.248361
2500 2.378435 4.620595
3akJjiloueHue

By =000 "A‘PM% , @)
Ay

e tA(Pu — U3MCEPCHHOC BPEMA MCIKAY HNEPCXOoJaMu

4Yepe3 HOJIb NEPBOU CICKTPAJIBLHONU COCTABJIAIOLICH

TOKa XOJIOCTOTO XOJa M  PEe3yIbTHPYIOMmEH

KPHUBOHM, IOMYYEHHOW IyTEM CIIOKCHHUSI BBICIIMX

CIIEKTPaJIbHbIX COCTaBJIAIOIINX; tA‘PM — 3HA4YCHHC
BPEMCHHU, IMOJIYYCHHOC n3 MaTreMaTH4eCKOM
3aBUCHUMOCTH.

W3 mosydeHHBIX pe3ylbTaTOB MOYKHO CHENaTh
BBIBOJI, YTO IIOJIyY€HHbIE MaTeMaTHYECKHE 3aBH-
CUMOCTH MOTYT HUMETh OTKJIOHeHHe 10 15%
OTHOCUTENIBHO  JKCIEPUMEHTAIBHBIX  JaHHBIX,
OJIHAKO B  O0JIACTH  HEUCIPABHBIX  OOMOTOK
(comporuBiienne g0 1 xkOM) oOTHOCUTEIbHOE
OTKJIOHEHHE HE TPEeBBIAET 5 Y%.

JIOTIOJTHUTENBHBIE  HCCIIENOBAHUSA  ITOKA3alH,
YTO HAa WU3MEHEHHE HWHTEpBala BPEMEHU MEXIY
epexojamMu 4Yepe3 HOJIb IEPBOM CHEKTPAIBHON
COCTABIISIIOLICH M pe3yJbTUPYIOLIEH  KpPUBOH,
MOJy4YEeHHOU MyTEM CIIOKEHHUS BBICIIUX
CHEKTPaJIbHBIX COCTABISIOIINX (a4 HMMEHHO H3Me-
HEHMsI HavaJbHOM (a3bl MEpBOH CIEKTPaJIbHOM
COCTAaBJISIIOLIECH)  BJIMSACT  TOJIBKO  BEJIMYMHA
MEKBUTKOBBIX ~ CONPOTHBJICHMH B  OOMOTKaX,
Npd  OTOM BIHMSHHE MECTOINOJIOKEHUsT Jie(eK-
TOB B OOMOTKax, a TaKkKe KOJIMYEeCcTBa
BUTKOB, 33JeCTBOBAHHBIX B MecTe JedeKrTa,
MaJIO3HAYUTEIBHO.

Pazpaboran MeTon, mo3Bostomnii 3pPEeKTHBHO
MPOBOJUTh  JMATHOCTUKY COCTOSIHUSL OOMOTOK
JJIEKTPUYECKUX MAIIWH, B TOM YHCIE B PEKHME
peanbHOrO BPEMEHU IIPU UX dKCIUTyaranuu. MeTton
NPEJCTaBIseT CO0OW  KOCBEHHOE  H3MEpCHHUE
COIPOTHUBIICHUST H30JSIIIMA TOKOBEAYIIMX 4YacTel
JJIEKTPUYECKUX MAIllMH, OCHOBAHHBIN Ha aHAJIN3e
WU3MEHEHMsI IapaMEeTPOB OTJACIbHBIX CIIEKTPaIb-
HBEIX COCTABJISIONIMX TOKA XOJOCTOrO XOZa, YTO
no3BoisieT  (ukcupoBarh  JeekTooOpa3oBaHUE
B HUX Ha MAaKCUMAJIbHO PaHHUX CTaIMsIX Pa3BUTHUSA,
a, CIIeIOBATENIbHO, OIICHUBATh B PEXHME PEabHO-
ro BpEMEHH €ro padoToCIOCOOHOE, MPEAOTKa3HOE
Y UCIIPABHOE COCTOSHUSI.
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Abstract

The aim of the work was to study the structure and defects of a channel transistor with two types of

conductivity (p and n), the submicrostructures based on nickel silicide films, and the seed layers based on
AIN using atomic force microscopy (including conductive or electric force method, which allow one to study
the electrical conductivity of the material surface). The influence of the manufacturing technology and local
oxide formation on the relief and structure of the p- and n-type transistor was established. The local oxide is
necessary for the electrical isolation of the transistors from each other. The surface roughness is higher on the
surface and outside the p-channel transistor than on the n-channel transistor. When examining the AIN layers
both in the topography mode and in the adhesion mode, defects in the form of pores were revealed, which are
places of electrical breakdowns, which worsens the properties of the such heterostructures. With an increase
in the temperature and time of nitriding, the defects of the AIN layers significantly decrease. The conduc-
tive areas on the surface of the nickel silicides after rapid thermal treatment at 300 and 400 °C using electric
force microscopy were detected, which shows incomplete formation of nickel silicide during the treatment.
Thus, the efficiency of the atomic force microscopy method using a specialized conductive technique as a

method for monitoring microelectronic components was demonstrated.

Keywords: control, transistor, microstructures, roughness, conductivity
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Lenbio paboThl OBUIO HCCIEIOBAHUE CTPYKTYPbI U JE(PEKTHOCTH KaHAIBHOI'O TPAH3MCTOPA C ABYMS
TUIIAMU TPOBOAMMOCTH (p U 1), CyOMHUKPOCTPYKTYP Ha OCHOBE IJIEHOK CHIIMIIMJOB HUKEJIS, 3aPO/IBIIIEBBIX
cioéB Ha ocHoBe AIN ¢ HCTIOIB30BaHHEM aTOMHO-CHIIOBON MUKPOCKOIIHMH (B TOM YHCIIE U MPOBOISIICH HIH
ANIEKTPOCHIIOBON METOIMKH, KOTOPast TIO3BOJISIET UCCIIEA0BATH MIEKTPHUECKYIO IPOBOMMOCTh TOBEPXHOCTH
HCCIIeyeMOro MaTepHraia) IPOBEICHbI. Y CTAHOBIICHO BIMSHIE TEXHOJIOTHU H3TOTOBJICHUS U ()OPMUPOBAHHS
JIOKaJBHOTO OKHCIIA Ha pelibed) M CTPYKTYpPYy TpaH3HCTOpa p- U n-THmna. JIOKaIbHBIH OKHCeT HeoOXOauM
JUTSL DJICKTPUUECKON M3OJISIUKM TPaH3UCTOPOB JApyr oT npyra. lllepoxoBaTocTh MOBEPXHOCTH BBIIIE HA
TMOBCPXHOCTU U BHE p-KaHAJIBHOI'O TPAH3UCTOpA, YEM Ha n-KaHAJIBbHOM TPAH3UCTOPC. HpI/I HCCIICJOBAaHN
cnoés AIN kak B pexume Tomorpaduu, Tak U B PEXHUME aJre3ud BbIIBICHBI Je(pEKTHl B BUAE TIOD,
KOTOpBIC SIBJISIOTCS MECTaMH JIEKTPUUYECKUX MPOOOEB, UYTO YXYALIAET CBOMCTBA TAKUX TE€TEPOCTPYKTYD.
[Ipu pocte TemmepaTypbl U BpeMEHH a30TUPOBaHHA J1e(PEeKTHOCTH ciI0éB AIN CymIeCTBEHHO CHIIKAeTCH.
C mpuMeHEHHEeM 3JEeKTPOCHIOBOH MHKPOCKOIHMHU YCTaHOBJIEHBI MPOBOMSIINE YYAaCTKH HA MOBEPXHOCTH
CHJIMITUIOB HHKEIS Toclie ObIcTpoil Tepmudeckoit obOpabotkm mpu 300 m 400 °C, dro mOKas3pIBaeT
HeroyiHoe 00pa3oBaHMEe CHIIUIM/A HUKENS B Iporecce 00paboTku. Takum oOpazom mokazaHa d(QPeKTHB-
HOCTb ME€TOJa aTOMHO-CHUJIOBOM MHKPOCKOIIMU C TMPUMEHCHUCM CHCHI/IE{J’II/BI/IpOBaHHOI\/’I HpOBOI[;IIIICI;'I
METOAMKHU KaK METOJIa KOHTPOJISI KOMIOHEHTOB MUKPOAJIEKTPOHUKH.
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Introduction

In the last decade, the demand for microelec-
tronics and sensor products for various applications
has been growing rapidly. An integrated circuit (IC)
is one of the most important elements of the large
electronic systems. In case of deterioration in the
quality of an IC, the entire operating order of one
electronic device or electrical appliance is disrupted,
which plays an important role in organizing the life
of a modern person [1]. During the manufacture of
ICs, their performance and stability are affected by
various factors, including the size effects, micro-
relief, the presence of secondary etching reaction
product residues on the walls of elements and on
the bottom of the reliefs, the presence of local de-
fects in dielectric and metallized films, the structure
and phase composition of semiconductor structures,
etc. [2]. The microrelief control is usually carried out
using optical microscopy and/or scanning electron
microscopy. However, with the reduction of design
standards for the manufacture of microcircuits, this
type of microscopy cannot be used due to the limited
resolution of the methods, as well as the complexity
of preparing samples for control [3].

Reducing the size affects the change in the
properties of the MEMS elements [4]. For example,
reducing the size of MOS transistors leads to dete-
rioration of their characteristics [1]. To solve this
problem, the transistor structure is changed by intro-
ducing new elements and materials. The use of sili-
cides (for example, as transition layers) in the pro-
duction of Schottky diodes, infrared sensors, gates
on field-effect transistors, MEMS technology, metal
compounds in microchips, the creation of micro-
structures on quantum wires and quantum dots has
improved their characteristics [5, 6]. However, the
ongoing miniaturization of ICs places many new de-
mands on such materials. For example, NiSi film has
low electrical resistance (10.5—18 pOhm cm at room
temperature) and resistance to electromigration, but
the main disadvantage is low thermal stability up to
temperatures of 650 °C, which leads to the transi-
tion of the conductive phase of NiSi to NiSi, with a
higher specific resistance. Improvement of the mor-
phological and phase stability of silicides at elevated
temperatures is achieved by doping with Pt, Pd or Rh
elements [7, 8], as well as the rapid thermal treatment
(RTT). The metallic nature of the conductivity, low
electrical resistance, thermal and chemical stability,
and low the Schottky barrier height on p-type silicon

(0.28 eV) contribute to their successful application
in microdevices [6]. In the thin films of the silicides
used, the grain size and surface roughness are impor-
tant parameters determining the level of their func-
tional properties. There are no dependencies in the
scientific literature linking the RTT temperature with
the roughness, grain size and reverse current density
of the Schottky diode.

Heterostructures based on aluminum ni-
tride (AIN) are promising materials for power, high-
frequency and optoelectronic devices. To grow AIN
layers [3] with a smooth surface, the layer growth
temperature is changed. However, this may cause de-
fects in the structures.

The size effects [4] in the transition to micro-
and nano-sizes of systems make the tasks of complex
research of the properties of functional and structural
materials in microelectronics relevant. Traditional
research methods do not allow detecting phenom-
ena that determine the properties of the material
at the micro- and nanolevel. Therefore, there is a
need to use modern high-resolution methods, which
include atomic force microscopy and nanoindenta-
tion, which make it possible to study the structure,
physical, mechanical, electrical and magnetic prop-
erties of materials and systems during development
and operation.

The aim of the work was to study and control the
structure and defects of a channel transistor with two
types of the conductivity (p and n), submicrostruc-
tures based on the nickel films and a seed layer based
on AIN using atomic force microscopy.

Materials and research methods

Several samples of the following type were used
for the study:

— the channel transistor with two types of con-
ductivity (p and n);

—the submicrostructures based on the nickel
films after the rapid thermal treatment at 300 and
400 °C;

— the AIN based seed layers.

The channel transistor is manufactured using
CMOS technology with one metallization level. De-
sign standards are 5.0 um. The substrate is of type
KEF 4.5 (electronic silicon doped with phosphorus
with a specific resistance of 4.5 Ohm cm). Then, a
local oxide is formed on the surface for electrical
insulation of the transistors from each other. The
local oxide is created thermally in a dry oxygen
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atmosphere at a temperature of 1000 °C. The total stiffness of 0.3 N/m, as well as the C-AFM mode —
thickness of the formed oxide is 0.8 pm. In this case, electric force microscopy using a silicon cantilever
0.4 um of substrate silicon is consumed. of the SCM-PIT type (Bruker, USA) with a conduc-
The nickel films with a thickness of =40 nm [10,  tive Ptlr coating, a tip curvature radius of 20 nm and
11] were deposited on silicon substrates by magne-  a cantilever stiffness of 2.8 N/m.
tron sputtering of a nickel target with a purity of
99.5 %. After deposition, the nickel film on silicon  Results and discussions
was subjected to the rapid thermal treatment (RTT)
in the heat balance mode using a JetFirst 100 setup Based on the results of the study of two types
(Jipelec Qualiflow Therm, Montpellier, France). The  of transistors (Figure 1), it was found that the sur-
back side of the silicon substrates was irradiated face structure of the p-channel transistor (Figure 15)
with an incoherent light flux of the constant-power and the profile drawn across the transistor (Fig-
quartz halogen lamps in a nitrogen environment for ~ ure 1d) show the presence of a continuous oxide
7 s. Heating was carried out until a temperature of  strip with a height of about 200-250 nm and a width
400 °C was reached. of up to 0.8—1.0 um at the transistor boundary. The
The AIN germinal layers with a thickness of studies were carried out both on the surface of the
85 nm were grown by the plasma molecular beam transistors and outside the surface of the transistors.
epitaxy (at the temperature of the Al,O, substrate The main internal structure of the p-channel transis-
T=780 °C) with the different nitriding times and tor is developed and granular (Figure 1f), has almost

temperatures: the same height as the surface outside the transistor.
— the nitriding time 90 min at 7, = 1235 °C; The surface of the n-channel transistor (Figure 1c)
— the nitriding time 90 min at 7, = 1237 °C; has a uniform structure and height (about 300 nm)

— the nitriding time 120 min at 7,;, = 1237 °C.  both along the length and width of the transistor

For the visualize the morphology, control the (Figure le). The structure of the n-channel transistor
microrelief and defects of the above samples, we is smoother compared to the p-channel (Figure 1f).
used a Dimension FastScan atomic force micro- The surface roughness (Table 1) is higher on the sur-
scope (Bruker, USA) in the PeakForce QNM mode face and outside the p-channel transistor than on the
(nanomechanical mapping) using a standard silicon  n-channel transistor.

cantilever of the CSG1-SS type (TipsNano, Russia) The revealed relief and structure are due to the for-
with a tip curvature radius of 5 nm and a cantilever —mation of local oxide during the production process.
Table 1

Surface roughness of transistors

. . Roughness
Type of transistor Research location
Ra, nm Rg, nm Rz, nm
. Inside 4.98 7.36 12.2
-type
PP Outside 12.1 147 1.8
Inside 4.08 5.46 16.3
n-type .
Outside 4.78 6.16 8.07

The morphology of AIN germinal layers at dif- of pores decreases significantly (Figure 2b, ¢) and
ferent nitriding times is almost the same — it consists  the surface relief decreases (Figure 2d—f). Such pores
of the smooth rounded structures with the uneven are places of the electrical breakdowns, which wors-
edges (Figure 2). ens the properties of such heterostructures.

It should be noted that there are a large num- On the submicrostructures based on the nickel sil-
ber of pores on the AIN germinal layer at a nitriding  icide after RTT at 300 and 400 °C, when studying by
time of 90 min at 7(,) = 1235 °C (Figure 2a, shown  the atomic force microscopy with a conductive mode,
by yellow arrows). In the adhesion mode, these areas it was possible to identify the conducting and non-
have low adhesion (Figure 2g, dark areas are shown conductingregions (Figure 3 and 4), 1. e. Niand NiSi,
by blue arrows). With an increase in the nitrid- respectively. The conducting regions (light regions
ing time to 120 min at 7,) = 1237 °C, the number  in Figures 36 and 4b, d, dark regions in Figure 3c).
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Figure 2 — AFM structure (topography (a—c) and adhesion (g—i) modes, fields 3x3 pm?) and surface profiles (d—f)
of samples with an 85 nm thick AIN germinal layer with different nitriding times: a, d, g — nitriding time 90 min
at Ty, = 1235 °C; b, e, h — nitriding time 90 min at 7)) = 1237 °C; ¢, £, i — nitriding time 120 min at 7(,; = 1237 °C

a b c
g3
=
£ <2 <0
D s o
‘s 0 = £
f) E 0 E_z i
= &) 3
234 . ' . } . . ) ; . ,
=7 j 5 3 0.0 0.5 1.0 15 0.0 0.5 1.0 15

Profile length, Profile length,
Profile length, pm rolile length, pm rofile length, pm
d e r

Figure 3 — AFM images of the nickel silicide-based submicrostructures after 400 °C with the conducting defects:
a — topography; b — conducting mode at a voltage of +4 V; ¢ — conducting mode at a voltage of -4 V

a b c d

Figure 4 — AFM images of the nickel silicide-based submicrostructures after 300 °C with the conducting defects:
a, ¢ — topography; b, d — conducting mode at +4 V
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When a voltage of +4 V is applied, the conduc-
tive regions have a current from -2 (when a negative
voltage of -4 V is applied, dark areas in Figure 3¢) to
2 nA (when a positive voltage of 4 V is applied, light
areas in Figures 3b and 4b, d).

Conclusion

The influence of the manufacturing technol-
ogy on the microstructure and surface properties of
the microelectronic components was established.
The research and defect control were carried out
on a channel transistor with two types of the con-
ductivity (p and n), submicrostructures based on
the nickel films after rapid thermal treatment at
300 and 400 °C and seed layers based on AIN
using the atomic force microscopy. Two scanning
modes were used: the PeakForce QNM (nanome-
chanical mapping) and C-AFM (electrical force).
The influence of the manufacturing technology and
local oxide formation on the relief and structure of
the p- and n-type transistor was established. De-
fects in the form of the pores were revealed during
the study of AIN heterostructures both in the to-
pography mode and in the adhesion mode. With
increasing temperature and time of nitriding, the de-
fectiveness is significantly reduced. The conductive
areas on the nickel silicides were established after
RTT of 300 and 400 °C using electric-force micros-
copy. Thus, the effectiveness of the atomic force
microscopy method using specialized conductive
techniques as a method for monitoring the micro-
electronic components is demonstrated.
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Abstract

Modern microelectromechanical systems (MEMS) are devices that incorporate microelectronic compo-
nents and micromechanical structures on a single chip. Packaging is a mandatory stage in MEMS manufac-
turing. It ensures mechanical protection, sealing and transmission of electric energy and signals. The present
work was aimed at developing a MEMS packaging method as a part of the consolidated manufacturing
process. The method is developed on the example of a microwave MEMS switch. The switch manufacturing
scheme includes conventional technologies used for producing gallium arsenide integrated circuits: optical li-
thography, liquid etching, electron-beam and magnetron deposition of metallic, resistive and dielectric films.
The work presents a new inter-plate MEMS packaging based on a frame structure with a passivating film.
The main purpose of the package frame layer is mechanical support for an upper layer of the sealing material.
The frame layer should have the structure allowing for unimpeded removal of the sacrificial photoresist and
be impermeable for the sealant. To satisfy the requirements stated, a metallic thin copper-film spatial frame
was fabricated by galvanic deposition. The frame structure is a geodesic dome comprised of a complex net-
work of triangle cells arranged in rows. The connected triangles create a self-supporting durable framework.
The measurement and modeling results demonstrate that the round frame structure is more durable than a
square frame with the same maximum cell dimensions. The stress-strain state for the round framework con-
siderably alters depending on the number of rows of triangle cells. In addition to the mechanical support, the
cell structure of the framework — with adequate selection of cell dimensions, solvent and sealant viscosities —
allows for unimpeded penetration of the solvent (N-methyl-2-pyrrolidone, NMP) and removal of ma-P1225
photoresist sacrificial layers. At the same time, the layer structure is impermeable for the sealant (benzo-
cyclobutene, BCB). The proposed MEMS switch packaging enables mass fabrication of GaAs integrated
circuits in a single process, which expands their frequency range. The new plate-level packaging technology
is absolutely compatible with MEMS fabrication technology without specific materials and equipment which
reduces the dimensions and cost of MEMS.

Keywords: MEMS, heterointegration, packaging, geodesic dome

Adpec ona nepenucku:

Hecmepenko T.1.

Hayuonanvuoiii uccreoosamensekuti TomMcKutl noaumexHudeckuil
VHUSepcumen,

np-m Jlenuna, 30, . Tomck 634050, Poccus

e-mail: ntg@tpu.ru

Addpress for correspondence:

Nesterenko T.G.

National Research Tomsk Polytechnic University,
Lenin Ave., 30, Tomsk 634050, Russia

e-mail: ntg@tpu.ru

Jna wumuposanus:

E.S. Barbin, 1.V. Kulinich, T.G. Nesterenko, A.N. Koleda,

E.V. Shesterikov, P.F. Baranov, D.P. II’yaschenko.

Wafer-Level Packaging of Microelectromechanical Systems Based
on Frame Structure.

TIpuGops! 1 METOIBI U3MEPEHUIA.

2024.T. 15. Ne 4. C. 323-333.

DOI: 10.21122/2220-9506-2024-15-4-323-333

For citation:

Barbin ES, Kulinich IV, NesterenkoTG, Koleda AN, Shesterikov EV,
Baranov PF, II’yaschenko DP.

Wafer-Level Packaging of Microelectromechanical Systems Based
on Frame Structure.

Devices and Methods of Measurements.

2024;15(4):323-333.

DOI: 10.21122/2220-9506-2024-15-4-323-333

323



Tpubopul u memoowt usmeperutl
2024. T. 15. Ne 4. C. 323-333
E.S. Barbin et al.

Devices and Methods of Measurements
2024,;15(4):323-333
E.S. Barbin et al.

DOI: 10.21122/2220-9506-2024-15-4-323-333

ToHKOMJIEHOYHASI TEXHOJIOTHS KOPIYCUPOBAHUS
MHUKPOJIEKTPOMEXAaHUYECKHUX CUCTEM HA OCHOBE KAPKACHOM

CTPYKTYPbI

E.C. Bap6un’, U.B. Kysmnnu’, T.I'. Hecrepenko'?, A.H. Kostena'?, E.B. Illecrepukon’,
I1.®. Bapanos', L.IT. Miabsimenko’

1 . . o .
Hayuonanwnwiti uccnedosamenvcexui Tomckull noaumexHuieckutl yHusepcumen,
np-m Jlenuna, 30, o. Tomcx 634050, Poccus

2 . .
Tomckuil 20Cy0apcmeentbill yHUgepCument CUCHeM YNpasieHus U paouodieKmpoHuKi,
np-m Jlenuna, 40, 2. Tomcx 634050, Poccus

Tocmynuna 06.09.2024
Ipunama k nevamu 14.11.2024

CoBpemennpie MOMC — 3TO ycCTpoOHCTBa, OOBCAMHSIONMHE B ceOC MHKpPOIICKTPOHHBIC KOMIIOHCHTHI U
MHKPOMEXaHUYCCKUE CTPYKTYpbl Ha OZHOM umre. lIpomecc KOPITyCHpPOBaHUS SBISCTCS 00sS3aTEIBHBIM 3TATlloM
nzrotoBieHUsT MOMC yCTpOWCTB, KOTOpHIA OOECHeYMBAET MEXAaHWYECCKYIO 3alIUTy, TePMETHYHOE YIUIOTHEHHE,
nepeaady IEKTPOIHEPTUH M CUrHanoB. Llenpio maHHOM paboTHl ABISUIACH pa3paboTKa crocoba KOPITyCHpPOBAHUS
MOMC, KOTOpBIH BXOAUT B €IUHBIA TEXHOJIOTUYECKUN MPOIIECC M3TOTOBJICHUS yCTpoicTBa. Pa3zpaboTka Takoro me-
ToJa KopmycupoBaHMs ocymecTBieHa Ha npuMepe CBY MOMC kmowga. CxemMa TEXHOJIOTMYECKOro Mpolecca
nzrotoBiieHuss CBU MODMC kiroda BKITIOUAeT B ceOsl TPaJUIIMOHHBIC TPOIECCHl TEXHOJOTHH apCEeHUA-TaJUTAEBBIX
WHTETPaJbHBIX CXEM, TaKWe KaK OITHYeCKas JHUTOrpadus, >XUIKOCTHOE TpABICHUE, O3JICKTPOHHO-IYYEBOC U
MarHeTPOHHOE OCAXICHHE METaJUIMYEeCKHUX, PE3UCTUBHBIX WM AMAIEKTPUYCCKUX IUICHOK. B paboTe mpeacraBieHa
HOBasi MeXIiacTuHYarass ymakoBka MOMC Ha OCHOBE KapKacHOM KOHCTPYKIIMH C IMaCCUBHPYIOMIEH TUIEHKOM.
OcHOBHasi 3ajlaua KapKacHOTO CIIOsl Kopryca — oOeclieueHne MEXaHMYEeCKOW MOAJIEPIKKU BBILIEIekKALIeMY CIIO00
repMETU3UPYIOIIero Marepuaia. KapkacHbIi CIIOW JOJDKSH 00JIaJaTh CTPYKTYPOIl, O3BOJISIONICH OCCIPEsITCTBCHHO
VIAIATh JKSPTBCHHBIA CIIOH (oTope3ncTa, W OBITh HEMPOHHUIACMBIM U TePMETHU3UpPYIOIIEro Marepuana. s
BEITIOJTHEHHSI STHUX TPEeOOBAaHWI HCIOIh30BaHA METaJUTMYECKas MPOCTPAHCTBEHHAs paMa, BHITIONHEHHAass Ha OCHOBE
TOHKOW TJIEHKH MEIH, MOJYYCHHOW METOIOM TalbBaHMYECKOTo ocakaeHus. KapkacHas KOHCTPYKLHUS UMeeT (hopmy
T'€0JIe3NYECKOTO0 KyTOJIa, COCTOSIIETO U3 CIIOKHON CETH TPEYTONBHBIX SYeeK, PACIOIMKEHHBIX psiaaMu. CoeqnHEHHBIC
TPEYTOJIbHUKU CO3JAI0T CaMOIOAIEP/KUBAIOIIUICS CTPYKTYPHO IPOYHBINA Kapkac. Pe3ynbraTsl M3MepeHMi U Moje-
JIUPOBAHUS TIOKA3aJK, YTO Kpyrias paMOYHAas KOHCTPYKIMS SIBJSICTCs Ooyiee >KECTKOM, YeM KBalpaTHas pamHas
KOHCTPYKIIHSI C TAKUM K€ MaKCHMaJIbHBIM pa3MepoM siuciiku. HampsbkeHHO-Ie(hopMHPOBaHHOE COCTOSTHUE KPYIIIOH
PaMHOM KOHCTPYKLMHU CYLIECTBEHHO M3MEHSETCS B 3aBUCHMOCTH OT KOJIMYECTBA PSAOB TPEYTOJIBHBIX SAYEEK KapKac-
HOW KOHCTpYKIMH. KpoMe MexaHWYeCKoil MOANEepKKH sEUCTas CTPYKTypa KapKaca MPH COOTBETCTBYIOIIEM IT0100-
pe pa3Mepa SUYEHKH, BI3KOCTH PACTBOPHUTENS M T€PMETH3UPYIOIIETO CIIOSI TTO3BOJSET OSCIpensaTCTBEHHO MPOHUKATH
pactBoputento (N-METHIANMUPPOINAOH) U YAAISATh KepTBeHHbIE ciion (oTopesncta ma-P1225. TIpu aTom cTpykTypa
JTAHHOTO CJIOSl HeITPOHMIIaeMa [Tl TePMETU3UPYIOIEro Marepuaia (ou3deH3onukinooyTena). [IpemioxkeHHas yimakoBka
MOMC kiroya Mo3BOJISIET CEPUHHO MPOU3BOAUTH UHTErpalibHble cXxeMbl GaAs, B €JUHOM TEXHOJOTHYECKOM IpPOLEC-
ce, 4TO pacIlIMpsieT UX 4YacTOTHbIM Auamna3oH. [Ipeanmaraemas HOBas TEXHOJIOTHS YNAKOBKM Ha YPOBHE IUIACTHUHBI
MTOJTHOCTRIO COBMECTHMA C TEXHOJIOTHEeH mpom3BoacTtBa MOMC 0e3 HCIONIh30BaHUS CIEIHMAIbHBIX MaTepHAIOB
1 000pyI0BaHMs, YTO MO3BOJISAET CHU3UTH rabapuThl U cTouMocTh MOMC.
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Introduction

Microelectromechanical systems (MEMS) are
miniature devices with mechanical, chemical or op-
tical sensors, integrated circuits (ICs) or photooptic
integrated circuits for data management and process-
ing. MEMS are widely used due to their small size
and weight and low energy consumption, as well as
lower mass production costs as compared to macro-
systems. The most widely used are inertial sensors,
namely MEMS gyroscopes and accelerometers [1,
2]. As of today, optical [3, 4] and radio-frequency
microelectromechanical systems (RF MEMS) be-
come increasingly popular, e. g., switched capaci-
tors, resonators, switches, etc. [5-8].

The packaging process is compulsory for manu-
facturing MEMS devices, which ensures mechani-
cal protection, hermetic sealing, transfer of electric
power and signals. In addition, wafer-level packag-
ing (WLP) must provide an appropriate price and
size, be CMOS-compatible, and operate in severe
conditions.

The packaging cost ranges from 30 % to 50 %
of the total production cost owing to the strict re-
quirements to packaging of brittle MEMS compo-
nents [9]. The key objective for boosting microelec-
tromechanical systems to a higher level of commer-
cialization is to find low-cost and efficient methods
of their packaging.

MEMS-packaging is performed in two ways:
die-level packaging (DLP) and wafer-level packag-
ing (WLP) [10]. The die-level packaging includes
wafer dicing into several individual dies, which are
consequently packaged separately or in combination
with electronic and other components in a common
package. The DLP process is long and expensive and
requires solders or adhesives to mount MEMS dies
in a package.

In the WLP process, a wafer with MEMS dies
is attached to a cap wafer, which provides a sealed
cavity for each die. The obtained structure is diced
into individual encapsulated dies. The WLP method
provides sealing of MEMS devices prior to the wafer
dicing into dies and allows using standard packages
of integrated circuits instead of expensive custom
packages.

At present, two groups of WLP methods are
used [11]. The first group utilizes eutectic and dif-
fusion bonding of wafers and their micromachin-
ing [11-16]. The technique requires high volt-
age or temperature, which can damage the MEMS

structure and cause sticking of mechanically weak
structures.

Temel et al. [17] proposed at eutectic bonding
technique implying application of Au-Sn thin films
for MEMS packaging. Au-Sn thin films were ap-
plied for the low-temperature wafer bonding using
low-thickness materials. This technique eliminates
the electroplating stage prior to deposition of Au-Sn
thin films that are required for bonding wafers and
provides less complicated and more reliable MEMS
fabrication.

Low-temperature hermetic thermo-compression
wafer-level bonding based on copper-electroplated
sealing frame [18] provides hermetic sealing and
electrical contact. It also allows for integration of
micro-structured wafers. Hermetic bonding can be
realized at 250 °C, when the gas formation is low,
hence the pressure in the cavity is lower. Moreover,
the shear bond strength exceeds 100 MPa.

The second group of WLP methods utilizes thin
films to provide surface micromachining. In con-
trast to semiconductor wafer splicing, the thin-film
encapsulation process does not require an additional
wafer and provides a higher packaging density [19—
23]. This technique has no restrictions on the total
thickness variation (TTV) and cleanness of the wafer
surface. The thin-film encapsulation process also
provides electrical bonding between the circuit ele-
ments and the packaged MEMS device. The most
important characteristic of this WLP method is the
integration of monolithic MEMS and integrated cir-
cuits, which allows placing them in a common pack-
age, thereby improving its performance and reducing
the cost.

To achieve high stability and strength of thin
film packaging technology, Epi-Seal process has
been developed [24, 25]. An abundant diversity of
Epi-Seal-based MEMS-devices demonstrates the
possibility of producing high-performance MEMS
in a single production process.

At the same time, the conventional Epi-Seal
process has design limitations such as maximum gap
between elements of 1.5 pm, inability to implement
top electrodes, etching holes should exceed 12 um.
These factors restrict the diversity of designs. Yang
et al. [26] proposed a MEMS fabrication method,
which eliminates the main design limitations of the
conventional Epi-Seal process, its main parameters
being preserved. This technique allows making gaps
between elements within 0.7-50 pm and implement-
ing both in- and out-of-plane electrodes.
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Therefore, the main limitations of the MEMS
packaging via wafer bonding are high wafer flat-
ness, small total thickness variation of 1 to 10 um,
frequent wafer fracture, and a high bonding tempera-
ture of over 300 °C. Thin-film packaging is the most
technologically and economically justified method,
since it eliminates the use of additional equipment
and reduces the dimensions and mass of the end
product. At the same time, the successful application
of thin-film packaging for the MEMS monolithic
integration requires over-coming engineering com-
plications occurring when removing massive sacrifi-
cial layers.

According to the international roadmap, in
semiconductor industry, one of the urgent tasks in
IC integration with MEMS is modification and stan-
dardization of IC-technologies in conjunction with
MEMS technologies [27, 28]. To simplify the pro-
cess of MEMS heterointegration with ICs or PICs,
the wafer-level packaging method is required that
would be a part of a common technological process
of MEMS fabrication.

The work is aimed at including packaging into
a unified technological process of MEMS fabrica-
tion by implementing standard technological opera-
tions (lithography, liquid etching, electron-beam and
magnetron deposition of metal, resistive and dielec-
tric films). This technology will reduce dimensions
and cost of MEMS devices, since they will be sealed
simultaneously with their fabrication; no additional
wafer and special equipment will be required (bond-
ing). One of the solutions is implementation in
MEMS fabrication of a frame structure represented
by a metal geodesic dome-shaped spatial frame [29].
The dome is a spherical spatial frame structure
comprised of a complex network of triangular cells
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arranged in rows. The joint triangles thus create a
self-supporting structurally strong frame.

In this manuscript we will present a novel tech-
nological process of MEMS wafer-level packag-
ing based on the frame structure with a passivating
layer having high mechanical strength. The devel-
oped method will provide monolithic integration of
MEMS with integrated circuits based on convention-
al MEMS fabrication processes.

Technology process

A developed WLP, fully integrated in the pro-
cess flow, is exemplified by a RF MEMS switch
fabrication. The latter is intended for RF-signal
switching between the elements of a monolithic IC.
The RF MEMS switch is fabricated as a copla-
nar transmission line and consists of a signal elec-
trode with a brake and two ground electrodes. Mi-
crowave signal switching is provided by imple-
menting an ohmic contact in the signal line break.
The ohmic contact is implemented by the gap-clos-
ing electrode placed on the cantilevered beam of
the RF MEMS switch and separated from the can-
tilevered beam main metallization by a dielectric
layer. The RF MEMS switch control is provided by
two driving electrodes. There is an air gap between
the cantilevered beam and driving electrodes.

Semi-insulating GaAs handle wafers with (100)
crystallographic orientation were used to fabricate
RF MEMS switches in a thin-film package. The flow
chart is presented in Figure 1. It includes such con-
ventional processes of the GaAs IC manufacture as
optical lithography, liquid etching, electron-beam
and magnetron sputtering of thin-film metals, resis-
tive and dielectric materials.
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Figure 1 — Flow chart: ¢ — driving electrodes, signal electrodes, cantilevered beam support of RF MEMS switch; b — pho-
toresist sacrificial layer; ¢ — gap-closing electrode and SiO, dielectric layer; d — cantilevered beam main metallization;
e — RF MEMS switch structure after complete removal of photoresist sacrificial layers; f— frame structure plating;
g, h—removal of photoresist, seed, separating, and sacrificial layers; i — RF MEMS switch structure in sealed package

In Figure 1 the numbers indicate: 1— GaAs-
handle wafer; 2 — frame structure anchors; 3 — can-
tilevered beam support; 4 —driving electrode;
5 — ground electrode; 6 — signal electrode; 7 — ma-P
1225 photoresist sacrificial layer; 8 — SiO, dielectric
layer; 9 — gap-closing electrode; 10 — cantilevered
beam main metallization; 11 —S1818 photoresist
layer; 12 —ma-P 1240 photoresist sacrificial layer;
13 — S1830 photoresist masking layer for the frame
structure; 14 — frame structure plating; 15 — her-
metic sealing layer of benzocyclobutene (BCB). As
presented in Figure la, driving, ground and signal
electrodes, cantilevered beam and frame structure
anchors were formed by electron beam deposition
of metal films through the two layers of AZ-1518/
LOR20B photoresist.

The air gap between the RF MEMS switch beam
and signal electrodes was obtained by centrifugation
of the 3-um thick ma-P 1225 photoresist sacrificial
layer (Figure 15). The photoresist was dried on a hot
plate at 100 °C for 5 min and exposed to laser 3D-
lithography on a direct write lithography system to

eliminate the thickness difference between the pho-
toresist and signal and driving electrodes. The pho-
toresist was developed in a tetramethylammonium
hydroxide solution for 2 min.

Figure 1¢ depicts the formation of the copper
film gap-closing electrode and SiO, separating di-
electric layer using electron-beam sputtering through
2-um thick AZ-1518 photoresist layer with a nega-
tive slope of walls in the gap. The thicknesses of the
gap-closing electrode and the dielectric layer were
300 and 200 nm, respectively. In Figure 1d, one can
see the cantilevered beam main metallization ob-
tained by the electroplating deposition of 2-um thick
copper. The next stage included the frame structure
formation for the RF MEMS switch packaging. It
involved the deposition of the photoresist sacrifi-
cial layer and electroplating of copper for the frame
structure.

Evidently from Figure le, the masking photore-
sist for electroplating of copper consists of ma-P1240
and S1830 photoresist sacrificial layers applied onto
the RF MEMS switch beam and cantilevered beam
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main metallization. The gaps were formed in the
ma-P1240 photoresist sacrificial layer using laser
3D-lithography followed by the electroplating depo-
sition of the Ti/Cu seeding layer. Next, electroplat-
ing deposition of copper was conducted through the
gaps of the S1830 photoresist masking layer (Fig-
ure 1f). The copper deposition was conducted from
CuSO,:H,S0,:C,H;OH electrolyte with a ratio of
100:70:10 /L. At a current density of 0.1 mA/mm?,
the copper deposition velocity was approx. 0.2 pm/
min. The specific resistance of the obtained film was
0.021 pOhm m.

Photoresist masking, seeding, separating, and
sacrificial layers were removed after the frame
structure electroplating (Figure 1g, ). The copper-
plated separating and seeding layers were removed
by liquid etching in HCI:H,0:FeCl, (1:10:1) solu-
tion. NH,F:HCI:H,O (1.5:100:10) solution was used
for Ti thin film etching. These etchants demonstrate
high selectivity during the etching process. Photore-
sist masking layers were removed by N-Methylpyr-
rolidone (NMP) followed by washing in isopropyl
alcohol and drying with nitrogen. The drying and ex-
amination of the sacrificial layers and the wafer were
followed by the ultimate stage (Figure 17). The spin
coating of 7-um thick BCB on the frame structure
provided the sealing of the RF MEMS switch. Then,
we used photolithography to disclose the contact
grounds of the RF MEMS switch. The coated BCB
sealing layer was then dried at 250 °C for 20 min.
The fabricated sealed RF MEMS switch structure is
presented in Figure 1i.

We should note that on the packaging of all the
elements on the wafer, the hardening occurs after the
formation of the street, which causes no global warp-
ing of the plate.

Modeling

Several samples of the following type were used
for The main purpose of the package frame layer is
mechanical support of the upper layer of the sealing
material. Moreover, the frame layer should possess
the structure that would allow unhindered removal
of the sacrificial photoresist layer. Consequently, the
layer structure should be impenetrable for the sealant.
The combination of such properties can be achieved
by using a spatial frame from electroplated thin cop-
per film. The frame structure was built as a geodesic
dome comprised of several rows of triangular cells.
The variations of the frame structure geometry are
presented in Figure 2.
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Figure 2 — Round (a) and square (b) geometries of the
frame structure

Geodesic domes conventionally have round
base (Figure 2a), so they experience less stresses.
For the sake of comparison, we considered a frame
with a square base (Figure 2b). The frame structure
was researched using a finite element method (FEM)
in the COMSOL. The frame structure was attached
to the outer perimeter of the structure. When design-
ing the structure and defining its geometric parame-
ter, the applied load was equal to the BCB-layer with
a thickness of 5 pum multiplied by a coefficient 1.7 at
normal conditions which accounts for additional
stresses due to the shrinkage and BCB-layer thick-
ness error. The modeled layer thickness is 8.5 pm.
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Afterwards, due to the hardening of the BCB-layer,
it becomes self-supporting. As a result, the structure
strength increases due to the metallic frame and self-
supporting BCB-layer.

The height of the frame structure at its maxi-
mum point was determined by the thickness of the
photoresist sacrificial layer. The thickness of sacrifi-
cial layer between of RF-switch and frame structure
is 8 um. Obviously from Figure 3, the round frame
structure is more rigid than the square frame struc-
ture having the same maximum cell size.
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Figure 3 — Stress and deformation of round (a) and
square (b) frame structure

The FEM was used to model the stress-strain
state of the round frame structure with varying num-
bers of rows of triangular cells (Figure 4).

As presented in Figure 4, the stress-strain state
of the round frame structure significantly changes
depending on the number of the rows of triangu-
lar cells in the frame structure. Frame structures
with 5 or more rows are acceptable because the
stress in structure does not exceed a yield strength
for copper of 70 MPa. For frame structure of 5 rows
of triangular cells maximum deformation under the
applied loads equal no more than 0.2 um and frame
structure will not contact the RF MEMS switch.
In addition to the mechanical support, the frame
structure configuration must provide free NMP

penetration to remove the ma-P1240 photoresist sac-
rificial layers. At the same time, the frame structure
must be impermeable to the BCB sealing material.
The cellular frame structure can satisfy these require-
ments by an appropriate selection of the cell size,
viscosity of the remover and sealing layer. The opti-
mal size of the triangular cell of the frame structure
should be selected by mathematical simulation.
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Figure 4 — Stress analysis of the frame structure de-
pending on the number of rows of triangular cells. a — 2
rows of triangular cells; b—3 rows of triangular cells;
c—5 rows of triangular cells; d — 10 rows of triangular
cells
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Figure 5 presents a 2D-model of an elementary
frame structure element which shows penetration
of BCB into the frame structure. Figure Sa shows

Timwe 0.1 s, Surface: Volume fraction of fluid
Contour: Volume fraction of fluid

0 10 20 30 W 50 e 70 80 0
wm

a

Frame layer

the simulation result of the distribution of BCB
fractions and air fractions after BCB layer coating
on the framework layer.

Time 10 5. Surface: Volume fraction of fluid
Contour: ¥olume fraction of fluid

pum
13

0 1w 20 30 40 50

um

b

B0 0 80 90

Figure 5 — Distribution of benzocyclobutene — fractions and air fractions on the framework layer: a — result after 0.1 s;

b —result after 10 s

Starting from 0.1 s (Figure 5a), there is an evi-
dent penetration of BCB into the frame structure.
After 10 s (Figure 5b), the penetration of BCB sta-
bilizes; there is no penetration under the dome due
to surface tension of BCB. Therefore, BCB fills the
frame cells, but cannot reach the RF-switch structure.
Figure 6 depicts the simulation of NMP penetration
through the frame structure for sacrificial layer re-
moval.

Time 10 s. Surface: Volume fraction of fluid

pm Contour: Volume fraction of fluid

15
10 N-Methylpyrrolidone
53
0 L |
Air
5

0 10 20 30 AV "6 0 s 90

rame layer LM
Figure 6 — Volume fractions of remover and air after 10 s
of remover deposition

Figure 6 present the moment of time (10 s af-
ter) when the NMP completely penetrated under the
frame structure and substituted air. Therefore, the
optimal cell size at which NMP penetrates with non-
penetrating BCB equals 30 um. The optimal size of
a triangular cell is the maximum gap that equals the
median of an isosceles triangle of the cell itself.

The mathematical simulation shows that the se-
lected frame configuration meets the requirements
for the package frame structure and can be used to
remove the photoresist sacrificial layers followed
by the RF MEMS switch packaging. The photomi-

crograph in Figure 7 presents the RF MEMS switch
packaging fabricated by this technology. Figure 7a
corresponds to the technological step in Figure 14.

100 pm

RAITH150™°
DmECT WRITE
Mag=_ 200X

Signal A = SE2
User Name = Y15

Figure 7 — Photomicrograph of the RF MEMS switch
packaging: a —with frame structure; b — without frame
structure; 1 — cantilevered beam; 2 — signal line; 3 — frame
structure; 4 — driving electrode; 5 — anchors
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Figure 8 shows the frame structure with sacrifi-
cial layer of ma-P 1240.

Figure 8 — The
of ma-P 1240

frame structure with sacrificial layer

After the removal of the seeding and sacri-
ficial layers, the frame structure is hermetized
(for liquid) by the BCB layer and the gaps in the
BCB layer are opened to provide an access to the
electrical contacts of the RF MEMS switch. The
scattering parameters of the RF MEMS switch ob-
tained before and after its packaging are presented
in Figure 9.

According to Figure 9, the RF MEMS switch
parameters decrease by 6.1 dB in the on state, while
in the off state, they increase by 4.9 dB. This is
explained by the wave reflection from the three-
dimensional metal frame structure.
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-40
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e M My A DR S e
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T T P e O O 0
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—S11 before packaging — —S11 after packaging
— .. S21 before packaging — - =S21 after packaging

Figure 9 — S-parameters of the RF MEMS switch: a — on state; b — off state

The following parameters were obtained for the
RF MEMS switch: average contact resistance of 2.46
Ohm on a semiconductor wafer; switch-on time of
80 us; control voltage of 25 V.

Conclusion

The proposed novel wafer-level packaging tech-
nique is completely compatible with the MEMS
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production technology without the use of specific
materials and equipment. The use of the three-di-
mensional metal frame structure as a mechanical sup-
port for the frame structure allowed fully removing
the photoresist sacrificial layers with the successive
RF MEMS switch packaging.

The proposed RF MEMS switch packaging
allows serial production of GaAs integrated circuits,
including radio frequency switches, in a single tech-
nological process, which widens the frequency range
of GaAs RF integrated circuits. The comparative
analysis showed that the proposed RF MEMS switch
fabrication implementing electroplating deposition
of copper can compete with its rivals based on the
electroplating deposition of gold. The presented tech-
niques were used to achieve the high performance of
the RF MEMS switch and can also be applied in the
production of high-resolution MEMS sensors, such
as gyroscopes, accelerometers, high-quality resona-
tors and hybrid optical MEMS. Evidently from the
comparative analysis of various crystal packaging
technologies such as wafer-level packaging and die-
level packaging, the technology suggested by us is
cheaper and simpler, since it requires no additional
evacuation equipment.
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Crabéuam3anus TeMnepaTrypHbIX YCJIOBHUHU MPH ONpPeaeTeHUH
IUIOTHOCTH KUIKOCTH METOOM I'HIPOCTATHYECKOIO
B3BeIIMBAHMSA

H.B. bakogen, K.B. Ko3anaen

benopycckuii eocyoapcmeennulil ynusepcumem,
np-m Hezagucumocmu, 4, 2. Munck 220030, Beaapyco

Hocmynuna 07.08.2024
Ipunama x newamu 19.11.2024

[pu o11eHKe KayeCTBA TPOILYKIUH, 0COOCHHO HE()TH U HEPTETIPOAYKTOB, HAPSITy C IPYyTUMHU [TapaMeTpamMu
IIUPOKO HCIIONB3YETCsS 3HAYCHHE IIOTHOCTH. JlaHHBIE O IUIOTHOCTU SIBISIOTCS OCHOBOIIONATAIOIIUMU
JUISL WCCJICZIOBAHUSI CBOWCTB JKUIKOCTEH, WX HWIACHTU(DUKALMU ¥ ONPEACICHHUS CTCIHCHH YHCTOTHI.
OHU Taxke HEOOXOAMMBI JIJIs1 KOCBEHHOM OLICHKH C OTPEICIEHHON CTEMEHBIO TOYHOCTH HEKOTOPBIX APYTUX
CBOMCTB JKHUJKOCTH, TaKUX KaK YICIBbHBIA BEC, TCIUIOBOE PACHIMPEHUE WM CXKAaTHE, MAcca HM3BECTHOTO
00bEMa KUJKOCTH U T. I. B CBOIO 0ouepesib, OT TOUHOCTH ONPEACICHHS TIOTHOCTH 3aBUCHUT MPABUILHOCTh
NPUHUMAEMOTO PEIICHUS TPH TEXHOJIOTHYCCKOM KOHTPOJIC KadyeCcTBa BBIMYCKACMOW MPOMYKIIHH.
OnpejiefiecHUe ITUIOTHOCTH JKUJKOCTH C BBICOKOM TOYHOCTBIO TpeOyeT MOojaiepKaHusl CTaOWIIbHBIX
TEMIIEPaTYPHBIX YCJIOBHH B Ipoliecce uamepeHuil. Lleab pabOThl — yCTaHOBUTH BIIMSHUE CTAOWJIBHOCTH
TEMIICPATypPHOTO pEXUMa Ha BOCIPOU3BEACHHE M TMEpelady CIWHUILI TJIOTHOCTH JKHUJIKOCTH.
st ctabmimn3anuy  TeMIEparypbl MPEeNoKEHO TEXHUYCCKOE PpEIICHHE, PEATM30BAaHHOEC B BHIIC
KJIMMATUYECKON KaMephl, BHYTPh KOTOPOH IMOMEIEHO dTAIOHHOE 000opynoBanue. [IpoBeieHO UcciieioBaHUEe
TEMIEPATYPHBIX YCJIOBUH B TEXHOJOTHYECKOM KaMmepe. YCTaHOBJCHO, YTO Oyaroiapsi MCIOJb30BaHHBIM
TEXHUYCCKUM DEIICHUSM BIHUSHUC YCIOBUU OKPYXAIOMIEH Cpepl Ha W3MEHEHHE TEMIIepaTyphl HCCIIE-
JyeMOM KUAKOCTH SIBIISICTCS BETUIMHON TTPEHEOPEKIMO MaJIOMH.
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Abstract

When assessing the quality of products, especially oil and oil products, the density value is widely used
along with other parameters. Density data are fundamental for studying the properties of liquids, their identi-
fication and determining the degree of purity. They are also necessary for indirectly assessing with a certain
degree of accuracy some other properties of the liquid, such as specific gravity, thermal expansion or contrac-
tion, the mass of a known volume of liquid, etc. In turn, the accuracy of the density determination determines
the correctness of the decision made in the technological quality control of the manufactured products. Deter-
mining the density of a liquid with high accuracy requires maintaining stable temperature conditions during
the measurement process. The purpose of the work was to establish the effect of temperature stability on the
reproduction and transmission of the unit of liquid density. To stabilize the temperature, a technical solution
is proposed, implemented in the form of a climatic chamber, inside which reference equipment is placed.
A study of the temperature conditions in the process chamber was carried out. It was found that due
to the technical solutions used, the influence of environmental conditions on the change in the temperature
of the liquid under study is a negligible value.
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BBenenue

[Ipu ompepeneHurd IUIOTHOCTH — KUIKOCTH
CYILIECTBEHHOEC BIIUSAHHUE HAa PE3yJbTaT HU3MEPEHUI
OKa3bIBAE€T 3aBUCUMOCTb M3MEPSIEMOr0 3HAUCHHS
IUDIOTHOCTH OT TeMIeparypel. TemIieparypHbie
(baykTyaruu 3a4acTyr0 TPUBOIAT HE TOJBKO K
VBEIIMYCHUIO  HEONPENENEHHOCTH  WM3MEpEeHHs,
HO M K WCKKEHHWIO pe3yjbTara B IenoM. Tak,
paclipeHre WA C)XKaThe >KUJKOCTA BBI3BIBAIOT
W3MEHEHUE IUIOTHOCTH HCCIeayeMoro o0pasiia,
YTO MOXKET MPHUBECTH K HEBEPHOU KIIACCH(HKAIIH
HCCIEAYEMOHN KUAKOCTU. BO3MOMKHBIM pelieHueM
JMAHHOW TIPOOIEMBI I PA3IMYHBIX JKHIKOCTEH
MOXXET CIYXXHTh OTpeAeNieHHe IONMPaBOK K WX
IDIOTHOCTH TIPH M3MEHSIOMNXCS TeMIleparypax,
OTHAKO 3TO MHOTOKPAaTHO VYBEIWYHBACT OOBEM
MIPEABAPUTEIBLHBIX U3MEPEHUN I KaXXIOTO THUIIA
KUIKOCTH [1].

W3BecTeH psn KaHOHWYECKUX METOJOB OIIpe-
JICJICHUsT  TUIOTHOCTH  KMIkocTH.  HamGosee
pacrpocTpaHEHHBIMA W3 HUX SBJSIOTCS apeoOMET-
pudeckuii MeTon [2], MeToA THAPOCTATHYECKOTO
B3BEIIMBAHUSA [3], MHKHOMETpUYECKUU MeTon [4].
Hx cymiecTBeHHBIE JOCTOMHCTBA MpoCTOTA
peanm3anuyd U BBICOKAas TOYHOCTh, YTO AAET BO3-
MOXHOCTb pEaTH3allii OJHOTO U3 JTUX METOJIOB
B KAaueCcTBE STAJIOHHOTO. Paznmuume MexXIy IByMS
MOCIENHUMU 3aKJII0YaeTcss B TOM, UTO TMpHU
WCIIONBb30BAHUU  MUKHOMETPHUYECKOTO  METoJa
IUIOTHOCTh KUAKOCTH OMNpPEICTSCTCS B COCYIe
C TIOCTOSTHHBIM OOBEMOM, a TpH THUIAPOCTATHYEC-
KOM B3BCILIMBAHUM HCIOJB3YETCS STAJOHHAs Mepa
C IOCTOSIHHOM MacCOM.

[Ipu co3manmm HamumoHanpHOTO — ATaIOHA
€JMHUIIBl TIOTHOCTU KHUJKOCTH B COOTBETCTBUU
¢ 3amanumem 2.14: «Pa3paborate u co31aTh
HAIlMOHAJBHBI  JTAJOH  €IWHUIBl  TUIOTHOCTH
KUJIKOCTH» HAyYHO-TEXHUYECKOW IOANPOrPaMMBI
«Otanmonsl  bemapycu» ['HTII «Pa3pabotka wu
W3TOTOBJIGHHWE JTaJOHOB bemapycu, yHUKaIbHBIX
mpuOOpoOB W YCTAHOBOK ISl  HAYYHBIX
HccaenoBaHui («ITaJOHBI M HAyYHBIC MPUOOPHI)
B PVII «benopycckuii rOCyIapCTBEHHBIN
HHCTUTYT MeTpojorum» ¢ 2018 mo 2020 rr. mms
peann3anyuy TOYHOTO BOCTIPOW3BEIEHUS U ITepeladun
SIUHUITBI TIOTHOCTH JKHIKOCTH OBLI  BBIOpaH
METOJ THUIPOCTATUYCCKOTO B3BEmMBAHUSA [5].
IIpn uW3MepeHHH TUIOTHOCTH >KUIKOCTH IPOBOIST
B3BEIIMBAHUE B HEHl Tena, Macca U 00bEM KOTOPOTO
W3BECTHBI.

s oOecriedyeHus] MOCTOSHCTBA MAacCCOBBIX H
00BEMHBIX XapaKTEPUCTUK TEJ, C IMOMOIIBIO0 KOTO-
pPhIX  TMPOU3BOAUTCA  ONpPENEICHUE IMIOTHOCTU
JKUAKOCTH, HEOOXOJIUMO CO37aTh TaKHUE YCIOBHS
OKpY>KaloIIed Cpeabl, TpPU KOTOPBIX BIUSHUC

TEeMIeparypHbIX  (QIUyKTyanud Ha  pe3yabTar
u3MepeHuii  OymeT npeHeOpexxumMo Mano. B
HacTosImeil paboTe TPOBENCHBI HCCIICIOBAHUS

CO3MaHUS W TIOJJIEP)KaHUS TeMIIepaTypHBIX YCIO-
BUW, TIpU KOTOPBIX HEOMPEACIEHHOCTh H3ME-
peHHsI IIOTHOCTH HCCICIYeMOW JKHUIKOCTH HE
OyzeT 3aBHCETb OT BIMSHHUS TEMIIEPAaTypHBIX
bnykryanuii [6].

B pamkax mnpemsioxkeHHONW MaTeMaTHYeCKOM
MOJIEJT BOCIPOM3BEICHHUS EIMHHIIBI TUIOTHOCTH
KHUJIKOCTH IJIOTHOCTh HCCIEAYEeMON JKHUIKOCTH
oTpeAeIsIoT 1o dopmyie [7]:

_(Cm, +Am
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al”""rl
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rge C,—IompaBka Ha AEHCTBHE BBITAIKUBAIOLICH
CHJIBI BO3AyXa (IUIOTHOCTH BO3/yXa) BO BpeMs
LUKJIa B3BELIMBAHUS c(epbl B BO3LYXE; m,, — Macca
cdepsl, kr; Am,,, — pa3sHOCTb MacC B3BELIMBAHUSI
chepsl B Bo3ayxe, kr; C,, — IonpaBka Ha JeiicTBue
BBITAQJKUBAIOLIEH CHJIBI  BO3ayXa (TJIOTHOCTH
BO3/lyXa) BO BpeMs LMKJIa B3BEHIMBaHHS c(hepbl B
KUIKOCTH; m,,—Macca IpoTuBoBeca, Kr; Am,,—
Pa3HOCTh Macc B3BEUIMBAHUA C(HEpHI B )KUIKOCTH, KT
p,— IVIOTHOCTb  cepsl, KI/M; p, — IUIOTHOCTb
BO3IyXa, KI/M'; B — KOd(pPUIHEHT 0OBEMHOTO

wa

I ’

cheps
pacumpenuss  cdepsl, K-1;  fx  —  Tekymas
TeMIeparypa JKMIKOCTH, IUIOTHOCTb  KOTOPOM
onpeneinstor, °C; ¢, — TeMreparypa arTecTaluu

xuakocTH, pasHas 20 °C.

KoHcTpyKkTHBHO-TEXHMYeCKHE pPellleHHs

Hust 3TAJIOHHBIX U3MEPEHUMN pAIOM
HOPMATHBHBIX aKTOB YCTAHOBJICHBI YCJIOBHUS, IPU
KOTOPBIX ONPENENSIOTCSl  3HAYCHUS] TUIOTHOCTEH
KHUJIKOCTCH, B TOM YHCIE W JUIS HM3TOTOBJICHHSI
U arrectauu [ OCyqapCTBEHHBIX CTaHAAPTHBIX
obpasiop (I'CO) MmIOTHOCTH KHUIKOCTH U ATAJIOH-
HBIX pacTBopoB moTHocTH (POIT) [8].

B nmannoit pabore Mepol Il BOCHpOHU3BEIE-
HUSI U XPAHEHUS CIMHUIIBl TUIOTHOCTH KHJKOCTH
METOJIOM THJIPOCTATHYECKOTO B3BEIIMBAHHSI BhIOpa-
Ha TpelU3HOHHas cdepa KpemHHeBas (nanee —
cthepa), mpoussojctea pupmbl «Hafner», [epmanust.
Cdepa u3roToBieHa U3 BBICOKOUYHUCTOTO KPEMHHUSI
Maccoit 1 kr.

336



Tpubopul u memoowt usmepeHul
2024. T. 15. Ne 4. C. 334-341
H.B. bakogey, K.B. Kozadaes

Devices and Methods of Measurements
2024,;15(4):295-341
N.V. Bakovets, K.V. Kozadayev

Uccnenyemas
TEepMOCTaT  CO
TeMIIepaTypbl

JKUIKOCTH — ITOMENallack B
CTaOMIIBHOCTHIO  TIOAICPIKAHUS
TEPMOCTATHPYIOMIEH  JKHIKOCTH

He xyxe £0,01 °C Ilpm mpoBeneHUH H3MEpEHHIA
Macchl cepbl B BO3LYLIHOH cpele U 3aTeM INpHU
HOIPYXEHUN cQepbl B HCCIEOYEMYIO KHIKOCTb
HE JOJDKHO IPOUCXOAUTh HM3MEHEHHE TEeMIIepary-
pPBI KHUAKOCTH, Il 4ero cdepa HomKHA OBITH
BO3IyIIHON

TEepPMOCTA0WIN3UPOBAaHA B cpene

mpu Temreparype Bozmyxa 20°C [9]. s
peanmzammu  3TUX  TPEeOOBAaHWMH  TMPEIJIOKEHO
TEXHUYECKOE pEeIIeHHEe B BHJE KIMMaTHIECKOH
KaMmepsl Oompiioro o0ObéMa (mamee — Kamepa)
C  BBICOKOH  TOYHOCTHIO  YCTaHOBJICHHS U
MOAJIEP)KAHKSI BHEIIHUX YCIOBUU. BHemHuil BuJI
KIIMMaTH4YeCKOW KaMephl TOKa3aH Ha pHCYHKE 1,
a TEeXHWYECKHE XapaKTepUCTHKH e€ paboThl
H3JI0)KEHBI B Ta0auie 1.

Pncynox 1 — knuMaTHdecKas Kamepa: a — BHEIITHHUHI BU, b— PasMEIICHUE STAJIOHHOTO 060py)IOBaHI/I$[ BHYTpH KaMEpPhbI

Figure 1 — climatic chamber: a — appearance; b — placement of reference equipment inside the chamber

TexHUUYeCKHe XaPAKTEPUCTHKHU KJIMMAaTHUYECKOI KaMepbl

Technical characteristics of the climatic chamber

Tabnuya 1/ Table 1

Temneparypublii auanazon / Temperature range

Juana3on Brnaxxaoctd / Humidity range

CTabuIpHOCTH TTOAEpKaHus TeMmepaTypsl / Temperature
stability

TouHocTh ycTaHoBieHus remnepatypsl / Temperature set-
ting accuracy

TounoCTh ycTaHOBICHHS BirakHOCTH / Humidity setting
accuracy

Bpewmst nenpeprisHo# padotsr / Continuous operation time

ot moc 10 °C no mmoc 50 °C /
from plus 10 °C to plus 50 °C

oT 40 % 10 70 % OTHOCHUTEIILHON BIIAYKHOCTH /
from 40% to 70% relative humidity

ot £ 0.1 °C mo £ 0.3 °C (6e3 Harpy3ku) /
from + 0.1 °C to + 0.3 °C (without load)

+0.1°C

+ 0.1 % oTHOCUTEIBHOM BIAKHOCTH /
+ 0.1 % relative humidity

10u/10h
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DTajoHHas yCTaHOBKa ObLIa MOMEIICHA BHYTPb
KaMCpbl, I'I€ MOAACPKUBAJIUCH 3aJaHHBIC YCIIOBUA
OKpY’KafoIel Cpe/ibl: OTHOCHUTENIbHAS BIIAXXHOCTh
Bo3nmyxa 50 % m TemmepaTypa BO3IyXa OKpYKaro-
el cpenst 20 °C.

[TockonbKy TIpM ONpENEIEHUH TUIOTHOCTU
KUJIKOCTH HEOOXOJWMO TIOJJIEPKUBATh U KOHTPO-
JUpOBAaTh JaK€ HECYIIECTBCHHBIC H3MEHEHUS
TEeMIEepaTypsl OKPYKAIOMIETO BO3AyXa H TEPMO-
CTAaTHPYEMOH  JKUJKOCTH, OBUIM  IPOBEICHBI
WCCIIeIOBaHUsl CTAOWIILHOCTH TOJJICPXKAHUS Tapa-
METPOB OKPYXKAloIIel Cpe/ibl BHYTPU KIUMaTHUEC-
KoM KaME€pbl B aBTOMATHYECKOM PEIKUME.

st m3mepeHust TemrepaTypsl BOJIH3M COCTaB-
HBIX YacTeHd 3TaJOHHON YCTAHOBKU MCIIOJIb30Ba-
JUCh  TpeoOpa3oBaTeNd  TeMIepaTypsl — U3Me-
putensasie JUMO cepun 707030 [10] (xmac-
cupukarmuss mo CTB EN 60751: Pt100, morpemr-
Hoctb u3Mepenus 0,1 °C) (nanee —npeoOpa3oBaresb)
u TepMo-rurpomeTpsl Testo 608 [11] (morpemrHoCTh
n3Mmepenust temnepatypsl 0,6 °C, morpemHocTsb
M3MEpEeHHsI OTHOCUTENHFHON BIaKHOCTH 3 %).

[Ipennoxkena cnemyromas cxeMa H3MEPEHHUH.
[IpeobOpazoBaTenn ©u TEPMOTHUTPOMETPHI  PACIIO-
Jlarajguch B HamOoyiee BaKHBIX TOYKAX KaMephl C
YCTaHOBJICHHBIM 000PYIOBaHNEM — BO3JIC MepeHeH
Y 3aJHEH CTEHOK KOMITapaTropa, Ha (POHTAIbHON
1 OOKOBOHM CTEHKaxX TepMocTaTa, Ha TMOBEPXHOCTH
nogsEMHIKA (PUCYHOK 2). Mecta pacmonoXeHHus
W3MEPUTENBHBIX ~ NPUOOPOB  BBIOpAHBI  TaKUM
obpazoM, dYTOOBI KOHTPOJWPOBATH HW3MCHCHHE
TEMIepaTypsl Ha TpaHHULAX pa3IUYHBIX Cpe.:
BO3yX —KHUJIKOCTB, TPaHUT—KHUIKOCTb, rpa-
HUT—BO31yX. Ilpu ycTaHOBKE W3MEPHUTEIBHBIX
prOOPOB MPHUHUMAIHNCH COOTBETCTBYIOIINE MEPHI
MIPEIOCTOPOKHOCTH, YTOOBI UCKIIOUYUTH MONaTaHne
OPraHUMYCCKUX 4YacCTUll Ha 4YYBCTBUTCJILHBIC JJIC-
MEHTBl TIPpUOOPOB W TIOBEPXHOCTH, Ha KOTOPBIX
OyIyT IPOU3BOIUTHCS U3MEPEHUSI.

Cdepa momenianacy Ha TIOABEC KOMIIapaTopa u
Morpy’anach B KUAKOCTh. [Ipn aTOM coOmonanucs
CIIEZIYIONHE MEPHI MPEJOCTOPOKHOCTH  PAOOTHI
co chepoii:

— co chepoii HeoOXoMUMO padoTaTh W XPaHUTh
e TakuM 00pazoM, YTOObI OHAa BCErJa OCTaBAJIACDH
YHCTOH,

—cdepa meped  MPOBEJACHHEM  JTFOOOTO
U3MEPCHUA O0JDKHaA OBITH OYHIICHAa OT IIbIJIM U
JPYTUX WHOPOIHBIX YACTHII,

— II0CJIC OYUCTKHN
OCYIIECTBHUTH €€ MPOCYIIKY;

— paboratb co cdepoii TOJIBKO B Tiepuarkax M3
HEWUJIoHA.

chepsl  HEOOXOIUMO

1!
| || |
7 Ll
9 . 9 Ds
2
| ME | |
8 8
a b

Pucynok 2 — Cxema pa3MemieHus TpeoOpa3oBaTemei
TEMIIEpaTypbl U TEPMOTHTPOMETPOB: @ — BUJl CIIEPEAH;
b—Bun cOboxy; 1-5—mpeoOpa3oBarenn TeMIIepaTyphI
U TEPMOTHIPOMETPHI; 6 — KOMMapaTop; 7 — rpaHnuTHAS
IJIMTa; 8§ — NOJIOH; 9 — TepMocCTaT

Figure 2 — Layout diagram of temperature converters
and thermohygrometers: a — front view; b —side view;
1-5 — temperature converters and thermohygrometers;
6 — granite slab; 7 — tray; 8 — thermostat; 9 — comparator

3areM KaMmepa TEepMETHYHO 3aKpbIBajiach,
9roOBl ~ UCKIJIIOYWTH  [OMAaJaHue  BO3AyXa W3
BHEIIHEW Cpeapl BHYTPb, BKIIOYAJCS TEPMOCTaT
JUTSL  TIOJICPKAHUA TEMIepaTrypbl JKUIAKOCTH, B
KOTOPYIO IOTpY’K€Ha >KUJIKOCTh, Ha ypoBHe 20 °C.
[TapannensHO BKIIOYAJACh Kamepa Ul CO3AaHHs
BHYTPU KIMMAaTH4eCKUX YCJIOBUH: TeMmmeparypa
BHYyTpu Kamepbl — 20 °C, OTHOCHTEIbHas BIAX-
HOCTh Bo3ayxa — 50 %. YcioBusi BRIOpaHBI TaKUM
o0pa3oM, dYTOOBI HWCKIIOUYNTH OOpa3oBaHWE BIATH
Ha TOBEPXHOCTSAX 3TAJOHHOM YCTAHOBKH. OTKpBI-
BaTb JBEpb KaMmepbl M HAaXOOUTHCS BHYTPU BO
BpeMs NPOBEJCHUS SKCIIEPUMEHTA KaTerOpHUYECKH
3ampemanock. B xonme skcrepuMeHTa M3MEpSUIHCh
MOKa3aHUsl TEMIIepaTypbl OT mpeoOpazoBareneit
Yepe3  OMNpeneNéHHBIE TPOMEXYTKA  BpPEMEHH.
IToka3aHusi TEPMOTMIPOMETPOB YUYHMTBHIBAJIHCH KaK
CHPABOYHBIE AJIST KOHTPOJISL BBINIAJICHUS BIarH.

Bpemst  HempepwiBHOW ~ paboTbl  Kamepsl
npeaenbHo  coctaiusier 104 (3TO  3aABICHO
MIPOM3BOJIUTENIEM B AKCIUTyaTAI[MOHHBIX JOKYMEH-
Tax). B mepBbIit neHb, ¢ yUYETOM TEXHOJIOTHIECKOH
MOATOTOBKM KaMepbl, H3MEPEHHs] IPOBOIMINCDH
B TeueHue § 4, Ha BTOPOM M TpeTul — mo 9 u.
Jannsle  um3Mepennii  temmeparypsl T °C  wu
OTHOCUTENBHOW  BJIQXHOCTH  BO3JyXa BHYTpPHU
kamepsl R % npencrasienst B Tabnuie 2.

IlepBbie 3HaUEHHS TEMIIEpPATyphl U BIAXKHOCTH,
IprBeAEHHbBIE B TaOIMLE 2, SBIAIOTCS HadyaJlbHBIMH
TOYKaMHU OTCUETa JUIsl BHIXOA KaMephl HA 3aaHHbIC
PEKUMBI TAPAMETPOB.
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IIpoBenéunsie HCCIENOBAaHUA  IIOKa3all,
YTO, HECMOTpPS Ha KojeOaHWs OTHOCHUTEIBbHON
BIIKHOCTH BO31yXa, OOYCJIOBJICHHBIE HCIIAPEHUEM
HCCIENYEMON KUJKOCTH U KUJIKOCTU B TEPMOCTa-
T€, BBINAJEHUA BJIard Ha COCTAaBHBIX 4YacTsIX
YCTaHOBKM  He  mpoucxoaut. CienoBaresbHO,
Koje0aHNs OTHOCUTEIBHOM BIAXXKHOCTH BO3AyXa
B 00béMe KaMmepbl HE BIMAIOT Ha pe3ylbrar
WU3MEpPEHHA U HE BHOCSAT JOIMOJHUTEIBHBIA BKIAJ
B HEONpPEACNIIEHHOCTh M3MepeHHi. 3mepeHus
TEMIIEpaTypbl Ha IOBEPXHOCTU COCTABHBIX 4YaCTEH
YCTaHOBOK MOKAa3bIBAIOT, YTO TEPMOCTAOMIM3ALINS
COCTaBHBIX  YacTe  OJTaJOHHOW  YCTaHOBKHU
MPOUCXOANT B TEUEHHE KaK MHUHHMYM TPEX 4acoB

C MOMEHTa 3allyCcKka KaMepbl H  OCTalTCs
CTaOWILHBIMU Ha TPOTSDKCHUH BPEMEHH MPOBEJIe-
HHUS UCCTIENOBaHUS (PUCYHOK 3).

HyxHO OTMETHTB, YTO TEpMOCTAOMIIH3ALIHS
000py/IOBaHUsSI BO3MOXKHA TOJILKO MPH CTAOMIBLHOU
paboTe kaMepbl B TEUCHUE JITUTEIHLHOIO BPEMEHHU.
beutm  mpoBeneHBl HCCIEIOBAHUS CTa0MIBHOCTH
TEMIIePATYPHBIX YCIOBHUA BHYTPU Kamepbl B Te-
YEHWU HEMpPEphIBHOH paboThl Ha MPOTSIKCHUU
CyTOK. Bo Bpems aKcliepuMeHTa OTKIIHO4ATh KaMepy
U OTKPBIBATh JIBEPh KAMEPHI CTPOTO 3aIPeIaioCh.

Ha pucynke 4 npuBenéH rpapuk U3MEHCHHS
TEMIEPaTypbl BHYTPH KIMMATHYECKOH Kamephbl B
TEUCHHE CYTOK.

T °C I °C
225 ! 225 \
215 215 \
205 — 205
B & g e
195 195
S — — ——————
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0 1 2 3 4 5 6 7 8 9 0 2 4 '5 é 1|0
t.h tLh
a b
T °C

225

215 \
205 AN
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Pucynox 3 — Bpemst ycraHOBIIEHHS 33/1aHHOTO peXXKUMa padOThI: a — IeHb 1-ii; b — neHb 2-i; ¢ — neHp 3-i

Figure 3 — Time for establishing a given operating mode: a — day 1M 5 day 2"; ¢ — day 3th
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Tabnuya 2 / Table 2
H3mepenne napamMeTpoB OKpYysKalolleil cpebl BHYTPH KJIMMATHYeCKOIl KaMepbl
Measuring environmental parameters inside the climate chamber
DKCIEPUMEHT T\R, T,R, TR, T,R, TR
Experiment T,°C R, % T,°C R, % T,°C R, % T,°C R, % T,°C R, %
Jenp 1,4
Day I, h
0 22.2 37.0 22.6 409 21.6 415 21.6 395 22.8 37.8
4 20.7 43.1 19.6 46.1 19.2 519 19.4 458 194 47.1
8 204 439 19.6 46.4 19.1 52.4 19.3 469 194 473
Jlenp 2, u
Day I, h
0 22.8 349 22.3 36.7 22.2 40.5 22.5 363 22.6 352
3 204 43.8 19.6 46.3 19.1 51.6 19.3 47.0 19.4 47.0
6 20.1 452 19.6 46.6 19.1 51.7 19.3 47.8 194 474
9 19.8 46.3 19.6 46.9 19.1 49.9 193 483 19.4 47.6
Jlenp 3, 1
Day I, h
0 21.9 27.0 214 28.8 21.4 26.7 21.6 278 21.7 27.0
3 20.1 44.0 19.5 46.1 19.1 45.0 19.3 46.2 19.3 474
6 19.8 472 19.5 46.4 19.1 45.1 19.1 474 193 474
9 19.6 46.5 19.6 46.6 19.1 45.6 19.2 479 19.3 47.7
) OT KaJuOpPOBKH TEPMOMETPOB (OIPEIEIICTCS 10
9y tunty B) [12] u cocrasnser He Oonee 0,057 °C.
[lonyuyennsle pe3ynbTaThl CHpaBEMJIUBBL M JUIS
rporecca nepefadyy €IMHULBI INIOTHOCTH YKUIKOCTH
o 22 Cpe/ICTBaM M3MEPEHUH, TaK Kak JJAHHOE TEeXHUYec-
:: KO€ pEIIeHHe HCIONb3yeTcsl B 00OMX TMporeccax
20 (Boctipon3BenieHHE U Tiepefavya eIUHHIIBI TUIOTHOC-
TH JKUAKOCTH) 0€3 TPOBEACHUS KOHCTPYKTHBHBIX
s ‘ L o W3MEHEHHUM YCTaHOBKHU.
0 3 6 9 12 15 18 21 24
t.h 3akarouyeHue

Pucynok 4 — I'paduk U3MEHEHUS TeMIIEpaTypsl BHYTPH
KIMMAaTHYeCKOW KaMephbl B TEYCHUE CYTOK

Figure 4 — Graph of temperature changes inside the cli-
mate chamber during the day

HccnenoBanus MoKas3aid, 4YTO MOCIE ycTa-
HOBJICHHSI pabOYero pexrMa KaMepbl M JIOCTHIKE-
HUS 33J]aHHOTO ToKaszarenst temneparypsl B 20 °C,
CTaOMIILHOCTD TOJUICPKAHHS TeMIIepaTypbl BHYT-
pH KaMepbl COXpaHseTcs Ha 3aJaHHOM ypOBHE B
TEUEHHE BCETrO0 BPEMEHHM HENPEepPhIBHOW pPadOTHI,
COOTBETCTBEHHO, HEONPEACIEHHOCTh H3MEPEHHUS
TEMIIEPaTypbl BHYTPH KaMepbl 3aBHCUT TOJBKO

YcTaHOBJIEHO, YTO OiaroAapst HCIOIb30BaHHBIM
TEXHUYECKUM  DPELICHUAM  BIUSHHAE  YCIIOBUU
OKpYXKaloLEeH Cpelbl Ha M3MEHEHUE TeMIeparypbl
HCCIENYEMOM  JKUJKOCTH  SIBJISIETCSL  BEIMYMHOMN
npeHeOpexumo  Manod. OCHOBHOWM  BKJIaJg B
HEONPEACNEHHOCTh  M3MEPEHMS]  TeMIeparypbl
UCCIIelyeMOH  JKUIKOCTH  OylAeT  BHOCHUTBCS
TEPMOMETpaMH,  U3MEPSIOLUMU  TEMIIEPaTypy
UCCIIelyeMON IKUJIKOCTH BOJNHM3HM TMOTPYKEHHOM
B OKHJAKOCTb MEpPbl IUIOTHOCTHU — KPEMHUEBOUI
cepsl. ITockonbky BIIUSIHUE YCIOBHM
OKpYXKalolEel Ccpellbl Ha HUCCIELYEMYIO >KHJKOCTh
HUBEJIMPOBAHO C IOMOULIbI0 TEXHUYECKUX CPEJICTB,
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TO HEOINpPEAeIIEHHOCTh HM3MEPEHUIl TemIeparypsl
JKUJIKOCTH OyIeT OTHOCHUTBCS K HEONpeAeiIEHHOC-
TH 110 THIIy B, T. €. 3aBHCETb OT TOYHOCTH KasuO-
POBKH HCIIOJIB3yEMBIX TEPMOMETPOB.
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Crarpy, HampaBlICHHbBIC B PENAKIMIO JKypHaja, JIOJDKHBI YIOBJICTBOPSTH TpPeOOBaHMSAM «MHCTPYKIMM O MOpsiIKe
oopmieHus KkBaaH(pUKAMOHHON HAay4yHOH paboThI (AuccepTanun)...», yreepxkaeHHol [locranosnennem BAK Pb
or 28.02.2014 . Ne 3

1. Mareprax cTaTbd HOIDKCH COOTBETCTBOBATh ITPO-
(wITIo JXypHAJIa M U3J1araThesl PeebHoO SCHO.

2. Crarbs NpPEACTABISAETCS HA PYCCKOM WM aHIJIMMA-
CKOM $I3bIKE U ITyOJIMKYETCsI Ha SI3bIKE MTPEACTaBICHUSI.

3. IloctynuBiIne B peAaKIUIO CTaTbU MPOXOJST JBOM-
HOe Toyrycienoe pereHsupoBanue. OCHOBHBIE KPUTEPUH
11e1eco00Pa3HOCTH OMYOIMKOBAaHUS — aKTYaTbHOCTh TeMa-
THUKHU, I/IH(i)OpMaTI/IBHOCTB, Hay4YHas HOBU3HA.

4. CraThs IpeACTABISIETCS B paclieuaTaHHOM U B 3JIEK-
TPOHHOM BHJE B (opmaTe TEKCTOBOTO pemaktopa Word
for Windows, Habop — crmonrHsiM TekcToM (6e3 meneHus
Ha KOmoHKH). OOBEM CTaThil HE MJOIDKCH TIPEBBINIATH
14 crpanu, Briodas TekeT (mpudt Times New Roman,
pasmep 12 1., uarepsan 1,5), Tabnuipl, rpadpudecknii Ma-
Tepuall, BCIO HEOOX0MMYI0 HH(OpMaLnIo Ha aHIIIMICKOM
SI3BIKE.

5. Ha mepBoii cTpaHuIle CTaThu yKa3bIBaIOTCS: Ha-
3BaHME CTaThH, (aMuwinud aBTOpoB ((amuius aBropa,
C KOTOPBIM CJIEZyeT BECTU MEPENuCKy, OTMeuaeTcsi 3BE3-
JIOYKOH M YKa3bpIBAaeTCs €ro ajpec OSJIEKTPOHHOW MOou-
THI), HA3BaHWUA W TOYTOBBIC ajpeca opraHu3anuil (ynuima,
HOMEp JI0Ma, HHAEKC, TOPOI, CTpaHa), B KOTOPBIX paboTaroT
aBTOPBI, HA PYCCKOM W aHTIIMHCKOM s3bIKaX. CTaThbs BKITIO-
gaeT: aHHOTanuio (B mpexenax 200-250 cioB); KITFOYEBEIC
cioBa (He Oonee 5); BBeeHUE, B KOTOPOM JICTAETCs Kpat-
KM 0030p CIIETaHHOTO B MUPE ¥ KOHKPETHO (hopMyampyer-
Cs 11eJ1b pabOThI; OCHOBHYIO YacTh; 3aKJIIIOYEHHUE, B KOTOPOM
B CXKaTOM BHJE CHOPMYIHPOBAHBI OCHOBHBIE TIOJyYEHHBIS
pe3yabTaThl ¢ yKa3aHHEM WX HOBM3HBI, NMPEUMYLIECTB U
BO3MOKHOCTEHN MPUMEHCHUA; CIIMCOK HCIOJIb30BaAHHBIX
HUCTOYHUKOB. AHHOTaI_[I/IH, KJIFOUECBBIC CJIOBA, CITMCOK HC-
IMMOJIb30BAHHBIX MCTOYHHUKOB MNPEACTABIIAIOTCA Ha PYCCKOM
1 QHIVIMHCKOM fA3BIKAX.

6. AHHOTanMs IOKHA OBITH WH(POPMATHBHOHN (co-
JIepKaTh «BBDKIMKY» M3 BCEX Pa3/IeIOB CTAThH — BBEJICHUS
C yKa3aHHEM IIeTH PadOThl, METOAWKH, OCHOBHOHM 9acTH U
3aKITIOUCHU ).

7. I'pacdmueckuii Marepuan DOJKEH OBITH KOHTPACT-
HBIM U 4€TKUM. HeoOXxoammo mpuaepKuBaThCsl €IUHOO-
Opa3us TEXHWKH HCIIOJHEHUsS] OJHOTHITHBIX HILIIOCTpa-
uuii. PucyHOK JoipkeH pacrnonararbesi mociie  adsara,
coziepyKallero cchlIky Ha Hero. He nomyckaercst pa3me-
IIEHHE PUCYHKOB B KOHIIE Iojpasjelia W crarbu. M30-
6paSPITeJ'IBHBIﬁ Mar€puall BCTaBJIACTCA B TCKCT CTAaTbH,
a Takke Ja€Ttcsl B BHJE OTIACNBHBIX (aitnoB (popmar tif,
jpg, paspemenue He meHee 300 dpi). Texct Ha prcyHKax
HabMpaeTcs OCHOBHOM TapHUTYPOIl; pa3mMep KeTiis Con3Me-
pUM C pa3MepoM pHCYHKa (KeJaTelbHO 8 IMyHKTOB). Bce
PUCYHKH HYMEPYIOTCS B COMPOBOXKIAIOTCS TTOIPHCYHOU-
HBIMH TroAnucsiMu. PparMeHTsl pHUCYHKa 0003HAYAIOTCS

CTPOYHBIMH KYPCUBHBIMHU JIATHHCKUMH OYyKBaMH — «a»,
«b» u T. . Hagnucw Ha pHCyHKax M TOAIKCH K PHCYH-
KaM JIaloTCs Ha PyCcCKOM M aHIIIMICKOM si3blkax. Bcee co-
KpameHus: 1 0003HaYeHUs! JOJDKHBI OBITh pacimgpoBa-
HBl B ITOAPHCYHOYHOW IIOANMMCH. PHCYHKHM IKelaTelbHO
MIPE/IOCTaBISATh B 1[BeTe. Ha prcyHKax JOMKHBI ObITH yKa-
3aHbl OCH C 0003HAYEHHEM IPUBOJMMBIX BEIMYMH U Mac-
mraboB. Ha rpadukax He Hy)XKHO JaBaTh KOOPIUHATHYIO
CEeTKy, €CIIM 3TO He ocummiorpamMma. Bo Bcex cirywasx
Ha pUCYHKaX JOJDKEH OBITh MpHUBEAEH MacIITal.

8.V rpadukoB, WMEIONMX YHCIOBBIC 3HAYCHUS
10 OCSIM, PAMKH JOJDKHBI OBITH OTKPBITHI, & 3aCE€UKH Ha-
IIpaBJICHBI BHYTPb paMKH. Ha prcyHKkax, MpeacTaBIsIFonx
co0oii rpaduKky 3aBUCHMOCTEH, HE CIIeyeT JIeNlaTh pa3Mep-
HYIO CETKY, CJICyeT JaTh JIMIIb 3aCEYKH Ha OCSX, MPUYEM
BCE 3aCEUKH JIOJDKHBI ObITh onndposanbl. Ecii ocu Ha pu-
CyHKax oIM(poBaHbl, TO OHHM 3aBEPIIAIOTCS Ha ITO3UIINU
OYepeIHOM 3aCeuKH, IJIe 3aceyKa HE CTAaBUTCS, & BMECTO
YHCIIOBBIX 3HAYEHHUH TAaroTCsi 0003HAYCHUS IEPEMEHHOI 1
enuHMIa u3MepeHus. Ecin ocn He orudpoBbIBAIOTCS, TO
OHU 3aBEPILIAIOTCS CTPEIKAMH, PSIJIOM C KOTOPBIMH JArOTCS
0003HaYCHNS TIPEMEHHBIX 0€3 eIMHUI] H3MEPEHUSI.

9. IonyToHoBBIe (oTOTpaduu MPUOOPOB MM UX Ua-
CTEH MPEICTABISIOTCS TPH MyONUKAMK B TEX CIIydasx,
KOT/Ia OHM HECYT CYIIECTBEHHYIO MH(OPMAIHMIO, KOTOPYIO
HeIb3s1 BEIPa3UTh MHBIM criocoboM. dotorpaduu T0IKHB
OBITH BBHICOKOKaYe€CTBEHHBIMH, KOHTPACTHBIMHU, C XOPOIIO
Pa3IMYUMBIMHU JICTAISIMH.

10. Wmmoctpanmu (rpaduku, auarpaMmbl, CXEMBbl,
4YepTekH), pucoBaHHbie cpenactBamu MS Office, momkHBI
ObITh KOHTPAacTHbIMU W uy€TkuMmH. Hemomyctumo HaHece-
nue cpencrBamu MS Word kaknx-Jm00 351eMEHTOB MTOBEPX
BCTABJIIEHHOTO B (haill pyKONHMCH PHCYHKA (CTPENKH, MOA-
IMUCH) BBHUIY OONBIIOrO pHCKa WX MOTEPH HA dTalax pe-
JTAKTUPOBaHMA 1 BEPCTKH. MIumocTpannuy HOMKHBI UMETh
pasMepbl, COOTBETCTBYIOIIME HX HHGOPMATUBHOCTH:
8-8,5 cMm (Ha onHY KOMOHKY), 17—17,5 cM (Ha 1BE KOJOH-
k1) win 23 cM (Bo Bech aucT). [loaToMy skenmarenbHO M30-
OparkaThb OT/ICIBbHBIC HJIEMEHTHI ¥ HA/IIIMCH Ha PUCYHKE TaK,
4TOOBI IIPH YMEHBUIEHHH MaciiTaba pHCyHKa JIO OJHOTO
13 YKa3aHHBIX pa3MepoB OYKBBI U HUQPHI TPHOOPETH BbI-
coTy 2-2,5 MM, DJIIEMEHTHI CXeM 3—5 MM, OT/IeIbHbIe TOUKH
1 MM, a JIMHUK JTOJDKHBI OBITH TIPH ATOM pa3HeCeHbI Ha pac-
crosiaue He MeHee 0,5—1 mm.

11. Haamucu n 0003HaYeHNsT HA MIUTIOCTPAIIUSAX Clie-
JyeT pacrionararb TaK, 4TOObl OHM HE CONPHKACAINCH
HU C KakuMu €€ vacTsaMmu. Ha 3agHuii TuiaH WuiiocTpanuu
YKETIaTeIIFHO He I0OABIATh CephIii (IIBETHON) (POH HIIH CETKH.

12. Tabmuiel HE MOMKHBI IyOImUpoBaTh rpadu-
kn. Kaknas tabnuma nmeer 3aronoBok. Ha Bce TaOmuiipt
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W PUCYHKH CJEAYET AaBaTh CCHUIKM B TeKcTe. TaOiuirbl
HE JIOJDKHBI COZIEPXKaTh BEPTHKAIbHBIC JIMHUM, IEJISIINE
Tabnuiy Ha ctonOubsl. HasBanwe n conepskanue Tadmmig
TIPE/ICTABIISIETCS] HA PYCCKOM M aHIVIMHCKOM SI3BbIKaX.

13. O0o3HaueHHsI U COKpAIICHUS, NPUHSTHIC B CTa-
The, PAacIIM(PPOBBIBAIOTCS HEMOCPEACTBEHHO B TEKCTE.

14. Pa3mepHOCTB BCeX BEIMYHUH, IPUHATHIX B CTAThE,
JIOJDKHA COOTBETCTBOBATh MEKIyHApOJHON CUCTEME €/IH-
Hun uamepenuii (CH).

15. HabGop ¢dopmyn momKeH MPOBOAWTHECS B peOax-
tope MathType nenmukom. HabGop ¢opmyn u3 cocTaBHBIX
3JIEMEHTOB HE JIOITyCKaeTcsl, Homepa (GpopMyl — 110 IpaBo-
My kparo. Hymepytores iumib (hopMystbl, Ha KOTOPBIE €CTh
CCBUIKH B TEKCTE.

16. HeoOxoauMO HCIONB30BaTh CICIYIOIIUE yCTa-
HOBKM pezaktopa Qopmyn. Pazmepsl: momubiii — 10 m,
MOJCTPOUHBIN — 9 NT, MOA-MIOJICTPOYHBIN — 7 IIT, CHMBOJI —
14,5 nt, moncumBon — 12,5 nt. Ctunu: Teket, QyHKIHUs,
yucno, kupwumina — mpudr «Times New Romany, Bek-
top-marpunia — mwpupt «Times New Romany, >xupHbIii;
TpeYeCcKnuil MaJbli, rpedecKil OOIBIION, CUMBOI — MIPUPT
«Symboly», mpamoii; nepemennas — mpudrt «Times New
Romany, kypcus.

17. OtnenbHbIE CTPOYHBIC OYKBBI M CHELHAJIbHBIC
CHUMBOJIBI HaOHMpaIOTCsT B TEKCTe TapHHUTypoir Symbol
0e3 ucmoap30oBaHus penakropa ¢opmyua. [Ipu Habope
dbopmyr U OyKBEHHBIX O0O3HAYCHHN HEOOXOAUMO Y4YH-
TBIBaTh CJICYIONIME MpaBHiIa: PYCCKHN aa)aBUT He HC-
MOJIb3YeTCsl; Tpedeckre OyKBbI, MaTeMaTHYECKHE CHUM-
Bouibl (grad, div, In, min, max wu ap.), CAUHHIBI U3MEPE-
nus (B, Ik, B, kr u np.), kupunindeckue OyKBbI, COKpa-
LIEHUSI OT PYCCKUX CJIOB (qcp); 0003HaYECHNUS XUMHYECKUX
JJIEMEHTOB U COCIMHEHUH (B T. 4. B MHJEKCE) HAOUparoTcs
NMPSIMO; JTaTHHCKHE OYKBBI — IIEPEMEHHBIC I CHMBOJIBI (pr-
3WYECKUX BENWYMH (B T. 4. B HHICKCE) HAOHMparoTcs Kyp-
CHBOM; BEKTOPBI — XHPHBIM IIPUPTOM (CTPEIKH BBEPXY
HE CTaBATCH).

18. Hadepranue o603HaueHHI B pOpMYITax i B OCHOB-
HOM TEKCTE JIOJDKHO OBITh MOJHOCTBIO UIEHTHYHO. B pac-
mHdpoBKe GOPMYII, KOTOpasi HAUMHACTCS CJIOBOM «ITIE»,

CHUMBOJIBI M X TOPSJIOK JOJDKHBI COOTBETCTBOBATH CHMBO-
JIaM ¥ UX TIOPSAKY CIeA0BaHus B (hopMyrax.

19. Cricok MCHONb30BaHHBIX MCTOYHUKOB COCTaBIISI-
eTcsl B TOPSIIKE YIOMUHAHHS CCBUIOK TIO TEKCTY, JOJDKCH
coziep Karh 1ojHbIe OubIorpaduyeckue JaHHbIe U IPUBO-
JIATCSI B KOHIIE cTarbi. He pekomeHnyeTcsi 1aBarh CChUIKU
Ha MaTtepualibl KOH(EPEHIIii, CTaThH U3 AIEKTPOHHBIX XKYp-
HayioB 0Oe3 uaeHtudukaropa DOI, yueOHbIe mOCOOMS, UH-
TepHeT-pecypchl. CChUIKM Ha HEOITyOIMKOBaHHBIE PaOOTHI
He JomyckatoTcst. JKenaresnbHo, 4TOObI KOJTMYECTBO CCHUIOK
66110 He MeHee 10; camoruTupoBanue — He Oomee 20 %.

20. ABTOpBI Ha OTAENIBHOM CTPaHULIE IPENOCTABISIIOT
0 cebe cremyromme cBeleHMs: (paMuIIHs, UMS, OTYECTBO,
yueHasl CTENEHb W 3BaHHE, MECTO pabOThl M 3aHMMaeMas
JIOJDKHOCTB, aJIpEC AIEKTPOHHOI CBS3H.

21. Crarbu, n3nararomue pe3ynbTaTbl UCCIEI0BaHUH,
BBITIOJIHEHHBIX B YUPEXKICHHSX, JOJDKHBI UMETh COOTBET-
CTBYIOIIIEE pa3pelIeHue Ha OINyOJIMKOBaHHE B OTKPBITOM
reyarH.

22. IIpu HeoOXOAUMOCTH B KOHIIE OCHOBHOTO TEKCTa
YKa3bIBAIOTCSl HAMMCHOBaHKUE (POH/IA, OKa3aBuIero (puHaH-
COBYIO TIOJIEPKKY, MM YPOBCHb M HAaHMMEHOBAHHUE IPO-
rpaMMBI, B paMKax KOTOpPOH BBIMIONHEHA paboTa, Ha pyc-
CKOM M aHIJIMHCKOM SI3BIKaX.

23. ABTOpBI HECYT OTBETCTBEHHOCTb 3a HalpaBJie-
HHE B peJIaKIUIO cTaTeil, paHee y)Ke OImyOIMKOBAaHHBIX HIIH
NPUHSTHIX K NeYaTH APYTUMH U3IaHUSIMH.

24. CtaTby, HE COOTBETCTBYIOIME MEPEUUCIEHHBIM
TpeOOBaHUSIM, K PACCMOTPEHHIO HE MPUHUMAIOTCS U BO3-
BpamaiTcs aBropaM. JlaToll MOCTYMJIEHUS CUHUTAeTCs
JICHb TIOJIyYeHHsI pelaKkiiieil IepBOHAYaIbHOTO BapHaHTa
TEKCTa.

25. Pepakiust mpeaocTaBisieT BO3MOXKHOCTh TIEPBO-
0YEpEIHOTO OMYONMKOBAHUS CTaTell JMIlaM, OCYIIECTBIIs-
IOIIIM TIOCJIEBY30BCKOE 00ydeHHE (aCIIMpaHTypa, JOKTOp-
aHTypa, COMCKATEIbCTBO), B TOJ 3aBEPIICHUS OOyUCHUS;
HE B3UMaET IUIaTy C aBTOPOB 3a OMyOJIMKOBAHHE HAYYHBIX
cTarell; OCTaBIsIeT 3a COOOM MpaBoO MPOM3BOIUTH pellak-
TOPCKHE NPABKH, HE UCKAXKAIOLINE OCHOBHOE COZIEPKaHNE
CTaThH.
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