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Background. The explosive growth in the use of mobile broadband is significantly increasing the bandwidth requirements.
Millimeter-wave spectrum is necessary for 5G networks to achieve data transfer rates of the order of Gb/s, in particular, for the
provision of 3D video services, and the use radio modules for millimeter-wave frequencies as picocells in the streets will
expand the capabilities of existing cellular networks and provide an increase in bandwidth. Therefore, the study of the

characteristics of this spectrum is an urgent task today.

Objective. The purpose of the paper is to present the results of studying the characteristics of a millimeter-wave radio link
to ensure high-speed user access to IP data transmission networks and the possibility of using the IEEE 802.11ad standard in

open areas.

Methods. Structural and functional methods of constructing a millimeter-wave wireless network in urban areas based on

IEEE 802.11ad standard hardware are investigated.

Results. The studies were carried out using a test bench with a point-to-point topology deployed in an urban environment
(Kiev) with the line of sight without significant obstacles. The studies tested the possibility of using for millimeter-wave
hardware technologies of the IEEE 802.11ad standard, which is used indoors, for applications in urban areas.

The use of a narrow beam antenna based on an antenna array allows adaptive control of the radiation pattern to bypass
small obstacles blocking direct transmission, which allows reducing interference and receive/transmit a signal.

Conclusions. Experimental testing of the hardware capabilities of the IEEE 802.11ad standard has been carried out.
Scenarios for constructing a millimeter-wave radio link under various weather conditions have been worked out.
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I. INTRODUCTION

The explosive growth in the use of mobile
broadband is significantly increasing the bandwidth
requirements. Current methods for increasing capacity
have reached their limits: spectral efficiency is slowly
approaching the Shannon limit, and acquiring more
spectrum satisfies only a limited increase in capacity
and is expensive. Thus, to provide increased throughput
for mobile applications, new approaches to delivering
wireless content need to be considered [1-3].

To minimize additional deployment costs, cellular
operators are exploring methods to deploy smaller,
denser cells for higher capacity, such as LTE picocells
on lampposts or Wi-Fi hotspots that complement
existing LTE macrocells.[7-9] The development of the
millimeter-wave range is a promising direction for the
developed high-speed mobile broadband radio access
systems. The use of narrow beams in the millimeter-
wave bands can significantly reduce the interference
that is inherent in these frequencies. The 60 GHz band
provides 7 GHz of unlicensed spectrum for bandwidth-
intensive mobile applications and is supported by the

IEEE 802.11ad standard (currently targeting multi-
gigabit wireless networks indoors), which defines
multiple data rates from 385 Mbps to 6.76 Gbps.
Because 60 GHz has a carrier wavelength of about 5
mm, this allows large antenna arrays to be packaged in
relatively small form factors. For example, an array of
100 elements fits into an area of no more than 6.5 cm?,
which is easily integrated into modern mobile devices
[10-18].

The main advantage of the millimeter-wave range
(mmWave) is the possibility of using a wide frequency
band, but there are also serious drawbacks that hindered
the development of telecommunications in this range:
strong attenuation of mmWave during propagation; the
level of the received signal significantly depends on the
influence of hydrometeors (raindrops, snow, hail, fog)
and on the presence of solid irregularities in the
atmosphere (foliage of trees, flocks of birds, dust); a
high degree of influence on the level of the received
signal by obstacles covering the track; the presence of
zones of strong signal attenuation at some frequencies
due to attenuation of millimeter-wave signals by
oxygen molecules and water vapour.[19-23]
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In [23-26], it is shown that the path loss increases
sharply in the transition to frequencies of the millimeter
range only when it is assumed that the antenna gain is
constant in frequency. If the physical size of the
antenna is kept constant in frequency at both ends of the
link and the weather is clear, then free-space path loss
actually decreases quadratically as the frequency
increases. Higher antenna amplification at higher
frequencies requires adaptive beam control on base
station and user equipment. Beam-steered antenna
technologies adaptively switch the directional diagrams
to compensate for the losses on the track caused by the
blocking due to dynamic obstacles and to capture the
signal [27-30].

The article's main purpose is to present the results of
the study of the characteristics of the millimeter-range
radio line to provide high-speed user access to IP data
networks and the possibility of using the IEEE
802.11ad standard in the open.

II. EXPERIMENTAL STUDY OF THE
CHARACTERISTICS OF THE MILLIMETER
RANGE

The study is conducted using a test bench with a
topology "point-to-point”, deployed in an urban
environment (Kyiv) in the presence of direct visibility
without obstacles (trees and buildings are serious
obstacles to normal operation). The IEEE 802.11ad
channel consists of a pair of radio modules (wireless
access points). The radio module can operate in the
modes of the client control point (CP-control point) or
access point (AP-access point) [5].

On the roofs of buildings located on the campus of
the “Igor Sikorsky Kyiv Polytechnic Institute”, two
radio modules were installed. One radio module

operates in client mode (STA-Station), and a similar
one operates in AP access point mode. The distance of
radio signal propagation between access points is
approximately 250 m (Fig.1).

The height of the antenna suspension for the
construction of the route is approximately 12 m and 22
m, respectively. The scheme of the investigated radio
line is presented in Fig. 2.

22 m

250 m

Fig. 2. Scheme of the radioline

Both set of equipment include a wireless access
point of millimeter-wave range, a wireless access point
5 GHz for WiFi bridge in case of an emergency
shutdown of bridge, switch, IP camera, laptop, passive
adapter 24V/0.5A with gigabit port for power supply
via Ethernet, as well as the corresponding software. On
the subscriber side is also installed a traffic generator
and a router.

Characteristics of the wireless access point

The International Telecommunication Union (ITU-R)
guidelines define a global channel allocation and a
corresponding spectral mask for the 802.11ad signal,
which contains four 2.16 GHz wide channels with
58.32 GHz, 60.48 GHz, 62.64 GHz center frequencies
and 64, 80 GHz, respectively (Table 1).

Table 1

List of channels of the IEEE 802.11ad standard

Channel Center Min. Max. Bandwidrh

(GHz) (GHz) (GHz)) (GHz))

1 58.32 57.24 59.4 2.16
2 60.48 59.4 61.56 2.16
3 62.64 61.56 63.72 2.16
4 64.8 63.72 65.88 2.16

o)
N !‘ The radio consists of a narrow- spot-beam antenna
- i‘that uses millimeter-wave range as the main channel
“ and a built-in antenna with a range of 5 GHz for
* emergency operation. Thus, in case of bad weather,
-~ 'which has the most significant impact on the
propagation of millimeter radio waves of all destructive
factors, backup radio communication of 5 GHz with a
Imaximum modulation frequency of 866 Mbps is
available. Also, the device supports wireless
communication in the 2.4 GHz band, which is designed

Fig. 1. Profile of the signal propagation path 7



to control (make settings by the administrator) and 5
GHz bandwidth.

The block diagram of wireless access points is shown
in Fig. 3. This point-to-point wireless radio is used for
connections with a low level of interference and high
bandwidth at a distance of up to 250 meters.
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Fig. 3- Block diagram of the access point

60 GHz }
802.11ad  re--eeeeeeed

Access Point

The antenna consists of 64 patch antennas arranged in
an antenna array with a controlled 60° pattern (Fig. 4).
Beam control can be used to avoid small obstacles
blocking direct transmission.
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Fig. 4 - Characteristics of the mmWave radio module: a) antenna
phased array with 64 patch elements; b) antenna beam diagram
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Specifications of the wireless access point for radio
bridges are shown in Table 2.

Table 2
Wireless access point characteristics

Dimensions 140 x 140 x 44 mm
Weight 376 ¢
Antenna gain 5 GHz — 10 dBi

60 GHz — 17.2 dBi

Networking 1x 10/100/1000 Mbit Ethernet-port
interface Wi-Fi —for Management
Maximum
power 11w
consumption

Each radio module is connected to server machine,
which includes auxiliary drivers and monitoring
utilities. The studied IEEE 802.11ad radio module uses
the main beamwidth of 10 ° - 30 © on a 250m route. The
radio module contains a single-carrier physical
implementation that supports nine data rates (MCS
indices 1 to 9). Basic information and theoretical level
of physical MCS are presented in Table 3.

Table 3
Radio module specification
Output power 14 dBm - 60 GHz
. 5180-5875 MHz
Operating | 57000-66000 MHz
frequency 2412-2472 MHz (optional Wi-Fi control
range module)
Channel 20/40/80 MHz - 5 GHz
Bandwidth 2160 MHz - 60 GHz
Transmission 866 Mbit / s— 5 GHz
speed 4600 Mbps - 60 GHz

Performance study of IEEE 802.11ad for external use

The study begins with checking the signal quality of
the IEEE 802.11ad channel (i.e the ranges of RSSI
values) in our environment. To determine the RSSI
range, we record the RSSI value every 0.1 seconds. We
found that the IEEE 801.11ad channel can exchange
data in the signal range (-63 dBm, -69 dBm) at a
distance of 250m. Then we investigate the TCP and
UDP bandwidth of the IEEE 802.11ad channel and
analyse supported MCS and channel quality scenarios.
We also consider different MTU sizes because they
greatly affect bandwidth. Choose the value of MTU
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1470 bytes, which is typical for Wi-Fi and the Internet.
The evaluation results are performed for 3 channels
(Ch-1 -58320MHz, Ch-2 - 60480 MHz, Ch-3- 62640
MHz) for wuplink (UL), downlink (DL), and
bidirectional (BD) links of communication. and show
the behaviour of throughput for UDP, TCP and MCS
traffic. Fig. 5, Fig.6, Fig.7 and Fig.8 show the
measurement results.
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Fig.5- UDP traffic bandwidth for channels 58320MHz, 60480 MHz,
and 62640 MHz, respectively for downlink (DL), b) uplink (UL), ¢)
bidirectional (BD) link
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Fig.6 - Achievable bandwidth with the appropriate MCS

By comparing UDP throughput in the graphs, we can
conclude that UDP throughput is the highest for 60480
MHz and 62640 MHz channels. UDP throughput
reaches about 1 Gbps with MCS 6, MCS 7-9 at
distances of about 250 m were not reached. Obviously,
an IEEE 802.11ad link cannot provide multi-Gbps
performance with a 1470 byte MTU.
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Fig.7- UDP traffic bandwidth for channels 58320MHz, 60480 MHz,
and 62640 MHz under different weather conditions: a) for

bidirectional (BD), b) downlink (DL), ¢) uplink (UL)
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Fig.8.- TCP traffic bandwidth for channels 58320MHz, 60480 MHz,
and 62640 MHz under different weather conditions: a) for
bidirectional (BD), b) downlink (DL), ¢) uplink (UL)

The throughput of the TCP and UDP traffic channel
was investigated under various weather conditions,

namely, sunny (with an average relative humidity of
about 42% and a pressure of 743 mmHg), Cloudy (with
an average relative humidity of about 76% and a
pressure of 752 mmHg), foggy (with an average relative
humidity of about 82% and a pressure of 747 mmHg)
and rain (with an average relative humidity of about
94% and a pressure of 750 mmHg). Under various
weather conditions, continuous TCP throughput of
600+ Mbps and UDP throughput of 700+ Mbps are
provided for a long time for 60480 MHz and 62640
MHz channels. Minor speed fluctuations are randomly
distributed over the measurement period and may be the
result of random interference caused by wind gusts.
Also, there is no significant difference in throughput
between clear weather and heavy rain, confirming that
the 60 GHz band is weather resistant up to 250 m.

1. CONCLUSIONS

The research was carried out using a point-to-point
test bench deployed in an urban environment (Kiev)
with unobstructed line of sight (trees and buildings are
major obstacles to normal operation). The channel
consists of a pair of radio modules (wireless access
points), which can operate in the client control point
(CP-control point) or access point (AP-access point)
modes. To overcome the attenuation and reduce the
interference of the 60 GHz radio link, a radio station
based on 8x8 antenna arrays was used to form the beam
and concentrate the transmission energy in the desired
direction. Array radios performed directional
transmission using electronic beam steering using
baseband signal processing to control beam directions
with minimal delay.

The research examined the possibility of using
mmWave hardware technologies of the IEEE 802.11ad
standard, which is used indoors, for applications in
urban development. It was found that the effective data
rate during sunny weather and precipitation (in the form
of rain) corresponds to about 700 Mbit/s at a
communication range of 250m. This confirms that at
distances of about 100+ m radio line 60 GHz is quite
stable to weather conditions. It was found
experimentally that in rain with an intensity of about
3 mm/h, the loss of the RSSI signal level of
approximately 1.5 dBm, which does not lead to a
significant deterioration of the connection. Thus, it is
concluded that access points based on antenna arrays of
size 8 x 8 can support a range of distances of 100+ m at
a speed of 700 Mbps, even in heavy rain.

The IEEE 802.11ad standard for mmWave defines
some modulation and coding schemes for adaptation to
different baud rates. Given the need to adapt to a much
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more dynamic environment than internal networks, for
which the 802.11ad standard is currently designed, it
was determined that UDP traffic bandwidth reaches
values of about 800 Mbps with MCS4 and MCS6 for
channels 62640 MHz and 60480 MHz at RSSI -64 dBm
and -65dBm respectively.

The measurements showed the possibility of using
millimeter wave radio modules of the IEEE 802.11ad
standard in 5G networks. The use of millimeter wave
radio modules as a picot cell on the streets, will expand
the capabilities of existing cellular networks and
increase bandwidth. However, the mmWave radio link
can be easily blocked by the human body, given that the
loss is about 20-50 dB.
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Kpasuyk C.A., Apanacwvcsa JI.A., Kpasuyx I.M.

Jocnioscenns xapakmepucmux paoioninii minimempogozo dianazony cmanoapmy IEEE 802.11ad 6 micokiit 3a0y0o6i

ITpodsiemaTnka. CrpiMke 3poCTaHHs BUKOPUCTAHHS MOOUIBHOTO IIMPOKOCMYTOBOTO JOCTYIy 3HAYHO 30UIBIIYE BUMOTH
JI0 TIPOITYCKHOI 3aTHOCTI. CHEKTp MiIMETPOBOTO Jliana3oHy HeoOXiqHUH MepexaM 5G 11 JOCATHEHHS MIBUIKOCTI Hepenadi
JaHux nopsiky 1'0it/c, 30kpema, st HagauHs nociyr 3D-Bijeo, a 3acTOCyBaHHs PaJiOMOAYIIB JUIsl 4AaCTOT MUIIMETPOBOTO
Jliara3oHy B SKOCTI MIKOCOT Ha BYJIMIX, JO3BOJIATH PO3LIMPHTH MOKIIMBOCTI ICHYIOUMX CTUIBHHKOBHX MEPEX 1 3a0e3NeunTH
30iMBbLICHHST TIPOIYCKHOT 31aTHOCTI. TOMy, IOCHIDKEHHS XapaKTepUCTHK IAHOTO CIEKTPY € aKTyalbHOK 3ajadelo Ha
CHOTOTHINITHIN JEHB.

Merta pocuimkennsi. Meroro maHOi poOOTH € TIPEACTABICHHS PE3YJbTATIB MOCHIDKCHHS XapaKTEPHCTHK PaaiomiHil
MITIMETPOBOTO Jiama3oHy s 3a0e3meueHHs BUCOKOIIBUAKICHOTO JIOCTYITy KOpucTyBadiB 10 [P mepex mepemadi maHuX Ta
MOKuBicTh BuKopucTanus crangapty IEEE 802.11ad na Bimkputiii MicIieBOCTi.

Metoau peanizaumii. J{ocniuKylOTbCS  CTPYKTYpHO-(YHKITIOHANBHI MeTOqu TOOYyZOoBH OE3MpOBOJOBOI  Mepexi
MIJTIMETPOBOTO Jliana3oHy B MiChKiii 3a0y/J0BI Ha OCHOBI amapaTtHux 3aco0iB crannapty IEEE 802.11ad.

PesyabTaTtn gocaimkenns. J[ocmipkeHHs NPOBOIMINCH 3 BHKOPUCTAHHSM BHIIPOOYBAIBHOTO CTEHJIY 3 TOIOJIOTIEIO
«TOUYKA-TOYKa», POTOPHYTOr0 B MiCbKOMY cepenoBuili (M. KuiB) npu HasiBHOCTI MpsMOi BUMMOCTI 0€3 3HaYHMX HEPELIKO/I.
[Ipu mpoBeneHHI TOCHiUKeHb HepeBipsuIach MOXJIMBICTh BUKOPHCTaHHS anapaTHUX TEXHOJIOTiH MiTIMETPOBOTO Jiana3oHy
cranzapry IEEE 802.11ad, sikuii 3acTocoByeThCs BCepeJHHi TPUMILIEHb, JUIs 3aCTOCYBaHb B MiChKiii 3a0y10BI.

BukopucranHs By3pKOHAINPaBICHOI aHTEHHN Ha 0a3i aHTEHHOI I'PAaTKU JI03BOJISIE KEPYBaTH AiarpaMor0 HAIpaBICHOCTI JUIs
00X0/ly HEBEIMKHX MEPelIKOA, sKi OJOKYIOTh HpsAMY Ilepeiady, IO JO03BOJAE 3MEHIIMTH 3aBaJd Ta OTPUMATH/TEpenaTH
CUTHAJL

BucnoBku. [IpoBeneHO ekcriepuMeHTaJIbHE TECTYBaHHs amapaTHUX MoxuiuBocteid cranmapry IEEE  802.11ad.
BinnpaipoBaHo crieHapii mody10BU paioiHil MITIMETPOBOTO Aiana3oHy MPHU Pi3HUX MOTOJHUX YMOBAX.

Kuro4oBi ci1oBa: MinmiMeTpoBuHii Aiana3oH XBUIlb; npornyckHa 3aatHicTs; cranaapt IEEE 802.11ad; mepexi S5G.

Kpasuyk C.A., Agpanacvesa JI.A., Kpasuyx H.M.

HccaenoBanne xapaKTepuCTHK PaIuoIHHIM MUJIHMeTpoBoro quana3ona crangapra IEEE 802.11ad B ropoackoii
3acTpoiike

IIpodsemaTnka. CTpeMUTETBHBI POCT HCMONB30BAHMS MOOWIBHOTO IMMPOKOMOJIOCHOTO JOCTYNa 3HAYHTEIHHO
YBENMYMBAET TPeOOBAaHMSA K IMPOIMYCKHOW crocoOHocTH. CIEKTp MHUIMMETPOBOTO Hana3oHa HeoOxoamM cersm 5G s
JOCTIDKEHHSI CKOPOCTH TIepefadd MAHHBIX mopsigka [OuT / ¢, B WacTHOCTH, /Uil mpenocTtaBienHus yciayr 3D-Buneo, a
MIPUMEHEHNE PaJuOMOyJIEH I YaCTOT MIJUIMMETPOBOTO IMaNa30Ha B Ka4eCTBE MUKOCOTHI Ha YIIHIIAX, O3BOJIAT PACIIUPHUTD
BO3MOKHOCTH CYIIECTBYIOIIMX COTOBBIX CE€Tell M OO0ECHeunTh YBENMYEHHE MPOMYCKHONW crocobHoct. Ilostomy,
MCCIIEIOBAHNUSI XapAaKTEPHUCTHUK JTaHHOTO CIIEKTPa SIBJISETCS aKTyalIbHOH 3a1aueii Ha CerOAHSAIIHNH JICHb.

Henb uccienoanus. llenpio naHHOW pabOTHI SBISETCS NPEACTABICHUE PE3yJIbTATOB HCCIICOBAHUS XapaKTEPHCTHK
PAJAMOIMHAN MUJUIMMETPOBOTO JMana3oHa Jisi 00ECICUYCHHMsS] BBICOKOCKOPOCTHOTO [OCTyIa IoJjib3oBateieil k IP-cereit
niepeiavyn aHHbIX ¥ BO3MOXHOCTD Hcnonb3oBanus cranaapra IEEE 802.11ad Ha oTKpbITOI MeCTHOCTH.

Metoabl peanmsanuu. Mccnemylorcst CTpyKTYpHO-(QYHKIMOHAJIbHBIE METOABI IMOCTPOCHHs OEcHpOBOJHON CeTH
MUJUTHIMETPOBOTO JIMaIia3oHa B TOPOJICKOM 3acTpolike Ha OCHOBE armnapartHbix cpeacts crannapra IEEE 802.11ad.

PesyasTaThl uccaenoBanusi. VccienoBaHus NpOBOJMINCH C HCIOJIb30BAHHEM HCIIBITATEILHOTO CTEH/A C TOIMOJIOTHEH
«TOUKA-TOYKa», Pa3sBEpHYTOro B ropojackoil cpexe (r. Kuem) mpnm Hanuumm TNpsMOH BHAMNMOCTH 0€3 3HAYMTENBHBIX
npersitctBri.  [Ipn mpoBeieHUM WCCIIEOBaHMIT MPOBEpsUIach BO3MOXKHOCTb HCIOJIB30BAHMS AIMapaTHBIX TEXHOIOTHH
MmuIMeTpoBoro auama3ona crapmapta IEEE 802.11ad, koTopslii mpuMeHsieTcs BHYTPH TMOMEIICHUH, IS TPHUMEHEHUH B
TOPOJICKOH 3aCTpOHKeE.

Hcnosnp3oBanne y3KOHANPABICHHOH aHTEHHBI HA 0a3e aHTEHHOM PELICTKH ITO3BOJISIET aJalTHBHO YIPABIATH AUArpaMMOH
HAIpPaBIEHHOCTH Ul 00X0Ja HEOONBIINX MPENATCTBHH, OJIOKHPYIOIMX MPSAMYI0 Hepejady, 4TO MO3BOJSET YMEHBIIUTh
IIOMEXH M MOJIy4YHTh / IepeaTh CUTHAIL.

BoiBoabl. [IpoBeseHBl SKCHEepUMEHTATbHOE TECTHPOBAHWE ammapaTHBIX Bo3MoxHocTed cranmapra IEEE 802.11ad.
OTpa6OTaHI)I CeHapr1 NOCTPOCHUA PAAUOJIUHUN MUJUTMUMETPOBOI'O AUanazoHa Npy pa3jInYHbIX MOTOAHBIX YCIOBHUAX.

KiroueBble ci10Ba: MIJIIMMETPOBBIH JIMaNa3oH BOJIH; NponyckHas cnocodHocTh; cranaapt IEEE 802.11ad; cetu 5G.



