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Introduction

Fixed wireless systems (FWS) has already been deployed and used under various conditions in Asia-pacific region countries, which may be exposed to severe weather conditions. Link quality of FWS in millimetre wave bands has a risk of deterioration due to additional loss in the transmission under the severe weather conditions, such as heavy rain, gaseous, and snow. Other kinds of severe weather condition might affect those link quality.
Since many APT region countries have the possibility to be under condition of severe weather, studying appropriate technologies and techniques based on analysis of weather condition in APT-region and those impacts on link quality will provide an important role for further deployment of FWS.
This report deals with information on severe weather conditions, impact on link performance, and existing and enabling technologies for mitigating those impacts.
Weather condition in Asia-Pacific region
Meteorological data in APT countries

Of the countries in the Asia-Pacific region, statistic data on the overall weather, precipitation, and wind were summarized for nine Southeast Asian countries (Indonesia, Cambodia, Thailand, Philippines, Brunei, Vietnam, Malaysia, Myanmar and Laos) located in the tropical area. 
Firstly, we will outline the precipitation and distribution of wind speed for the entire area. Figure 1 shows the annual precipitation distribution published by the UN Office for Coordination of Humanitarian Affairs (UN OCHA) [1]. It shows very high precipitation in the coastal areas and islands. Figure 2 shows average wind speed distribution data [2]. These data are estimates based on measured data. They were produced for application to wind power generation purposes. 
Table 1 summarizes weather conditions and precipitation in the main Southeast Asian countries [3, 4]. Figure 3 shows monthly average precipitation of major cities [5], Figure 4 shows data on hours of rainfall of major cities by type of precipitation, and Figure 5 shows the daily lowest and highest wind speeds of major cities [4]. 
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[bookmark: _Ref442317589]Figure 1 Precipitation Distribution in Asia
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[bookmark: _Ref442317683]Figure 2 Distribution of average wind speed in Asia 
(Annual average wind speed at 80 m height, 2000 point data)

[bookmark: _Ref442317773]Table 1 Summary of weather conditions and precipitation in the Southeast Asian region/area
	Country
	Weather conditions
	Precipitation

	Brunei
	Brunei has a tropical climate characterized by high temperature and rainfall throughout the year. Climatic variations follow the influence of the monsoon winds. The northeast monsoon blows from December to March, while the southeast monsoon occurs around June to October. There are two rainy seasons: from September to January and from May to July. The dry season is from March to April. 
	The average precipitation in Brunei is estimated at about 2,722 mm. The area has heavy rainfall and a short dry season, with thunder showers throughout the year. 

	Cambo-dia
	Cambodia has a Tropical monsoon climate and is situated in the intertropical convergence zone. Dry and cool northeast monsoon blows from November to April, while the humid and southwest monsoon from the Indian Ocean blows from May to October. The rainfall pattern is bi-modal with peaks in June and September/October.
	Average monthly precipitation in Phnom Penh varies widely between the dry and wet seasons ranging from 5 mm in January to 255 mm in October. Average annual precipitation is estimated at about 1,400 mm, however, this also varies widely by year from 1000 mm to 2,300 mm, and by area, from about 1,000 mm in Svay Check to nearly 4,700 mm in Bokor. 

	Indonesia
	Indonesia has a tropical climate. There are two seasons. The dry season with winds blowing from the Australia Continent, lasts from March to August and the wet season influenced by winds from the Asian Continent and the Pacific Ocean lasts from September to March with the heaviest rainfall usually from November to February. 
	Average annual precipitation varies by area. The average annual precipitation (mm/year) for the major islands is presented below：
Sumatra: 2600
Java: 2600
Nusa Tenggara: 1500
Kalimantan: 2800
Sulawesi: 2100
Maluku: 2200
Papua: 3200
Total: 2700

	Laos
	Climate is typically tropical with a rainy season from mid-April to mid-October dominated by the humid southwest monsoon.
	The average precipitation is about 1,834 mm but ranges from 1,300 mm in the northern valleys to over 3,700 mm at high elevations in the south. About 75 percent of the rainfall occurs during the rainy season. The water level in the Mekong River may fluctuate by up to 20 m between wet and dry seasons. 

	Malaysia
	Most of Malaysia lies in the equatorial zone. The climate is governed by the regime of the northeast and southwest monsoons. The northeast monsoon blows from October to March and brings heavy rainfall. The southwest monsoon period is drier and occurs between May and September. April, which comes between these two monsoons is marked by heavy rainfall.
	The average annual precipitation is about 2,875 mm. There are regional variations in rainfall with an average annual precipitation of around 2,400-2,500 mm in the peninsula, compared to 3,000-4,000 mm on Borneo Island.


	Myanmar
	Myanmar has a tropical monsoonal climate. Rainfall is highly seasonal, being concentrated in the hot humid months of the southwest monsoon from May to October. By contrast, the northwest monsoon blows from December to March bringing dry weather.  
	Average annual precipitation is estimated at 2,341 mm, but differs significantly by area depending on the intensity of the southwest monsoon rains.  Annual precipitation ranges from as high as 4,000-6,000 mm along the coastal reaches to as low as 500-1,000 mm in the mountains. 

	Philip-pines
	The tropical climate of Philippines is characterized by uniformity of temperature (around 27°C) and high humidity (65-70%) throughout the year, low solar radiation, and diversity of rainfall and high frequency of tropical cyclones. The main air streams that affect the Philippines are the northeast monsoon from late October to March, the southwest monsoon from May to October and the North Pacific trade winds, dominant during April. 
	Average annual precipitation is estimated at 2,348 mm, but this figure varies from 960 mm (in Mindanao Island at the southeast of the country) to more than 4,050 mm (in Luzon in central Philippines). The most extreme annual rainfall events ever recorded are 94 mm at northern Luzon in 1948 and 9,006 mm again in northern Luzon in 1910.

	Thailand
	The climate is mainly governed by the alternation between the southwest monsoon, which brings heavy rainfalls (from May to October), and the northeast monsoon, which is comparatively dry and cool (from October to February). The transitional period (March and April) is characterized by heavy thunder showers.
	Average annual precipitation is estimated at 1,622 mm. It ranges from 1,100 mm in the central plain and the northeast of the country to 4,000 mm in the Malay Peninsula at the south.

	Vietnam
	The climate varies from subtropical in the north of the country, which is generally hot and humid but has four seasons, and tropical in the south with only the two seasons of rainy and dry. The dry periods are from December or January to February or March depending on location. Central Vietnam is prone to hurricanes and typhoons. The South China Sea is renowned for its high waves 

	Average annual precipitation is estimated to be 1,820 mm, but it varies from 2 000 to 2 500 mm in the mountainous areas and from 1 600 to 2 200 mm in the plains. The lowest average annual precipitation ever recorded was 650 mm in Phan Rang (central south) and the highest was 4,760 mm in Bac Quang (north east). The dry season is from December or January to February or March, and the rainy season is from April or May to October or November, depending on the area.  
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[bookmark: _Ref442317949]Figure 3 Monthly average precipitation of major cities (Average of 2000-2012)
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Cambodia   Phnom Penh
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Indonesia   Jakarta
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Laos   Viang chan
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Malaysia   Kuala Lumpur
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Myanmar   Yangon
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Philippines   Manila
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Thailand   Bangkok
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Vietnam   Hanoi
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[bookmark: _Ref442317997]Figure 4 Hours of daily rainfall of major cities by type of precipitation
(November 2014 – November 2015)
(Orange bars: thunder showers, Green bars: rainfall other than thunder showers)
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[bookmark: _Ref442318042]Figure 5 Lowest and highest wind speeds of the day for major cities (November 2014 – November 2015)
(Grey bars: lowest and highest wind speeds of the day, Blue dots: maximum momentary wind speed)



Specific weather condition in Asia-Pacific region
Tropical cyclones 
Tropical cyclones [6] is a generic term for a tropical storm in which the maximum sustained wind speed reaches 119km/h, and may cause damage by heavy rain and intense wind. Tropical cyclones in the northwest region of the Pacific Ocean (area between 100-180 degrees east longitude in the Northern Hemisphere) are called typhoons. 
The intensity of tropical cyclones can be classified into the following 5 categories based on the Saffir-Simpson Scale. 

· Maximum wind speed 119-153 km/h: Category 1
· Maximum wind speed 154-177 km/h: Category 2
· Maximum wind speed 178-209 km/h: Category 3
· Maximum wind speed 210-249 km/h: Category 4
· Maximum wind speed 250 km/h or more: Category 5

Tropical storms in which the maximum sustained wind speed is below 119km/h are referred to as follows. 

· Maximum wind speed 62 km/h or less: Tropical depression
· Maximum wind speed 63-118 km/h: Tropical storm

The UN Office for the Coordination of Humanitarian Affairs (OCHA) predicts the intensity and zone of origin of tropical cyclones that may occur with a probability of 10% or more in the next 10 years, as shown in Figure 6 [7]. The intensities of probable cyclones are expressed by coluor gradation corresponding to the five categories of the Saffir-Simpson Wind Scale. According to the map, the Philippines and Myanmar directly face zones where cyclones of Category 5 (the strongest) intensity may strike and Vietnam faces the next strongest zone of Category 4. 
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Figure 6 Tropical cyclone risk in the Asia Pacific Region

Case examples of severe weather 
This section gives some case examples of extremely heavy rain and strong winds observed in the Asia-Pacific Region in the past.
Cases of extreme rainfall
June-September 2011, Indochina 
From June to September of 2011, most areas of Indochina experienced excessive rain ranging from 1.2 to 1.8 times heavier than average year [8]. This caused river washouts and flooding in many parts of Indochina from early October to the end of November, sweeping a total area of 45,023 km2, almost as large as Kyushu and Okinawa combined. It resulted in a serious disaster with 752 deaths and 3 missing persons reported as of December 28, 2011 [9]. 
Total precipitation during the 4 months (Jun-Sep) amounted to 921 mm in Chiang Mai in northern Thailand (134% of average year), 1,251 mm in Bangkok, capitol of Thailand (140%), 1,641 mm in Viang chan, capitol of Laos (144%), as shown in Figure 7 [10]. 

[image: ]
[bookmark: _Ref442318681]Figure 7 Rainfall from June to September of 2011 compared against average year and monthly precipitation in selected cities.
(The average was calculated from precipitation data of 1981-2010. The × mark in the map indicates Phnom Penh and the × mark in the graph indicates that data was not available for the month.)

December 2006, Indonesia and Malaysia
In December 2006, extreme rain caused flooding and landslides, resulting in the deaths of 110 people, 100-200 missing people and about 360 thousand people evacuating from their houses. Johor Bahru in southern Malaysia and Changi International Airport in Singapore recorded more than 600 mm of rainfall in the 10 days from December 17 to 26 (where Singapore’s December rainfall is only 299.8 mm for an average year). Rainfall over 200 mm was also recorded in the northern part of Sumatra Island. Among the areas affected by flooding and landslides, rainfall over 200 mm was reported in Johor Bahru on the 19th and over 120 mm in Lhokseumawe of Indonesia on the 21st, as shown in Figure 8 and Figure 9 [11]. 
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[bookmark: _Ref442318985]Figure 8 Total rainfall in Malay Peninsula during the 10days from December 17 to 26, 2006
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[bookmark: _Ref442318989]Figure 9 Daily rainfall in Johor Bahru (Malaysia) and Lhokseumawe (Indonesia), December 2006

September 2009, Philippines
From late September to early October of 2009, two consecutive typhoons (no. 16 and no. 17) struck Luzon Island of the Philippines one after another and caused extreme rain. On September 26, the single-day rainfall total marked 455 mm in Quezon City located within the Manila Metropolitan Area, and 531 mm in Baguio City on October 3. About 100-1000mm of rainfall was observed all around Luzon Island during the 12 days from September 25 to October 6. When compared with precipitation data of average year (average of 1971-2000), this amounted to 2 to 6 times of the average, as shown in Figure 10 [12]. 
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[bookmark: _Ref442319089]Figure 10 Total rainfall during the 12 days (Sep 25 – Oct. 6) on Luzon Island

September 2013, Indochina
In September 2013, Typhoon no. 21 struck the Indochinese Peninsula, following prolonged and heavier-than-usual rain that covered a wide area of Indochina. Cumulative rainfall from September 1 exceeded 500 mm in most of the area stretching from central Vietnam to the southern part of Laos, recording 1,071 mm in Dong-hoi (Vietnam), which was about 2.1 times the average September rainfall (516 mm, average of 2004-2012), and 953 mm in Pakse (southern Laos), which was 2.9 times more than the average September rainfall (326 mm, average of 1981-2010). Also in Thailand, September rainfall totalled to 1.6 times of average year at 380mm in Nakhonsawan (northern Thailand, average 240.4 mm) and at 378 mm in Nakhon Ratchasima (central Thailand, average 228.4 mm), as shown in Figure 11 [13]. 
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[bookmark: _Ref442319172]Figure 11 Cumulative and daily rainfall in September (Sep. 1 - Oct. 1, 2013) in Indochina

Cases of extreme wind
1. November 2013, Philippines
Typhoon No. 30 (Haiyan) made landfall in central Philippines on November 8, 2013. The violent winds and associated high tides devastated the area killing 6,201 people and 1,785 still missing. 4.1 million people fled their homes, 16.08 million people were affected, 1,140 thousand buildings were torn down, and direct economic losses amounted to approximately 39.8 billion peso (96.4billion yen). The maximum momentary wind speed recorded was 90 m/s according to the Japan Meteorological Agency (JMA, 2013 Typhoon Location Table, Typhoon No. 30) and 105ｍ/s according to observations by the U.S. Navy Joint Typhoon Warning Centre (JTWC) [14], as shown in Figure 12 [15]. 
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[bookmark: _Ref493234330]Figure 12 Office for Coordination of Humanitarian Affairs   Philippines: Typhoon HAIYAN

May 2008, Myanmar
From May 2 to 3 in 2008 a category 4 cyclone, Nargis made landfall on southern Myanmar and caused extensive damage to the area including Yangon City.  A joint survey conducted by the United Nations, the Association of South-East Asian Nations and Myanmar Government revealed unprecedented damage: more than 800 thousand houses were damaged, 600 thousand hectares of farmland flooded, and 138 thousand people were dead or missing. It was the worst natural disaster ever experienced in Myanmar’s history [16]. Nargis had wind speed of 240 km/h when it landed on Ayeyarwady Delta [17]. 


Impact of severe weather conditions on link performance of fixed wireless communication
Impact on link performance of fixed wireless communication
The methods to assess the effects of severe weather conditions on link performance and the actual measurement data in the Asia-Pacific region countries are described in the below sections 3.1.1, 3.1.2, and 3.1.3
Rain
The following list of ITU-R recommendations are rain attenuation prediction methods and their parameters that are used globally. These recommendations are outlined below. 

· Recommendation ITU-R P.838-3,“Specific attenuation model for rain for use in prediction methods”
· Recommendation ITU-R P.837-6,“Characteristics of precipitation for propagation modelling”
· Recommendation ITU-R P.530-15,“Propagation data and prediction methods required for the design of terrestrial line-of-sight systems”

In addition, the following recommendations can be utilized to measure/model impact of rainfall or other severe weather conditions.

· ITU-R Recommendation P.836-5,“Water vapor: surface density and total columnar content”
· ITU-R Recommendation P.676-10,“Attenuation due to Atmospheric Gases”
· ITU-R Recommendation p.1510-1, “Annual mean surface temperature”

Furthermore, data and models shown in the following recommendation and documents would be effective to complement measurement data or modelling mentioned below.

· ITU-R Recommendation P.311 Acquisition, presentation and analysis of data in studies of tropospheric propagation with particular regard to Tables in Part I, II and IV
· Doc. 3J/FAS/2 Fascicle concerning physical modelling for the conversion of rain rate statistics at different integration times 
· Doc. 3J/FAS/3 Fascicle concerning the rainfall rate model given in Annex 1 to Recommendation ITU-R P.837-6
· Doc. 3M/FAS/8 Fascicle on the processing of tipping bucket rain gauge data for Study Group 3 experimental database
· Doc. 3M/FAS/9 Fascicle on the derivation of rain cell characteristics from weather radar data for Table IV-11 of SG3 experimental database


1. ITU-R Recommendation P.838-3, “Specific attenuation model for rain for use in prediction methods”
ITU-R Recommendation P.838-3 shows the method for calculating specific radio attenuation from frequency (1-1,000 GHz) and rain rate (mm/h). Figure 13 shows the specific attenuation curves by rain rate obtained based on ITU-R Recommendation P.838-3 [18].

γR = kRα
γR: Specific attenuation [dB/km]
R: Rain rate [mm/h]
K, α: Coefficients (determined based on frequency)
[image: グラフ
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[bookmark: _Ref442319558]Figure 13 Rain attenuation on terrestrial wireless links in the mm frequency bands

ITU-R Recommendation P.837-6, “Characteristics of precipitation for propagation modelling”

ITU-R Recommendation P.837-6 contains maps of meteorological parameters that have been obtained using the European Centre for Medium-Range Weather Forecast (ECMWF) ERA-40 re-analysis, for rainfall rate exceeded for 0.01% of the average year.  Figure 14 is a map showing  rain rate (mm/h) exceeded for 0.01% of the average year in the Asian region [19]. 
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[bookmark: _Ref493234484]Figure 14 Rain rate (mm/h) exceeded for 0.01% of the average year

ITU-R Recommendation P.530-15, “Propagation data and prediction methods required for the design of terrestrial line-of-sight systems”

ITU-R Recommendation P.530-15 provides models for the prediction of propagation effects that should be taken into account in the design of digital fixed line-of-sight links. It takes into consideration the following factors: diffraction fading; attenuation due to atmospheric gases; fading due to atmospheric multipath or beam spreading associated with abnormal refractive layers; surface reflection; attenuation due to precipitation or solid particles in the atmosphere; variation of the angle-of-arrival and angle-of-launch due to refraction; cross polarization discrimination (XPD); and signal distortion due to frequency selective fading and delay during multipath propagation. The following are the conditions applicable in predicting attenuation due to precipitation.  

· Geographical scope includes the whole world, scope of frequency is up to 100 GHz, and scope of propagation distance is up to 60km
· For rainfall, use the rainfall rate exceeded for 0.01% of the average year (R0.01) based on long-term measurement data. 
· Apply Recommendation P.838-3 for calculating attenuation due to precipitation  
· Attenuation due to precipitation can be predicted for rainfall rates R0.001 to R1.

Silva Mello et al pointed out as a limitation of the method provided in ITU-R Recommendation P.530-14, that if the rainfall rate exceeded for 0.01% of the average year is the same, the calculation results would be the same for different cases even when the geographic area or the precipitation characteristics are different. He further noted that this will reduce the accuracy of prediction of attenuation due to precipitation for microwave links in tropical areas. To solve these problems, it has been reported that measurements and studies for improving the model are carried out in Malaysia and other countries. 

1.1.1.1. Attenuation by raindrops
It is well known that attenuation and scattering of electromagnetic waves depend on the raindrop size distribution (DSD). Therefore, the DSD studies have applications in the remote measurement of rain rate and in microwave attenuation models [20]. The need for employing higher frequencies, especially in new broadband services, has, therefore, encouraged research into precipitation caused attenuation. 
The DSD varies both spatially and temporally not only within a specific storm type but also across differing storms types and climatic regimes [21]. It is accordingly worthwhile to study rain-attenuation models and DSD for different climatic environments. The Indonesian maritime continent, which is surrounded by the warm seawater, is characterized by a huge amount of rainfall throughout the year due to the convective clouds frequently generated over this region [22]. The radio frequencies above 10 GHz particularly thus tend to be significantly attenuated by rain. However, there is no detailed analysis has been carried out concerning the role of particular rain drop size classes on the specific attenuation in this region. 

1.1.1.2. Rain Drop-size Distribution
Regional variability of raindrop size distribution (DSD) along the Equator was investigated through a network of Parsivel disdrometers in Indonesia. The disdrometers were installed at Kototabang (KT; 100.32◦E, 0.20◦S), Pontianak (PT; 109.37◦E, 0.00◦S), Manado (MN; 124.92◦N) and Biak (BK; 136.10◦ E, 1.18 ◦S). It was found that the DSD at PT has more large drops than at the other three sites. The DSDs at the four sites are inﬂuenced by both oceanic and continental systems, and majority of the data matched the maritime-like DSD that was reported in a previous study. Continental-like DSDs were somewhat dominant at PT and KT. Regional variability of DSD is closely related to the variability of topography, mesoscale convective system propagation and horizontal scale of landmass. Different DSDs at different sites led to different Z–R relationships in which the radar reﬂectivity at PT was much larger than at other sites, at the same rainfall rate [23].
Raindrop size distribution (DSD) reﬂects the physics of precipitation and has a broad list of applications in meteorology, hydrology, and related sciences. Many earlier studies have elucidated the variability of DSD not only within a speciﬁc storm type but also across different storm types and climatic regimes.  Given the signiﬁcant implications of the natural variability of DSD, raindrop measurements have been conducted in various climatic regimes by many investigators. 
However, the measurements are still sparse in the equatorial region, particularly in the Indonesian part. The Indonesian region lies in the heart of tropical region’s warm pool and consists of thousands of islands ranging in size from less than one kilometre to several thousands of kilometres. The precipitation mechanism over Indonesia involves several factors, such as complex geographical variation of the region and the large-scale atmospheric circulation. 
As a consequence, the precipitation varies considerably across the region. Although the regional variability of Indonesian precipitation is well documented, study on the DSD is still limited. In a pioneering study, Stout and Mueller (1968) reported Z–R relationship from the DSD obtained by a raindrop camera that was operated at Bogor, West Java, Indonesia. Since that time, a number of investigators have studied the DSD of Indonesian precipitation particularly at Kototabang (KT), West Sumatra. The fact is that the previous studies are only based on the data obtained from Java and Sumatra. Therefore, in addition to KT, we have been conducting DSD observations at several locations along the Equator in Indonesia, i.e., Pontianak (PT), Manado (MN), and Biak (BK). This report describes more speciﬁcally, results of statistical analyses of DSD parameters at the four different sites. Parsivel has a ground-based optical disdrometer that is designed to count and measure simultaneously the fall speed and size of precipitation particles. 
The DSD varies both spatially and temporally not only within a specific storm type but also across differing storms types and climatic regimes [24]. It is accordingly worthwhile to study rain-attenuation models and DSD for different climatic environments. The Indonesian maritime continent, which is surrounded by the warm seawater, is characterized by a huge amount of rainfall throughout the year due to the convective clouds frequently generated over this region [25]. The radio frequencies above 10 GHz particularly thus tend to be significantly attenuated by rain. 
Rain attenuation values are derived from the experimentally observed DSD at Koto Tabang (KT), West Sumatera in the Republic of Indonesia (0.20 S, 100.32 E, 865 m above mean sea level), to indicate the variability of rain attenuation at various frequencies in this region. The specific rain attenuation based on Mie scattering theory is estimated for temperature of 25 [image: ]C. Reference [26] shows that KT has significant diurnal variation of DSD. Using long-term attenuation statistics analysis [x6] revealed that diurnal variations have to be considered for the fade margin design. Hence, the diurnal variations for four non-overlapping time intervals of 6h each: 00:00–06:00, 06:00–12:00, 12:00–18:00, and 18:00–24:00 has been investigated, as in [27]. 
The data analyzed in this report are those collected from January 12, 2005 to December 31, 2005 (356 days; 97% of the year); and January 1, 2006 to December 3, 2006 (332 days; 91% of the year), respectively. 
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Figure 15 Cumulative distribution of rainfall rate at Kototabang on a diurnal basis for the period from 2005 to 2006, compared with the International Telecommunication Union-Radiocommunication Sector (ITU-R) prediction.

The rainy season of the equatorial region of Sumatera is from March to May from September to November. The precipitating clouds have their peak of occurrence from September to October. 
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Figure 16 1Specific attenuation values with the five DSD models in Table I (on a diurnal basis) over the frequency range 1–100 GHz at two rain rates 10 (a) and 50 mm/h (b), along with the attenuation values obtained from the ITU-R model. 

The attenuation calculation of ITU-R model is based on the Laws-Parsons size distribution. In all the data (00:00–24:00), the deviation from the ITU-R value are about 2.5 dB/km at 100 GHz for a rain rate 10 mm/h [Fig. 2(a)] and about 15 dB/km at 100 GHz for a rain rate 50 mm/h [Fig. 2(b)]. Over the frequency range of 1–40 GHz, the specific attenuation values obtained from KT DSD is in fairly good agreement with that obtained from the ITU-R model. 
At large time percentages, the cumulative distribution of measured rain rates is in fairly good agreement with that are obtained from the ITU-R model. Considerable differences between the recorded data and the ITU-R model are observed at small time percentage. A specific attenuation has found from the DSD measurement shows significant diurnal variation in which the largest rain attenuation occurs when rain events are in 06:00–12:00. This characteristic is due to the raindrop spectra of rain events in this time period containing more small-sized drops than others as described by the largest contribution of small-sized drops ([image: ] [image: ]mm) on the specific rain attenuation.

Wind 
The following are impacts of wind on fixed wireless communication.  Case studies on impact of wind are outlined below.

· Attenuation due to vibration of antenna support caused by strong wind 
· Attenuation due to swaying trees, etc. located on the propagation path 
· Measured data and analysis of effects on millimetre-wave link due to wind
1. Attenuation due to vibration of antenna support caused by strong wind
According to reports on High Performance Wireless Research and Education Network (HPWREN) by the University of California San Diego (UCSD), when the HPWREN team was studying impacts of various weather conditions on wireless networks of 2.4 GHz and 5.8 GHz bands, they noticed that (although there are little direct evidence) the vibration of the radome caused by strong winds and gusts gradually led to misalignment of the antenna and decrease of reception levels. They also pointed out that highly directional antennas are more susceptible to impact by the vibration of the tower and misalignment of the antenna[28]. 
A report by the Central Research Institute of Electric Power Industry (CRIEPI) is also informing. In examining the feasibility of a disaster relief communication system based on long-distance multi-hop wireless LAN, CRIEPI conducted an assessment of the required accuracy of antenna direction and tolerable level of vibration caused by strong winds and earthquakes (for propagation distance of 0.17-10 km and ground antenna heights of 2m and 6m). They measured the reception level and throughput while varying the horizontal angle of the antenna. As a result, it was confirmed that communication is possible as long as the angles are within half width of the antenna used (±11 degrees for both horizontal and vertical planes)[29].
Attenuation due to swaying trees, etc. located on the propagation path
Cambridge University and University of Technology Malaysia continuously measured fixed wireless communication between two points to assess the impact of swaying trees and other objects located on the propagation path. Measurement conditions were as follows. 

· Frequency: 5.8 GHz band
· Antenna height: 10 m
· Polarization: vertical polarization
· Items measured: reception level, wind direction and wind speed during the period of August to September 2009.

As a result, it was suggested that strong winds may cause trees to enter the 1st Fresnel Zone, resulting in unexpected attenuation. It was also reported that wind can cause amplification effects as well as attenuation effects, depending on the wind direction. Figure 17 shows experimental condition and Figure 18 represents the results. [30]
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[bookmark: _Ref442319952]Figure 17 Plan view of Link B
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[bookmark: _Ref442319961]Figure 18 Distribution of excess mean RSS and standard deviation of RSS within 10-minute at different mean wind speed for four mean direction sectors in Link B (On-leaf). (a) 270°-360° (b) 0°-90° (c) 180°-270° (d) 90°-180° (e) Trends of slow fading (f) Trends of fast fading

Measured data and analysis of effects on millimetre-wave link due to wind
As the increasing number of small cells to satisfy the traffic need per area, it is unavoidable to install radio equipment even on low and vibrating structures (utility poles, street lamps, walls of buildings, etc.), in addition to the conventional high-strength steel towers. In such cases, the equipment installation would be in bad condition, and that leads to the concern of radio quality degradation. Especially when installing antennas with narrow beams in mm-wave on an unstable pole, it is necessary to consider the influence of the wind.
We observed the influence of the wind when installing the millimetre wave (E-band) device on the pole for 2.5 months. A parabolic antenna with a diameter of 350 mm, a radio equipment, an anemometer and an acceleration sensor were installed on a steel pole with a thickness of 89 mm and a length of 5 m. Figure 19 shows the measurement system.

[image: ]
[bookmark: _Ref493091820]Figure 19 Measurement system

We assume the static load given to the pole and the antenna due to the wind and consider it as follows. The calculation model is described in Figure 20.

[image: ]
[bookmark: _Ref493091878]Figure 20 Calculation model

The probability distribution of the wind speed is expressed by the Weibull distribution as shown in Equation 1. An example result of this measurement system is shown in Figure 21. Weibull coefficients were K=0.75 and C=0.81. The wind speed corresponding to the probability of 99.999% was 20m/s.
	(1)
[image: ]
[bookmark: _Ref493091926]Figure 21 Wind speed distribution

The inclined angle of the pole assuming the static load taken on the pole and the antenna due to wind is derived as follows.
The velocity pressure when the wind velocity is  is shown as follows.
	(2)
: Speed pressure [N/m2]
: Air density (=1.226[kg/m3])
: Wind speed [m/s]
The static load  applied to the pole and the static load  applied to the antenna are shown as follows.
,		(3)
: Wind load applied to the pole [N]	: Wind load applied to the antenna [N]
: Drag coefficient of the pole		: Drag coefficient of the antenna
: Wind receiving area of the pole [m2]	: Wind receiving area of the antenna [m2]
Inclination angle  is shown as follows.
	(4)
: Young’s modulus [Pa]
: Second moment of area [m4]
: Length of the pole [m]
From the above, the inclination angle θ is proportional to the square of the wind speed. The rms value of the inclination angle with respect to the wind speed in this measurement system (Figure 22) shows the relationship similar to the relationship between the wind speed and the static load as described above. The slope at wind speed of about 2 m / s or more was about 1.88, and it was found that the result close to the theoretical value (static load model) was obtained. At this time, the inclination angle at a wind speed of 20 m / s was 0.4 degrees. Since the inclination angle is the square of the length of the pole from Equation 4, if the length of the pole is 10 meters (twice), the inclination angle is assumed to be 1.6 degrees.
[image: ]
[bookmark: _Ref493091985]Figure 22 Inclination vs. wind speed

Figure 23 shows radiation pattern of the antenna using mathematical model which is approximation of real antenna pattern. Its half power beam width is 0.9 degree. According to Figure 23, the 0.4 degree shift of beam direction corresponds to 2.2dB degradation of antenna gain.
[image: ]
[bookmark: _Ref493092035]Figure 23 Radiation pattern

Figure 24 shows the probability distribution of the attenuation (for one antenna) converted from the measured value wind speed distribution (Figure 21) and the inclination vs. wind speed (Figure 22) with the antenna. From Figure 24, the attenuation corresponding to probability of 0.001% (corresponding to wind speed of 20m/s, inclination of 0.4 degrees) was 2.2dB. At worst we have 4.4dB attenuation for both transmission and reception. Although this value itself cannot be said to be larger than that of the millimetre wave equipment, if the initial angle when installing the antenna is deviated from the optimum position, the value further increases.
[image: ]
[bookmark: _Ref493092156]Figure 24 Antenna gain degradation

As described above, the actual measurement example of the inclination of the pole due to the wind and the probability distribution of the attenuation of the antenna gain corresponding to it are shown. The data shown here is expressed in a static model with respect to a specific pole, antenna and wind environment, but the actual pole inclination is dynamic, and the change in wind speed and the change in the pole inclination do not always match. Considering the mass of the radio equipment, etc., it is necessary to model the influence of wind more generally.
Figure 25shows Rx level vs. wind speed (instantaneous value). The red line shows lower limit value of probability of 99% in the observed Rx level. Since the number of samples is small in the wind speed of 15m/s or more, the lower limit (dotted line) is shown by extrapolation. It can be seen that as the wind speed increases, the lower limit of the Rx level gradually decreases. It was observed that the degradation of around 20dB occurred instantaneously under the strong wind of around 20m/s.
[image: ]
[bookmark: _Ref493092287]Figure 25 Rx level vs. wind speed

From the above, the inclination of the pole due to wind is shown by the calculation model, and it was found that the relationship is similar also in actual measurement. We observed instant degradation of the Rx level momentarily at strong winds. It is necessary to consider the influence of the wind when installing an antenna with narrow beam of millimetre wave, etc. on a non-robust pole.

Snow
1. Experimental Results on impact of Snow Accretion in the 40GHz and 90 GHz Band Millimetre Wave
As described in the above sections, link quality in millimetre wave bands has a risk of additional propagation loss due to rain fade, thus many studies related to rain fade were conducted. Not only rain but also snow is a major factor of the deterioration in particular in the millimetre frequency ranges. Considering practical cases, received power though an antenna covered by thick snow is less than that of without snow. 
In order to study such impact including snow accretion in those frequency bands, radio propagation experiments have been conducted in Japan. In the experimental setup, temperature was kept below zero degree [31][32]. A receiver with a horn antenna was placed in the opposite side of a transmitter, and received power from a transmitter was recorded by a spectrum analyser located outside of the room. The impact of snow condition on propagation loss was measured by changing thickness and/or moisture content of snow located in front of the receiver. 

1. 40GHz Band
 Figure 26 shows experimental configuration in this study in 40 GHz Band.

[image: ]
[bookmark: _Ref493080329]Figure 26 Experimental configuration in 40 GHz Band [26]
Propagation loss in each arrangement of snow thickness and moisture content calculated from measured data is shown in Figure 27. In case that moisture content of snow is equal to zero, the propagation loss is almost same value of 5dB in any thickness of snow. On the other hand, the increase of snow thickness leads to a proportional decrease of the received power in case the snow contains high amount of water.

[image: ]
[bookmark: _Ref493080378]Figure 27 Experimental results of propagation loss in each arrangement case in 40 GHz Band [31]
 
The moisture content, W, is defined as the ratio of the water weight to the total weight of wet snow in percent, and can be calculated by

     
Where,  C is the specific heat of water (4.2 x 103 J kg-1 K-1), L is the latent heat of fusion of ice (3.34 x 105 J kg-1). M1, M2 ,M3 and M4 are determined with an accuracy of 10-4 kg, and Tl and T2 in Celsius with an accuracy of 0.1°C [33].

90GHz Band
Figure 28 shows experimental configuration in this study in 90 GHz Band.

[image: ]
[bookmark: _Ref493092700]Figure 28 Experimental configuration in 90 GHz Band [32]

Propagation loss in each arrangement of snow thickness and moisture content is shown in Figure 29. In the case of the moisture content of 0%, the attenuation amount is about 5 dB at the maximum even if the thickness of snow is 70 mm. However, when the moisture content increased to 2.5%, there was attenuation of more than 10 dB with the thickness of snow is only 10 mm. Overall, the attenuation tends to increase as the moisture content and/or thickness of snow is higher.

[image: ]
[bookmark: _Ref493092759]Figure 29 Experimental results of propagation loss in each arrangement case in 90 GHz Band [32]


These results prove the necessity of considering enough link margin for link design in the snowy area, and show the importance of mechanisms for antenna to avoid being covered by snow.

Field Measurement Results of Snow Attenuation in the 80 GHz Band Millimetre Wave
This section introduces the results of radio propagation tests conducted in the millimetre waveband (70/80 GHz band) by the Shinetsu Bureau of Telecommunications (MIC) from October 28, 2003 to January 19, 2004. The test was performed over a three-month period from fall to winter in Niigata Prefecture, an area in Japan known for its abundant snowfall, to collect and analyse technical data on transmission distances, line stability, and rate of instantaneous link interruption due to attenuation by falling snow.
Figure 30 shows the measurement locations and Figure 31 are photographs of the transmitter and receiver stations. They were both installed on top of high rise buildings to ensure a line of sight signal path between the transmitter and the receiver. The distance between the two stations was 1.39 km. Measurement was conducted using 83.5 GHz signals. Figure 32 and Table 2 show photos of radio equipment  and its key specifications, respectively.
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[bookmark: _Ref493093376]Figure 30 Measurement locations
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[bookmark: _Ref493093401]Figure 31 Transmitter and receiver installation conditions (transmitter to left and receiver to right)
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[bookmark: _Ref493248140]Figure 32 Photos of radio equipment

[bookmark: _Ref493081831]Table 2 Key specifications of radio equipment used
	Item
	Specification
	Remarks

	Frequency
	73.5 GHz
83.5 GHz
	83.5 GHz signals were used for the measurement

	Output
	Max. 100 mW
	Max. 20 dBm

	Modulation scheme
	ASK (OOK)
	

	Occupied bandwidth
	4.95 GHz (70 GHz band)
3.66 GHz (80 GHz band)
	

	Max. transmission quantity
	1.5 Gbps
	

	Antenna size
	10 inch Lens
	25 cm

	Antenna gain
	43.6 dBi (70 GHz band) 
44.5 dBi (80 GHz band)
	Beam width 1.1° (70 GHz band)
Beam width 0.9° (80 GHz band)

	Threshold
	-54 dBm@10-6BER
	



Data collected in the test include received power, BER (bit error rate) conversion, amount of snowfall, video of transmitter and receiver stations (to confirm the amount of snow accumulated on the antenna), and ping transmission (to confirm timeout).  
The data obtained over the three months were processed by the type of weather event (sleet, wet snow, dry snow, snow accumulation on antenna) that would have roughly the same impact on received power, to identify the attenuation characteristics of different types of typical snowfall events. 
When calculating the snow attenuation coefficient (attenuation per unit distance [dB/km]), the measurement data were corrected for geographical heterogeneity of snowfall amount, using data from a precipitation gauge installed by the receiver station and weather observation data of the region announced by the meteorological agency. 
The following is an overview of the measurement results. The input power received by the receiver during normal times was measured to be approximately -27 dBm, while the minimum receivable power, in other words the threshold, was -57 dBm based on data obtained during rainfall. This means that the measurement margin was approximately 30 dB (from -27 to -57 dBm). 
Figure 33 shows the snow attenuation coefficients calculated from the measurement results. Snow attenuation coefficient was obtained for overall snowfall and separately for different types of snowfall (sleet, wet snow and dry snow). In addition, the figure also includes estimate values obtained by extrapolating measurement results from a separate radio propagation test conducted in Nagaoka City (also in Niigata Prefecture) using four different frequencies ranging from 11 to 48 GHz (transmitter-receiver distance 4km, test period of 4 months). 
The results show that the correction coefficients are generally larger for snowfall compared to those for rainfall. Correction coefficient is particularly large for sleet and small for wet snow. Differences were also observed among snow types; snow attenuation coefficient for wet snow is closer to the estimated values whereas those for sleet and dry snow are smaller than the estimate. Analysis of these results found that when one-minute average of snowfall intensity was 10 mm/h, attenuation (including the impact caused by snow accumulation on the antenna) was about 10 dB/km for sleet and dry snow, while attenuation was nearly 20 dB/km for wet snow. In addition, we also found that falling snow and snow accretion combined can easily cause attenuation of 30 dB at a transmitter-receiver distance of 1.39 km when measures are not taken to prevent snow accretion. 
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*Estimate value: Γ　＝　2.475R 0916  (dB/km)　
[bookmark: _Ref493093624]Figure 33 Snow attenuation coefficients calculated from the measurement results

Figure 34 shows the changes in received power on January 14. It was snowing that day and snow had accumulated on the antenna. It stopped snowing later that day, but snow accretion remained on the antenna for some while. When the accumulated snow dropped from the antenna at 2:29 PM, received power rapidly recovered in a step-like pattern. By comparing the levels of received power at 1:00 PM when it stopped snowing and at 2:29 PM when snow fell off of the antenna, it can be concluded that snow accretion on the antenna was responsible for attenuation of 10 dB in this case. 
Figure 35 shows snow attenuation coefficient by different snowfall events. Event (1) shows a case in which there was no snow accretion on the antenna, while snow accretion was observed in Events (2), (3) and (4). Comparison of these different cases show that snow accretion on the antenna can cause attenuation of 5 to 10 dB.
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[bookmark: _Ref493093718]Figure 34 Changes in received power on January 14
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[bookmark: _Ref493093886]Figure 35 Snow attenuation coefficient by snowfall event

In this test, we obtained data on snow attenuation in 80 GHz band through actual measurement and calculated snow attenuation coefficients for different snow types. It provided valuable data to inform line design for regions with heavy snowfall. We also found that snow accretion on the antenna is assumed to cause attenuation of 5 to 10 dB, which can be effectively mitigated by taking measures to prevent snow accretion, particularly in snowfall regions. 

Discussion on the impact of Snow Accretion
Comparing the laboratory experimental results of propagation loss due to snow accretion in 40 GHz band and 90 GHz band, following items were found out.
-	The increase of snow thickness leads to an increase of propagation loss in 40GHz band. On the other hand, the propagation loss in 90 GHz shows approximately 25dB when the snow thickness is over 40mm.
-	The propagation loss of each frequency bands is less than 5 dB when moisture content of snow is equal to zero. When the moisture content is almost equal to 2.5%, the propagation loss in 40GHz band is larger than that of 90 GHz band under the condition that snow thickness is from 0 to 40 mm.
Referring to the field measurement result in 80 GHz band, the propagation loss caused by snow accretion are approximately 5-10dB. This result roughly agreed with the laboratory experimental result when the snow moisture content was a few percent.


Mitigation technique for those impact of severe weather conditions
Technologies
In this section, practical or developing technologies to avoid or mitigate the impacts described in section 3 are introduced.
1. ATPC (Automatic Transmit Power Control)
FWS has variation of Received Signal Level (RSL) due to the fading, rain fall and wind-effect. If FWS always must have enough tolerance against the variation, the transmission power has to be at maximum level at any time. This high-power signal might cause interference to the near system, and the power consumption would be high.
In order to avoid the above issues, ATPC is adopted in the current FWS equipment. Under the normal or good condition, the Tx can reduce the Tx power. The Rx has an RSL detector, and informs the RSL gap value, which is difference between the required RSL and the current RSL, to the Tx. Figure 36 shows the basic configuration of ATPC. When the RSL is too low, the Tx increases the Tx power until it approaches the standard RSL value. When the RSL is too high, the Tx decreases the Tx power until it approaches the standard RSL value. This power control is executed every a few milli-seconds. In this way, the fluctuation range of the RSL is suppressed to be smaller than the fluctuation range of the channel attenuation. The relationship between the channel attenuation, the Tx power and the RSL are shown in Figure 37. The ATPC range means the difference the maximum and the minimum of Tx power.
The curves in Figure 37 are not based on precise periodic measurement, so that the time interval is not constant. Therefore, the horizontal axis in Figure 37 has no unit.
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[bookmark: _Ref493093984]Figure 36 ATPC Configuration
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[bookmark: _Ref493094034]Figure 37 An Example of ATPC Operation
      
1. ACM (Adaptive Code and Modulation)
In the past, the modulation scheme of FWS was fixed, and also its capacity was fixed such as STM-1 or 32E1. Recently, FWS is used for IP data transmission, and the capacity does not have to be specified with some TDM signal interfaces. The capacity can be increased by changing the modulation scheme or coding rate according to the channel condition. Looking at from another perspective, if the capacity reduction due to the down shift of modulation is allowed, the most important signal can survive even under severe condition. This is a concept of ACM. 
Figure 38 shows the basic configuration of ACM. The practical procedure is following.
The Rx has a channel quality indicator, and informs this information to the Tx. The Tx decides the appropriate modulation scheme and the strength of FEC according to the information. These two parameters are related to the efficiency, in other words, the throughput. If the quality is degraded, the Tx uses the modulation scheme with a bitrate lower than that before a bit error occurs. In the contrary case, the Tx uses the modulation schemes with higher bitrates. Figure 39 shows the relationship between the channel attenuation, the RSL and the efficiency when the Tx power is constant. The timing of modulation switching is informed to the Rx on ahead. Therefore, the switching is executed without any bit errors. The strength of FEC might be changed at the same time. ACM can achieve both the highest throughput and the highest reliability.
The current ACM can follow more than 100dB/sec change of SNR on the channel. Therefore, it is an effective technology for avoiding an outage due to not only rain fall but also selective fading.
The horizontal axis in Figure 39 has no unit, in the same way as in Figure 38.
For millimetre-wave link, adaptive bandwidth technology is also used with ACM.The combination of ATPC and ACM is adopted in the current system.
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[bookmark: _Ref493094091]Figure 38 ACM Configuration
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[bookmark: _Ref493094144]Figure 39 An Example of ACM Operation

1. Beam steering
Beam steering is a technology which changes the direction of the main lobe of an antenna with adaptive control. The antenna is composed of some antenna elements, and a signal processor which changes the phase of the Tx or Rx signal is connected with each antenna element. Figure 40 shows the principle of beam steering. Theoretically, the signal processor can be configured at anywhere RF, IF and baseband stage. The configuration of signal processor and the number of antenna element are determined by consideration of trade-off between cost and performance.
This technology has been already established in the access system of the mobile network. For FWS, however, it is still under development.
Sometimes, the term of beam forming is used for the same meaning. However, beam forming includes both beam steering and null steering. 
In the case of deviation of the antenna direction due to strong wind, if it might be possible to detect the quantified deviation, the reduction of RSL could be compensated by the beam steering technique.
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[bookmark: _Ref493094190]Figure 40 Principle of Beam Steering



Case study
This section presents the current or future deployments of the technologies or products, which can support APT members to consider or introduce of these technologies.
1. ACM (Adaptive Code and Modulation)
In this section, the real measured data and analysis of millimetre-wave link performance using ACM technology are described as an example of effectiveness introducing the mitigation technique. 

i) Conditions
Tables 3 and 4 show the link location and radio parameters in this trial which was conducted in March 2015.
In this trial, the ACM is changing of modulation scheme only, the coding is same for all modulations. The maximum Tx power depends on the modulation scheme due to the required linearity at Tx out.
						
Table 3	Link Location (in Western Japan)
	
	Site A
	Site B

	Altitude
	3.5m
	14.2m

	Height of Building
	34m
	10m

	Antenna Pole
	2.4m
	2.4m

	Antenna Elevation
	-0.98deg
	0.98deg

	Link Distance
	2.65km

	0.01% Rain Rate
	53.6mm/h



Table 4	Radio Parameters
	
	Site A
	Site B
	Note

	Tx Frequency
	75.375GHz
	85.375GHz
	

	Tx Power max
	+9 to +18dBm
	+9 to +18dBm
	Depends on Mod.

	Antenna
	0.3mφ(43dBi)
	0.3mφ(43dBi)
	Nominal gain

	Modulation
	QPSK to 256QAM
	QPSK to 256QAM
	Controlled by ACM

	ACM
	Auto
	Auto
	

	Channel Separation
	500MHz
	500MHz
	

	Radio Capacity
	3Gbps max
	3Gbps max
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		(a) Site A				(b) Site B
Figure 41  Installation Situation at both sides

The link budget calculation according to ITU-R Rec. P.530 shows the availability is 99.98% for the QPSK mode. This link distance is slightly longer than the standard distance in the case of over 99.99% availability.

ii) Results and Analysis
In this trial, the following data were recorded at the both sides.

    Weather Data (Recorded at the near meteorological observatory, common for both)
        Temperature [deg C]
        Relative Humidity [%]
        Rain strength [mm/h]
        Maximum instantaneous wind speed [m/s]
   Link Performance
        Received Signal Level (Max, Min) [dBm]
        Modulation
        Packet Loss Rate [%] (Only at Site B)

Figures 42 and 43 are the record of weather and link performance during 4.5days. These figures show that the RSL degradation was caused by heavy rain mainly. And the modulation scheme was changed according to the RSL. However, no packet loss was observed even at the switching timing of modulation scheme.
The ACM can reduce the probability of outage, since the lower modulation scheme has higher Tx power and larger RSL margin comparing the highest modulation scheme. The capacity is reduced according to the modulation level down, however, the high-priority data can be protected by sending in lower modulation scheme.
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Figure	42	Received Signal Performance (Site A to Site B)
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Figure	43	Received Signal Performance (Site B to Site A)

Figures 44 and 45 show the time ratio of each modulation level through 480 hours trial. The result shows that through the most of all time the highest modulation can be used. The flat fade margin was critical for 256QAM. Then the highest modulation is 128QAM in the link Site A to Site B which has lower antenna gain due to the lower frequency.
The ACM can keep the capacity at high level, and reduce the probability of outage simultaneously. This feature is useful especially for IP signal transmission which does not have the specified capacity.
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Figure 44	Modulation time ratio (Site A to Site B)
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Figure 45	Modulation time ratio (Site B to Site A)

Conclusion
The Asia-Pacific region is frequently exposed to severe weather conditions such as strong winds like tropical cyclones, heavy rain and heavy snow. This report explains that such weather conditions cause propagation loss which cannot be overlooked especially against FWS in high frequency bands including microwave or millimetre-wave. 
Starting with rain impact, the rain attenuation prediction methods and their parameters listed in ITU-R recommendations are used globally to measure impacts of rainfall. However, regarding to this report, larger rain attenuation than calculation of ITU-R model occurs depending on periods of rain in the Republic of Indonesia located in the tropical area. 
The report describes the study result of both theoretical model and measured data about attenuation due to vibration of antenna caused by strong wind. Laboratory experimental results and field measurement results are obtained to report attenuation due to snowfall and snow accumulation. Technologies such as ATPC, ACM and Beam steering have been developed in order to avoid or mitigate the impacts by these weather conditions described above. In a case study, ACM is introduced as an example of reducing impacts by rain.
Technologies that analyse and mitigate impacts on FWS due to severe weather conditions characterized in the Asia region are extremely important for the stable operation of fixed wireless networks in this area, therefore the enhanced standardization on technologies is expected.
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ANNEX
MEASUREMNT METHOD OF INCLINATION OF THE POLE UNDER WINDY CONDITION

 Introduction
Transmission availability and connectivity in the millimetre-wave FWSs are affected by the weather condition, especially wind. When the strong wind inclines the pole set for the antenna of the FWS, the resultant area of the millimetre waves at the receiver antenna will fluctuate. The measurement setup and procedures are described to evaluate the inclination of the pole, and the effects on the received signal strength. The field trial was conducted in Thailand

Measurement setup
Figure A-1 shows the example setup of the millimetre-wave FWS set in Thailand. The poles in the setup are made by a stainless steel (SS400) with a diameter of 101.6 mm (4 inches) and a thickness of 3.2 mm. The height of an antenna set to the pole of site 1 is 3.5 m; the total pole length was 4.0 m. Two accelerometers are attached to the pole at heights of 1.5 m and 3.0 m from the base. A weather logger for collecting wind, temperature, rain information was set on the top of the pole. Information from all the sensors was collected by a data logger unit in every 10 ms. The received signal strength indicator (RSSI) of the FWS unit was also stored in the data logger. The height of the pole of site 2 is 1.5 m with lateral clamps. Thus, the pole deflection at site 2 should be negligible. The distance between the two sites was 150 m.
[image: ダイアグラム, 概略図
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Figure A-1 Schematic illustration of the setup of the antenna and the sensors and block diagram of connections. 
The equipment and their connections are also shown in the figure. Acceleration information obtained by the accelerometers, which has three-axis sensitivity, are captured by a data logger. The data logger also acquires an RSSI information output from the FWS main unit. The data logger is controlled by a single board computer such as Raspberry Pi. The weather data sensed by a weather logger are directly captured by the computer. In the other site, only the RSSI information is acquired by the other single board computer, which controls the FWS unit. All the data are transported via the Ethernet network to a data server.
Figure A-2 shows the photos of the antenna units installed in the Chiang Mai University campus, Thailand. The distance between the antennas is approximately 150 m.

[image: A satellite dish on a pole
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Figure A-2 Photos of the installed system: (left) antenna sites, (middle) antenna on the pole at site 1, and (right) equipment in water-shielded enclosure box with power supply.
The map of the experimental area is shown in Figure A-3. The locations of the antennas (GPS coordinates 18.7962711° N, 98.9813423° E and 18.7959594° N, 98.9520609° E) were on the roofs of the two tallest buildings (4 stories). There was a line of sight (LOS) between the two antennas. Fresnel zone was well clear of any obstruction, thus multipath interference may be ignored.
[image: A picture containing text
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Figure A-3 The experimental locations with their GPS coordinates.
Direct Dynamic Pole Angle Measurements via Accelerometer  
The dynamic pole inclination angle can be directly measured using the setup in Figure A-1. The measured accelerometer data consist of 3-axis accelerations at the lower and upper positions on the pole. The sampling period for the acceleration data was 10 ms. The accelerations were high-pass filtered at the frequency below the natural vibration frequency of the pole to remove the gravity. Let the filtered accelerations   where where  denotes the values of the upper and lower sensors respectively The double integration of accelerations yields the time-varying displacement of both pole positions,

The pole vector is , as shown in Figure A-4. The inclination angle magnitude is calculated from the dot product using,

Alternatively, the directional 3D inclination angle can be calculated using the cross product,

where  is the optimal pole position,  is the height difference of the two accelerometers, and where  is the unit vector in the direction of . The inclination angle  should be equal to the sum of initial axis misalignment, and static and dynamic angles due to wind.
[image: A picture containing gauge
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Figure A-4 3D inclination angle measurement diagram.

Experimental data and analysis
1. Real-time pole inclination measurement data
The obtained weather information is shown in Fig. A-5 on May 24, 2022 as an example. The weather sensor data include wind speed and direction, temperature, humidity, and precipitation, averaged over the 10 seconds. On the selected day there were periods of moderate winds with minimal rainfall. 

[image: グラフ, ヒストグラム
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Figure A-5 Wind speed and rainfall data observed on May 24, 2022
The measured accelerometer data consist of 3-axis accelerations at the lower (l) and upper (u) positions on the pole ( and ), as shown in Figure A-6. The sampling period for the acceleration data was 10 ms. The accelerations were high-pass filtered at the frequency below the natural vibration frequency of the pole to remove the gravity and the initial inclination effects. The filtered accelerations were integrated twice to yield the time-varying displacements of both pole locations and then to calculate the pole vector. Dynamic pole angles with respect to initial pole vector were calculated in 3D using the vector cross product. The results are shown in Figure A-7.
[image: Chart
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Figure A-6 Three-axis accelerations at the two sensor positions.  
[image: Chart, histogram
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Figure A-7 Estimated pole angle as a function of time. 
  
2. Long term weather data 
The rain and wind distributions over the 8-month period during the rainy season in 2022 are shown in Figure A-8 and Figure A-9. The weather was characterized by heavy rain. This is seen in the cumulative distribution of the measured rain rates, as in Figure A-8. The measured rain rate, which exceeded 0.01% of the time R0.01=83.20 mm/h is higher than the prediction given using the ITU-R P.837-7 recommendation (which provides the rainfall rate prediction when reliable long-term local rainfall rate data is not available) of R0.01=67.27 mm/h. 
The cumulative distribution function of the wind speed during the same period was plotted in Figure A-9. As described in equation (1) of the main text, the wind speed distribution can be modelled using a Weibull distribution. The values of the wind speeds at 50%, 99.9% and 99.99% of the time were 0.8989 m/s, 5.2597 m/s and 6.5603 m/s, and are the low-wind threshold, the high-wind threshold and the value used in the link budget calculation, respectively.  
[image: Chart, line chart
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Figure A-8 Cumulative distribution of the measured rain rates compared to the ITU-R P.837-7 model [2].
[image: A picture containing diagram
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Figure A-9 Wind speed cumulative distribution function (cdf) and Weibull distribution fit [2].
3. Rain Attenuation and Combined Rain-Wind Attenuation
In addition, the measured data are compared with the ITU-R model for rain attenuation by using the following models: ITU-R P.838, ITU-R P.530-18 and APT-AWG-REP-81 (this report). The results are for vertical polarization. In Figure A-10, the data have been divided into two groups: rain with the top 50% of wind speeds, and rain with the bottom 50% of wind speeds. The vertical dash line indicates the R0.01=83.2 mm/h rain rate. The results show that the current version of ITU-R models provides a good estimate for the average attenuations when rain rates are close to the R0.01 value. At low rain rates, on the other hand, there was significant wind-induced attenuation where the two groups differ. The combined rain model (ITU-R) and wind model (APT-AWG-REP-81), the purple line, provides a better estimation at low rain rates. Using a 99.99% wind speed to calculate the inclination angle as in equation (4) of the main text, the inclusion of APT wind attenuation model adds an extra 2.782 dB of attenuation.
 
[image: Chart, scatter chart
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Figure A-10 Average attenuation in 1-min intervals as a function of rain rate of two groups of data compared with ITU-R model and the combination of ITU-R and APT-AWG-REP-81 models [2].
4. Wind-Induced Attenuation Using Direct Inclination Angle Measurement
The plots of the inclination angle magnitude (θ) versus wind direction are shown in Figure A-11, where Figure A-11(a) is the angle magnitude and Figure A-11(b) is the histogram of the angle magnitude exceeding the threshold of 0.5496° (Average +  standard deviation). The real-time measurement of pole inclination angle allows the effect of wind direction to be observed. The plots of attenuation versus wind direction are shown in Figure A-12, where Figure A-12(a) contains all values of attenuation, and Figure A-12(b) is the histogram of the attenuation exceeding the threshold of 3.3739 dB (Average + standard deviation). The top-view images of the pole and antenna orientation are also depicted, where the antenna is facing the 0° direction. It was observed that the inclination angle or the attenuation was larger in specific wind directions. This may be due to the off-centered weight of the combine pole and antenna unit as well as the effects of the weather system and the surroundings of the different field trial location. Hence the inclination angle measurement provides additional important data to determine the link attenuation, not available by the attenuation model which relies on only the wind speed. 
[image: Chart, radar chart
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Figure A-11. (a) Angle magnitude plot versus wind direction, with the threshold shown; (b) histogram of angle magnitudes that exceed threshold according to the wind direction (the number of samples ×1000). The antenna is facing 0° direction [2].
[image: Chart, diagram, radar chart

Description automatically generated]
Figure A-12. (a) Attenuation values plot versus wind direction, with threshold shown; (b) histogram of attenuation values that exceed threshold according to the wind direction (the number of samples ×1000). The antenna is facing 0° direction [2].
The correlation between the maximum measured inclination angle and the minimum received power within 10-s intervals was found to be consistent with the previous data (Figure 25 of the main text). In the first data group in Figure A-13, only the data with no rain (maximum rain rate = zero) in each interval have been included to eliminate the effect of rain attenuation. The radiation pattern of the antenna can be used to calculate the lower limit of the wind-induced attenuation as in [1], shown as the solid line. From the measured data, initial axis misalignment of approximately 0.394° causes approximately 1.404 dB of attenuation. Most data, however, do not show dependency with the pole inclination angle. This may be due to the inclination directions, which were not included in the calculation. Side inclination of the antenna pole in this setup produced a much lower attenuation, by two orders of magnitude [2].
In Figure A-14, the data include those with positive maximum rain rates. Compared to Figure A-13, there have been many data points with much lower than expected received powers, especially at small inclination angles due to the additional rain attenuation. By starting with the model for wind-induced attenuation under zero-rain conditions (the purple curve), the effect of rain attenuation calculated using the ITU-R rain model using a R0.01 rain rate (obtained in Figure A-8) can be added (the green curve). The combined curved can be used to estimate the lower limit of total attenuation.
[image: No description available.]
Figure A-13. Minimum received signal versus inclination angle magnitude via direct measurement due to wind [2].
[image: A graph showing the measurement of a measurement
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Figure A-14 Minimum received signal versus inclination angle magnitude via direct measurement due to wind and rain [2].
The data showed that the wind-induced attenuation is significant in this frequency region. By combining both wind-induced attenuation model in this report and the ITU-R rain attenuation model, the worst-case link budget could be estimated. Although the pole inclination angle and thus the wind-induced attenuation can be estimated via wind speed, the direct inclination angle measurements enabling detailed weather effects, which account for different inclination directions, and can be applied to new locations with different weather conditions. 
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