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SUMMARY  Dense millimeter-wave networks are a promising candi- [8].

date for next-generation cellular systems enabling multiple gigabit-per- Few studies on the estimation of rain rates through
second datarates. A major disadvantage of millimeter-wave systems is sig--ommercial telecommunications links have been carried
nal disruption by rain, and here we propose a novel method for rain sensing L . .

using dual-frequency measurements at 25 and 38 GHz from a small-scaleé®Uls Giuli et al: [7] proposed 6_‘ tomograph_lc techn'que based
Tokyo Institute of Technology (Tokyo Tech) millimeter-wave network. A 0N a stochastic approach using the received signal level for
real-time algorithm is developed for estimating the rain rate from attenua- estimating the rainfall rate over a specific area with several
tion using both ITU-R relationships and new éio@ents that consider the km Iong links. In [8], [9], the rain rate was estimated at

effects of the rain Drop Size Distribution (DSD). The suggested procedure . . . - .
is tested on measured data, and its performance is evaluated. The result® Y given point by using a modified weighted least squares

show that the proposed algorithm yields estimates that agree very well with 2lgorithm within a tWO'qimenSional plane using measure-
rain gauge data. ments of the received signal level. These conventional stud-

key words: Millimeter-wave Network, Rain Attenuation, Dual-frequency, jes based on a well-known power law re|ati0nship between
Rain Sensing, Rain Rate Estimation. link signal attenuation and rainfall intensity (ITU-R model)
[10],[11] cannot provide the estimation of the heavy rain
1. Introduction from the millimeter-wave attenuation correctly, because the
ITU-R model is unarguably unsuitable for heavy rainfalls
In the past few years, the increasing demand for broadband12], [13]. Moreover, the uncertainties related to Drop Size
communications has required the use of higher frequen-Distribution (DSD) variations by season, event, or even dur-
cies. Millimeter-waves have received substantial attentioning a rain event, and theifffiect on the estimated rain rates
because of their high-speed data transmission capabilitiesare not considered. This is an important issue, as theoreti-
and the creation of new frequency resources [1], [2]. In prac- cal analysis has shown that the biggest source of error is the
tice, one of the disadvantages of millimeter-wave systems isvariability in the DSD [14]. Recently, in [15] the authors
that these signals can be disrupted by rain. To overcome thigproposed a compressed sensing based detection of localized
difficulty, a dense network consisting of short radio links are heavy rain using a microwave network. In [16], Ericsson
proposed in the future wireless systems [3]. Recent reportsclaimed that microwave links can be used as a local weather
of global warming &ects on weather suggest that the fre- radar to save human lives, cut costs to business, and reduce
guency of very intense types of rainfall which are extremely the weather impact on society.
localized (in the order of less than 1 km), is increasing [4], The Microwave Attenuation as a New Tool for the
[5]; monitoring the localized rain would be indispensable Improving Storm-water Supervision Administration (MAN-
for the operation of the millimeter-wave networks such as TISSA) project has explored the usage of dual-frequency
the diversity and also important for reducing potential dam- microwave links to estimate path-integrated rainfall [14].
ages due to heavy rainfalls. In order to monitor the local- There, a method using theffiirences in attenuation along
ized rainfalls, dense rain gauge networks are needed [6]. Toa link at two frequencies is able to recover the frequency-
this end, the rainfall-induced attenuation obtained from the independent DSD variations which give a better estimate of
dense millimeter-wave networks could provide an additional path-averaged rain rates than the one obtained from single
and alternative information to the existing rain gauges [7], frequency measurements. All the above mentioned stud-
ies have investigated the macroscopic behavior of rain with
. ] relatively long microwave links, and it is fiicult to track
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Table 1  Wireless Terminal Specifications

V pol
-------- H pol
‘ Water-repellent RF [ 25 GHz [ 38GHz
" (25GHzlink only) Bandwidth 20 MHz 200 MHz
Duplex scheme TDD TDD
Modulation 16QAM QPSK16,64QAM
Antenna Gain 29 dBi 32 dBi
Max Trans. Speed| 80 Mbps | 600 Mbpgl Gbps

the FWA terminals which have the specifications listed in
Table 1. For the 25 GHz links, a water repellent named
— ijllir - HIREC [21] is uniformly coated on the antenna radomes in
T : " Link5@Fm a thickness of about 1&m for links 2, 5, and 6.

Fig.1  Tokyo Tech millimeter-wave model network. 2.2 Dataset

The received signal level (Rx Level) is measured via the re-
ceived signal strength indicator (RSSI) information, which
is calibrated by using pre-measured table relating the IF am-
plifier output and received signal strength at various temper-
atures. The bit error rate (BER) is counted as the number
(a) 25GHz Terminal (b) 38GHz Terminal of Reed-Solomon error corrections. The Rx level and BER
are tentatively stored in the FWA terminal and are moni-
tored by PCs using a simple network management protocol
(SNMP) via the Ethernet for the model network. Rainfall in-

(mmyh) is the rain rate. The céicientsk and o depend tensity is measured by tipping-bucket rain gauges installed

upon the frequency, derived analytically or statistically de- at all base stations with 0.2 mm resolution and an average of

termined by measurements. Then, the rain rate can be estil-minute ti(rjn%intervasls. Thedraifn ratgbgg Level,dan(_:irrl?ER'
n were recorded every 5 seconds from onwards. The rain
mated byR = () " (mm/h). We have developed a real- y

i lorithm § timating th abeients k and attenuation is defined as afldirence between the average
ime aigorithm for estimating thé new daeientsk an received power of dry and received power of rainy periods.
a respond to the dierent DSDs by utilizing a frequency

; . . The rain attenuatio is characterized as Eq. (1). In this
Sca."”g teghnlque. The frequgnclzy.—lndeper?der_}t DSD areresearch, several rainfall events are selected for the analysis
estimated in the sense .of maximizing the likelihoodyof to evaluate the proposed technique.

(dB/km) at two frequencies. The frequency-dependent co-

efficientsk anda are derived from this DSD and the relation
between the rain ratd&} and specific attenuatiory) are es-
:)aet;{/lvseheer%aﬁc?[)a:zodfgr?:st \]:\(/)i':het?g]inec;/i\?irczltuzrl]g\/tgr?t rlerlne}[tr:(i)sn A pre-processing is carried out in order to reduce both the
research, a ggmma function DSD model is assumed to seg:;gﬁzaxﬁﬂoﬁ?ﬁi \?v;tr;":eatetﬁggf gggtignd tieeets of
lect the likelihood of a DSD. The estimation of the rain rate P g
using the cofficientsk anda associated with this DSD be- 3.1 Quantization Noise

comes more accurate based upon dual-frequency measure-
ments at 25 and 38 GHz.

Fig.2 Photographs of the wireless terminals.

3. Preprocessing

When the rainfall intensity is derived from the measured
attenuation, it is accompanied by an uneven quantization
noise, which strongly depends on the link length and on the
attenuation value. For a 1 km link at 25 GHz (attenuation
quantizatiomA = 0.5 dB), the rainfall rate uncertainty is

2. Measurement System
2.1 Measurement Installations

The Tokyo Tech millimeter-wave model network consists of AAYY  05\Ye

18 Fixed Wireless Access (FWA) links (9 links for 25 GHz AR = (m) = (T) =32 (mnvh), (2)

and 9 links for 38 GHz), with 6 base stations on the rooftops

of as many buildings, as depicted in Fig. 1. The FWA links and for the 238 m link AR = 15.8 (mmyh) showing that a
are connected to each other using network switches at the &hort link produces a higher quantization error than a longer
FWA base stations. The shortest link is 77 m and the longestlink. In 38 GHz wireless terminal, a new/B converter is

is 1020 m. Some basic research into millimeter-wave prop- introduced and the resolution is higher than that of 25 GHz;
agation characteristics using this network has been reported\A = 0.1 dB andAR = 0.2 mmh and 1.1 mnh are real-

in [17]-[20]. Figure 2 shows photographs of the wireless ized for the long and the short link, respectively. This re-
terminals. High gain antennas, about 30 dBi, are used forsult suggests that the quantization noise in the estimation
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Fig.3 Frequency scaling of specific rain attenuations (Event on April
28h 2010).A,: with repellent coatingA,,o: without repellent coating.

of rain rates at high frequencies using short links cannot
be neglected. All quantization steps have an equal length,
the quantization error is assumed as a uniformly distributed
random variablen in the interval F1/2AA, 1/2AA] as are
discussed in [22]. Using = kR*d and the first-order ap-
proximation of the Taylor serie® is approximated by [8],
[23] in the final results derived from,

3)

1 1/a
R=R(A+ n)z( ) AY* 45 (mmy/h),

kd

where an erroé derived from the attenuation measurement
and given as

6=n(kd

The quantization error ok is smaller 0.1 mnh which
would be acceptable, allowing the conclusion that approxi-
mation (3) gives a better accuracy of the estimated rain rate.

4.

1

)l/a 1 e
ZAS  (mm/h). 4)
a

3.2 The Hects of the Radomes and their Calibration

SMALL-SCALE MILLIMETER-WAVE NETWORK

the rain rateR. The value folR = 0 (Ag) has the resid-
ual loss of about 1.2 dB at 25 GHz and 1.8 dB at 38
GHz, suggesting 0.6 dB and 0.9 dB loss per antenna,
respectively. The valué, for radome with water re-
pellent coating is almost zero. All the measured atten-
uation will be reduced by

A = A— A, (dB), )

where A is the measured attenuation along the links
while Ag represents 0, 1.2 or 1.8 for repellent, for 25
GHz and 38 GHz without the water repellent coating,
respectively.

Figure 3 shows the relations betwe@jjrwo’zs/d for 25

GHz andA;%"sg/d for 38 GHz measured for two links
2 (in red) and 3 (in pink). A% 5/d and Aca g/d

are proportional with dferentws%gés for Link 150’(3{3@)
and Link 3 (tarb) in Fig. 3. Since only the anten-
nas of Link 2 at 25 GHz have the water repellent coat-
ing, the correction factor for wet radome is derived by
tanb/ tana = 1.89. The attenuation used for the analy-

sis in this paper is derived as follows

A% = (A-A)/1.89 (dB) (6)

The factor 1.89 approaches to 1 if the link length is
very large. In our discussion of small network, the fac-
tor 1.89 is assumed to be common for the links with
various length and for wide range of rainfall intensity
as well as the frequencies. The attenuation data in 38
GHz are also calibrated by (6) as are added by blue
in Fig. 3; the measured attenuations for two frequen-
cies with a correction by (6) given in blue are used to
establish the best-fit DSD. The procedure is explained
in detail in Subsection 4.2. Thefectiveness of this
calibration (6) should be reviewed later in rain rate es-
timation.

Rain Sensing Technique

4.1 Specific Rain Attenuation

To accurately measure the rain path attenuation along theI'he estimation of rain rates for terrestrial links starts with

links, the radome attenuation should be eliminated. The . e ; .
radome attenuation consists of two components, the radome o o=ung the specific rain attenuatipnHere they is de

loss due to material loss as well as reflection and the Wetpendenton the scattering parameters such as the size, shape,

radome surface loss due to rain drops layer. The former
is canceled by comparing the received signals in dry and
rainy weather. In order to estimate the latter, the data for the
radome with water repellent coating is referenced. Among
nine links with 25 GHz systems, only three links 2, 5, and

6 have antennas with the radomes coated with the HIREC
water repellent [21], which are almost free of wet radome

surface loss. For all the 25 GHz and 38 GHz links without

water repellent coating on radomes, the rain attenuatjgn

is calibrated as follows

and DSD of the rain drops and consequently on the fre-
quency and the polarization. Among thesefalences in
the DSD that occur during the progress of a rainfall can
produce diferent scaling ratios that depart from the simple
scaling relations considered in the ITU-R relation [10], [11].
With heavy rainfalls, this departure occurs at higher attenu-
ation levels, and in order to estimate rain rates accurately,
the frequency-dependent dheientsk anda must be com-
puted as a function of the DSD. Frequency-, polarization-
and DSD-dependent cfiientsk and a required for esti-
matingy from R along a terrestrial path follow the power-

¢ We have measured and observed that the radome attenlaw relationship [10]. The procedure for generatingfiee

uation during the rain is increasing almost linearly with

cients is as follows
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Fig.4 25 GHz attenuation with H polarizationffect of the DSD. Fig.5 38 GHz attenuation with H polarizationffect of the DSD.

e Raindrops are modeled as oblate spheroids, and the Table2 Thek « codficients,y of R =100 mnjh atf = 25 GHz
drops are assumed to descend in stagnant air with the —sg [ % ]

) R ) ) . ; aw [ kv [ ev [ wu [ w
minor semi-axis in the vertical direction (i.e. the cant- —Turss2 0.1571 ] 09991 | 0.1540 | 0.9594 | 15.6 | 12.8
ing angle is zero). Marshall-Palmer| 0.1066 | 1.0865 | 0.1010 | 1.0537 | 15.9 | 12.9

. . Gammay = -3 | 0.1273 | 1.0172 | 0.1160 | 0.9735 | 13.8 | 10.3
e The complex scattering amplitudesc{r) have been Gammay = -2 | 0.1209 | 1.0428 | 0.1119 | 0.9983 | 14.7 | 11.1

computed by Holt’s program based on the Friedholm  Gammau=-1 | 0.1153 | 1.0657 | 0.1079 | 1.0259 | 15.6 | 12.2
Gammayu =0 0.1108 | 1.0801 | 0.1043 | 1.0461 | 16.0 | 12.9

integral method (FIM) at the following 19 drop diam-  Gammag-1 | 01076 | 1.0852 | 0.1017 | 1.0568 | 15.9 | 13.2
eters: 0.1, 0.2, 0.3, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, Gammau-2 | 0.1055| 10844 | 0.0998 | 10610 | 156 | 132
455055, 6.0 65,7 7.5 and 8.0 mm [24]. [25] Gammau =3 | 01051 | 1.0797 | 0.0989 | 1.0613 | 15.2 | 13.1

e The specific rain attenuationassociated with several
DSDsn(r) is computed according to the well-known Table 3 Thek, a coeficients,y of R= 100 mmjh at f = 38 GHz
single-scattering integral formula as a functionFodt

. : DSD [ ki | an | kv | av [ yn | w
different frequencies, TUR 8383 0.4001 | 0.8816 | 0.3086 | 0.8607 | 23.2 | 21.0
- Marshall-Palmer | 0.2826 | 0.9891 | 0.2645 | 0.9747 | 26.9 | 23.5
_ Gammayu = -3 | 0.2891 | 0.9018 | 0.2689 | 0.8817 | 18.4 | 15.6
y=434 j(; Tex(r)n(r)dr  (dB/km), (1) Gammay = -2 | 0.2041 | 0.9161 | 0.2742 | 0.8960 | 20.0 | 17.0

Gammayu = -1 0.2935 | 0.9473 | 0.2738 | 0.9299 | 23.0 | 19.8

4 . . . Gammayu =0 0.2893 | 0.9772 | 0.2698 | 0.9627 | 26.0 | 22.7
whereoex(r) = ¥ | Im[oscdr)] | is the extinction Gammau=1 | 0.2849 | 0.9991 | 0.2657 | 0.9867 | 28.4 | 25.0
cross section of a particle of radiusnm. The DSDs Gammau=2 | 0.2811 | 10138 | 0.2623 | 1.0030 | 30.0 | 26.6

. . . . . Gammayu = 3 0.2756 | 1.0245 | 0.2569 | 1.0149 | 30.9 | 27.5
are normalized to satisfy the rain rate integral equation. #

A generally accepted analytic form of the DSD is the
gamma distribution [26],

drops, and < u < 2 may be used for thunderstorm rain-

n(r) = Norte ' mm-im=3 8 falls, and corresponds to a narrow DSD peak with a small
") =No 4.(32-N5)u-in5 ( 1 ) ® number of small drops. } = 0, the DSD takes the form of
No = 6x 107%™ K> (mm~"m™™*)  (9)  the standard Marshall-Palmer DSD. For short showers (or

A= O.Z[R/ (33.31N05‘+1 % (10) very heavy rain)u is even more variable and no general
1467 . statement can be made about its range of values. Finally,
XL(4.67 + )] (mm™), it must be noted that for a given rain rae they appears

highly dependent on the shape of the DSD: for example, at
100 mmih, estimates oy at 38 GHz may vary from 18.4
dB/km to about 30.9 dE&m.

The specific rain attenuation (dB/km) is determined
as functions ofu and the rain rat&®k (mnyh) as in Figs. 4
The specific rain attenuationconsidering the féect of the and 5; the fitting of the linear approximation defines the co-
DSD at 25 and 38 GHz are shown in Figs. 4, 5, respectively. efficientsk and« for a givenu. Tables 2, 3 list th& and«
Higher values ofu cause higher values of rain attenuation codficients obtained for the two frequencies here thus far.
for a given rain rate. In [27], it was shown that by catego- These cofficients are used as a look-up database to deter-
rizing the relationship between any of the DSD parametersmine the best-fit DSD. Then the measured specific rain at-
u < 0 is appropriate for orographic rain, which corresponds tenuationy,s (dB/km) andysg (dB/km) is compared with the
to a broad DSD curve with a large number of small diameter predicted ones in Tables 2 and 3 (the lines in Figs. 4 and 5)

whereyu is a shape parameter.

e The codficientsky, ay, ky, anday, are obtained by a
linear best-fit procedure on log-log axes in tRe- y
plane for each of the DSDs considered.
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5
Simulation Measurement 1 5 )
Attepuations calculated Input Rain attenuation A RMS = m ” Vecﬂ/} - Ved"}’} ” 5 (11)
using gamma DSDs at 25, 38GHz
Database ‘ ‘ Where’Y = [7’38, 725]! ’3’ = ["5/38, :)725] are measured
Der(ive coefficie-)nts ’ Ctorrectioli'l fotr linii_s w%thov,étz) ‘ and simulated SpeCifiC attenuation at 38 and 25 GHz.
water repellent coating (see o. . . . .
TabliSZ’B P ¥ il For example, Fig. 7 plots the simulation with ITU-
1 Frequency scaling ‘ ‘ Frequency scaling \ R, gamma DSDs Ofl = _390_1 and 3 tOgethe.r Wlth
lF ; l the measured frequency scaling results. In this rainfall
omparison . .
[ Detormines the likelihood DSD | event, the best-_f|t DSDis a gamma DSII)_@:% 3_.
e Then, the cofficientsk anda associated with this DSD
| Selectthe kyandag | are used for estimating the rain rates using Eq. (3).
[ Bstimate the rain rates (Rq. 3) | A software program has been developed for the practi-

Fig.6  Flowchart for the real-time algorithm estimating rain rates. cal |mplementat|o_n using the raln,fa” estimation teChmqu?’
as demonstrated in the next section. We calculate the rain-
fall progressively accumulated during the rain event, as the
parameter which is useful in rain disaster monitoring. The
O Mess. (Lik2) accumulated raiR (mm) was calculated as follows,

== == = | inear gpprox. for mess. (Link 2)
o Sim. (ITU-R) T T
*  Sim. (Ganma, p=-3) —~ ~ .
Sim. (Gamma, p=0) | R= j{; Rdt~ Z RAT (mm)9 (12)
i=0

A Sim. (Gamma, p=3)

=
o

=
o

whereR,; is the rain rate at timg AT is the time resolution.
Cumulative diferences are also introduced to know the dif-
ference in percentage between the values estimated by the
proposed method, the ITU-R values, and the rain gauge data.
The cumulative dference is defined as follows

Siol R-R|AT

0 5 10 15 %Difference= x 100% (13)
Specific Rain Attenuation at 38GHz (dB/km) R

Specific Rain Attenuation at 25GHz (dB/km)

Fig.7  Frequency scaling of specific rain attenuation with correction for whereR, andlii are the measured and estimated rain rates at
the efects of the antenna radomes (Event on April'28010). timei.

and so determine the likelihood DSD amévhich minimize 5. Results
the root mean square (RMS) errors. The procedure is fas
and could be used as a real-time algorithm for estimating
rain rates as explained in the next subsection.

t‘I'o demonstrate theffectiveness of the proposed method for
determining rainfall rates, three rainfall events were selected
for the analysis:

4.2 Rain Rate Estimation e Event 1: Weak rainfall event (peak averaged rain rate
R, = 6.3 mnyh) on March 2%, 2010.
Figure 6 shows a flowchart of the proposed real-time algo- e Event 2: Moderate rainfalR, = 25.8 mmh) event on

rithm for estimating rain rates using the measured rain at- April 28", 2010.
tenuation. The frequency scaling technique is used to deter- e Event 3: Heavy rainfallR, = 180 mmh) event on July
mine the likelihood cogéicientsk anda. The procedure can 234 2013.

be summarized below for the moderate rain as an example.

e The measured specific rain attenuatigrafter correc- 5.1 Event 1 (Weak rainfall event)
tion for the dfects of the antenna radomes are used to
plot the frequency scaling as shown in Fig. 7. Figure 8 shows the specific rain attenuations obtained from
¢ In the simulations, the céigcientsk anda are deter-  the attenuation measurements collected for Link 3 (1020m)
mined from a look-up database as in Tables 2 and 3 forat 25 and 38 GHz during the Event 1 (weak rainfall event).
a given DSD at 25 and 38 GHz. The simulated fre- Here the attenuation at 38 GHz is larger than that of 25 GHz,
guency scaling are also plotted in the same figure for and the attenuation at 38 GHz is used to estimate the rain
typical values of DSDs. rate in this rainfall event. The proposed algorithm searches
e At each time-step, the algorithm determines the like- the most likely DSD for each rain event. The best-fitftiee
lihood of a DSD for the two frequencies considering cientsk anda for this specific event are the déeients pro-
the RMS errors between the simulation and measuredposed by ITU-R assuming Laws-Parsons DSD rather than
frequency scaling, Gamma DSD. Soy, the parameter of Gamma DSD, was
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Fig.8 Specific rain attenuation at 25 and 38 GHz (Event 1). Fig.11  Accumulated rain using estimates from Link 3 (Event 1).
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Fig.9 Estimated rain using the attenuation of Link 3 at 38 GHz. The Fig.12 Specific rain attenuation at 25 and 38 GHz (Event 2).

most likely codficients are ITU-R cocients (Event 1).

Fig.10 Estimated rain using the attenuation of Link 3 at 38 GHz (Event

1),

Averaged Rain Rate at 2 End Points (mm/h)

rain rates. There is some variation in the rain rates due to
quantization errors which are not negligible with respect to

e e D — TUR such small rain rates, but these are within the acceptable
t sl Linear approx. range. The dference in the rain rates between the two rain
£ ; gauges is also plotted in Fig. 9, suggesting localized varia-
z tions in the rainfall even for the short link with the length 1
2 + il km.
ﬁ ° L.+ f,*"m Figure 11 shows the average rainfall progressively ac-
s ¢ 3 gt o/ cumulated during the rain event (same data as in Figs. 9
3¢ 35 2 g and 10) which is important for disaster warnings; the re-
g 2 *f et sults largely agree within an overall percentagéedéence
wo f of 6.6% after the 3-hour period of the event. The accumu-
040 ; " 5 5 o lated rainfalls obtained from the two rain gauges A and F

are plotted in the same figure. It is observed that localized
phenomena of the rain slightly increases deviation of these
from that of averaged one in the accumulated rainfall.

5.2 Event 2 (Moderate rainfall event)

not derived. Figures 9 and 10 show the estimated rain rate

using the rain attenuation of Link 3 with ITU-R cieients.

For the moderate rain event, Fig. 12 shows the rain attenua-

These results indicate that the estimated rain rates usingion values obtained from the attenuation collected by Link
ITU-R codficients are in good agreement with the averaged 2 (538m) at 25 and 38 GHz. Figures 13 and 14 show the
rain rate at the two end points (A and F) of the link, which estimated rain rates compared with the averaged rain rates
is represented by the 45-deg linear line in Fig.10. Normally, measured at the two end points (A and C) of Link 2 at 38
in the weak rainfall events, there are many small raindrops GHz. The most likely DSD for this event is a gamma DSD
in spherical shape. And it is appropriate to apply the ITU-R of u = 3. For comparison, the estimated rain rate using the
model based on the Laws-Parsons DSD, in which raindropsITU-R codficients is also plotted, in blue (Figs. 13, 14).
are modeled as spherical shape. The results suggest that tHauring the light rain here, lower than 10 nimfor example,
ITU-R codficients can be directly used for estimating weak the estimated rain rates using the proposed method are very
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similar to those using the ITU-R cfiients. However, at
the higher precipitation rate®(> 10 mmnyh), the estimated
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Fig.16 A photo of the rainfall event on July 3 2013 at Odaiba, Tokyo.

accounts for increasingftiérences in rain accumulation be-
tween two rain gauges. This result suggests the local fea-
tures of the moderate rainfalls. The rain accumulation esti-
mated from the radio links stays close to the averaged one
and suggests the reasonable alternative data.

5.3 Event 3 (Heavy rainfall event)

To evaluate the féectiveness of the proposed method with
intense precipitation, Event 3 noted above, was selected for
the analysis. Figure 16 shows a photo of this heavy rainfall
event on July 23, 2013 at Odaiba, Tokyo [28]. Figure 17
shows the rainfall maps at 3 time points (15:30-16:30), ex-
tracted from the report of the Tokyo District Meteorological
Observatory [29]. The speed of the progress of the storm
was very high at about 40 kim and extremely high rain
intensities were recorded. The peak rainfall rate recorded
at Tokyo Tech was about 180 nim During this down-
pour, the water level of Meguro River rose above the danger
water level, and Tokyo Metropolitan Railway and Tokaido
Shinkansen services were suspended due to the heavy rains
and lightning strikes. These emergency conditions show the
need for monitoring heavy rain events like this to reduce
damage.

Figure 18 shows the specific rain attenuations obtained
from the attenuation of Link 8 (223m) at 25 and 38 GHz for
Event 3. To evaluate thefects of the rainfall intensity and
of the variation in the DSD on the estimates of large rain
rates using the proposed method, the rain attenuations are
grouped into: O< y < 3 (dBkm), 3 < y < 12 (dBkm),

12 < y < 20 (dB/km), and 20< y (dB/km), corresponding

to “slight”, “moderate”, “heavy”, and “violent” rainfalls as
shown in Fig. 18. ITU-R, Gamma DSDs pf= -3,-2,
and -3 in turn are the most likely DSDs for the above four
groups of specific rain attenuations. It is noted that the DSD
for the range 3< y < 12 (u = -3) is different from Event

2 (u = 3) with they in almost the similar range @ y < 10
(dB/km).

rain rates from the dual-frequency measurements are supe-  Figures 19 and 20 show the estimated rain rates com-

rior to those obtained using the ITU-R dheients. The re-

pared with the rain rate actually observed with rain gauge D.

sults suggest that variations in the DSD are more significantSince the link length is short, only one rain gauge is used in

at higher rain rates.

the discussion here. There is reasonable agreement between

In Fig. 15, the accumulated rainfall is plotted using the the estimated rain rate and the actual measurements. The re-

Fig. 14 data with the relative fierence over the whole 4.5

sults were also compared with what was obtained using the

hour period around 1.8% with the proposed method, ver- ITU-R codficients (in blue): the results show that the esti-
sus 7.1% using the ITU-R cfiients. It is also observed mated rain rates are satisfactory only for the weak rainfall
that locality of rain rapidly increases with the rain rate and rates; however, at the higher rain rates, the accuracy of the
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ITU-R codficients is poorer.

Figure 21 shows the accumulated rain amount using
the Fig. 20 data, the results indicate that the estimated ac-<certainly that it is advisable to usefiirent DSDs for each
cumulated rain agrees with the rain gauge data within a dif- category.
ference of 2.5% over the whole of the 1-hour period. Using
the ITU-R codficients, this diference is as much as 17.6% 6. Conclusion
over the same period, clearly showing that incorporating the
variability of the DSD improves the rain rate prediction ac- In this paper, a deterministic algorithm was presented for
curacy. This result provides a more accurate performanceobserving rainfall intensities. Frequency-dependentfzoe
in estimating rain rates using the dual-frequency links by cients to estimate specific rain attenuations were derived.
taking into account the variation in the DSD during rain An estimation technique of rain rates considering tfieats
events (which is achieved by defining specific rain attenu- of DSDs characterized by a complex variajplevas pro-
ation classes). These results suggest that weak, moderatposed, which reflects DSD and varies dynamically for the
rainfall events do not need the categorization and that onestrong rain. The rain rate estimation method was verified
DSD is enough except in the case of heavy rainfalls, andwith data from short range terrestrial links and variety of
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rain rate including a very heavy rain event in Tokyo. The
rain rate estimation by the proposed method, which takes [17]
into account thefeects of DSDs, shows an enhanced agree-
ment to that by rain gauges’ data especially for heavy rain.
Now, the rainfall-induced attenuation could provide a real-
time rain rate monitoring alternative to the rain gauges, for
wide variety of heavy rainfalls.

In the future, an algorithm for early prediction of rain-
fall rates from past data will be proposed.
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