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SUMMARY

From January 2008 to March 2011, ONERA operatetiomlouse, France, a beacon receiver able to collect
the 19.7 GHz beacon signal of the HotBird 6 satelln March 2011, the RF chain was modified t@bke to
receive the 20.2 GHz ASTRA 3B beacon to benefimfra higher EIRP of the satellite. Since June 2615,
second beacon receiver has been installed anddga@becord the 39.4 GHz beacon signal of the Afjsi
satellite.

The objective of this paper is to present the tesof the first two years of measurements (Junes204ay
2017) of the Q-band Alphasat propagation experimentoulouse, as well as concurrent measurements
collected at Ka-band with ASTRA 3B. First of alhet propagation experiments are briefly described.
Secondly, the results of the statistical analysshéghlighted. Finally, a deep analysis of thef@enances of

the two frequency scaling prediction methods recemed in ITU-R P.618-12 is performed.

KEY WORDS: Alphasat, ASTRA 3B, Attenuation, Frequency SaglinPropagation, Satellite
Communications.

1. INTRODUCTION

The Alphasat satellite was launched in July 20130 Beacons, one at Ka-band and
one at Q-band, constitute the Alphasat Aldo ParaBorentific payload [1], [2]. Both
signals are used by the propagation community ardturope for collecting propagation
statistics [3]. The collaborative Group of the A43at Aldo Paraboni propagation
Experimenters (ASAPE) ensures the collaborationvéen all research organizations for
the execution of the campaigns, data processin@aalysis to test propagation models.

Over the past decade, ONERA has been involved se#weral Earth-space
propagation experiments. From January 2008 to Md&0hl, ONERA operated in
Toulouse, France, a beacon receiver able to collextl9.7 GHz beacon signal of the
HotBird 6 satellite [4]. In March 2011, the RF amavas modified to be able to receive the
20.2 GHz ASTRA 3B beacon [4], [5]. From mid-2013eted of 2014, ONERA and CNES
deployed four other Ka-band beacon receivers irSiheth of France in order to assess the
performances of Site Diversity techniques [5]. 8idane 2015, a Q-band beacon receiver
has been installed in Toulouse (co-located to ifs¢ ASTRA 3B beacon receiver) and is
able to record the 39.4 GHz beacon signal of tighadat satellite [6].



Section 2 of this paper is dedicated to the desoripof the Ka and Q band
propagation experiments. The link parameters ad a®lthe experimental set-up are
introduced. The results of the statistical analysisparticular the monthly and annual
fluctuations at Q-band, are highlighted in SecBoffrinally, as concurrent measurements at
Ka-band are available (using the co-located ASTHRRAb&acon receiver), a deep analysis
of the performances of the two frequency scaliregligtion methods recommended in ITU-
R P.618-12 [7] is performed. The results are shiw®ection 4.

2. DESCRIPTION OF THE KA AND Q BAND PROPAGATION EXPERENTS

2.1. Main characteristics

The Ka and Q band propagation experiments are noeettb on the rooftop of the
Electromagnetism and Radar Department buildinp@f@NERA Toulouse Centre, France,
located at 43.5710°N of latitude and 1.4716°E ofgltude (Figure 1). Situated in the
South-West of France, Toulouse is subject to bdathrtic Ocean and Mediterranean Sea
influences. The climate normals, computed overpéeod 1981-2010, are the following
[8]: the mean annual temperature is 13.8°C, thennmaaual minimum temperature is
9.1°C and the mean annual maximum temperature.8@8The mean number of rainy
days is 95.7 days/year and the mean rainfall amisu688.3 mm/year. The precipitations
are not homogeneously distributed all over the m®r#nd remain between 37.7 mm in
July (the driest month) and 74 mm in May (the wstttaonth).

At the end of March 2011, the Ka band beacon recegireviously used for the
HotBird 6 experiment was upgraded to benefit frovn better EIRP of the SES ASTRA 3B
Ka band beacon [4], [5]. ASTRA 3B is located on eogiationary orbit at 23.5°E of
longitude. The signal source is the 20.199 GHz tedcertical polarization) with a beacon
EIRP of 28.8 dBW over Toulouse. The azimuth and/alen angles from Toulouse are
respectively 149.57° and 35.11°. The signal levektorded at a 10 Hz sampling rate and
the dynamic range of the beacon receiver is ar@inaB for a 50 Hz receiver bandwidth.

Since June 2015, a Q-band beacon receiver has ibsttled in Toulouse (co-
located to the first ASTRA 3B beacon receiver) amdble to record the 39.402 GHz
(linear tilted 45° polarization) beacon signal dietAlphasat satellite [6]. Alphasat is
located on an inclined geostationary orbit (maximtn3°) at 25°E of longitude. The
Alphasat Q band beacon EIRP is about 26 dBW ovellolse. The mean azimuth and
elevation angles from Toulouse are respectively1@f7and 34.49°. The signal level is also
recorded at a 10 Hz sampling rate and the dynaamge of the beacon receiver is around
30 dB for a 50 Hz receiver bandwidth.
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Figﬁre 1. Overview of tha and Q band brogation experiments in Touldesa)ce
2.2. Experimental set-up

The experimental set-up of the Ka and Q band prajpayg experiments in Toulouse is the
following:

* Anindoor Ka-band beacon receiver,

* An indoor Q-band beacon receiver,

* A profiling radiometer for total attenuation cahition,

* Atipping-bucket rain gauge for rainfall rate me&suaents,

A GNSS receiver for water vapour retrieval algarmtkesting (not described in this

paper as out of the scope).

They are briefly described in the following secgon

2.2.1. Ka and Q band beacon receivers

At the end of the 90’s, ONERA designed and builb timdoor beacon receivers
(20.7 and 41.4 GHz) for the Stentor propagationeexpent [9]. After the launch failure
and the loss of the satellite, the 20.7 GHz beaeosiver was modified to receive firstly
the 19.7 GHz Hotbird 6 beacon [4] and secondly2®b@ GHz ASTRA 3B beacon [4], [5].
The Alphasat mission has given the opportunity twkwnat higher frequency with the Q-
band beacon of the Alphasat Aldo Paraboni Scientifiyload. Consequently, the second
beacon receiver has been slightly upgraded tovedbe 39.4 GHz Alphasat beacon signal

[6].

The main characteristics of the two indoor beaceceivers are very similar.
Basically, they consist of a Cassegrain parabailierana of 1.20 m diameter with the RF
chain immediately placed at the output of the amieio avoid feeder loss. Three successive
frequency down-conversions are performed:

e a first one from 20.2 GHz to 110 MHz or from 39.4%to 220 MHz for the Ka

and Q band beacon receivers respectively;



* asecond one from 110 to 10 MHz or from 220 to 28zMor the Ka and Q band
beacon receivers respectively,

e a third one from 10 MHz to 2 kHz or from 20 MHz 2c6 kHz for the Ka and Q
band beacon receivers respectively.

The Alphasat beacon receiver is equipped with aanhya tracking system to
counteract orbit inclination. It is based on théblDEphemeris Messages files distributed
by the ASAPE Group. The resolutions of the azimatid elevation actuators are
respectively 0.003° and 0.002°. The reachable sage 11° for the azimuth actuator and
6.2° for the elevation actuator. The positions ofhbactuators are updated every minute.
The ASTRA 3B beacon receiver has no dynamic traclepstem (the antenna is only
mechanically pointed once) as the satellite istiredly stable on its orbit. Figure 2 shows a
picture of the co-located Ka and Q band beaconivexeedeployed at Toulouse ONERA
Centre premises.

Figure 2. Co-located ASTRA 3B (right) and Alphadatft) beacon receivers deployed at
Toulouse ONERA Centre premises.
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Figure 3. Raw beacon signal level recorded by t8&8 RA 3B and Alphasat beacon
receivers from 8 to 14" June 2015.
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An example of raw (and uncalibrated) signal levetorded by both beacon
receivers over one week (from"&o 14" June 2015) is shown in Figure 3. A daily
oscillation, mainly due to the slight satellite moot can be observed on the ASTRA 3B
beacon signal level. The peak-to-peak variatioreddp on the time of the initial pointing
manoeuvre. The clear stability of the Alphasat beasignal level proves that the tracking
system works properly.

2.2.2. Profiling microwave radiometer

A microwave radiometer is often used in propagagaperiments to calibrate the
reference level of total attenuation in absorbingditions [10], [11]. The one deployed at
Toulouse ONERA Centre premises is a TP/WVP-3000 tiffrequency profiling
radiometer built by Radiometrics (USA) [12], [13]hieh measures sky brightness
temperatures at 12 frequency channels [4]:

* 5in Ka-band between 22 and 30 GHz around the wajsour absorption lines.
* 7inV-band between 52 and 59 GHz correspondiriggmxygen absorption lines.

In the Ka and Q bands experiments, the radiomsterainly used to infer total attenuation,
Integrated Water Vapour Content (IWVC), and Intégglaiquid Water Content (ILWC) in
absorbing conditions on the slant path. The contipumeof the reference level of total
attenuation in absorbing conditions relies on tlaliRive Transfer Equation and on the
estimation of the mean radiating (or effective) penatureT.,, [14]. For each radiometer
frequency f™ and a given elevation angl, the radiometric attenuatioAad(fi‘ad,H) can

be retrieved from [14]:

ra _ Tmr(firad '8)_Tc
A,ad (f| d '0) _10[[bglo Tmr(firad ,8)_Tb (firad 18)j| (1)

whereT; is the temperature of the cosmic microwave baakgicequal to 2.73K [15] and
Tb(fira",é?) is the brightness temperature.

Nevertheless, the beacon frequerigygenerally does not match any of the radiometer
frequencies. So, the reference level of total attéon in absorbing conditions can be
approximated from the following linear regressi@f]| [11]:

Aad(fb’e):a0+zai |}\ad(firadig) (2)

firad

where the coefficientsy depend on the elevation, the location and the reunds
frequencies taken into account. Radiosounding (R8DBofiles representative of the sites
where the beacon measurements are carried outfi@re wsed as input of a Radiative
Transfer Simulator to retrieve those coefficieirtsa similar way, IWVC and ILWC can be
inferred from:



IWvde) =b, + 3 b A, (f,6) (3)

fi rad

|LWC(9) =Gt ch (A (firad , 9) 4)

fi rad

For both ASTRA 3B Ka-band and Alphasat Q-band pgagian experiments, monthly
slant path (35° of elevation) coefficierds(for ASTRA 3B) anda’; (for Alphasat) have
been derived using radiosounding profiles colleateBordeaux (44.84°E, -0.58°E, 200 km

away from Toulouse) and four radiometric chann@3.84, 30, 51.25, and 52.28 GHz)
leading to :

Asz =8y A A5, T A0 T 3 s T 3G (5a)
Aggy =& HaY Agggy @' Ayy T a5 Agpps +@, Asyg (5b)

Monthly slant path (35° of elevation) coefficieffsandc; have also been derived using the

same radiosounding database and three radioméiaitnels (23.04, 23.84, and 30 GHz)
leading to:

IWVC = b, +b.A,, +0,A,, + DA, (6)
ILWC =C, +C Ay, +C oA, T Cahy, )

For the sake of conciseness, tables of coefficienisbe not presented in this paper.
Finally, the full methodology described in [4] iseh used to combine radiometric and
beacon measurements to retrieve calibrated timessef rain and total attenuation. An
example of calibrated time series of total attelomais shown in Figure 4.

Time Series of Total Attenuation
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Figure 4. Calibrated time series of total atterarafrom 13" to 14" June 2015

2.2.3. Tipping-bucket rain gauge

A corrosion resistant dual-chamber tipping buckeh rgauge able to record the
exact instant of tips (1 second resolution) is as@ilable. It was manufactured by
FIEDLER, CZ and the main characteristics are:
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« collecting area of 500 cm
* 0.1 mm per pulse resolution
* 0.015 mm accuracy

The rain gauge data are converted into rain ra@sarements (in mm/h) according to the

methodology described in [16]10.

3. STATISTICAL ANALYSIS

Two full years (June 2015 - May 2017) of data hibgen processed. Daily rain and
total attenuation validated time series have beedyced and statistical analyses have been
performed. The availabilities of valid data used floe different statistical analyses are

reported in Table 1.

Figure 5 shows the Complementary Cumulative Distidm Functions (CCDF) of
concurrent rain and total attenuation at 20.2 GHd 89.4 GHz. A small year-to-year
variability can be noticed. As an example, the It@Henuation values at 20.2 GHz
exceeded for 1 % of the time are 1.9 dB and 1.6faBthe first and second year of
measurements, respectively. At 39.4 GHz, the titahuation values exceeded for 1 % of
the year are 4.3 dB and 3.3 dB. For 0.1 % of theetithe total attenuation values at
20.2 GHz are 5.8 dB and 4.1 dB for the first andosd year of measurements,
respectively. At 39.4 GHz, the total attenuatiofuea exceeded for 0.1 % of the year are

17.6 dB and 11.4 dB.

CCDF of Rain Attenuation

-6~ASTRA 3B (20.2 GHz) - 1% year

24 ] “2~ASTRA 3B (20.2 GHz) - 2m year
3 ==ASTRA 3B (20.2 GHz) - Total

-~ ALPHASAT (39.4 GHz) - 1% year

20 -2-ALPHASAT (39.4 GHz) - 2™ year
— ALPHASAT (39.4 GHz) - Total

Rain attenuation exceeded A* (dB)

Total attenuation exceeded A* (dB)

CCDF of Total Attenuation

-8 ASTRA 3B (20.2 GHz) - 1% year
-6~ASTRA 3B (20.2 GHz) - 2™ year
~=ASTRA 3B (20.2 GHz) - Total
-5~ ALPHASAT (39.4 GHz) - 1% year
-0~ ALPHASAT (39.4 GHz) - 2™ year
—ALPHASAT (39.4 GHz) - Total

(b)
Figure 5. CCDF of concurrent attenuation at 202 304 GHz. (a) Rain attenuation. (b)
Total attenuation

Figure 6 shows CCDF of concurrent rainfall rate samd attenuation at 39.4 GHz
for the full two-year period. It is worth notingahthe dynamic range of the beacon receiver
is reached for 0.03 %. The rainfall rate value exesl for 0.01 % of the average year is

around 35 mm/h.



Figure 7 shows the monthly CCDF of rain and totedrauation at 39.4 GHz. A high
month-to-month variability can be noticed with thieongest rain attenuation (and so the

less favourable propagation conditions) from May Aagust and the weakest rain
attenuation in December and January.

CCDF of Rainfall Rate and Rain Attenuation at 39.4 GHz
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Figure 6. CCDF of concurrent rainfall rate and raiitenuation at 39.4 GHz for the full
two-year period
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Figure 7. Monthly CCDF of attenuation at 39.4 G#).Rain attenuation. (b) Total
attenuation

4. FREQUENCY SCALING ANALYSIS

Up-link power control (ULPC) is one of the most exffive fade mitigation
technigues (FMT) to increase link availability anskrvice quality of satellite
communication systems operating at very high fraqigs (Ka-band and above) [17], [18],
and [19]. It allows the Earth station transmit powe be adjusted with respect to the
propagation conditions and so severe attenuati@n(yncaused by rain in these frequency
bands) to be counteracted. The estimation of thenwadtion on the up-link can be
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performed using opportunistic signals (down-linkabons ...) which often operate at lower
frequencies than the up-link. The scaling from rateion Aqown at frequencyfgown to
attenuatiord,, at frequencyy, > fqown by means of frequency scaling prediction metheds i
then the key point in the design of ULPC techniques

Two different rain attenuation frequency scalingdiction methods are currently
recommended in ITU-R P.618-12 [7]:

» Section 2.2.1.3.1 of ITU-R P.618-12 which providesnethod of predicting the
statistical variation of the rain attenuation aguencyf,, conditioned on the rain
attenuation at frequendy,wn It is often referred to instantaneous frequeraatisg
(IFS) as it predicts the instantaneous uplink @tenuation distribution based on
the measured instantaneous downlink rain atteruatio

e Section 2.2.1.3.2 of ITU-R P.618-12 which providassimplified method of
predicting the equiprobable rain attenuation afdencyf,, conditioned to the rain
attenuation at frequendy,wn It is often referred to long-term frequency saglas it
predicts the uplink rain attenuation based on kedgé of the downlink rain
attenuation at the same probability of exceedance.

4.1. Instantaneous frequency scaling

The model has been first proposed by [20] and g&gtan [21]. It relies on two

strong hypotheses:
» The probability distributions of rain attenuatiom the up-linkA,, and on the down-
link Agown conditionedto the presence of rain attenuation on the limed@g-normal

distributions with parameters se@sup,aup) and (L, T4oun) TESPECively for the
up-link and the down-link, meaning:

'“(aup)—uupJ

up

P(A, > a,|A, >0)= Q[

(8)

down

P(Adown > adown|Adown > O) = Q( In(adown) ~ Hgown J

tZ

where Q(x 2t

)=l e

« The probability distribution of rain attenuation feéquencyf,, conditionedto the
rain attenuation at frequendywn is a log-normal distribution with parameters set

(luup/down’ Uup/down)’ meaning:



(9)

ln( p)_:uup/downJ

g,

up/down

P(Ahp > aup|A\jown = adown) = Q[

Consequently, there is a correlation coefficiertetween the two underlying Gaussian
processesG,, and Ggown Of the rain attenuation processAs, and Agown respectively.
Mathematically, it leads to:

G - In{A,) = 4
up -
Uup
Gdown — ln(Ado;v-n) ~ Haown (10)
down
/0 = E[Gqudown

where E[] is the expectation operator. So, ittiaightforward that:

Gup = IOGdown + Vl_pzn (11)

wheren is a White Gaussian noise with zero mean andvamiance. Using (10), (11) leads
to:

JU JU
infa,)= p - In(Amwn)+[uup ~ Db - qup\/l—pZn 12)
down down
Parameters Sef,,; down Tuprdown) IN (9) can then be retrieved from (12):
JUp Jup
:Uup/down =p In(adown) + luup - pludonwa_— (133)
down down

Uup/down = Uup V 1- pZ (13b)

Finally, based on data collected in Spino d’Addairduthe ITALSAT experiment and in
Louvain la Neuve, Lessive and Darmstadt during @ieY MPUS experiment, [22] has
proposed a generic modellingmf

E=y1-p* = 0.1{:—“’—1J (14)

down

which is the current parameterization of Sectich23.1 of ITU-R P.618-12 recommended
for frequency scaling up to 55 GHz.

4.2. Long-term frequency scaling
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The long-term rain attenuation frequency scalingdmtion method described in
Section 2.2.1.3.2 of ITU-R P.618-12 is an empiricaddel. It gives an attenuation ratio
directly as a function of frequency (in the rang®® 55 GHz) and attenuation:

Ajp = AHowr(¢up/¢dowr)l_H(¢down¢up’Ajowr) (15)
where:
__ f?
W)= o (16)
H (¢down’ ¢up’ Aﬂowr) = 1_12)( 10_3(¢up /¢dowr) 05(¢downpﬂowr) o° (17)

Adown andA,, are the equiprobable values of the rain attennattdrequenciegiown andfy,
(GHz), respectively.

4.2. Tests of the prediction methods

The data presented in Section Ill are used to ttesttwo above models. As a
reminder, ASTRA 3B and Alphasat satellites are eeipely located at 23.5° and 25° of
longitude giving almost the same slant path (0.@feénce in elevation, and 1.90
difference in azimuth). The frequency scaling asialyt then appropriate.

4.2.1. Parameterization

According to (13), it is interesting to have a look the experimental mean and
standard deviation of the log-attenuation at 39Hz@onditioned to the attenuation at
20.2 GHz. The model can be considered as valid if:

» there is a linear relationship between the meanthef log-attenuation at

39.4 GHzand the log-attenuation at 20.2 GHz,

» the standard deviation of the log-attenuation a#t 3dHzis independent of the

attenuation at 20.2 GHz.

This is observed on the results of Figure 8, thalglating the theoretical framework of the
prediction method described in Section 4.1. Thenaidtion values at 20.2 GHz have been
voluntarily truncated in the range 1 to 7 dB beeadisst, calibration issues can impact the
results at very low attenuation levels and, secdine,attenuation at 39.4 GHz could be
higher than the dynamic range of the Q-band besaetgiver (~30 dB) when attenuation at
20.2 GHz is higher than 7 dB.

The optimal experimental value of the correlatiaeflicient p is estimated using the
standard deviation of the log-attenuation at 393z (Bee (13b)). This extracted valuepof

is then used to compute the mean of the log-attemuat 39.4 GHz conditioned to the
attenuation at 20.2 GHzee (13a)). It experimentally leads po= 0.9881 (for information

11



ITU-R P.618-12 givesp = 0.9828) which is equivalent tof = 0.1536 (ITU-R P.618-12
gives ¢ = 0.1846). Finally, all the results are reported in Fig8re

0.4 :
—Experiment

ITU-R P.618-12 (Optimized - £=0.1536)
—ITU-R P.618-12 (Section 2.2.1.3.1)

— Experiment
3/~ ITU-R P.618-12 (Optimized - £=0.1536)
—ITU-R P.618-12 (Section 2.2.1.3.1)
—ITU-R P.618-12 (Section 2.2.1.3.2)

o
W
3}

0.3

L

02

Mean of log attenuation at 39.4 GHz
Std of log attenuation at 39.4 GHz

o
o

o

5 6 7 ! 2 6 7

2 3 4 3 4 5
Attenuation at 20.2 GHz (dB) Attenuation at 20.2 GHz (dB)

(a) (b)
Figure 8. Mean (a) and standard deviation (bhefibg-attenuation at 39.4 GHz conditioned to the
attenuation at 20.2 GHz

4.2.2. Comparisons

The final comparisons with both long-term and inttaeous frequency scaling
prediction methods are reported in Figure 9 andifeidlO, respectively. On a long-term
basis, it could be observed a slight underestimatibthe method described in Section
2.2.1.3.2 of ITU-R P.618-12, while a perfect agreatnis reached using the method
described in Section 2.2.1.3.1 of ITU-R P.618-18.dD instantaneous basis, as expected,
the optimal parameterization of the method desdribeSection 2.2.1.3.1 of ITU-R P.618-
12 performs better than the generic parameterizdtie. using (14)) which, however, still
exhibits an appropriate behaviour even for very pyabability levels.

Test of Long-Term Freq y ing Prediction

-o-ASTRA 3B (20.2 GHz)
~~ALPHASAT (39.4 GHz)

ITU-R P.618-12 (Optimized)
—ITU-R P.618-12 (Section 2.2.1.3.1)
\ | —ITU-R P.618-12 (Section 2.2.1.3.2)

25

B)
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Attenuation exceeded A* (d

T

o' 10
P(A>A®) (%)

Figure 9. Test of long-term frequency scaling pegdh methods
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Figure 10.Test of instantaneous frequency scaling predictiethods
5. CONCLUSION

Since June 2015, ONERA has been conducting comtut@a and Q band
propagation experiments in Toulouse, France. Twioon beacon receivers, designed and
built at ONERA, are used: the first one is abladoord the 20.2 GHz beacon signal of
ASTRA 3B, the second one is pointed towards thé 8Hz beacon of Alphasat. Two full
years of measurements (from June 2015 to May 284vg been recorded and processed so
far. Daily time series of rain and total attenuatimve been extracted. As the availabilities
of valid data are around 95%, reliable statistmahlyses have been performed. A high
month-to-month variability can be noticed with mattean 20 dB difference of rain
attenuation at 39.4 GHz from the most favourablentimdo the worst. Using concurrent
measurements at 20.2 and 39.4 GHz, the two predictiethods of frequency scaling
recommended in ITU-R P.618-12 have been tested.aOobng-term basis, a slight
underestimation of the method described in Sec®@nl.3.2 of ITU-R P.618-12 can be
noticed, while a perfect agreement is reached uiiegmethod described in Section
2.2.1.3.1 of ITU-R P.618-12. On an instantaneowussbahe method described in Section
2.2.1.3.1 of ITU-R P.618-12 shows very good perfamoes. The ASTRA 3B and Alphasat
propagation experiments are still on-going and tésting activity of frequency scaling
prediction methods needs to be consolidated frenekpected new results.
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1% Year 2" Year Total

(June 2015 - (June 2016 — (June 2015 -

May 2016) May 2017) May 2017)

Rain attenuation at 39.4 GHz 96.19 97.47 96.83
Total attenuation at 39.4 GHz 94.65 97.47 96.06
Concurrent rain attenuation at 39.4 GHz and rainfall rate 93.73 96.38 95.05
Concurrent rain attenuation at 20.2 and 39.4 GHz 96.14 95.11 95.62
Concurrent total attenuation 20.2 and 39.4 GHz 94.65 95.11 94.88

Table 1. Availabilities of valid data.




