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Index Terms—SOTM, VMES, mobile VSAT, de-pointing mea- Communications Commission (FCC) [1] and in Europe the
surement, LMS channel, Ka band, Ku band, motion profiles, European Telecommunications Standards Institute (ET3I) [
FCC 25.226, ETSI EN 302977 have defined requirements for VMES. These requirements

Abstract—The Vehicle-Mounted Earth Stations (VMES) op-  are expressed, e.g., in terms of the pointing accuracy, the

eration requirements defined by the regulatory authorities are : P : : A
bounding for terminal manufacturers. Testing the VMES for required polarization alignment (if non-circular antesirare

these requirements (e.g., pointing accuracy and polarization used?v E_qualent Isotropic Rad'ated Power (ElRP) Sprtra
alignment) is therefore a necessity. The disadvantages of involving density limits, and the behavior of the terminal if the dtel
operational satellites and having fixed separation between them in signal is lost.

traditional test methods are overcome in the proposed Facility for The Fraunhofer Institute for Integrated Circuits IS in <ol

Over-the-air Research and TEsting (FORTE). FORTE comprises : . . .
an antenna tower and a laboratory building. A sensor array is laboration with limenau University of Technology develdpe

mounted on the antenna tower with the center sensor emulating & Facility for Over-the-air Research and TE'sting (FORTE)
the satellite. In the laboratory building, the VMES is mounted on  for Ku/Ka band terminals. FORTE can realistically and cost
a motion emulator which can replay realistic motion profiles. In  efficiently reproduce the operational environment of VMES
this contribution, the main components of FORTE are introduced regardless of the current weather conditions. It allowtigta

and the performance of the de-pointing measurement system is A
verified. The tracking unit of the VMES may steer the antenna testing and speeds up the development process of VMES,

either mechanically or electronically to keep the pointing direc- Wh”e. |0V‘{ering the risk of over—engineeri.r']g new systemssTh
tion towards the target satellite. Measurements with antennas contribution presents the FORTE Facility and the accuracy

that have a fixed pattern (independent of the steering angle) as of the de-pointing measurement system. For the latter the
well as that have a variable pattern (dependent on the steering challenges when testing different antenna types are disdus
angle) are considered in this contribution. . :
In Section Il, the structure and the main components of

FORTE are presented. In Section lll, the performance of the
de-pointing measurement system w.r.t. different anteppast
is discussed. Section IV summarizes the main features and

The need to access communication services such as dfcomes introduced in this contribution.
Internet at all times and in all places has become an integral
part of our private and professional lives. Especially acpk Il FORTE
without any terrestrial communication infrastructuretefisie '
based systems are the only solution. In this context, siatjo ~ For system validation and quantitative performance
Very Small Aperture Terminals (VSAT) are already commonlgvaluation of VMES, it is desirable to install and operate a
used. During the past years, operators learned that the in@st facility which allows for simple, repeatable, and istal
curate operation of VSAT frequently leads to a degradatiosal-time measurements without the need for operational
of the quality of the offered communication services. A majasatellites. The Land Mobile Satellite (LMS) channel, the
reason for this degradation is a misalignment of VSAT, ttee, motion of the vehicle and the earth coordinates at which the
so calledde-pointingof the antenna, which has to be avoideéunctionality of the VMES is tested are emulated to repreduc
in any case to minimize interference to adjacent satellites the real world conditions. A tower of 50m height located

The increasing demand for mobile applications coverinpO m away from the VMES antenna is used to emulate the
land, maritime, and aeronautical environments pushes tatellite. In this way, the far field condition can be guaeant
development of Vehicle-Mounted Earth Stations (VMESYor apertures up to 90 cm diameter in Ka-band. The VMES is
For these applications, the mobility of the ground ternsnamounted on a motion emulator inside an anechoic chamber,
represents a significant challenge in complying with the réaving Line of Sight (LoS) through a RF transparent window
quirements in terms of pointing accuracy. In this contextowards the tower. In this way, FORTE enables the testing
operators and regulatory authorities are already awarbéeof bf the overall functionality of the VMES; including the
need for testing VMES. For instance, in the US the Federahtenna, Positioning, Acquisition, and Tracking (PAT) and

I. INTRODUCTION



the mechanical integration for different satellite elé@was. In Each box on the tower contains an antenna for the required
particular, the antenna sub-system can be tested indepindefrequency (Ku/Ka band) and a power detector. The antenna
both under movement and under the influence of the LM&-pointing and the sensor positions are defined according t
channel. The operational environment of a VMES can like coordinate system introduced in Figure 2.

reproduced realistically with FORTE.

FORTE comprises the following components [3]:

o Channel emulators: emulate the fading characteristics
caused by the propagation environment; especially block-
ing/shadowing [4] at Ku/Ka band and weather conditions
independently for the uplink and downlink. Channels
measured as well as simulated can be employed.

« Motion emulator: emulates mechanical disturbances that
act upon a terminal mounted on different types of ve-
hicles (e.g., trucks, cars, ships, etc.) under variof&. 2. Anetnna de-pointing coordinates. The sensor agapdunted such
conditions (e_g_, highways, gravel road, rough sea, etct_f)(?\t the center sensor is located at the origin (point O)

Both generic and measured motion profiles can be ap- . .
plied. For instance, measurements for typical s;cenariosThe center sensor is assumed to be at the origin of the

of emergency aid organizations are available (see also E%O,rqi”ate system (point O). The point A represents the
and [6]). sition of the antenna and the point P represents the de-

. Navigation emulator: provides arbitrary Global PositionP0inting direction of the antenna. The anglés the antenna
ing System (GPS) RF signals for a given set of real |aﬁj_e-p0|nt|ng along the horizontal axis while the angles the
enna de-pointing along the vertical axis. The separatio

tude and longitude coordinates, which may be necess db b
for antenna systems utilizing satellite navigation suppo tyvegn sensors 1 & 2 an etw.een sensors 3 & _4 can be
jed in the range [1°, 6°], according to the beam-width of

« De-pointing measurement system: a cross shaped senét

array with five antennas is mounted on the antenna tow&f terminal antenna, as explained in detail in Sectiomlil-
(see Figure 1). With this fundamental component of In a preliminary measurement, the received power at the five

FORTE, the de-pointing angle in azimuth and elevatiopensors is measured for different known antenna de-pgintin
can be ,accurately determined directions while the tracking system of the antenna is diéshb

This data serves as reference for the de-pointing estimatio

This last component of FORTE is discussed in detail ify \yhich the motion emulator replays a certain motion profile
the following sections. In this context, the performancehef | 1uo the tracking system of the antenna is active. At this

antenna de-pointing measurement system is demonstratedy iy the estimation is carried out in three steps (seerBit

1) measure the received signal at the 5 sensors of the

I11. ANTENNA DE-POINTING MEASUREMENT SYSTEM VMES

) o 2) calculate the correlation between the measured signal
To determine the VMES antenna de-pointing, a sensor array = g4 the reference data

as shown in Figure 1 is used. 3) the antenna de-pointing estimate results from the maxi-
mum of the correlation

A

H BOX3
& A. Optimum sensor positions
BOX2 The optimum sensor positions that yield the best estimation
accuracy will be derived in the following. The estimation
1@/ ] (((( accuracy depends on three parameters:
soxa||| A « the position of the 4 outer sensors

2

« the available Signal-to-Noise-Ratio (SNR) at the power

((((

((((

o (( ( ( detectors
(

o the 3 dB beam-width of the antenna
+ \Anechoi
/I;l\;%%%qﬁé% The SNR and the 3 dB beam-width of the antenna are fixed

parameters since they result from the transmit EIRP of the
----- FriMeasured-icomelatiof-PPERIND Control Roor antenna and the fixed beam of the antenna. Therefore, the po-
- X sitions of the sensors are the only variable parametersémat
o be adjusted to improve the de-pointing estimation accutacy
Antenna pattern Garage . . s ;
measured @ 5sendors the following, the optimum positions of the sensors areveeri
Antenna Tower Laboratory for the highest possible de-pointing estimation accuragyt.w

Building

the SNR and the 3 dB beam-width of the antenna. Antenna
Fig. 1. De-pointing measurement setup patterns with different 3 dB beam-widths are simulated ded t



de-pointing estimation accuracy is calculated based ont&loi
Carlo simulations w.r.t. the positions of the sensors ara t

[N
o

c ) S . 9l = 70dB |
SNR. The simulation results lead to an empirical equation f 8 M— 5aE
. " .- L B
the optimum positions of the sensors with: | [— gggB |
Ax(a-pP+b-p*+c-p+d)-w Q) = l:lﬁggg
’ D 6 e 3508 | |
= . 300B | |
where ; 5 E— 255
o As the distance of the outer sensor to the centered sen 4 7
along horizontal as well as vertical axes (see Figure 1 3 ]
e pisthe SNR in dB 2 v -
o w is the 3 dB beam-width of the antenna in degrees 1 . .
. . .. o —06 _ 1 L L I I 1 1 1
« with the polynomial coefﬂglenta =-13-107"° b= 05 1 15 2 25 3 35 4 45 5 55
1.8-107%, ¢ = —7.2-107% andd = 0.709 A [deg]

The maximum achievable estimation accuracy correspondii.y

to the optimum sensor positions are plotted in Figure 3. ,Hg. 4. Regions with estimation accuracy better tieob°

=

Ory 1.2 [deg]

9 1 towards another direction. This represents a concretéecigg

g, o/ for the antenna de-pointing estimation technique proposed
D 6 L 0.8 in section Ill (see Figure 1). The estimation is based on
S 51 0/Q 0.6 calculating the correlation between the measured signal an
s 4/ . 0.4 the reference data. If the dependency of antenna pattern

3 characteristics w.r.t. the steering direction is not aoted for,

2/ 02 de-pointing estimation will be inaccurate.

1 : : .

10 20 In the following, measurements with two different antennas

are performed at FORTE. In section 1lI-B1, measurements us-
ing a terminal with a mechanically steerable reflector amaen
Fig. 3. Estimation accuracy for the optimum sensor positiAngleg] w.r.t. which has a flxed. beam pattern for.a” stgerlng dlrectlons are
antenna-beam width and SNR analyzed. In section IlI-B2, a terminal with a mechanically
steerable antenna is inspected whereby the construction of
can be seen that for a certain antenna beam-width, bettes terminal results in antenna pattern characteristiagshnis
estimation accuracy can be achieved by increasing the SNRRpendent on the steering angle. The effect of this depegden
Assuming that the sensor positions can be adjusted frémly, bn the de-pointing estimation results is discussed.
maximum accuracy as shown in Figure 3 can be achievedThe following parameters are used for the measurements:
Howeve_r, th_e adjus_tment of the sensors can be very tlme1) Antennas with fixed beam patterA: measurement with
consuming in practice. If one wanted to test subsequently

. . o . . a’ Ka-band antenna which has a fixed beam is performed.
various terminals with different antenna beam-widths,atid . .
. . Other setup components are adjusted according to Tablesl. Th
be preferable to keep the sensors at fixed positions forsifi.te

By defining a minimum de-pointing estimation accuracy (e.g.

X ) . 5 -30 [dBm]
0.05°) that has to be achieved in any case, a region w.r.t. sensor
position and antenna beam-width can be defined achieving at 4 35
least the minimum accuracy at a certain SNR. According to 3
Figure 4, the sensor position can be chosen in a wider range. 2 40
= 1

B. De-pointing Measurement Results ﬁ 0 -45

To demonstrate the performance of the de-pointing mea- < -
surement system, measurements with different antenna type -50
are carried at FORTE. 3

In satellite tracking, the terminal tries to keep the angenn -95
always pointed towards the target satellite. This is addev -4 i i
by either mechanically or electronically steering the ante -535 4 32 10 1 2 3 4 5 -60

to have its main beam in the direction of the satellite. For ¢ [deg]

most of the me?h?‘”'ca"y .Stee_"rable antennas, the amer{}%"?‘s. Received power (2D pattern) of the Ka-band antenrih wifixed
pattern characteristics remain fixed and do not change fre@am pattern

one steering angle to another. However, for electronically

steerable antennas and some of the mechanically steerabteived power at the center sensor while rotating the DUT
antennas the pattern characteristics are changing wheringte (using the motion emulator) in a 2D (horizontal-verticatjdg



TABLE |
THE SETUP PARAMETERS FOR THE MEASUREMENTS DESCRIBED IN SE@ONSIII-B1 AND 111-B2

Ka-band antenna Ku-band antenna
Frequency Ka-band (27.5 - 31 GHz Ku-band (11.5 - 14.5 GHz)
w 1° both in betweenl.5° and2° in azimuth and between antd8° and5.8°
azimuth and elevation in elevation depending on the elevation steering angle
A 1° 1°
Maximum receive SNR 30 dB 35 dB

is shown in Figure 5. The values shown in Figure 5 represent2) Antennas with variable beam patterin a second mea-

the received power at the antenna tower and are proportiosafement a terminal with a Ku-band antenna is used as DUT.

to the antenna gain of the DUT. The setup components are adjusted according to Table |. The
The performance of the system can be analyzed rotatitggminal has a mechanically steerable reflector antenna. Du

the DUT around the horizontal (one-dimensional,angle) to the structure of the terminal, the pattern charactegsbf

and horizontal&vertical axes (2Dj angle and? angle) (see the antenna change w.r.t. the elevation steering angleTkhe

Figure 2). The motion profiles are sine functions with a fixeplatterns of the antenna as measured for two different ébevat

amplitude, frequency and phase. During the movement, tsieering angles are shown in Figure 7.

DUT tracking mode has been switched off, which means that

the estimated de-pointing should exactly correspond to the -40 [dBm]
excitation induced by the motion emulator. 10
-45
As an example, the antenna moves according to Equation (2) 5 50
o(t) = ag - sin(2m fot + ¥y), @) = 55
©
where the antenna de-pointing follows a sine function along 60
the horizontal axis only (with amplitude.,, frequency f,
and phase),). In this example:a, = 0.2°, f, = 0.1Hz -5 -65
and ¢4 = 0°. The maximum SNR at the power detectors
is 35 dB. The Root Mean Square Error (RMSE) and the -70
standard deviation of the estimation results by means of the 75

confidence interval are shown in Figure 6. The RMSE is 5 -4 -3 -2 _é;Lb [doeg]l 2 3 4 5°
represented by the blue line and the confidence interval (i.e (a) Measured received power (2D pattern) at the center 56050
standard deviation) is represented using the red bars. The antenna steering angle in elevatior8

RMSE and the confidence interval are calculated for at least .40 [dBm]

100 realizations at each de-pointing angle

45
0.05 w : ‘
& — RMSE 50
3. 0.04} —< Confidence interval = -
S g -
s S
é 0.03¢ <> -60
@
2 0.02} ] -5 65
@ 1 1
2 | 1 |
£ 0.01} | .70
S - ofe
e e o : 75
0 = -5 -4-3-2-101 23 4 5
0.2 015-0.1 005 0 005 0.1 015 0.2 o [deg]
¢ [deg] (b) Measured received power (2D pattern) at the center séoso

antenna steering angle in elevatior82°

Fig. 7. Received power (2D pattern) of the Ku-band antenria sivariable

Fig. 6. RMSE and confidence interval for the estimation resutien having beam pattern at two different steering angles in elevation

a sine motion excitationf( = 0.1 Hz) along the horizontal axis witlx, =
0.2°

For de-pointing estimation evaluation, the antenna was
From Figure 6 it can be seen that the estimation accuracynm®ved in 2D diagonal track arour¥° in elevation. During
in the order 0f0.005° on average. the movement, the antenna tracking mode has been switched
off. To show the effect of pattern change on the de-pointing



estimation performance, the following was considered:

IV. CONCLUSION

1) The reference data measured for antenna elevation steetn this contribution FORTE is described. The de-pointing
ing angle =37° is applied for estimation to the measureestimation accuracy is analyzed and evaluated by measure-
ments. Measurements using antennas with pattern chasacter
2) The reference data measured for antenna elevation steéies which are either dependent or independent of the aatenn
ing angle =32° is applied for estimation to the measuresteering angle are performed. The advantages of FORTE and
especially the demonstrated de-pointing measuremergrayst

Figure 8, depicts the motion excitation as well as theompared to system verification with operational satsll¢an
be clearly identified as follows:

ment with an antenna elevation steering angl&of

ment with an antenna elevation steering angl&of

estimation results for the two cases.

7
6f H = Excitation
5l % | = = =Elevation steering angle $2°
| ]
a4l :'- =m= Elevation steering angle 37°
n
— [
2 3 "
= ' R
< 2 : '
1 el
of P
" | ]
-1F . '
_2 L L L L L L L
-2 -15 -1 05 0 _05 15 2
¢ [deg]
Fig. 8. De-pointing estimation results using the referena& dor antenna

elevation steering angle 37° to estimate a motion with an antenna elevation

steering angle oB37° (black line with squares) and De-pointing estimatio
results using the reference data for antenna elevationirsjegngle =32° to
estimate the same motion excitation (red dashed line)

T

The results in Figure 8 show that when using the reference

data for antenna elevation steering angl&7= to estimate the
measurement with an antenna elevation steering angh&“of

(2]

(the black line with squares). the RMSE in azimuth is in the

order of0.002° with an accuracy 060.001°. For elevation, the
RMSE is in the order of and.03° with an accuracy 00.02°.
The estimation accuracy is lower for elevation compared

to

azimuth because the beam pattern is wider in elevation than

in azimuth (see Figure 7).

3]

However, using the reference data for antenna elevation
steering angle =32° to estimate the measurement with an

antenna elevation steering angle &f° leads to a biased

estimation of the de-pointing (the red dashed line). The EMS

is in the range of(0.1° with an accuracy 0f0.008° for
azimuth and).9° with an accuracy 06.05° for elevation. The
bias in the estimation violates the estimation performaeee
quirements. Furthermore, some outliers with wrong estonat
results can be observed.

[4]

With the proposed sensor array, the de-pointing angle can
be determined without involving operational satellites
The distance between the sensors can be adjusted w.r.t.
beam-widths, which results in a higher estimation accu-
racy of the de-pointing angle

De-pointing measurements in azimuth and elevation in
contrast to azimuth only are available, which is relevant
in case of asymmetric antenna characteristics as in case
of low profile antennas

Measuring the reference data includes far field radiation
pattern measurement (far field condition applies for aper-
ture sizes of up to 90 cm)

Real operational Geostationary Earth Orbit (GEO) satel-
lites can also be used for testing

Cost-efficient and available at all times
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