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Abstract

An integrated suitc of microwave measurement equipment. computer hardware.
and measurement software was designed, fabricated, and installed into a unified test
facility for measuring the communications subsystem performance of European Tele-
communications Satellite Organization (EUTELSAT) communications satcllites. The
EUTELSAT in-orbit test (10T) system software supports UNIX-based multiuser, multi-
tasking operation in a networked environment that permits remote access and control
of the IOT measurement hardware and includes a scheduler that permits unattended
stability measurcments. The system’s human-machine interface ofters point-and-click
menu selection and input via a mouse device.

The EUTELSAT IOT facility incorporates a dedicated earth station command and
control system computer for carth station status checking and configuration, automatic
satellite saturation control hardware, and a radiometer for reading atmospheric attenua-
tion, New tests include a method for quickly measuring the frequency response of a
spacccraft channel. as well as procedures for measuring AM-to-PM conversion and
AM-to-PM transfer coefficient. In addition, the satellite is used as a far-field calibrated
signal source for earth station verification and assistance, which enables EUTELSAT
to independently test new or existing carth stations for EIRP, gain-to-noisc temperature
ratio, transmit polarization isolation, and transmit antenna pattern.

Introduction

Following successlul launch of a communications satellite, it is desirable to
test the communications subsystem in orbit [1]-[3]. Data measured during in-
orbit test (I0T) are compared with prelaunch data to determine whether the
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subsystem has successfully survived launch and meets performance specifica-
tions. The technical objective of 10T is to measure the communications perfor-
mance of the satellite under test as completely and accurately as possible. 10T
is performed for acceptance testing immediately after launch; to monitor
communications subsystem performance throughout the satellite’s operational
lifetime; and to investigate anomalies [4]. It may also be performed prior to
the satellite being sold, or in preparation for carrying new services. These
missions determine the basic requirements of the 10T system.

In a laboratory environment, a device under test is near at hand; however, a
geostationary satellite is located about 42,000 km from the earth station and
the 10T equipment [1},[3], which significantly complicates testing and mca-
surement. For example, one-way signal attenuation from 180 to 215 dB is
encountered at the test frequencies, and atmospheric variability along the
propagation path must be accounted for. To obtain the desired accuracy and
repeatability, precise calibration of the test sctup, earth station equipment, and
antennas is of paramount importance. On the other hand, the geometry and
location of the satellite are ideal for accurately measuring the satellite’s far-
field antenna patterns, since prelaunch antenna patterns are generally mea-
sured on non-ideal ranges. In addition, the satellite serves as a far-field cali-
brated signal source for earth station verification measurements [5]. By moving
the carth station antenna in a predetermined manner while mcasuring the
strength of a test carrier received from the satellite, the pattern of the earth
station receive antenna can be accurately measured.

Newer satellites provide more transponders and have greater payload com-
plexity than earlier generations [1],[3],6]. This trend places increased de-
mands and constraints on the 10T systems built to test them. Because owners
desire to place their satellites into revenue-generating operation as soon as
possible after launch, the 10T system is expected to perform as quickly as
possible, especially during aceeptance testing, and to use a minimum of on-
board fuel in order to maximize the useful lifetime of the spacecraft [1],[3].
Due to the increased satellite capacity and complexity, the testing process
generates large volumes of data that must be maintained and reported. Finally,
the pool of spacecraft experts available for performing complex 10Ts and
evaluating the resulting data is distributed more thinly as the number of
satellite networks in service [6] increases.

Although in-orbit measurement is its primary technical objective, the 10T
system must also address other requirements such as real-time operation,
human/computer interaction, networking, and remote access and control of
the measurement hardware. The system must provide a user interface that is
easy to use, yet flexible enough to accommodate the various 10T missions. The
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capability to execute measurements concurrently and to support a multiuser
environment are desirable system features.

10T technology and techniques have advanced in parallel with communica-
tions satellite technology, facilitated by the availability of more powerful, less
costly computing hardware and software, as well as newer “smart” instru-
ments that contain their own processors. Major advances were made in 10T
from one satellitc series to the next for the INTELSAT IIL, IV, IV-A, and V
satellites, and many of the fundamental 10T measurements performed 20 years
ago are still in use today [1]-[4]. The development of the modern, computer-
controlled 10T system is traced in References 1, 3, and 6.

10T measurements are performed by transmitting test signals to the space-
craft and comparing their power, frequency, and phase with the signals re-
transmitted from the satellite. Fundamental measurements include spacecralt
input power flux density (IPFD) and equivalent isotropically radiated power
(EIRP), transponder in-band and out-of-band frequency response. gain transfer,
group delay, and gain-to-noise temperature ratio, G/T. Over the years, many
other measurements have been developed as well [1]-]3].

This paper discusses some of the innovative system features and new 10T
measurements implemented in the European Telecommunications Satellite
Organization (EUTELSAT) 10T system. For example, the EUTELSAT 10T
facility interacts directly with the earth station command and control system
(FCCS) computer, incorporates radiometric information, and uses an automatic
satellite saturation controller (ASSC) in the carth station. The facility also
implements new techniques for rapidly mecasuring the in-band frequency re-
sponse of a communications satellite’s transponders and for verifying the
performance of a second earth station, using the spacecraft as a far-field
calibrated signal source. The system’s software also incorporates many new
features, such as the ability to perform unattended measurcments automati-
cally at any scheduled time. The system software runs under the multiuser,
multitasking UNIX operating system in a networked environment that permits
remote control and access of the IOT measurement equipment and enables it to
execute in a multicomputer, distributed processing network.

The user interacts with the 10T system via an X-Window-based graphical
display, using a mouse to select items from a menu. Measurements are speci-
fied in a “form-fill-in” format, rather than the traditional “remember-and-
type” command line interfuce found on many systems. The effectiveness of
such graphically based user interfaces is supported by more than 30 years of
research and development (e.g., Reference 7).

I0T system requirements and constraints require that more of the system
functionality reside in the software, which must initially address the network,
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hardware, and communications environment of a distributed processing sys-
tem capable of supporting a number of workstations. With development and
continuous refinement over the last decade, the Measurement Processing and
Control Platform (MPCP) has served as the software foundation for the
EUTELSAT 10T system described here. The principal software concepts and
innovations underlying implementation of the MPCP are discussed in a com-
panion paper {8].

IOT hardware

The EUTELSAT 10T system consists of a suite of microwave measurement
cquipment, computer hardware, and measurement softwarce integrated into a
unified test facility for measuring the communications subsystem performance
of EUTELSAT satellites. The design and operation of this 10T system are
discussed in References 4 and 5, and other system featurcs are described in
Reference 6. The 10T facility, installed at the Rambouillet earth station near
Paris, France. has been used to test the EUTELSAT 1T spacecraft, F1 through F4.

The major components of the EUTELSAT 10T facility. depicted in
Figure 1, are the 10T cquipment (IOTE), the earth station equipment, and the
dual-polarization transmit/receive antenna. A station radiometer connects (0 a
second antenna. The I0TE comprises microwave measurcment system (MmS)
hardware and the 107 workstation and peripherals.

The earth station equipment rcceives uplink signals generated by the [OT
hardware, amplifies them, and transmits them to the antenna system. It then
receives downlink signals from the spacecraft, amplifies them, and transmits
them to the 10TE for measurement. The IOTE supports dual-polarization mea-
surements and accommodates the 14- to 14.5-GHz uplink band and the three
downlink bands that fall in the 10.95- to 12.75-GHz frequency range of the
EUTELSAT 1I satellites.

In carlier 10T systems, earth station information was obtained directly from
a station operator. The EUTELSAT I10TE interacts with the ECCS computer o
monitor and control the earth station equipment. The (0T workstation sends
commands via an interconnecting (EEE-488 bus cable 1o the ECCS computer.
For example, the 10T workstation may request uplink power meter readings
or the power level and frequency settings on the inject synthesizer. The
computer performs the requested operations and returns responses Lo the 10T
workstation.

The ECCS computer, supplied by Direction des Rescaux Exterieurs de
FRANCE TELECOM (DTRE), can perform the following measurcment-
related functions:
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« Control the injected signal power and frequency as commanded by
the 10T workstation.

« Control the uplink power level and perform power-leveling as the
frequency is varied.

« Control the ASSC equipment to determine the saturation power level.

« Provide a radiometer reading to the 10T workstation on command.

» Read the uplink power meter at the feed and provide the calibrated
readings to the 10T workstation.

« Provide the antenna gain and coupler calibration values for any opera-
tional uplink or downlink frequency.

« Provide the azimuth and elevation antenna position to the 10T
workstation.

» Configure the earth station on command from the 10T workstation.
» Zero and calibrate the uplink and inject signal power meters.

JOT systems must be capable of determining the saturation flux density of
the spacecraft. One method that has been used successfully is the amplitude-
modulated (AM) nulling technique, described in the 10T system literature (e.g.,
References | and 2). In early 10T systems, AM nulling was applied manually;
the EUTELSAT IOT uses the ASSC to perform this function automatically. The
ASSC maintains the satellite at saturation, and was designed to meet EUTELSAT
specifications [4]. It operates over a large dynamic range of satellite gain.

The ASSC automates the AM nulling technique to determine saturation flux
density, as follows. First, an AM carrier is transmitted (o the spacecraft. On the
downlink, after envelope detection, the AM carrier is phase-locked to the AM
source, producing an error voltage proportional to the modulation amplitude,
which decreases as saturation is approached. The error voltage is interpreted
by the digital proccssor, which commands the uplink earth station EIRP. As
saturation approaches, the EIRP is controlled in (.05-dB steps. When the error
voltage reaches a minimum, saturation has been achieved. Since the ASSC
operates as a closed loop. any variation in uplink propagation conditions s
counteracted by the detected error voltage, the sign of which governs the
relative polarity of the uplink EIRP.

The 10T setup must take into account not only instrumentation, carth station
equipment, and antenna uncertaintics, but also the RF path between the station
and the spacccraft [1],13]. In the EUTELSAT 10T system, the measurement
program obtains atmospheric attenuation data from a radiometer. The radio-
metric configuration consists of a Cassegrain antenna connected to a noise-
injection-type radiometric receiver, and a computer to control operation, pro-
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cess the measurement data and perform housekeeping functions |4]. Attenua-
tion calculated at 13 GHz is scaled to other frequencies by the radiometer’s
computer, using standard frequency-scaling equations. Over the short time
period typical of an 10T measurement (a few minutes), the change in atmo-
spheric attenuation is assumed to be negligible.

Figure 2 is a simplified block diagram of the EUTELSAT IOTE MMS
hardwarc configuration. A high-stability, 10-MHz reference signal output by
uplink synthesizer 1 (UL Syn 1) is amplified and distributed to the 10T instru-
ments as a common reference signal. The 10T workstation communicates with
the instruments via three IEEE-488 buses, and with the ECCS computer via a
fourth IEEE-488 bus.

Two test carriers are provided by two RF synthesizers. UL Syn 1 outputs an
RF test carrier, as commanded by the 10T workstation. The synthesizer’s RF
output can be frequency-modulated by an externally supplied modulation
signal to disperse the uplink energy, in order to meet the downlink earth
surface spectral density specifications of the International Radio Consultative
Committee (CCIR) 358-2 during routine operation. Because the synthesizer
does nol opcrate over the required uplink frequency range, a 12-times fre-
quency multiplier is employed.

Uplink synthesizer 2 (UL Syn 2) is capable of generating an RF output test
signal anywherc in the uplink frequency range. The synthesizer’s RF output (in
the 14- to 14.5-GHz range) can be amplitude-modulated externally (via the
modulator shown in Figure 2) when necessary—for example, when group
delay is measured.

An uplink switching/coupling matrix provides flexible uplink configura-
tions and is necessary to support all 10T measurements. The RF output from
either synthesizer can be switched and routed to either transmit polarization
waveguide, TX or TY. When required, the 10TE can produce two carricrs on
one of the two polarizations, or a single carrier on each polarization, to
support two-tone measurements such as third-order intermodulation, C/75.

As shown in Figure 2, the spectrum analyzer (SA) can be switched, via the
8-pole switch, to input the uplink polarization (TX or TY), the reccived signal
(RX or RY, selected by another switch), the IF synthesizer output, or the
output from the phase measurement subsystem. Additionally, the spectrum
analyzer can be switched o input a sample of either high-power amplifier
(HPA) output signal, as well as to receive an input signal from a front pancl
connector. The video output of the spectrum analyzer can be switched to
provide an input to cither the network analyzer or the digital voltmeter. The
analyzer’s (¥ output can be switched (o provide an input to either the modula-
tion analyzer or the frequency counter. The switch configurations for all
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measurements are controlled by the 10T workstation via RF switch controllers
and IEEE-488 buses.

The feed processor, which is used for measurements such as group delay,
performs the following function. When the uplink carrier produced by UL
Syn 1 or UL Syn2 is amplitude-modulated, the modulation is detected by
diode detectors located near the antenna feed. Typically, the AM frequency is
around 1 MHz. The detected modulation is transmitted to the input of the feed
processor, which can be switched to select cither of the uplink polarizations
(ANT TX or ANT TY in Figure 2). The feed processor amplifies and filters
the detected modulation, and supplics it to the IF synthesizer as a reference.
The synthesizer’s |-MHz, frequency-adjusted output is fed into the network
analyzer, which measures its phase relationship with respect to the Doppler-
shifted 1-MHz modulation on the carrier reccived by the spacecraft.

The phase measurement subsystem is used to perform phase noise mea-
surements on the rcceived RF signal, such as AM-PM conversion, AM-PM
transfer coefficient, and spurious modulation. It consists of a down-converter.,
a phasc reference synthesizer, and a dedicated low-frequency spectium
analyzer.

An important innovation of the EUTELSAT 10T system is its ability to
perform unattended stability measurements. While measurements are nor-
mally performed with operator intcraction, some can be executed in a non-
interactive mode if directed by the user via the X Window interface. The
EUTELSAT 10T system allows the user to specify measurements to exccute at
any scheduled time and at specified intervals throughout a specified duration.

The ability to schedule measurements and to have them exccute periodi-
cally provides the basis for performing stability measurements, which track
various quantities as a function of time. For example, the EIRP measurement
can be scheduled to run every hour over a 24-hr period to determine EIRP
variation. Stability measurements can be performed for spacecraft EIRP, space-
craft IPFD, in-band and out-of-band transponder frequency response, space-
craft G/T, beacon EIRP, and beacon frequency.

The 10T system scheduler launches measurements at the scheduled time
and allocates resources to a measurcment that has requested them. It also
manages scheduling contlicts between two or more measurements on a first-
come, first-served basis. When a measurement completes execution, it returns
resources such as the spectrum analyzer and other mcasurement instruments
lo the scheduler, which makes them available (o the next scheduled measure-
ment. The operation of the 10T scheduler, and its interaction with the measure-
ment user interface program and the actual measurement program (which are
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separate programs that can execute on different workstations and at different
times), are described in the companion paper [8].

The 10TE is controlled by a 32-bit, reduced instruction sct computing
(RISC)-based engineering workstation with 16 Mbytes of memory and a
600-Mbyte hard disk for program and data storage. The workstation executes
I0T system and measurcment software to perform 10T measurements and to
process, store, and retrieve measurement data. The software runs under a
licensed version of the UNIX System v operating system. The 10T workstation
controls the microwave measurement hardware and communicates with the
ECCS computer across an IEEE-488 bus. It also communicates with the user via
an X-Window-based, graphical user interface with keyboard and mouse input.
The workstation supports connection to an IEEE 802.3 local area network
(LAN). Its peripherals include a 19-in., high-resolution, color bit-mapped dis-
play; a multipen plotter; a printer; a cathode-ray tube (CRT) terminal; and a
9,600-bit/s modem for remote access and control. The 10T software is de-
scribed in detail in Reference 8.

Standard 10T measurements

Most satellite communications payload parameters, such as antenna pat-
terns, EIRP, and receive G/7, can be derived from fundamental measurcments
of microwave power and frequency |3]. During the past 20 years, the cvolu-
tion of 10T measurement techniques has been governed by the increasing
complexity of communications payloads and the requirement to place the
spaceeraft into operational service as quickly as possible while minimizing
consumption of onboard fuel. Continuous refinement of measurement tech-
niques has permitted more parameters to be measured with a higher level of
confidence. This has resulted in an expanding amount of data from the in-
creased number of transponders and connectivity configurations {1],[3].

For each 10T measurement, all uncertainties must be identificd and ac-
counted for in an error budget. The total root-sum-square (RSS) uncertainty
resulting from all error sources is computed for cach measurement. As dis-
cussed in Refercnce 9, uncertainties can arise from the spacecraft (antenna
pointing, platform stability, and repeatability of switching), atmospheric loss
and variability, the earth station (antenna calibration and pointing, up and
downlink coupler calibration), and measurement instrumentation. Numerical
uncertainties due to digital processing of raw mcasurement data within the
workstation must be considered for some measurements, such as the
“Fastsweep™ measurement described later.

The human operator is another potential source of measurement error {e.g.,
improper use of instrumentation, lack of skill, and improper measurement
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technique). Human interface engineering can detect and prevent (or minimize)
operator errors, as discussed in References 6 and 8.

To enhance measurement accuracy, the measurements of absolute quanti-
tics necessary for an 10T have been reduced to microwave power, {requency,
and phase [1]; all other measurements are relative to, or can be derived from,
these values. For the uplink, transmit power is measured directly by a direc-
tional coupler that provides power from the uplink waveguide to a power
meter.

The EUTELSAT 10T system performs a large number of measurements
that can be grouped according to the basic quantity measured: power, fre-
quency, or phase.

Power measurements

The fundamental power measurement performed by an [OT system is the
accurate measurement of spacecraft EIRP. Many other measurements are de-
rived from the EIRP, including the point-to-point transponder frequency re-
sponse and gain transfer measurements.

For measuring downlink signals, an injected carrier technique has proved
to be the best approach and continues to be used in 10T systems {1]-[3}. A
locally generated carrier (the inject signal) is offset slightly in frequency from
the carrier received {rom the satellite, and is injected via a dircctional coupler
into the waveguide between the receive antenna feed and the low-noise ampli-
fier (i.NA), as shown in Figure 1. After amplification by the LNA (and addi-
tional amplifiers, if neccssary), both the received and injected signals are
displayed on the spectrum analyzer and measured. The difference is used by
the EIRP program to adaptively adjust the injected signal power to within about
1 dB of the reccived signal. The final difference is then measured by the
spectrum analyzer, and the power level of the final injected carrier is mea-
sured preciscly by a power meter. Based on this knowledge of the injected
signal level and its difference {rom the reccived signal level, the level of the
received signal (cven it noisy) can be determined to within a few tenths of a
decibel. This adaptive technique ensures a wider dynamic range, while reduc-
ing logarithmic amplifier errors within the spectrum analyzer. The injected
carrier technique permits accurate measurement of received continuous-wave
(cw) carriers and is unaffected by any change in the gain of the receive chain.
The calibration effort can thus be restricted to a few passive microwave
components, such as the inject coupler [1].

The spacecrafl EIRP is computed from the measured injected signal power
meter reading, the level difference measured by the spectrum analyzer, the
inject signal coupler value, the downlink antenna gain at the frequency of
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interest, the downlink path loss, and the downlink atmospheric loss. Space-
craft EIRP measurement using the injected signal technique is well established
and has been described in earlier 10T literature (e.g., References 1 and 2.)
The EUTELSAT 10T system performs the following power mcasurements
and monitoring functions:
* EIRP (downlink only, with no uplink test signal from the 10T station)
» Combined spacccraft IPFD and spacecraft EIRP
» Amplitude linearity (gain transfer) and intermodulation (C/3)
* G/T and G/T stability
* Point-to-point frequency response (in-band. in-band stability, out-of-
band, and out-of-band stability)
» Fastsweep frequency responsc
» Overall cross-polarization isolation
» Receive and transmit cross-polarization
* Antenna paltern
* Gain adjustment
* Spurious output
* Beacon measurcments (EIRP, EIRP stability, cross-polarization
isolation)
» Communications system monitoring (CSM)
* Payload monitoring (IPFD/EIRP, linear gain, gain transfer, local oscil-
lator frequency)
* Earth station verification and assistance (ESVA).
The Fastsweep and ESVA measurcments are new with the EUTELSAT 10T
system, and arc described later in this paper.

Frequencey measurements

Frequency measurements are the second category of fundamental measure-
ments performed by an 10T system. The EUTELSAT 10T system can measure
frequency conversion error and stability, beacon frequency and beacon fre-
quency stability, and routine spacecraft payload monitoring (RSPM) frequency
conversion crror. Since the uplink frequency and nominal spacecraft local
oscillator frequency are known, the spectrum analyzer (Figure 2) can be tuned
to the nominal downlink frequency, where it performs peak and zero-span
measurements. The frequency of the analyzer’s IF output is measured pre-
cisely by the counter. The measured received signal frequency offset from the
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center frequency of the analyzer IF is used in conjunction with the analyzer’s
tuned microwave {requency to fine-tune the analyzer to the frequency of the
received signal. This technique is employed in all IOTE measurements to
ensure that the spectrum analyzer is tuned precisely to the received signal
frequency, so that power measurements arc performed accurately.

For some measurements in which the precise frequency is the objective,
the IOTE can correct for the Doppler shift caused by non-zero radial velocity
between the spacecraft and the earth station. For example, in measuring the
spacecraft local oscillator frequency, the 10T user interface permits the user to
specify that Doppler correction be performed. The measurement then com-
putes the Doppler-effect frequency contribution, based on the velocity, and
corrects the received frequency.

Phase noise measurements

The EUTELSAT 10T phase measurcment subsystem, shown in Figure 2,
measures the AM-PM conversion coefficient, K,: AM-PM transfer coefficient,
K,; and spurious modulation. The AM-PM conversion and transfer coefficient
measurements arc new, and arc described in the next section.

New measurements

Among the system featurcs mentioned above are several new mcasure-
ments implcmented in the EUTELSAT 10T system: Fastsweep frequency
response. AM-PM conversion coefficient, AM-PM transfer cocfficient, and sev-
eral ESVA measurements (EIRP, G/T, transmit polarization isolation, and trans-
mit antenna pattern).

Fastsweep frequencey response measurement

Measurement of a spacccraft channel’s frequency response is a fundamen-
tal 10T system vequircment. The standard technique measurcs the response
point-to-point throughout the band of interest. Because of the larger number
of channels on board the latest generation of communications satcllites, such
as EUTELSAT JI, measuring the frequency response of all channels requires
substantial testing time. Since this activity deprives the satellite owner of
revenue, there is continual pressure on 10T sysiems designers to shorten the
time required for 10T.

A new technique called Fastsweep has becn developed which measures
frequency response by continuously sweeping the desired spacecraft channel,
while simultaneously measuring the received downlink signal on the spectrum
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analyzer. The synthesizer generating the swept uplink signal sweeps much
slower than—and is not synchronized to—the spectrum analyzer measuring
the received downlink signal. Raw measurement data are captured digitally
by the spectrum analyzer and read into the computer for numerical post-
processing and to determine the frequency response. Because most of the
measurement processing is performed in the computer, standard equipment
such as the HP-8673E synthesizer and HP-85668 spectrum analyzer can be
used to obtain the raw data. No special cquipment js required to synchronize
the sweeps of the two instruments.

It is instructive to examine the traditional 10T point-to-point measurcment
technique in terms of the time it requires. The technique consists of a combi-
nation of EIRP and IPED measurements repeated over a set of predetermined
discrete frequencies across the bandwidth of interest. The frequency response
of a transponder is determined by measuring downlink power relative to a
band-center measurement in either the linear or saturated region of the travel-
ing wave tube amplifier (TWTA) frequency band of the transponder under test,
with the uplink power kept constant as the frequency is varied. Measurement
at saturation gives the frequency response of all fillers after the output TWTA,
while measurement in the linear region gives the overall frequency response.

Initially, the system is tuned to the channel center frequency and the IPFD is
measured at saturation, as described in References 1 and 2. The uplink power
is then reduced to an operator-specified backoft level, and the system is tuned
to the lowest frequency o be measured. The IPFD is measured at cach fre-
quency and used in conjunction with the EIRP measurement to calculate the
transponder gain, thus compensating for uplink power variations duc to changes
in uplink frequency. The frequency is then stepped to the next discrete fre-
quency, and the gain is again calculated. This process is repeated until the
transponder gain has been measured at all frequencies in the desired band.
Measurcments of EIRP and 1PFD employ radiometric data to account for atmo-
spheric attenuation.

The point-to-point frequency response measurcment uses the injected sig-
nal technique, described earlier and in References | and 2. A limitation of this
approach is the measurement time required. For each frequency point, the
uplink synthesizer is tuned and the spectrum analyzer waits approximately
240 ms for the downlink signal. The analyzer is tuned to the received signal
and measures it. The inject synthesizer is then tuned by the FCCS computer.
The spectrum analyzer is retuned to the inject signal and measures it. At least
one adjustment of the inject synthesizer power level is necessary to bring the
received and injected signal levels to within 1 dB of each other. Each adjust-
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ment is commanded through the KCCS. Finally, the inject power meter is read.
These operations typically require a few seconds per frequency point, with the
majority of time being associated with ECCS communications and reading the
power meter. Thus, measuring a 40-MHz channel in 1-MHz steps requires
about 8 minutes.

By comparison, Fastsweep measures the frequency response of a space-
craft channel in a much shorter time, but with some reduction in accuracy and
dynamic range. The accuracy of Fastsweep, with earth station correction, is
0.27-dB RSS uncertainty, as compared with 0.17-dB RSS uncertainty for point-
to-point measurcment performed in the linear region of the TWTA.

Typically, Fastsweep measures the response of a 40-MHz channel in ap-
proximately 8 s, and an 80-MHz channel in approximately 10 s, plus a display
time of about 1 s. The dynamic range of the measurement is approximately
50 dB, exclusive of limitations within the earth station. By comparison, the
stepped point-to-point measurement has a dynamic range in excess of 80 dB;
however, the mcasurement time is considerably longer. The Fastsweep mea-
surement configuration is depicted in Figure 3.

UPLINK
SYNTHESIZER

{EEE-488 BUS

SPECTRUM | (NA ‘, RX
ANALYZER ’

Figure 3. Fastsweep Measurement Configuration
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Fastsweep generates a frequency response that is relative in both frequency
and power to band center. The major factors contributing to uncertainty in the
Fastsweep method within the filter passband arc the gain slope in the uplink,
the ability to rapidly level the uplink power over the measurement band-
width, the downlink gain slope, and the spectrum analyzer gain slope over any
80-MHz bandwidth.

If requested by the operator during measurement specification, the earth
station noise contribution can be taken into account by pointing the earth
station antenna to the sky and performing a Fastsweep when no downlink
signal is present. Several Fastsweep calibration measurcments may be per-
formed and averaged to lessen the effect of noise variation. The resultant
noise-only Fastsweep, which includes the nonlinearities of the earth station
receive chain, is stored in an earth station calibration file and can be used to
correct the Fastsweep measurements of spacecraft transponders. Calibration
measurements are performed for each receive polarization across each of the
three EUTELSAT II downlink receive bands.

Fastsweep is performed in two phases: sweeping of the uplink by the
uplink synthesizer, and measurement of the reccived downlink by the spec-
trum analyzer. This is followed by numerical post-processing to extract the
frequency response from the raw data. When the measurement phase begins,
the synthesizer generates a frequency sweep over the desired uplink band, the
amplitude of which is leveled by the leveling loop controlled by the ECCS
computer. For each sweep, the synthesizer outputs a scquence of discretc,
rather than continuous, frequencies. The synthesizer dwells at cach frequency
for the minimum time that allows several mcasurements (i.e.. spectrum ana-
lyzer sweeps) of the received signal by the spectrum analyzer, as illustrated in
Figure 4.

While the synthesizer is sweeping the uplink, the spectrum analyzer con-
tinuously sweeps the received signal, asynchronously with respect to the
synthesizer sweeps, using the max-hold measurement mode. The resolution
bandwidth is chosen 10 optimize sweep speed vs the measurement signal-to-
noise ratio, S/N. Smaller bandwidths require a much longer sweep time, while
jarger bandwidths degrade the available carrier-to-noise power density ratio,
C/N,. Typically, a 100-kHz-resolution bandwidth is used.

After a sufficient number of analyzer sweeps. the measurement phase
terminates and the data processing phasc commences. The measurement pro-
gram reads the stored trace {rom the spectrum analyzer, which contains N
frequency-vs-amplitude data points ( f;, A;), where i = I,..., N. For the
HP-8566B spectrum analyzer used in the EUTELSAT 10TE, N = 1,001. The
amplitude value, A,, for each data point is the peak power that was measured at
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frequency f; during the entire measurement phase. The array of measured data
points read from the analyzer is time-sequenced, such that the ith frequency,
Ji» always occurs earlier than the (i + 1) frequency, f,, . The trace read from
the spectrum analyzer resembles the one shown in Figure 5.

As can be scen in the figure, the trace contains peaks and valleys. Peaks are
actual measurements of the downlink signal, while valleys are signal dropouts
that occur during the frequency step transitions of the synthesizer and the
retraces of the synthesizer sweep. The dropouts are signal fades, which are
measurement artifacts that occur because the spectrum analyzer and synthe-
sizer sweeps are not synchronized. The spectrum analyzer measures noise
peaks, rather than the actual signai, during synthesizer switching transitions to
new frequencics.
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Figure 5. Fustsweep Spectrum Analyzer Trace Quitput
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The desired response can be obtained by extracting the envelope of the
trace data. This is accomplished by numerically post-processing the data, as
foliows. The analyzer trace depicted in Figure 5 can be viewed as a time-
sequenced “signal” with low-frequency components (i.e.. the envelope that is
the desired response) and high-frequency components (the signal dropouts).
The envelope can then be extracted by applying a numerical low-pass filter 1o
the “signal.” The filter consists of a fast Fourier transform (FET) operation on
the data sct, followed by removal of high-frequency points, followed by a
second FFT. A peak detection is then performed on the filtered data to obtain
the cnvelope.

Although the numerically implemented low-pass filter algorithm removes
the systematic high-frequency perturbations contained in the measured data
set, random noise in the correlated samples is not removed. To minimize the
noise. multiple Fastsweeps are performed and averaged. Figure 6 is a typical
plot output of a Fastsweep.
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Figurc 6. Fustsweep Measurement Plot Quiput
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AV-PM conversion and phase shift

The AM-PM conversion measurement determines that the AM-PM conver-
sion cocfticient, K, for cach transponder is within the limits specified for
drive levels to the TWTA. from 20-dB input backoff to saturation. The total
phasc shift is calculated by integrating the conversion coefficient phasc for
comparison with the satellite specification.

In this measurement, the OTE transmits an amplitude-modulated carrier
with a low modulation index at an uplink power level corresponding to 20-dB
input backolT of the TWTA. The power level is then stepped up to TWTA
saturation in 1-dB steps. For each uplink power level, the corresponding
downlink signal is phase-demodulated by the modulation analyzer and the
phase measurement subsystem. Using a test translator, the above sequence can
be repeated for the earth station loop in order to measurc the phase modulation
of the earth station receive chain for inclusion in the AM-PM conversion
coefficient computation. The coefficient, K, is then plotted against the TWTA
input backoff.

The measurement sequence proceeds as follows. First, a calibration pro-
cedure (described below) is performed and the synthesizer is amplitude-
modulated via the external PIN modulator (see Figures 2 and 7 for the hard-
ware contiguration). The power level of the modulated carrier is then adjusted
lo the user-specified backofl level. The demodulated tone, output by the
modulation analyzer (HP-8901A), is measured using the low-frequency spec-
trum analyzer (SA), and data are gatherced to perform the K, computations.

The AM-PM conversion measurement employs the phase measurement sub-
system of Figure 2, which consists of an HP-11729C carrier noise test set, a
tow-frequency HP-3582A spectrum analyzer, and an HP-86628B RF synthesizer
[10}. The subsystem configuration is depicted in Figure 7.

The instrumentation used to perform the measurement depends on the
modulation frequency of the carrier, as shown in the figure. If the modulation
frequency is less than or equal to 20 kHz. the modulation analyzer and low-
frequency spectrum analyzer are used. If the modulation frequency is greater
than 20 kHz, the HP-11729¢ carrier noise test set may be used.

The K|, calibration procedure is performed as follows. A single CW test
carrier is transmitted (o the spacecralt to verify test signal levels and the
spacecraft local oscillator frequency. The IF synthesizer outputs a calibration
signal into the FM port of the uplink synthesizer via the modulation input
matrix switch. The modulation voltage is selected 10 generate a low-deviation
FM signal having a nominal phase modulation of 5° peak-to-peak, which
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Figure 7. Phase Measurement Subsystem

serves o calibrate the receive chain phase measurement. The spectrum ana-
lyzer is then switched to the test uplink path to verily the modulation index.
The carrier-to-sideband ratio is measured, adjusted if necessary, and stored.
Next, the measurement system, consisting of the spectrum analyzer, modula-
tion analyzer, and low-frequency spectrum analyzcr, is connected to the up-
link signal. The level of the demodulated tone at the modulation frequency is
measured to establish a reference level for the phase deviation (which is about
5° peak-to-peak) and used as a calibration. The uplink signal and Fm calibra-
tion modulation are turned off, completing the calibration procedure.

The calibration power level (in dBm) measured during the calibration
sequence is converted to a voltage, as is the power measured at the baseband
spectrum analyzer for cach measurement point. The phase is then computed
and used as a basis for calculating K, from the following formulas:

Ve=10Pc/20 V) (1

Vi = 10Pm/20 (V) (2)



EUTELSAT IN-ORBIT TEST SYSTEM

81

Vim
= ad
ﬂ( Ve ] (rad)
Kp :—A% (deg/dB)

equivalent voltage of calibration power (V)
measured calibration power (dBm)

equivalent voltage of measured power (V)
measurcd phase modulation power level (dBm)
computed peak-to-peak phase (deg)
peak-to-peak phase during FM calibration (deg)
AM-PM conversion coctficient (dcg/dB)
measured AM modulation (dB).

Figure 8 shows a typical plot output of a K, measurement.
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AM-PM (ransfer coefficient

The AM-pM transfer coefficient, K|, measurement determines the amount of
phase modulation imposed on an unmodulated carrier (called the “target™) by
an amplitude-modulated carrier (called the “source’™), which is offsct in fre-
quency from the target. The 10T earth station transmits the source and target
carriers simultaneously via the two independent uplink chains. After reception
of the resulting downlink signal at the 10T station, both carriers are
down-converted, and the target signal is passed to the modulation analyzer
and phasc measurement subsystem to measure its phase modulation. The AM-
PM transfer coefficient, K, is then computed based on the ratio of the mea-
sured phase modulation of the target to the depth of the source AM.

The instrumentation used to perform the measurement depends on the
modulation frequency of the source carrier, as shown in Figure 7. If the
modulation frequency is less than or equal to 20 kHz, the modulation analyzer
and low-frequency spectrum analyzer are used. If the modulation frequency is
greater than 20 kHz, the noise test set may be employed.

For the K, measurement. the phase demodulator is initially calibrated with
a 5% peak-to-peak phasc-demodulated carrier, exactly as for the K, measure-
ment. The source carrier from the synthesizer is then amplitude-modulated via
the external PIN modulator. The power levels of the modulated source and
unmodulated target carriers are adjusted so that the sum of the two is equal to
the operator-specified backoff level, and then transmitted to the spacecraft.
The demodulated tone output by the modulation analyzer is measured, and
data are gathered for the K| computations.

The calibration power level (in dBm) measured during the caltbration
sequence is converted to a vollage, as is the power measured at the spectrum
analyzer for each measurement point. The phase is then computed as in the K,
measurement. Figure 9 shows a typical plot output for the AM-PM transfer
coefficient measurement.

Earth station verification measurements

A new class of measurcments, developed jointly by COMSAT Laborato-
ries and EUTELSAT, uses the orbiting satellite as a calibrated signal source
for performing independent ESVA measurements on a second earth station.
The EUTELSAT 10T facility is located in one earth station—referred to as the
carth reference station (ERS)—which performs the measurements. The second
earth station is the station under test (SUT). Both stations must be able to
access the satellite simultaneously. The operators at the stations coordinate
their activities via telephone.
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Figure 9. AM-PM Transfer Coefficient Plot Output

Four ESvVA measurements have been developed and tested with an actual
SUT: EIRP, G/T, transmit cross-polarization isolation, and SUT transmit antenna
sidelobe pattern. References 4 and 5 contain additional information on ESVA
measurement,

Because the ERS and SUT are generally off-axis relative to the spacecraft
receive and transmit antennas, the spacecraft gain for the ERS and SUT signals
is adjusted for the off-axis loss to the stations. The off-axis loss valucs are
operator inputs to the measurements.

EARTH STATION EIRP MEASUREMENT

The objective of the earth station BIRP test is to verify the transmit capabili-
ties of the SUT in terms of its accuracy and adjustment range. The basic
principle of this test is that, since the ERS and SUT both transmit signals
through the spacecraft at the same time and at nearly equal levels, the accu-
racy of the GRS measurement system will be transterred directly to the mea-
surement of the SUT parameters. Figure 10 depicts the ESVA EIRP measurement
configuration and the quantities involved.
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Figure 10. ESVA EIRP Measurement Configuration

The EIRP measurement is performed as follows. First, the operator is asked
to ensure that the SUT is not transmitting. The operator then cnters the follow-
ing parameters via the measurement’s user interface window:

 SUT uplink path loss (dB)

* SUT uplink atmospheric loss (dB)

 SUT transmit coupler calibration (dB)

o SUT transmit antenna waveguide loss (dB)

« SUT uplink oft-axis loss (dB)

» ERS power range (dB)

* ERS power step (dB)

» ERS frequency offset from the SUT uplink (MHz)
* ERS EIRP (dBW)

 ERS uplink off-axis loss (dB)
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¢ Maximum power balance delta between SUT and ERS (dB)
¢ Secarch bandwidth (MHz)

Next, the ERS uplink and downlink chains are configured for the measure-
ment. The ERS transmits a signal and measures the local oscillator frequency
of the spacecraft transponder being used. The ERS signal is then turned off,
and the ERS operator is requested to instruct the SUT to begin transmitting. The
frequency of the SUT downlink signal is measured by the ERS, which then
transmits at a frequency that is offset from the SUT uplink frequency, at the
power level specificd by the operator. Both stations are now transmitting
simultaneously to the spacecraft. The power level at which the ERS transmits
takes into account the atmospheric attenuation at the ERS. The ERS and SUT
uplink signals are “power-balanced” at the spacccraft’s transmit antenna, as
described below. The 1OTE then measures the SUT station’s transmit EIRP for
each power level across the operator-specified range. Given the SUT antenna
input power supplied to the ERS operator by the SUT operator, the SUT transmit
antenna gain is calculated.

The ERS measures SUT power over a range of power levels specified by the
operator input parameters. The input parameters are the power range (in dB),
the power step size (in dB), and the initial level of the ERS transmit EIRP (in
dBW) during the measurcment setup phase. The measurement procedure is
repeated for a typical 15-dB adjustment range of the SUT transmit EIRP level.
The ERS EIRP power level (also an operator input) is used instcad of the normal
spacecraft saturation level as the backof! reference level.

For each power level in the sweep, the following steps are performed. The
SUT operator is requested by the ERS operator to perform a power balance at
the spacecraft’s transmit antenna. When power balance is complete, the SUT
operator provides the SUT uplink power meter reading to the ERS operator,
who enters the value into the measurement. Power balance is achieved when
the difference between the spacecraft’s transmit EIRP due to the ERS uplink
signal (E,, in Figure 10) and the spacecraft’s transmit EIRP duc to the SUT
uplink signal (E, in Figure 10) is less than an operator-specified delta (typi-
cally 1 dB). The ERS then measures the spacecraft transmit EIRPS due to the
SUT and ERS uplink signals. The ERS confirms the power balance at this point
and computes the SUT carth station transmit EIRP.

The SUT’s transmitted EIRP can be determined from the following quanti-
ties: the spacecraft transmit EIRP duc to the SUT uplink signal, the spacecraft
gain for the ERS uplink signal, the off-axis losses for the ERS and SUT, and the
SUT’s uplink path and atmospheric losses. The I0TE measures the spacecraft
transmit EIRP due to the SUT signal. The SUT transmit EIRP is then calculated as
follows:
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Egur = E— Go+ (Log— Lo + Ly + L, 5
where
Egyp = SUT transmit EIRP (ABW)

E, = spacccraft transmit EIRP due to the SUT uplink signal (dBW)

G,. = spacceraft gain for the ERS uplink signal (dB)

L, = off-axis loss (o the SUT (dB)

L,. = off-axis loss to the ERS (dB)

Ly, = SUT uplink path loss (dB)
L., = sut uplink atmospheric loss (dB).

as

Once the transmitted EIRP is determined, the antenna gain of the SUT can
also be computed. With the SUT operator providing the waveguide loss of the
SUT transmit antenna, the power meter rcading of the SUT uplink carrier (in
dBm), and the power meter coupler calibration, the antenna gain is computed
according to

Gs = Esut + Lwg — Ppm — Cpm + 30 6)
where
Gs = gain of the SUT transmit antenna (dB)
Lwy = waveguide loss of the SUT transmit anienna (dB)
Ppm = SUT uplink power meter reading (dBm)
Cpm = SUT uplink power meter coupler calibration (dB).

The accuracy ol this earth station antenna gain measurement al the ERS is
comparable to that of the basic EUTELSAT I0TE EIRP measurement, with an
expected small loss in accuracy due to dependence on the assumed values for
the SUT parameters. Figure 11 shows a typical earth station EIRP plot output.

Farth station G/I' measurement

The ESVA G/T test measures the G/T of the SUT, using the satellite as a
calibrated signal source in the far ficld of the SUT antenna. Figure 12 depicts
the G/T measurement configuration and the quantitics involved.

The test derives the G/T of the SUT directly from two power measurements
made with the SUT configured so that the output of the station down-converter
is connected to an IF bandpass filter that has a calibrated noisc bandwidth. The
ERS sets its uplink power to the backoff level specified by the operator via the
measurement’s user interfuce. This backoff is refercnced to the ERS maximum
uplink EIRP specificd by the operator (nol to the spacecraft saturation level).
The ERS transmits at this level.



EUTELSAT IN-ORBIT TEST SYSTEM

87

74

70 — -
E3
m
=2
& 66| -
w
X
Z
a 62 [— —
=]
[
]
[ea)

58 ™ ]

i | |
54—4 0 4 8 12
SUT POWER METER READING (dBm)
Figure 11. Earth Station EIRP Measurement Output

(o

SIC RX w\ sc /ngx ANT

Esut Eems

asd -

psd

Figure 12. ESVA G/T Measurement



88 COMSAT TECHNICAL REVIEW VOLUME 23 NUMBLR 1. SPRING 1993

The SUT antenna is pointed toward the satellite, and the power, P, at the
filter output is measured. The SUT antenna is then pointed toward the sky,
away from the satellite, and the noise power, F,. at the filter output is mea-
surcd. G/T is computed using £, and P,.

The ERS uplink and downlink are configured for each channel being mea-
sured, and the local oscillator frequency of the spacecraft is measured, if it is
different from that of the last channel. The uplink at the ERS is then set to the
operator-specified backoff level from the specificd maximum uplink power,
and the iPFD and EIRP arc measured. Next, the ERS operator enters the off-axis
losses, as well as the downlink atmospheric and path losses, as seen from the
suT and provided by the SUT operator. The SUT operator is directed to measure
the received power at the SUT, and then to move the SUT antenna away from
the spacecraft and measure the noisc received from the sky. The I0TE deter-
mines the spacecraft’s transmit EIRP as seen at the SUT by calculating the
spacecraft’s transmit EIRP as scen at the ErRS. The SUT G/T is computed as
follows:

G/Ty =~ 228.6 + BWq + Lpsd + Lasd — Esut + 10 X logP3— CF (7

where
G/T, = measured SUT G/T (dB/K)
-228.6 = dB equivalent of Boltzmann’s constant
BW, = SUT filter bandwidth (dB-Hz)
L, = sut downlink path losses (dB)
L,q = SuT downlink atmospheric loss (dB)

Equr = spacecraft FIRP scen by SUT (ABW)
where

p, = 10t /10)
Py = 10ptRc/10)
CF

operator-entered correction factor (dB).

ESVA (ransmil polarization isolation measurement

This test measures the transmit polarization isolation of the suT. In the
EUTELSAT 10T, the test can be performed in both the X and the Y polarizations
at various SUT antenna pointing angles. Figure 13 illustrates the ESVA trans-
mit cross-polarization isolation measurement configuration and the quantitics
involved.
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Figurc 13. ESVA Transmit Cross-Polarization Isolation Measurement

When the SUT transmits a carrier in one polarization, a smail amount ol the
carricr’s power spills over, or leaks, into the opposite polarization trans-
mit path due to imperfect isolation between the two paths. This leakage
power is also transmitted in the opposite polarization. The SUT transmit cross-
polarization isolation, /, between the two transmission paths measures the
degree of isolation.

The measurement uses two spacecrall transponders: one designated as the
copolarization (copol) transponder, and the other as the cross-polarization
{cross-pol) transponder. First, the ERS operator configures the measurement by
entering various parameters into the measurement’s user interface window,
and establishes communication with the SUT operator, who supplies SUT pa-
rameter values for entry via the user interface window. During the measure-
ment, the ERS operator is prompted via dialog windows to provide input and
perform various actions. The ERS operator is then requested to turn on the
copol transponder and turn off the cross-pol transponder. The £ERS configures
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its uplink and downlink chains for the spacecraft channel being uscd and
transmits an uplink carrier in the copol transponder at the center frequency of
the channel. The downlink signal is received at the ERS, and the spacecraft’s
tocal oscillator frequency is measured. The SUT operator is then instructed to
transmit at the same frequency and polarization as the ERS uplink carrier. The
ERS stops transmitting, and the frequency of the SUT transmission is measured
at the ERS. The ERS is retuned to a (requency that is offset from the SUT uplink
frequency. and then transmits at a backoft level relative to the maximum earth
station uplink transmit EIRP allowed by the measurement program.

An interaclive power balance procedure is now performed, as in the ESVA
EIRP measurement. The balancing procedure ensures that the spacecraft trans-
mil EIRP due to the ERS uplink carrier (EIRP,, in Figure 13) and the spacceraft
transmit EIRP duc to the SUT uplink carrier (EIRP,) differ by less than an
operator-specified amount. The SUT copol transmit EIRP is designated as E,,
where the subscripts indicate transmission (1) by the SUT (s) in the arbitrarily
chosen X polarization (x). Uplink and downlink paramecters (path and atmo-
spheric losses) are measured for both the ERS and SUT uplink and downlink
carriers.

Next, the SUT operator is requested to turn off the SUT uplink carrier. The
copol transponder is turned off, and the cross-pol transponder is turned on.
The ERS then transmits a cross-pol carrier (i.e., a carrier on the opposite
polarization, E..) at the same frequency used in the copol measurement
procedure above, but 30 dB down from the level transmitied by the ERS during
the copol measurement (E,., ) just performed.

At this time, a series of measurcments are performed. The SUT operator is
requested to transmit again in the copolarization at the level of Ey,, as before.
Some of the power from the SUT transmission of a copol uplink carrier leaks
into the transmission path of the opposite polarization and is also transmitted
by the sUT as a small cross-pol carrier. This undesirable carrier causes a
corresponding spacecraft EIRP (EIRPy,) to be transmitted. The ERS cross-pol
uplink carrier, E,.,. causes a new level of spacecraft transmit EIRP, EIRP,,. The
uplink and downlink parameters for the ERS and SUT signals are measured for
use in the cross-pol measurement.

The ERS operator is prompted for the SUT power meter reading, the SUT
antenna azimuth or clevation, and the contour value of the SUT antenna gain.
Based on the copol and cross-pol measurements just performed, the SUT
antenna transmit isolation is computed (in dB) as follows:

Iy= Egx — (Ercsy - Erccy) - Etcy - (Lsup - Lcup)
—(Lgua — Leua) + (Los — Laoe) (8)
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Iy = SUT transmit cross-pol isolation (dB)
Eix = SUT transmit copol EIRP (ABW)
Eresy = computed cquivalent spacecraft EIRP al the ERS receive antenna
due to the SUT transmit cross-pol carrier (ABW)
Ereey = computed equivalent spacecraft EIRP at the ERS receive antenna
due to the ERS transmit cross-pol carrier (dBW)
Eyy = earth station EIRP transmitted by the ERS in the cross-pol carrier
(dBW)
Leyp = SUT uplink path loss (dB)
Leup = ERS uplink path loss (dB)
Lsua = SUT uplink atmospheric loss (dB)
Leua = ERS uplink atmospheric loss (dB)
Lys = off-axis loss to the SUT (dB)
Loe = oft-axis loss to the ERS (dB).

Because the SUT and ERS downlink frequencies are very close (typically
2 MHz apart at 12-GHz carrier frequencies), the measurement assumes that
the difference in downlink losses for the ERS and SUT signals is negligible for
the downlink path and atmospheric losses.

ESVA transmit sidelobe pattern measurement

This test, which measurcs the transmit sidelobe levels of the SUT transmit
antenna, is performed to ensure that the SUT meets EUTELSAT specifications.
Figure 14 depicts the ESVA transmit sidelobe measurement configuration and
the quantities involved.

First, the SUT transmits in the linear region of the spacecraft TWTA gain
transfer characteristic. It then slews the SUT antenna in azimuth or elevation,
and the ERS measures the downlink power. Next, the SUT antenna is offset by
1 and the uplink power is increased by 15 dB. The SUT antenna is then
steered away from beam center while the ERS measures the downlink power.
This procedure is repeated for both sides of the SUT antenna beam. The ERS
EIRP power level (an operator input) is used, instead of the spacecrafl satura-
tion tevel, as the backofl reference level. The measurements lor cach side of
the SUT antenna beam are then combined in an interactive data analysis and
manipulation softwarc package and plotted to show the SUT antenna pattern.

A gain transter measurement is performed. using the injected signal tech-
nique, and saved for laler use in computing spacecraft transmit EIRP. The SUT
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Figure 14. ESVA Transmit Sidelobe Meusurement

is directed to turn off its transmitier during this measurement. The SuT then
turns on its transmitter and transmits a carrier to the spacecraft, and the
carrier’s downlink frequency is measured by the ERS. The ERS transmits an
uplink carrier at a frequency that is offset from the SUT uplink. The SUT and
ERS signals are power-balanced, as in the ESVA EIRP measurement, and the ERS
turns off its uplink signal.

The SUT is then directed to slew its antenna at a user-specified rate, and the
measurement is initiated by the ERS operator via a dialog window and contin-
ues until stopped by the operator. For each SUT transmit EIRP measurement,
the measurement program computes the antenna slew angle in real time, based
on the initial angle, start time, and slew ratc inputs supplied by the operator,
and the time elapsed since the start.

The spacecraft EIRP due to the SUT uplink carrier is expressed in terms of
the EIRP caused by the ERS uplink carrier and the levels measured on the
spectrum analyzer for both downlink carriers, as follows:

Es=Ec. +(Sq-Se) (dBW) 9)
where

E¢ = spacecraft transmit EIRP duc to SUT carrier (ABW)
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Ss = received SUT signal measured on spectrum analyzer (dBm)

spacccralt transmit EIRP due to ERS carrier (ABW)

S¢ = received ERS signal measured on spectrum analyzer (dBm).

The spacecraft transmit EIRP due to the SUT carrier can be obtained by
measuring only three quantities: E,, S, and S,. The value for E, and the
associated signal level measured on the spectrum analyzer, S, arc arbitrarily
chosen as the first point in the gain transfer measurement performed earlier.
The above relationship assumes the following:

The ERS gain transfer measurement is performed using the injected
signal technique.

The ERS is not transmitting during measurement under slewing
conditions.

The SUT downlink carrier is at the same frequency and polarization as
the gain transfer measurement.

The injected signal power level is the same in both measurements.
There is negligible change in the GRS distance to the spacecraft be-
tween the gain transfer measurement and the ERS EIRP measurcment a
few minutes later.

Because the gain transfer and EIRP measurements are performed a few
minutes apart, the downlink path loss, downlink atmospheric loss, ERS
receive antenna gain, and inject signal coupler value are assumed o
be constant during the measurement.

The SUT antenna slews over the desired range in a few minutes. If the
slew rate is a typical 0.02°/s, the SUT requires 5 minutes to slew 6°.

Since E, and S, were measured and stored during the gain transfer test, the
spacccraft EIRP due to the SUT uplink carrier can be determined by measuring
the received signal level on the spectrum analyzer while the SUT antenna is
slewing in real time. The spectrum analyzer is set to a reference vertical scale
level and left on that scale setting during the slew measurement. The measure-
ment then makes successive and rapid readings of the voltage measured by the
digital voltmeter and converts them to equivalent power in dBm. The above
relationship [equation (9)] is used to compute the spacecrafl transmit EIRP duc
1o the SUT uplink carrier in real time and “on the fly,” while the SUT antenna is
slewing. Thus, it is not necessary to perform actual injected-signal EIRP mea-
surements for the SUT signal. The relationship has been verified empirically
with measurement data.
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The spacecraft EIRP due to the SUT uplink carrier is converted to an equiva-
lent spacecraflt (PFD by lincar interpolation from the gain transfer table stored
previously. The gain transfer table gives the relationship of spacecraft 1PFD to
spacccraft transmit EIRP for the measured transponder. Since the data in the
gain transfer table were measured with an uplink carrier from the ERS and not
the suT, the interpolated input flux for the SUT carrier must be corrected to
compensate for the difference of the off-axis losses between the spacecraft
and the respective earth stations.

The equivalent IPFD of the SUT carrier at the spacecraft receive antenna is
converted Lo an equivalent EIRP, which can then be related to the SUT uplink
EIRP. The SUT uplink and atmospheric losses are supplied by the SUT operator
to the ERS operator, who enters these parameters into the measurement. The
SUT transmit EIRP is then computed according to the following relationship:

2
Psur=Fe+ Lot I()log((‘;':%)—+ Lap+ Laa  (ABW) (1M
where
Pyt = SUT uplink EIRP (ABW)

F, = input flux to the spacceraft that would have to be transmitted by
the ERS to cause the same level of spacecraft transmit EIRP duc
to the SUT uplink signal (dBW/m?)

L, = difference between the ERS off-axis loss and the SUT off-axis

loss (dB)
¢ = velocity of light (m/s)
fi = SuT uplink frequency (Hz)
Lyp = SUT uplink path loss (dB)
L., = SuT uplink atmospheric loss (dB).

sua

The SUT uplink antenna gain is determined relative to the measurement
starting point gain by computing the delta between the reference starting point
SuT uplink EIRP value and the measured uplink BIRP, and subtracting the deltas
from the reference gain level.

For each suT uplink EIRP measurement, the [OTE computes the slew angle
based on the initial angle, start time, slew rate, and elapsed time. The initial
SUT angle, the SUT antenna slew rate, and the SUT starling slew time are
supplied by the SUT operator to the ERS operator, who inputs them into the
measurement. Finally, the procedure measures the clapsed time since the start
of the measurement. Figure 15 shows typical data for a single-sided earth
station transmit sidelobe measurement.
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Figure 15. Earth Station Transmit Sidelobe Measurement

Conclusions

The continuing trend toward higher-capacity, more complex communica-
tions satellites, such as the EUTELSAT II series, places greater demands and
constraints on the 10T systems built to test them. Because of the larger number
of transponders and configurations to be tested and the expanded repertoire of
tests (o be performed, a modern 10T system must acquire and analyze an
increasing volume of test data. This situation tends to lengthen the testing time
required, which conflicts with the owner’s desire that the satellite be placed
into operational, revenue-generating service as soon as possible after launch.

A UNIX workstation-based, highly automated 10T system installed at the
EUTELSAT earth station in Rambouillet, France, includes several innovative
featurcs and measurements. The X-Window-based graphical user interface
provides operational flexibility and is easier to use than older, command-line
interfaces. The system’s scheduler permits unattended stability measure-
ments to be performed at specified intervals by sharing equipment and earth
station resources among I0T measurements. A new technique called Fastsweep
reduces the time needed to measure a spacecraft channel’s frequency re-
sponse from several minutes to a few seconds, using an asynchronous swept-
frequency measurement technique and post-measurement digital processing.
The use of the spacecraft as a calibrated far-field signal source enables
EUTELSAT to independently measure and evaluate the performance charac-
teristics of a second earth station.
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The EUTELSAT 10T systcm was developed to support EUTELSAT's test-
ing of its second-generation satellites, and has been used for the 10T of the
EUTELSAT 11 Fl, F2, F3, and ¥4 spacecraft.
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