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Fig. 3 Electric fields (V/m) produced by S-band low-gain antenna.
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Fig. 4 Electric fields (V/m) produced by S-band high-gain antenna.
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Fig. 5 Electric fields (V/m) produced by Ku-band antenna.

of —120<6 <120 deg and —60 < ¢ <60 deg. The S-band an-
tenna transmit frequency is 2.265 GHz, and the antennas are
located at (—2.53, 0.09, —14.26) m, (0.26, 8.14, —4.19) m, and
(0.26, —9.19, —4.19) m referenced to the ISS coordinate system.
The peak gainis 16 dB. The maximum transmittedpower referenced
at the power amplifier output is 40 W. The nominal cable loss be-
tween the power amplifier output and antenna is 1 dB at the min-
imum operation temperature® The aperture integration technique
was used to compute the electric fields for this antenna.* The coni-
cal horn antenna model was validated by measured far-field S-band
antennaradiation patterns.

Figure 4 shows the electric fields (volts per meter) produced by
the S-band high-gain antenna. The radiated energy is spread mostly
within a cone region. The keep-outzone, in which the electric fields
are greater than the maximum permitted 106-V/m exposure level,
for the EMU electronicsis approximatelya cylindricalregion of 1 m
in diameterand 2.6 m inlength, extendingforward from the antenna.

The Ku-band antennatransmit frequencyis 15 GHz and is located
at(—4.81, —4.17, —3.56) m in the ISS coordinatesystem. The peak
gain is 48.4 dB. The maximum transmitted power referenced at the
power amplifier outputis 10 W. The nominal cable loss is 1 dB at
the minimum operation temperature? In the field computations for
the Ku-band reflector antenna, the geometrical theory of diffraction
(GTD) is used.’ The GTD-computed field intensities were validated
by the anechoic-chamber-measued, far-field Ku-band antenna ra-
diation patterns.

Figure 5 shows the electric fields (volts per meter) produced by
the Ku-band high-gain antenna. For a range distanceless than 100 m
from the aperture, the radiated energy is mainly confined within the
aperture projected cylinder. The alternate electric field peaks and
valleys of the Fresnel zone phenomenonare observedin close range

distances less than 40 m. The rf exposure limit for the EMU elec-
tronics at the Ku-band frequency is 20 V/m. The keep-out zone, in
which the electric fields are greater than the maximum permitted 20-
V/m exposurelevel,is approximatelya cylindricalregionof 2.4 min
diameter and 290 m in length, extending forward from the antenna.

Conclusions

The electric fields around the various space station transmitting
antennas are computed and presented. This information is impor-
tant in assessing personnel and electronic equipment rf exposure
hazards and is useful for the users of the space station who are de-
signing scientific experiment payloads to be operated in the space
station environment. As an example, the keep-out zones in which
the electric fields exceed the specified maximum permitted rf ex-
posure to the EMU electronics on the space suit were determined.
Similarly, keep-out zones for other equipment can be determined
using information presented in this Note.
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Introduction

HE international space station (ISS) is very large in terms of

physical and electrical size and is a very complex space vehi-
cle, as shown in Fig. 1. The solar panels and thermal radiators are
rotated dynamicallyto maintain preferentialorientationwith respect
to the sun. The Global Positioning System (GPS) antennas have to
track the GPS satellites in a wide-field-of-view region and will en-
counter multipath interference from the ISS structures. Multipath is
an important error source for attitude determination.?
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Fig. 1 International space station configuration. Design analysis cycle
3 assembly sequence.

The uniform geometrical theory of diffraction(GTD) is an effec-
tive modeling tool for GPS multipath analysis> Because the GTD
techniqueis computationallyintensive, the rigorous multipath com-
putations for a complex vehicle like the space station pose a chal-
lenging task. More than 50 basic structural elements, composed of
plates and cylinders, are needed for an assembly complete space
station model. A volumetric pattern at a 2-deg grid density over the
GPS field of view will require considerable computing time. In ad-
dition, the solar panels and thermal radiators are not stationary. The
solar panels track and thermal radiators antitrack the sun’s rays.
The space station configuration thus dynamically changes in the
time domain. The conventional GTD computer modeling approach
requires recalculating the multipath for all space station structural
elements at every time step, whenever the solar panels or thermal ra-
diators change their orientations. This approachresultsin excessive
computing time.

A new approach s proposed to investigate the effects of dynamic
solar panel and thermal radiator movements on GPS carrier phase
measurement. This new approach significantly reduces the required
computing time at every time step by separating the dynamic struc-
ture elements, such as solar panels and thermal radiators, from the
static structure elements, such as modules, the Russian power tower,
the centrifuge, and the trusses in the rigorous multipath computa-
tions using GTD. The total multipath, at every time step, from the
space station structuresis then the appropriate combination of mul-
tipath from both the dynamic structuresand the static structures. The
multipath effects from the ISS structures were measured as phase er-
rors in millimeters, which are the differences between the received
signal phases with and without the ISS structures in place. The
190.5-mm wavelength X, at the GPS L1 frequency of 1.575 GHz,
correspondsto a 360-deg phase error.

New Approach

The carrier phase errors due to multipath are computed by the
following procedure when using the newly proposed GTD ap-
proach. First, the carrier phase for all four GPS receiving anten-
nas (¢, ¢, ¢3, ¢4) in free space without multipath from any space
station structures is computed. Next, the carrier phase including
multipath from the static and dynamic space station structures for
all four antennas (¢}, ¢, @5, ¢4'), where m = s, d, is computed.
The carrier phase ¢; is computed by modeling only the space station
static structures and is computed only once. The carrier phase ¢
is computed by modeling only the space station dynamic structures
and is computed at each time step, whenever the solar panels or
thermal radiators change their orientations. The carrier phase shift
due to multipath from the static and dynamic ISS structuresis de-
termined by A¢" = ¢ — ¢p; , wherem = s, d andi =1, 2,3, 4.
Finally, the carrier phase shift errors from the whole ISS structures
for each antenna at each time step are determined by A¢; = Ag; if
1AG!] > || or Ag, = AG! if |AG!| > |AG]].

The signal strength or antenna gain degradation due to multi-
path is computed by a similar procedure when using the newly
proposed GTD approach. First, the signal strength or antenna gain
for all four GPS receiving antennas (G, G, G3, G4) in free space
without multipath from any space station structures is computed.
Next, the signal strength or antenna gain including multipath from

the static and dynamic space station structures for all four anten-
nas (G, G, G5, G}), where m = s, d, is computed. The signal
strength G is computed by modeling only the space station static
structuresand is computed only once in all time. The signal strength
G¢ is computed by modeling only the space station dynamic struc-
tures and is computed at each time step, whenever the solar panels
or thermal radiators change their orientations. The antenna gain
degradationdue to multipath from the static and dynamic ISS struc-
tures is determined by AG" = G — G;, where m = s,d and
i = 1,2, 3, 4. Finally, the signal strengthincluding multipath degra-
dation from the whole ISS structures for each antenna at each time
step is determined by G = G* if |[AG}| > |AG?| or G" = G if
IAGY| > |AG!].

Results

The accuracy of the results from the new technique is com-
pared with that from using the conventional GTD modeling tech-
nique. Figure 2 shows that the computed signal strength (or antenna
gain) along a selected satellite path is very similar for both the
conventional and new GTD modeling approaches. Almost identi-
cal phase shift along a selected satellite path is also observed in
Fig. 3. Figure 4 shows that the computed percent coverage for the
volumetric antenna gain patterns is very close for both the conven-
tional and new GTD modeling approaches. Figure 5 shows that the
computed percentcoverage for the volumetric phase shift patternsis
only slightly differentbetween the conventionaland new GTD mod-
eling approaches. There are significant separationsin terms of wave-
length between the static structures and the dynamic structures that
result in insignificant electromagnetic interactions between them.
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Fig. 2 Signal strength comparison along a satellite path.
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Fig. 3 Phase shift comparison along a satellite path.
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Fig. 4 Comparison for volumetric signal strength pattern.
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Fig. 5 Comparison for volumetric phase shift pattern.

The difference in the computed antenna gain and phase patterns us-
ing the two different modeling approachesis small and is mostly in
the small phase shift region (less than 5 mm).

Conclusions

To investigate the effects of dynamic solar panel and thermal ra-
diator movements on the space station GPS carrier phase measure-
ment, a simple approachis proposed. This proposed GTD computer
modeling approachis analyzed and compared with the conventional
GTD modeling approachfor accuracy and efficiency. The proposed
new approach, at every time step, recomputes the multipath only
from the dynamically changed solar panels and thermal radiators

but not from the static structural elements. The total multipath at
every time step from the space station structures is then the appro-
priate combination of multipath from both the changed dynamic
structures and the unchanged static structures.

Results obtained from this study indicate this new modeling ap-
proach reduces the computing time considerably and only very
slightly decreases the accuracy of the percent coverage of the GPS
receiver antenna gain and phase shift patterns. This new modeling
approach reduces multipath computing time by more than 30%,
which is dependent on the actual structure configuration, by ignor-
ing the insignificant electromagneticinteractions between the static
structures and the dynamic structures.
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