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Fig. 1 Illustration of the
MESSENGER spacecraft
and antenna patterns. Y
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THE MEDIUM-GAIN

ANTENNA OF THE
MESSENGER SPACECRAFT

This article describes the design and performance of the medium-gain antenna
developed for the MESSENGER spacecraft. The electrical design and
performance will be presented, as well as the mechanical design that was

necessary to endure the harsh mission environment.

n August 3, 2004, the MESSENGER
Oprobe1 was launched on its six-year

journey to the planet Mercury. The
acronym MESSENGER derives from
MErcury Surface, Space ENvironment, GEo-
chemistry and Ranging. Commissioned by
NASA, and built and operated by the Johns
Hopkins University Applied Physics Laborato-
ry (JHU/APL), the probe carries a suite of sci-
entific instruments that will conduct a study of
Mercury upon entering orbit around that
planet in March of 2011. Communications
with the spacecraft
take place through an
on-board telecommu-
nications system that
includes an X-band
solid-state power am-
plifier and three kinds
of antennas:2 a high
gain phased array
whose main beam can
be electronically
steered in one plane, a
medium-gain “fan-
beam” antenna and a
low gain horn with a
broad pattern. The
high gain antenna is
used as transmit-only

at 8.4 GHz, the medium-gain and low gain an-
tennas transmit at 8.4 GHz and receive at 7.2
GHz, and all three antennas operate with
right-hand circularly polarized (RHCP) radia-
tion. One of each of these antennas is mount-
ed on the front of the probe facing the sun,
and one of each is mounted to the back of the
probe facing away from the sun. This article
describes the design and performance of one
of these antennas, the medium-gain antenna.
Communication between the probe and
Earth can be understood with the aid of Fig-
ure 1. Consider a spherical coordinate system
whose origin is at the probe, with the z-axis
pointing toward the sun. The line from sun to
probe makes an angle with the line from
probe to Earth; it is referred to as the sun-
probe-Earth (SPE) angle and corresponds to
the elevation angle 6 in a spherical coordinate
system. This angle can vary between 0° and
180° during the mission. Since the solar pan-
els must always face the sun, any change to
the spacecraft attitude is restricted to a roll
motion about the sun-probe line; this move-
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pected mission tem-
peratures of —100°

with the evanescent waveguide
modes, and this effect must be taken
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A Fig. 3 The helical radiating elements.

ment corresponds to a change in az-
imuthal angle ¢. The figure, superim-
posed upon the probe, shows the ra-
diation patterns for the front and
back antennas. The low gain antennas
each have patterns that cover a hemi-
sphere with maximum gains of 6
dBic. The medium-gain antennas
each provide a 90° by 7.5° fan-beam
with a peak gain of 15 dBic, while
each high gain antenna electrically
scans a 12° by 2.5° beam within a
quadrant with a peak gain 28.5 dBic3
(the beamwidth specifications are for
the 3 dB points). The medium- and
high gain antenna patterns on the
front and back of the probe sweep
through a hemisphere of space as the
probe is rolled about the sun-probe
line. Thus the medium- and high gain
antennas can provide a communica-
tion link for any location of the Earth
at data rates that are medium and
high, respectively, compared with the
data rate of the low gain antennas.

ELECTRICAL DESIGN

Figure 2 is a photograph of a flight
spare fan-beam antenna. It is con-
structed mainly of aluminum to mini-
mize weight and to withstand the ex-

Titanium
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to +300°C. Various
components of the
antenna assembly
are labeled in the
figure, including an
SMA-to-WR112
waveguide adapter,
a diplexer, a titani-
um waveguide spac-
er and a dual E-
plane waveguide
bend. The radiating
portions of the an-
tenna are labeled as the transmit array
and the receive array. The individual
radiating elements in each array are
short helix antennas. These elements
are fed through the broad wall of a
rectangular waveguide that is short
circuited at the end. WR112 alu-
minum waveguide was chosen for this
application because its operating band
encompasses both the transmit and re-
ceive frequencies. Some electrical iso-
lation between adjacent helices is ac-
complished by surrounding each helix
with a short cylindrical wall. The short
helix radiating elements were pat-
terned after the design by Nakano, et
al.,* who studied the radio frequency
(RF) properties of helices less than 2A
long (where A is the free space wave-
length). In particular, it was shown
that the short helix can produce good
quality circularly polarized radiation.
This property, along with a half-power
beamwidth of nearly 90°, made the
short helix radiator a natural choice for
this application. Also described by
Nakano, et al., is a linear array of short
helix radiators fed by waveguide that
had a matched load at one end.> The
fan-beam antenna design described
here closely follows the work of
Nakano, et al., with some small differ-
ences. First, the Nakano antenna is a
traveling wave antenna, whereas the
fan-beam antenna is a standing wave
antenna. Second, the method em-
ployed to tune out the reactance of
each helix probe is different. In the
Nakano antenna, tuning was accom-
plished with capacitive stubs that are
located a short distance from the helix
probes. For the fan-beam antenna,
tuning is accomplished with thin in-
ductive irises that are co-located with
the helix probes. A tuning element co-
located with a waveguide discontinuity
(the helix probe) will have interactions

\
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into account in the design. Third, the
fan-beam antenna had to withstand
the temperature extremes of the space
mission. This environment imposed
specific requirements on helix installa-
tion techniques and compatibility of
the thermal properties of materials,
and necessitated thorough environ-
mental testing. More will be said
about this in the mechanical design
section of the article.

The fan-beam antenna was de-
signed to have a minimum 3 dB
beamwidth of 6° at 7.2 GHz and 5° at
8.4 GHz in the narrow cut of the pat-
tern, and for both frequencies a mini-
mum 3 dB beamwidth of 90° in the
wide cut of the pattern and an axial
ratio of 3 dB maximum. A linear array
of short helices was designed for each
frequency, each array having a helix
separation corresponding to A,/2 at
the respective frequency (where A, 1s
the wavelength in the waveguide)
The number of helices in each array
was determined by the Kg/Q spacing
and by the total array length. For the
desired half-power beamwidth in the
narrow cut of the pattern, the total
array length L may be calculated by
the approximate formula:® L =
50°A/beamwidth. The total length is
then divided by 7»%/2, which yields 11
helices for the transmit array and
nine helices for the receive array.

The lg/Z helix spacing, and the
short circuit located A,/4 from the
last helix, place the he%lx probes at
the maxima of the standing wave. The
electric field at adjacent maxima is
180° out of phase, and so adjacent
helices are rotated about their probe
axes to orient them 180° differently
from each other. This arrangement
allows adjacent helices to radiate in
phase, even though they are being ex-
cited by an electric field that is 180°
out of phase. Figure 3 shows a close-
up photograph of two adjacent helix
radiators; note their relative mechani-
cal orientation is 180° apart.

An array, as described, can be
modeled as a transmission line with N
shunt admittances in parallel, where
N is the number of helices in the ar-
ray. This is so because of two proper-
ties of transmission lines.” First, the
value of a shunt admittance is the
same when viewed from a reference
plane that is n?»g/2 away from the ad-
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A Fig. 4 Measured admittance of a helix
4
probe versus insertion depth.

mittance (where n is an integer). Sec-
ond, the short circuit at the end of the
waveguide appears as an open circuit
when viewed from a reference plane
located (2n+1) lg/4 from the short cir-
cuit. Therefore, a reference plane that
is nlg/2 from the first helix sees N
shunt admittances in parallel with
each other, all in parallel with an open
circuit. Transmission line theory says
that the input port of the waveguide
will be matched (therefore maximiz-
ing antenna radiation) when the total
shunt admittance equals the charac-
teristic admittance of the line. Since
the characteristic admittance of a
waveguide is a function of frequency,
it is convenient to normalize it when
taking measurements and therefore
the goal is a total shunt admittance of
unity. This means that the normalized
admittance of each helix probe should
be 1/N when the antenna is tuned
properly.

The normalized admittance of a
helix probe has a susceptance that
must be tuned out. Measurements of
normalized admittance were per-
formed on one helix located A /4
from a waveguide short circuit, as a
function of normalized probe inser-
tion depth (normalized to the height
of the waveguide). The measurement
results are shown in Figure 4. As ex-
pected,8 the shunt susceptance is ca-
pacitive except for large insertion
depths when the probe almost touch-
es the floor of the waveguide. The
amount of power coupled to a helix
increases with larger probe insertion
depth. Since the number of helices in
an array was expected to be at least
nine to generate the required pat-
tern, the power coupled to each helix
is modest and therefore the required
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A Fig. 5 The lid assembly and waveguide
body for the 7.2 GHz array.

insertion depth is small enough to
have a capacitive susceptance. This
susceptance can be canceled using a
suitable inductive element co-located
with a helix probe. Alternately, a ca-
pacitive tuning element located a dis-
tance A,/4 from the probe may be
used. Véaveguide tuning elements
have been described under the fol-
lowing assumptions:¥ propagation of
only the dominant mode, and suffi-
cient distance from other discontinu-
ities such that all higher order
evanescent modes have decayed to
insignificant levels. Interference with
evanescent modes could not be
avoided in the fan-beam antenna de-
sign. No matter where a matching el-
ement is placed for a helix, it will be
affected by evanescent modes of that
helix or modes of another helix that is
close by. This outcome violates one of
the above assumptions, implying that
the standard formulas for a tuning el-
ement may not be accurate. It was
decided to tune out the capacitive re-
actance of the helix probes by using a
thin inductive iris co-located with
each probe. Though the standard for-
mulas for the thin inductive iris are
not as accurate in this situation, the
actual performance may be checked
via direct measurement.

The first trial helix arrays were
built by sequential tuning of the indi-
vidual helices. The process began
with a shorted waveguide connected
to the network analyzer, and the helix
closest to the short circuit (%.g/4 away)
was inserted through the broad wall.
Heat-shrink tubing was placed on the
helix probe in order to give an electri-
cally insulating snug fit in the hole of
the waveguide wall. Metal shims
were inserted on each side of the
probe through slits in the narrow wall
of the waveguide to form an induc-
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tive iris; the slits were narrow enough
to give a tight friction fit of the shims.
The helix probe depth and shim in-
sertion depth were adjusted until a
normalized conductance of 1/N was
obtained, with negligible suscep-
tance. Then the next set of helix and
metal shims was installed, and the
combination was tuned until the total
normalized admittance was 2/N with
negligible susceptance. The process
was repeated until all helices and in-
ductive irises were installed, and the
total normalized admittance was uni-
ty with negligible susceptance. The
IS11] of the engineering model arrays
was typically better than —20 dB at
the center frequency.

The flight helix arrays were built by
parallel tuning of the helices and irises.
Parallel tuning ensures that all the
probes are the same and that all the in-
ductive irises are the same. All the he-
lices were soldered into the removable
broad wall of the waveguide (described
in the next section), and their probes
were trimmed to a starting length. The
waveguide body was machined to in-
clude inductive irises with a starting
gap width. The broad wall assembly
with helices was assembled to the
waveguide body and a measurement of
the input admittance was performed,
and then the broad wall was removed
again. Based on the measurement, the
helix probes were trimmed and/or the
inductive iris widths were machined
larger. Another measurement was
made, and the process was repeated
until the total normalized admittance
reached the center of the Smith chart.
Figure 5 shows a lid assembly with he-
lices and a waveguide body with
inductive irises.

The remaining components in the
fan-beam antenna assembly are as fol-
lows. The titanium waveguide spacer
is meant to provide thermal insulation
between the arrays, which are subject
to direct solar heating, and the rest of
the antenna, which is shaded by the
spacecraft body. Electrically, it acts as
a simple extension of the transmit and
receive ports of the diplexer. The
diplexer itself is a straight-junction
type designed at JHU/APL and manu-
factured by Continental Microwave.
The filter of each channel uses two ap-
propriately spaced vanes between the
centerlines of the broad walls. A cross
section through the center of the
broad walls is shown in Figure 6,
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A Fig. 6 Mechanical drawing (a) and
measured performance (b) of the diplexer.

along with measured S-parameters. A
high isolation diplexer is employed
elsewhere in the RF system to protect
the receiver front end from the trans-
mit power level. The SMA-to-wave-
guide adapter is a standard product
from Continental Microwave, except
that the waveguide flange was ma-
chined to a smaller height. The speci-
fied maximum operating temperature
of the adapter is 120°C and is the
main reason for using a titanium spac-
er to provide some thermal isolation
between the hot fan-beam antennas
and the adapter.

Expansion and contraction of the
antenna dimensions over the tempera-
ture range from —100° to +300°C have
an effect on the antenna performance.
Measuring these effects on the antenna
pattern while heating and cooling the
antenna to these temperature extremes
is very difficult and inconvenient. For-
tunately, a correlation between temper-
ature and operating frequency was es-
tablished. This correlation enabled the
effects of temperature to be checked
by measuring the antenna performance
at ambient temperature but at frequen-
cies that are offset from the center fre-
quency. Such measurements are shown
in the Antenna Performance section of
this article. To demonstrate the validity
of this approach, the |S;;| of the anten-
na versus {requency was measured at

several temperatures. Figure 7 shows
the [Sy;| of the transmit array of the an-
tenna for three different temperatures.
|S11| was measured while the array rest-
ed on a hot plate, and temperature was
monitored with a thermocouple probe.
The minimum |Sy;| at 15° and 105°C
occurs at frequencies of 8.4291 and
8.4116 GHz, respectively. The temper-
ature difference between the two
traces is 90°C. Since the array is con-
structed mostly of aluminum, the coef-
ficient of thermal expansion is approxi-
mately 24 ppm/°C. Multiplying this co-
efficient by the temperature difference
gives a fraction of 0.00216, and the
fractional frequency shift should corre-
spond to (1 —0.00216) = 0.99784. Mul-
tiplying 8.4291 GHz by 0.99784 gives
8.4109 GHz, which is only 0.7 MHz
away from the frequency of minimum
IS11] at 105°C, an error of only 0.008
percent.

MECHANICAL DESIGN

Attaching the helices to the broad
wall of the waveguide presented a chal-
lenge, because the attachment had to
function electrically and also had to be
mechanically robust. The final solution
uses a DC feed-through structure, of
the type commonly used to bring DC
power through the chassis of an RF
module, fastened to the helix probes.
The process involves a glass-to-metal
seal between the glass bead of the feed-
through and the metal helix probe.10
The helices had to be fabricated of Ko-
varll in order to accept the glass-to-
metal seal, since Kovar has a coefficient
of thermal expansion that is similar to
glass. The helices with feed-throughs
were then gold plated.12 The remov-
able waveguide wall is also gold plat-
ed! and has holes drilled to accept the
feed-throughs. Helices were inserted
into the holes until the feed-through
flange rested on the wall surface. They
were rotated about their probe axes to
obtain proper phasing as described ear
lier, and then were soldered in plac
using a gold-silicon solder!* at approx}-
mately 400°C. Figure 8 shows a drawf-
ing detail of a helix with feed-throug
mounted to the waveguide lid. Sample
of helices soldered to the waveguide
lids were put through rigorous tests to
make sure that the solder bond would
not fail in the flight environment. The
assemblies were subjected to thermal
cycling between —100° and +300°C
with a ramp rate of 20°C per minute

TECHNICAL FEATURE

and a soak time of 15 minutes at each
temperature extreme. After this proce-
dure, the sample helices were pulled
until failure of the solder bond oc-
curred. The force required to break the
solder bond was well beyond any forces
the helices would experience during
the mission.

The flight units were subjected to
six thermal cycles in a vacuum over
the temperature extremes just de-
scribed, with a 30-minute soak time
at each plateau. Return loss was mon-
itored before, during and after the
thermal vacuum cycling, and patterns
were measured afterwards to make
sure that no damage was done to the
antennas. The flight units were also
subjected to sine vibration and ran-
dom vibration along each of three or-
thogonal axes. The return loss was
monitored before, during and after
the vibration testing in order to check
for damage. No damage was found on
the flight units after completion of
environmental testing.
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A Fig. 9 Receive array patterns at 7.2 GHz;
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plane axial ratio.

ANTENNA PERFORMANCE

Figure 9 shows plots of antenna
patterns for an engineering model fan-
beam antenna mounted on a flat
ground plane. It shows, respectively,
the wide pattern cut, narrow pattern
cut and wide pattern axial ratio at three
frequencies near 7.2 GHz. These pat-
terns come close to the ideal 90° sector
fan-beam shape with a reasonable axial
ratio. Patterns at the transmit frequen-
cy of 8.4 GHz showed similar perfor-
mance; for the flight units mounted on
the spacecraft, however, the patterns
were slightly distorted owing to the
proximity of the high gain antenna that
is tuned to the same frequency.

The reason for measuring the pat-
terns at three different frequencies is
to gauge the effects of thermal expan-
sion and contraction on antenna per-
formance, as explained previously.
The lower frequency extreme corre-
sponds to thermal expansion due to a
temperature increase of 200°C, while
the upper frequency extreme corre-
sponds to thermal contraction due to
a temperature decrease of 200°C. The
fan-beam antenna was designed for
nominal performance at a tempera-
ture of +100°C, and so a £200°C
change covers the expected tempera-
ture swing of —100° to +300°C. The
peak gain over this temperature swing
changes by less than 0.5 dBic. l
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