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Abstract — To lower costs and reduce latency, a network of
adaptive array ground stations, distributed across the United
States, is considered for the downlink of a polar-orbiting low
earth orbiting (LEO) satellite. Assuming the X-band 105 Mbps
transmitter of NASA's Earth Observing 1 (EO-1) satellite with a
smple line-of-sight propagation model, the average daily
download capacity in bits for a network of adaptive array
ground stations is compared to that of a single 11 m dish in
Poker Flats, Alaska. Each adaptive array ground station is as-
sumed to have multiple steerable antennas, either mechanically
steered dishes or phased arraysthat are mechanically steered in
azimuth and electronically steered in elevation. Phased array
technologies that are being developed for thisapplication arethe
space-fed lens (SFL) and the reflectarray. Optimization of the
different boresight directions of the phased arrays within a
ground station is shown to significantly increase capacity; for
example, this optimization quadruplesthe capacity for a ground
station with eight SFLs. Several networks comprising only two
to three ground stations are shown to meet or exceed the capac-
ity of the big dish. Cutting the data rate by half, which saves
modem costs and increases the coverage area of each ground
station, is shown to increase the average daily capacity of the
network for some configurations.

|. INTRODUCTION*

A typical ground station for NASA’s low-earth orbiting
(LEO) satellites utilizes a single large (10 m — 11 m) dish an-
tenna, and tracks a single satellite at a time by mechanically
scanning the antenna through as much as 160 degrees. The
downlink supports data rates ranging from 2 kbps up to 150
Mbps. To maximize contact with these polar-orbiting but
precessing satellites, the ground stations are near the poles.
The ground stations cost from $2M to $4M each to build and
have an associated maintenance cost.

It will be shown that it is possible to construct a network with
lower-cost ground stations, not necessarily located near the
poles, which will receive data from these satellites by adap-
tively combining several small antennas. When used with
current satellites, these networks can provide average daily
data rates that meet or exceed the current rates of the large
antenna ground stations and use as few as 3 or 4 antennas per
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ground station, such that each antenna has an aperture size of
0.75m. Variable hit rate methods can further reduce the
number of antennas for the entire network. Furthermore, d-
though the subarctic locations of current ground stations
maximize the amount of data that can be received per day, it
might be cost effective to place the phased arrays at more ac-
cessible locations, such as on top of buildings in urban areas.
Also, since a distributed network increases the amount of
time that a satellite can transmit data, the bandwidth of the
satellites can be reduced without compromising the average
daily datarates.

Our vision is that the ground stations would be connected via
the Internet, so that any given LEO satellite can be in nearly
continuous communication with the network on Earth. While
the focus of the current project is for a ground station to
communicate with only one satellite at a time, the architec-
ture being studied is capable of a rapidly and electronically
controlled reconfiguration, to enable fast switching from one
satellite to another within the same constellation, or simulta
neous communication with multiple satellites.

Two phased array technologies are being investigated for use
as the “small antennas’ in the proposed ground station. One,
which is being developed at the University of Colorado, is the
space-fed lens (SFL) array. The SFL is composed of a feed
array and a radiating array with each corresponding el ement
pair interconnected by transmission lines of different lengths
to radiate a plane wave in the forward direction. The other,
being developed at NASA’s Glenn Research Center, isthere-
flectarray (RA). The RA has a surface containing integrated
phase shifters and patch radiators; the surface is illuminated
by asingle feed at a virtual focus. The signal passes through
the reflect-mode phase shifters and is re-radiated as a colli-
mated beam in essentially any preferred direction in the field
of view of the antenna. Both approaches provide electronic
beam steering in elevation, mechanical steering in azimuth,
and promise low cost.

It will be shown that the cost of the network is greatly re-
duced if optimizations are performed for a variable bit rate
(VBR) link or array pattern synthesis. Because the ground
station requirements in a LEO communications system are
determined by the maximum distance between the satellite
and the ground station, the system exhibits an excess signa
power of up to 12dB when the satellite is close to the ground
station. VBR and pattern synthesis methods increase the effi-



ciency of the ground station by ensuring that the received
signal power remains near the desired value regardless of the
distance between the satellite and the ground station. The
advantages are significant; VBR methods can increase the
daily data rate of a ground station by a factor of 2.5 [8], and
we will show that pattern synthesis can reduce the required
number of antennas for a ground station by a factor of ten.

To the best of the authors' knowledge, no other papers have
investigated the use of array pattern synthesis or variable bit
rate methods to maximize the downlink capacity of an array
for LEO satellite communications. Although the array de-
scribed in [1] will have a dedicated subarray to increase the
gain of the array near the horizon, this only mitigates the inef-
ficienciesand it is not an analytically optimal solution.

The X-band downlink on the satellite EO-1 was chosen as the
reference link for this analysis. This satellite is located at an
altitude of 707 km and has a sun-synchronous orbit with an
inclination of 98°. When this satellite is directly over a
ground station, the required gain over noise temperature
(GIT) for the ground station is 10.25 dB, accounting for re-
quired margins[2].

Il. THE SPACE-FED LENS

A space-fed lens, which is fundamentally analogous to a
Rotmann lens [3,4] except that it is planar, can form beamsin
the entire half-space and is light-weight and inexpensive.
The lens is fabricated using standard printed circuit board
technology [5-7]. It can be viewed as a hardware discrete
Fourier transform of an arbitrary linear combination of plane
waves incident on a focal surface. The wavefront is sampled
at the incidence plane by an array of antenna elements; each
sample is then appropriately time-delayed and reradiated
onto a focal surface by a second array of antennas. The fields
on the focal surface are sampled so that each focal-plane an-
tenna element (also called a detector) preferentially receives
waves incident from a single direction. This is a discretized
version of an optical dielectric lens which is thicker in the
middle, i.e. hasalarger delay in the middlie [4]. Beamforming
through a SFL at the front end has advantages in terms of re-
duced complexity, cost of digital hardware, and computa-
tional load, especially for large arrays.

A. Design of the SFL and its switching network

The presented SFL has only one degree of freedom: the delay
line lengths [4]. It is implemented using standard planar cir-
cuit technology on a 0.381mm-thick Rogers TMM 6 sub-
strate, and incorporates low-noise amplifiers (Hittite
HMC462LP5) at the focal-surface antennas. This SFL pro-
vides polarization conversion from RHCP at the non-feed
side to linear polarization at the feed side. Simulations of a
RHCP truncated-corner patch element show 3.4dB of gain
and 0.1dB of axia ratio, with S;;=-23 dB. The linearly-
polarized square patches have 3.9dB of gain and S;;=-34dB.
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Fig. 1. Layout of the 952 antenna elements of both front-end
array (red) and feed-side array (blue) that compose the SFL.
Front-end antennas are RHCP because of the incoming sig-
nal, and feed-side antennas are linearly polarized for design
simplicity and reducing inter-element coupling.

The true time delay is implemented with 500 microstrip
lines. The element pairs are connected via interconnects with
0.5dB of insertion loss. The array, shown in Fig. 1, has 952
elements in a 0.75m diameter aperture On both sides, ele-
ments are spaced at 0.6 wavelength to be near the Shannon-
Nyquist sampling criterion. It produces a directivity D=36dB
at 8.386GHz satisfying the system G/T requirements. Satel-
lite tracking is performed by a switching network comprising
thirty-two detectors on the focal surface. To increase the sig-
nal-to-noise ratio (SNR), each detector is directly linked to a
low-noise amplifier (LNA). As shown, every other LNA is
connected to the same bias voltage set and one of two 1:8
switches. This allows either discrete beam switching or con-
tinuous beamsteering by only modifying two sets of bias
voltages. Fig. 2 shows a simplified version of this switching
network with sixteen detectors, instead of thirty-two, to give
agood understanding without loss of generality.

B. Smulation Results

The far field patterns of the thirty-two beams are given by
Fig. 3. These beams uniformly cover the range of +40 de-
grees off the local SFL zenith. In the worst case, the scallop-
ing loss is 1.6dB. The envelope of these patterns determines
the scan loss, which follows approximately the usual cosq
law. This figure also shows that side lobe levels are very low
in the scanning zone. The boresight levels will be reduced by
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Fig. 2. A simplified version of the switching network with
sixteen detectors. To increase the SNR, each detector is di-
rectly linked to an LNA. Every other LNA is connected to the
same bias voltage set and one of two 1:8 switches. This al-
lows either discrete beam switching or continuous beamsteer-
ing by only modifying two sets of bias voltages.
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Fig. 3. Scan loss and un-normalized radiation pattern for 32
beams. Scalloping lossis better than 1.6dB (worst case).

placing absorbers in these directions. Fig. 4 emphasizes the
degradation in the patterns when the considered beam is off
the local Zenith, by showing the power distribution on the fo-
cal arc. At the Zenith (Fig. 4a) the beam is perfectly symmet-
ric with side lobe levels lower than 30dB. At 20 degrees off
the Zenith (Fig. 4b) thereis no longer a focus point, but still a
zone of good focus, and this creates higher side |obe levels.

270
Gain far incident plane wave at Azimuth =0 and Elevation =70

(b)

Fig. 4. Images on focal surfaces for incoming beams (a) at the
Zenith and (b) at 70 degrees of elevation (20 degrees off the
local Zenith).

These phenomena increase as the beam goes off the SFL lo-
cal Zenith.

To cover 160 degrees with two SFLsin about 15 to 18 min-
utes, each beam has to be turned on for 15 seconds. This
permits the use of a slow switching network.

1. FERROELECTRIC REFLECTARRAY ANTENNA

A scanning reflectarray consists of aflat surface with diame-
ter D containing N integrated phase shifters and N patch ra-
diators that is illuminated by a single feed at a virtual focus
located a distance f from the surface such that f/D »1. The
modulated signal from the feed passes through the N reflect-
mode phase shifters and is re-radiated as a focused beam in
essentially any preferred direction in the hemisphere in front
of the antenna, asin a conventional phased array. The control
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Fig. 5. Insertion phase of the hybrid (ferroelectric/semicon-
ductor) X-band phase shifter with the termination in each
state (open- or short-circuited).
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Fig. 6. Insertion loss envelope of the hybrid (ferroelec-
tric/semiconductor) X-band phase shifter with the termination
in each state (open- or short-circuited).

algorithm is nearly identical to that of a conventional phased
array, the exception being an a priori setting of all phase
shifters to compensate for the spherical wave-front from the
feed. That is, the signal from the feed reaches the centra
element of the aperture before it reaches elements toward the
perimeter. Of course, the physics, insofar as inter-element
spacing, mutual coupling, scan loss, etc. is concerned, is the
same as for a conventional directly radiating phased array.

One difficulty with implementing such an array arises from
the fact that the phase shifters are necessarily between the
feed horn and the patch radiating elements. Hence, they in-
troduce line loss in front of the first stage low noise amplifier
(LNA) and cause system noise temperature to escal ate.

A hybrid X-band phase shifter consisting of four cascaded
coupled microstrip lines patterned over 400 nm thick laser
ablated Bag 505050 1105 films, followed by a silicon (Si) diode
switch, has been designed, fabricated and tested. The ferro-
electric section provides nominally 180 degrees of analog

phase shift. Basically, as a bias from 0 to 350 V is applied
across the coupled line electrodes, the relative dielectric con-
stant of the film tunes from about 2000 to 800, thereby modi-
fying the propagation constant. The ferroelectric films are, of
course, excellent dielectrics and the current draw is negligible
so there is virtually no power consumption. The beam lead Si
diode switch is appended to the last coupled microstrip sec-
tion and toggles between an open and virtual short circuit re-
alized with a quarter-wave radial stub. Thisresultsin a “digi-
tal” transition between a reflection coefficient with magni-
tude near unity and phase of » 0 degrees and »180 degrees,
respectively. Thus, a full 2p phase shift is possible. The in-
sertion phase of the phase shifter is shownin Fig. 5.

The insertion loss of the hybrid phase shifter is shown in Fig.
6. The hybrid phase shifter demonstrated an average loss of
about 3.5 dB (over a 10 % bandwidth). The difference be-
tween the open- and short-circuited termination is very close
to the predicted 180 degrees. The X-band reflectarray will be
based on a 615 element, 19 GHz prototype. But instead of
full two-dimensional electronic steering, the array will use
one hybrid phase shifter per row to achieve elevation control
electronically. But azimuth control will be done mechanically
using a stepper motor and turnstile arrangement. This ap-
proach was selected to minimize cost. The 19 GHz prototype
isshown in Fig. 7 for reference.

Fig. 7. 615 element, 19 GHz ferroelectric prototype array.
The diameter is 28 cm.

IV. DOWNLOAD CAPACITY ANALYSIS

A. Introduction

To compare the various network configurations, we use a
metric defined as the daily bit rate (DBR) of the ground sta
tion. The DBR represents the average number of bits that a



ground station can receive from the satellite in a 24-hour pe-
riod.

A probabilistic approach is used to solve this problem. A
probability density function is first derived to describe the
likelihood that the subsatellite point is within an arbitrary re-
gion on the surface of the Earth. Next, an expression is cre-
ated to describe the probability that the satellite is located in a
region where a communications link can be established with
the ground station. This expression is modified to include the
effects of variable bit rates. The details of this analysis can
be found in [8].

When EO-1 is near the horizon, the path loss on the link is
12dB higher than when the satellite is at zenith. Since the re-
quired gain of the array is determined by the path loss at the
lowest desired elevation (LDE), an array of dish antennas will
have more gain at higher elevation angles than is necessary
for demodulation. If some type of pattern synthesis is used,
then theratio of the received energy per bit to the noise spec-
tral height (E, /N, ) will be independent of the elevation

angle of the satellite. Thiswill increase the DBR of the net-
work without imposing the requirements of avariable bit rate
method [8].

B. Pattern Synthesis

The type of pattern synthesis in this paper applies to elec-
tronically steered arrays with scanning loss or directiona
elements. The peak mainlobe gain in these arrays diminishes
asthe array is steered away from boresight [9]. Since severa
of these steered arrays are used in a ground station, the bore-
sight directions can be different. In this type of pattern syn-
thesis, the boresight directions of the phased arrays in the
ground station are optimized so the adaptive combination of
the phased array outputs yields the highest possible DBR.

This optimization will be applied to the SFLs, which will be
mechanically steered in azimuth and electronically steered in
elevation. Therefore, the SFLs will have scanning loss only
as a function of elevation. Fig. 8(a) shows three SFLs, on
azimuth turntables, sharing the same boresight direction and
steered to the same target. In Fig. 8(b) each SFL has a differ-
ent tilt, or boresight, direction but the mainlobes are steered
to the same target location. Thus, for a given target location,
each SFL exhibits a different value for scanning loss.

This scanning loss can be described by the function Gy ),
where y is the elevation angle off-boresight, such that
G(0) =1. If the peak power gain of the SFL in the boresight

direction is given by a constant, A, then the power gain of the
SFL when scanned to theangley is AG(y ). The path loss
between the ground station and the satellite can be defined as
L.(q) . where g is the elevation angle of the satellite. If
there are N SFL s and no other 1oss mechanisms, then the part

of the link gain that depends only on the path loss and the
SFL mainlobe gains can be expressed by
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Fig. 8. Possible ground station configurations using the
Space-fed Lens (SFL). The SFLsin (a) are all tilted to the
same angle. The SFLs in (b) are tilted at different angles.
The scan loss behavior is overlaid with 10dB intervals.
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where y is the boresight direction in elevation of the Nth

Space-fed Lens. Genetic algorithms can optimize the values
of y tomake E_ /N, independent of the satellite's eleva-

tion.

Fig. 9 contains plots of G, (q)L,(90°) for two cases. The

optimized design has a LDE of 5° with eight antennas; de-
spite the dlightly lower gain and high scan loss of the SFL,
thisis only one more than the array of 0.75m dishes requires.
The uniform array has a LDE of only 23° and an excess gain
of more than 10dB at some angles. Approximately 80 anten-
nas in the uniform array would be required to achieve an
LDE of 5°, hence our claim in Section | of afactor of 10 re-
duction in the number of antennas. The DBR of the opti-
mized array is amost four times that of the uniform array.

C. Smulation Results

The orbital descriptions used throughout this paper, in addi-
tion to the equations in [10], were used to develop a numeri-
cal network simulator. This generated network data for vari-
ous configurations of ground stations at various locations.
The simulator switched the transmission between ground sta-



tions by selecting the ground station with the highest
E, /N, for transmission at any given instant in time. The

DBR was found by averaging the integrated capacity of many
orbits and multiplying this capacity by the number of orbits
per day.

The design goal for these networks was to meet or exceed the
DBR of asingle 11m dish antenna downlink station located at
the Poker Flats facility in Alaska. For the purpose of this
analysis the minimum LDE is restricted to 5° above the hori-
zon. In all cases, the threshold signal strength for demodula-
tion is taken as 6.50B.
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Fig. 9. The normalized link gains of the optimized SFL array
and the uniform array as afunction of elevation angle.
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Degreas Latiuds
[=] =]

=]

=]

1
9‘.‘.‘0 -0 -180 <160 140 120
Degress Longruda

00 40 A

Fig. 11. Received signal strength as a function of the sub-
satellite point for four downlink stations, located in Hawaii,
Washington, and Maine. The shading scale range is different
than Fig. 5 to enhance readability.

Fig. 10 showsthereceived E, /N, asafunction of the posi-

tion of the subsatellite point, for the reference case of asingle
11m dish antenna at Poker Flats. The boundary of the cover-
age area for this antenna is defined by the LDE rather than
the minimum signa strength. Fig. 11 shows the signa
strength for a network of four downlink stations, each
downlink station comprises several 0.75m dish antennas. The
stations located in Hawaii, Washington, and Maine each use
three antennas; the station in Alaska uses four.

Table | contains DBR results for a number of different net-
work configurations. The variables in the network include
the number of ground stations, the position of the ground sta-
tions, the number of antennas per ground station, and the data
rate. Both fixed and variable data rate models are considered.
All but the last assume 0.75m dish antennas. The last one
uses SFLs with optimized boresight directions. We observe
that several networks produce DBRs comparable to the Poker
Flats facility; among these is the last 50 Mbps network,
which corresponds to Fig. 11 and uses atotal of only thirteen
0.75m dish antennas.

V. CONCLUSIONS

Using a simple path loss model, we have shown that there ex-
ist several possible small networks of ground nodes utilizing
phased array antennas that can provide an average daily
download capacity for the satellite EO-1 equaling or exceed-
ing that of an 11m dish in Alaska. Two candidate phased a-
ray technologies have been reviewed. Optimization of the
boresight directions of the phased arrays has been shown to
effectively counter the degradation of the network capacity
caused by scanning loss.
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