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Chapter 24

Large Refl ector Uplink Arraying

I. Introduction

HARRIS Corporation successfully demonstrated large refl ector uplink 
 arraying with numerous experiments conducted over a two-year period 

ending 30 September 2010 at their Palm Bay, Florida, facility. Modulated signals 
from three 12-m-diam widely spaced refl ectors were combined during transmis-
sions to geosynchronous DSCS B13 (Defense Satellite Communications System) 
with less than 0.5-dB combining loss. During system design, future operational 
requirements were considered, culminating in three key features: continual 
closed-loop circuit control using the Tx signal itself; a model-based uplink com-
bining approach, including algorithms for position refi nement using known 
sources; and real-time correction of atmospheric variation. A photograph of the 
array appears in Fig. 1.
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The operational potential of this approach is of particular interest to NASA, as 
it is moving forward in space communication capabilities on three fronts: upgrades 
to ground systems to incorporate arraying technology; operations at Ka band; and 
optical communication. The International Telecommunications Union allocation 
at X-band for both near-Earth and deep space missions is a total of 50 MHz. Hence, 
each deep space mission is fortunate to get some 5–7 MHz in spectrum allocation 
and generally 10 MHz for near-Earth missions although 15 MHz is granted on rare 
occasion. This, in turn, limits maximum data rates. Alternatively, Ka band offers 
higher data rates via greater spectrum availability (500 MHz for deep space and 
1.5 GHZ for near Earth) and substantial link advantages. Additionally, substan-
tially higher accuracy spacecraft navigation and tracking can be realized via Ka-band 
Doppler precision increase and medium scattering error reduction.

Reasons for using an array of smaller dishes instead of a single antenna with 
equivalent effective aperture are numerous, well known, and application specifi c. 
Downlink arraying technology is employed today, and for the foreseeable future, on 
the Deep Space Network (DSN) in a limited way; relatively few antennas are phased 
together to form a larger synthesized aperture. Meanwhile, uplink arraying is one of 
the issues NASA has wrestled with because of its technological diffi culties.

Despite those diffi culties, uplink arraying is of particular importance to future 
deep space communication needs where the risks of simply turning up the power 
on a single larger dish—voltage arcs, elaborate cooling methods, and cost—are 
well understood. Multiple refl ectors with moderate power amplifi ers could be 
used to mitigate these concerns while meeting NASA’s future effective isotropic 
radiated power (EIRP) requirements.

In this chapter, we present an alternative arraying approach having the potential 
for immediate readiness operationally, potential for extension to Ka band, and 
suitability for use on a wide range of refl ector sizes, including both 34 and 12 m. 
Additionally, our receiver arraying method enables smooth target switching with 
no setup time. On the basis of our modeling and simulation, an experimental 
facility with three 12-m refl ectors operating at X band was established and used 

Fig. 1 Array of three 12-m antennas at Palm Bay, Florida.
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to successfully demonstrate the approach on widely spaced refl ectors. The simu-
lation results were fi rst presented to attendees of the 2006 AIAA 2nd Space 
Exploration Conference. Prior to this, important components of our widely spaced 
uplink arraying method were demonstrated on a small prototype system (two 
four-element phase arrays on an ORION crew exploration vehicle mock-up) in a 
compact range experiment in 2008 (Fig. 2).

We begin with a summary of the three principal challenges in Sec. II, include 
a brief comparison of uplink arraying approaches in Sec. III, discuss our methods 
of mitigating the principal challenges in Sec. IV, describe our experimental setup 
and simulation to prototype process in Sec. V, and present experimental results 
confi rming our approach in Sec. VI. Finally, in Sec. VII we suggest future work 
including extensibility of these methods to a larger array and summarize key 
points in Sec. VIII.

II. Three Principal Error Contributors

There are three principal error contributors in arrays of large refl ector antennas:

1) Circuitry variation between the point where a signal is phased for transmis-
sion and the location from which that signal is radiated or received

2) Imprecise knowledge of the geometrical location of each antenna reference 
point (ARP), usually the intersection of azimuth and elevation axes, and the rela-
tionship of a particular antenna’s phase center to the ARP

3) Uncompensated differential propagation phase variation caused by tropo-
spheric effects

Typical circuitry includes not just the fi ber-optic transmission lines, but up-
converters, fi lters, fi ber-optic transmitters and receivers, and power amplifi ers. 
All of these components are temperature sensitive and time variable. Circuitry 
variation over time and temperature is the dominant error in beam formation at 
X-band, and distributing precisely phased signals to the antenna elements becomes 
increasingly diffi cult as separation and frequency increase. For example, suppose 
a Ka-band frequency is to be transmitted and that array elements are located 

Fig. 2 ORION mock-up: Harris’ fi rst uplink combining prototype system (2008).
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within a diameter of hundreds of meters, then the distribution network alone will 
span tens of thousands of wavelengths. Effective arraying requires that circuit 
phase error contribution to the total error budget be held to no more than about 
10-deg peak, implying tolerable variation less than a few parts per million.

Although it might be extremely diffi cult to accurately determine and continu-
ally update the positions of widely spaced antenna elements in general, in the case 
of large refl ector antennas in fi xed installations such determination can usually 
be achieved with very high precision. Consider, for instance, the NRAO VLBA 
(National Radio Astronomy Observatory, Very Long Baseline Array) or multiple 
34-m BWG refl ectors at Goldstone. Basically, the mechanical accuracy and sta-
bility required for achieving high gain and precise pointing in turn ensures a very 
stable ARP. Consequently, once determined using a variety of means, such as 
laser surveying and/or interferometry of known stellar objects or spacecraft, the 
ARP tends to be constant barring signifi cant geological disturbance such as 
earthquakes or hurricanes.

It was initially thought that the fi nal major error contributor, uncompensated 
tropospheric propagation, would be almost negligible at X-band except at low 
elevation or during extreme weather conditions. Our demonstrations have 
revealed that at least in our humid costal environment, the troposphere intro-
duces signifi cant variation at 30-deg elevation. Ka-band effects are expected to 
be about four times larger, and so signifi cant variation can be expected at any 
elevation.

III. Current Work in Large Refl ector Uplink Combining

A. JPL 34-m Uplink Demonstration

Vilnrotter et al. [1] recently arrayed three 34-m BWG antennas at Goldstone at 
X-band. These antennas have circuitry that is compensated locally or environ-
mentally controlled. Great effort has been applied to make these antennas the best 
worldwide. Despite this attention, residual amplitude and phase errors, which 
must be sensed and calibrated, remain. Because of far-fi eld considerations and 
lack of a suitable in-orbit transponder, a lunar bounce was used to derive the fi nal 
corrections. As a tribute to the experiment concept, quality and equipment stabil-
ity, the calibration solution obtained was applied to transmit to a distant spacecraft 
for hours even though the refl ectors had to track the target and continuous back-
ground Doppler corrections were necessary. This demonstration applied intensive 
synthetic aperture radar (SAR) processing to focus on a specifi c small-size lunar 
target in the calibration process to prevent averaging of range-dependent coeffi -
cients seen differently by each antenna.

The principal disadvantages of this approach include the need to point away 
(toward the moon) to obtain calibration, dependence on circuit stability between 
recalibration events, lack of availability when calibrating, and limited (12) hour 
lunar visibility and with further limitations due to elevation requirements. 
Additionally, this method does not mitigate tropospheric propagation effects if 
the target is not in the calibration source direction (moon). We have shown that 
even at X band these losses can be a decibel or more. Also, this method does not 
extend readily to Ka band where spatially dependent tropospheric propagation 
considerations are more signifi cant.
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B. Jet Propulsion Laboratory 1.2-m Uplink Demonstration

D’Addario et al. [2] demonstrated the use of fi ve relatively small 1.2-m apertures 
located at the Angeles National Forest antenna testing site (Loop Canyon) in 
Burbank, California, using low-cost commercial transponder components and an 
advanced time-transfer method to obtain circuitry synchronization. This method 
also must address an unknown phase coeffi cient that includes fi lters, antenna feed, 
and internal refl ector variations. Calibration was achieved by providing multiple 
external sensing points, mostly towers, which enabled simultaneous solution for the 
unknowns. D’Addario has noted that with good knowledge of the array elements 
and sensor position, only one tower is suffi cient. Given small elements, a feasibly 
tall tower in the center of the array is adequate to satisfy relaxed far-fi eld constraints. 
This experiment transmitted to commercial Ku-band satellites and was entirely 
successful, maintaining good beams continuously for many days. Such impressive 
performance is a tribute to the concept, architecture, and circuit design.

Disadvantages of this approach include 1) diffi culties in realizing useful towers, 
2) elevation-dependent refl ector variations, 3) the operational impact of needing 
to point away, at least occasionally, for calibration, and 4) path-dependent tropo-
spheric variation.

Because of the diffi culties imposed by near-fi eld effects especially in a multi-
path environment, useful towers cannot be much closer than the near-fi eld limit 
(2D ↑ 2)/C. For a 12-m antenna at X-band, this distance is almost 5 miles, and so 
an antenna with a lower elevation limit of 5 deg would require a calibration tower 
more than 2000 ft high in order to be visible. Alternatively, for a 1.2-m antenna 
having the same elevation limit at X-band, the required tower height is 100 times 
smaller, only 20 ft. Following this reasoning, the maximum antenna size limited 
by calibration tower realizability is probably no greater than 6 m at X-band and 
no greater than 1.5 m at Ka band.

If the antenna also supports receive, array cost increases quickly for aperture 
diameter less than about 10 m because the number of elements required to achieve 
a particular G/T (antenna gain divided by temperature) becomes very large, 
overcoming potentially low cost per element. Our models predict that cost of an 
array of 6-m refl ectors supporting both receive and transmit would be about 58% 
greater than for an array of 12-m refl ectors with the same G/T, and an array of 
4-m refl ectors would be almost 300% more expensive. This cost increase is almost 
entirely caused by low noise amplifi cation and electronics and occurs despite 
lower cost of the refl ector alone.

Calibration of a large refl ector at low elevation is also an issue caused by gravi-
tational distortion. Such internal refl ector variations are a strong function of eleva-
tion, and because the calibration would be undertaken at very low elevation 
whereas the satellites to be tracked would undertake a full apparition of the sky 
possibly through the zenith, calibration might not be adequate.

Operationally, it is benefi cial for the array to be available “on demand.” A 
requirement to point away for calibration imposes limitations in availability and 
introduces complexities in preparation beyond that of a single large equivalent 
aperture refl ector.

Finally, for both the calibration tower and exoatmospheric methods (such as 
lunar bounce or geostationary satellite), the tropospheric path to a target of interest 
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is dependent upon highly variable turbulence and water vapor content; hence, the 
calibration path is unlikely to accurately account for the actual conditions experi-
enced. Although this effect is small at X-band, it is particularly important for Ka 
band where tropospheric variations can be tens of degrees/second.

The possibility of employing a geosynchronous satellite for calibration has 
been noted, eliminating the need for a stable high tower or lunar bounce and 
removing the small refl ector size limit. In the case of the DSN, at least three of 
these calibration satellites would be required worldwide. Another problem arises 
because of spatially dependent tropospheric propagation and the calibration satel-
lite direction in general differs from the required target direction. In this case, the 
array would be calibrated for transmission in the direction of the calibration satel-
lite but not for the target. Moreover, because propagation phase can change rapidly 
[3] even if spatial directions were similar, two-way latency would likely invalidate 
the calibration for Ka-band applications.

IV. Harris’ Approach to Uplink Combining

Harris’ uplink combining method [4] mitigates the three principal error con-
tributors: A) circuit variation between the point where the signals are generated 
and where they leave the antenna; B) geometrical modeling errors; and C) phase 
variation caused by tropospheric effects. During the Harris IR&D ORION study 
in 2008, algorithms used to handle phase error contributors B and C were suc-
cessfully demonstrated. However, circuit variation (A) was addressed with care-
fully controlled hardware: phase stable cut cables.

This method provides several operational benefi ts. For example, the phase 
transfer method used in circuit variation control is orders of magnitude less com-
plex than traditional time transfer methods. The continual self-calibration of cir-
cuitry provides instant availability immediately even after parts are replaced. The 
algorithms for modeling and refi ning of each of antenna reference points allow for 
periodic software-driven validation and adjustment. The real-time compensation 
of tropospheric phase variation improves X-band uplink and is essential for future 
Ka-band uplink arraying.

A. Circuit Phase Variation Sensing and Correction

Alternate methods for widely spaced refl ector combining discussed in Sec. III 
are characterized by a residual unknown phase at each element that must be 
determined using a known external calibration target or tower. In contrast, Harris’ 
approach applies a continual closed-loop circuit phase control to all transmit and 
receive pathway circuitry, including transmission lines, frequency converters, 
fi lters, power amplifi er, feed with polarizer and diplexer, and the antenna itself. 
By closing a loop on the entire pathway, there is no unknown phase coeffi cient. 
Consequently, the array is always ready for transmit at the carrier frequency and 
does not rely on limited calibration target availability or pointing away to a cali-
bration target.

With a complex envelope paradigm, the beam is formed at the carrier frequency 
using controlled phase, and so time-delay adjustment can then be realized at 
baseband (zero frequency) with no impact on carrier phase shift. In a customary 
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system, time-delay accuracy must satisfy both carrier phase precision and infor-
mation content alignment. With this approach, only information content align-
ment is required. Because carrier phase is unaffected, then for Ka band, coarse 
control to nanoseconds or hundreds of picoseconds conveniently realized through 
digital processing is suffi cient vs analog femtosecond precision that would be 
required for traditional methods.

Receive pathways are placed under closed-loop control in order to support 
precision interferometry, precise range and range-rate measurements, precision 
ARP refi nement, and tropospheric propagation error mitigation using known 
location angularly nearby sources.

Figure 3 conceptually illustrates this method. Both receive and transmit path-
ways are controlled, but we will focus on the right-hand-side transmit pathway. 
Assume that a means is available for generating a precise phase reference at 
widely separated physical locations. This can be accomplished customarily with 
two-way time transfer or by Harris’ novel phase transfer method.

At a point including as much circuitry as feasible, a sample of the signal being 
transmitted is compared with the remote phase reference. Any phase deviation 
can be attributed to circuit variability. A weighting device in the transmit pathway 
applies the measured correction, forcing the entire pathway to a net-zero phase 
shift between generation point and transmission.

Figure 4 illustrates how the feedback point can be located on the refl ector sur-
face, thus including all temperature-sensitive feed components and internal 
refl ector variation. This is the last accessible physical point before the wave leaves 
the refl ector. As the refl ector and its components expand and contract due to 
temperature changes, the circuit path length change is sensed and corrected.

In this way, all unknown circuit phase errors can be sensed and controlled, 
making the antenna ready for instantaneous, blind pointing transmit operation.

In addition to negligible latency, immediate availability, and no point-
away requirement, this method is potentially low in cost because ordinary 

Fig. 3 Closed-loop circuit compensation.

LARGE REFLECTOR UPLINK ARRAYING 415

              



 commercial-off-the-shelf (COTS) hardware can be substituted for precision, 
temperature-stabilized components. Transmission lines need not be environmen-
tally controlled. Because time-delay compensation is accomplished at baseband, 
only approximate delays are needed to satisfy time-bandwidth constraints. 
(RF transmit phase is unaffected.) This approach applies to arrays of any size and 
is particularly well suited for array expansion. Because each array element is 
independently ready for service at any time, partitioning the array into subaper-
tures (such as 34-m equivalents) is straightforward.

Before conducting uplink experiments, continual closed-loop circuit control 
was demonstrated in the operations center using two error detection assemblies 
containing a hardware realization of the phase transfer concept [5]. A transmit 
and receive circuit control assembly is installed on each dish just behind their 
respective circuit feedback sensors. The circuit control devices depend upon a 
precision phase reference, which is derived from forward and reverse traveling 
waves in a reference distribution network [6]. Theoretically, this reference is 
insensitive to variation in physical properties of the distribution network.

Figure 5 shows the setup used to verify the control process. In the uplink dem-
onstration, the signal goes to two antennas rather than the network analyzer shown 
in the fi gure. In this way, the network analyzer can measure phase difference that 
would otherwise be inaccessible. All of the hardware depicted across the top of 

Fig. 4 Circuit feedback sensor on refl ector surface.
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the fi gure as well as variable fi ber length is a source of phase error and is compen-
sated for continuously and automatically.

The goal of the demonstration was to achieve < 3 deg rms phase error and < 10 
deg peak. After running at many frequencies and power levels, an extended run 
of 83 h was conducted with the results given in Fig. 6. The resulting rms was 1.4 
deg, the peak was 7.9 deg, and there was a bias of −0.42 deg. The y axis in Fig. 6 
depicts phase differential between the assemblies in degrees as measured by 
the network analyzer. The range of the y axis is −6 to 8 deg. The x axis is elapsed 
time in seconds.

Figure 7 shows the phase changes in the transmit circuit for assembly 1 (yellow) 
and assembly 2 (cyan) during this 83+ hour run. The large changes are primarily 

Fig. 5 Circuit closed-loop control confi guration for process verifi cation and 
characterization.

Fig. 6 Results for closed-loop circuit control experiment: run time = 83+ hours; 
requirement = 3-deg rms and 10-deg peak; and achieved = 1.4-deg rms and 8.0-deg 
peak.
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as a result of temperature changes: the air conditioner coming on and off (faster 
cycling) and overnight periods when room temperature dropped due to lack of 
heat (at about one and two times 105 s). Even these gross changes in circuit phase 
were controlled successfully, as shown in Fig. 6. About 2-deg peak-to-peak short-
term phase variation is attributable to up converter phase noise.

Because these results exceeded the design objective, we were confi dent that 
good performance would be realized on the antennas, enabling control of transmit 
circuit phase errors during transmit uplink arraying. Array uplink transmit results 
in Sec. VI confi rmed this performance.

Receive pathway calibration is similar to transmit, with the principal difference 
illustrated in the left-hand side of Fig. 3 where a precision reference signal is 
injected into the receive path. Physically, this signal is injected via the other probe 
antenna on the refl ector surface pictured in Fig. 3. Not shown in that fi gure is 
modulation of the reference signal by a wideband pseudo random noise sequence 
(PN) that is “wiped off” (restoring the reference CW) just prior to phase error 
detection and correction. With this arrangement, the calibration signal is noise-
like and introduced at a power level 10 or 20 dB below the system noise fl oor so 
as to be completely noninterfering with weak signal reception.

B. Geometrical Modeling

Element and array geometrical position and orientation errors are the second 
major source of differential phase error when forming the uplink beam. Many 
factors go into the array modeling as seen in Fig. 8. The uplink beam-forming 
phase differential calculations rely on accurate array confi guration modeling. 
Each refl ector comprising the array is described by a table of parameters begin-
ning with its ARP latitude, longitude, and elevation. These coordinates are deter-
mined initially with surveying methods using a laser rangefi nder and theodolite 
establishing location relative to a nominal surveyed site reference. Relative coor-
dinates are determined nominally to within a fraction of a millimeter. Using cali-
brated receive capability, observation of known emitters allows adaptation of the 
geometry model through solution for each ARP, resulting in refi nement of the 
initial location [7]. Interferometry (angle of arrival) is also useful in this context 

Fig. 7 Wide range of phase errors in the transmit circuit paths was corrected 
during closed-loop circuit control experiment.
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as is the “Instant Return” process for mitigation of tropospheric variation, which 
also affects ARP refi nement.

Refl ector geometry table parameters also include values for typical errors, 
including gravity distortions, azimuth axis tilt, and RF axis offset from the 
mechanical elevation axis. It is expected that these array geometry parameters are 
highly stable, but they are to be continually refi ned and tracked.

Array geometry, refl ector orientation, imperfections, etc., are parametric values 
in an overall model of the array. Collectively, these parameters in association with 
the model establish a basis for determining all beam-forming weight settings, 
thus a model-based form of calibration. By sensing and refi ning these parameters 
continually, the model is adapted to present conditions [8].

In usual practice, an ARP serves as a surrogate for the antenna’s “phase center.” 
This has to do with convenience as well as complexities in defi ning “the phase 
center,” especially when signifi cant polarization effects are present. For example, 
in an array of nominally identical refl ectors, a convenient reference point is the 
intersection of azimuth and elevation axes. This location is particularly useful 
because it is nominally invariant to arbitrary antenna pointing. In some applica-
tions refl ector design is conducive to actually mounting a laser refl ector at this 
intersection, greatly facilitating surveying the precise location of one antenna’s 
reference with respect to the others. This is the case with the Patriot 12-m anten-
nas used in this array experiment. In usual practice, such a point or a point that 
can be reliably determined with respect to this point (as when the actual intersec-
tion is hidden from view) serves in lieu of the actual phase center.

Because, obviously, a transmitted wave emerges from the antenna phase center 
and not the ARP, beam-forming errors will occur when using the ARP if any unac-
counted for positional variation between these locations exists. Potential error sources 

Fig. 8 Relationships between each element’s ARP, sensor probes, and focus and the 
array’s true north orientation are used in our model-based uplink approach.
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include manufacturing tolerances, uncompensated thermal distortions, for example, 
feed to refl ector distance or refl ector focal length, and optical misalignment.

Element and array modeling geometrical factors addressed during these experi-
ments are illustrated in Fig. 8. In the upper-left-hand images, the customary ARP 
is depicted. For surveying convenience, a fi xture was provided by the antenna 
manufacturer to hold a laser refl ector at the ARP. A line through the RF axis is 
displaced by 18.930 in. from a parallel line between ARP and target; however, 
this exact displacement is not a signifi cant factor in the differential time delay, 
given that the antenna main beam is directed at the target.

In our method, time delay is calculated from the antenna focus (phase center). 
This requires precisely modeling the antenna surface and the relationship of sur-
face points to the ARP. This information was provided by photogrammetry, with 
wraparound observations required to precisely locate all points of interest, some of 
which are behind the refl ector. Mathematical modeling using optimization routines 
was used to determine the geometrical relationship between the ARP, probes, and 
focus. Despite having accurate geometrical description of the antenna feed and 
subrefl ector, for this application, we made the assumption (based on excellent 
measured gain and pattern shape) that the feed and sub were accurately positioned 
with respect to the main parabola focus. This allowed signifi cant simplifi cation in 
modeling the actual RF path. Notably, in other potential application of this method, 
feed and sub detail might be required, particularly for larger antennas subject to 
greater manufacturing errors (between ARP and focus) or antennas with greater 
RF complexity such as beam-waveguide (BWG) structures with multiple mirrors. 
Without such careful modeling relating the ARP to the antenna’s phase center, 
signifi cant phase errors might result requiring other means of calibration.

Commercial surveying equipment was used to locate the ARP’s on a north-
aligned coordinate system. The surveying instrument, a Topcon GPT 3002 Total 
Station with 2 arc second and 0.2-mm range resolution, was used to make dozens 
of observations from an arbitrarily designated “reference point” more or less at 
the geometric center of the array and with good visibility to the ARP refl ectors. 
These measurements were taken on a cool, calm night, then averaged, yielding 
relative ENU (east-north-up) coordinates estimated accurately to 5 mm or better.

Alignment to True North was obtained with the help of Polaris, the Total 
Station, AGI’s Satellite ToolKit (STK), and UTC from the U.S. Naval Observatory. 
STK provided azimuth and elevation angle predictions for the star position as a 
function of UTC, so that, with time accurate to a second or better, it was possible 
for the surveyor, while observing Polaris, to set the Total Station to the STK pre-
dicted azimuth. The accuracy of this alignment was limited primarily by the 
2-arc second instrument capability (because it is automatically leveled) and the 
ability of the surveyor to position the instrument crosshairs on Polaris at the speci-
fi ed time. Interestingly, because a good estimate for north alignment to about 
1 min of arc had already been obtained from registered overhead imagery, it was 
possible to make the Polaris observation during evening daylight conditions [9].

With a calibrated receive capability and observations of at least three known 
ephemeris satellites, actual ENU coordinates were calculated, as described  earlier. 
These values are compared with those determined by the survey: Dish13Error = 
[−0.0056 − 0.0020 + 0.0003] m, and Dish12Error = [0.0049 + 0.0024 − 0.0025] 
m. The largest difference is between antennas 1 and 3 east survey-measured 
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 coordinates, 5.6 mm. This difference is larger than expected, yet within toler-
ances. Error contributors beyond surveying include satellite ephemeris errors, 
receive steering vector estimation errors, and a few degrees phase noise in 
receive circuit phase correction. (Calibrated receive experiments are presented 
in Sec. VI.B.)

It is appreciated that Ka-band coordinate determination requirements are about 
four times more demanding, and so the carefully undertaken but nevertheless 
marginal surveying method is unlikely to be adequate for alignment. In that case, 
a much more expensive laser metrology system will be required.

Because of array element spacing of approximately 60 m and operation at 
X-band, correction for the speed of light in air is necessary. With the index of 
refraction typically about 1.00026829 at our warm, humid, sea-level facility, an 
error of approximately 0.45 wavelengths (about 162-deg phase) results if not taken 
into account. Additionally, a small elevation pointing correction for refraction is 
also necessary (about 0.02 deg at 30-deg elevation), resulting in a phase error of 
about 110 deg if neglected. An on-site weather station provides temperature, 
barometric pressure, and relative humidity data to ArrayLab, Harris’ algorithm 
and control baseline, every 5 min, enabling index of refraction computation. Wind 
speed, direction, gust velocity, rainfall, and other parameters are also logged for 
possible correlation of array performance with weather events.

It was assumed that the dishes are stable and the initial calibration of the refer-
ence points resulted in less than one wavelength of error. The phase center refers to 
the point from which the electromagnetic radiation generated by the antenna ele-
ment spreads spherically outward, with the phase of the signal being equal at any 
point on the sphere. If the phase center location information is inaccurate, incorrect 
interference patterns will be generated during beam-forming, resulting in reduced 
signal strength during reception or misalignment during transmission. These diffi -
culties are further exacerbated as the size of the array is increased and the distance 
to the object of interest is increased. A system of equations is formed where each 
row or observation represents signals from various sources and angles of arrival. 
The phase center locations can be calculated based on differential distances for the 
antenna The term “differential distance” refers to the additional distance a wave-
front needs to travel to reach a phase center of the second antenna element after the 
wavefront has reached a phase center of the fi rst antenna element.

An algorithm was developed to minimize the error in the spatial positions of 
any number of antenna elements using receive signals. This algorithm is run 
after the initial locations of the elements are measured using surveying instru-
ments. The process can theoretically correct up to one wavelength of error or 
about 36 mm at X band and 9 mm at Ka band. Simulations for various antenna 
phase center errors have been conducted. In the Fig. 9 example, 20-mm (mean 
spherical random) error or about 0.48 wavelengths at X band were added to each 
antenna phase center. Also compensated receive circuit errors of 5-deg rms were 
added. Initial antenna element estimates were modeled with six degrees of free-
dom plus analytic antenna patterns. Four satellites were used as targets for the 
signal downlink. The satellite and planetary motion were modeled using STK. 
After 20 observations (fi ve from each target), the rms mean error was reduced to 
1.8 mm from 20.0 mm. The true Cartesian positions of the antennas are shown 
in green (circles), and the corrected positions are shown in black (dots in circles). 
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We successfully  conducted this refi nement of the surveyed element positions 
before the adaptive combining experiments using several Defense Satellite 
Communications System (DSCS) satellites.

C. Tropospheric Phase Error Correction

The last of the three primary considerations for transmit uplink arraying is 
uncompensated differential propagation phase variation due to tropospheric 
effects. Part of the NASA-sponsored, Transmit Adaptive Combining Experiment 
(TxACE) included evaluating the feasibility of uplink at higher frequencies such 
as Ka band. The tropospheric contribution to phase errors is signifi cant and 
unpredictable as evidenced by Nessel et al. [3] of the NASA Glenn Research 
Center: “There does not appear to be any apparent relationship between surface 
meteorological data and phase fl uctuations. This implies surface measurements 
are not accurate indicators of what is occurring higher in the atmosphere 
and developing a model to predict phase stability at a particular site would be 
extremely diffi cult.” Harris’ real-time atmospheric compensation algorithm, 
Instant Return [10], was successfully used to mitigate these effects. This algo-
rithm handles the case where each dish-to-target path might be looking at differ-
ent columns of atmosphere because of the wide spacing of the elements.

Real-time propagation mitigation is conceptually illustrated in Fig. 10 where 
a signal from a source of known angular position preferably within the array 
element’s beamwidth (aka the primary beam) is received through the tropo-
spheric variation. Given that closed-loop receive circuit control is running, 
variations in the received steering vector from modeled quantify the tropo-
spheric contribution in the direction of the received signal. If the antenna 
beamwidth is small, then tropospheric variation toward the Tx target will be 
essentially the same as to the Rx target. Because the effect due to tropospheric 
variation, mainly water vapor and turbulence, is one of frequency-independent 
time delay (provided that dispersive absorption bands are avoided), the total 
differential delay obtained from model and measured receive variation can be 

Fig. 9 Simulation results from calibration of antenna reference point.
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applied to steering vector calculation for the transmit direction. In principle, 
any known astrometric source can be used for this purpose, such as another 
satellite,  quasar, or supernova remnant. (Perhaps the Tx target is a Mars orbiter 
behind the planet when transmission commences, so that the signal arrives 
shortly after the target is visible. In this case a different presently visible orbiter 
can serve as the Rx target.)

Successful use of a quasar as an Rx reference would be contingent upon array 
G/T, the fl ux density of the selected quasar, available Rx bandwidth, and rapidity 
of tropospheric variation. In this “Instant Return” experiment, receive and trans-
mit targets depicted in Fig. 10 are the same (as shown in Fig. 28).

During the 2008 IR&D effort, ArrayLab was used to test the Instant Return 
algorithm on the ORION prototype communications system (Fig. 2). In that study, 
tropospheric effects were obviously not the cause of the unknown phase errors but 
rather an anomalous condition such as mechanical or thermal variation of a cir-
cuit. [Phase detection assemblies were not an option due to size, weight, and 
power (SWAP constraints).] To simulate those unknown phase errors, random 
differential beam-steering errors were added to the steering weights. The system 
was then switched to receive mode and used the downlink signal and “Instant 
Return” to successfully calculate the correct transmit weights. The Instant Return 
method is expected to be a viable solution for Transmit Uplink Arraying at higher 
frequencies when tropospheric propagation errors exist. The method can use any 
signal arriving within an element’s fi eld of view with small diameter dishes having 
the benefi t of wider fi eld of views, thus higher probability that a receive source 
such as a quasar is available. ArrayLab was also used to model and simulate tro-
pospheric effects and the real-time atmospheric compensation algorithm for a 
Norway facility site (Fig. 11).

Fig. 10 Real-time tropospheric variation mitigation, Instant Return.
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The simulation shown includes 30-deg rms tropospheric phase errors, half-
wavelength antenna phase reference errors, and 50-deg phase circuit errors. Sample 
results for three moments in time are shown in Fig. 12. The elevation angles at the 
three time samples are about 7.1, 19.4, and 27.1, respectively. In this simulation the 
target is the AQUA polar-orbiting satellite. Each column of the graphics in Fig. 12 
represents transmission at a particular time sample. There are three different line-
of-sight elevation angles. The red line denotes the cross  section of the antenna 
pattern before using a receive signal to determine the beam steer weights. The 
black curve is the beam pattern after the beam steer correction (Instant Return). 
The black vertical line is where the peak of the beam should be.

Figure 13 shows a similar simulation using an array of 25 dishes. For each time 
sample a 3  × 3 plot of three-, two-, and one-dimensional patterns is shown. Row 1 is 
the pattern with uncorrected random tropospheric phase errors, and row 2 is the 
pattern after using a receive signal to determine the errors caused by tropospheric 
variation and applying them to the transmit signal. The bottom row depicts the beam 
pattern in an ideal system for the same time sample for comparison to row 2.

To reduce the range of plotted values, normalized response below −30 dB is 
truncated, and so uncorrected errors in the illustrated case would result in a severe 
loss of gain.

V. Demonstration Setup

The following paragraphs describe our experimental setup including the Patriot 
antennas, wave phase sensors for circuit phase control, operations center, DSCS 
satellite targets, algorithm-driven systems, and Harris’ ArrayLab simulation to 
prototype baseline.

Fig. 11 Norway facility real-time atmospheric compensation modeling and 
 simulation.

              

424 G.P.Martin & K. Minear et al.



Fig. 12 Norway facility simulation results: mitigation of tropospheric effects using 
real-time atmospheric compensation.

Fig. 13 Real-time atmospheric compensation algorithm simulation results applied 
to an array of 25 refl ectors’ antennas.
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A. Patriot Antennas

Three 12-m Cassegrain refl ectors manufactured by Patriot Corporation were 
installed on a deliberately scalene lattice, each side having more than 60 m length. 
(Patriot was acquired by Cobham; see http://www.cobham.com/about-cobham/
avionics-and-surveillance/about-us/satcom/albion/products/large-aperture-
antennas/120m-Earth-station-antenna-system.aspx.) Aside from electrical power, 
all other interconnection is via optical fi ber. This includes RF transmit, RF 
receive, transmit circuit control, receive circuit control, antenna control unit inter-
face, and hardware status. No effort was made to protect the fi ber from tempera-
ture or mechanical variation. A photograph of the array at our Palm Bay, Florida, 
facility appears in Fig. 14.

Although the repointing accuracy of the Patriot antennas was very precise (0.005 
deg), the antennas required line-of-sight pointing calibration after instal lation. 
Biases up to 2 deg for elevation and azimuth pointing were determined for each dish 
and for numerous receive sources including the available DSCS satellites. An algo-
rithm was developed to scan the sky in a grid-like pattern while tracking a target, 
conceptually, a moving grid where all possible biases are sampled. Low- and high-
resolution scans were performed to generate three-dimensional antenna patterns for 
each dish and each target (Fig. 15). The antenna pointing biases are the difference 
between the line of sight calculated using the orbit parameters and the centroid of 
the 3-dB down contour on the pattern formed during the scan.

The azimuth and elevation pointing biases were saved for many targets and 
used to create the nine-parameter (fi ve azimuth and four elevation) state vector 
used by the antenna control unit.

B. Wave-Phase Sensors for Circuit Phase Control

A wave-phase sensing probe installed on a refl ector is shown in Fig. 16. Transmit 
signals are sampled and compared with a precision reference as described in Sec. 
IV.A, enabling closed-loop control of the entire transmission path. This process 
ensures that the transmitted signal has exactly the desired beam-steering phase 

Fig. 14 Array of three 12-m refl ector antennas on a scalene lattice. 
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applied remotely by the weighting hardware at the Operations Center. Error mea-
surement assemblies fed by the sensor are located immediately behind the refl ec-
tor surface as shown in Fig. 2. These assemblies also receive a precision reference 
signal via optical fi ber.

C. Operations Center

All signals and controls were routed to the nearby Operations Center, containing 
signal generators, fi eld programmable gate array (FPGA) digital weighting and 
combining at baseband, up and down converters, fi ber-optic modules, a DSCS 
modem, test equipment, and displays. Figure 17 is a panorama showing some of the 
Operations Center equipment. All of the algorithms and control reside in Harris’s 

Fig. 15 Results from antenna pointing calibration algorithm.

Fig. 16 Phase error sensor installed on the refl ector.
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ArrayLab, which executes the arraying and control processes as well as refl ector 
pointing and tracking. Real-time interfaces display performance and status and 
enable both autonomous and manual algorithm and hardware control. STK, a preci-
sion orbit prediction tool, is also under ArrayLab control and provides target posi-
tion data. The algorithm environment is described in greater detail in Sec. V.E.

D. Satellite Targets

Arrangements were made through Defense Information Systems Agency (DISA) 
to transmit and receive through geosynchronous X-band DSCS satellites. Two-
line-element (TLE) fi les, a standard method for orbit description, were provided 
weekly by DISA, ensuring accurate pointing information. Several satellites were 
visible to the array, including one at about 10-deg elevation. The low-elevation 
satellite provided an opportunity to experience propagation variation, allowing a 
comparison of modeled receive steering vectors with measured receive steering 
vectors. Also, immediate availability of the arraying method was tested by rapidly 
moving among the several satellites with no need for recalibration. The slew rate 
of the antennas was the only factor that determined when the array was ready for 
communication. For the Patriot antennas, the azimuth slew rate was 3 deg/s, and 
elevation slew rate was 0.7 deg/s.

Figure 18 is a depiction of the three-dimensional dynamic demonstration setup 
created using STK. It includes high-resolution imagery, terrain, buildings, trees, 

Fig. 17 Operations Center panoramic view: displays, hardware racks, ArrayLab 
control, and status.

Fig. 18 Satellite toolkit produces pointing, range, and range rate using DISA TLEs.
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DISA satellites, Polaris, and other targets of interest. Using TLEs, STK generates 
real-time pointing directions, range, and range rate for each aperture.

E. Algorithm-Driven Communications System vs State Machine

The transmit adaptive combining experiment (Tx ACE) prototype communi-
cation system is algorithm-centric. This is in contrast to state-machines under 
hardware (HW) control such as receive-only systems. In the TxACE system, 
advanced algorithms calculate all of the parameters needed for uplink and down-
link beam-forming circuit phase control and atmospheric compensation. Beam-
forming parameters are commanded to FPGAs for weighting and combining of 
the signals. The algorithms perform widely spaced uplink and downlink combin-
ing with tropospheric mitigation by modeling the antenna and array geometry, 
orientation, patterns, and line-of-sight pointing, calculating beam-forming weights 
and delays, commanding the antenna controls for target tracking, refi ning the 
antenna reference points, adjusting the speed of light calculation using antenna 
range weather data to account for index of refraction variability, calibrating circuit 
phase variation using error detection assembly outputs, and performing signal 
processing and error and data analysis. Graphical performance results and relevant 
data are plotted in real time.

Figure 19 is a fl ow diagram showing the functional relationship of the algo-
rithms, operations center and pedestal hardware, hardware accelerators, circuit 
error detectors, antennas, and target. Note that the error detection assemblies 
(large shaded boxes) are physically on the antenna mounted near the back side of 
the surface as shown in Fig. 3. The two square boxes appearing under the assem-
blies (A2D) are physically located in the pedestals of the antenna and are for digi-
tizing and signal throughput. Hardware accelerator cards (FPGAs) are physically 
located in an Operations Center rack and are depicted toward the upper left. 
Although only two of the antennas are shown, three were used in this demonstra-
tion. The system can be expanded to handle any number of dishes.

Fig. 19 Functional demonstration setup for large refl ector uplink arraying.
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F. Harris’ ArrayLab: Comprehensive Array “Simulation to Prototype” 
Laboratory

ArrayLab is Harris’ in-house comprehensive array “simulation to prototype” 
software suite. It was originally developed in 2005 and has evolved to include 
NASA missions from conformal body arrays (such as on the Orion, Altair, and 
Ares) to deep space missions (up to 400 widely spaced refl ectors communicating 
with multiple targets). It combines mission scenarios with custom communication 
systems and advanced proprietary algorithms providing realistic system-level 
analysis in simulation mode and real-time performance results in hardware pro-
totype mode.

The top path in Fig. 20 depicts ArrayLab used in simulation or system design 
mode while the bottom path depicts hardware prototype mode. Both paths are 
driven by algorithms in the ArrayLab baseline (Fig. 20, top left). Some proprietary 
algorithms contained in this baseline and used in the TxACE demonstration include 
widely spaced continuous optimum model-based adaptive aperture combining on 
Tx, widely spaced continuous optimum blind signal sorting-based aperture com-
bining on Rx, Instant Return, and advanced calibration methods such as antenna 
reference point refi nement. The algorithms in simulation mode are written for both 
a bit-by-bit signal-level as well as a quick-look or expected value analysis.

When running in simulation mode, high-fi delity performance predictions and 
analysis are used to quantify system- and component-level capabilities and limita-
tions in order to create error budgets for system subcomponents. Error sources 
were modeled using ArrayLab’s Error Tool. These included compensated and 
uncompensated circuit error, antenna reference point errors, and differential tro-
pospheric phase variation. This reduces risk during the implementation phases.

Fig. 20 Harris’ ArrayLab where the top path is the simulation mode and the bottom 
path is the prototype mode.
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The bottom path in Fig. 20 depicts ArrayLab used in real-time hardware pro-
totype mode. The hardware control for this experiment includes the racks of 
equipment in both the operations center (signal generators, modem, FPGAs, 
fi ber-optic modules, up and down converters, test equipment) and the pedestals 
(digitizers, fi ber-optic modules, temperature sensors), the error detection assem-
blies located behind each probe sensor, an outside weather station and camera, 
and the three 12-m Patriot antennas. Real signals are substituted for simulated 
ones via signal generators and antenna elements. While the antennas are substi-
tuted for the simulated array, the array modeling component remains and is used 
to calculate an initial estimate of the relative beam steer weights. Statistical error 
modeling is replaced with circuit phase errors caused by the up/down converters, 
phase discriminators, line receivers, fi ber-optic lines, and other hardware as well 
as tropospheric effects.

In hardware prototype mode, signal generators replace signal simulators, 
antennas replace array modeling and so on, running with the same advanced 
control and signal-processing algorithm. This simulation to prototype method 
has been successfully demonstrated on both the ORION and TxACE uplink 
demonstrations.

In both simulation and prototype modes, each element in an array is modeled 
with six degrees of freedom. The element patterns are either tabular inputs from 
COTS electromagnetic fi eld analysis software or analytic formulations. For 
model-based uplink arraying, the directivity pattern is (particularly in the main 
beam) adequately estimated using a Bessel function model with input parameter: 
frequency, diameter, feed offset, effi ciency, edge taper, and angle off boresight. 
For spillover analysis the directivity was numerically calculated in GRASP 
(General Refl ector Antenna Software Package, from TICRA Corporation) and 
the output fi le was ingested by ArrayLab. It provides six-degrees-of-freedom ele-
ment confi guration and element pattern modeling accepting both analytic patterns 
as well as electromagnetic software outputs. Live simulations of the transmit 
uplink arraying methods presented in this paper using up to 400 12-m antennas 
were fi rst presented for NASA and JPL guests attending the 2006 AIAA Space 
Exploration Conference in Houston.

The 40,000+ lines of code in this baseline are archived and versioned-controlled 
using Clearcase (commercial software providing complete development software 
confi guration management through version control). It is composed of a modular 
baseline containing eight main modules: array modeling, signal generating, blind 
signal sorting, advanced proprietary signal processing, error analysis, link budget, 
custom analysis, and utilities. The modules were designed for ease of transition 
from simulations to control of hardware prototype systems.

Custom interfaces provide the user with control over algorithm and array 
parameters. In prototype mode additional interfaces provide hardware parameter 
control and status.

Figure 20 shows that, for both simulation and hardware prototype modes, 
ArrayLab controls STK. In prototype mode, the target line of sight, range, and 
range rate are provided in real time. STK provides interactive four-dimensional 
visualization of the planetary and communications platform motion while 
ArrayLab provides instantaneous communications performance analysis through 
plots, graphs, and raw data.
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Before beginning the prototype demonstration, custom analyses for this experi-
ment were conducted. Object obscuration analysis (including terrain, buildings, 
and trees) was performed on four potential antenna sites. Element shadowing was 
also analyzed. Various other simulations were also performed including spillover 
effects on array G/T, G/T degradation due to planetary thermal emissions on 
pattern sidelobes, the ability of the Patriot antennas to track various targets (slew 
rate analysis) for various array locations on the Earth, near-fi eld radiation effects 
on overhead low-fl ying aircraft, and determination of how the arrayed beam 
forms in the array near-fi eld region.

Other signal-processing factors considered include Doppler effects due to planetary 
rotation motion and wide refl ector element separation, especially at Ka band, and 
speed-of-light adjustment as a function of atmospheric pressure and temperature.

G. Graphical User Interfaces and Controls

ArrayLab has four graphical user interfaces (Fig. 21) allowing the users to 
control the algorithms to be run and the input parameters, determine which  targets 

Fig. 21 ArrayLab’s four graphical user interfaces: a) uplink and downlink algo-
rithms, array modeling, and target monitoring; b) real-time performance display; 
c) hardware accelerator monitoring: beamforming/steering weights; and d) hard-
ware control and status.
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to communicate with, and test, monitor, and control all of the hardware in the 
system. Real-time output data were captured and displayed during the tests. The 
fi rst kept track of the algorithms being run, the geometrical model, and the real-
time STK updates from each of the targets (Fig. 21a). New targets were added, 
and orbit parameters were updated as new TLEs became available. The second 
interface (Fig. 21b) depicts target, beam-forming, and circuit parameters and 
performance as a function of elapsed time. The third interface (Fig. 21c) was dedi-
cated to circuit calibration. Calibration of the circuit error assemblies themselves 
was also controlled and monitored here.

The fourth interface (Fig. 21d) was for all of the hardware control and status 
including the three antenna control units, up and down converters, modem, elec-
tro-optical modules, attenuator, reference signal generator, transmit signal genera-
tor, remote digitizers residing in the pedestals, temperature control plates at the 
error assemblies and in the pedestal, as well as measurement devices such as 
spectrum and network analyzers. Red, green, and yellow simulated light emitting 
diode (LED) provided status for each hardware component.

These interfaces are designed for scientifi c investigation and not for operational 
or mission control. Some of the uplink processes have been converted to C++ and 
called from ArrayLab through COM objects to optimize performance.

VI. Array Demonstration Results

Three experimental arraying modes were investigated: A) calibrated uplink 
(transmit) arraying, B) calibrated downlink (receive) arraying, and C) real-time 
atmospheric compensation (uplink arraying using both calibrated receive and 
transmit circuit control).

Each of these modes is discussed in detail in the following paragraphs. Recall 
that mode B, calibrated downlink, is a necessary precursor to mode C, real-time 
atmospheric compensation, as discussed in Sec. IV.C.

All of the demonstrations reported here used DSCS satellites, principally B13. 
Access was arranged through DISA, which enabled transmit access coordinated 
by the Mission Operation Center and provided current satellite TLEs.

A. Calibrated Uplink (Transmit) Arraying

With all error detection assemblies installed and ArrayLab controlling the algo-
rithms and hardware (including hardware accelerators), we initiated array transmit 
experiments. Initial efforts involved transmitting to a nearby satellite-simulating 
translator mounted on a tower 30 m high (visible in the Fig. 14 photograph back-
ground). The translator was very useful in verifying transmitter operation. In the 
fi nal stages of antenna transmitter checkout, transmit arraying was accomplished 
via manual phase adjustment. At that stage, correct operation of the closed-loop 
phase error control was observed over long time duration by constancy of the 
returned signal, or more effectively by phasing for a transmit null. Monitoring of 
circuit correction phase showed compensation of signifi cant variation much like 
that measured in bench testing and shown earlier in Sec. IV.A.

With confi dence that we could properly control the array, permission was 
requested and obtained to begin uplink to satellite B13. A transponder on the 
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satellite received and frequency shifted and returned the uplink signal, which we 
then received. Throughout transmission, this downlink was monitored for deter-
mination of realized uplink performance.

The fi rst attempt arrayed only two of the antennas. After several short-duration 
tests and adjustments, an extended transmission of 6.5 h was performed, with the 
beam maintained successfully throughout this time. A very clear demonstration 
of the N2 effect on EIRP is seen in a portion of the downlink record, reproduced 
in Fig. 22. Through control of array weighting, fi rst one and then the other antenna 
were powered off. The 6-dB difference (factor of 22) between one and two ele-
ments is clearly seen. With both elements transmitting just before 1150 s, transmit 
power was increased by 2 dB, fi rst at antenna 1 and shortly thereafter at antenna 
2. As expected, this power increase resulted in a simple linear 2-dB increase in 
EIRP. Note an approximately 1-dB increase just before 1150 when only antenna 
1′s power had been increased.

Although nominally geosynchronous, DSCS B13 is in a signifi cantly inclined 
orbit, resulting in an apparent “fi gure 8” motion for a ground observer. A varia-
tion of about 3 deg in elevation and 5 deg in azimuth (about 165 and 265 array 
beam widths, respectively) was seen over a 24-h period as viewed from Florida, 
and consequently precise electronic beam steering was required to keep the uplink 
beam on the satellite.

Results from our fi rst uplink attempt using all three 12-m refl ectors are pro-
vided in Fig. 23. The elevation and azimuth line of sight from the array in degrees 
are plotted vs time in seconds in the top two graphs. It can be seen that the satel-
lite had just completed the top of a “fi gure 8” motion. Though not shown on the 
fi gure, this experiment began at 0050 hrs and lasted until 0200 hrs. Remaining 
graphs in order from the top are “cal weight” (transmit circuit phase correction), 
“phase detector measurement” (beam-steer plus any remaining circuit phase 

Fig. 22 Measured EIRP increase (6 dB) for two arrayed 12-m antennas through 
DSCS B13.
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errors), and the “received combined uplink signal” (return of our Tx signal, which 
is proportional to the uplink power).

Circuit phase correction weights (cal weights) are shown for each of the anten-
nas, with antennas 1, 2, and 3 depicted respectively by yellow, cyan, and magenta. 
Variations of tens of degrees were sensed and corrected, with relatively slow rate 
of change evident except for times at the beginning, at about 2000 s and at the 
end. Those events were deliberate and will be explained shortly.

The next set of curves is labeled phase detector measurement vs time. 
Transmitted wave phase detectors at each antenna measure the sum of circuit 
error and beam-steering phase. Given that circuit error is corrected (and zero), as 
designed, phase detector readings equal the beam-steering phase. Antenna 1 
phase (yellow) is ordinarily held at zero as a reference, and so except for the dis-
turbances at beginning, middle, and end, beam-steering phase is seen to perform 
as designed. Antenna 2 phase (cyan) is seen to vary slowly through about 1.5 
cycles (note phase wrapping at ± 180-deg phase) while antenna 3 phase (magenta) 
varies the most rapidly. Geometrically antenna 2 is almost in line azimuthally 
with the satellite, and so phase varies primarily with elevation angle. From the top 
graph of elevation angle vs time, it is seen that the satellite is at the peak of the 
“fi gure 8,” and thus a bowl-shaped slowly varying beam-steering phase results, 
with a clear minimum at about 1100 s. Notice momentary phase wrapping between 
equivalent values at this time. Antenna 3, on the other hand, is on a line from 
antenna 1 almost perpendicular to the satellite line of sight. Consequently, this 

Fig. 23 Three 12-m antenna array uplink combining results.
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relative beam-steering phase (magenta) varies rapidly with respect to azimuth 
angle. About 7.5 cycles are seen over the 1.5-h time. Again, the effect of being 
near the peak of the “fi gure 8” can be noted in the magenta bowl-shaped mini-
mum at about 300 s.

Throughout this time, the downlink (which is simply “bent pipe” translating 
the uplink) recorded constant uplink EIRP, thus showing that the transmit beam 
was accurately formed and pointed toward the satellite, despite the multiple phase 
wraps amounting to almost 3000 deg that had to be accurately calculated and 
applied with an error evidently no greater than 20 deg over this period (deduced 
from downlink variation).

Let us now address the phase and power variations seen between about 1600 
and 2100 s. At about 1600 s, antenna 1 was powered off. We expected an EIRP 
change of about 20 [log (3) − log (2)] = 3.52 dB. Although it is diffi cult to resolve 
in the fi gure, this is essentially the value shown by the downlinked power drop. 
During the time antenna 1 was not transmitting, phase error control for that 
antenna was devoid of proper feedback, and thus cycling of the phase error cor-
rection resulted (cal weight plot). This cycling is of no consequence because that 
antenna is not transmitting. Later, antenna 2 and then antenna 3 were powered 
off, showing similar phase error cycling and corresponding 3.5-dB EIRP drop. 
Going back to around 0 s, none of the antennas were transmitting, and only noise 
was being received (about −70 dB on the graph). With no feedback, circuit phase 
error control is cycling on all three antennas.

Near the beginning (at about 100 s), antenna 1 transmitter was turned on, with 
downlink power rising to about −40 dB. Shortly thereafter, antenna 2 was pow-
ered on, and then antenna 3 with downlink power rising to about −30 (9.5-dB 
increase expected). At the end of the experiment, antenna 1 was turned off fi rst, 
then 2 and 3.

A subsequent transmit demonstration using the dynamically moving B13 on a 
different day and time showing both the N 2 dependence and the accuracy of 
transmit beam forming is provided in Fig. 24, as antennas 2 and 3 were powered 
on and off over a 600-s period. Antenna 1 serving as the array reference was on 
and unchanged throughout.

Of particular interest is the fact that no array calibration or tweaking adjust-
ments of any kind were needed or applied to produce these results. Consequently, 

Fig. 24 EIRP vs time as array antennas 2 and 3 are powered on and off.
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these experiments clearly directly demonstrate the “instantly available” model-
based continuous self-calibration concept described in Sec. IV.A.

To demonstrate the effectiveness of complex envelope beam-forming method-
ology, modulated signals with exactly known pseudo random noise (PN) sequences 
were transmitted through the DSCS B13 satellite, received by the array and 
returned to the modem for bit error rate determination (BER). BPSK and QPSK 
Viterbi encoded rate 1/2 signals were sent at rates up to 2.0 Mbps over a 45-min 
period without any errors. In these cases, Eb/No was not a limitation; instead, 
attention was focused on possible waveform distortion contribution to errors.

A 100-Kbps BPSK uplink case is presented in Fig. 25, with the B13 downlink 
spectrum shown in the right-hand graph. (A 200-KHz bandwidth is required for 
100-Kbps rate 1/2. Note that the spectrum analyzer is connected to the 140-MHz 
IF center frequency analog output of a downconverter, and 1.4 × 108 Hz is the 
analyzer center frequency.)

The set of graphs in Fig. 25a is qualitatively the same as presented earlier in 
Fig. 23, with two notable exceptions. First, the satellite was near the maximum 
relative motion portion of its orbit, evidenced by the multiple phase wraps. Second, 
the downlinked signal as read by the spectrum analyzer now indicates power 
spectral density (rather than total power), as the signal transitions from unmodu-
lated, to 10 Kbps (at about 1500 s) to 100 Kbps (at about 2600 s). The spectrum 
analyzer peak search (see red dot in Fig. 25b) is somewhat noisier than for CW 
due to modulation (from 1500 s onward). Although not presented, the 200-Kbps 
case runs at the same EIRP produced similar error-free performance, but used 
twice as much spectrum. Bandwidths up to 2 MHz (2-Mbps QPSK Viterbi rate 
1/2) were successfully tested. Up to 10 MHz will be tested when satellite resources 
can be made available.

B. Calibrated Downlink (Receive) Arraying

In an uplink arraying context, if an external signal (could be a signal from the 
target itself or any known source in the main beam of an antenna) is to be used for 
measurement and correction of tropospheric propagation effects, then it is neces-
sary to separate the three major sources of phase variation listed in Sec. II (geom-

Fig. 25 Array transmission of modulated signals.
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etry, circuit, and troposphere). In our approach, a precise antenna and array 
geometrical model provides ideal beam-steering phase for a given emitter of 
interest. Independent closed-loop receive circuit error sensing and control reduce 
the second term to zero, leaving only phase variation caused by tropospheric 
variation. Thus, calibrated receive is an important step in uplink arraying because 
the process eliminates the receive circuit phase variation and isolates the phase 
variation caused by the troposphere by subtracting out the measured receive 
signal phase from the modeled phase. If this step is successful, then the real-time 
atmospheric compensation, Instant Return algorithm, will apply the measured 
propagation variation to correct uplink phasing so that the beam is correctly 
formed beyond the troposphere.

Optimum combining of downlink signals is well-established technology. 
(Harris has devised and applied totally blind optimum cochannel emitter separa-
tion and combining algorithms since the mid-1980s. These algorithms require no 
a priori knowledge of any kind for operation. Also, single-signal optimum com-
bining algorithms have been in use for decades by the DSN and the worldwide 
radio astronomy community.)

Because a detectable signal is present, it is possible to sense and correct the 
sum of time delay, beam-steering phase, circuit phase errors, and anomalous tro-
pospheric propagation phase.

As in the uplink demonstration, we worked with signals from the several DSCS 
satellites in view. Figure 26 shows the results of a downlink demonstration from 
B13 where the satellite beacon is being optimally received. As in the preceding 
uplink demonstration, all antenna pointing and steering vector calculations were 
done using the array model and STK. Two main differences are seen in the graphs 
vs the uplink Fig. 23. First, beam-steering phase is obtained two different ways:

Array model and STK• 
Measured by the optimum blind signal sorting (BSS) receive algorithm• 

Both of these phases are plotted in Fig. 26, third window up from the bottom, 
with modeled values denoted with “x” and measured with “o.” Secondly, a graph-
ics window is added, second up from the bottom, showing the modeled-measured 
difference.

In the absence of differential propagation variation, the modeled and measured 
phases should agree to within the design tolerance of about 30 deg. Any system-
atic difference, particularly over long periods of time, would be indicative of a 
model error or an incorrect satellite TLE. (TLE errors will also be evident through 
individual antenna gain loss due to mispointing, though this is small in compari-
son with potential arraying loss.) Otherwise, short-term steering vector and power 
output fl uctuations are caused by propagation disturbances or errors in the BSS 
received steering vector calculation. Errors in steering vector calculation were 
detected by monitoring optimum array output, which is displayed in the lowest 
graph. If the measured steering vector is in error, then weights calculated using 
this vector will be nonoptimum, and the array output will drop. Consequently, a 
nearly constant array output obtained while the measured steering vector fl uctu-
ates about the modeled one (Fig. 26, plot 4) could be indicative of propagation 
phase variation. Measured output power is subject to variation in the monitored 
signal (satellite beacon) due to PSK modulation and variation due to spectrum 
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analyzer fi nite measurement time. The small 1/4-dB fl uctuation in Fig. 26 (bottom 
plot) is typical of received beacon power from a single antenna and suggests that 
the optimum weight calculation has been applied.

Close examination of the steering vector differences (Fig. 26, plot 5) shows 
small biases that increase with time (satellite position), suggesting a minor error 
in ARPs. This error was corrected before conducting the fi nal real-time atmo-
spheric compensation algorithm, Instant Return, described in Sec. IV.C.

Although not defi nitive at the time, it was thought that some (or most) of the 
rapid variation seen in Fig. 26 measured steering vector phase (“o” in Fig. 26, plot 
4) was due to tropospheric propagation effects.

Figure 27 is a composite view of NOAA satellite measured water vapor (see 
scale at bottom right of fi gure; orange: dry to blue: high water vapor content) and 
an image of the array at the time of steering vector measurement (11 Aug. 2010, 
22:45 UTC, about 1845 hrs local daylight time). Weather associated with Tropical 
Depression 5 was in the process of moving westward away from the array, though 
still affecting the pathway to B13. Based on Ka-band phase fl uctuations observed 
by Nessel et al. at Goldstone, 10- to 20-deg phase fl uctuations at X-band would 
not be surprising, particularly in light of likely substantial variation of water vapor 
and dispersed liquid water between the array and B13. In the next section where 
we applied real-time atmospheric compensation, we were able to show conclu-
sively that such variation was indeed caused by propagation.

Fig. 26 Measured calibrated receive steering vectors and optimized array output.
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C. Real-Time Atmospheric Compensation (Uplink Arraying Using 
Both Calibrated Receive And Transmit)

Figure 28 depicts the demonstration setup for real-time atmospheric compensa-
tion. Note that the receive source used in this example is the bent-pipe return from 
our transmission to the DSCS-13 though it could be any known angular position 
source preferably within the array element’s beamwidth. With the receive path 
circuitry being continually sensed and corrected (using our phase transfer and 
continual closed-loop circuit control), departure of the received steering vector 
from modeled is interpreted as due to propagation variation. This remaining phase 
variation is sensed and used to correct the modeled-based uplink phase settings.

Shortly after preparations for conducting the fi nal demonstration had been 
completed, we were “fortunate” to again experience signifi cant tropospheric varia-
tion, this time caused by Tropical Depression 16, 29 Sept. 2010. The weather at 

Fig. 27 Tropospheric water vapor between the array and DSCS B13.

Fig. 28 Real-time tropospheric variation mitigation.
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our location was signifi cantly severe to produce meaningful variation but not so 
severe that array operation had to be halted and equipment secured.

Figure 29 is a composite view of tropospheric water vapor content and an image 
from our facility’s video camera at the time of the experiment, 0045 hrs EDT. 
Atmospheric water vapor content was obtained from NOAA GEOS East, with the 
inset showing an enlargement of the area including Florida along the pathway to 
DSCS B13. Because of signifi cant wind shear, volumes of air ranging from dry to 
wet were being mixed promoting rapid changes in the integrated content. This 
was occurring due to a frontal passage with dry air behind it moving over Florida 
as the disturbance center moved offshore toward the northeast. The boundary 
between very moist and very dry air is clearly visible on the map.

An arrow is drawn on the inset showing the direction from our facility (south 
of Cape Canaveral at Palm Bay, Florida) toward B13. The array image has an 
arrow depicting true north, and, of course, the antennas are pointing toward B13. 
Light rain is evident.

The overall “Instant Return” demonstration results are provided in Fig. 30, 
with the presentation format being a composite of those seen earlier for cali-
brated transmit-only and calibrated receive-only. As already seen, the top two 
graphs (labeled 1 and 2) respectively show elevation and azimuth measured 
from the array center toward the satellite, B13. Graphs 3 and 4 respectively 
show the circuit calibration weights for transmit and receive. Note that the dis-
continuity on “3” near the center is simply phase wrapping from +180 to −180 
deg. Also, note that the antenna 2 receive circuit correction phase did not plot in 
graph 4. The transmit steering vector phase that was applied is provided in 
Graph 5. As previously in Fig. 23, calibrated transmit, we see phase wrapping 
as satellite movement is tracked by the beam steering, with more rapid phase 

Fig. 29 Weather conditions at the time of experiment 5.
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variation for antenna 3 (magenta) due to our particular array geometry and 
satellite position. Careful inspection reveals, however, that the smooth variation 
seen earlier is present for certain periods and not at others (note yellow arrow 
on graphs 5 denoting transition from a rippled period to a smooth one). This is 
due to the real-time atmospheric correction algorithm Instant Return being 
turned off and on; ripples are present when the correction is added to the 
geometry-dependent steering terms.

Graph 6 shows receive steering vectors, much as in Fig. 26, where calibrated 
receive was demonstrated. Again, cyan denotes antenna 2 relative phase (with 
respect to antenna 1), and magenta denotes antenna 3. These plots are “fuzzy” 
because modeled and measured quantities are plotted on the same graph (as circles 
and crosses). At the resolution of the fi gure, these details cannot be distinguished; 
however, it is evident that the two functions are approximately the same because 
they are plotting on top of one another. Ripples in these lines are caused by the 
measured steering vectors departing from the ideal calibrated and geometry-
based model. Receive and transmit steering phases (in plots 5 and 6) slope in 
opposite directions and with slightly different periods, as expected, due respec-
tively to propagation direction and frequency offset.

Phase difference between modeled and measured receive phase (revealing the 
atmospheric variation contribution) is graphed in “7.” Again, at the resolution of 
the fi gure it is diffi cult to see details (particularly because the scale is +/− 180 
deg); however, variation is evident, and the mean is near zero as we expect in a 
properly operating system. This plot is expanded in Fig. 31.

Fig. 30 Composite experiment 5 (Instant Return) results.
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Graphs 8 and 9 are measures of signal received from B13. Graph 8 is a spectrum 
analyzer measurement obtained from a SINGLE antenna, and so it will not be 
infl uenced by the array optimum beam-forming process. Considerable fl uctuation is 
seen for two reasons: signal modulation and higher noise. Graph 9 is signal power 
measured by a signal demodulator connected to the array optimum output (all 
three antennas optimally combined). It is much smoother because the demodulator 
inherently averages the signal bits as part of the detection process, and, of course, 
the S/N is about 4.5 dB higher in the array beam output vs a single element.

During this demonstration, the atmospheric fl uctuation correction process 
(Instant Return) was toggled on and off from time to time. Green boxes are overlaid 
on graph 9 identifying the periods when it is ON. Qualitatively one can see the 
received power fl uctuations are reduced when the correction is on vs when it is off.

At about midpoint in time, a serious glitch occurred in system performance. 
This was caused by operator intervention in the algorithm computer, forcing data 
captures at the expense of system performance to guard against total data loss in 
the event of an unexpected system crash. (Lightning was striking nearby.)

Details of the interesting period of time from about 100 to 450 s are provided 
in Fig. 31, with an enlargement of the difference between measured received 
steering vector and modeled (top plot) attributed to differential propagation 
effects, the single antenna received power measurement (middle plot), and the 
array output power measurement obtained from the demodulator (bottom plot). 
Instant Return was OFF during the fi rst part of the record while it was ON for the 
remainder. A vertical red line is drawn at the time of switch, about 310 s.

Received steering vector error (measured minus modeled) due to differential 
tropospheric propagation is seen in the top graph. Data markers show independent 
variations in both receive pathways as great as 28 deg. In the bottom graph, opti-
mum received downlink signal power varies as much as 2.2 dB while the UPLINK 
correction is OFF and drops to less than ±0.3 dB with uplink compensation ON. 
In contrast to the calibrated receive results in Sec. V.B and Fig. 26 where there was 
uncertainty as to whether the measured minus modeled variations were due to 
troposphere or BSS algorithm error, in this case we can be certain that the varia-
tions were due to the troposphere because UPLINK compensating the measured 
variation largely eliminated DOWNLINK power variation. Had the variations 

Fig. 31 Real-time atmospheric compensation details.
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been caused instead by receive algorithm error, the downlink power variation 
would have increased because of induced uplink beam-forming errors. Although 
diffi cult to quantify, the noisy single-antenna signal power measured by spectrum 
analyzer (middle graph) is noticeably quieter during uplink compensation.

D. Summary of Uplink Arraying Demonstration Results

Numerous uplink-only demonstrations at X-band to DSCS B13 were conducted 
over a six-month period with good results. Although nominally geosynchronous, 
B13 is in a signifi cantly inclined orbit varying about 3 deg in elevation and 5 deg 
in azimuth over a 24-h period as viewed from Florida (about 165 and 265 array 
beamwidths, respectively). During these demonstrations, the uplink combining 
loss was typically less than 1/2 dB from the expected 9.5-dB increase vs a single 
element, verifi ed using bent-pipe downlink from B13. Data rates up to 2 Mbps and 
bandwidths up to 2 MHz were tested using QPSK rate 1/2 Viterbi encoding, 
yielding zero BER, indicating at least that complex envelope beamforming did 
not signifi cantly distort the signals.

On one occasion, uplink testing was performed during sunrise, with the anten-
nas transitioning from darkness to full sunlight in a short period of time. No 
change in performance was noted as the antennas were heated by the sun.

Only a few real-time atmospheric compensation demonstrations have thus far 
been conducted, with a surprise fi nding that noticeable propagation disturbance 
can occur in ostensibly “dry” air. Noted disturbances were associated with cold 
front passage. Initially, we had expected only small variation at 30-deg elevation 
and X-band, but typically experience 1–2-dB variation that can be corrected with 
the compensation algorithm. Much greater receive variation of up to 60-deg phase 
was seen for a low-elevation DSCS satellite (10-deg elevation), but it was not 
available to us for transmission.

This signifi cant propagation variation at X-band defi nitely suggests that atmo-
spheric variation compensation might be required for widely spaced uplink arrays, 
especially if they are in a subtropical or tropical environment. Previously, we had 
expected that compensation at Ka-band would be required, but not at X-band. 
Furthermore, real-time atmospheric compensation using our Instant Return algo-
rithm might enable Ka-band uplink arraying.

VII. What’s Next?

A. Future of Array Technology

The DSN is currently upgrading the transmitter on one 34-m beam wave guide 
(BWG) antenna per tracking complex to 100 kW vs the 20 kW available today. 
This will provide a backup to the 70-m DSN antenna’s uplink capability should 
the 70 m experience an anomaly. However, on a near-term basis, uplink arraying 
two 34-m antennas each with the currently deployed 20-kW transmitters could 
alternatively provide the same EIRP but for only half the transmitter power budget 
and without the expense of new 100-KW amplifi ers. Uplink arraying three of 
these antennas provides up to a 9.5-dB increase. This potential benefi t has been 
noted by Vilnrotter, D’Addario, and many other array proponents at JPL. Also the 
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risk of voltage arcs, the elaborate cooling methods, and the cost of large power 
amplifi ers could be avoided.

As NASA spacecraft push farther out into the reaches of the solar system, 
larger receive apertures at radio frequencies will be required to capture the data 
from increasingly weak transmission signals, and higher uplink radiated power 
will be required to support both routine and emergency communications at great 
distances from earth. The need for higher EIRP and the role of uplink arraying in 
providing this has been succinctly noted by D’Addario [11], showing that an array 
of small diameter antennas with modest power amplifi ers could readily produce 
more than 1.0 TW EIRP and that this would be needed for emergency spacecraft 
communications to Neptune and beyond.

An important benefi t of arrays of small refl ectors is the fi eld of view they pro-
vide for the array. This greatly increases the usefulness of the array in signal 
acquisition and navigation and tracking because there is a higher probability of 
known astrometric quasars or other spacecraft that can be tracked simultaneously 
in the primary beam. Such enhanced visibility would also be benefi cial for 
Ka-band propagation error detection and correction.

Another advantage of arrays of small refl ectors is that lattices can be con-
structed that greatly minimize grating lobes. This is crucial for downlink arrays 
as well as for uplink purposes. For future array expandability considerations, 
optimization of antenna element spatial placement with respect to minimizing 
sidelobes was also simulated. Figure 32 compares far-fi eld array patterns for 
three different lattices populated with 12-m refl ectors. As can be seen in the 

Fig. 32 Array confi guration optimization with respect to sidelobe minimization.
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bottom middle and right plots, random and aperiodic arrangements offer sub-
stantial sidelobe suppression in comparison with a regular hexagonal lattice 
(bottom left). The pattern for a random lattice with 57 12-m antennas (center 
plots) compares favorably with that of a single large dish having about the 
same overall area. A few large antennas with the same gain display pronounced 
grating lobes similar to that of the hexagonal lattice or the three-element array 
patterns.

B. Future Experiment

Future studies range from a period of comprehensive testing to extending the 
X-band experiments to Ka band, possibly using the WGS Gapfi ller Satellite 
recently positioned over the Atlantic.

The existing installation with three 12-m refl ectors offers a low-impact means 
for extended testing. Hardware changes would be required for Ka-band work and 
are listed next. This is because rapidity of phase fl uctuation at Ka expressed in 
degrees/second is expected to be about four times greater than at X; consequently, 
some of the MATLAB®-based code might need to move to C and/or FPGA 
hardware accelerators for circuit phase control. Hardware upgrades enabling Ka 
experiments include the following:

Ka band feeds (possibly dual X –Ka) with dual polarization• 
Block up/down conversion between X and Ka• 
Error detection assembly upgrades• 

Other possibilities include insertion of this technology on a similar system at 
Goldstone shadowing existing operations in a nonintrusive way, adding two more 
dishes to the Palm Bay, Florida, facility and bringing the baseline up to opera-
tional mode, and creating an array at Kennedy Space Center for near-Earth object 
tracking and characterization.

VIII. Conclusion

Recently completed successful demonstrations using three 12-m refl ectors 
operating at DSCS X band have confi rmed critical aspects of our approach to 
uplink, sometimes known as forward link, arraying. The Palm Bay, Florida, facil-
ity setup consisted of three 12-m widely spaced refl ectors, a DSCS target, and 
advanced algorithms to mitigate the principal differential phase error contribu-
tors: circuitry/fi ber, array geometry, and tropospheric variation. Harris’ method 
includes the following:

Calibrated uplink and downlink combining of widely spaced refl ectors• 
Phase transfer of the carrier signal (instead of time transfer)• 
Continuous self-calibration of the transmit circuitry (and fi ber) using the • 
transmitted signal itself
Feasibility of high-fi delity array and refl ector modeling• 
Continuous self-calibration of the receive circuitry (and fi ber) using an • 
injected signal
Real-time sensing and correction of tropospheric propagation variation• 
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Potential for direct extension to Ka band• 
Instant availability without the need for calibration repointing• 
Mitigation of antenna reference point errors using known astrometric • 
sources [12, 13]
Tolerance for consumer-off-the-shelf hardware and relaxed circuit stability • 
requirements
Applicability to a wide range of antenna and array sizes• 

Real-time uplink compensation for atmospheric propagation variation was 
demonstrated, showing signifi cant performance improvement even at X-band in 
dry air and relatively high elevation. Uplink variations were reduced from more 
than 2 dB through a severe weather disturbed troposphere to only tenths of a 
decibel from theoretical estimates. These methods provide a means for extending 
uplink arraying to Ka-band where propagation variation is known to be at least 
four times greater.

In conclusion, uplink arraying of large refl ector antennas is a highly cost-
effective means of providing very high EIRP that is ready to be deployed opera-
tionally, at least at X band.
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