REPORT DOCUMENTATION PAGE it agisy OO

Public reporting burden for this collection of ink ion Is estimated to ge 1 hour per resp , including the time for reviewing | i hing existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including
suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Adington, VA
22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Lsave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
October 1999 Professional Paper
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
Ka-Band Mechanically Augmented Phased Array (MAPA) Antenna for Ultra Small PE: OPN
Aperture Terminal (USAT) AN: DN112009
6. AUTHOR(S)
K. M. Wilson, R. A. Axford, Jr., and G. Bostrom
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER
Space and Naval Warfare Systems Center
San Diego, CA 92152-5001
9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING
AGENCY REPORT NUMBER

Space and Naval Warfare Systems Command
4301 Pacific Highway
San Diego, CA 92110

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION/AVAILABILITY STATEMENTR “
Approved for public release; distribution is unlimited.

o

13. ABSTRACT (Maximum 200 words)

This paper describes the United States Office of Naval Research (ONR) Ultra Small Aperture Terminal (USAT) project.
The objective of this project is to advance the state-of-the-art in 30/20 GHz active phased array antennas and miniaturized
frequency converter technologies to support the wideband SATCOM requirements of future mobile vehicle construction.

To reduce costs, the ONR USAT project aims to demonstrate these technologies in a Mechanically Augmented Phased
Array (MAPA) antenna that uses a combination of mechanical and electronic steerage. The MAPA can provide full
hemispherical coverage (zenith to horizon) for one third to one fourth the cost of an equivalent terminal using multiple phased
array panels. Furthermore, the cost of installing a single MAPA can be significantly less than the cost of installing multiple
phased array panels.

A proof-of-concept experiment designed to demonstrate the MAPA USAT's performance is proposed to take place in

Italy, using the Italian Space Agency's ITALSAT F1 and/or F2 satellite(s), and a P-3C Orion aircraft outfitted with the
MAPA USAT as the mobile test platform.

©

Published in Proceedings, Fifth Ka Band Utilization Conference, 18-20 October 1999, pp. 547-554.

14. SUBJECT TERMS 15. NUMBER OF PAGES
Mission Area: Command, Control, and Communications
Mechanically Augmented Phased Array (MAPA) antenna 16. PRIGE GODE
SATCOM terminals
Ultra Small Aperture Terminal (USAT)
17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT
UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED Same as Report
NSN 7540-01-280-5500 Standard form 288 (FRONT)

DTIC QUALITY INSPEGCTED 3




21a. NAME OF RESPONSIBLE iNDIVIDUAL

LCDR Kevin Wilson

21b. TELEPHONE (inciude Aree Code)

(619) 553-5335

21c. OFFICE SYMBOL

Code D841

NSN 7540-01-280-5500

Standard form 298 (BACK)



Ka-Band Mechanically Augmented Phased Array (MAPA) Antenna for
Ultra Small Aperture Terminal (USAT)

Kevin M. Wilson', Roy A. Axford, Jr.? and Gregory Bostrom®
US Navy Space and Naval Warfare Systems Center, San Diego, Code D841

53560 Hull Street, San Diego, CA, USA 92512-5001
'Tel. (619) 553-5335 (-2459 fax), e-mail: noos@spawar.navy.mil
Tel. (619) 553-3729 (-2459 fax), e-mail: axfordra@spawar.navy.mil
3Tel. (619) 553-4422 (2459 fax), e-mail: gbostrom@spawar.navy.mil

Abstract

This paper describes the United States Office of Naval Research (ONR) Ultra Small Aperture
Terminal (USAT) project. The objective of this project is to advance the state-of-the-art in 30/20 GHz
active phased array antennas and miniaturized frequency converter technologies to support the
wideband SATCOM requirements of future mobile vehicle construction. To reduce costs, the ONR
USAT project aims to demonstrate these technologies in a Mechanically Augmented Phased Array
(MAPA) antenna that uses a cembination of mechanical and electronic steering. The MAPA can
provide full hemispherical coverage (zenith to horizon) for one third to one fourth the cost of an
equivalent terminal using multiple phased array panels. Furthermore, the cost of installing a single
MAPA can be significantly less than the cost of installing multiple phased array panels. A proof-of-
concept experiment designed to demonstrate the MAPA USAT s performance is proposed to take place
in Italy, using the Italian Space Agency’s ITALSAT F1 and/or F2 satellite(s), and a P-3C Orion
aircraft outfitted with the MAPA USAT as the mobile test platform.

1.0 Introduction

Italy’s ITALSAT satellites, the United States” Advanced Communication Technology Satellite
(ACTS) and Japan’s Communication and Broadcasting Engineering Test Satellite (COMETS) have
enabled the demonstration of new K/Ka-band technologies that have great potential for dual-use in
government and non-government mobile satellite communications (SATCOM) applications. Active
phased array antennas are attractive for many applications in mobile SATCOM. This is especially true
when the mobile platform in question has simultaneous requirements for streamlining, low radar cross
section and high maneuverability. Active phased array antennas have good potential for satisfying the
first two requirements because they can be integrated into the skin of a mobile vehicle. On highly
maneuverable vehicles, assuming that the electronic beam steering controller (BSC) has sufficient
processing speed, phased array antennas can remain locked on the desired satellite through more
stressing motion profiles than those which can be handled by purely mechanically steered antennas.
Furthermore, the high EIRPs and G/Ts of existing experimental, and emerging government and non-
government K/Ka-band (30/20 GHz) SATCOM systems are highly attractive for mobile applications.
This is because many vehicles (including aircraft, ships and submarines in addition to ground mobile
vehicles) simply do not have sufficient space to accommodate large antennas to support wideband
SATCOM requirements. SATCOM systems with high satellite EIRPs and G/T's can shift the burden of
link margin (i.e., aperture size) away from the mobile terminal. Processing transponders in future
30/20 GHz SATCOM could further help to reduce mobile terminal aperture size requirements.

1.1 MAPA: A Cost-Saving Technical Approach

This paper describes a K/Ka-band active phased array antenna component and mobile terminal
technology development project that is sponsored by the United States Department of the Navy (DoN)
Office of Naval Research (ONR). The objective of ONR’s Ultra Small Aperture Terminal (USAT)
Project is to advance the state-of-the-art in K/Ka-band active phased array antenna components and
miniaturized frequency converter technologies to help support the wideband SATCOM requirements
of future mobile vehicle construction. The cost-saving programmatic approach employed in this
project is to demonstrate these technologies in a prototype terminal that is suitable for backfit onto
existing mobile platforms without integrating the antenna directly into the skin of the vehicle or




Figure 1 The MAPA approach (left) allows a capable mobile SATCOM temminal to be fielded with one-
third the number of elements of an equivalent' static boresight approach (right). The trade-off is
usually an increased vertical profile for the MAPA. At today's prices, the cost of the MAPA's
mechanical tumtable is insignificant compared with the cost of an additional four phased array panels
(two each transmit and receive as shown on the right here).

requiring multiple phased array panels to achieve full-hemispherical coverage. The resulting technical
approach, the mechanically augmented phased array (MAPA) antenna, shown in Figure 1, uses a
combination of mechanical and electronic steering. The MAPA’s ability to rotate the boresight of its
phased array antennas through 360 degrees of azimuth allows a reduction in the number of active
elements required to achieve full hemispherical coverage by a factor of 3 to 4 compared to approaches
that hard-mount phased array panels on the skin of the vehicle. As a result, the MAPA approach allows
the fundamental phased array component technologies to be demonstrated in a fieldable prototype that
costs from one third to one fourth less than an equivalent terminal that employs multiple panels. This
follows from the fact that the majority of the costs associated with today’s state-of-the-art active
phased array antennas are directly traceable to the gallium arsenide (GaAs) monolithic microwave
integrated circuit (MMIC) modules from which their active elements are constructed.

The remainder of this paper includes a discussion of planned and prospective DoD use of
30/20 GHz SATCOM, a description of the MAPA USAT currently under development, and a possible
demonstration of the MAPA USAT aboard a P-3C Orion aircraft in Italy with the ITALSAT satellites.

2.0 The DoD and 30/20 GHz SATCOM

The DoD is currently defining the details of the architecture of a new three-satellite X/K/Ka-
band military satellite communications (MILSATCOM) system named Wideband Gapfiller Satellite
(WGS) [1]. The arrival of WGS, with its first launch scheduled for 2004, is timed to coincide with the
expected end-of-life of a number of the current DoD Defense Satellite Communications System
(DSCS) X-band satellites. However, instead of just maintaining the 500 MHz of government X-band
bandwidth,” WGS will also accelerate DoD use of the 1,000 MHz of government K/Ka-band
bandwidth, namely 30.0-31.0 GHz Earth-to-space and 20.2-21.2 GHz space-to-Earth. Furthermore,
DoD plans an additional new X/K/Ka-band SATCOM system named Advanced Wideband Satellite
(AWS) with launch scheduled for 2008. However, even with these planned increases in MILSATCOM
capacity and coverage, many analysts have concluded that the total MILSATCOM capacity will
continue to fall short of that needed by the DoD to carry out all of its missions. As a result, the entire
DoD, and especially the DoN, have made, are making, and will continue to make significant use of
commercial SATCOM services to fill the capacity gaps [2]. In the future, the authors expect that DoD
will focus much of its commercial SATCOM interests on services provided in the 30/20 GHz band.
The potential cost savings associated with the technical feasibility of mobile Earth terminal
components common to the entire 3,500 MHz of contiguous government and non-government K/Ka-
band SATCOM bandwidth explains our expectations [3]. Nowhere else in the spectrum is there a
3,500 MHz contiguous pair of government/non-government SATCOM allocations for which practical
dual-use terminal component technologies will be available in the near-term.

" The use of the word “equivalent” is based on the assumption that each of the 3 phased array pairs on the right
can scan through + 60 degrees of azimuth. If their scan range was + 45 degrees, 4 pairs would be needed.

? 7.90-8.40 GHz Earth-to-space, 7.25-7.75 GHz space-to-Earth.
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Figure 2 MAPA USAT system architecture diagram showing the division of responsibilities between
the team members. The diagram also points out an important advantage of active phased array
antennas for mobile SATCOM temminal applications. Namely, there is no separate high power amplifier
(HPA). Instead, the HPA function is dispersed throughout the active elements of Boeing's transmitter
phased array. This saves space and eliminates the HPA ‘as a potential single point failure.
Furthermore, note that Hittite's miniaturized IF/RF frequency converters are located immediately
adjacent to the antenna array (<5 cm away). This allows the long cable runs to be at IF instead of RF,
avoiding the need to run wavegyide, thereby reducing installation costs. The operator interface unit
(OlU) is based on a commercial off-the-shelf (COTS) portable PC with multiple PCI and ISA board
slots. The OIU uses the User Datagram Protocol (UDP) to send vehicle navigational data at high
speeds to the beam steering controller (BSC). In the reverse direction, the BSC sends samples of the
received signal level (RSL) and electronic-beamy/mechanical-tumtable steering angles to the OIU for
display and recording. This capability is a great aid during post-installation system operational
verification and test (SOVT) procedures and for routine performance monitoring and troubleshooting.
The OIU also provides compatibility with the Defense Information Systems Agency (DiSA) Joint
Technical Architecture (JTA) via a Simple Network Management Protocol (SNMP) capable interface.

3.1 Boeing ISDS’ MAPA (by Jim Freeman of Boeing ISDS)

The USAT antenna system combines electrical and mechanical scan techniques to provide
beam agility at low cost for mobile platforms. Phased arrays are desirable for mobile platforms
because they can compensate for the platform motion by electronically adjusting the direction of the
beam. At high scan angles, however, the projected area of the planar array drops rapidly and the array
size must be increased to maintain adequate performance. This limits their practical usage to latitudes
within + XX degrees (for geosynchronous satellites) or to installations where multiple phased arrays
can be accommodated at different boresight look angles on a platform.

On ONR’s USAT project, the electronic agility of the phased array will be combined with
coarse mechanical motion and a fixed tilt angle to reduce the scan angle losses and thus reduce the size
and cost of the agile antenna. A turntable is used to provide approximate azimuthal positioning while
the arrays themselves provide elevation and azimuth scanning of + 40-50 degrees. The motor is only
needed to remove macroscopic platform motions (e.g., heading changes) and thus moves infrequently.
Tracking of a satellite and compensation of small platform motions is achieved electronically. This
approach, called MAPA (mechanically augmented phased array), provides full hemispherical
coverage, enabling application to GEOs from extreme latitudes (i.e., beyond + XX deg), LEOs
anywhere, and mobile platforms with large roll angles.



Figure 3 Boeing's current 30/20 GHz MAPA USAT packaging design. Objective 30 GHz EIRP & 20
GHz G/T specs. for the max. electronic scan angles are 48 dBW & 0 dB/K, respectively. In simulations,
the array patterns shown have grating lobe free scan ranges of £60° in elevation and £45° in azimuth.

Our implementation of the MAPA antenna uses a 27.5-31.0 GHz, 512-clement active-aperture
phased array antenna mounted at a 45-degree angle as shown in Figure 3. This aperture is
approximately 14 by 22 cm. before mounting on the tilted structure of the turntable. Each element of
the array contains a compact MMIC phase shifter and power amplifier implemented in 0.25 micron
PHEMT GaAs. The power is directly coupled into a circular-waveguide radiating element that, when
combined with a wide-angle impedance-matching (WAIM) layer, exhibits nearly cos(@) scan loss

(i.., the minimum achievable scan loss). The polarization can be electronically selected as either left-
hand-circular or right-hand circudlar (LHCP or RHCP, respectively). The EIRP is designed to be at
least 48 dBW at scan angles up to 45 degrees. 60-degree scanning is possible in elevation to provide
overlap directly overhead and to maintain the link during severe roll. The module technology is a
fourth-generation design that builds upon similar communications arrays built by Boeing from 8 to 44
GHz [7], [8]. USAT will also include a 384-clement 20 GHz receive phased array for the downlink,
based on arrays already built by Boeing for DoD MILSTAR and Global Broadcast Service (GBS)
reception. The two USAT arrays would be adjacent on the tilted platform and could be used with a
shroud over the back of the arrays for low-speed platforms or an external radome if required.

3.2 Hittite’s RFTAS (by Frank Paik of Hittite Microwave Corporation)

Hittite Microwave Corporation [9] is developing a miniaturized package of frequency
converters for mobile Earth terminals operating at K/Ka-band known as the RF translation and
amplification system (RFTAS). Figure 4 shows the top-level block diagram of the RFTAS which
consists of tunable up/downconverters and a low noise block downconverter (LNB). The USAT
Project plan has two phases. The RF ranges and IFs shown in Figure 4 will be available at the end of
Phase II. For Phase I, the RFTAS RF range is limited to 19.2-20.2 GHz and there will be a single IF of

-«
27.5-31.0 GHz to Tx Phased Array ~<¢———| Lbl“{;‘:\f’;ter g 70, 140, 700 M
l————— p
| 100-B-F/O
l (IF, RF & Levet Monitoring & Control)
° Tunable —® | 70, 140, 700 MHz
Dow nconverter '. IF Outputs
17.2- 21.2 GHz from Rx Phased Array I. } RealTime RSL Indications
LNB | »  950-1450 Mz Bock IF Output
(In: 202- 20.7 GHz) P

Figure 4 RF translation and amplification system (RFTAS) architecture (USAT Project Phase 11).
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70 MHz. The tunable downconverter (Figure 5) translates a selectable downlink frequency to an IF
band, and the upconverter (Figure 6) performs the reverse operation to a selectable uplink frequency.
In the chain of up/downconverters, there are several amplifiers and filters and a precision attenuator
that controls the signal level with an accuracy of 0.25 dB. Tuning is accomplished by selecting the
frequency of the second local oscillator, which is tunable in 125 kHz steps. The LNB is a dual
conversion device that translates the 20.2-20.7 GHz RF block to the 950-1450 MHz IF block (Figure
7). All three converters will be implemented using MMIC chips for all mixers and amplifiers,
including sub-harmonically pumped MMIC mixer chips, and commercial off-the-shelf (COTS) parts
for frequency synthesizers. All three converters along with the associated digital circuits for
amplitude/frequency monitoring ,and control and via UDP will be assembled into a miniaturized
package sized 19 x 14.6 x 4 cm. (~1110 cubic cm.) using all passive filters. Hittite is also investigating
the possibility of using emerging active filters with greatly improved phase noise performance. If this
approach proves feasible, it could reduce the total package size by roughly 3/4 to ~278 cubic cm.

4.0 USAT Demonstration Possibility with ITALSAT

Because the ONR USAT Project is addressing the 30/20 GHz SATCOM terminal
requirements of ships, aircraft and ground mobile vehicles, there are several possibilities for
demonstrations of the MAPA USAT. One very likely demonstration would involve the P-3C Orion, a
land-based aircraft designed for maritime patrol missions. The P-3C is widely deployed throughout the
world and it is often the first reconnaissance asset on-scene. As such, DoD could benefit if P-3C crews
were able to transmit video from their onboard camera systems in real-time to shore-based and
shipboard command and control centers. The USAT MAPA is an option for providing this capability.
ITALSAT provides an opportunity to demonstrate the capability in a region of high interest to DoD
and NATO.




Alenia Aerospazio Space Division developed the
ITALSAT satellites for the Italian Space Agency to
support K/Ka-band propagation research and SATCOM
technology testing. ITALSATSs F1 and F2 were launched
in January 1991, and August 1996, respectively. F1 has
already lasted years past its expected end of life (EOL),
F2’s EOL is in 2004. Each has two payloads for point-to-
point (multi spot beam (SB) payload) and point-to- [
multipoint (National beam (NB) payload). Figure 8. = - ' :
shows the ITALSAT SB and NB coverage maps.- - Figure 8 Left: SB, Right: NB [10].

Figure 9 and Figure 10 present USAT/ITALSAT link budgets for 97% availability and no-rain
conditions, respectively, using the ITALSAT communications payload descriptions in [11] and [12],
ITU meteorological data for Italy and the methods of [13] and [14]. These results predict that the link
margin will (1) be greater than that shown in Figure 9 for 97% of the time and (2) never be greater
than that shown in Figure 10. An aircraft can often obtain the best case performance (Figure 10) at will
if link margin is limited by rain in the vicinity of the aircraft and it is possible to fly above the rain.
Although these results must be considered preliminary until they are discussed in detail with the Italian
Space Agency, there is clearly the potential to demonstrate a significant real-time airborne surveillance
sensor data off-load capability using the MAPA USAT and ITALSAT. Future work will develop a
detailed MAPA USAT demonstration plan using ITALSAT.

5.0 Summary

DoD interest in 30/20 GHz SATCOM can be expected to increase over the next 2-4 years.
This paper introduced a dual-use technology development effort that anticipates this-increased interest.
The MAPA USAT project will advance the state-of-the-art in 30/20 GHz active phased array antennas
and miniaturized frequency converter technologies, and deliver a multi-platform prototype terminal.
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Figure 9 Link budget calculations for 97% availability of a full duplex hop between JPL's (portable)
fixed 2.4-meter hub Earth terminal and the mobile USAT (performance parameters in Figure 3).
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Figure 10 Link budget calculations for no-rain conditions. Full duplex hop between JPL's (portable)
fixed 2.4-meter hub Earth terminal and the mobile USAT (performance parameters in Figure 3).
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