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Abstract The Defense Advanced Research Projects Agencynetals (copper, gold) at microwave frequencies, making
(DARPA) is funding a GPS adaptive antenna array using high superconductors attractive for filters, distribution networks,
temperature superconductor (HTS) technology. This adaptive multiplexers, and other RF components.
antenna array is designed to null multiple GPS jammers, while A superconductor is considered “high temperature” if jts T
being considerably _smqller in size than convgntlonal adaptivejg gphove 77 K, the boiling point of liquid nitrogen. Although
arrays. - The combination of these two requirements can bejiq,iq cryogens are NOT used in modern RF systems, this
satisfied or:ly through t(;]e unique pmpert'eSKOf tg'n film 'I;Tsddesignation (HTS) indicates the relative ease of providing
antenna elements and circuits. A packaged, ruggedize h : e ;
multielement HTS based, GPS antenna is due to be delivered b O:r:??nm;?eg gﬁig%gyde cryocooler, similar to those used in
March 2000. : .

In the past few years, superconducting technology has
become more commonplace in government and commercial
INTRODUCTION alj systems. The advances in the development of high Q

From luxury car drivers to soldiers, the military’s Glob . . . .
Positioning System (GPS) is an ever more important part of ers and high quality HTS films have allowed the benefits of

information infrastructure. As more systems become depenagRFrcondUCt'v'ty to be used in a variety of applications, from

on GPS for accurate location information, it is important ﬂgﬁvernm_ent_systems to base stations for commermal cellular
énmunlcatlons. DARPA sponsored projects have

the GRS signal is available at all times. .CpmmerC'al.am“ﬁ%monstrated integrated HTS filters and cryogenically cooled
are being encouraged by the Federal Aviation Administratjon noise amplifiers that have a lower insertion loss. lower
to incorporate GPS into all flight safety and landing syste ¢ hot P . : iy
; . . ; naise figure and steeper skirts than conventional filters and
In this scenario loss of GPS due to inadvertent interference .. : e ;
lifiers. These HTS filters/amplifier systems are designed

could cause a catastrophe. For the military, a jammed (?B@eet the rigorous environmental test requirements of MIL-

signal can have - serious repercussions. The cur -810E and will operate in an ambient temperature of
conventional nulling antennas are unacceptably large for ) 1op T P
, and will survive common carrier vibration levels.

military platforms. Therefore, the Defense Advanced Rese ’ > :
Projects Agency (DARPA) undertook to develop a reduced! is paper discusses the HTS adaptive GPS antenna and the

size GPS adaptive antenna array using high tempera’fUFHications of its design. Details of the mechanical design are
superconductor (HTS) elements. Boden & Hamilton is examined and the unique integration issues will be addressed.

coordinating the efforts of the antenna designer, Cryoelectra
GmbH and the integrator/mechanical designer, Infrareqd, . !NNOVATIVE ANT.ENNA DESIGN .
Components Corporation (ICC), to produce a final technica his adaptive antenna array IS designed to nuI_I muI_t|pIe GPS
demonstrator system for service testing in March 2000.  J&MMers arllddto _be con5|d_?rr]ably. smallerll n sflz:TSthand
A superconductor has special electromagnetic properties pgyentional adaptive arrays. The unique qualities o an
are valuable for many RF applications. Although the hallmi#g Other design innovations allow for tighter antenna spacing,
of superconducting material is a zero DC resistance belo _“?f antenna elements as well as h'gh Jjamming rejection.
iniaturization of antenna arrays is made difficult by

critical temperature, Jthe RF surface resistance is not zero . b he radiati | h d

It is, however, many orders of magnitude smaller than nonlﬁ&qractmns etween the radiating elements as they are move
closer together. One method to overcome this problem is to

design a superdirective multiport antenna. This involves

1 M. Tinkham, “Introduction to Superconductivity”, compensating for the radiating element coupling with a
McGrawHill. NewYork 1975 network which zeroes the output at the other ports (“matching
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and decoupling network, MDN"). It can be shown that, in sofficiently high efficiency. This explains the use of HTS in
doing, the antenna pattern is restored to nearly that of theefeed network, but such an antenna could still be reasonably
larger, unreduced array, as illustrated for the example of &ffleient with conventional normal metal (copper or gold)
element array in Fig. 1. Since operation in the receive aadiating elements. In the chosen approach, miniaturized dual
transmit mode are closely related to each other by reciproigquency radiation elements with multiple-section matching
an explanation is given for the transmit case. In columnrfajwork are used. This produces a sharp bandpass
there are two abo2 spaced elements in an array. A requirefaracteristics and therefore excellent out-of-band rejection,
nulling direction is adjusted by a certain phase differerfisg requires the low conductor losses which are offered by
between the incident waves, eg:,@(p(.(pl)al Here, mutual HTS This reduces interference that is near but outside the
coupling between the elements is small. As the spaélagired band. Therefore, the elements are designed to resonate
between antenna elements is reduced (see column b), dgé e GPS L1 and L2 frequencies, 1575.42 MHz and 1227.6
mutual coupling between the elements the power incidenMbiz respectively, with narrow (about 20 MHz) bandwidths to
the ports is no longer completely radiated, but a significgiininate jamming energy outside the GPS bands.

portion is transferred back to the generator via the other pofihe antenna elements are placed on a 6-inch substrate that is
(b=S,a, and h=S,a). By a proper choice of the phas@cated above the coupling network. Each antenna element is
difference between,@nd athe nulling position can be choseitlentical except rotated 6@vith respect to its neighbor as seen
correctly, but the “cross-talk” between the elements reduige&ig. 2. This provides rotational symmetry and allows for
the antenna gain (see Fig. 1b). With a matching and decouriiplgrization diversity between the elements. It has been
network MDN (see Fig. 1c), the cross-talk between the antepigglicted that this polarization diversity will improve the
elements is compensated for by a corresponding path injah@ming rejection of the antenna; however, this effect also
MDN, leading to a structure where the entire array possess#gpands upon the adaptive electronics used. The effectiveness
resonant behaviour. Hence, the input ports of the MDRNthis design choice for the DARPA antenna will only be
become decoupled. The power of the waveamdl A incident measured and because this is a novel and innovative design the
at the antenna elements are by a factor of 1/(fy|Bigher performance cannot be predicted reliably.

than in case b). The corresponding equivalent currents of the
antenna elements are also increased and the radiated field is
even in the main beam direction characterized by partially
destructive interference (“superdirective excitation”).

This superdirective principle cannot be implemented without
production trade-offs. If the spacing is reduced or more modes
are included to reproduce the pattern, the bandwidth will
narrow. For the GPS application, the required bandwidth is
about 1.5%, allowing a size reduction of 0.75-1.25 times the Figure 2. Antenna element alignment

signal wavelength. This “superdirective antenna” is only

useful for these small arrays, where a total size reduction of &'¢ HTS antenna elements are made of yttrium barium
half to one wavelength is significant. copper oxide (YBCO) that typically has a Tc around 93 K.

The YBCO is deposited on a sapphire substrate. Sapphire is a
high dielectric material that allows the elements to be made

b) ©) smaller. In equation 1) is the effective wavelength of the
array, A, is the free space wavelengthis the permittivity of a

a)

Radiation

attern . . agae
i material, and; is the permittivity of a vacuum.
A
7 — 0
i Aeff - < (1)
Al Af[[B AfjB il
¢ 4 — €
i i i Sapphire was chosen as a substrate because it can be grown in
' six-inch wafers, and has high, uniform dielectric constant
% J; across the substrate. Other HTS substrates, e.g. lanthanum
B, B aluminate, vary in dielectric constant across a wafer and are

only available in smaller sizes.
Reducing the size of an adaptive antenna introduces a

The decoupling, matching and feed network of the DARFQ@;:)rmance compromise.  Theoretically, seven antenna
antenna is realized as microstrip circuit and coupled to i en:'s will allow th? anten:wa to tnull up to s:jx Jlamm?rs at‘;f]
antenna elements via apertures in its ground plane. Resq {fit- mowever, as antenna elements areé moved closer together
current enhancement makes this network sensitive to l0S5&: ability to resolve jammers and maintain adequate signal-

Consequently, HTS material must be used to maintair#o'é‘bis.‘e ratio (SNR) may be reduced_. A_detaile_d calculation
' or this antenna geometry, but using isotropic elements,

Figure 1. Superdirective principle for a 2-element array
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suggests that only three jammers can be successfully ndilediitional gold sputter-coatings meet the thermal
with adequate SNR for GPS navigation. The same calculatequirements, but attenuate the GPS signal excessively
for a 14-inch diameter conventional antenna suggests that (885%). Therefore, a dielectric coating stack will be employed
jammers could be null€d.lts overall jammingrejection (the as a frequency-selective low emissivity coating optimized for
combination of nulling and filtering) is expected to be supertbermal energy in the mid to long-wave infrared region of
to conventional antenna systems due to its excellent oup>efum. Two potential options exist for this coating:
band rejection and its polarization diversity. The HTS arrayrigditional oxide dielectric stacks and omni-directional
6.3 inches in diameter before packaging in an electricaliglectric mirrors similar to those proposed by KMIT A
transparent vacuum dewar. The final system diameter (poakervative analysis predicts that total parasitic heat load can
packaging) will be approximately 7.5 inches, which offersha kept to under 1 Watt at operational temperature and high-
significant size reduction from many conventional arrays. ambient conditions, potentially permitting the use of efficient
and reliable tactical cryocoolers such as used in the military
SYSTEM DESIGN ISSUES Standard Advanced Dewar Assembly (SADA) program. The
In addition to the electromagnetic design of the antenna, GBS HTS antenna will be built to satisfy the military
important to look at the mechanical design of the wheiuirements for flight qualification. A selection criterion for
system.  This includes identifying cooling, vibration anbe cryocooler is to be reliable to a minimum of 4000 hours
housing issues and the interaction of the electromagnetic figldan time between failure (MTBF).
with the packaging materials. Further design challenges include vacuum integrity and
One of the challenges is cooling for the HTS anterslgctrical interconnections. Design and processing methods for
elements. Today’s Stirling cycle cryocoolers can rapidly c@gig-life permanently evacuated dewars have been developed
down to 77 K and require no user attention. The military H@smilitary and commercial infrared sensor programs. While
used these coolers in Forward-Looking Infrared (FLIR) sens® processing requirements, material selection and mechanical
engines on combat aircraft for many years. The design goabltign issues are quite rigorous, this technology has matured
the GPS HTS antenna is cool down time of 10-15 minutegver the past ten years, and the design team has much first-
time that is comparable to FLIR systems while requiringhaind experience. The interconnections present unique
most 200W of power. To achieve this goal, the mechanig@blems as the noise figure and insertion loss must be quite
system designer must pay special attention to the thermal noagsyet the interconnections bridge the gap between cryogenic
of the antenna inside the cooler. The challenge is to mininzae high military ambient temperature conditions, and between
cooled mass while maintaining the dielectric volume requingira-High Vacuum (UHV) levels and the atmosphere.
by the antenna design. Since the passive sapphire dielectiplicating the problem is the need to minimize the parasitic
elements do not require cooling, thermally separating thieset load conducted along the length of any cabling scheme.
from the cooled matching network and antenna elements $inge the GPS antenna array includes a minimum of 7
logical thermal optimization approach. This presents sev@f@drconnections, the heat load of each interconnection
complications, including microphonics and increased surf@egomes a limitation on the thermal performance of the
area for radiation heat loading, as well as increased therpsiem. The very weak GPS signals do not permit sufficient
gradients. Key to the success of the design is to empleyformance margin for cabling-induced noise figure or
structural materials with high strength, high thermakertion loss, both of which adversely impact system signal to
conduction and low volumetric thermal mass. Beryllium meftsise ratio. The traditional approach is to use stainless steel
these goals rather well, and also has a coefficient of thetjg@{eted, expanded Tefloh dielectric coaxial cabling.
expansion over the temperature interval®’@1o 77 K) close Unfortunately, the parasitic heat load is typically in excess of
to sapphire that minimizes thermally-induced stress. Thro@gh00 Watts per cable, the space required is incompatible with
aggressive design and careful study, the thermal mass hasde@mpact system (as much as 10 inches of cable length is
greatly reduced to result in a shorter cool down time. required to minimize the thermal load to 0.200 Watts), and the
Another issue in cooling is incident radiation heating of theaterials exhibit high outgassing rates. This problem has been
elements. A quartz window is used as an electricalydressed with a new interconnection method designed by ICC
transparent aperture to couple the signal into the coqifil known as the Taylor Feed This technology permits a
elements in the metal dewar. This permits parasitic heatingdg¥fipact, low loss, vacuum compatible solution which exhibits
the HTS elements by outside radiation, particularly so@f thermal load of approximately 0.025 Watts per connection.
loading. To combat visible radiation, a traditional compositBe vacuum feed-through for this system has been fielded over

radome can be employed. To combat thermal emissions fr&w00 times for up to 7 years with an in-field failure rate of 40
the window surface to the cooled elements, the quartz wingig

will be coated to reduce its thermal emissivity while allowing
electromagnetic (RF) radiation to pass into the antenna.

2R.T. Compton, Jr., “The Jammer Nulling Capability of
Small Circular Adaptive Arrays,” Compton Research, Inc., °Y. Fink et al, “A Dielectric Omnidirectional Reflector,”
Technical Report 12-1, April 1998. Science, vol.282, pp.1679-1682, November 27, 1998
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INSERTION ISSUES Another issue is the power consumption requirements. Most
It is important to look at the issues involved in integratiagtennas are passive and have no need for power. The
the GPS HTS antenna into an airborne platform. The GPS HWiy@®cooler must be powered for the GPS HTS antenna to
antenna is half the area of a conventional adaptive anteperate. The specified maximum power consumption of the
array. This is a large advantage on current space constrdifiesl antenna system is 200W.
platforms. The antenna will be conformal to the platform andhe GPS HTS antenna provides the needed anti-jam
thus will not induce drag by protruding into the air streamapabilities using less area than conventional antenna arrays.
the current antenna does. It is possible that the antennaThi# benefits of the GPS antenna to size constrained platforms,
have a lower radar cross-section than conventional anterinakjde smaller size, better performance and conformal
although resonances built into the elements and matclmstpllation. The plug and play design is transparent to the

network complicate analysis. Integration with curremger and only requires 200W to function.

adaptive antenna array electronics is expected to be

straightforward. The GPS HTS antenna was designed with the CONCLUSION

current back-end electronics in mind. The antenna is design@the GPS HTS antenna is an innovative system that
to plug into the current electronics without modification. incorporates unique design elements to make a small anti-jam

The conformal mounting scheme may not be useful for GRS antenna. The HTS elements in the design are expected to
tactical aircraft. Some platforms may not have enough spaaintain the high performance of a larger antenna, but at less
between the skin and the frame to achieve installation. A stidn half the size. HTS is a maturing and increasingly
of the change in stress caused by cutting a hole in the skin @arsimon technology that will offer significant enhancements to
be done to determine accurately the problems involved wlith GPS reception in a high interference environment. The
installing the antenna underneath the skin. cryogenic packaging is challenging but well understood, with

an experienced team performing analysis, design and testing.
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