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expense, as well as the increased ability to adapt antenna
designs, permits a systems to mitigate a variety of burdens
associated with antennas while providing added benefits.

20 Claims, 14 Drawing Sheets

I 0

am

https://ntrs.nasa.gov/search.jsp?R=20160007322 2019-08-31T02:50:46+00:00ZCORE Metadata, citation and similar papers at core.ac.uk

Provided by NASA Technical Reports Server

https://core.ac.uk/display/42694955?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


U.S. Patent May 31, 2016 Sheet 1 of 14 US 9,356,341 B1

A4

FIG. IA

104

M

110

114

FIG. 1B



U.S. Patent May 31, 2016 Sheet 2 of 14 US 9,356,341 B1



U.S. Patent May 31, 2016 Sheet 3 of 14 US 9,356,341 B1

~( 04

f 306

FIG.



U.S. Patent May 31, 2016 Sheet 4 of 14 US 9,356,341 B1

100

FIG.



U.S. Patent May 31, 2016 Sheet 5 of 14 US 9,356,341 B1

O O
~ x ~

O I / I O + H2N-R'NH2

O O

O O O O

C~- HH ~H
x NCR

/N 
x

O 0 0 O

n

O _ _
R = ~ -a or \ / or mixture

ODA DMBZ

X = C=0 (BTDA) or nil (BPDA)

HN 0 
O

HO \ 0 HO /
_ OH

0 X — HN-R~ (1

\ / O

O

—N

O

FIG 5

NHz' 

O O

l~ NHp
O

1~
NH2

Jacelic  anhydride, pyridine

0 \ / N\



P
a
t
e
 A
nt

en
na

s 
o
n
 A
er

og
el

, 
Du

ro
id

 6
0
1
0
 a
nd
 5
8
8
0
 su

bs
tr

at
es

0
 

...
~.-

 -
-
.
 

.
 .

.,~
._.

_._
._.

_.

-3 -6 Fr
i

-2
1

-2
4

-2
7

Ex
pe

rW
te

nW
 -
D
u
m
d
 6
D1

0
E
E
v
e
f
t
k
e
n
W
 -
 Du

mi
i~
d p
08

0
~
5

^
 

•
 A
e
e

 o
o

...
...

.. 
S
t
e
e
d
 _ 
D
u
m
d

 O
D
D
I
D

.
_
-
_
.
S
h
r
o
#
v
b
d

2.
3 

2.
4 

2.
5 

2.
6

Fr
eq
ue
nc
y (
G
N
Z
)

FI
G.

 6

2.
7 

2.
8



U.S. Patent May 31, 2016 Sheet 7 of 14 US 9,356,341 B1

ME

If

m

mm

0

20

WE

E

3 dB Wm 3 dB exp10 dB sim 10 dB exp

FIG, 7A

D raid 6010 Duroid 5880 Pi aerogel

FIG. 7B



U.S. Patent May 31, 2016 Sheet 8 of 14 US 9,356,341 B1

jwl

8PDA,100% DA eZ
BPDA,75 %DMBZ, 25 %ODA
BPDA,100% ODA

--- RTr)A,1(tn% nMR7
-- BTDA, 75% DMBZ, 25 % ODA

— — — BTDA, 50% DMBZ, 50% ODA
BPDA.50%DMBZ. 50% ODA
BPDA, 25% DMBZ, 759c ODA

--- BTDA, 25% DMBZ, 75% ODA

~_-------------.---.---------

1'.6 11.8 120 12.2

Frequency, GI t

FIG. 8A



U.S. Patent May 31, 2016 Sheet 9 of 14 US 9,356,341 B1

s E,J ................... ....................

iu

PDT , I",V~: 00

10 BTDA 100% CAM+1 BZ

\.. \ .9 s0' ~?t~16 , JO"x t C.M.

•~S
^-\ Pz

\ Z \ C1ftl.i\..-

' i
\ ; nu BF D.3 1 E~ ERfBG

~,. i r~, ~r B~'bpr ' ?c E=316~ t 5? . ? C-A

FI GV 8B

1.40

0 1.30

c

c 
1.25

U

n~
BTC

ui'ti•~
f 

t (~, ~~71.,.v 
~~~"f ~~~"~ n,n ~~ -, r"~ ~~ ~~~ F~ 

~i jj`1 
f r~ ~ li fi~.y~

7...~ (F,., _,~ fj„':i' sr :, ,~, 3-Sr. ~, vt.✓ti~'~ ~£ €# 1.1 p~eo ~~~t.1 i ~~ ~f

BTC

.i.—ti~,-.-Y"s 
,.Zr :i' ..~. o ~,."~f. i`•~E'tt~~ t,~z'<.tf :~ ` 7r~ f'j

i

~BFDA,

BFDA,

icj
1.10 —,r ,-

0 200 400 600 800
Frequency; GHz

Figure 8r,

A, 75% DMBZ, 25% ODA

A, 100%u DMBZ

A, 50% DMBZ, 50% ODA

75°~ DMBZ, 25;~ ODA

100% DMBZ

1000 1200 1400



U.S. Patent

0.32

0.28

~ 0.24
$, 0.20

c+ 0.16
a>

0.12

0.08

0,04

100

m
0.

2
vI

7

May 31, 2016 Sheet 10 of 14 US 9,356,341 B1

■ BPDA
o BTDA

0.00 0.20 0.50 0.75 1.00

DMBZ fracdan

FIG.9A

r r

/
/

r /

f '

■ BPDA
D BTDA

0.00 0.25 0.50 0.75 1.00
DMBZ fraction

FIG.9B



U.S. Patent

.~ 1.35
c
t~

1.80

1.25
v
v
~L

1.20
N
N

m

0.012

0.0'10

0.008
c

' U.Wb
t~

c 0.004

0.002
41:

=1111114

May 31, 2016 Sheet 11 of 14 US 9,356,341 B1

~•~~~ti1 
r"~l+r•

0.0 0.2 0.4 0.6

DMBZ fracti on

FIG. 10A

.-r 1

. 1

0.0 0.2 0.4

is i

0.6 0.8 1.0

DNiBZ fracti cn

FIG. 1 OB



U.S. Patent

1.40

t 1.36
0

a 1.32

1.28
ca
v

1.24

MIMA

May 31, 2016 Sheet 12 of 14 US 9,356,341 B1

• X band m
D Low freq
• Ka band

~wr 
r

0.10 0.12 0.14 0.16 0.18 10.20 0.22

Density, gt=3
FIG. 11A

0.008

0.006

0.004
Ln
O
—' 0.002

C Loin freq
• X-band
A Ka band s0
0 i

♦A
C 0
0

C.10 0.12 0.14 0.16 0.18 0.20 0.22

Density, Vcm3

FIG. 11B



U.S. Patent May 31, 2016 Sheet 13 of 14 US 9,356,341 B1

4«
0

27eQ hl ]

IM

a

q

MHz

d.~ 

90

. 

30 0 
~s~~
}

~a 
~gpy~D w

angle from bedside
FIG. 12B



U.R. Patent May 31 2016 Sheet 14 of 14 US 9,356,341 BI

IE

N

- .mvndk  \ p

g ® / Oeltia \wit=±\

f: t «. ■ ~

_#^-,; < #~»:#2«®■.f:.

FIG. 12C

ED



US 9,356,341 B1

AEROGEL-BASED ANTENNAS FOR
AEROSPACE AND TERRESTRIAL

APPLICATIONS

ORIGIN OF THE INVENTION

The invention described herein was made in the perfor-
mance of work under a NASA contract and is subject to the
provisions of Section 305 of the National Aeronautics and
Space Act of 1958, Public Law 85-568 (72 Star. 435; 42
U.S.C. 2457).

BACKGROUND

This disclosure relates generally to antennas and, more
particularly, to the integration of aerogels into antenna design.

Advances in the design and optimization of communica-
tions equipment are of paramount interest in many areas.
Entities ranging in size from entire militaries to individual
travelers can benefit from communications equipment pro-
viding better performance than previous generations, espe-
cially when the equipment is also lighter, stronger or less
expensive.

Critical to an ever-increasing number of electronic devices
(e.g., computers, cell phones, navigation systems, et cetera)
are transmit/receive (Tx/Rx) antennas. Tx/Rx antennas
improve, and are indeed often necessary, for a variety of
systems employing wireless signals, such as voice, data, navi-
gation, and others.

Groups of systems transmitting and receiving signals via
antenna are often collocated. For example, a military or com-
mercial aircraft such as a Boeing 737 can have dozens of
antenna systems integrated throughout the aircraft, some-
times in excess of 100. Even an individual service member in
a western military can have a variety of antennas on their
person, as voice, data, navigation and other Tx/Rx systems
are common in an operational environment. Although these
two example applications are different, they share several
common requirements. Both stand to benefit from reduction
of the number, weight and expense of antennas. Likewise,
both examples benefit from increases to the robustness, per-
formance and adaptability of antennas.

Groups of antennas can also be used in arrays. Many cur-
rent antennas used in large-scale applications are arrays based
on Monolithic Microwave Integrated Circuits (MMIC).
These arrays exhibit relatively low efficiency, can be very
heavy, and can be expensive to acquire and maintain. Alter-
natively, more affordable arrays (which are primarily passive)
are made with standard commercially available substrates.
Current commercial substrates are manufactured in quantity
with arbitrary dielectric properties and thicknesses, limiting
possible applications and adaptability. Customizing commer-
cial substrate applications comes at increased expense, and
still may not support the ideal size, weight, performance and
mechanical properties sought by a purchaser.

Accordingly, there is a need to design and integrate anten-
nas utilizing materials with suitable properties that improve
the performance, adaptability, portability and affordability of
the antennas.

SUMMARY

The following presents a simplified summary in order to
provide a basic understanding of some aspects of the dis-
closed aspects. This summary is not an extensive overview
and is intended to neither identify key or critical elements nor
delineate the scope of such aspects. Its purpose is to present

2
some concepts of the described features in a simplified form
as a prelude to the more detailed description that is presented
later.

In accordance with one or more aspects and corresponding
5 disclosure thereof, various aspects are described in connec-

tion with utilizing aerogels in antenna applications.
In one aspect, an antenna fabricated on an aerogel substrate

is provided.
In another aspect, antennas that can be readily designed to

10 
specific material and electrical properties are provided.
In still another aspect, a plurality of aerogel-based antennas

can be employed within array antennas.
In some aspects, flexible aerogel substrates can be

employed to develop flexible antennas.
In another aspect, aerogel substrates and antennas there-

15 upon can be molded to conform to non-planar contours.
In yet another aspect a means is provided that facilitates the

afore-mentioned techniques.
To the accomplishment of the foregoing and related ends,

one or more aspects comprise the features hereinafter fully
20 described and particularly pointed out in the claims. The

following description and the annexed drawings set forth in
detail certain illustrative aspects and are indicative of but a
few of the various ways in which the principles of the aspects
may be employed. Other advantages and novel features will

25 become apparent from the following detailed description
when considered in conjunction with the drawings and the
disclosed aspects are intended to include all such aspects and
their equivalents.

30 BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. lA and 1B illustrate a photograph of a sample and an
example diagram of metallized aerogel samples in accor-
dance with some aspects herein.

35 FIG. 2 illustrates a diagram of a schematic of a printed
circuit patch antenna in accordance with some aspects
described herein.
FIG. 3 illustrates photographs of samples of printed circuit

patch antennas in accordance with some aspects herein.
40 FIG. 4 illustrates a sample diagram of at least a portion of

an array comprising a plurality of antenna in accordance with
one or more aspects disclosed herein.
FIG. 5 illustrates example synthesis of polyimide aerogels

with 1,3,5-triaminophenoxybenzene (TAB) cross-links.
45 FIG. 6 illustrates a sample graph plotting experimental and

simulated performance of patch antennas fabricated on aero-
gel and commercially available substrates.
FIGS. 7A-713 illustrate sample charts showing bandwidth

and mass comparisons for path antennas fabricated on aero-
50 gel and commercially available substrates.

FIGS. 8A-8C illustrate sample graphs plotting dielectric
constant for various aerogel formulations.
FIGS. 9A-913 illustrate sample graphs plotting density and

compressive modulus at different 2,2'-dimethylbenzidine
55 (DMBZ) fractions.

FIGS. 10A-10B illustrate sample graphs plotting dielectric
constant and mean loss tangent at different DMBZ fractions.
FIGS. 11A-11B illustrate sample graphs plotting dielectric

constant and loss tangent for aerogels as a function of density
60 and within different frequency ranges.

FIGS. 12A-12C illustrate sample graphs plotting antenna
gain against angle at various frequencies.

65

DETAILED DESCRIPTION

Systems and methods employing aerogel-based antennas
can be used to improve antenna utility while reducing draw-
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backs associated with known antenna systems. Customiz-
able, low-density aerogels can be used in conjunction with
and for the fabrication of antennas to increase their utility.
These antennas can replace others in single-antenna applica-
tion, can function in place of multiple antennas, or can be
combined in complex array systems, such as phased array
antenna utilizing a plurality of individual antennas.
As used herein, "aerogel" can refer to highly porous solids

in which the liquid component of a gel is replaced with gas or
analogous substances. Aerogels and analogous materials are
typified by low density and low dielectric permittivity. Such
materials can, but need not, be produced via supercritical
drying. While aspects herein can be directed toward polyim-
ide (PI) aerogels, it can be appreciated, upon study of the
disclosures herein, that other variants can be used without
departing from the scope and spirit of applicants' innovation.
As used herein, "metallization" and variants of the term

generally relate to applying metals to the surface of non-
metallic objects. Further details relating to processes are
described infra, and other means or techniques will be appre-
ciated in view of the disclosures herein.

Various aspects are now described with reference to the
drawings. In the following description, for purposes of expla-
nation, numerous specific details are set forth in order to
provide a thorough understanding of one or more aspects. It
may be evident, however, that the various aspects may be
practiced without these specific details. In other instances,
well-known structures and devices can be shown in block
diagram or another simplified form in order to facilitate
describing these aspects.
The word "exemplary" is used herein to mean serving as an

example, instance, or illustration. Any aspect or design
described herein as "exemplary" is not necessarily to be con-
strued as preferred or advantageous over other aspects or
designs.
As used in this application, the terms "component", "mod-

ule", "system", and the like can refer to a computer-related
entity, either hardware, a combination of hardware and soft-
ware, software, or software in execution, unless an alternative
use is apparent (e.g., substrate component for printed circuit
can be construed as electronic hardware, but is understood as
a physical element). In the context of computer-related enti-
ties, a component can be (but is not limited to), for example,
a process running on a processor, a processor, an object, an
executable, a thread of execution, a program, and/or a com-
puter. By way of illustration, both an application running on
a server and the server can be a component. One or more
components may reside within a process and/or thread of
execution and a component may be localized on one com-
puter and/or distributed between two or more computers.

Furthermore, some aspects of the use or manufacture of
physical and/or logical structures described herein may be
implemented as a method, apparatus, or article of manufac-
ture using standard programming and/or engineering tech-
niques to produce software, firmware, hardware, or any com-
bination thereof, in various versions, to control a computer to
implement some disclosed aspects. These implementations
can also extend to programming, circuitry, and/or other
devices designed to employ or interface with antennas as set
forth herein. The term "article of manufacture" (or alterna-
tively, "computer program product") as used herein is
intended to encompass a computer program accessible from
any computer-readable device, carrier, or media. For
example, computer readable media can include but are not
limited to magnetic storage devices (e.g., hard disk, floppy
disk, magnetic strips ... ), optical disks (e.g., compact disk
(CD), digital versatile disk (DVD) ... ), smart cards, and flash

4
memory devices (e.g., card, stick). Additionally it should be
appreciated that a carrier wave can be employed to carry
computer-readable electronic data such as those used in trans-
mitting and receiving electronic mail or in accessing a net-

5 work such as the Internet or a local area network (LAN). Of
course, those skilled in the art will recognize many modifi-
cations may be made to this configuration without departing
from the scope of the disclosed aspects.

Various aspects will be presented in terms of systems that
io may include a number of components, modules, and the like.

It is to be understood and appreciated that the various systems
may include additional components, modules, etc. and/or
may not include all of the components, modules, etc. dis-
cussed in connection with the figures. A combination of these

15 approaches may also be used.
While additional details will be set forth throughout, poly-

imide aerogels as described herein can, in some embodi-
ments, be made from 2,2'-dimethylbenzidine (DMBZ) and
biphenyl 3,3',4,4'-tetracarbozylic dianhydride (BPDA) cross-

20 linked with 1,3,5-triaminophenoxybenzene (TAB).
Variants of aerogels and related materials can also be

employed in various capacities throughout. For example, sys-
tems and/or methods can employ porous polyimides fabri-
cated through, for example, extraction of porogens from pre-

25 cursor films, use of mesoporous nanoparticles fillers in the
films, and vapor induced phase separation at high tempera-
tures. The fabrication of porous polyimide aerogels can be
accomplished by cross-linking anhydride capped oligomers
with TAB, followed by performing steps including chemical

30 imidization at room temperature and supercritical liquid CO2
extraction. The densities of such aerogels can be customized
depending on the oligomers used. Aerogels such as these and
others can be fabricated as three-dimensional pieces with
high compressive modulus or thin, flexible films with high

35 tensile strength.
Materials used in the production of aerogels and other

materials relevant to the disclosures herein can include (but
are not limited to) 1,3,5-triaminophenoxybenzene (TAB),
pyridine, acetic anhydride, and anhydrous N-methylpyrroli-

4o dinone (NMP), 2,2'-dimethylbenzidine (DMBZ), 4,4'-oxydi-
aniline (ODA), benzophenone-3,3',4'4'-tetracarboxylic dian-
hydride (BTDA), and biphenyl-3,3',4,4'-tetracarboxylic
dianydride (BPDA).
In preparing to make aerogels in accordance with the inno-

45 vation, dianhydrides can be dried at temperature (e.g., 125°
C.) in a vacuum for a desired length of time (e.g., 24 hours)
before use. In some embodiments, other reagents can be used
without further purification.
In some embodiments, polyimide aerogels can be prepared

50 using either BPDA or BTDA as the dianhydride (e.g., degree
of polymerization n=30). Diamines can include ODA,
DMBZ, a mixture of the two, and others.
In some embodiments, aerogel properties (e.g., density,

mechanical properties) can depend on shrinking that occurs
55 during gelation. Different formulations of aerogels can be

employed to reduce or increase shrinkage to achieve a par-
ticular specification. Aerogels including a mixture of BPDA
and DMBZ can result in reduced shrinkage and lower density,
while BTDA and ODA can result in greater shrinkage and

6o higher density. This can be due to increased rigidity of BTDA
polymer chains compared to ODA and/or less interaction
between the gelation solvent (NMP) and the polymer back-
bone chain (e.g., main chain of the polymer). ODA aerogels
can also be less brittle than DMBZ aerogels.

65 Aerogel geometry canbe definedby a variety of fabrication
techniques. In some embodiments, polyimide aerogels can be
fabricated from a mold (e.g., silicone mold). Further process-
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ing can include sanding to a precise size. Various other meth-
ods of sizing can include cutting and polishing to ensure
right-sized, smooth specimens with parallel surfaces. Sizing
of an aerogel portion, sample or substrate can be calculated
for radio-frequency characterization at multiple frequencies.

Aerogel and other substance portions used in conjunction
with aspects herein canundergo additional preparation before
examination, testing and fabrication. For example, materials
can be outgassed at temperature (e.g., 80° C.) for a period of
time (e.g., 8 hours) under vacuum before an aspect is evalu-
ated (e.g., nitrogen-absorption porosimetry).

Analysis and inspection of aerogel samples can be con-
ducted in a variety of ways. Microscopes, including scanning
electron microscopes, can be employed to imaging metal-
lized portions (e.g., after sputter coating) of aerogel sub-
strates. Porosity can be analyzed using surface area and pore
distribution analyzing equipment. Skeletal density and bulk
density can be evaluated by techniques including heliumpyc-
nometry. Compression, tensile and othermechanical tests can
be performed using various load frames and associated soft-
ware packages. Compression testing can include the use of
compression platens, which can be coated with graphite lubri-
cant to reduce surface friction and barreling. Infrared spec-
troscopy, thermal gravimetric analysis, and other techniques
can also be employed to develop and evaluate aerogels and
other materials herein.

Permittivity testing of aerogels can be conducted with dif-
ferent specimen geometries for different frequency bands. In
an example, geometries can range from approximately
W=1.5 cm, H=1.5 cm and T-0.25 cm for low frequency
measurements (-5- to 1300 MHz) using the parallel plate
capacitor set up, W=2.29 cm, H=1.02 cm, and T-0.74 cm for
the X-Band (-8-12 GHz) waveguide transmission measure-
ment setup, and W-0.35 cm, H-0.71 cm, and T-0.25 cm for
the Ka-Band (26.5-40 GHz) waveguide transmission mea-
surement set up, where W=width of the sample, H=sample
height, and T=sample thickness.
As used herein, permittivity can include a measure such as

(E,,—E,'+jE,"), where E,' is known as the relative dielectric
constant of the material with respect to the permittivity of
vacuum (Eo 8.85x10-12 F/m). As used herein, loss tangent
can include a measure such as (tan 6—E~Er% where E,' is
known as the relative dielectric constant of the material with
respect to the permittivity of vacuum (Eo=8.85x10-12 F/m)
and tan 6 is associated with the propagation losses of the
material at RF frequencies. Percentporosity canbe calculated
using the equation (Porosity—[l—pb/p,9]x100%).

Dieletric constant can vary between aerogel formulations.
For example, dielectric constant can be lower for aerogels
made using BPDA as the dianhydride compared to those
made with BTDA, and can decrease with increasing DMBZ
fraction. With some formulations, relative dielectric constant
can increase in a predictable fashion (e.g., linearly) with
density independent of the polyimide backbone chemistry.
Mean loss tangent can also decrease with increasing DMBZ
fraction. Loss tangent can also increase predictably (e.g.,
linearly) with increasing density in some frequency bands.

Referring initially to FIGS. lA and 113, illustrated is a
sample photograph 100 and an example diagram 110 of met-
allized aerogel samples in accordance with some aspects
herein. FIG. lA shows one view of a sample photograph 100
of a metallized aerogel sample. Metallized aerogels can be
used in, for example, aerogel-based antennas

Sample photograph 100 depicts metallized surface 102 and
substrate 104. Metallized surface 102 can be, for example, a
layer of gold. Other metals with desirable properties can also
be used. Metallization can be accomplished by techniques

6
including, but not limited to, electron beam (hereinafter
"e-beam") evaporation. E-beam metallization can be con-
ducted in a vacuum chamber and permit vaporized metals
such as gold to deposit on a substrate's surface. Other means

5 for heating a coating metal, such as resistance heating (in-
cluding flash evaporation), filament evaporation, or plasma
heating, are possible as well. In at least one embodiment,
metallized surface 102 is metallized using a sputtering tech-
nique. Embodiments employing sputtering techniques may

to 
be preferable for some applications for improved adhesion.
Properly formed aerogel substrates can facilitate proper
adherence and avoid compromising the pore structure or
warping during metallization. Those skilled in the art will

15 appreciate that additional techniques for creating one or more
metallized portions (e.g., ink jet printing) can be utilized to
create at least a portion of metallized surface 102, alone or in
combination with other techniques described herein.

Substrate 104 can be an aerogel. In some embodiments,
20 substrate 104 can be a polyimide aerogel. Other polymers can

be used in the fabrication of aerogels for use as substrate 104,
provided the resulting aerogel falls within a desired (typically
low) density range, exhibits the desired (typically low) dielec-
tric constant range, and delivers the desired mechanical and

25 electromagnetic properties when metallized. In some
embodiments, in addition or alternative to polyimide aero-
gels, polyimide-polyurea aerogels cross-linked with aromatic
triamine (TAB) can be employed. Aerogels can be made using
two different dianhydrides or mixtures of two diamines. Vari-

30 ous formulations can be fabricated for low frequency (e.g.,
around 50 MHz), L-Band (e.g., around 1.4 GHz), and X-Band
(e.g., around 12 GHz) applications. Other formulations can
be designed to support a variety of other frequencies (e.g.,
ultra-high frequency from 300 MHz to 3 GHz, Ka-Band from

35 26.5-40 GHz, and above).
Example diagram 110 shows a metallized aerogel sample.

It is to be appreciated that the diagram is for illustrative
purposes only, and not necessarily drawn to scale. Diagram
110 includes metallized surface 112 and substrate 114. As

40 with the above, metallized surface 112 can be, for example,
gold deposited by e-beam or sputtering. In some embodi-
ments, other metallization techniques are employed. Sub-
strate 114 can be, but is not limited to, polyimide aerogels. In
some embodiments, the metal coating can range between 200

45 mu and 2µm thickness. Metallized surface 112 can take on a
variety of patterns, and need not uniformly cover (or cover at
all) some or all of substrate 114. In some embodiments,
different layers can be added to metallized surface 114. In
some embodiments, a plurality of metals, or metal alloys, can

5o be applied to metallized surface 114.
Metallized aerogels like those shown in the samples of

FIGS. lA and 1B can be used in, for example, new antenna
designs. Such designs can deliver a substantial weight savings
over conventional antennas that employ structural materials

55 with dramatically higher density than aerogels. For example,
many antennas are constructed entirely of metal. In other
antenna designs, metal comprises the bulk of the mass, but
other metal, plastic, or rubber shells are included on or around
the functional portion of the antenna. Aluminum and copper,

60 two materials commonly found in antennas, have densities of
2.7 g/cm3 and 8.96 g/cm3, respectively. Polyimide aerogels
can be designed to have densities ranging, for example,
between 0.1 g/cm3 and 0.25 g/cm3. While a metallized poly-
imide aerogel sample can have an average density slightly

65 higher than a non-metallized sample, the overall density
remains at least an order of magnitude lower than materials
traditionally used in antennas. By utilizing antennas in accor-
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dance with disclosures herein, many platforms can reduce the
mass associated with antennas by a factor of five or more.

Aerogels can also provide superior environmental stability.
The thermal conductivity and physical structure of the aero-
gels described herein give them enhanced survivability over
denser materials in a variety of extreme temperatures and
environments. In addition, the porous nature of aerogels
improves their performance at altitude or in space, as warping
and out-gassing are resultantly minimized. In particular,
polyimide aerogels have superior mechanical strength and
can be easily fabricated.

Aerogel-based antennas can also be designed to exhibit
particular electrical properties, based upon predetermined
ranges of transmittivity, reflectivity, permittivity, and path
loss of the aerogel substrates. The low dielectric permittivity
associated with aerogels can contribute to minimize radio
frequency (RF) losses, improved impedance matching, and
enhance the gain of antennas. Furthermore, robust, light-
weight aerogels can facilitate the design of wider bandwidth
antennas. By using conformal antennas with electrical prop-
erties appropriate for a variety of purposes (e.g. antenna
designed with operational bandwidth wider than current sys-
tems), the number of antennas on some systems can be
reduced by a factor of three or more.

Several applications for such antennas can be appreciated
in view of the disclosures herein. Both private and govern-
mental aerospace efforts can design new systems and
improve existing ones around aerogel-based antennas. The
weight and complexity added to large aircraft by antennas
associated with various Tx/Rx suites is substantial, and can
weaken the structural integrity of (for example) a fuselage by
requiring more and larger discontinuities (e.g., apertures or
inlets) and unbalanced protrusions. While smaller aircraft can
benefit from the same types of systems employed on larger
airframes, the size and weight of such systems is often pro-
hibitive. Aerogel based antennas can offer weight savings, be
flexibly placed in previously untenable positions on an air-
frame, and can be designed to accommodate multiple systems
(e.g., wider bandwidth permits use of the same antenna for a
variety of applications such as data transmission, navigation
and voice communications), thus reducing the total number
of antennas in flight. By customizing the shape of an aerogel-
based antenna or using a flexible/non-rigid aerogel substrate,
antennas can be designed to shape or wrap to a particular
aircraft feature, or can otherwise be made conformal to one or
more parts of an aircraft (e.g., portion of wing, side of tail,
curve of fuselage) to reduce drag. Aircraft can accordingly
carry additional electronics, heavier payloads, extend flight
time or improve aerodynamic properties by utilizing such
antennas. These benefits are useful in all varieties of airborne
vehicles, including spacecraft, satellites, jets, prop planes,
ultralights, unmanned vehicles, rockets, missiles, and others.

While some aspects herein are focused toward aerospace
applications, it is intended to be understood that a variety of
other applications are possible. The performance, flexibility
and portability of aerogel-based antennas will improve ease
of use and efficiency in ground vehicles, man-packed equip-
ment, and other mobile applications. Even in static applica-
tions, such as a fixed retransmission station, aerogel-based
antennas can be utilized to minimize cost and maintenance
burden while maximizing performance and environmental
stability. Further, the light weight of aerogel-based antennas
makes their transportation and setup less burdensome than
comparable techniques associated with traditional antennas
used to facilitate a Tx/Rx scheme at static locations. Addi-
tionally, small, high-volume antennas such as those used in

8
RFID tags or wearable medical devices can be improved
through implementing aerogel-based antennas.

Turning now to FIG. 2, illustrated is a diagram of a sche-
matic of a printed circuit patch antenna 200 in accordance

5 with some aspects described herein. In some embodiments,
printed circuit patch antenna 200 can be a broadband planar
patch antenna fabricated with an aerogel substrate. The use of
aerogels in planar patch antennas can facilitate wider opera-
tional bandwidth, reducing the number of antennas needed to

io support a particular set of systems. In some embodiments, the
printed circuit patch antenna can, but need not, be square-
shaped.

Printed circuit patch antenna 200 can include aerogel sub-
strate 202, patch antenna 204, and ground plane 206. Metal-

15 lization of printed circuit patch antenna 200 can be performed
on both sides, with one side serving as ground plane 206 and
the other as printed circuit antenna 204. Printed circuit
antenna 204 can have its pattern transferred via metallization
by using, for example, a physical mask with the desired

20 antenna design during evaporation or by using standard
lithography method (e.g., chemical etching), or even dry-
etching (e.g., ion etching). Other means for creating the
desired antenna geometry, by way of metallization or other
techniques, will be appreciated by the skilled artisan in view

25 of the disclosures herein.
Printed circuit patch antenna 200, based on an aerogel

substrate, can realize up to 10 times the bandwidth at one-
tenth the weight when compared to non-aerogel-based anten-
nas designed with the same geometry at the same operational

so frequency on commercially available substrates (e.g., Rogers
Duroid(k).
In some embodiments, a plurality of printed circuit patch

antenna fabricated at least in part utilizing aerogels can be
combined into an array. The large operational bandwidth of

35 aerogel-based printed circuit patch antenna 200 provides a
basis for lightweight antenna arrays. Not only are the indi-
vidual antennas among the array lighter, but fewer are
required to provide similar array function. In some embodi-
ments, printed circuit patch antenna 200 can be one antenna

40 within a phased antenna array. Adaptability, affordability and
light weight make printed circuit patch antenna 200 highly
suitable as a "building-blocl7' element in complex antenna
arrays.
In some embodiments, printed circuit patch antenna 200

45 include aerogel substrate 202 fabricated using a polyimide
aerogel formulation made from 100% DMBZ and BPDA. A
metallic circuit, patch antenna 204, can be printed to the
dielectric substrate. In some embodiments, the metallic cir-
cuit can be a thin (e.g., 2µm) metal (e.g., gold) film. Other

50 materials and thicknesses will be apparent to those skilled in
the art. Patch antenna 204 can be printed via electron beam
evaporation and a shadow masking process as well as any
other physical and/or chemical pattern printing process com-
patible with the aerogel material. Ground plane 206 can be

55 produced by coating the non-circuit side of aerogel substrate
202 with a film of electron-beam evaporated metal (e.g.,
gold).
FIG. 3 illustrates photographs 302, 304, and 306 of

samples of printed circuit patch antennas in accordance with
60 some aspects herein. Photograph 302 depicts a patch antenna

on a polyimide aerogel substrate in accordance with disclo-
sures herein. Photographs 304 and 306 depict antennas on
alternative substrates such as those represented in graphs
described infra.

65 The samples pictured in FIG. 3 can be fabricated, for
example, from molds. In at least one embodiment, a silicone
mold can be used to produce an aerogel portion. Exact sizing
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of aerogel substrate "blanks" can be accomplished by sand-
ing, cutting, or others techniques suitable for manipulating
aerogels. In some embodiments, the aerogel portion is ready
for fabrication as-made. In other embodiments, larger aerogel
pieces, or pieces requiring refinement or customization can be
developed for use.

Turning now to FIG. 4, illustrated is a sample diagram of at
least a portion of an array 400 comprising a plurality of
antenna in accordance with one or more aspects disclosed
herein. Array 400 can include sub-arrays 404, 406, 408 and
410. Sub-arrays 404, 406, 408 and 410 can include a substrate
board on which antenna 402 and several similar antennas are
included. In one or more embodiments, a substrate board can
be made of an aerogel. In some embodiments, each antenna
exists on its own substrate board, which are linked after
individual fabrication. In alternative embodiments, a single
substrate portion can be used for a plurality of antennas. In
some embodiments, the entire underside of a substrate board
can be metallized as a ground plane. Various sub-arrays 404,
406, 408, 410, and others, can then be operatively coupled to
complete an antenna array, such as a phased array antenna.

Turning now to FIG. 5, illustrated is an example synthesis
of polyimide aerogels with TAB cross-links.

Turning now to FIG. 6, illustrated is a sample graph plot-
ting performance of experimental and simulated data for the
patch antennas on aerogel and commercially available sub-
strates (i.e., Rogers Duroid(k). A reflection scattering param-
eter (S,,) is plotted in decibels against frequency. The differ-
ent curves depict experimental and simulated results for an
antenna with a polyimide aerogel substrate, and two antennas
fabricated on commercially-available, non-aerogel sub-
strates. The scattering parameter can be measured with, for
example, a vector network analyzer for RE analysis. As
shown, the experimental and simulated data correlates, and
the aerogel-based antenna exhibited a broader bandwidth
with lower mass.

TABLE 1

Comparison of RF and physical parameters of aerogel-based patch
antennas and patch antennas based on commercial products

3 dB 10 dB
Band- Band- Patch
width width Substrate dimen-

Antenna Dielectric (MHz) (MHz) dimensions sions Mass
substrate constant exp/sim exp/sim I/w/h (cm) L/W (cm) (g)

Duroid 10.2 16.8/ X5.6 5.56/3.98/ 1.95/1.95 4.30
6010 22.1 0.61
Duroid 2.2 159/192 50.3/ 8.31/6.52/ 4.09/4.09 36.45
5880 57.4 0.32
PI 1.16 218/255 62.1/ 8.82/6.88/ 4.80/4.80 4.18
aerogel 71.2 0.41

FIGS. 7A-713 illustrate sample charts showing bandwidth
and mass comparisons for path antennas fabricated on aero-
gel and commercially available substrates. The charts show
greater bandwidth at lower mass in the PI aerogel compared
to the commercial substrates.

FIGS. 8A-8C illustrate sample graphs plotting dielectric
constant for various aerogel formulations across a frequency
spectrum. While the precise formulations for each and every
sample are not described, FIGS. 8A-8C illustrate that the
dielectric constant is experimentally consistent at various
frequencies for a given formulation. FIGS. 8A-8C also shows
a sample distribution of possible dielectric constant using
aerogels in accordance with the disclosures herein. The for-
mulation labeled BN10-31 can be made from 2,2'-dimethyl-

10
benzidine (DMBZ), biphenyl-3,3',4,4'-tetracarboxylic diany-
dride (BPDA) and TAB. BN10-31 has a particularly low
dielectric constant, excellent mechanical properties at the
lowest density, and good resistance to moisture.

5 FIGS. 9A-913 illustrate sample graphs plotting density and
compressive modulus as influenced by DMBZ fraction in
aerogel formulation. Increasing compressive modulus and
decreasing density generally correspond to the overall trend
lines as DMBZ fraction increases.

10 FIGS. 10A-10B illustrate sample graphs plotting relative
dielectric constant and mean loss tangent as influenced by
DMBZ fraction in aerogel formulation. The depicted
example plottings are focused in the X frequency band.
Increasing DMBZ fraction results in a curve where the rela-

15 tive dielectric constant in the X-band decreases until DMBZ
fraction is in the vicinity of 50%, then increases slightly to
100%. The mean loss tangent in the X-band generally trends
downward with increasing DMBZ fraction.
FIGS. 11A-11B illustrate sample graphs plotting dielectric

20 constants and loss tangents of aerogels by density. As shown,
the dielectric constants roughly track density (e.g., the two
increase together), and loss tangents are relatively compa-
rable within a given frequency range.

FIGS. 12A-12C illustrate sample graphs plotting antenna
25 gain against angle at various frequencies.

While the disclosures herein have focused on the use of
aerogels as a substrate or structural material in antennas, it is
intended to be understood that aerogels, and particular poly-
imide aerogels or analogous materials exhibiting similar

30 properties to those described herein, can be used in a variety
of other applications. Various other electronic components,
such as printed circuit boards and various other computer
modules, can realize many of the benefits expressed or
implied herein by utilizing aerogels. Further, aerogels can be

35 used as a purely structural material, detached from any Tx/Rx
or electrical/electronic application.
In addition to those described above, additional formula-

tions of cross-linked polyimide aerogels can be used in con-
junction with aspects herein. In some embodiments, combi-

4o nations of rigid and flexible aromatic diamines can be used to
tailor the properties of octa(aminophenyl)-silsesquioxane
(OAPS) cross-linked polyimide aerogels. OAPS can be pro-
cured as a mixture of isomers (e.g., meta: ortho:para=60:30:
10). In some examples, 2,2'-dimethylbenzidine (DMBZ) or

45 p-phenylenediamine (PPDA) can be used in combination
with the more flexible diamine, 4, 4'-oxydianiline (ODA). The
amount of rigid diamine can vary from 0 to 100% of the total
diamines in the backbone. Such formulations can provide
additional control over density, shrinkage, porosity, surface

5o area, and mechanical and thermal properties depending on the
types and proportions of diamine employed. Replacing ODA
with PPDA can increase shrinkage occurring during gelation
and processing, while increasing the DMBZ fraction
decreases shrinkage. Replacing ODA with 50 mol % of

55 DMBZ can maintain the flexibility of thin films while
improving the moisture resistance of the aerogels.

In preparing OAPS cross-linked polyimide aerogel mono-
liths, Poly(amic acid) oligomer can be formulated in NMP
using a molarratio of dianhydride to total diamines of 26 to 25

60 to provide oligomers with an average of 25 repeat units ter-
minated with anhydride. The mole percent of rigid diamine in
place of ODA can range from 0 to 100%. A ratio of four
oligomers to one OAPS can be used as each OAPS contains
eight amine groups which can react with the two terminal

65 anhydride groups on thepoly(amic acid) oligomers. The total
weight of precursors in solution can be formulated to be 10
w/w % in embodiments.
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A sample procedure for an oligomer made using 50%
DMBZ and 50% ODA is as follows: To a stirred solution of
DMBZ (0.443 g, 2.09 mmol) and ODA (0.418 g, 2.09 mmol)
in 17 mL NMP can be added BPDA (1.278 g, 4.34 mmol).
The mixture can be stirred until all BPDA is dissolved, and a
solution of OAPS (0.0481 g, 0.042 mmol) in 2.145 mL NMP
can be added. The resulting solution can be stirred for 5
minutes, after which acetic anhydride (3.275 mL, 34.7 mmol)
(which can scavenge water byproduct) and then pyridine
(2.81 mL, 34.7 mmol) can be added, both representing an
eight to one ratio to BPDA. The solution can be continually
stirred for 10 minutes and then poured into a 20 mL syringe
mold (2 cm in diameter), prepared by cutting off the needle
end of the syringe and extending the plunger all the way out.
The gels which can form within 30 minutes can be aged in the
mold for one day before extracting into fresh NMP to soak for
24 hours to remove acetic acid and pyridine. The solvent
within the gels can then be gradually exchanged to acetone in
24 hour intervals starting with 75%NMP in acetone, followed
by 25% NMP in acetone and finally three more times with
100% acetone. The gels can be placed in a 1 L supercritical
fluid extraction chamber in acetone, and washed with liquid
CO2 at approximately 100 Bar and approximately 25° C. in
four two-hour cycles. The chamber can be heated to 45° C.
and the CO2 converted into a supercritical state. Gaseous CO2
can be slowly vented out at the rate 4.5 m/h from the chamber
over three hours. In embodiments, the dry polyimide aerogels
produced in this way can have a density of 0.095 g/cm3 and
porosity of 93.7%. 13C CPMAS NMR (ppm): 19.6, 124.3,
130.7, 143.9, 155, 165.9. FT-IR (cm-'): 1775, 1715, 1596,
1498, 1417, 1370, 1236, 1170, 1112, 1088, 1008, 825, 736.

In some embodiments, polyimide aerogel films can be
utilized. To make such films, the OAPS cross-linked
polyamic acid solution as described above can be cast onto a
poly(ethylene terephthalate) (PET) carrier using a 12 inch
wide blade. Blade speed can be, for example, 80 cm/min. The
gel film can be peeled away from the carrier film. Thereafter,
the films can be washed in 24 hour intervals in 75% NMP in
acetone, followed by 25% NMP in acetone, and finally
washed three more times with acetone. Supercritical drying
can performed in addition to the aforementioned procedures.

Additional aspects related to some polyimide aerogel for-
mulations usable with aspects set forth herein can be observed
in the table below.

12
It is to be appreciated that components and techniques

described herein can be used in conjunction with various
electronic or computing environments, including processors,
memory, storage, communications components using various

5 protocols or interfaces, buses or other facilitative aspects for
the interoperability of electronic components, and so forth.
Additional parts, such as drives, displays, and other periph-
erals can also be integrated internally or externally. Various

10 
programs or software modules can run in or on such environ-
ments, and can make use of the components and techniques
relating to antennas and others set forth herein. Various net-
working schemes can be implemented that employ some
combination of antennas (or other aspects) described herein

15 and the electronic environments described. While antennas
are focused toward wireless communications, it is possible to
integrate the same into Tx/Rx environments that still include
wired paths. Such electronics environments can be accom-
plished using a variety of proprietary or standardized elec-

20 tronic devices. These devices can be "standalone" devices, or
functioning in interconnected environments including cli-
ents, servers, shared resources, and so forth, made operable
by information communicated between local and remote
nodes.

25 What has been described above includes examples of the
various aspects, and various versions thereof. It is, of course,
not possible to describe every conceivable combination of
components or methodologies for purposes of describing the
various versions, but one of ordinary skill in the art may

3o recognize that many further combinations and permutations
are possible. Accordingly, the subject specification intended
to embrace all such alterations, modifications, and variations
that fall within the spirit and scope of the appended claims.
In particular and in regard to the various functions per-

35 formed by the above described components, devices, circuits,
systems and the like, the terms (including a reference to a
"means") used to describe such components are intended to
correspond, unless otherwise indicated, to any component
which performs the specified function of the described com-

40 ponent (e.g., a functional equivalent), even though not struc-
turally equivalent to the disclosed structure, which performs
the function in the herein illustrated exemplary aspects. In
this regard, it will also be recognized that the various aspects
include a system as well as a computer-readable medium

TABLE 2

Polvimide Aeroael Properties

Dianhydride
Diamine, %
DMBZ

Density,
g/cm3

Modulous,
MPa

Dielectric
constant, X

Loss
tangent, X

Dielectric Loss Dielectric
constant, LF tangent, LF constant, KA

Loss
tangent, KA

BPDA 0 0.207 13.9 1.266 8.74e-3
BPDA 0 0.163 1.2230 7.00e-3 1.227 7.00e-3
BPDA 0.25 0.130 16.0 1.1700 4.70e-3 1.185 4.71e-3
BPDA 0.75 0.159 43.7 1.158 4.33e-3 1.260 6.77e-4
BPDA 0.75 0.108 1.136 5.68e-3 1.133 1.78e-3
BPDA 0.50 0.188 33.9 1.214 3.37e-3
BPDA 0.50 0.195 28.1
BPDA 1.00 0.111 19.1 1.155 3.90e-3 1.145 1.57e-3
BPDA 1.00 0.131 20.1 1.159 1.10e-3 1.249 1.54e-3
BTDA 0 0.264 6.7
BTDA 0.25 0.195 17.8 1.246 4.69e-3
BTDA 0.50 0.196 1.249 4.13e-3
BTDA 1.00 0.210 102.3 1.280 4.13e-3 1.289 2.68e-3
BTDA 0.75 0.197 56.2 1.239 4.60e-3 1.356 1.04e-3
BTDA 0.50 0.203 18.6 1.268 6.02e-3 1.320 1.13e-3 1.320 1.30e-3
BTDA 1.00 0.195 58.4 1.285 5.30e-3 1.355 4.05e-4

65
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having computer-executable instructions for performing the
acts and/or events of the various methods.

In addition, while a particular feature may have been dis-
closed with respect to only one of several implementations,
such feature may be combined with one or more other fea-
tures of the other implementations as may be desired and
advantageous for any given or particular application. To the
extent that the terms "includes," and "including" and variants
thereof are used in either the detailed description or the
claims, these terms are intended to be inclusive in a manner
similar to the term "comprising." Furthermore, the term "or"
as used in either the detailed description of the claims is meant
to be a "non-exclusive or".

It should be appreciated that any patent, publication, or
other disclosure material, in whole or in part, that is said to be
incorporated by reference herein, or otherwise implied to be
related, is incorporated herein only to the extent that the
incorporated material does not conflict with existing defini-
tions, statements, or other disclosure material set forth in this
disclosure. As such, and to the extent necessary, the disclo-
sure as explicitly set forth herein supersedes any conflicting
material incorporated herein by reference. Any material, or
portion thereof, that is said to be incorporated by reference
herein, but which conflicts with existing definitions, state-
ments, or other disclosure material set forth herein, will only
be incorporated to the extent that no conflict arises between
that incorporated material and the existing disclosure mate-
rial.

What is claimed is:
1. An antenna, comprising:
a substrate portion; and
a metallized portion capable of receiving and/or transmit-

ting an electromagnetic signal, the metallized portion
being deposited/grown onto the substrate portion;

where the substrate portion is a polymer aerogel consisting
entirely of polymer material.

2. The antenna of claim 1, where the metallized portion
includes an antenna pattern.

3. The antenna of claim 2, where the antenna pattern is on
a first side of the substrate; the metallized portion includes a
groundplane on a second side; andthe second side is opposite
the first side.

14
4. The antenna of claim 1, where the substrate portion is

molded to a non-planar shape.
5. The antenna of claim 1, where the substrate portion is

flexible.
5 6. The antenna of claim 1, where the aerogel is a polyimide

aerogel.
7. The antenna of claim 6, where the polyimide aerogel is

made with 2,2'-dimethylbenzidine (DMBZ), biphenyl-3,3',4,
4'-tetracarboxylic dianydride (BPDA) and an aromatic tri-

10 amine (TAB).
8. The antenna of claim 5, where the aerogel is made with

polyimide-polyurea aerogels cross-linked with an aromatic
triamine (TAB).
9. The antenna of claim 1, where the substrate and the

15 metallized portion comprise a patch antenna.
10. The antenna of claim 1, where the aerogel is flexible.
11. A system, comprising an antenna array including a

plurality of antennas fabricated at least in part using a poly-
mer aerogel consisting entirely of polymer material.

20 12. A method for making an antenna, comprising:
forming a polymer aerogel base element consisting

entirely of polymer material; and
applying a metal element to the aerogel base element.
13. The method of claim 12, where applying the metal

25 element includes applying an antenna pattern to a first side of
the aerogel base element, and applying a ground plane to a
second side of the aerogel base element.
14. The method of claim 13, where applying the metal

element is conducted via metallization.

30 15. The method of claim 14, where the metallization is
electron beam evaporation.
16. The method of claim 15, where the metallization is

sputtering metallization.
17. The method of claim 15, where the metallization is ink

35 jet printing.
18. The method of claim 15, where the metallization is

electroplating.
19. The method of claim 13, comprising shaping the aero-

gel base element to conform to a non-planar contour.
40 20. The method of claim 13, comprising making an aerogel

for use in the aerogel base element.
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