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This disclosure describes antenna elements, terahertz detec-
tor arrays formed by antenna elements, and dual-mode tera-
(21)  Appl. No.: 13/926,767 hertz in};aging syste}rlns that operate using terahertz detector
array(s). The antenna element includes a horn receiver con-
(22) Filed: Jun. 25,2013 figured to collect radiation and capture the radiation using an
antenna positioned in or proximate to a throat of the horn
Related U.S. Application Data receiver. The antenna element also includes antenna posts
o o electrically coupled to the antenna and extending through
(60)  Provisional application No. 61/690,600, filed on Jul. 2, irises in a conducting ground plane and conductive traces
2012. electrically coupling the antenna posts to an antenna load. In
addition, the antenna element includes a bolometer mounted
Publication Classification on a first substrate, where the bolometer is electrically iso-
lated from the antenna load and in thermal contact with the
(51) Int.ClL antenna load. The antenna could include a bow tie antenna
G01J 5/08 (2006.01) having first and second arms on a first surface of a second
HO04N 5/33 (2006.01) substrate, where the ground plane is on a second surface of the
G01J 5/20 (2006.01) second substrate.
2

BOE v. Samsung IPR2025-01476

Ex-1061



Patent Application Publication Jan. 2,2014 Sheet 1 of 24 US 2014/0002666 A1

Figure 1

Figure 2

BOE v. Samsung IPR2025-01476
Ex-1061



Patent Application Publication Jan. 2,2014 Sheet 2 of 24 US 2014/0002666 A1

™
N
Sb 1
_ 6b a
1b
\\ Ga% / /// g /
3b—~  7b- &}h BEP
Q.
“™Ba
Figure 3
Ejl AN A
_ ] N
WAl P AL P
N | /3 _
7 r"7 ) e
O [ == I IO I = O I
= A L
] | 1 g‘““
7 =
1 % B g Y e 3
8/
Figure 4

BOE v. Samsung IPR2025-01476
Ex-1061



Patent Application Publication Jan. 2,2014 Sheet 3 of 24 US 2014/0002666 A1

Figure 5

Figure 6

BOE v. Samsung IPR2025-01476
Ex-1061



Patent Application Publication

Jan. 2,2014 Sheet 4 of 24 US 2014/0002666 A1

42)—\ /-Za o
/ 6a
2
4o1—" /\ T da
4b2 10 a2 11—
Figure 7
3 \
X

\\.
431/”““ 2 ,, /50
11 6a 10
Figure8

BOE v. Samsung IPR2025-01476
Ex-1061



Patent Application Publication Jan. 2,2014 Sheet 5 of 24 US 2014/0002666 A1

%2
[45]
—

o

5]

<

j]

80

L,

Q
[t)
\ \ -
-
(3]
=
=
=
[
[as]
5 \ -
% 3
N
\

Figure 11

6b1

6b2

BOE v. Samsung IPR2025-01476
Ex-1061



Patent Application Publication Jan. 2,2014 Sheet 6 of 24 US 2014/0002666 A1

.............
ooooooooooooo

.............

R | Rt
top 6b< | 15
SRR | B y™

.............

.............

.............

side

Figure 12

ooooooooooooo
ooooooooooooo

.............

“ e e e
........ e e s
........ 13
tr» Sb ........ e e 15
op bbb |l llld
........ e e
........ .o o . ~=~—14b
[

ooooooooooooo

ooooooooooooo

.............

side

Figure 13

BOE v. Samsung IPR2025-01476
Ex-1061



Patent Application Publication Jan. 2,2014 Sheet 7 of 24 US 2014/0002666 A1

168—\

Figure 14

I Chﬁxd

Figure 15

BOE v. Samsung IPR2025-01476
Ex-1061



Patent Application Publication Jan. 2,2014 Sheet 8 of 24 US 2014/0002666 A1

NEP Contributions vs Bias Voltage

L
1E-12 5=
=
1E-13
1E-14 - «
1.69 1.74 1.79 1.84 1.89 1.4 1,98 2.03 2.08
Bias {volts}
Total ----1/f ------ Johnson  —— CTIA — Thermal
Figure 16
Figure of Merit vs Frequency
0.9
0.8
0.7
0.6
g 0.5
a 04
0.3
0.2
0.1
g
100 150 200 250 300 350 400 450 500
Frequency {GHz)
Figure 17

BOE v. Samsung IPR2025-01476
Ex-1061



Patent Application Publication Jan. 2,2014 Sheet 9 of 24 US 2014/0002666 A1

KKK ICKIKKS

Figure 18

Capture Diameter vs Frequency
[smoothed]

(753

g
U

[ %)

L
it
|

millimeters

<
n

e}

180 190 236 270 310 350 380 430
GHz

Figure 19

BOE v. Samsung IPR2025-01476
Ex-1061



US 2014/0002666 A1

Jan. 2,2014 Sheet 10 of 24

Patent Application Publication

O
O
O
O
O
Figure 20

\203

Figure 21

BOE v. Samsung IPR2025-01476

Ex-1061



Patent Application Publication Jan. 2,2014 Sheet 11 of 24 US 2014/0002666 A1

Figure 22

N

Figure 23

BOE v. Samsung IPR2025-01476
Ex-1061



Patent Application Publication Jan. 2,2014 Sheet 12 of 24 US 2014/0002666 A1

\Z(’Jb ZGC/

Figure 24

BOE v. Samsung IPR2025-01476
Ex-1061



US 2014/0002666 A1

Sheet 13 of 24

Jan. 2,2014

Patent Application Publication

I W [ 4 [ [ "] L0 4 3 "1 "]} [ 1 [ [ ]
[ 4 1 1 "] [~ {1 "] L ] ] 1 ] ]
[~ f I ] 1 1 1 -/ [ 0 1 ] ] [ 1 [ ] R ST

P A A A S S A M S A e e e S s s M M R A S S MY s M S
I P R I NP R M S B R S T MY S S I S S S M N A A A S M M R B

=

A

24—

Figure 25

Ex-1061

BOE v. Samsung IPR2025-01476



US 2014/0002666 A1

Jan. 2,2014 Sheet 14 of 24

Patent Application Publication

<o)

Figure 26

M\s\

el
S LS
S

S S

S S
e
Y
vl
S S S
S S S
S
o
o
SIS
ol
S S S
S
S
S S
S
S LSS
IS S
S
S S
S

S S S

S S

S S
S
S

Figure 27

/r%

S

NN N
SO
NONNN NN
NONNN NN

N
N
AN
N

N
N
AN
N\

LSS

S S S
IS S

S

Figure 28

BOE v. Samsung IPR2025-01476

Ex-1061



Patent Application Publication Jan. 2,2014 Sheet 15 of 24 US 2014/0002666 A1

/0 9
p

NONON NG NN NN AN NN SN,
SONONINHE NN NN NSNS INTESON N
SONON NI SO NN AN NN N NN [ AN RN
SONCNINHE SO NN SOOI NN

Figure 29

46

s ~9

SONNIINT NN NN ST NN SN NSO,
NN NN SN AN AN ND N NN NN NN N | AN NN
NN NN NN AN IR N NA N NN NN NN | N ANANAN
DN AN NNANANRNANAN NN NSO

Figure 30

3
9 /

NN I SO N NN NSO
NONN N SN NN AN RN NN NN NN NN N NN
AN NN (AN I NANANE NN ANLEERNAND NN N N NN NN || AN NN
RN AN IANANANANANAN R S S R NN N RN

Figure 31

/‘47

RS EE R R R R SRR R R SRS R E R
OIS NI RS S SSNN NS
NONONINE SOSNN NN AT N NN NN NN NN AN /[ ANANGN
SONONIINHE NN N AN N NN NN N N N NN AN ANANGN
NONOUIINE NN NN AR S N S N [ AN/ NANAN

BOE v. Samsung IPR2025-01476

Ex-1061



Patent Application Publication Jan. 2,2014 Sheet 16 of 24 US 2014/0002666 A1

..........................................................

..........................................................

..........................................................

..........................................................

SN NI NN S NI
SO I SO AT NS N N N NN NN
SONNINI SN NN AT NS N N N NN NN
SO SO D N N NN N AN
\\_ 46 ~ 9

Figure 33
NIES T SN SN NS
TN [ N AN
TN [ NN
N NSO NN

g 7

Figure 34
NN NIEEEEE S SN NN
NN TR S SN NSO
NN NITE S S UNNNNN NN
NN N RSN N NN NN
[¥=4] \7 9 = e | —_—

Figure 35

BOE v. Samsung IPR2025-01476
Ex-1061



Patent Application Publication Jan. 2,2014 Sheet 17 of 24 US 2014/0002666 A1

NONNNNNNN ANNN NONNNNNN
NONNN NN N NN\ NONNNNNN
NONNNNNNN NN\ SNONONNNNN
SNONNNNNNN NN\ NONNNNNN
NONNNNNNN NN\ NONNNNNN
NONNNNNNN NN\ NONNNNNN
NONONNNN NN \E\ \t\\\\\

[l “Nda1 T 4bi

Figure 36

Figure 37

BOE v. Samsung IPR2025-01476
Ex-1061



Patent Application Publication Jan. 2,2014 Sheet 18 of 24 US 2014/0002666 A1

SOCNIN NSO OO NS
SOOI SONSONNN NS NN | AN
NN (N ENNSNANENANEN NIRRT,
SOOI oo [N ]SNNNNNNNNNN NN 9
- 49
Figure 38
9
NN NP EEY NIBESSY S UE SN NN
ANANAN NANANANRNRN N NN NN NN NN
NN NN NN NN NN NN
NN SONNON Jsao [N JLNNNNNNNNNN NN\
Figure 39

BOE v. Samsung IPR2025-01476
Ex-1061



Patent Application Publication Jan. 2,2014 Sheet 19 of 24 US 2014/0002666 A1

’//~4*28 //?7f~—26b 26a

+
NN SN S
NN SN s
NN SN
NN SN S
NN SN S
NN SN S
NSNS\ s
NN SN
N AN
» N oSN s

SN SN s
NN SN S
NN SN s
N AN SN

A O S

Figure 40

~-26a

26b

Figure 41

BOE v. Samsung IPR2025-01476
Ex-1061



Patent Application Publication Jan. 2,2014 Sheet 20 of 24 US 2014/0002666 A1

Window Transmission vs Frequency
Quartz Glass

0.85 \

200 250 300 350 400 450 500

Frequency {GHz}

—0.175,0.720, 0.175

Figure 42

BOE v. Samsung IPR2025-01476
Ex-1061



Patent Application Publication Jan. 2,2014 Sheet 21 of 24 US 2014/0002666 A1

- 31

Figure 43

BOE v. Samsung IPR2025-01476
Ex-1061



Patent Application Publication Jan. 2,2014 Sheet 22 of 24 US 2014/0002666 A1

Figure 44

BOE v. Samsung IPR2025-01476
Ex-1061



Patent Application Publication Jan. 2,2014 Sheet 23 of 24 US 2014/0002666 A1

DUAL MODE INFRARED
AND TERAHERTZ CAMERA

SIGNAL ENHANCEMENT UNCOOLED IR CAMERA

|

DISPLAY

TERAHERTZ DETECTOR ARRAY

| |
; ANTENNA ARRAY BOLOMETER ARRAY [

|
| I
P | | l I .
l verneaL| | nuin CONSTANT | | siGhaL 0TS l
| |oRecTor | [VERTIO Ay VOLTAGE GAIN ROIC | ]
I BAS I

PACKAGING
Figure 45

BOE v. Samsung IPR2025-01476
Ex-1061



Patent Application Publication Jan. 2,2014 Sheet 24 of 24 US 2014/0002666 A1

time ©2

[T TFTHH 5§ &S
~0 0B HEGE

delayed time #4

Figure 46

42"

Figure 47

BOE v. Samsung IPR2025-01476
Ex-1061



US 2014/0002666 Al

DUAL-MODE TERAHERTZ IMAGING
SYSTEMS

CROSS-REFERENCE TO RELATED
APPLICATION AND PRIORITY CLAIM

[0001] This application claims priority under 35 U.S.C.
§119(e) to U.S. Provisional Patent Application No. 61/690,
600 filed on Jul. 2, 2012, which is hereby incorporated by
reference in its entirety.

TECHNICAL FIELD

[0002] This disclosure relates generally to imaging sys-
tems. More specifically, this disclosure relates to dual-mode
terahertz imaging systems.

BACKGROUND

[0003] Since the last decade of the twentieth century, there
has been increasing interest in building cameras that utilize
the shortest wavelengths of the radio frequency (RF) portion
of'the electromagnetic spectrum that still penetrate materials.
The range of interest typically starts at the “W band” (about
75 GHz to about 110 GHz) and extends into higher terahertz
frequencies. The general concept is to perform imaging to
detect and recognize objects of interest concealed behind
cover materials such as clothing. This is passive imaging in
that natural radiation from a scene is used to perceive differ-
ences in the apparent temperatures of objects.

[0004] Early on, heterodyne receiver channels performing
down-conversion were scanned to create an image. One
advance came with the availability of low noise amplifiers
(LNAs) operating in the W band. This simplified the design
and matched a window in the atmosphere, but the channels
were still scanned to create an image. These imaging systems
had limited utility in that they often were bulky, required high
power, and were complicated.

[0005] Non-scanning two-dimensional staring arrays of
antenna-coupled micro-bolometers were briefly considered
for passive imaging in the atmospheric window at the W band.
However, the bolometers were deemed too slow and insensi-
tive to be useful. Some heterodyne imaging systems have also
been operated at higher frequencies, but low noise amplifiers
with high gains and low noise figures have not been readily
available above about 100 GHz.

SUMMARY
[0006] This disclosure provides dual-mode terahertz imag-
ing systems.
[0007] Ina first embodiment, an apparatus includes a horn

receiver configured to collect radiation and to capture the
radiation using an antenna positioned in or proximate to a
throat of the horn receiver. The apparatus also includes
antenna posts electrically coupled to the antenna and extend-
ing through irises in a conducting ground plane and conduc-
tive traces electrically coupling the antenna posts to an
antenna load. In addition, the apparatus includes a bolometer
mounted on a first substrate, where the bolometer is electri-
cally isolated from the antenna load and in thermal contact
with the antenna load.

[0008] In a second embodiment, a system includes a first
camera and a second camera having a terahertz detector array.
The terahertz detector array includes multiple bolometers
forming a bolometer array and multiple antenna elements
forming an antenna array. Each antenna element includes a
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horn receiver configured to collect radiation and to capture
the radiation using an antenna positioned in or proximate to a
throat of the horn receiver. Each antenna element also
includes antenna posts electrically coupled to the antenna and
extending through irises in a conducting ground plane and
conductive traces electrically coupling the antenna posts to an
antenna load. The bolometers in the bolometer array are elec-
trically isolated from the antenna elements in the antenna
array, and each bolometer is in thermal contact with the
antenna load in at least one of the antenna elements.

[0009] Inathird embodiment, a method includes collecting
radiation using a horn receiver and capturing the radiation
using an antenna positioned in or proximate to a throat of the
horn receiver. The method also includes transporting electri-
cal signals from the antenna over antenna posts electrically
coupled to the antenna and extending through irises in a
conducting ground plane. The method further includes trans-
porting the electrical signals over conductive traces electri-
cally coupling the antenna posts to an antenna load. In addi-
tion, the method includes operating a bolometer mounted on
a substrate, where the bolometer is electrically isolated from
the antenna load and in thermal contact with the antenna load.
[0010] Other technical features may be readily apparent to
one skilled in the art from the following figures, descriptions,
and claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] For a more complete understanding of this disclo-
sure, reference is now made to the following description,
taken in conjunction with the accompanying drawings, in
which:

[0012] FIG. 1 shows a perspective view of a single horn
receiver with incident radiation entering from above and with
a bow tie antenna positioned at its throat;

[0013] FIG. 2 shows a magnified view of the throat area of
the horn receiver including bow tie antenna posts, irises in a
ground plane, and lateral signal traces;

[0014] FIG. 3 shows a top view of the horn receiver and the
bow tie antenna;

[0015] FIG. 4 shows a two-dimensional array of the horn
receiver/bow tie antenna combinations of FIG. 3 with some
details removed for simplicity;

[0016] FIG. 5 shows the two-dimensional array with only
the horn receivers fabricated in one piece and referred to as a
director;

[0017] FIG. 6 shows a layer of crystalline quartz separating
the bow tie antenna from the ground plane;

[0018] FIG. 7 shows a highly magnified front view of the
antenna posts and the signal traces;

[0019] FIG. 8 shows a highly magnified side view of the
antenna posts and the signal traces;

[0020] FIG. 9 shows a top view of the signal traces and a
twin lead;
[0021] FIG. 10 shows the twin lead in more detail with a

terminating load;

[0022] FIG. 11 shows a structure of the twin lead;

[0023] FIG. 12 shows the inclusion of vanadium oxide as a
bolometer material;

[0024] FIG. 13 shows the inclusion of amorphous silicon as
a bolometer material;

[0025] FIG. 14 shows a dual hook-up structure for a bolom-
eter and a matching resistor;

[0026] FIG. 15 shows a circuit for extracting a signal from
the bolometer and matching resistor;

BOE v. Samsung IPR2025-01476

Ex-1061



US 2014/0002666 Al

[0027] FIG. 16 shows a chart illustrating noise-equivalent
power (NEP) of the bolometer versus bias voltage;

[0028] FIG. 17 shows a chart illustrating receiver figure-
of-merit versus frequency;

[0029] FIG. 18 shows a staggered version of the array from
FIG. 4,
[0030] FIG. 19 shows a chart illustrating capture diameter

versus frequency of the horn receiver/bow tie antenna com-
binations in the array;

[0031] FIG. 20 shows the staggered array of FIG. 18 with
image sampling centers;

[0032] FIG. 21 shows a manifold of thin traces that connect
outputs from members of the array to inputs of readout inte-
grated circuits (ROICs);

[0033] FIG. 22 shows a highly magnified view of a middle
section of the manifold with the dual hook-up structures
included;

[0034] FIG. 23 shows a highly magnified view of output
pads that match a pitch of the integrated circuit inputs;
[0035] FIG. 24 shows outer parts of the manifold that are
folded together and placed on a backside of a bolometer
substrate, with outlines of the ROICs seen on the side;
[0036] FIG. 25 shows traces for biasing the bolometers
using two contacts;

[0037] FIG. 26 shows a highly magnified view of bias lines
with hook-up structures included;

[0038] FIGS. 27 through 39 represent a sequence of steps
for fabricating an antenna array part of a terahertz focal plane
array;

[0039] FIG. 40 shows a side view of a vacuum enclosure

into which a complete terahertz focal plane array can be
mounted with a window at the top;

[0040] FIG. 41 shows the window separately;

[0041] FIG. 42 shows a chart illustrating transmission of
the window versus frequency;

[0042] FIG. 43 shows a side view of principal elements of a
modified Cassegrain imaging system with a primary mirror, a
secondary mirror, and a focal plane detector array;

[0043] FIG. 44 shows a layout of the Cassegrain imaging
system and cage with an embedded infrared camera;

[0044] FIG. 45 shows a block diagram of a dual-mode
terahertz imaging system;

[0045] FIG. 46 shows an illustration of a pixel tracking-
based enhancement of a terahertz signal; and

[0046] FIG. 47 shows parts of a terahertz signal enhance-
ment operation.

DETAILED DESCRIPTION

[0047] FIGS. 1 through 47, discussed below, and the vari-
ous embodiments used to describe the principles of the
present invention in this patent document are by way of illus-
tration only and should not be construed in any way to limit
the scope of the invention. Those skilled in the art will under-
stand that the principles of the invention may be implemented
in any type of suitably arranged device or system.

[0048] In this document, terahertz radiation is defined for
the frequency range from about 0.1 THz to about 0.5 THz.
This radiation sees through many materials, such as clothing,
tarps, camouflage, foliage, and some walls. It also enables the
detection of concealed weapons, explosives, and other
objects. Some conventional imaging systems operate at these
frequencies, but these types of conventional systems suffer
from high cost, limited utility, and high power consumption.
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[0049] This disclosure provides a passive terahertz imaging
system that can be lightweight, low cost, and portable while
using very little power. The imaging system here includes a
high-density staring terahertz focal plane detector array. The
imaging system can be deployed in a wide variety of loca-
tions. Angular resolution can be high, and a detectable change
in scene temperature can be very small, such as a few degrees
Kelvin at 7.5 and 30 Hz. An embedded infrared camera, such
as a long-wave infrared (LWIR) camera, or visible camera
with special image processing can help to facilitate an addi-
tional reduction in terahertz detectable scene temperature
changes, such as to below 0.5 Kelvin at 7.5 and 30 Hz. LWIR
or other infrared imagery or visible imagery also provides
additional high-resolution situation awareness. Operation
can occur at normal ambient temperatures, and the same
design can be used for a variety of receiving apertures and
frequency bands.

[0050] As described in more detail below, in some embodi-
ments, an integrated imaging system includes a terahertz
camera and an infrared or visible camera, such as a commer-
cially-available or other uncooled LWIR camera. The nomi-
nal center of the imaging system in the terahertz band could
be about 0.3 THz. The terahertz camera can include a two-
dimensional (2D) antenna-coupled micro-bolometer detector
array, with a ground plane separating an antenna array and a
bolometer array. This allows substantial independence
between the two arrays, meaning the arrays can be designed
and fabricated separately and joined later. Improved detector
sensitivity can be achieved using low noise-equivalent power
(NEP) for the bolometers and wide-reception bandwidth for
the antennas. Low NEP can be achieved by taking advantage
of micro-bolometer array technology and manufacturing
developed for infrared devices. The bolometer configuration
and bias can be uniquely applicable to an antenna input. The
antenna design and layout can be aided by three-dimensional
(3D) finite-element computer aided design (CAD) simulation
or other types of simulations.

[0051] With various design features described below, high
antenna gain and wide bandwidth can be achieved. Also
described below are techniques for fabrication and packaging
of the antenna array. High angular resolution of the system
comes in part from being able to conveniently over-sample
the array. This can be accomplished through the arrangement
of'the elements in the array and an option afforded by modi-
fied Cassegrain optics. The system also contains one or more
processing devices that use the output of an infrared/visible
camera to control a terahertz camera and drive a terahertz
display. This capability is used to create a high frame rate
stream of terahertz images where each frame benefits from an
extended dwell time, but the extended dwell may appear only
at the beginning of the stream. This creates an enhanced
terahertz video delayed in time, and the delay can be depen-
dent on the operator’s choice based on the situation. The
infrared/visible camera can also produce its own high-reso-
lution video for additional situation awareness.

[0052] This system is capable of producing imagery that
reveals objects hidden behind or under clothing, tarps, cam-
ouflage, some building materials, or other materials. This is
accomplished using a system that can be affordable, light-
weight, low power, portable, and battery operated. A variety
of different receiving apertures and frequency bands may be
derived from the staring array design. The overall system and
its operational modes constitute a very versatile tool for a
wide variety of applications.
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[0053] A terahertz focal plane detector array includes an
antenna array and a bolometer array. Processing of the bolom-
eter array is not specifically described here because, apart
from spacing and pretreatment of a substrate upon which the
bolometers are fabricated, the process can be essentially the
same as for uncooled infrared (IR) arrays. In general, each
detector in the terahertz array has incoming radiation col-
lected by a receiving horn and captured by an antenna (such as
a bow tie antenna) positioned at the throat of the receiving
horn. Output posts of the antenna are fed to a bolometer below
a ground plane through irises in the ground plane.

[0054] FIG. 1 shows a perspective view of a single horn
receiver 1 with incident radiation entering from above and
with abow tie antenna positioned at its throat 1a. The incident
radiation is indicated by the arrow at the top of FIG. 1. The
horn receiver 1 is shown as a block, rendered in wireframe to
allow the interior details to be seen. A horn receiver generally
denotes a structure having an opening that receives radiation
and directs the radiation to at least one antenna, and the
opening narrows from a larger area (where the radiation is
received) to a smaller area (where the antenna is located). The
antenna at the throatla of the horn receiver 1 in FIG. 1isabow
tie antenna with arms 3a-3b, and output posts 4a and 45 from
the antenna are shown entering a ground plane 2 directly
below. One advantage here is that the ground plane can func-
tion as a shield, giving design independence between the horn
receiver/antenna array on top and the bolometer array below.
The arrays can therefore be fabricated separately and joined
later if desired.

[0055] In the following discussion, any dimensions and
materials cited are for illustration only, and other selections
may lead to different behaviors of the system. These different
choices can be made using more precise modeling and incre-
mental improvements in design. The horn receiver 1 and the
bow tie antenna could have any suitable dimensions. For
example, the horn receiver 1 could have a height of about 2
millimeters, and the throat la of the horn receiver 1 could be
about 0.9 millimeters by about 0.9 millimeters. Also, the total
span of the bow tie antenna could be about 0.8 millimeters
[0056] FIG. 2 shows a magnified view of the throat area 1a
of the horn receiver 1 including bow tie antenna posts, irises
in a ground plane, and lateral signal traces. Here, irises 7a and
7b in the ground plane 2 are shown more clearly. Each iris 7a
and 75 could have any suitable shape and size, such as circles
having a diameter of about 90 microns. Below the ground
plane 2, the antenna posts 4a and 45 are connected to con-
ducting traces 6a, which converge into an extension 65 rep-
resenting a twin lead. Circles 5a-556 represent additional holes
in the ground plane 2 and are described below. The circles
5a-5b could have any suitable diameter, such as about 150
microns. A middle support 10 is used to support the conduct-
ing traces 6a.

[0057] FIG. 3 shows a top view of the horn receiver 1 and
the bow tie antenna. The ground plane 2 is omitted here for
clarity. As can be seen in FIG. 3, the horn receiver 1 may be
asymmetric. For example, a mouth 15 of the horn receiver 1
could have dimensions of about 2 millimeters by about 1
millimeter, while the throat 1a of the horn receiver 1 could
have dimensions of about 0.9 millimeters by about 0.9 milli-
meters.

[0058] FIG. 4 shows a two-dimensional array 8 of the horn
receiver/bow tie antenna combinations of FIG. 3 with some
details removed for simplicity. This is a “crisscross” array in
which adjacent horn receivers/bow tie antennas are oriented
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orthogonally, which allows tight packing of elements and
reduces or minimizes cross coupling and interference. As a
result, each individual array element and its nearest neighbors
are cross-polarized. The horn receivers 1 could have any
suitable spacing(s) in the array 8, such as vertical and hori-
zontal spacings of about 1.5 millimeters. Details of each bow
tie antenna 3 have been emitted, and FIG. 4 shows only a
portion of a large number of detectors (such as up to 8,000
detectors or more) that can be placed on a tile.

[0059] One advantage of using a horn receiver 1 to collect
radiation is that a substantially consistent high gain can be
obtained over a wide bandwidth for a horn receiver/antenna
combination, together with a greater decoupling between ele-
ments in an array. Additional flexibility can come from the
fact that the array’s performance is approximately the same
whether the antennas 3 are oriented parallel with or perpen-
dicular to the long mouth dimension of the horn receiver 1.
FIG. 5 shows the two-dimensional array with only the horn
receivers 1 fabricated in one piece and referred to as a “direc-
tor”

[0060] FIG. 6 shows a layer of crystalline quartz 9 separat-
ing the bow tie antenna from the ground plane 2. The crys-
talline quartz 9 here provides a mechanism by which the
antenna alms 3a-3b and the ground plane 2 can be maintained
at a precise separation. The crystalline quartz 9 could have
any suitable dimensions, such as a thickness of about 147.5
microns. The ground plane 2 is the sketched area at the bottom
surface of the quartz 9. It can be seen here that the holes 5a-5b
penetrate both the ground plane 2 and the crystalline quartz 9.
These holes 5a-55 allow space around bolometers below the
ground plane 2 to be evacuated so that the bolometers can
operate in a vacuum. Note that the use of crystalline quartz is
an example only and that other material(s) could be used to
separate a bow tie antenna from a ground plane.

[0061] FIG. 7 shows a highly magnified front view of the
antenna posts 4a-4b and the signal traces 6a. FIG. 8 shows a
highly magnified side view of the antenna posts 4a-45 and the
signal traces 6a. Both views are cropped to show only the
immediate area around the antenna posts and the signal
traces. FIG. 7 shows a front view with the two antenna posts
4a-4b visible, and extensions 4a1-451 of the posts 4a-4b are
also shown. These extensions 4al-451 could be laid down as
solder bumps as described below. The antenna posts 4a-4b
can have any suitable size and shape, such as generally cylin-
drical structures having a diameter of about 25 microns.

[0062] The crystalline quartz 9 is shown here as separating
the antennas 3 and the ground plane 2. At the bottom is an
upper surface of a substrate 11 upon which bolometers can be
fabricated. The traces 6a from the antenna posts 4a-4b are
positioned on or above the substrate 11, such as about 4
microns above the substrate 11. The traces 6a are supported
by conducting pedestals 4a2-4b2 under the antenna post
extensions 4a1-4b1 and by the middle support 10. In some
embodiments, the support 10 may include two metal posts
about 3.5 microns high topped by about 0.5 microns of insu-
lating material. In particular embodiments, the traces 6a may
be supported only at the position of the support 10 and at the
antenna post locations. The gap between the substrate 11 and
the ground plane 2 can have any suitable size, such as about 30
microns. There may be no intervening material placed in the
gap, other than more widely spaced solder bumps described
below. The substrate 11 could be formed from any suitable
material(s), such as high-resistivity silicon or quartz glass.
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[0063] FIG. 8 shows a side view with only the antenna post
4a visible. Here, the length of the traces 6a from the antenna
posts 4a-4b are shown with the support 10 at the junction
between the traces 6a and the extension 65. The extension 65
is a twin lead terminated by an antenna load.

[0064] FIG. 9 shows a top view of the signal traces 6a and
a twin lead (the extension 65). A circle around the extension
65 represents the boundary of a thermal bridge 12. FIG. 10
shows the twin lead in more detail with a terminating load. In
this example, the load represents an antenna load 13 termi-
nating the twin lead, but note that the antenna load 13 may be
configured differently than shown. The twin lead forming the
extension 64 could have any suitable size, shape, and design,
such as a layered design that is about 50 microns long. FIG. 11
shows a structure of the twin lead. Each lead includes an
upper layer 651, such as a layer of titanium about 0.075
microns thick. Each lead also includes a bottom layer 652,
such as a layer of silicon oxide or silicon nitride that is about
0.1 microns thick. Both leads can be about 0.3 microns wide.
The resistivity of titanium is about 4x10~> ochm-centimeters
and the resistivity of silicon oxide is about 1x10*®> ohm-
centimeters, so the resistance of each lead may be about 889
ohms. The center-to-center separation of the twin leads can be
about 2.8 microns.

[0065] FIGS. 12 and 13 show two bolometer options. In
particular, FIG. 12 shows the inclusion of vanadium oxide as
a bolometer material, and FIG. 13 shows the inclusion of
amorphous silicon as a bolometer material. Bolometers can
be formed on the substrate 11 and coupled to the antenna
array. In FIG. 12, the bolometer layout is shown in both a top
view and a side view. The antenna load 13 is shown as termi-
nating the ends of the extension 65. As particular examples,
the load 13 can be about 2.5 microns long, about 0.075
microns thick, and about 0.3 microns wide. The material
forming the load 13 could be nickel-chrome, and the load 13
can have a nominal resistance of about 500 ohms.

[0066] A bolometer 14a in FIG. 12 is formed using vana-
dium oxide. In the top view, it can be seen that the bolometer
material is laid out in a meandering pattern. Additional layers
653, 14c in the side view are transparent in the top view to
more clearly reveal this pattern. Electrical contacts and leads
15 provide biasing and extraction of a signal from the bolom-
eter 14a. In the side view, it can be seen that the layer 653
covers the length of the bolometer material. It also covers the
width of the bolometer material and can match the bolometer
material in both dimensions. The layer 6543 is an extension of
the twin lead’s lower layer 652. Also, in the side view, layer
14¢ represents the support material upon which the vanadium
oxide is grown. The layer 14¢ could represent a layer of
silicon oxide or silicon nitride.

[0067] Inone aspect of operation, signal power captured by
a bow tie antenna 3 is routed to the extension 65 and the load
13, which can be warmed (such as through Joule heating).
The layer 653 helps to keep the bolometer 14 in electrical
isolation from the extension 65 and load 13 but also provides
close thermal contact. Because of good lateral thermal con-
duction, the layers 653, 14a, 14¢ can be warmed over their
entire areas substantially equally with the extension 65 and
the load 13. Assuming that vanadium oxide has a nominal
resistivity of about 5 ohm-centimeters and is about 0.2
microns thick, the meander pattern leads to a total resistance
between the leads 15 of about 10x10° ohms.

[0068] In FIG. 13, the bolometer material is formed by a
layer 145 of amorphous silicon. The extension 65, load 13,
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and additional layers 653 and 14¢ in FIG. 13 may be the same
as or similar to the corresponding components in FIG. 12. The
layer 145 here is formed in a continuous sheet, and the con-
ducting contacts and leads 15 for the output signal leads
extend along opposite sides of the bolometer material. The
contacts and leads 15 are shown in the top view but are
transparent in the side view. The operation of the structure in
FIG. 13 can be the same as or similar to the operation of the
structure in FIG. 12, except the property values of amorphous
silicon are different. Assuming that the nominal resistivity of
amorphous silicon is about 800 ohm-centimeters and that it is
about 0.4 microns thick, the resistance between the leads 15 is
about 20x10 ohms.

[0069] Referring back to FIG. 9, the bolometer, load, and
other layers can be suspended in the middle of the thermal
bridge 12 and supported by the extension 65 and the contacts
and leads 15. The supporting contacts and leads 15 also allow
heat to flow between the bolometer/load and the boundary.
The nominal thermal conductivities of the materials in the
extensions 65 can include about 0.17 watts/centimeter-K (for
titanium) and about 0.014 watts/centimeter-K (for silicon
oxide). The effective thermal conductivity for each extension
65 could equal about 0.081 watts/centimeter-K. Each exten-
sion 65 can therefore have a thermal conductance G, of about
8.49x107° watts/K. Assume a thermal conductance G, forthe
remainder of the signal lead/bolometer combination of FIG.
13 to be about 4.35x107° watts/K. The total G, therefore
equals about 2.133x107® watts/K (where K stands for degrees
Kelvin). Titanium can be used as the conducting material for
the twin lead, although other materials may be used. The
material forming the upper twin lead layer 651 can have a
minimum thermal conductivity and a maximum electrical
conductivity, and the material can be chosen to minimize the
ratio of these two quantities (the Wiedemann-Franz ratio).

[0070] FIG. 14 shows a dual hook-up structure for a bolom-
eter and a matching resistor. Note, however, that arrange-
ments other than that shown could also be used. On the right
in FIG. 14 is a bolometer 14a on a thermal bridge (not shown).
The bolometer 144 is connected to the antenna posts 4a-4b
via the traces 6a and the extension 6. On the left in FIG. 14
is aresistor 144, which can have a resistance that substantially
matches the resistance of the bolometer 14a. However, the
resistor 144 is not located on a thermal bridge or connected to
the antenna posts 4a-4b. Instead, the resistor 144 is used to
provide balance against a large bias current flowing through
the bolometer 14a. A larger structure 16a-1654 is a conductor
(such as one formed from gold) that allows (i) biasing of the
bolometer 14a and the resistor 14d through two lower pads B
and (ii) additional circuitry to be connected to a top pad S,
such as a capacitive trans-impedance amplifier (CTIA) that
extracts a difference in outputs from the resistor 144 and the
bolometer 14a. This arrangement can help to cancel
unwanted drift and other non-signal fluctuations. In some
embodiments, under static conditions, the impedance of the
resistor 144 and the bias are chosen to produce a zero poten-
tial at the junction between the resistor 144 and the bolometer
14a.

[0071] FIG. 15 shows a circuit for extracting a signal from
the bolometer 14a and matching resistor 14d. The bolometer
14a has a resistance R,, a constant bias voltage V_, and a
current I,. Below that is a resistor R, with a constant bias
voltage -V, and current -I,. In the middle of FIG. 15 is a
trans-impedance amplifier with capacitive feedback. The out-
put of the amplifier goes to a holding capacitor C,, ;;, which
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couples into readout circuitry. In this arrangement, the trans-
impedance amplifier represents a current reading device. The
resistor R here is used for balancing current from the bolom-
eter 14a and represents the resistor 144.

[0072] The following mathematically describes example
operations of components in a particular implementation of a
terahertz camera with antenna and bolometer arrays. Other
implementations could differ from this mathematical descrip-
tion. The total current input into the trans-impedance ampli-
fier in FIG. 15 can be expressed as:

E A +AL +AL?)

where [,° is the bias value of the bolometer current without
external input from a scene, Al,'! is due to input from a
background in the scene, and Al,? is due to a change in the
scene features. The peak value of the amplifier’s voltage
output can be expressed as 1/C,, times the charge accumu-
lated on the hold capacitor over a time t,,,. When I,°=-1 , this
can be expressed as:

int*

1 Tint
ek _ f " AlAR)dr
Cint Jo

Only a change in R, manifested by input from a scene appears
in the peak value of the output. This serves the performance of
the bolometer 14a as described below.

[0073] The bolometer 14a can have a high impedance to
allow for a substantially constant voltage bias. Assume that
the bolometer 14a is in a biasing circuit and placed on the
thermal bridge 12. The static heat balance equation can (drop-
ping the subscript,, for the current I) be given by:

IV+P,=G(T- T i)t Ly 1)1

The temperature of the bolometer 14a can be dictated, at least
in part, by Joule heating (IV) from the circuit, the collected
(signal) power P, absorbed by the bolometer 14a, and the
thermal conductance G (in watts/K) to the local environment.
Here, T is the equilibrium temperature of the bolometer 14a,
T, 18 the temperature brought about by Joule heating, and
T, is the reference or local environment temperature. Also, V
is the voltage spanning the bolometer 14a, and I is the current.
The contribution to T from static absorbed power only can be
isolated as follows:

P.=G(T-T o)

The temperature rise divided by the absorbed power can be
expressed as:

T=Toue 1

P, G

The consequences of a change in absorbed power AP, can be
considered using the derivative of the static heat balance
equation:

AV=IAR+R,AI
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plus the expression for the thermal responsivity (0):

_1AR,
= RAT

where R, is the bolometer’s resistance. With AV=0 (constant
voltage bias), the change in temperature AT of the bolometer
14a per unit change in the absorbed power AP, becomes:

AT 1
AP, G+alV ~ Gy

where G, is the effective thermal conductance for a non-
static case.

[0074] A current responsivity, which is the change in cur-
rent Al per unit change in the absorbed power AP,, may be
derived as follows:

Al R —al
AP, T G

where R represents the current responsivity. As a practical
matter, for a source to maintain a constant voltage (AV=0)
under changing loads, the following may be used:

NRip:
Ry

<<1

where N represents the number of bolometers 14a served, and
R,,,is the internal resistance of the source. When R ,=9.7x10°
ohms (for amorphous silicon) and N=7,000, R,,<<1386
ohms. For vanadium oxide, it would be approximately half
that value. For a battery source, this can be easily achieved.
Note that with a negative . (as is the case with most bolometer
materials), R not only rises directly with the current I but also
with the diminishing value of G_; R theoreticlly becomes
infinite when G+AIV=0.

[0075] In one approach, advantage is taken of G, in the
performance of the bolometer 14a. This approach and the
exploitation of G_are not used in conventional uncooled IR
imagers since direct illumination of a bolometer material and
other factors impose restrictions that make it generally
impractical. For detectors designed in accordance with this
disclosure, the noise-equivalent power NEP and the noise-
equivalent temperature change NEDT detected in a scene are
related:

<
NEDT = NEP
AT,

where

AD
ATy

is the change in power (A®) from the scene with respect to its
change in temperature (AT,_). To a good approximation,
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Ad
m =nkByy

for a single polarization captured by an antenna at terahertz
frequencies, where k is Boltzmann’s constant (1.38x1072*
J/K), B, is the effective terahertz bandwidth, and m is the
optics-to-antenna receiver throughput efficiency. Values for
B,sand m are based on the antenna design. Therefore, as a
principal performance parameter of the detector:

NEP

NEDT =
nk By

The “prime” symbols are used here as a reminder that these
quantities refer to changes in the scene (their static quantities
are different).

[0076] To minimize NEDT', a minimum NEP' and a maxi-
mum B, can be used. There are two noise sources commonly
associated with the properties of conventional bolometer
materials, namely Johnson noise and 1/f noise. A third noise
source also comes from the exchange of heat (phonons)
between the bolometer and its surroundings, which is referred
to as thermal or temperature fluctuation noise. Both Johnson
noise and thermal noise are white noise sources, meaning
their noise spectra are substantially flat over a large frequency
range. Using the responsivity R (T) previously derived, the
NEP' for Johnson noise (where the dependence of R, and o on
T is acknowledged) can be given by:

-G, 4kTA
wepger = 28 |20
DN Ry(T)

The NEP for thermal (phonon exchange) noise can be given

by:
NEP,, ;. /""" =\ 4k T?G 4Af

where Af is the signal bandwidth. 1/f noise is power or “col-
ored” noise, meaning its noise spectrum is not substantially
flat over a large frequency range. The NEP for 1/f noise can be
given by:

1
NEP.Ghe =~

_ G K’l Q]
v h

where v is the volume of the bolometer, and f; and f, span the
frequency band Af. The noise spectrum is not flat but rises as
the frequency decreases. K' has the dimension of volume but
is independent of volume. For both vanadium oxide and
amorphous silicon:

K'=7.5x1073 cm?

[0077] The dependence of T, R, and a on the bias current I
can be expressed as follows. For semiconductors like amor-
phous silicon:
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2 T,
T=T,+ ﬂe%TO(’fl’l)
G

R= Roe”’oTO(’TTQ*I)

T,
o=l

2

Here, R, and o, are the initial values of R, and « at zero bias,
and T, is the temperature of the environment (room tempera-
ture). Total NEP from the contributions described above plus
those from the receiving circuitry can be expressed as fol-
lows:

— 172
NEPSSL = [(NEP/Smsom? + (NEPUL, ) + (NEPZronY 4 (NEPiesiny?]

noise noise woise )

o G
NEPSsi = 55 107 4L,
al,

(* from CTIA-equivalent input noise current).

[0078] Intheabove, the resistor R, (resistor 144 in FIG. 14)
is included in the 1/f noise and the Johnson noise. Assume the
bolometer material is amorphous silicon and the following
input numbers are selected:

T,=295K

Ry=20x10° ohms

R,=9.7x10% ohms

a,=0.04K~!

G=2.133x1078 W/K

K40 =7.5x10723 centimeters®
v=2.9x107!! centimeters>
Af=30 Hz, 7,,~33 milliseconds

fi=1 Hz and f,=30 Hz

FIG. 16 shows a chart illustrating noise-equivalent power
NEP,,.. " and its components of the bolometer 14a versus
bias voltage. Although not plotted, the bolometer temperature
rises slowly with bias voltage until a threshold is reached
(such as about 2.08 volts), at which point it rises very rapidly
and the bolometer self-destructs. Near the destruction point,
the total NEP' becomes limited by the thermal NEP'. Prior to
that, all NEP' components may fall with bias and fall more
rapidly as the destruction point is approached. The value of
the total NEP' immediately prior to the destruction point may
be about 5x107'2 watts. Noise from the various sources (ther-
mal, 1/f, and Johnson) may rise with bias, but the responsivity
can rise faster, leading to a reduction in the noise sources’
NEP'. If choosing a bias of 2 volts, for example, the bolometer
temperature T rises from its initial value of about 295 K to
about 314 K, the bolometer resistance R, falls from its initial
value of about 20 M€ to about 9.7 MQ, and c. falls from its
initial value of about —-0.04 K~! to about —0.0352 K~*.

[0079] This is therefore a tightly coupled thermal/electrical
circuit that exhibits positive feedback. For the feedback to be
effective, the total time between samplings can equal or
exceed the time for the thermal/electrical circuit to respond.
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One measure of this time is the bolometer/bridge thermal
time constant T,;,, which can be expressed as:

C
Teh = 7
(e

where C is the effective thermal mass of the bolometer and
bridge support. Referring back to F1G. 13, the calculated total
effective thermal mass for the twin lead, load, bolometer, and
signal leads could be estimated at just under 4x107* Joules/
K. Ata bias of 2 volts, the effective thermal conductance G,
can be about 6.78x10~° Watts/K, and the thermal time con-
stant T, is therefore about 5.9x10~> seconds.

[0080] Besides being independent of changes in load, the
bias voltage V remains substantially stable during operation
of'a bolometer. Note that the bias voltage V can be varied to
different settings based on desired operation ofthe bolometer,
and the bias voltage V can remain substantially constant at
each setting (independent of changes in the bolometer). From
FIG. 16, if any operating bias near but short of the destruction
point is chosen, analysis shows that (for a specific implemen-
tation) any instability in V may be kept below 2x10~* volts in
order to keep the fractional change in the responsivity R(T) at
less than 1%. Referring again to FIG. 16, at an operating bias
of 2 volts, the total NEP' is about 1.5x107 > watts. At a slightly
higher bias value of 2.06 volts, the total NEP' is about 1.0x
107'2 watts, and the bias voltage stability requirement
remains at 2x10™* volts. Here, G, is about 3.82x107" W/K,
and the thermal time constant T, is about 10.5x10~° seconds.
How close to the destruction point one operates can be deter-
mined using routine experimentation, although non-unifor-
mity of detectors in an array can affect that.

[0081] The structure described in FIGS. 1 through 11 can
be inherently broadband. For one specific implementation of
this structure, a 3D finite-element CAD simulator was used to
simulate the delivery of input radiant power to antennas and
their loads via £/0.95 to £/0.8 imaging systems over a terahertz
spectral range from about 150 GHz to about 450 GHz. Solu-
tions were obtained at discrete frequencies throughout the
range. A figure-of-merit was derived for each frequency. FIG.
17 shows a chart illustrating receiver figure-of-merit versus
frequency. In particular, FIG. 17 is a plot of the figure-of-
merit versus frequency for the case of a quartz glass bolom-
eter substrate.

[0082] From this, an effective bandwidth can be derived
corresponding to a unity figure-of-merit and power delivered
to the loads with an efficiency 1 of 50% (the maximum for an
imaging system feeding a receiving antenna in its focal
plane). The effective bandwidth could be about 125 GHz with
anominal center frequency of about 300 GHz. Referring back
to FIG. 16 and the choice of a 2 volts bias, NEP, _,.,** from
the chart is about 1.5x107'2 watts as previously stated. Com-
bined with an effective bandwidth of about 125 GHz and a
throughtput efficiency m of 50%, this gives an NEDT' of about
1.74 K at 30 Hz. If 2.06 volts can be used successfully, the
NEDT' would be about 1.163 K at 30 Hz.

[0083] Inthe following, assume a bias of 2 volts. Referring
back to FIG. 4, the spacing between antenna centers can be
about 1.5 millimeters as defined by the horn receivers’ dimen-
sions. For a staring array, the angular resolution can be set by
the detector spacing, provided a diffraction limit is compat-
ible. FIG. 18 shows an array 17 representing a staggered
version of the array from FIG. 4. The array 17 has a somewhat
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tighter arrangement of horn receivers and antennas. For sim-
plicity, the horn receivers are shown as blocks, which are at
+45° angles and staggered. In some embodiments, the spac-
ing between receivers is about 1.414 millimeters both hori-
zontally and vertically.

[0084] FIG. 19 shows a chart illustrating capture diameter
versus frequency of the horn receiver/bow tie antenna com-
binations in an array. The dashed line in FIG. 19 is a 1.414
millimeter spacing. At lower frequencies, the capture diam-
eter is much larger. Despite that, there is little mutual inter-
ference because of the cross-polarization of adjacent receiv-
ers. As might be expected, for frequencies above about 230
GHz, the capture diameter is less than the spacing. One can
use this as it is and take a loss in filling factor for the higher
frequencies, or one can take advantage of the staggered array
in FIG. 18 and step the image. FIG. 20 shows an array 18 with
the same arrangement, where bow tie antennas are used as site
markers and small circles 19 indicate the desired sampling of
the image. The circles 19 could be about 0.707 millimeters
apart in some embodiments.

[0085] Now consider the following dither sequence. With
the staggered antenna array 18 of FIG. 20 fixed, the image is
sampled, moved up two steps relative to the antenna array
(described below), and sampled at each step. The image is
then re-sampled at two steps going down and back to the
original position and then sampled again. This can be
repeated, moving down and back up, except the original posi-
tion is not sampled again. When this is done, the image has
been sampled eight times, but each circle has been sampled
twice (by three antenna sites). This scales to four steps needed
to sample all circles once. One advantage here is that the
dithering need only be along one direction. An alternative
would be to move the image horizontally one step and back
and then vertically one step and back (or vice versa) for
dithering in multiple directions. In some embodiments, it may
take about 0.133 seconds to completely sample an image for
an NEDT' of 2.18K.

[0086] Referring againto FI1G. 19, a camera aperture can be
used that supports a diffraction-limited resolution at least
comparable to the capture diameter. For example, by choos-
ing an 1/0.8 optical system and a 610-millimeter imaging
aperture (24 inches), the nominal diffraction-limited resolu-
tion at the focal plane for 430 GHz is about 0.71 millimeters
(Rayleigh). This can be compared with the capture diameter
at 430 GHz of about 0.7 millimeters. This gives an angular
resolution of about 1.75x107 radians.

[0087] As additional options and with additional manipu-
lation of the structure (such as by using a finite-element CAD
simulator), it is possible to narrow the figure-of-merit
response over that shown in FIG. 17 and keep the same
effective bandwidth. For example, a first step could include
creating a greater representation in the frequency range of
about 200 GHz to about 300 GHz and reducing or eliminating
the response in the range of about 400 GHz to about 450 GHz.
The upper value may be confined to about 370 GHz. In this
case, as a modification of the arrangement in FIG. 18, the
nearest-neighbor horn receivers could be aligned horizontally
and in parallel, the vertical spacing could be about 1 millime-
ter, and the horizontal spacing could be about 2 millimeters.
To achieve a 1-millimeter sampling in both directions, a two-
step horizontal dither can be used. Selecting a 20-inch aper-
ture and /0.95 optics can result in an angular resolution of
about 2x107> radians. The weight of the system could
decrease (such as to around 10 pounds).
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[0088] A second step could include further increasing the
representation in the range from about 200 GHz to about 300
GHz and confining the upper frequency to about 320 GHz.
The pitch can again be about 1 millimeter in both directions
using a two-step vertical dither. With /0.83 optics, this can
allow the aperture to shrink to 12 inches. A blur diameter of 1
millimeter at the focal plane becomes equal to the capture
diameter at about 320 GHz (see FIG. 19), and the angular
resolution becomes about 3.9x107> radians, which is again
dictated by the pitch of the horn receivers. In some embodi-
ments, it could take about 0.066 seconds to completely
sample an image with an NEDT' of 2.18K. This system could
have further reductions in weight (such as to about 3-5
pounds). However, there can be a lower limit to the pitch. For
example, whatever the pitch, the size of the thermal bridge 12
that supports the bolometer 14a and load 13 and the size of
vacuum ports (described below) may remain the same. These
are offset from beneath the antenna arms 3a-35, so there is
less available space as the pitch is lowered.

[0089] Standard or custom readout circuits can be used to
extract data from these types of arrays. For example, readout
integrated circuits (ROICs) developed for infrared imaging
systems could be used. FIG. 21 shows a manifold of thin
traces that connect outputs from members of the array to
inputs of ROICs. The approach here is to route outputs of the
bolometers to a common area using the manifold of signal
traces, where the manifold converges to match the pitch of the
ROIC(s). The biasing of the bolometers can be done similarly,
leading to single contacts for plus and minus applied voltages.
In other words, one manifold can be used to connect the
bolometers to the ROICs, and another manifold can be used to
connect the bolometers to bias inputs. The different mani-
folds can be shielded from one another by a second ground
plane.

[0090] In this example, the signal manifold includes three
sections 20a-20c. The sections 20a-20c¢ are electrically con-
nected but are slightly separated from each other in the draw-
ing for clarity. For the particular case shown, the traces in
section 20a extend from 2,048 individual detector sites in the
middle to the edges of the section 20a on either side. FIG. 22
shows a highly magnified view 21 of the middle section 20a
of'the manifold with the dual hook-up structures 16 included.
The middle section 20a of FIG. 21 can have any suitable
dimensions, such as about 2 inches by about 3 inches.
[0091] Insections 20b-20c of FIG. 21, the traces are picked
up from the middle section 20a and routed to four groups of
ROIC pads, two on the left and two on the right. In FIG. 21,
the individual horizontal pads are unresolved. FIG. 23 shows
a highly magnified view of output pads 22 that match a pitch
of the integrated circuit inputs. The pitch could have any
suitable value, such as about 25 microns. There could be four
linear ROICs, each with 512 inputs positioned over the four
sets of output pads.

[0092] Referring again to FIG. 21, it can be seen that sec-
tions 205-20c take up considerable room. To help confine the
overall profile to that of the array itself, other configurations
can be used. For example, FIG. 24 shows outer parts of the
manifold that are folded together and placed on a backside of
a bolometer substrate, with outlines of the readout integrated
circuits seen on the side. The sections 205-20c have been
folded 180° and are placed on the back of the bolometer
substrate. Small vias (not shown) can be inserted through the
substrate to connect the sections 205-20c with the section
20a. There may be 2,048 vias (1,024 on eachside). InFIG. 24,
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four blocks 23 on the right represent four ROICs. In the
drawing, they are displaced from their correct position in the
center of the folded sections 205-20c¢ so they can be seen more
clearly. The markers [x] represent common center positions.
In particular embodiments, a suitable linear ROIC with CTIA
inputs is an ISC9802 standard 512 linear array from INDIGO
SYSTEMS CORP. (with the ROIC outputs reordered for
display).

[0093] FIG. 25 shows traces for biasing the bolometers
using two contacts. In particular, FIG. 25 shows an overall
layout of bias lines 24. The (+) and (-) pads are the bias
voltage inputs. FIG. 26 shows a highly magnified view 25 of
bias lines 24 with hook-up structures 16 included. The traces
manifold and the bias lines can be at different levels on a
substrate, and a ground plane (not shown) can separate them
for shielding purposes. The traces can have relatively low
resistances (such as up to several hundred ohms), which lends
the system to negligible cross-talk and interference.

[0094] FIGS. 27 through 39 represent a sequence of steps
for fabricating an antenna array part of a terahertz focal plane
array. Note, however, that other approaches could be used to
fabricate the same or similar structure.

[0095] FIG. 27 shows a side view of a z-cut wafer of crys-
talline quartz 9 (the z direction is vertical here and is parallel
with the thickness dimension of the wafer). Terahertz feed
holes 44 are etched in the wafer, such as through chemical or
laser etching. The wafer of crystalline quartz 9 could be about
147.5 microns thick, and the holes 44 could be about 25
microns in diameter. A mask material for etching the quartz9
could include nickel/gold, and DUPONT photolithographic
film or its equivalent could be used for patterning. The film
could be a negative resist material and bridge over gaps in the
quartz 9. To etch the holes 44, chrome/gold can be deposited
(such as a few thousand Angstroms thick) on the wafer and
patterned to mask all but the prospective hole areas. The wafer
can be etched in a mixture of hydrofiuoric acid (HF) and
ammonium fluoride (NH,F). The etch rate can be determined
by the temperature of the bath, and a fast etch can occur in the
z direction. Z-cut crystalline quartz may be selected for use
since it may have no observable loss in the z direction over the
frequency range being used and its asymmetric etching prop-
erties facilitate micro-machining and segmentation.

[0096] As shown in FIG. 28, surfaces (including hole sur-
faces) are plated with conductive material 45. The material 45
could include nickel/gold and have a thickness of about 10
microns. The material 45 can be deposited in any suitable
manner, such as by using electro-less plating. The pre-exist-
ing chrome/gold mask may be removed or left on the struc-
ture. The material 45 can serve as a subsequent mask. It can
also constitute the ground plane 2 with its irises and the
antennas and their terahertz vias.

[0097] As shown in FIG. 29, vacuum ports 5 are created.
For example, holes of suitable diameter (such as about 150
microns) can be opened in the nickel/gold, and the z-cut
quartz 9 can be etched. As shown in FIG. 30, dicing slots 46
are partially created in the structure. Any suitable etching or
other operations could be used to form the vacuum ports 5 and
the dicing slots 46.

[0098] As shown in FIG. 31, the antennas 3 are formed on
the structure. This could be accomplished, for example, by
patterning and etching the material 45 on top of the quartz 9.
As shown in FIG. 32, a support wafer 47 is attached to the
antenna side of the quartz wafer. Any suitable attachment
could be used here, such as wax bonding. As shown in FIG.
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33, formation of the dicing slots 46 through the wafer is
completed, such as by performing another etching or other
operation. As shown in FIG. 34, irises 7 are etched in the
material 45 on bottom of the wafer (where that material
represents the ground plane 2).

[0099] As shown in FIG. 35, solder bumps 48 are added on
the material along the bottom of the quartz wafer. FIG. 36 is
a magnified view of a pair of solder bumps (forming the
extensions 4a1-451) under the antenna posts. The gold plat-
ing or other material 45 can fill any suitable amount of each
hole through the wafer, such as between 96%-100% of the
hole’s volume. The solder bumps here can provide good RF
contact while reducing or preventing lateral expansion from
encroaching into the irises 7. In some embodiments, with
reasonably high tin content in the solder bumps, there may be
no appreciable degradation in performance. Additional solder
bumps (used away from the output posts 4a and 4b) can be
used for securing the bond.

[0100] FIG. 37 shows the overall structure at this point.
Twelve diced blocks are shown in FIG. 37, although there
could be any number of diced blocks (including an array of
thousands). Each block can be about 1 millimeter by about 2
millimeters, and the dicing slots 46 can be about 50 microns
wide. The partial dicing from the top can be done in the event
that the support wafer bonding material (such as special-
purpose wax) is attacked by the quartz etchant. The dicing is
done in two steps here (as shown in FIGS. 30 and 33). The
dicing could also be done in a single step, such as during the
step shown in FIG. 33. During the dicing of the blocks, the
vacuum holes 5 can be left uncovered, and only the slowly
etched lateral faces (x and y directions) of the crystalline
quartz 9 may be exposed. The hole widths may not be critical,
and any later widening of the holes 5 can be anticipated and
corrected for when they are first made. The material of the
support wafer 47 can be chosen to match a bolometer sub-
strate, and the wax bond is not shown in the figures.

[0101] As shown in FIG. 38, the structure is bonded (such
as using the solder bumps 48) to a completed bolometer
substrate 49. Thermal expansion of crystalline quartz in the x
andy directions is different from either silicon or quartz glass.
The solder-bonding can be done at high temperature, and
dicing the crystal quartz 9 into blocks allows them to expand
independently and to move with the expansion of the support
wafer 47 and bolometer substrate 49. At least two solder
bumps 48 can be assigned to each block. Thermal expansion
within a block can be very small. In some embodiments, there
may be metal pedestals (elements 4a2-452), such as about 4
microns high, already placed on the bolometer substrate 49 to
accommodate the solder bumps 48. The pedestals 4a2-452 go
under the antenna posts and have traces that connect to the
twin leads and the bolometers. Whatever the initial height of
the solder bumps 48, the separation between the ground plane
2 and the bolometers 14a after bonding can have a desired
distance, such as about 30 microns. As shown in FIG. 39, the
upper support wafer 47 is removed, and the wax bonding is
cleaned up.

[0102] The fabrication approach described above, using
crystalline quartz and metal plating, provides a path for cre-
ating the array with residual materials that do not outgas. This
can be important when the array is used in a vacuum. More-
over, this approach provides relatively wide passages for
removing air from the array, which is why at least one vacuum
hole 5 is placed in each antenna site. These holes 5 also
provide access for freeing bolometer bridges and for ashing
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and clean up. In the bolometer fabrication, polyimide (or
suitable substitute) can be left under the bolometer bridges,
and removal of the polyimide constitutes releasing the
bridges. The array of horn receivers (FIG. 5) or the staggered
version (FIG. 18) sits over the antenna array.

[0103] As previously stated, the director/array can be fab-
ricated in a single piece of material. Small feet (not shown) at
the bottom of the horn receivers 1 can maintain a desired
separation, such as about 12.5 microns, from the upper sur-
face of the crystalline quartz 9. The director can be all metal,
with submicron accuracy for the horn interiors. This can be
made, for example, by any vendor who specializes in preci-
sion machining (such as OWENS INDUSTRIES INC., Oak
Creek, Wis.).

[0104] FIG. 40 shows a side view of a vacuum enclosure 28
into which a complete terahertz focal plane array can be
mounted with a window at the top. The vertical dimensions
are greatly exaggerated to show details. The overall thickness
may have any suitable value, such as about 10 millimeters.
The upper part of the enclosure 28 can be made of quartz
glass. A window 264 in the enclosure 28 can be fabricated
separately and bonded or otherwise attached to the enclosure
28. Layers 265 represent two antireflection coatings. The
bottom part 29 of the enclosure 28 can be made of metal with
shelves supporting the bolometer substrate 11, which in turn
supports the z-cut crystalline quartz 9. The bow tie antennas
3 and the antenna posts 4 are also depicted. The ROICs 23 are
shown attached to the bottom of the bolometer substrate 11
with control, signal, and bias cables 27 extending outside the
vacuum enclosure 28. The mechanism for evacuating the
enclosure 28 is not shown, although any suitable mechanism
could be used.

[0105] Thewindow 26a in FIG. 40 is shown in FIG. 41. The
vertical dimension is greatly exaggerated. The window 26a
could be formed from quartz glass that is about 0.72 millime-
ters thick with antireflection coatings 265 on top and bottom.
The antireflection coatings could be about 0.175 millimeters
thick. The index of refraction is about 1.944 for the quartz
glass and about 1.394 for the antireflection coatings. FIG. 42
is a plot of the window transmission versus frequency. Note
that the vertical scale starts at 80%. Transmission is substan-
tially 100% from about 250 GHz to about 350 GHz, and
transmission stays substantially above 90% out to about 450
GHz.

[0106] The interior or lower antireflection coating 265 in
FIG. 40 can be made by etching a grid into the quartz surface
with a pitch smaller than the shortest wavelength of interest.
In some cases, the shortest wavelength could be about 0.7
millimeters (about 430 GHz). The depth of the grid can be
about 0.175 millimeters, and the ratio of material removed to
that remaining could produce an equivalent index of refrac-
tion of about 1.394. The original thickness of the quartz block
can be chosen to accommodate this etching and leave a final
body thickness of about 0.72 millimeters. The exterior or
upper antireflection coating 265 in FIG. 40 could optionally
be a material with the right thickness and index.

[0107] The position of the window 264 can affect the per-
formance of the entire array. In FIG. 40, the separation
between the top of the aarray 8 and the bottom of the window
26a could be about 0.655 millimeters. When placed at that
position, a high-frequency finite-element CAD simulator can
yield a somewhat better performance with the window 264 in
place than without it. This may seem counterintuitive, but it
can be explained by remembering that far field reception is
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influenced by “everything” in the near field. The structure
may be represented by a complex equivalent circuit. For
maximum reception, this circuit’s impedance can match the
radiation impedance of free space as closely as possible over
as wide a frequency range as possible. The window 26a is part
of'that circuit and can be included in fine-tuning the structure.
If necessary, at least one dielectric column may be inserted
between the window 26a and the array 8 to maintain the
correct spacing while the space in the gap is under vacuum.

[0108] A number of different imaging systems can utilize
the focal plane array described above. FIG. 43 shows a side
view of principal elements of a modified Cassegrain imaging
system, which is suitable for terahertz imaging. Radiation is
incident from the right and is first reflected from a primary
mirror 30 and converged onto a secondary mirror 31, which in
turn focuses the radiation back onto a focal plane array 35.
Theradiation arriving at the focal plane array 35 represents an
image of a scene/object. Table I gives example specifications
for the elements of the system in FIG. 43.
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about 80%, the NEDT of the array can increase from a value
of 1.74 K to an effective value of 2.18 K.

[0111] A front view of the retaining ring 32 is shown on the
right of FIG. 44. It holds the secondary mirror 31 in place. A
mechanism 38 fixes the xyz position of the secondary mirror
31 relative to the primary mirror and allows rotation around
two orthogonal axes of rotation (through a center of the sec-
ondary mirror 31 and perpendicular to a center line of the
optical system). Through a linkage 38a, a small back and
forth tilt (dither) of the secondary mirror 31 can be produced
by a miniature servo-controlled voice coil 37. This results in
the image being dithered up and down past the detector array.
Specifications for a suitable voice coil are shown in Table II.

TABLE I

70 microseconds
3.5 Ohms

Electrical time constant
DC resistance

TABLE I
Description  PM diameter PM hole diameter SM diameter SM pivot-drive P-S separation S-FP separation
Millimeters ~ 508.0 178.0 243.0 79.6 2925 181.2
Other Radius/curve Radius/curve ** adjustable-

millimeters ~ 872.9 *aspheric,e =0.8 1154.0

focus

InTable I, PM (or P) represents the primary mirror, SM (or S)
represents the secondary mirror, and FP represents the focal
plane occupied by the detector array. In this example, the
primary mirror 30 is aspheric with an eccentricity of 0.8, and
the secondary mirror 31 is spherical. Note, however, that
other optical components could be used to direct radiation
onto the detector array.

[0109] FIG. 44 shows a layout of the Cassegrain imaging
system and cage with an embedded infrared/visible camera.
The system in FIG. 44 is a dual-mode imaging system in that
it supports both terahertz and infrared/visible imaging. On the
left in FIG. 44 is a front view of the primary mirror 30. Four
struts 34a support the primary mirror 30, and a focusing
mechanism 36 is included. In the center of FIG. 44 is a side
view of the complete terahertz camera and cage. The four
struts 34a on the primary mirror 30 are connected to four bars
344 that maintain a fixed standoff between the primary mirror
30 and a retaining ring 32. A cowling 33 encircles the cage.
This arrangement forms a rigid frame for the terahertz optics.
Here, the primary mirror 30 can have an aperture of about 510
millimeters, and the secondary mirror 31 obscures the inci-
dent radiation by about 20% (although these values are
examples only). The modulation transfer function and the
point-spread function for this annular aperture are negligibly
different from an open aperture.

[0110] Inthe center of the figure, the focal plane array 35 is
shown as being supported by a bar along with the focusing
mechanism 36. To focus, the mechanism moves the detector
array 35 closer to or further away from the secondary mirror
31. In the center of the figure, to the right of the terahertz
camera cage, is an infrared/visible camera 39, such as an
uncooled IR camera. The center-lines of the terahertz and
infrared/visible cameras can be bore-sighted, and their fields
of regard can be mapped. The terahertz field of regard for the
design shown can be about 10°, which could be expanded up
to about 14° with modification. Since the throughput can be

TABLE II-continued

Coil inductance 0.2500 mH
Force constant 0.7200 Lbs/Amp
Peak force 1.5 Lbs

Linear stroke 0.1500 inches

One example of a suitable voice coil is the NCMO2-05-005-
4JB from MICROMO ELECTRONICS.

[0112] To accomplish the dither described in connection
with FIG. 20, the total forward and backward thrust of the
voice coil could be very small, such as about 0.62 millimeters.
The mirror 31 can be lightweight (such as about 200 grams)
and can therefore be moved rapidly. For example, if a con-
tinuous version of the sequence described for FIG. 20 is
executed, there would be a turnaround twice in eight samples.
The average power over a full cycle (based on the voice coil
parameters in Table II) would be about 24 milliwatts. For
20-inch and 12-inch apertures, the average power can be
greatly reduced. For the staggered case of FIG. 20, it could
take about 0.133 seconds to record each image. For the two-
step dither, it could take about 0.066 seconds to record an
image. All power and control lines can be fed to the back of
the imaging system, and the power used by the detector array
could be less than about 3 milliwatts (not including the
ROICs). The cage and mirrors can be made of carbon fiber
reinforced plastic (CFRP), such as from ComposiTE MIRROR
Avrrrications, Tucson, Ariz. The mirror surface accuracy
could be within about 2 microns to about 5 microns. The
estimated weight for a camera cage and mirrors with a
20-inch aperture could be about 12 pounds. The structure can
be made collapsible for transport and storage.

[0113] FIG. 45 shows a block diagram of a dual-mode
terahertz imaging system. The imaging system includes a
terahertz detector array and an infrared/visible camera, such
as an uncooled infrared camera. The terahertz detector array
is formed using an antenna array and a bolometer array. The
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antenna array includes the director (array 8) described above.
The display presents images captured by the terahertz detec-
tor. The signal enhancement block refers to a device (such as
a signal processor) that performs image processing, such as
by using the output of the infrared/visible camera to control
the terahertz detector and to drive the display. The antenna
array block, bolometer array block, and packaging block have
been discussed above. The components of the terahertz detec-
tor array can be placed within a suitable packaging, such as
the vacuum enclosure 28.

[0114] There are also methods that can be used to support
frame-to-frame tracking of pixels associated with objects of
interest in a scene. The application of this is referred to as
“optic flow” or “image flow.” Referring back to FIGS. 44 and
45, these systems are dual-mode systems since each contains
terahertz and infrared/visible imagers. Both imagers can
share the same frame rate and bore sight, and their fields of
regard can be mapped. Using an NEDT of 2.18 K per frame,
the terahertz imager can have adequate sensitivity for many
scenarios. However, in those cases where an object either has
a very low signal contrast, is moving rapidly, or both, the
terahertz imager may not be able to follow. One purpose of the
infrared/visible camera (with its high sensitivity) can be to
perform continuous high precision pixel tracking. A live
record of the results is provided to the terahertz imager, its
appropriate detector sites are identified, and their outputs are
accumulated in a buffer. This is done repeatedly over multiple
frames. Multi-frame accumulation can take place, and the
signal-to-noise ratio grows as if the object was stationary.
Since the instantaneous position and orientation of objects in
the scene are tracked in real time by the infrared/visible
camera, terahertz video may be constructed after a small
initial lag.

[0115] In the following example, assume there is no dith-
ering for simplicity. FIG. 46 depicts an open rectangular
object moving left to right and rotating in time. Its positions
are labeled 1, 2, 3, and so on. Above the rectangles are the
sample times denoted t1, t2, t3, and so on for successive
images taken by the infrared/visible and terahertz cameras. At
time t1, the pixels in the infrared/visible recorded image of
the rectangle at position 1 are mapped into larger terahertz
pixels that form the terahertz image of the rectangle at posi-
tion 1. The identification of the corresponding terahertz
detectors is made, and the output image of these detectors is
placed in a first storage buffer shown in the figure below the
rectangle at position 1.

[0116] Attimet2,the pixelsin the infrared/visible recorded
image of the rectangle at position 2 are mapped into larger
terahertz pixels that form the terahertz image of the rectangle
at position 2, and the new terahertz detectors are identified.
The output image from these detectors is first copied to the
second storage buffer shown in the figure below the rectangle
at position 2, then rotated back to the orientation the object
had at time t1 and added to the first storage buffer. At time t3,
the pixels in the infrared/visible recorded image of the rect-
angle at position 3 are mapped into larger terahertz pixels that
form the terahertz image of the rectangle at position 3, and the
new terahertz detectors are again identified. The output from
these detectors is first copied to the third storage buffer shown
in the figure below the rectangle at position 3, then rotated
back to the orientation the object had at time t2 and copied to
the second storage butfer. The output is further rotated back to
the orientation the object had at time t1 and added to the first
storage buffer.
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[0117] At times t4 and t5, the sequence is repeated for the
pixels in the infrared/visible recorded images 4 and 5, except
three back rotations are performed. The image at position 4 is
the last contributor to the first storage buffer, and the image at
position 5 is the last contributor to the second storage buffer.
The arrows show the progression. At time t4, the terahertz
image in the first storage buffer is made up of four accumu-
lated images as depicted in the figure. It has a signal-to-noise
ratio twice as large as it had at time t1 (signal-to-noise
improves as the square root of the number of images in the
buffer). At time t5, the terahertz image in the second storage
buffer is made up of four accumulated images as depicted. It
has a signal-to-noise ratio twice as large as it had at time t2.
[0118] This process is repeated at times 6, t7, and so on as
the infrared/visible camera performs additional image sam-
pling and hand offto the terahertz camera. When the dataina
given storage buffer is no longer needed, it can be cleared and
used again. As time goes on, the revolving storage buffers
provide time-dependent image data for the terahertz display,
complete with the proper pixel positions. The rectangular
object, as portrayed on the terahertz screen, travels across the
display with its true speed and rotation, exhibiting twice its
single-sample signal-to-noise ratio, but with a real-time delay
of four sample times.

[0119] The pixel tracking and signal enhancement
sequences described above can be extended to a whole scene
being viewed. In that case, instead of undoing a rotation,
vector displacements of pixels from one frame to the next can
be measured and reversed. The number of terahertz images
accumulated in the buffers can be chosen in any suitable
manner (such as by an operator) and can range from a value of
1to N (such as based on the scene conditions). This value can
be changed, such as by an operator, during operation of the
system. As mentioned above, the open rectangular object in
FIG. 46 is seen by both the infrared/visible and terahertz
cameras. If the object has something inside it, such as under a
cover that the infrared/visible camera cannot penetrate, the
terahertz camera can reveal and image it with an enhanced
signal-to-noise ratio based on the chosen delay.

[0120] FIG. 47 shows parts of a terahertz signal enhance-
ment operation. In this example, the terahertz camera is again
stripped down to the primary mirror 30, the secondary mirror
31, and the focal plane array 35. There are two displays shown
for illustration purposes, though a single display could be
used. A display 42 is the infrared/visible display, and a display
43 is the terahertz display. The infrared/visible camera 39 isin
front. Two additional components are shown in FIG. 47. A
block 40 performs a master/slave function between the infra-
red/visible camera and the terahertz detector array. Using
tracked pixels from the infrared/visible camera, the block 40
instructs the terahertz array which of its detectors to use for
imaging. Another block 41 represents a buffer and driver for
the terahertz display.

[0121] The thin lines in FIG. 47 connecting components
indicate the flow of information. The infrared/visible display
42, which is fed by the infrared/visible camera 39, shows a
person in heavy garb walking past the camera. The terahertz
display 43, fed by the block 41, shows the same person and a
concealed weapon being carried. Object space can be used to
compare the pixel sizes of the infrared/visible and terahertz
imagers. Assume that an uncooled LWIR camera has a focal
length of about 100 millimeters and a pitch of about 25
microns. This translates to an angular resolution of about
2.5x10* radians. For the staggered array, the effective tera-
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hertz pitch (after dithering) can be about 0.707 millimeters,
and the focal length can be about 408 millimeters (510x0.8).
This translates to an angular resolution of about 1.75x1073
radians. The ratio of resolution footprints in object space is
therefore about 7:1.

[0122] Note that there are often uncertainties in the pixel
tracking. It is therefore often advantageous to have the pixel
tracking done by the infrared/visible camera with its higher
initial precision. With the horizontal and vertical dithering
mentioned previously, it may take a longer period of time
(such as four /1;30th second exposures) to fully record a
terahertz image. At the end of the first 0.133 seconds, four
superposed recordings (each with lower resolution) can be
obtained, and together they can constitute a full-resolution
image.

[0123] To calculate the NEDT over extended times, assume
anupdate every 0.133 seconds (a picture frame rate of 7.5 Hz)
and accumulate using the single sample system NEDT 0f2.18
K as the base. The NEDT lowers as the inverse square root of
time. For example, if accumulation is performed for 0.632
seconds, the NEDT can equal 1 K. When accumulation is
performed for a little over 2.5 seconds, the NEDT can equal
05K.

[0124] For each case, potential 1/f noise and bias drifts can
be reduced or minimized because successively different
detectors are used for accumulating the signal from each
pixel. Optic flow and pixel handoff can allow dwell time
accumulation as long as the object(s) of interest stay within
the field of regard or until the object(s) become too distorted
through change of direction or adverse rotation. At that point,
the system can be reset and the count continued with the new
perspective. It may not be unreasonable to expect an NEDT
down to about 0.5 K or below in many or most cases.

[0125] The terahertz imager sees through cover that nor-
mally hides concealed weapons, explosives, or other objects.
If the cover and the object(s) being concealed are stationary
and the cover is transparent at these wavelengths, a high
signal-to-noise image of the concealed object(s) may be
acquired with the terahertz camera alone by dwelling longer.
If a concealed object (such as a suicide vest, weapon, or
explosive) is fixed with respect to a moving carrier (such as a
vehicle, human, or animal) and the carrier is not concealed, a
high signal-to-noise terahertz image may be acquired using
dual mode and hand-off. If a concealed object is moving
behind a fixed cover, the infrared/visible camera may be
unable to assist, and the terahertz camera acquires images
unaided. As an added capability, two or more terahertz cam-
eras as described above may be set up in a binocular or other
arrangement to view people and objects at close range (such
as out to 10 feet or more) in high-resolution 3D.

[0126] Although the figures and description above have
shown and described particular implementations and details
of'dual-mode terahertz imaging systems, this disclosure is not
limited to the specific examples shown and described above.
Any other suitable dual-mode infrared/visible and terahertz
imaging system that operates in the same or similar manner as
those described above fall within the scope of this disclosure.
Moreover, all numerical values given above (such as dimen-
sions, frequencies, efficiencies, time constants, and NEP and
NEDT values) are approximate values only and are provided
as examples only. Other dual-mode infrared/visible and tera-
hertz imaging systems could operate using different values or
ranges of values. Similarly, all materials described above
(such as vanadium oxide, amorphous silicon, crystalline
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quartz, gold, and nickel) are provided as examples only. Other
dual-mode infrared/visible and terahertz imaging systems
could be fabricated using other or additional materials.
[0127] In some embodiments, various functions described
above are implemented or supported by a computer program
that is formed from computer readable program code and that
is embodied in a computer readable medium. The phrase
“computer readable program code” includes any type of com-
puter code, including source code, object code, and execut-
able code. The phrase “computer readable medium” includes
any type of medium capable of being accessed by a computer,
such as read only memory (ROM), random access memory
(RAM), a hard disk drive, a compact disc (CD), a digital video
disc (DVD), or any other type of memory. A “non-transitory”
computer readable medium excludes wired, wireless, optical,
or other communication links that transport transitory elec-
trical or other signals. A non-transitory computer readable
medium includes media where data can be permanently
stored and media where data can be stored and later overwrit-
ten, such as a rewritable optical disc or an erasable memory
device.

[0128] It may be advantageous to set forth definitions of
certain words and phrases used throughout this patent docu-
ment. The term “couple” and its derivatives refer to any direct
or indirect communication between two or more elements,
whether or not those elements are in physical contact with one
another. The terms “application” and “program” refer to one
or more computer programs, software components, sets of
instructions, procedures, functions, objects, classes,
instances, related data, or a portion thereof adapted for imple-
mentation in a suitable computer code (including source
code, object code, or executable code). The terms “receive”
and “communicate,” as well as derivatives thereof, encom-
pass both direct and indirect communication. The terms
“include” and “comprise,” as well as derivatives thereof,
mean inclusion without limitation. The term “or” is inclusive,
meaning and/or. The phrase “associated with,” as well as
derivatives thereof, may mean to include, be included within,
interconnect with, contain, be contained within, connect to or
with, couple to or with, be communicable with, cooperate
with, interleave, juxtapose, be proximate to, be bound to or
with, have, have a property of, have a relationship to or with,
or the like. The phrase “at least one of,” when used with a list
ofitems, means that different combinations of one or more of
the listed items may be used, and only one item in the list may
be needed. For example, “at least one of: A, B, and C”
includes any of the following combinations: A, B,C, A and B,
Aand C,B and C, and A and B and C.

[0129] While this disclosure has described certain embodi-
ments and generally associated methods, alterations and per-
mutations of these embodiments and methods will be appar-
ent to those skilled in the art. Accordingly, the above
description of example embodiments does not define or con-
strain this disclosure. Other changes, substitutions, and alter-
ations are also possible without departing from the spirit and
scope of this disclosure, as defined by the following claims.

What is claimed is:
1. An apparatus comprising:
a horn receiver configured to collect radiation and to cap-

ture the radiation using an antenna positioned in or
proximate to a throat of the horn receiver;

antenna posts electrically coupled to the antenna and
extending through irises in a conducting ground plane;
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conductive traces electrically coupling the antenna posts to
an antenna load; and

a bolometer mounted on a first substrate, the bolometer
electrically isolated from the antenna load and in ther-
mal contact with the antenna load.

10. The apparatus of claim 9, wherein the first substrate
comprises a first manifold of traces configured to route out-
puts from the bolometer array to one or more readout inte-
grated circuits, the traces of the first manifold converging to
match a pitch of the readout integrated circuits.

2. The apparatus of claim 1, wherein:

the antenna comprises a bow tie antenna having first and
second arms on a first surface of a second substrate, the
ground plane on a second surface of the second sub-
strate; and

the antenna posts extend through the second substrate from

the first surface to the second surface and continue
towards the first substrate.

3. The apparatus of claim 2, wherein:

the second substrate comprises a z-cut crystalline quartz

wafer, the z direction being parallel to a thickness of the
crystalline quartz wafer;

the antenna posts travel through the crystalline quartz

wafer along its thickness; and

the antenna posts extend a specified distance away from the

crystalline quartz wafer.

4. The apparatus of claim 2, further comprising:

at least one vacuum hole through the second substrate, the

at least one vacuum hole configured to allow evacuation
of air within the apparatus.

5. The apparatus of claim 1, wherein the conductive traces
comprise:

signal traces electrically coupled to the antenna posts, the

signal traces located on an opposite side of the ground
plane as the antenna; and

a twin lead electrically coupled to the signal traces and to

the antenna load.

6. The apparatus of claim 5, wherein the twin lead com-
prises two elongated leads, each elongated lead coupled to the
signal traces connected to one of the antenna posts, each
elongated lead comprising a layer of conductive material and
a layer of insulative material.

7. The apparatus of claim 1, further comprising:

input/output leads configured to receive a bias voltage for

biasing the bolometer and to output a signal;

wherein the bolometer has a resistance greater than a resis-

tance of the input/output leads;
wherein the bolometer and the antenna load are located on
a thermal bridge; and

wherein an effective thermal conductance associated with
the thermal bridge varies based on a bias voltage of the
bolometer, the resistance of the bolometer, and a change
in the resistance of the bolometer.

8. The apparatus of claim 1, wherein:

the bolometer is configured to be biased with a bias volt-

age;

noise-equivalent power for all noise sources reduces as the

bias voltage increases up to a critical voltage bias where
the bolometer self-destructs; and

an operational bias voltage for the bolometer is selected to

be less than the critical voltage bias.

9. The apparatus of claim 1, wherein:

the apparatus comprises multiple bolometers forming a

bolometer array;

the apparatus comprises multiple horn receivers forming

an antenna array; and

the ground plane separates the bolometer array and the

antenna array.

11. The apparatus of claim 10, further comprising:

a second manifold of traces configured to route bias volt-
ages to the bolometers.

12. The apparatus of claim 10, wherein:

a first portion of the first manifold is folded so that the first
portion of the first manifold and a second portion of the
first manifold lie on different surfaces of the first sub-
strate; and

vias through the first substrate electrically couple the first
and second portions of the first manifold.

13. The apparatus of claim 9, further comprising:

a vacuum enclosure configured to enclose the bolometer
array and the antenna array, the vacuum enclosure com-
prising a window that is a specified distance from the
antenna array.

14. A system comprising:

a first camera; and

a second camera comprising a terahertz detector array, the
terahertz detector array comprising multiple bolometers
forming a bolometer array mounted on a first substrate
and multiple antenna elements forming an antenna
array;

wherein each antenna element comprises:

a horn receiver configured to collect radiation and to
capture the radiation using an antenna positioned in or
proximate to a throat of the horn receiver;

antenna posts electrically coupled to the antenna and
extending through irises in a conducting ground
plane; and

conductive traces electrically coupling the antenna posts
to an antenna load;

wherein the bolometers in the bolometer array are electri-
cally isolated from the antenna elements in the antenna
array; and

wherein each bolometer is in thermal contact with the
antenna load in at least one of the antenna elements.

15. The system of claim 14, wherein:

the terahertz detector array forms a portion of a modified
Cassegrain optical system;

the modified Cassegrain optical system further comprises a
primary mirror and a secondary mirror configured to
form an image on the terahertz detector array; and

the secondary mirror is configured to be rotated in order to
displace the image on the terahertz detector array.

16. The system of claim 14, wherein:

the antenna in each antenna element comprises a bow tie
antenna having first and second arms on a first surface of
a second substrate, the ground plane on a second surface
of the second substrate; and

the antenna posts in each antenna element extend through
the second substrate from the first surface to the second
surface and continue towards the first substrate.

17. The system of claim 14, wherein the conductive traces

in each antenna element comprise:

signal traces electrically coupled to the antenna posts in the
antenna element, the signal traces located on an opposite
side of the ground plane as the antenna in the antenna
element; and
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a twin lead electrically coupled to the signal traces in the
antenna element and to the antenna load in the antenna
element.

18. The system of claim 14, wherein:

each bolometer is configured to be biased with a bias volt-
age;

noise-equivalent power for all noise sources reduces as the
bias voltage of each bolometer increases up to a critical
voltage bias where that bolometer self-destructs; and

an operational bias voltage for each bolometer is selected
to be less than the critical voltage bias.

19. The system of claim 14, wherein the first substrate
comprises a first manifold of traces configured to route out-
puts from the bolometer array to one or more readout inte-
grated circuits, the traces of the first manifold converging to
match a pitch of the readout integrated circuits.

20. The system of claim 19, further comprising:

a second manifold of traces configured to route bias volt-

ages to the bolometers.

21. The system of claim 19, wherein:

a first portion of the first manifold is folded so that the first
portion of the first manifold and a second portion of the
first manifold lie on different surfaces of the first sub-
strate; and

vias through the first substrate electrically couple the first
and second portions of the first manifold.

22. The system of claim 14, further comprising:

a vacuum enclosure configured to enclose the bolometer
array and the antenna array, the vacuum enclosure com-
prising a window that is a specified distance from the
antenna array.

23. The system of claim 15, wherein:

the first camera comprises an infrared or visible camera;

the modified Cassegrain optical system is boresighted with
the first camera so that the modified Cassegrain optical
system and the first camera are able to view a common
scene; and

a field of regard of the first camera is mapped to a field of
regard of the second camera.
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24. The system of claim 23, further comprising:

signal processing circuitry configured to receive data from
the first camera and to select pixels of the modified
Cassegrain optical system used for tracking an object in
a scene based on the data.

25. The system of claim 24, wherein:

the modified Cassegrain optical system is configured to
accumulate multiple sequential images of the scene and
to combine the multiple sequential images in order to
create a video stream of images delayed in time; and

each image in the video stream has a better signal-to-noise
ratio than any of the sequential images individually.

26. A method comprising:

collecting radiation using a horn receiver and capturing the
radiation using an antenna positioned in or proximate to
a throat of the horn receiver;

transporting electrical signals from the antenna over
antenna posts electrically coupled to the antenna and
extending through irises in a conducting ground plane;

transporting the electrical signals over conductive traces
electrically coupling the antenna posts to an antenna
load; and

operating a bolometer mounted on a substrate, the bolom-
eter electrically isolated from the antenna load and in
thermal contact with the antenna load.

27. The method of claim 26, wherein:

the horn receiver, the antenna, the antenna posts, the con-
ductive traces, and the bolometer form part of a terahertz
focal plane array in a modified Cassegrain optical sys-
tem, the modified Cassegrain optical system further
comprising a primary mirror and a secondary mirror
configured to form an image on the terahertz focal plane
array;

the modified Cassegrain optical system is boresighted with
avisible or infrared camera so that the modified Casseg-
rain optical system and the visible or infrared camera are
able to view a common scene;

a field of regard of the visible or infrared camera is mapped
to a field of regard of the second camera; and

the method further comprises using data from the visible or
infrared camera to select pixels of the modified Casseg-
rain optical system used for tracking an object in a scene.

#* #* #* #* #*
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