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(57) Abstract: In a terahertz radiation detection system, such as a terahertz camera, an array of feedhorns feeds detected radiation
to diode-based mixers for mixing with a local oscillator to produce modulated intermediate frequency (“IF”) signals that can be
amplified and used in imaging. The mixers are accommodated on the surface of a substrate and multiple substrates can be layered up
& to support a two-dimensional array of feedhorns. In order to improve packing density and thus potentially the resolution of a camera,
& IF filters for use in extracting the modulated IF signals are accommodated in vias through the substrates. Further, stub tuners are
provided which co-operate with signal-carrying sections of microstrip to improve coupling of detected radiation and local oscillator
signals to the mixers. Although the stub tuners are shared with respect to both the detected radiation and the local oscillator signals
in each mixer, the involvement of the microstrips means that tuning can be optimised independently with respect to the detected

radiation and to the local oscillator signals.
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RADIATION DETECTOR

The present invention relates to a radiation detector for use in detecting objects using the

electromagnetic spectrum at wavelengths in the centimetre to sub-millimetre range.

Embodiments of the invention are relevant from the microwave to the terahertz region of
the electromagnetic spectrum. However, the terahertz region has particular benefit for
many applications in offering high resolution in small systems and specific embodiments
of the invention are described below which operate in the terahertz region. “Terahertz”
in this context means the electromagnetic spectrum at wavelengths in the millimetre to

sub-millimetre range.

Arrangements using a local oscillator include for example super heterodyne, heterodyne,
homodyne or direct IF (“intermediate frequency”) detection and the use of direct
amplification for detection where the amplifier is configured as a regenerative or self
oscillating mixer. Embodiments of the invention are particularly suitable for use with
superheterodyne and heterodyne harmonic mixers and even more so with balanced

harmonic mixers such as subharmonic mixers.

(In heterodyne detection at wavelengths in the centimetre to sub-millimetre range, the
local oscillator is frequency-shifted with respect to the incoming signal to be detected

while in homodyne detection it has the same frequency.)

The range mentioned above is referred to herein generally as the terahertz spectrum.
Terahertz radiation has been found a useful tool for imaging and other purposes because
some materials are transparent to it which are opaque through the visible spectrum. This
allows these materials to be “seen through” using terahertz radiation where they could
not using visible optical radiation. For example, terahertz wavelengths have been used
in imaging the earth’s surface through the atmosphere and for improving visibility in bad
weather (for example for flying or driving). Some materials can be distinguished under
terahertz radiation because of their distinctive transmissivity or reflectivity and this has
been used for example in detecting food or chemical components. Further, objects

themselves can emit terahertz radiation, including the human body. This has been used
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for example in medicine for detecting skin cancer. Because clothing is generally
transparent to terahertz radiation but weaponry is not, another application has been the

detection of weaponry otherwise concealed about the person.

Cameras for imaging an object by use of the terahertz (“THz”) spectrum are known. For
example, an arrangement is described in International Patent Application WO
2004038854 in the name Agence Spatiale Européenne. In this arrangement, the camera
is based on a double bank of horn antennae which each pick up terahertz radiation, in
use, which is directed into a mixer channel to extract an intermediate frequency signal
using a local oscillator. This known heterodyne technique allows smaller detectors to be
used at room temperature in the terahertz range than might otherwise be necessary and

so supports finer resolution.

The detectors of WO 2004038854 are constructed using a pair of substrates, at least one
of which is patterned to accommodate, for each detector, the antenna, a mixer channel
and a via through the substrate to a signal output. A waveguide structure is coupled to
the mixer channel to deliver a signal from the local oscillator. In the finished camera,
the two substrates lie face to face in a sandwich arrangement so that the patterning
accommodating the detector construction is between the substrates and protected
thereby.

According to a first aspect of embodiments of the present invention, there is provided an
electromagnetic radiation detector comprising:

i) at least one substrate;

ii) a radio frequency input for receiving radio frequency signals to be detected;

iii)  alocal oscillator input for receiving a local oscillator signal;

iv)  a mixer supported by the substrate and coupled to the radio frequency input
and the local oscillator input for use in generating an intermediate frequency
signal by mixing a received radio frequency signal with the local oscillator
signal; and

V) a filter channel for use in controlling passage of radio frequency signals in

the detector and in extracting the intermediate frequency signal,
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wherein the substrate is provided with an aperture having an axial direction which
extends into the substrate, and at least part of the filter channel is accommodated in said
aperture. |

For example, the substrate may have first and second opposing surfaces and the aperture
might extend from the first surface towards or through the second. The mixer and
optionally the radio frequency and local oscillator inputs may conveniently each be
supported by the first surface and said at least part of the filter channel may carry an

output signal of the mixer, in use.

In a radiation detector based on a mixer, it is known to provide a filter channel which
firstly can block the passage of radio frequencies in order to control the transmission
path of received radiation signals in the detector and secondly can extract an
intermediate frequency signal to provide an IF output for use for instance in imaging. A
known form of filter channel which will operate at radio frequencies is constructed as a
planar element whose physical dimensions provide the filtering action and this planar
element is conveniently mounted on a surface of a substrate which also supports the
mixer and its radio frequency signal input paths as this eases fabrication. In
embodiments of the present invention, it has been realised that at least some filtering can
be done in a channel which extends into, or through, the substrate instead of lying along
a surface of the substrate and that this can deliver significant advantages in terms of
packing density of detectors in relation to the substrate and thus improved resolution in

overall detection or imaging capabilities.

In known arrangements of filter channels for filtering in the region of RF and IF
frequencies, the filter channel is constructed for example as patterned metallisation on a
quartz carrier mounted in turn on the surface of the substrate. Clearly this is relatively
easily fabricated as a single planar construction. However, it has been realised that the
filtering carries out more than one task, for example blocking radio frequencies from
travelling inappropriately in the detector and extracting the intermediate frequency
(“IF”) signal from the mixing product of the mixing chamber for delivery to the IF
output, and that there is significant advantage in separating the physical constructions for

carrying out these two tasks. The physical construction for performing the second task,
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extracting the IF signal from the mixing product, has a relatively low frequency pass
band and tends to be relatively large in physical dimensions. It will also usually be
located towards the IF output of the detector in the sequence of components that
provides a detector. In preferred embodiments of the invention, the part of the filter
channe] which extends into or through the substrate provides a filter construction having
a low frequency pass band. The pass band might be for example from 0.1GHz to
60GHz.

Although it would be possible to provide the filter construction having a low frequency
pass band as metallisation on a carrier, and to accommodate this in a channel into the
substrate, a particularly convenient embodiment of the invention provides this IF
passband filter construction as a profiled coaxial pin of generally cylindrical shape. The
profiling of the pin can provide the physical dimensions necessary for the filtering action
in a manner similar to shaped metallisation on a carrier. Such a pin can be conveniently
accommodated for instance in a via of round cross section, directed into the substrate
and constructed for example by drilling. Further, it has been realised that a profiled pin
lends itself to installation by use of a ferrule mounted in the via which can also be used
to provide a hermetically sealed IF output. Preferably, the via is provided with a step
change in cross section at a position along its length to provide at least one abutment

surface against which the ferrule can be seated.

A known form of filter is a quarter wavelength filter which can be provided as changes
in dimension at quarter wavelength intervals in relation to electromagnetic radiation
being filtered. It is convenient to construct the profiled pin as a quarter wavelength filter
by using changes in diameter at quarter wavelength intervals. This can then be mounted
in a generally cylindrical section of the via. Electrically conductive coatings on the pin

and the via, and insulating material of the pin, can together provide a coaxial filter.

A suitable general form of construction for use in embodiments of the present invention
is the known technology of microstrip patterning on a substrate. Microstrips are a form
of transmission line for carrying high frequency signals and generally comprise a thin,
flat electrical conductor separated from a ground plane by a layer of insulation or an air

gap. They are used as a form of printed circuit design for routing high frequency signals
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with minimal signal loss due to radiation. A similar technology also suitable for use in
embodiments of the invention but more complicated to fabricate is the use of striplines
which have two ground planes and the electrical conductor is sandwiched between two
respective insulating layers or air gaps. By selective patterning, microstrips and
striplines can also be used to deliver and receive electromagnetic waves to and from
space and to provide radio frequency filtering. In embodiments of the invention, either
one or both of the input for receiving an electromagnetic radiation detection signal and
the input for a local oscillator signal might thus be provided by microstrip or stripline
circuitry incorporating an antenna, a connection to the mixer, and a radio frequency
filter.

According to a second aspect of embodiments of the present invention, there is provided
an electromagnetic radiation detector comprising:
i) a radio frequency input for receiving radio frequency signals to be detected;
if) a local oscillator input for receiving a radio frequency local oscillator signal;
iii)  a mixer connected to the radio frequency input and connected to the local
oscillator input, the mixer being for use in generating an intermediate
frequency signal by mixing a received radio frequency signal with the local
oscillator signal; and
iv)  an intermediate frequency filter for use in extracting the intermediate
frequency signal,
wherein there is provided an electrical connection for delivering the intermediate
frequency signal from the mixer to the filter, which connection has a length selected to
mismatch the electrical load presented by the filter to radio frequency radiation
travelling in the detector such that the filter presents at least substantially an open circuit

to radio frequency radiation in use of the detector.

Embodiments of the invention in this second aspect are particularly relevant where the
local oscillator input and/or the radio frequency input are constructed at least partially as

a transmission line such as a microstrip.

Preferably, the electrical connection is connected to the local oscillator input as this is a

good location at which to provide the intermediate frequency output of the detector.
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The radio frequency input and the local oscillator input might each comprise at least one
electrical conductor and the length of each of said electrical conductors is preferably
significantly less than the wavelength of the intermediate frequency signal, in use of the
detector. This allows the length of these conductors to be chosen without regard to any
effect on the intermediate frequency signal. For example, the length of each of said
electrical conductors is preferably not more than one tenth of the wavelength of the

intermediate frequency signal, in use of the detector.

According to a third aspect of embodiments of the present invention, there is provided
an electromagnetic radiation detector comprising:
i) a radio frequency input for receiving radio frequency signals to be detected;
ii) a local oscillator input for receiving a radio frequency local oscillator signal;
iii)  a mixer being coupled to the radio frequency input and to the local oscillator
input, the mixer being for use in generating an intermediate frequency signal
by mixing a received radio frequency signal with the local oscillator signal;
and
iv) an intermediate frequency filter for use in extracting the intermediate
frequency signal;
wherein the mixer is coupled to the local oscillator input and to the radio frequency input
by respective transmission lines and the detector further comprises a stub tuner
connected to the transmission line of the radio frequency input, the length of the stub
tuner and said transmission line in combination being selected to optimise coupling of
the local oscillator signal to the mixer, in use, and the length of the stub tuner being
selected to present an intermediate virtual impedance to the received radio frequency

signal.

In embodiments of the invention according to this third aspect, one stub tuner can play a
part in optimising performance of the detector in more than one way. For example, in a
detector based on a subharmonic mixer, the length of the stub tuner can be chosen to
present a distance equivalent to less than half a wavelength of the local oscillator signal
and more than half a wavelength (but less than a whole wavelength) of the received

radio frequency signal. It is then possible to choose the lengths of the transmission lines
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of the radio frequency input and the local oscillator input such that the stub tuner both
presents something approaching a virtual short circuit to the local oscillator signal and
an intermediate virtual impedance to the received radio frequency signal. Because of its
position, being connected to the transmission line of the radio frequency input, the stub
tuner is then playing a role in optimising coupling of both the radio frequency input and

the local oscillator input to the mixer.

In a convenient form of construction of a detector according to the third aspect of
embodiments of the invention, the mixer is supported by a primary substrate, the
primary substrate having a conductive surface and an end of the stub tuner being
connected to said conductive surface. The radio frequency input, the local oscillator
input and the mixer may all be mounted on a secondary substrate supported in turn by
the primary substrate. For example the secondary substrate may carry the two inputs as
printed circuitry to which the mixer is connected. In detectors also according to the first
aspect of embodiments of the invention, the primary substrate may be provided with an

aperture therethrough and the intermediate frequency filter is mounted in the aperture.

It is to be understood that any feature described in relation to any one embodiment may
be used alone, or in combination with other features described, and may also be used in
combination with one or more features of any other of the embodiments, or any

combination of any other of the embodiments.

A THz radiation detector will now be described as an embodiment of the present
invention, by way of example only, with reference to the accompanying figures in
which:

Figure 1 shows a schematic diagram of the detector in use;

Figure 2 shows schematically, in plan view, part of a structure providing a set of
detectors together with their local oscillator feeds and IF outputs;

Figure 3 shows in plan view a mixing portion of a detector from the set of detectors
shown in Figure 2;

Figure 4 shows in plan view a quartz-based filter component of the mixing portion of

Figure 3;
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Figure 5a shows a vertical cross section on the line “A - A” through the mixing portion
shown in Figure 3, viewed in the direction indicated by the arrows;

Figure 5b shows a vertical cross section on the line “B - B” through the mixing portion
shown in Figure 3, viewed in the direction indicated by the arrows;

Figures 6, 7 and 8 show variations of an intermediate frequency output pin and hermetic
sea] for use with a mixing portion as shown in Figure 3;

Figure 9 shows a bias “T” circuit viewed from below, for use with the mixing portion
shown in Figure 3;

Figure 10 shows a double bank of detecting feedhorns for receiving incoming RF
radiation and delivering it to an array of mixing portions as shown in Figure 3 and
constructed according to an embodiment of the invention;

Figure 11 shows an alternative substrate arrangement for use in the double bank of
detecting feedhorns to accommodate the IF outputs;

Figure 12 shows low and high impedance sections of a quarter wave filter construction
that might be used in the output pin arrangements of Figures 6, 7 and 8; and

Figure 13 shows a cross section of a preferred version of the pin and seal arrangements

of Figures 6, 7 and 8.

It should be noted that none of the figures is drawn to scale, the figures being schematic

only. Like reference numerals are used to indicate like parts on different figures.

Referring to Figure 1, the detector in general comprises a mixer portion 100 and an
amplifying portion 105 for the IF output 150 of the mixer portion 100. The amplifying
portion 105 also provides an analogue to digital converter (ADC) 140. Terahertz
radiation (“RF signal) 110 incoming from a field of view to the mixer portion 100 is fed
into a diode-based mixer 120 by a receiving feedhorn 115 and mixed with a reference
signal (“LO signal”) 145, here provided by a local oscillator (LO) 125.

The mixer 120 incorporates a nonlinear element such as a pair of Schottky diodes and
this combines the received RF signal 110 with the LO signal 145 to produce sum and
difference signals, including an intermediate frequency (IF) signal 150. The IF signal
150 is normally low in frequency relative to the received RF radiation 110 and LO signal
145, the relationship being:
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e IF signal 150 typically 0.1-40GHz
e RF radiation signal 110 typically 200-10000GHz
e LO signal 145 typically 100-10000GHz

Because the IF signal 150 is low frequency it can be readily amplified, and rectified if
necessary, to produce a voltage that is directly proportional in strength to that of the
received RF signal 110 and can subsequently be used to form an image in relation to the

field of view.

Although referred to herein as a LO signal, it will be understood that the LO signal 145
is also a radio frequency signal and the term “radio frequency” also encompasses signals
having frequencies at the lower end of the frequency range of the LO signal 145, unless

the context indicates otherwise.

FEEDHORN/MIXER ARRAY
Referring to Figure 2, the feedhorn 115 and mixer 120 can in practice be built as part of

an array of feedhorns on a shared, primary substrate 210, each with its mixer. One local
oscillator (not shown in Figure 2) can supply a LO signal 145 along a branched path 205
to several of the mixers 120. Paths 215 for the IF outputs from each of the mixers are

provided in the substrate 210, in a direction away from the feedhorns 115.

The general construction of the array shown in Figure 2 can be fabricated by epitaxial
methods as described in International Patent Application WO 2004038854 in the name
Agence Spatiale Européenne. That is, a three layer structure is made, the middle layer,
the shared substrate 210, being etched on both faces and upper and lower layers being
etched in a complementary fashion on just one face. Figure 2 shows only a plan view of
the middle layer of such a construction and does not show the upper and lower layers.
When the upper and lower layers are brought into registration with the middle layer, a
double array of feedhorns 115, locations for the mixers 120 and input channels 205 for
LO signals is created. The dotted outline “M” indicates the area particularly housing the

mixer 120 of a detector and its inputs and outputs.
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In practice, the number of layers can be increased to any number required, supporting a
wide range of designs of feedhorn array, as long as meeting surfaces of the layers are
etched in the necessary complementary fashion. This is further discussed below with

reference to Figures 10 and 11.

The material of any of the layers of the three layer substrate can be for example a
semiconductor such as silicon, or a metal, provided the material of the surface has high
electrical conductivity. For example, a silicon layer might be metallised with gold or
silver. An alternative method of creating the complimentary patterning is machining

instead of etching.

SIGNAL INPUTS AND OUTPUT: A SINGLE MIXER 120

Referring to Figure 3, the area “M™ housing the mixer 120 in more detail comprises the

end of a waveguide 300 delivering the incoming RF signal 110 and the end of a second
waveguide 345 delivering the local oscillator signal 145. Extending between the two
waveguide ends 300, 345, there is a shallow channel 305 housing a gold coated quartz
substrate 315. The gold coating on the quartz substrate 315 is patterned to provide:
e two antennae 320, 335, one at either end of the substrate 310, for coupling the
RF and LO signals 110, 145 from the waveguide ends 300, 345
e support and connections to a diode chip 310 for mixing the respective RF and
LO signals 110, 145 delivered by the antennae
e ahigh frequency filter 314 (the “RF filter”) to block the incoming RF signal 110
from travelling further.

These forms of antennae 320, 335 and high frequency filter 314 are known and therefore

are not described in detail herein. Each could take other known forms.

A filter channel relating to the mixer 120 includes the high frequency filter 314
mentioned above and an IF output filter 350. The IF output signal 150 from the diode
chip 310 is picked off from an end of the microstrip antenna 335 delivering the LO
signal 145 by a pair of wire connectors 325 and delivered to the IF output filter 350.
The IF output filter 350 is in the form of a profiled pin, mounted so that its longitudinal
axis extends into the shared substrate 210, through a via 340. Thus the longitudinal axis
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of the output filter 350 is transverse both to the plane of the quartz substrate 315 carrying
the antennae 320, 335 and the diode chip 310, and to the face of the shared substrate 210
supporting the quartz substrate 315. This orientation of the IF output filter 350 allows
relatively close packing of mixers 120 on the shared substrate 210 and thus potentially

improved resolution in images obtained.

It might be noted that the diode chip 310, although not mounted directly on the shared
primary substrate 210, is supported by it via the intervening (secondary) quartz substrate
315.

Where the shared primary substrate 210 is not itself a metal material, the shared
substrate 210 and the two waveguides 300, 345 are metallised on the surface shown in
Figure 3 and earthed. The metallisation comprises electroplated gold, or other highly
conductive material of similar anti-corrosion material properties, at least one micron
thick. The surface of the IF output via 340 is likewise metallised. The metallisation is
further discussed below in relation to stub tuners used in embodiments of the invention

and in relation to the performance of the IF output filter 350.

Referring to Figure 4, the gold coated, secondary quartz substrate 315 has a thickness of
about 75 microns. It has a width “W” of approximately 350 microns and a length “L” of
about 2.5 mm. The gold coating is applied in known manner, using vacuum deposition
and photolithographic techniques, to create an RF antenna 320 for picking up incoming
RF signals 110 from the RF waveguide 300, an LO antenna 335 for picking up the LO
signal 145 from the LO waveguide 345, and an RF filter 314 for blocking the incoming
RF signals 110 from reaching the L.O antenna 335.

Referring additionally to Figure 3, the diode chip 310 is first mounted between the RF
antenna 320 and the RF filter 400 on the gold coated quartz substrate 315. The RF
antenna is provided with a transverse “T-bar” 405 at its end, partly for this purpose. The
diode chip 310 is mounted using standard soldering techniques in order to make
electrical connections to the RF antenna 320 and the RF filter 400. The assembly
comprising the diode chip 310 and the gold coated quartz substrate 315 is then mounted
in the shallow channel 305 in the shared substrate 210 by using an ultra-violet (“UV”)
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curing epoxy material such as Norland 61 (registered trade mark of Norland Products
Inc.).

Referring to the cross section shown in Figure 5a, it can be seen that the diode chip 310
bridges a gap between the end of the RF antenna 320 and the RF filter 400, providing an
electrical path between the two. The incoming RF signals 110 and the LO signals 145
are both thus delivered to the diodes (not shown) on the diode chip 310. The diode chip
310 in use provides mixing of the incoming RF signals 110 and the LO signals 145 to
create the IF signal 150 which is used for detection. Diode chips of this type are known
and discussed for example in co-pending British patent application GB 0603193.4 which
discloses use of a non-linear mixing element comprising a pair of Schottky diodes, in
anti-parallel configuration. Suitable diodes for use in embodiments of the present
invention are described in the following publication:

“Glass Reinforced GaAs Beam Lead Schottky Diode with Airbridge for Millimetre
Wavelengths”, published in Electronics Letters, 13th September 1984, Vol. 20 No.19
Page 787.

IF FILTER

Referring to Figures 3 and 5b, the shared substrate 210 has a via 340 created through it
which houses the IF output filter pin 350. The IF output pin 350 is held in place by a
glass support bead 330. The pin 350 itself is machined from beryllium copper alloy and
gold-plated, then attached by silver loaded epoxy 525 to a centre conductor 510 of the
glass bead 330. Glass beads suitable for use in providing a hermetic feedthrough for a
housing wall, between a connector and a microcircuit, are supplied by manufacturers
such as Anritsu Corporation. The bead 330, in turn, has an outer conductor 515 in a
coaxial configuration with the centre conductor 510 and is fixed to the via 340 using an
indium-based solder material 520. The outer conductor 515 is earthed by means of the

metallisation within the via 340.

The pin 350 and glass support bead 330 with its centre conductor 510 have at least three
functions:
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e the cross section of the pin 350 is profiled according to known principles to pass
only the IF output signal 150 from the diode chip 310, blocking the LO and RF
signals 145, 110

e the centre conductor 510 of the bead 330 and the gold plating of the pin 350 can
be used in delivering a bias current or voltage to the diode chip 310

¢ the glass bead 330 provides a hermetic seal around the IF output, thus protecting

the environment of the area “M” housing the mixer 120 in the finished product

Referring to Figures 6, 7 and 8, the pin 350 and the support bead 330 can be arranged in
more than one way. Figure 6 shows a cross section of an arrangement as described
above with reference to Figure 5b. Figure 7 shows an arrangement in which the glass
bead 330 has no outer conductor of its own but is mounted in the metallised via 340
using an UV curing epoxy material 700. This arrangement avoids the use of solder and
thus simplifies manufacture. Figure 8 shows a slightly different arrangement in which
the pin 350 is first attached to the centre conductor 510, again using silver loaded epoxy
525, and then both are mounted within a quartz ferrule 800 by the use of UV curing
epoxy material 805. The quartz ferrule 800 is also mounted in the via 340 by the use of
UV curing epoxy material 810.

Referring to Figure 12, the principles underlying the profiling of the cross section of the
pin 350 are discussed for example in “Microwave Filters, Impedance Matching
Networks and Coupling Structures” by G Matthaei, I. Young and EMT Jones, SBN 0-
89006-099-1, and at page 668 in “Very High Frequency Techniques”, Volume II,
published by the McGraw Book Company Inc., New York & London, 1947. In general,
coaxial filters of this type have been used for many years and their design is well
understood and explained in the references given. Their basic operation is based on
alternating sections of high or low impedance depending on the diameter of a generally
cylindrical central structure 1210 with a conductive outer surface in relation to that of a
coaxial channel 1215 with a conductive inner surface. In the arrangements shown in
Figures 6, 7 and 8, the central structure 1210 is represented by the pin 350 and the
channel is represented by the via 340 in which the pin 350 is mounted. The central
structure 1210 and coaxial channel 1215 together provide a “quarter wave filter” in
which high and low impedance sections 1220, 1225 are cascaded in series. The lengths
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of each section 1220, 1225 are approximately A/4 where A is the wavelength of the
electromagnetic wave in the coaxial line. Hence the term “quarter wave filter”. In
Figure 12, a high impedance section 1220 having a small diameter section of the central
structure 1210 is shown cascaded with a low impedance section 1225 having a larger
diameter section of the central structure 1210. In the high impedance section 1220, the
diameter 1200 of the central structure 1210 is minimised. In the low impedance section
1225, the clearance 1205 between the central structure 1210 and the channel 1215 is
minimised. In order to achieve greater rejection, either the number of cascaded sections
1220, 1225 can be increased, this having the disadvantage of increasing insertion losses,
or the diameter 1200 of the central structure 1210 and/or said clearance 1205 can be

reduced, this having the disadvantage of making construction more difficult.

In embodiments of the invention as shown for example in Figures 6, 7 and 8, the length
of the whole pin 350 is two A/4 distances with respect to the IF signal and the profile of
the pin 350 within each A/4 section is stepped rather than smooth so that the pin 350 has
two “ribs” 710, 715 around it, one larger than the other. This construction is shown in
more detail in Figure 13. The purpose of this construction is to minimise unwanted
mode generation in the first A/4 section, which has the smaller rib 710, while easing the
mechanical requirements of fabrication as far as possible by generally increasing the

dimensions associated with the second A/4 section of the pin 350.

Referring to Figures 7 and 13, in order to reduce the presence of unwanted modes that
could potentially propagate through the coaxial filter pin structure it is important that the
entrance to the filter from the high frequency local oscillator side presents a small
dimension, typically less than lambda/4 (“A/4”) with regard to the local oscillator
wavelength, in diameter. (The “entrance to the filter” is the first section of the pin 350
to which the wire connectors 325 are attached.) However, if the diameter of the pin 350
in this region is reduced to A/4 with respect to the local oscillator wavelength, this brings
a conflict between the requirement for a physically robust structure and the best
operation of the filter from a rejection perspective. The wavelength of the local
oscillator is considerably less than that of the IF signal 150 and thus the diameter of the
pin 350 at the entrance to the filter would have to be very slight. In order to alleviate
this problem, the profile of the pin 350 in its first A/4 section has the “rib” 710 while the
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inner diameter of the via 340 is narrowed in this section to provide a neck 705 that
comes very close to the rib 710. The clearance between the neck 705 of the via 340 and
the rib 710 on the pin 350 is reduced to the minimum practicable, this providing the
small dimension required at the entrance to the filter while retaining the diameter of the
pin 350 at a dimension that is easier to fabricate than A/4 of the local oscillator
wavelength. This construction complicates the machining requirement compared with
the constructions shown in Figure 6 and 8, by introducing the neck 705 in the via 340,

but provides optimum filter response combined with structural rigidity.

The pin 350 has a second A/4 section with the second, larger rib 715. Here the
dimensions are generally less critical and the clearance between the via 340 and the
second rib 715 is greater while the second rib 715 itself can be larger than the first rib
710 on the pin 350. It is possible to achieve a rejection of the local oscillator signal of
up to 10dB| before it reaches this second A/4 section so that there will be no mode
generation in the second A/4 section. Using generally increased dimensions of the via
340 and the second A/4 section of the pin 350 reduces the difficulty of fabrication and

maintains mechanical strength.

Referring to Figure 13, in a variation of the arrangement shown in Figure 7, the pin 350
is unchanged but the cross section of the via 340 is more complex. The entrance to the
filter and the first A/4 section of the filter, including the neck 705 of the via 340, are the
same as the version shown in Figure 7. It is in the second A/4 section of the filter where
the internal surface of the via 340 is more complex. Where the version shown in Figure
7 has a via 340 which is just a cylindrical hole from the neck 705 to the other surface of
the substrate 210, in the version shown in Figure 13, the internal surface of the via 340
has a stepped profile which is still less in diameter than the glass support bead 330. At
the glass support bead 330, there is a further step in the internal surface of the via 340,
this step providing an abutment surface 1300 for the shoulder of the glass support bead
330. Such as arrangement aids in assembling the filter since the pin 350 can first be
mounted on the centre conductor 510 of the glass bead 330 and then the bead 330
located against the abutment surface 1300 in the via 340.
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It might be noted here that the end of the centre conductor 510 of the glass bead 330 can
protrude into the pin 350 slightly, this also making alignment of the pin 350 in the via
340 potentially more accurate and the mounting of the pin 350 more mechanically

stable.

Referring to Figure 3, a factor in the performance of the IF filter, comprising the pin 350
and the via 340, is the delivery of the IF signal to the pin 350. This is done via a pair of
wires 325 and the attributes of these wires 325 are further discussed below under the
heading “STUB TUNING”.

FILTERED IF OUTPUT
Referring to Figures 5b and 9, the IF output of the mixer carried by the centre conductor

510 is delivered for use, for example in imaging, by means of gold bond wires 500 and a
bias delivery circuit 500. The bias delivery circuit 500 is transparent to the IF output
signal 150 which can thus be delivered across it to amplifying and imaging equipment.
The strength of the bias delivery circuit 500 is that it can be used for delivering a direct

current (“DC”) bias voltage or current “in the other direction” to the diode chip 310.

In more detail, the bias delivery circuit 500 comprises an alumina substrate 505 carrying
a transmission line connection 900 for the IF signal 150 across the circuit 500. In
general, the action of the bias delivery circuit 500 is of known type and it is not
described in detail herein. A DC blocking capacitor 905 is provided in the transmission
line 900 which blocks the DC bias signal but is transparent to the IF output signal 150.
A bias inductor 910 is connected to the transmission line 900 in a “T” configuration for
delivery of the DC bias signal and blocking of the IF signal 150. The DC bias signal is
transmitted through the gold bond wires 500 to the centre conductor 510 of the glass
bead 330 for onward transmission to the diode chip 310.

The bias delivery circuit 500 is made according to industry standard assembly
procedures. The capacitor 905 might be for example supplied by a company such as

Presidio Components Inc and the inductor 910 by a company such as Piconics Inc.

STUB TUNING
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As in most detection, an important aspect of embodiments of the invention is the signal
to noise ratio of the detected signal. It is known to improve the performance of devices -
operating at radio frequencies by using stub tuners to improve coupling of power at
significant points such as into a load. Stub tuners can be provided as shorted or open
circuit lengths of transmission line which produce a pure reactance at their attachment
point. Any value of reactance can be made by varying the length of the stub tuner from
zero to half a wavelength but each stub tuner will only work effectively at one
frequency. It is also known to use more than one stub tuner in order to broaden the

frequency spectrum at which a device will function well.

Referring to Figures 3 and 5b, in more detail, coupling microwave power to a load such
as the diodes of the diode chip 310 requires the respective complex impedances between
the load and the microwave power delivery component to be matched. In the
embodiment described above, there are two power delivery components delivering
microwave power to circuitry including the diode chip 310, these being the waveguides
300, 345 delivering the RF signals 110 and the LO signals 145 respectively.

A common means to achieve an impedance match between a capacitive reactive
impedance such as the diode chip 310 and a real impedance such as the RF and LO
waveguides 300, 345 is to insert an extra transmission line element into the circuit to
“tune' the circuit’s behaviour to provide the right shift in phase to compensate for the
reactance of the diodes. However, since the impedance of the diodes in the diode chip
310 has both phase and amplitude components, both position and dimensions of the

matching transmission element affect the result.

In embodiments of the invention, delivery of the RF and LO signals 110, 145 to the
diode chip 310 itself is done via microstrip antennae 320, 335. The antennae 320, 335,
all of the patterned gold coating on the quartz substrate 315 and the diode chip 310
together constitute a mixer circuit. In the context of microstrip circuitry for dealing with
high frequency signals, multi-stub tuners are known which accomplish both position and
insertion adjustments in the form of one or more transmission lines or 'stubs' inserted
into the circuit. This use of multiple transmission line stub tuners can be used to

increase the bandwidth over which the mixer circuit is 'matched'.
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In embodiments of the invention, it has been realised that stub tuners can be i)rovided in
the form of wires 355, 325 and that these can perform more than one role. Two gold
bond wires 355 are provided which are attached to the end of the RF signal microstrip
antenna 320 and two more gold bond wires 325 are used to pick off the IF signal at the
end of the LO signal microstrip antenna 335 for delivery to the output pin 350. The first
pair of gold bond wires 355 is present simply for stub tuning while the second pair of
wires 325 has a multiple role since they act as follows:

e assist in tuning out the effect of the IF circuit with respect to the LO signal

e form a robust mechanical interface from the circuitry on the quartz substrate 315

to the IF pin 350
e carry the IF output signal 150 to the pin 350.

(The “IF circuit” is further discussed below.)

The design of any tuning stubs present is critical for optimally matching all of the
incident power into the mixer diodes, over the wavelength range of the radiation to be
coupled. A factor is the length of the stub in relation to the wavelength range and this
means that a single stub tuner tends to operate well only over very narrow bandwidths.
It is consequently known to use more than one stub tuner in order to increase the
operating bandwidth. In embodiments of the present invention, it has been realised that
it is possible and appropriate, by selecting appropriate dimensions, to use elements
already present in the detector in a secondary role in tuning to improve the overall

performance of the detector.

The exact lengths of the tuning stubs present in embodiments of the present invention
will be affected by the type of Schottky diodes used in the diode chip 310 since this
affects the load presented by the diode chip 310. The exact manner in which they are
affected is complex and difficult to calculate and thus it is best for any one embodiment
to select the lengths of the tuning stubs empirically. An optimum arrangement will be
found by maximising signal power delivery and minimising noise generated. The exact
balance that is found acceptable may also vary, depending on characteristics of other

components in the system, such as filtering and available signal power levels.
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Referring to Figure 3, there are two coupling points where radio frequency power is
coupled into a load and this is at either end of the diode chip 310 where the RF signal
110 and the LO signal 145 are delivered for mixing. The frequencies of these signals are
120-130GHz and 220-280GHz respectively. In order to couple all of the power into the
diode chip 310 from each antenna 320, 335, it is important that the potential onward path
for the respective signals in leaving the diode chip 310 towards the opposing antenna
presents an open circuit. This can be satisfactorily achieved in the manner described

below.

It might be noted here that the tuning behaviour of a stub tuner repeats as the length of
the tuner is increased by one wavelength “A” in relation to the signal it is dealing with.
Therefore, if the appropriate length of a tuner to achieve a particular effect is found to be
1/4 A, then similar behaviour will be achieved for a length of 1 1/4 A. (There will
however be increased loss due to the ohmic resistance of the extra length of transmission
line and also bandwidth restrictions if the transmission line is dispersive.) This means
that one stub tuner can be used to have different effects in relation to signals in a number
of different wavebands, not necessarily just wavebands which have a subharmonic
relationship, because the length can be adjusted to present the right fraction of
wavelength in each case despite the length further incorporating a whole number of

wavelengths in relation to one or both wavebands.

In the arrangement of Figure 3, the overall preferred passage of signals is:
1. delivery of the LO signal 145 from the LO waveguide 345 to the diode chip 310
and no further (“LO circuit™)
2. delivery of the RF signal 110 from the RF waveguide 300 to the diode chip 310
and no further (“RF circuit™)
3. delivery of the mixed LO/RF signals from the diode chip 310 to the IF output
pin 350 (“IF circuit”)

It is also desired to tune the performance of the circuitry empirically, using stub tuning.

These desired signal paths and the tuning are achieved as follows:
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1. LO circuit

The two bond wires 355 are earthed at their free ends by ultrasonically bonding them to
the metallised surface of the mixer substrate 210. The point where each bond wire joins
the substrate 210 forms a physical short circuit at radio frequencies which effectively
locks both the LO and RF circuits’ behaviour to a short circuit at this physical point. All
other lengths are then relative to this position. This is true in terms of both phase and
magnitude. Being a physical rather than virtual short circuit this short circuit is common
to both the RF and LO frequencies.

For this embodiment, the length “S” of the bond wires 355 is 1039um, approximately
3/8 X at the LO frequency and thus does not provide a perfect virtual short circuit at the
diodes. A perfect short circuit at the diode chip 310 would be attained if their length
were 72 A. Such a condition would couple most of the LO signal 145 to the diodes but
being A at the RF signal 110 would short all of the incoming RF signal 110 to ground.
The length “S” of the bond wires 355 and the length “X” of the microstrip between the
RF waveguide 300 and the bond wires 355 in practice work in conjunction to affect
coupling of the LO signal 145 to the diode chip 310. With the length “S” set to an
intermediate length, it allows the length “X” to be varied to provide optimum coupling at
the LO frequency. Changing the length “X” however has minimal effect on the RF
signal 110.

2. RF circuit

Meanwhile, the length “S” of the two bond wires 355 is approximately % A at the RF
frequency which presents an intermediate virtual impedance to the diode chip 310 (that
is, something between an open circuit and a short circuit at the RF frequency). Now it
is possible to vary the length “Y” of a microstrip section between the diode chip 310 and
the RF filter 314 to provide optimal coupling to the diode chip 310 at the RF frequency.
Changing the length “Y” has minimal effect on the LO signal 145.

3. IF circuit
It is desirable that the IF signal output is invisible to the LO circuit. The connection to
the filter pin 350 is provided by a second pair of gold bond wires 325 which are
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connected at their far end to the gold-plated filter pin 350. The same principles apply as
described above in relation to the bond wires 355 in the RF circuit. In this case, there is
only the LO frequency to consider as the second pair of gold bond wires 325 is attached
beyond the high frequency filter 314 blocking the RF signal 110. The length of the
wires 325 to the filter pin 350 (“T” as shown on Figure 3) is then selected such that,
when combined with the IF filter pin assembly, the effect of the IF output overall is
minimised with respect to the LO coupling to the diode chip 310. The wires 325 can be
rendered substantially invisible to the LO signal 145 by selecting a length which de-
tunes, or tunes out, the load presented by the IF output at the LO frequency. In practice,
the length “T” is chosen empirically, allowing for the parasitic reactances associated
with the interconnection between the bond wires 325 and the pin 350, and the length of
the first section of the pin 350, to provide as far as possible a radio frequency open
circuit to the LO signal 145 of the filter. If these factors in combination present a A/4 or
A2 length at the LO frequency, there will be in phase reflection and the desired open

circuit. In the embodiment described above, a suitable length “T” is 570 pum.

As the IF frequency is very much less than either the RF or LO signals 110, 145, the
wavelength of the IF signal 150 is long compared to the dimensions of the stub tuner
bond wires 355. Consequently, the length of the wires 325 has very little effect on the
IF circuit and can be optimised just for their effect on the LO circuit. The length “T” is
kept as short as practically possible in this respect, so that there is minimal effect to the
IF signal path. The length “Z” of the microstrip between the stub tuner bond wires 355
and the LO waveguide 345 is also minimised for the same reason. In order to minimise
the effect of either on the IF circuit, it is preferred to keep both “T” and “Z” to below a
tenth of the IF wavelength. Thus if the IF frequency is 20 GHz, the IF wavelength is

15mm and thus “T” and “Z” should be not more than 1.5mm if possible.

Information on the known principles of stub tuning is available for example in: “High
Frequency Techniques: An Introduction to RF and Microwave Engineeering”, Joseph F.
White, published by Wiley-IEEE Press in January 2004.

In practice there are many variations that could be made, although for the mixer design

to achieve the greatest bandwidth the stub tuners delivering power to the diode chip 310



10

15

20

25

30

WO 2007/125326 PCT/GB2007/001523

22

are required to be positioned as close to it as possible. It might be found beneficial to
add one or more stub tuners at further positions along the microstrips whose lengths are
marked “X” and “Y” in Figure 3 to provide some additional fine tuning of either the RF
or LO signals 110, 145 but on the other hand this might introduce more interaction
between the LO tuning circuit and the RF tuning circuit. It will be understood that
although the various parts of the circuitry shown on the quartz substrate 315, particularly
those having distances marked as “X”, “Y” and “Z”, are shown in line, this is not

essential. Neither is it essential that the stub tuners are orthogonal.

A design implemented as described above effectively provides two circuits, the RF and
LO circuits, which are isolated from one another. This allows each circuit to be adjusted
to provide optimal performance at either the LO or RF frequency whilst causing minimal
disruption to the other. Key to allowing this is the use of the additional pair of bond
wires 355 at the coupling of the RF signals 110 to the diode chip 310.

It is an option to use only one bond wire 355, 325 in each of the LO and IF circuits but
two bond wires 355, 325 in each case make it possible to fine tune the circuits
empirically by changing the lengths such that they are slightly different and provide

redundancy.

Referring to Figures 2, 10 and 11, it is mentioned above that an array of feedhorns 115
can be constructed by building up the number of substrate layers 210. This is true in
principle as long as the IF output 215 can be taken backwards out of the array, in a
direction away from the feedhorns 115 and orthogonal to the filter pin 350 and its via
340. In practice, as can be seen in Figure 2, this may conflict with the branched path
205 delivering the LO signal 145 to the mixers 120 of the next layer. Figure 11 shows a
solution to this conflict in that a shared substrate 210 is in practice two sub-layers, the
two sub-layers together providing interfaces 1000 where the quartz substrates 315
carrying the diode chips 310 can be housed but also providing an interface 1100 where

the IF outputs 215 can be accommodated.
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Embodiments of the invention are particularly useful in optimising performance of
detectors based on subharmonic mixers operating at the second harmonic but could be

used in operation at higher harmonics.
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CLAIMS
1. An electromagnetic radiation detector comprising:
i) at least one substrate;
i) a radio frequency input for receiving radio frequency signals to be detected;

iii)  alocal oscillator input for receiving a local oscillator signal;

iv)  a mixer supported by the substrate and coupled to the radio frequency input
and the local oscillator input for use in generating an intermediate frequency
signal by mixing a received radio frequency signal with the local oscillator
signal; and

V) a filter channel for use in controlling passage of radio frequency signals in -
the detector and in extracting the intermediate frequency signal,

wherein the substrate is provided with an aperture having an axial direction which
extends into the substrate, and at least part of the filter channel is accommodated in said

aperture.

2. A detector according to Claim 1 wherein the substrate has first and second
opposing surfaces and the axial direction of the aperture extends from the first surface to

the second.

3. A detector according to Claim 2 wherein the mixer is supported by said first

opposing surface of the substrate.

4. A detector according to any one of the preceding claims wherein the aperture
accommodates an intermediate frequency extraction section of the filter channel for

extracting the intermediate frequency signal from the detector.

5. A detector according to Claim 4 wherein said intermediate frequency extraction
section comprises a coaxial filter having physical dimensions selected to provide

extraction of the intermediate frequency signal.

6. A detector according to Claim 5 wherein said coaxial filter comprises a quarter

wavelength filter.



10

15

20

25

30

WO 2007/125326 PCT/GB2007/001523

25

7. A detector according to either one of Claims 5 or 6 wherein the coaxial filter
comprises a generally cylindrical section of the aperture and a pin of generally

cylindrical cross section, the pin being mounted coaxially in said cylindrical section.

8. A detector according to Claim 7 wherein the cylindrical section of the aperture
has a surface of electrically conductive material and the pin comprises an electrically
insulating material having an electrically conductive coating on its cylindrical surface or

surfaces, these together providing the coaxial filter.

9. A detector according to any one of Claims 6, 7 or 8 wherein the coaxial filter
comprises a pin of generally cylindrical cross section, the pin having at least two

sections of different respective diameters to provide said quarter wavelength filter.

10. A detector according to any one of the preceding claims, further comprising a

hermetic seal, sealing said at least part of the filter channel in the aperture.

11. A detector according to any one of Claims 7, 8 or 9 wherein the pin is mounted
in said cylindrical section by means of an annular element to provide a hermetic seal to

the aperture.

12. A detector according to Claim 11 wherein said cylindrical section of the aperture
has a step change in cross section to provide at least one abutment surface against which

the annular element is seated.

13.  Anelectromagnetic radiation detector comprising:
1) a radio frequency input for receiving radio frequency signals to be detected;
ii) a local oscillator input for receiving a radio frequency local oscillator signal;
iii)  a mixer connected to the radio frequency input and connected to the local
oscillator input, the mixer being for use in generating an intermediate
frequency signal by mixing a received radio frequency signal with the local

oscillator signal; and
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iv)  an intermediate frequency filter for use in extracting the intermediate
frequency signal,

wherein there is provided an electrical connection for delivering the intermediate

frequency signal from the mixer to the filter, which connection has a length selected to

mismatch the electrical load presented by the filter to radio frequency radiation

travelling in the detector such that the filter presents at least substantially an open circuit

to radio frequency radiation in use of the detector.

14. A detector according to Claim 13 wherein said electrical connection is connected

to the local oscillator input.

15. A detector according to either one of Claims 13 or 14 wherein the radio
frequency input and the local oscillator input each comprise at least one electrical
conductor and the length of each of said electrical conductors is significantly less than

the wavelength of the intermediate frequency signal, in use of the detector.

16. A detector according to Claim 15 wherein the length of each of said electrical
conductors is not more than one tenth of the wavelength of the intermediate frequency

signal, in use of the detector.

17. A detector according to either one of Claims 15 or 16 wherein each of said

electrical conductors comprises a transmission line.

18. A detector according to any one of Claims 13 to 17 wherein the electrical
connection for delivering the intermediate frequency signal from the mixer to the filter

comprises at least one wire.

19.  An electromagnetic radiation detector comprising:
i) a radio frequency input for receiving radio frequency signals to be detected;
ii) a local oscillator input for receiving a radio frequency local oscillator signal;
iii)  a mixer being coupled to the radio frequency input and to the local oscillator

input, the mixer being for use in generating an intermediate frequency signal
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by mixing a received radio frequency signal with the local oscillator signal;
and
iv) an intermediate frequency filter for use in extracting the intermediate
frequency signal;
wherein the mixer is coupled to the local oscillator input and to the radio frequency input
by respective transmission lines and the detector further comprises a stub tuner
connected to the transmission line of the radio frequency input, the length of the stub
tuner and said transmission line in combination being selected to optimise coupling of
the local oscillator signal to the mixer, in use, and the length of the stub tuner being
selected to present an intermediate virtual impedance to the received radio frequency

signal.

20. A detector according to Claim 19 wherein the length of the stub tuner presents a
distance equivalent, in use of the detector, to less than half a wavelength of the local

oscillator signal.

21. A detector according to Claim 20 wherein the length of the stub tuner is equal, in

use of the detector, to less than half a wavelength of the local oscillator signal.

22. A detector according to any one of Claims 19 to 21, wherein the local oscillator
input comprises a radio frequency filter for limiting travel of received radio frequency

signals in the detector.

23. A detector according to Claim 22 wherein the local oscillator input comprises a
transmission line connecting the radio frequency filter to the mixer and the length of said
transmission line is selected in conjunction with the length of the stub tuner to optimise

coupling of the received radio frequency signal to the mixer, in use.

24. A detector according to any one of Claims 19 to 23 wherein the length of the stub
tuner presents a distance equivalent, in use of the detector, to more than half a

wavelength but less than a whole wavelength of the received radio frequency signal.
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25. A detector according to any one of Claims 19 to 24 wherein the length of the stub
tuner is equal, in use of the detector, to more than half a wavelength but less than a

whole wavelength of the received radio frequency signal.

26. A detector according to any one of Claims 19 to 25 whetein the mixer is
supported by a substrate, the substrate having a conductive surface and an end of the

stub tuner being connected to said conductive surface.

27. A detector according to Claim 26 wherein the radio frequency input, the local
oscillator input and the mixer are all mounted on a shared substrate supported in turn by

the substrate having a conductive surface.

28. A detector according to either one of Claims 26 or 27 wherein the substrate
having a conductive surface is provided with an aperture therethrough and the

intermediate frequency filter is mounted in the aperture.

29. A detector according to any one of Claims 19 to 28 wherein the stub tuner

comprises at least one wire.

30. A detector according to any one of Claims 19 to 29 wherein the stub tuner

comprises at least two conductive elements of different lengths.

31. A detector according to any one of the preceding claims wherein the mixer

comprises a subharmonic mixer.

32. A detector according to any one of the preceding claims wherein the mixer

comprises a pair of balanced diodes.

33. A terahertz radiation camera comprising a detector according to any one of the

preceding claims.
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