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Abstract

In this paper, we describe a method for wavefront reconstruction at millimetre wavelengths using off-axis holography, a frequently
used image recording technique at visible wavelengths first demonstrated in the 1960’s. Millimetre radiation has been highlighted recently
in the imaging of non-conducting materials and objects, which often show significant transparency at these long wavelengths, even
though opaque at visible and infrared wavelengths. Holography provides a method for recording a lens-less image of an object thus
reducing loss of spatial frequency information, which is important for obtaining maximum resolution at long wavelengths. An experi-
mental arrangement based on a simple form of Fresnel off-axis holography is described, with the object illumination and reference beams
derived using two radiating horn antennas fed by a single coherent source (a Gunn diode oscillator operating at 100 GHz — wavelength
3 mm) via a 3 dB cross-guide coupler. The process is discussed in the context of imaging and in the validation of millimetre wave radi-
ation sources (horns). We show that the entire fields from these and other components can be analysed using computational optics with

data derived from a single measurement obtained using inexpensive equipment.
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1. Introduction

Millimetre-wave electromagnetic radiation bridges the
gap between the visible-IR and microwave regions of the
spectrum. As in the case of the microwave/radio bands,
millimetre-wave propagation tends to be dominated by dif-
fraction effects, since the beam sizes are often of the same
order of magnitude as the wavelength. Nevertheless, in a
similar way to the infrared and visible bands, it is also
possible to guide such beams using relatively compact
multi-element optical systems, the design of such systems
requiring specialized quasi-optical analysis [2]. Although
recent advances in millimetre-wave imaging have often
relied on the development of more sensitive detectors,
well-developed theories of optical imaging have so far been
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under-exploited to a large extent outside the visible part of
the spectrum. Thus there is also the complementary possi-
bility of the novel application of the large range of inge-
nious optical techniques from the visible band to gain
significant expansion in the range of millimetre-wave imag-
ing tools available.

Here we have, for example, developed an imaging sys-
tem that relies solely on simple models of holography to
view the transmission properties of transparent materials.
While still in the proof-of-concept stage the images
achieved thus far in our investigation show good quality
even given the limited size of the objects being examined.

A hologram, in simple terms, is the interference pattern
generated by an easily replicable reference beam and the
radiation scattered/diffracted by an (unknown) object
under investigation, which is then recorded on a photo-
graphic plate, although recent advances in CCD technol-
ogy allow for the digital recording and numerical
reconstruction of holograms [1,3,4]. This technique of
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digital holography has also enabled wavefront reconstruc-
tion using infrared radiation [5], and X-rays [6]. Numeri-
cally designed holograms have been employed at the
Helsinki University of Technology in millimetre-wave com-
pact antenna test ranges to provide plane waves for far-
field beam pattern measurements [7,8]. The principles of
holography have also been exploited at millimetre wave-
lengths for use in surveillance for security purposes, but
where both amplitude and phase of the scattered light from
a target are both detected directly [9]. The work presented
in this paper differs from that of [9] in our use of optical
techniques in which the phase is not recorded directly but
rather it is recovered from a measured interference pattern.

In conventional optical transmission holography illu-
mination of the developed hologram by the reference
beam results in the reconstruction of the amplitude and
phase variation of the object beam, thus enabling the
object beam to be viewed at any plane including its origi-
nal location.

A hologram is recorded over some plane which we define
at z = 0. The intensity pattern #(x,y,0) results from interfer-
ence of the diffuse beam scattered from the object O(x,y,0)
with the plane reference beam R(x,y,0), so that #(x,y,0) =
|O(x,,0) + R(x,,0)]>. While the intensity terms |O(x,y,0)|?
and |R(x,y,0)]* vary only slowly with x and y, the high
frequency fringes or variations in the intensity of the
hologram are dominated by the R*(x,y,0)- O(x,y,0) and
R(x,y,0) - O*(x,p,0) interference terms. In fact the holo-
gram acts as a diffraction grating dominated by these inter-
ference terms. A virtual image of the object is recovered at
its original location from the diffraction order created by
the R*(x,»,0) - O(x,y,0) term, while the R(x,y,0) - O*(x,y,0)
term gives rise to a real image in front of the hologram.
This reconstruction can also clearly be performed by simu-
lation once the hologram intensity pattern is recorded and
the reference beam is accurately described. If a plane wave
illuminates the hologram located in the plane z =0, the
Fresnel-Kirchoff integral results in the complex amplitude
I'(¢,n) in the plane, d, of the virtual image (where the object
was originally located):
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By performing a fast Fourier transform of the function
R(x.,p)t(x,y)exp[—in(x* + y?)/1d] we can recover I'(,n),
[10]. Although we assume uniform plane wave illumination
by the reference beam, the intensity profile of the colli-
mated reference beam is actually Gaussian though with a
large extent at the hologram. Over the small region scanned
in recording the hologram, the reference beam amplitude
varies only slowly and the large intensity fluctuations are
dominated by the pattern of interference fringes produced
in the presence of the illuminated object beam. We could
therefore approximate the reference beam through its
phase front only, which can be considered as planar (as

the reference Gaussian beam has a waist at the recording
plane produced by the paraboloidal mirror as in Fig. 1),
ie., R(x,y,0) =exp(i(ky x+k, y)), where (k,, k,) are the
direction cosines for the reference beam wavevector. In
terms of Eq. (1) given above, (&,7) represents the point’s
off-axis location at the plane where the object is located.

2. Experimental procedure

A 3 dB cross waveguide coupler was attached to the
transmitting chain of a 100 GHz Gunn diode oscillator source
thus eliminating the requirement for beam-splitter in the
optical setup, which allowed for a more compact system.
A 3 dB cross-guide coupler is effectively an optical 2-channel
multiplexing waveguide component, dividing the total
Gunn output of 35 mW into two beams with equal powers.
The reference beam was derived by placing the predicted
phase centre of a conical corrugated horn at the focal plane
of a parabolic mirror, which collimated the reflected beam
with an angle of incidence of 45° to the hologram plane.
The quantity

Tmax — I
max min 2
[max + [min ( )

of an interference pattern I defines its contrast (fringe visi-
bility), which, in holography, plays an important role in
the quality of the reconstructed images. In the technique
described here, a maximum contrast of unity is easily obtai-
ned through the adjusting of signal attenuators attached to
the object and reference beam sources.

Holograms were recorded using a scanning detector,
with the centre of each hologram lying directly in front of
the scattering/diffracting object to be imaged. Care was
required to ensure that the reference beam was not vignetted
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Fig. 1. Experimental arrangement for the creation of digital millimetre-
wave holograms. The system has an area of approximately 600 x 600 mm?,
with holograms recorded over an area of ~150 x 150 mm?.
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by the object, which would produce edge diffraction effects
contaminating the desired reference wavefront. Instead of
employing a set of diverging optics, which is used in trans-
mission holography at visible wavelengths to gain maxi-
mum illumination of the object, a horn with a large flare
angle, and thus a rapidly diverging beam, is used. A sche-
matic diagram of the experiment is shown in Fig. 1.

At the hologram plane, a beveled untapered waveguide
directly feeds a Schottky-barrier diode that acts as a total
power detector. The waveguide protrudes through a thin
section of Eccosorb™, which is used at these frequencies
to prevent large unwanted reflections from conducting sur-
faces in quasi-optical systems. These can cause standing
waves [11], thereby creating a permanent artifact on the
measured hologram that would reduce the quality of the
image reconstruction.

The simplest demonstration of holography is where the
object is a point-like source (size of order of the wave-
length). As an example we can consider the interference
pattern produced by the arrangement when the object
shown in Fig. 1 is removed and the object illumination
beam produced by a corrugated conical horn directly illu-
minates the recording plane. Unlike coherent sources in
the visible regime, beams derived from narrow-band milli-
metre wave sources exhibit extreme diffraction with the
variation in beam width, or waist, W, given by [2,12],

(ﬂ_” o)

where wy 1s the waist radius at the source, which in this case
is small enough to be considered similar to a quasi-point
source. In the experimental arrangement the horn was
located 550 mm from the plane where the hologram pattern
was recorded.

To provide another example of wavefront reconstruction
a hologram of two pyramidal horns fed by the same source
was recorded. The horns, with diameters of 26 mm, were
separated by 90 mm in the vertical plane and located
500 mm from the plane of the hologram. In this case inter-
ference should occur between both object beams, and visu-
alisation of this is sought in the digital reconstruction.

We also consider the case where a screen with a complex
shaped aperture truncates the object illumination beam. A
slightly irregular ‘M’ shaped mask was cut from Eccosorb™
and mounted on a sheet of polystyrene foam, which at
terahertz frequencies has a refractive index simi- lar to that
of air [13]. The object used has a total area of 60 x 60 mm?,
with its smallest feature having an extent of 9 mm.

W(z) = ,|w}

3. Results

Fig. 2 shows the hologram for the first arrangement
described above. In this instance the holograms fringe
structure was predicted, using a point source approxima-
tion, to be of the form:
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Fig. 2. Recorded hologram of a compact radiating horn (aperture
diameter of 14.5 mm).
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where k, = 2n sin 0,/A, and 0. is the angle of incidence of
the reference beam with respect to a normal of the holo-
gram plane. We assume that the beam has no angular
phase component in the vertical plane, i.e. k), = 0.

Upon comparison of Fig. 2 with the predicted point
source hologram as given by (4), the recorded hologram
shows excellent agreement in terms of fringe periodicities
and curvatures. Thus, the field from a horn having dimen-
sions of a similar order of magnitude as the wavelength
may be indistinguishable from the field generated by a
point source, hinting at limitations in this form of imaging
at long wavelengths.

Using the simple model described in Eq. (1), diffraction
software was developed to calculate the field at various
planes in the image field, allowing for the analysis of
millimetre wave sources. Fig. 3 shows such a reconstruc-
tion, exhibiting the variation in beam width described by
Eq. (3).

In the very-near field of the hologram one can see
fringes formed by the interference of the object beam with
the reference beam. Because we assume a reference beam
having a horizontal wavevector i.e., k, = 0, the reconstruc-
tion mimics the superposition of a plane wave with the
quasi-spherical beam from the object, thus allowing for
the examination of the wavefront (see Fig. 4).

The reconstruction from the hologram of two radiating
horns also shows the entire field in front of the hologram,
and as with the previous example, the curvature of the
object field near the hologram can be seen through interfer-
ence with the reference field, showing the overlapping
spherical wavefronts’ of both object beams. This is a useful
result for the testing of lens antennas and horns.
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Fig. 3. Reconstruction of hologram in Fig. 2. The source was located at
550 mm from the hologram. Note scale is linear and the beam is
normalised on-axis to unity at all planes.
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Fig. 4. (a) Hologram of two vertically arranged horns; (b) reconstructed
field (vertical cut) and (c) Object field at 250 mm (dotted line) and its
original location 500 mm (solid line) from hologram plane.

Fig. 5 shows the hologram and reconstructed image of
an Eccosorb™ mask. The dimensions of the aperture as
quoted in the previous section are of a similar order of
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Fig. 5. (a) Hologram of ‘M’ shaped mask and (b) digital reconstruction at
objects original location.

magnitude to that of wavelength, showing that the lensless
imaging performed by holography can provide high-resolu-
tion imaging at these wavelengths.

4. Conclusion

We have demonstrated the use of numerical holographic
image reconstruction at millimetre wavelengths using a
straightforward and compact system with possible applica-
tions in the determination of the transmission characteris-
tics for non-conducting materials and objects. The ability
to calculate phase and amplitude information from a single
experiment shows promise in the analysis of millimetre-
wave receiver horns, particularly the determination of phase
centres, which is important for optimizing resolution on
astronomical telescopes.
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The evaluation of optical components at millimetre-
wave and terahertz frequencies can be very time consuming
and often requires the measurement of diffracted or
reflected fields at several planes. Here, we have shown
how from one experimental measurement, numerical tech-
niques can be used to reconstruct the entire output field
from a linear optical arrangement.

In the context of imaging, the results obtained show the
possibility of recovering high resolution for relatively small
objects with dimensions of the order of ~10/ in size. The
development of a similar system that would allow for the
holographic imaging of scattering or reflective objects is
being planned. This will have applications in a study of
the absorption and reflection properties of organic and
bio-medical samples at 100 GHz, and work is ongoing in
the development of an extension of this experiment in such
a direction.

It is worthwhile commenting that the optical processes
involved in holography, such as the formation of interfer-
ence fringes, are often more easily demonstrated using
longer wavelengths than with optical wavelengths. This is
due to the low sampling rate required to recover such
fringes (for example at optical wavelengths such fringes
are more difficult to recover with conventional CCD
recording systems). Thus at long wavelengths it is often fea-
sible to demonstrate the operation of novel optical schemes
(especially those relying on phase modulation of beams),
proving millimetre wavelength radiation to be as useful in
the study of classical and modern optical phenomena as
visible light in such recent topics as Bessel beams and opti-
cal vortices [14-16].

Recent papers have suggested the application of holog-
raphy in THz imaging using the high-power radiation pro-
duced by free-clectron lasers [17,18]. The power levels of
such sources (up to 600 W) could enable more sophisti-
cated medical imaging of highly absorbing organic tissue
to be realised.

Holography in the visible band has provided hundreds
of applications, either obvious imaging modalities, or more
abstract information and signal processing techniques.
With the rapid expansion of technology applicable to tera-
hertz and millimetre wave photonics, it is difficult to see

how holography cannot provide several further techniques
to these fields.
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