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Wide Field of View Inversely Magnified Dual-Lens
for Near-Field Sub-Millimeter Wavelength Imagers

Erio Gandini, Aleksi Tamminen, Arttu Luukanen, and Nuria Llombart

Abstract—A wide field of view inversely magnified dual-lens
system for sub-millimeter wavelength imagers is presented in this
contribution. The antenna is designed for near-field focusing, at
a range of 2.1 m from the primary aperture and to work in the
frequency range from 200 to 600 GHz. The half power beamwidth
is 0.27◦ (1 cm in the image plane) at 500 GHz, corresponding
to a focused antenna directivity of approximately 55 dBi. The
field of view is as large as ±25.4◦ (±1 m at the nominal range),
corresponding to a scan range of ±100 half power beamwidths.
The shapes of the lens surfaces are optimized to minimize the
phase aberration loss over the entire scanning range. Moreover,
the lenses are designed to be as thin as possible to limit the
dielectric absorption loss. The directivity reduction of the edge
pattern with respect to broadside is approximately 1 dB with an
efficiency of 56%, making this lens an excellent candidate for
imaging applications. The dual-lens system can be refocused by
displacing the secondary lens and shows an essentially unchanged
angular half power beamwidth over a refocusing range of ±50%
with respect to the nominal imaging distance. A demonstrator
was fabricated and the experimental results at 500 GHz confirm
the predicted performance.

Index Terms—Quasi-optical system, Sub-millimeter wave-
length, passive imager.

I. INTRODUCTION

THE European Union continues to want to improve the
security in airports. Sub-millimeter wavelength imagers

[1] represent promising instruments in this context because
they are capable of detecting concealed objects on moving
persons. Such imagers have been developed using active
[2]-[3] and passive [4]-[6] configurations. Since only a few
detectors coupled to focusing systems are used, these systems
rely on high performance mechanical scanners for generating
the images. The possibility of developing focal plane arrays
(FPA) with several thousands of kinetic inductance detectors
(KIDs) [7]-[9] opens a path for quasi-video rate and wide field
of view (FOV) passive imagers.

Future security airport systems will require fast image rate
(≥ 10 Hz) and to operate in a scenario as in Fig. 1, where the
image plane is located at relatively short distance, Rf = 2.1
m, from the aperture of the antenna. The required half power
beam-width (HPBW) is in the order of 1 cm, 0.27◦ at the
nominal range, corresponding to a focused antenna directivity
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Fig. 1. Schematic representation of the proposed near-field imaging system.

(see the Appendix) of approximately 55 dBi. The FOV has to
be compatible with a full body (DFOV = 2 m), 50.8◦ at the
nominal range. The edge pixel corresponds to a scan of 100
HPBWs.

The goal of this work is the development of a quasi-optical
system that can fulfill the antenna system requirements for the
described scenario. In particular, the proposed design can be
coupled to the FPA described in [10], which operates over
the frequency band ranging from 200 to 600 GHz. The two
main challenges are represented by: i) the large FOV combined
with very high directivity and near-field focusing; and ii) the
wideband requirement. Since the quasi-optical system focuses
in the Fresnel region, a mechanical based refocusing technique
will also be implemented for allowing high quality image at
different distances [11].

A. Wide Field of View Optics

In [12], a comparison table of the performance of the quasi-
optical systems of the state-of-the-art imagers for security
applications at sub-millimeter wavelengths was presented. The
discussed scenario is well beyond previous implemented sys-
tems. Indeed, standard optical systems using conical surfaces
cannot achieve these requirements. The effective FOV of
a canonical symmetric elliptical reflector with the required
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HPBW is only 1 m wide at a 2 m range (see Fig 4(a) in
[12]). The best reflector configuration, that leads to an effective
FOV of 70% of a canonical reflector, was shown in [13] to be
a Dragonian dual-reflector system [14]. However, the FOV of
this solution is limited to about 20◦ (±10◦) due to blockage
effects associated to the dual-reflector configuration.

The path towards wide angular FOV quasi-optical systems
is to use over-dimensioned optical components, with respect
to diffraction limited optics, combined with properly shaped
surfaces to reduce phase aberrations. This approach has been
implemented for toroidal single reflectors, but it was limited
to a single scanning direction [15] due to blockage and cross-
polarization effects.

For this reason, the proposed architecture is a lens based
system. In this case, no blockage occurs and, thanks to the
lens symmetry, it allows the use of over-dimensioned optical
components and shaped surfaces in all scanning planes. The
drawback is the introduction of dielectric losses, which can
become significant at sub-millimeter wavelengths. Therefore,
a trade-off between the phase aberration, i.e. directivity, and
dielectric losses will drive the optimization of the quasi-optical
system.

The bandwidth requirement (200 to 600 GHz) does not
allow the use of flat or Fresnel lenses since they are narrow
band. Angular FOVs comparable to the one required in the
current application were achieved by using aplanatic lenses
[16], bifocal lenses [17], spherical lenses [18], dual-lenses
[19] and other solutions with optimized surface shapes [20]-
[23]. Most of these designs exploit curved FPAs to achieve
low scanning loss. Moreover, the mentioned works describe
quasi-optical systems focusing in the far field with much lower
directivities than required, less than 40 dBi in all cases. In the
considered scenario, an additional challenge is due to the near-
field focusing configuration since both a linear phase (needed
for scanning) and a quadratic phase (needed for focusing in the
near-field) have to be controlled over the whole FOV, which
is defined on a plane and not over a sphere.

The paper is structured as follows. The design and op-
timization of the proposed inversely magnified dual-lens is
presented in Sec. II. The design considerations include both
phase and dielectric losses and the performance is compared
to a standard focusing lens. The refocusing capabilities of the
dual-lens system are discussed in Sec. III and the experimental
validation of the design at 500 GHz is shown in Sec. IV.

II. INVERSELY MAGNIFIED DUAL-LENS DESIGN

In this section, the design and performance of the proposed
dual-lens design are reported and compared to a standard
single lens system. It is known in optics, that the FOV can
be enlarged by increasing the lens diameter and thickness,
properly shaping its surfaces and adding focusing components
[24]. In general, the thicker the lens the better the scanning
performance because the path length error for the edge pixels
can be partially compensated. However, the dielectric absorp-
tion loss becomes prohibitive at submillimetre-wavelengths for
thick lenses.

A. Material Choice

The loss due to the lens material is caused by two main
factors: reflection at the air-dielectric interfaces and dielectric
absorption. High permittivity materials (i.e. silicon, ϵr ≈
12) can have low absorption loss, but have large reflections.
This can be alleviated by designing matching layers covering
the surfaces of the lens. However, the fabrication of such
layers is difficult in the current case since a large frequency
bandwidth is required. Therefore, low permittivity materials
are the preferred option, even if they present higher absorption
loss. A material that was found to have good performance at
submillimeter wave frequencies is TOPAS [25]. Its dielectric
permittivity, ϵr, and the dielectric loss tangent, tan δ, have
been measured using several samples [26]. It was found that
their average values are: i) ϵr = 2.33, tan δ = 5.16 × 10−4

at 250 GHz; and ii) ϵr = 2.33, tan δ = 7.08 × 10−4 at 500
GHz. Considering a low loss material, it can be estimated that
for a plane wave propagating normally into a TOPAS slab a
maximum thickness of 4 cm can be used in order to have an
absorption loss lower than 2 dB at 500 GHz.

B. Standard Focusing Lens

As a reference, a standard single lens focusing at the center
of the image plane has been designed using two hyperbolic
surfaces defined by their eccentricity and vertex distance. For
both the faces of the lens, the eccentricity is e =

√
ϵr. The

vertex distances are defined as: 2af = 2F/(1 + e) and 2at =
2Rf/(1 + e), for the surfaces facing the feeds and the image
plane, respectively. F and Rf are the distances between the
lens and the focal plane and the imaging range, respectively.

The lens was dimensioned to achieve the required HPBW,
∆θ = 0.55◦ and 0.27◦ at 250 and 500 GHz, respectively. The
lens diameter, considering a uniform aperture illumination, can
be calculated as D = 12.6 cm. Considering the curvature of
the lens surfaces and allowing no space between their edges,
the minimum central thickness is 2 cm. Such thickness is
used here as it represents the configuration that minimizes
the absorption loss. In order to evaluate the FOV of the lens,
PO simulations were performed using GRASP [27] with the
feed (a Gaussian beam with −10 dB taper at θe = 14.25◦,
corresponding to an f-number of 2) displaced in the focal plane
and tilted towards the center of the lens to minimize spillover.

The lens scanning performance was evaluated in terms of
focused antenna directivity (Equation A.1 in the Appendix)
and lens efficiency (Equation A.3 in the Appendix). These
parameters at 500 GHz are plotted in Fig. 2 (solid lines) as
a function of the scanning normalized by the nominal cross-
range (i.e. projected over the FOV) HPBW, ∆ρ ≈ λRf/D.
The standard lens guarantees good performance (less than 3
dB scan loss) for a very limited FOV, less than 50 HPBW
(considering symmetric scanning: ±25 HPBW). This is insuf-
ficient for the scenario of Fig. 1, where a scan of ±100 HPBW
is desired.

The 65% lens efficiency at broadside can be divided in
three main factors: i) spillover loss, 0.4 dB; ii) absorption
loss, approximately 1 dB; iii) reflections at the air-dielectric
interfaces that can be estimated to be approximately 0.4 dB.



3

Fig. 2. Performance at 500 GHz as a function of the scanning in the image
plane of the standard focusing lens of Sec. II-B and the inversely magnified
dual-lens of Sec. II-C. The black and gray curves correspond to the focused
antenna directivity and lens efficiency, respectively.

C. Inversely magnified dual-lens

The use of a dual-lens solution gives the advantage of en-
larging the number of air-dielectric interfaces that can be used
to minimize the phase aberration loss [24]. Here, we introduce
the concept of inversely magnified dual-lens, whose geometry
is shown in Fig. 3. In contrast with standard magnified quasi-
optical systems [12], it consists of a primary lens dimensioned
to achieve the required HPBW and a larger secondary lens.
The use of a large secondary optic allows the optimization of
the path lengths of the center and edge detectors differently
because these feeds illuminate different parts of the lens.

Several techniques have been proposed in the literature for
the optimization of lens shapes. In optics, the optimization is
typically based on ray-tracing [24] and in microwave, similar
ray-tracing solutions [28] or combination of ray-tracing and
physical optics (PO) [29] are used. Although PO represents
a more accurate technique, its application to the current
optimization process would be impractical because of the large
size of the optical elements being considered (the lens diameter
is larger than 200 wavelengths at 500 GHz). Therefore, a
technique based on ray-tracing is used here for the initial
optimization. A PO analysis of the optimized geometry is then
performed for a fine tuning of the performance and an accurate
evaluation of the radiated field properties.

In order to minimize the phase aberration loss, the four
surfaces of the lenses have to be optimized. Their profile is
defined as a conic surface plus higher order polynomials

z =
cρ2

1 +
√

1− (1 + k)c2ρ2
+

8∑
i=1

αiρ
2i (1)

where ρ and z are shown in Fig. 3, c is the curvature of the
surface, k is the conic constant and αii are the weights of
the terms of the polynomial expansion. The polynomial terms
on the right of Equation (1) are used to shape the edge of
the lens profiles. In particular, the surface shapes (S1s, S2s,
S1p, S2p in Fig. 3) and the distances l and F were used as
optimization variables. The thicknesses of the two lenses were
also optimized, considering that the sum of the two should

Fig. 3. Schematic view of the inversely magnified dual-lens system.

(a)

(b)

Fig. 4. Normalized patterns in the image plane of the inversely magnified
dual-lens system: (a) 250 GHz, (b) 500 GHz.
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TABLE I
GEOMETRICAL PARAMETERS OF THE DUAL LENS SYSTEM: (A) LENS AND SYSTEM SIZES, (B) SHAPE PARAMETERS OF THE SURFACE S1s , (C) SHAPE

PARAMETERS OF THE SURFACE S2s , (D) SHAPE PARAMETERS OF THE SURFACE S1p , (E) SHAPE PARAMETERS OF THE SURFACE S2p .

(a)

Dp (mm) Ds (mm) tp (mm) ts (mm) l (mm) F (mm) DFPA (mm)

134 170 15 25 75 226.5 240

(b)

c (mm−1) k α1(mm−1) α2 (mm−3) α3 (mm−5) α4 (mm−7) α5 (mm−9) α6 (mm−11) α7 (mm−13) α8 (mm−15)

0.0097 0.340 9.7×10−4 -1.9×10−8 1.2×10−13 -2.9×10−16 3.7×10−20 6.4×10−24 -4.1×10−29 -1.5×10−31

(c)

c (mm−1) k α1(mm−1) α2 (mm−3) α3 (mm−5) α4 (mm−7) α5 (mm−9) α6 (mm−11) α7 (mm−13) α8 (mm−15)

0.0136 -0.496 -3.2×10−3 -4.4×10−8 -5.2×10−14 -3.4×10−16 5.0×10−21 3.8×10−24 2.2×10−29 -7.7×10−32

(d)

c (mm−1) k α1(mm−1) α2 (mm−3) α3 (mm−5) α4 (mm−7) α5 (mm−9) α6 (mm−11) α7 (mm−13) α8 (mm−15)

-0.0089 1.297 6.3×10−3 4.1×10−7 1.9×10−13 3.3×10−15 3.2×10−19 -2.1×10−23 -2.1×10−26 -6.6×10−30

(e)

c (mm−1) k α1(mm−1) α2 (mm−3) α3 (mm−5) α4 (mm−7) α5 (mm−9) α6 (mm−11) α7 (mm−13) α8 (mm−15)

-0.0083 1.466 4.0×10−3 5.0×10−7 7.5×10−14 1.7×10−15 1.7×10−19 -5.0×10−24 -1.2×10−26 -5.8×10−30

Fig. 5. Variation of the focusing range, FOV size and 3 dB beam projection
on the image plane as a function of the displacement of the secondary lens.

not exceed 4 cm to have low dielectric absorption (see Sec.
II-A). The goals of the optimization are: i) minimization of
the phase aberration loss, ii) synthesis of the desired effective
f-number and iii) minimization of the beam deviation factor to
allow a uniform distribution of the feeds along the FPA. The
optimized geometrical parameters are summarized in Table I.
In order to improve the scanning performance, the diameter of
the primary and secondary lenses are both oversized compared
to the nominal value of 12.6 cm.

The achieved focused antenna directivity and efficiency at
500 GHz as a function of the scanning in the image plane are
shown in Fig. 2, dotted lines. The FOV enlargement obtained
with the proposed dual-lens solution is achieved at the cost of
introducing phase aberrations at broadside, corresponding to a
directivity loss of almost 1 dB with respect to the standard lens
of Sec. II-B. Despite the degraded performance at broadside,
the optimized dual-lens allows to significantly alleviate the
directivity reduction while scanning. The difference between
the directivity at broadside and the one for 100 HPBW scan

Fig. 6. Performance variation at 500 GHz as a function of the scanning for
the considered refocusing ranges. The black and grey curves correspond to
the focused antenna directivity and lens efficiency, respectively.

is as low as about 1 dB. The lens efficiency at broadside
of the inversely magnified dual-lens is approximately 52%,
slightly lower than the one of the single lens, because of the
thicker dielectric and two additional air-dielectric interfaces.
The discussed efficiency includes the spillover, that, in the
current case, is defined over the solid angle Ωe = 28.5◦ (see
Fig. 3). The spillover loss depends on the feed and in this
design is 0.4 dB (91% efficiency). Excluding this loss, the
lens efficiency increases to 56%.

The normalized radiation patterns projected on the image
plane of the inversely magnified dual-lens system are shown in
Fig. 4 at 250 and 500 GHz. The projected HPBWs at broadside
are 2.2 and 1.1 cm at the lower and higher frequencies,
respectively. In both cases, the field at the edge of the scanning
range is enlarged by a factor 1.3 and achieves the required
specification for future security imagers.
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(a)

(b)

Fig. 7. xz-cut of the field scattered by the quasi-optical system: (a) no refo-
cusing, (b) mechanical refocusing. The dot-dashed and solid lines correspond
to the ideal and actual cross-range HPBW, respectively.

III. REFOCUSED LENS PERFORMANCE

Since the quasi-optical system is designed for focusing in
the near-field, a refocusing mechanism has to be used to
change its operational focusing range [11]. In the current case,
the secondary lens can be displaced in the z-direction (see
±∆z in Fig. 3) in order to achieve an axial displacement of
the image plane. If no additional aberrations are introduced,
the quasi-optical system maintains the same angular HPWB
and angular scanning range while refocusing. This behavior
has two main effects when observing the fields projected
in the image plane: the cross-range HPWB and FOV are
narrowed/enlarged when the range is reduced/increased. The
focusing range and linear FOV variation as a function of the
secondary lens displacement are shown in Fig. 5, black curves.
The considered refocusing range corresponds to ±50% with
respect to the nominal focusing distance, Rf = 2.1 m. In
Fig. 5, the variation of the cross-range HPBW (∆ρ) is also
shown, grey curve. The achieved HPBW is compared to the
one given by -10 dB aperture amplitude taper, i.e 1.16λD [30].
The agreement between the simulated and ideal beam size is
excellent over the consider ranges.

The variation of the focused antenna directivity and lens
efficiency over the image plane is depicted in Fig. 6. The
directivity variation while refocusing to ranges longer than
the nominal one is stable and within 1 dB from the nominal

(a)

(b)

Fig. 8. Experimental configuration: (a) dual lens prototype, (b) measurement
setup.

results. The directivity is instead reduced by almost 3 dB for a
50% closer range. The lens efficiency does not show significant
variations over the considered refocusing range.

The need for a mechanical refocus of the optics is shown
in Fig. 7, where an xz-cut (see Fig. 1) of the field is depicted
for a feed in the center of the focal plane. In case of non-
refocused optics, Fig. 7(a), the field is collimated only over a
small interval in the z-direction. Since the quasi-optical system
is not focused, the field spreads rapidly while moving away
from that area, degrading the resolution of the imaging system.
Instead, when the secondary lens is displaced for refocusing,
Fig. 7(b), the cross-range HPBW is very similar to the ideal
one over the entire considered interval in the z-direction.

IV. EXPERIMENTAL VALIDATION

A prototype of the quasi-optical system was fabricated
and measured. The lenses were manufactured from TOPAS
material using a lathe. A photograph of the prototype is
shown in Fig. 8(a). The profiles of the fabricated lenses were
measured and the maximum surface inaccuracy was found for
S2s and it is almost 100 µm at the edges. The measured
inaccuracy was higher than specified, but its effects can be
compensated by changing the secondary lens location, as
shown below.

The antenna patterns were measured with a near-field xy-
scanner, Fig. 8(b). The measurements were performed at 500
GHz, and the patterns were measured at the center of the image
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(a)

(b)

(c)

Fig. 9. Measured broadside patterns projected on the image plane at 500
GHz and Rf = 1.8 m: (a) 2D-pattern in the image plane (b) x-cut, (c) y-cut.

plane for the three different ranges, Rf = 1.8, 2.1 and 2.5 m,
whereas the scanning performance was evaluated only at the
closest range. The nominal displacements of the secondary
lens for the three different ranges are ∆z = -4.5, 0, and +5
mm.

The proposed quasi-optical system can also be coupled to
FPAs made of absorber based KIDS [9]. In order to repro-
duce the broad angular response of bare absorbers detectors,
the measurements are done using open ended waveguides
(OEWG) with size 0.56 × 0.28 mm2 in both the focal and

(a)

(b)

(c)

Fig. 10. Measured patterns for 100 HPBW scanning at 500 GHz and Rf =
1.8 m: (a) 2D-pattern in the image plane (b) x-cut, (c) y-cut.

target planes. The photograph of the OEWG is shown in the
inset of Fig. 8(b). The radiation of such probes has been
simulated in GRASP by using a single mode OEWG, with
the same dimensions, radiating on an infinite ground plane.

A. Field Patterns In The Image Plane

The measured and simulated patterns projected at the center
and the edge of the image plane at the closest range, Rf =
1.8 m, are shown in Figs. 9 and 10, respectively, in the xy-
plane (see Fig. 1) and the principal cuts (x and y-directions).
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Fig. 11. Focused antenna directivity as a function of the scanning in the
image plane at 500 GHz.

The simulations were performed both considering the nominal
and the fabricated surfaces of the lenses. The 2D-patterns,
Fig. 9(a), show good symmetry for both simulations and
measurements. The x and y-cuts show that the measured and
simulated patterns are in excellent agreement when the fabri-
cated surfaces are considered. The quasi-uniform illumination
of the system causes an increase of the side lobe level (SLL)
with respect to the cases in which a Gaussian feed was used
to illuminate the optics (see Fig. 4). Considering the nominal
designed surfaces, the SLL is acceptable, approximately -12
dB, for both the principal cuts. However, the inaccuracy of
the fabricated surfaces results in an increase of the SLL to
approximately -10 dB. The HPBW of the central pattern is,
as expected, 0.25◦. The HPBW of the edge pattern is 0.33◦ in
the x direction, corresponding to an enlargement of a factor
1.3 compared to broadside.

The measured and simulated focused antenna directivities
computed using (A.1) for the closest range (Rf = 1.8 m) of the
designed dual-lens are reported in Fig. 11. The measurements
(grey crosses) are in excellent agreement, within 0.3 dB, with
the simulations including the measured surfaces (black dotted
line). Because of the fabrication inaccuracy, the measured
focused antenna directivity is reduced by 1 dB with respect to
the nominal one (black solid line).

B. Refocusing

The measured patterns projected at the center of the image
plane for the ranges Rf = 2.1 m and 2.5 m are shown in Fig.
12, solid and dashed lines, and compared to the corresponding
GRASP simulations. The measured and simulated patterns
are again in excellent agreement over the entire considered
refocusing range.

The directivity at broadside can be maximized by using the
refocusing capabilities of the dual-lens system. In particular,
the pattern at the center of the image plane at Rf = 1.8
m, both simulated and measured, for the most focused case
is reported in Fig. 12, dotted lines. The SLL is reduced to
-15 dB and the focused antenna directivity is increased to
approximately 56.5 dB (1 dB higher than the nominal case).

Fig. 12. Measured broadside patterns (x-cut) at 500 GHz at the ranges Rf =
1.8, 2.1 and 2.5 m. For Rf = 1.8 m, the position of the secondary lens is
optimized to achieve the best focus at broadside.

Although the quality of the broadside patterns is improved, this
configuration cannot be used in practice because the radiated
beam at the edge of the image plane is severely affected, with
a scan loss of 4 dB. An optimization of the lens position
was performed to maximize the focused antenna directivity
over the entire scanning range considering the measured lens
surfaces. This allowed the reduction of the SLL at broadside
to approximately -13 dB at the expenses of a 0.5 dB directivity
reduction at the edge of the scanning range with respect to the
original design. The optimized displacement of the secondary
lens for Rf = 1.8 m is ∆z = -7.5 mm and the simulated
directivity for this configuration is reported in Fig. 11, black
dot-dashed line.

C. Lens Efficiency

The lens efficiency does not depend on ∆z (see Fig. 6),
therefore it was evaluated for a single lens configuration (the
one of Fig. 12) at 1.8 m range. The corresponding measure-
ment setup is shown in Fig. 13 where a Pickett-Potter horn
[31] with an aperture diameter of 4.6 mm and gain of 26.5 dB
was used as receiving antenna. Considering that the receiving
antenna is smaller than the size of the beam radiated by the
lens system (10 mm), the incident field on the horn probe
can be considered a local plane wave, therefore a expression
similar to the Friis equation, as shown in (A.4), can be used
to evaluate the ratio between the received and transmitted
power, S21. As indicated in Fig. 13, the lens efficiency, ηlens,
can be divided in two terms, nominally, the feed dependent
spillover efficiency, ηSO, and transmission efficiency, ηt. As
in Sec. II, the spillover efficiency is calculated considering
the feed radiation included in the solid angle Ωe = 28.5◦. The
transmission efficiency includes reflections at the air-dielectric
interfaces and absorption loss. In the present configuration,
the simulated focused antenna directivity and efficiencies are:
DNF = 56.5 dB, ηSO = 8.6% and ηt = 60%. The S21
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Fig. 13. Considered setup for the efficiency evaluation.

calculated by using (A.4) is -21.3 dB and verified numerically,
whereas the measured one is higher and equal to -19.4 dB. The
main reason of the discrepancy is the lack of a measured and
calibrated OEWG model at this frequency, which may lead
to inaccuracies in the order of a few dBs in the spillover at
the first lens. Therefore, the difference in the measured and
simulated S21 is within the expected accuracy.

V. CONCLUSION

In this contribution, an inversely magnified dual-lens an-
tenna system at sub-millimeter wavelengths was presented. It
was designed to work in the frequency bandwidth ranging from
200 to 600 GHz and to focus in the near-field at a distance
of 2.1 m from the primary aperture.The design challenges
related to the large scanning range with high focused antenna
directivity and high efficiency were discussed in details. The
design achieved a focused antenna directivity of approximately
55 dBi at the center of the field of view. At the edge of the
considered scanning range of ±100 HPBW (50.8◦ angular
field of view) a directivity reduction of approximately 1 dB
was obtained. The HPBW for such large scanning angles is
enlarged by only a factor 1.3, allowing the use of the quasi-
optical system in security imagers with a constant resolution
over a FOV of more than 30000 HPBWs. The efficiency of
the dual-lens system, excluding the feed dependent spillover
loss, is 56%. A mechanical refocusing mechanism based on the
displacement of the secondary lens was also presented. Results
comparable to the ones at the nominal focusing distance were
obtained for a refocusing range of ±50%. The predicted
performance was successfully confirmed experimentally for
several ranges and over the entire field of view.
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APPENDIX

In order to evaluate the quality of the near-field focused
patterns (converging spherical wave), we can use a parameter,
referred here as focused antenna directivity, similar to the
directivity commonly used for far field operating antennas
(diverging spherical field) as it was defined in [32]. This
focused antenna directivity is evaluated at the image plane (in
the radiative near-field region) in the location of the maximum
of the radiated field, r⃗max using the same expression that is
used for the far field:

DNF =
4π | S⃗a(r⃗max) | r2max

Prad
(A.1)

where S⃗a(r⃗max) is the active component of the Poynting
vector and Prad is the power radiated by the lens, over an
hemisphere, Σmax in Fig. 1, centered at the lens and radius
rmax. Note that this value of near-field directivity is only valid
at that specific observation point.

Since the field, at the focus of a quasi-optical system, is
locally a plane wave, the power density crossing the image
plane can be expressed as:

S⃗a(r⃗max) =
1

2η0
| E⃗a(r⃗max) |2 r̂ (A.2)

where E⃗a(r⃗max) is the electric field orthogonal tor̂max (di-
rection of the maximum of the radiated field, see Fig. 1).

In order to evaluate the antenna focused gain, we need to
introduce the lens efficiency, which is calculated as follows:

ηlens =
Prad

Pt
(A.3)

where Pt is the total power radiated by the feed.
Both (A.1) and (A.3) are useful to express the power budget

of a near-field link in terms of standard far-field quantities
(i.e. Friis equation). In particular, if the receiving antenna is
significantly smaller than the size of the field radiated by the
lens in the image plane, the incident field can be regarded as
a local plane wave and the received power can be evaluated
as Pr =| S⃗a | Aeff , with Aeff being the effective area of the
receiving antenna. In this case, the ratio between the received
and transmitted power, S21, can then be calculated by using
the following expression:

S21 =
Pr

Pt
= ηlensDNFGrx

(
λ

4πrmax

)2

(A.4)

where Grx is the gain of the receiving antenna and λ is the
wavelength. Eq (A.4) applies when the lens is in the far field
of the receiving antenna.
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