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Abstract— Future sub millimeter imagers are being developed
with large focal plane arrays (FPAs) of lenses to increase the field
of view (FoV) and the imaging speed. A full-wave electromagnetic
analysis of such arrays is numerically cumbersome and time-
consuming. This article presents a spectral technique based on
Fourier optics combined with geometrical optics for analyzing,
in reception, lens-based FPAs with wide FoVs. The technique
provides a numerically efficient methodology to derive the plane
wave spectrum (PWS) of a secondary quasi-optical component.
This PWS is used to calculate the power received by an antenna
or absorber placed at the focal region of a lens. The method
is applied to maximize the scanning performance of imagers
with monolithically integrated lens feeds without employing an
optimization algorithm. The derived PWS can be directly used to
define the lens and feed properties. The synthesized FPA achieved
scan losses much lower than the ones predicted by standard
formulas for horn-based FPAs. In particular, an FPA with scan
loss below 1 dB while scanning up to £17.5° (~ %44 beam-
widths) is presented with directivity of 52 dBi complying with
the needs for future sub millimeter imagers. The technique is
validated via a physical optics code with excellent agreement.

Index Terms— Focal plane arrays (FPAs), Fourier optics (FO),
geometrical optics (GO), lens antennas, reflector antennas,
spectral techniques, submillimeter wavelengths.

I. INTRODUCTION

EW generations of imaging cameras at (sub)-millimeter
N wavelengths are emerging [1]-[8]. Large format fly’s eye
lens arrays coupled to antennas or absorbers-based detectors
are being developed for these cameras. For instance, cryo-
genic kinetic inductance detectors (KIDs) coupled lenses are
employed for passive cameras [3], [6]. Moreover, future high-
frequency communication systems will use integrated lens
antenna technology [9]. The next generation of submillimeter
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imagers are planned to have focal plane arrays (FPAs) with
over 1000 detectors to improve the overall image acquisition
speed. In all these scenarios, a full-wave electromagnetic
analysis, which includes the coupling between the quasi-
optical (QO) system and the detector array, is numerically
cumbersome and time-consuming. A typical approach for
analyzing such coupling in transmission resorts to the use
of the physical optics (PO) and simplified geometrical optics
(GO)-based techniques for antennas [10] and absorbers [11],
respectively.

In this article, we propose the characterization of wide
field of view (FoV) imagers via the derivation of their plane
wave spectrum (PWS) in reception. The approach simplifies
the design of the lens FPA since both the lens shape and the
feed radiation properties can be derived directly from the PWS
without the need of using an optimization algorithm. The opti-
mal radiation pattern of an antenna feed can then be directly
derived by applying a conjugate field match condition [12].
In the case of absorbers, their optimal angular response can
be derived by linking the PWS to an equivalent Floquet mode
circuit as in [13].

In [14], a numerical evaluation of the incident PWS in
a reflector system was described. A much simpler approach
using Fourier optics (FO) was proposed in [13] and [15]. Over
a limited applicability domain, the latter approach leads to
analytical expressions for the PWS for specific geometries for
broadside or slightly squinted incident angles. In this work,
we extend the FO approach for QO systems with multiple
components and wide-angle applications by combining it with
a numerical GO-based technique in reception. The analyses
in [13] and [15] were aiming to FPAs of bare absorbers.
Therefore, the derived PWS has not taken into account the
quadratic dependence of the focal field phase. Here, to prop-
erly include the coupling between two QO components in the
PWS field representation, especially for off-focuses cases, the
quadratic phase is efficiently introduced by applying a local
phase linearization around the observation point in the focal
plane.

The developed technique is then applied to the synthesis
of a wide FoV imager complying with the needs for future
submillimeter imagers for security applications [8], [16]-[18].
For these applications antenna gains of about of 50-60 dBi
are required [8] with about 100 x 100 beams.
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Various solutions have been proposed in the past to
improve the scanning performance of QO systems either
using Gaussian horn feeds combined with shaped reflector or
lens antennas [19]-[22] (with most of the cases over sizing
the radiating aperture) and/or determining an optimum focal
surface [23], [24], where the array elements are placed [17];
or by using array clusters of feeds to achieve a conjugate
field match condition with the focal plane field [25]-[27].
This work considers a relatively simple FPA architecture based
on a lens array. All the lens feeds are placed over a flat
surface, enabling monolithic integration at high frequencies.
The surface shape of the lenses is linked directly to the phase
of the incident PWS, while the radiation of the lens feeds is
matched to the amplitude of the PWS via a Gaussian model
approximation. For simplicity, the main reflector aperture is
modeled as a symmetric nonoversized parabola. The obtained
performances, validated via a conventional PO analysis, show
significantly lower scan loss than it would be obtained
by placing Gaussian horns in the optimal focal surface of
such reflector as in [17]. The proposed technique could be
easily extended to more practical reflector implementation
(e.g., a Dragonian dual reflector [28]) by linking the PWS
derivation to a GO field propagation in the reflector system and
adjust accordingly the lens surfaces, as well as in combination
with oversized shaped surfaces.

The article is structured as follows. Section II describes
the proposed FO/GO methodology to derive a PWS field
representation in a multi-cascade QO system, while Section III
extends this technique to wide-angle optics. In Section IV,
the methodology is applied to a fly’s eye lens array, and
Section V presents an application case. Concluding remarks
are given in Section VI.

II. COHERENT FOURIER OPTICS

In this section, a PWS representation, for the magnitude
and phase of the focal field is developed. This PWS is
derived for a generic QO component illuminated by a plane
wave, using a new coherent FO (CFO) approach. In [15],
the PWS represented only the magnitude of the focal field,
since the effort was focused on analyzing incoherent detectors.
Conversely, including the phase in the PWS is now essential
for accurately representing the coupling between multiple QO
components, depicted in the scenario shown in Fig. 1, or for
evaluating the performance of a QO system with a coherent
detection scheme. The phase can be efficiently introduced in
the PWS by applying a local linearization as shown in this
section.

Let us consider a generic focusing QO component illumi-
nated by a plane wave E, = E,pie” ik 7 with wave-vector
k As shown in Fig. 1, an equivalent FO sphere centered
at the focus of the component can be used to represent the
direct field, é,(p ), on the focal plane (z; = 0) in terms of a
PWS [13], [15]

Ll
L e—Jko
ey (pf) = 47

2R 27 +00 - - ]z -
— /0/0 Ero(k,)e/™ 7 kydk,da (1)
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Wave
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Fig. 1. CFO scenario: a focusing QO component is illuminated by an incident
plane wave. A PWS representation of the focal field impinging on a secondary
QO component (shown in the inset) located at pcro. The local reference
system at the neighborhood of pcro is also shown.

where R is the radius of the equivalent FO sphere, Ep =
ksin@p, with k being the wavenumber of the medium sur-
rounding the focal plane, and Ero (k,) is the PWS of the direct
field. The last quantity can be calculated as follows [13]:

Ero(f,) = 22—k x [Eoo(R) <R] )
Y

where R = 12,, + /1 —kg/kzz and R x [EGO(E) x R] is
the GO field component tangent to the equivalent FO sphere.
This GO field is defined over the angular sector subtended
by the optical system (6p in Fig. 1). This GO field can
be calculated analytically [13] when a parabolic reflector or
elliptical lens is illuminated by a slightly skewed incident
plane wave (6; < 11°). For larger illumination angles and for a
generic QO component, a numerical GO-based approach can
be employed [29]. Specifically, the field over its FO sphere
can be expressed as follows:

— t/r t/r
E’/"’GO(£ﬂ):[?/E-Ei(ﬁs)] (d AL Py ~ jkd,
S+p )(d +pt/l)
(3)

where 7/r represent a scenario involving a transmitting
(e.g., lens) or a reflective (e.g., mirror) surface, respectively;
E;(gy) is the incident field evaluated at the point gs of the QO

surface (see Flg 15 in the Appendix); T = rlplﬁ,L + r”ﬁ” ﬁl"
and R = R p-

L+ RIp A” A,” are the transmission and reflec-
tion dyads, respectlvely, L+ (RY) and 7! (R are the perpen-
dicular and parallel transmission (reflection) coefficients on the
surface, respectively; p; Hl ﬁf / ”) represents the polarlzatlon
unit vector of the transmitted (reflected) rays; p!/" and pj”
are the principal radii of curvature of the transmitted/reflected
wavefronts; d; is the length of the GO ray propagating from
the QO component to the FO sphere, Fig. 1. The expression of
the GO parameters in (3) for the transmission case is provided
in the Appendix. As for the detailed derivation of the reflection
and refraction cases, the reader is addressed to [30].

The integral in (1) resembles an 1nverse Fourier trans-
form which relates the spectral field E ro to the spatial
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Fig. 2. Parabolic reflector with D" = 141.440 and f; = 2 illuminated by
a plane wave with an incident angle of §; = 61o/D" = 2.43°: (a) quadratic
phase term and (b) FO spectrum. The insets illustrate the 2-D spectrum of the
0-component of the field, where left, middle, and right panels represent the
EFro, convoluted spectrum, and the shifted one, respectively. (c) Magnitude
and (d) phase of the electrical focal field. The gray region indicates the
applicability region of linearization approximation as stated in (12).

one, ¢7(py), except for the presence of the quadratic phase
term, e k0(1)*/@R) Ag an example for demonstrating the
importance of including the quadratic phase term into the
PWS representation, let us consider a parabolic reflector with

a diameter of D" = 141.44p, and a f-number f; =
The reflector is assumed illuminated by a TM,, polarized
plane wave with |Eyg| = 1V/m. The same scenario is going

to be analyzed throughout this article. As an example here,
an incident angle 6; = 2.43°, i.e., scanning the reflector by
six beams, is considered. The corresponding variation of the
quadratic phase term is shown in Fig. 2(a). The position of
the geometrical flashpoint, g, is also shown. We define the

geometrical flash point as the position of the peak of the
focalized field over a focal plane assuming that no higher order
aberrations are present, i.e., the beam deviation factor (BDF)
is 1. Fig. 2(b) shows the magnitude of the LHS of (2) along
k. = ksin@ when k}, = 0. By considering the quadratic phase
term constant and equal to the one taken at the flashpoint
(i.e., e /klPnl’/QR)) "the spectrum is flat over the reflector
spectral domain (solid black line). Fig. 2(c) and (d) shows the
magnitude and phase values of the focal field E;,, respectively,
along the x-axis in a region close to the flash point. The result
obtained when assuming constant quadratic phase term (solid
black line), as in [15], are compared against a reference
solution using a standard PO-based code (dotted blue line).
It is evident that the magnitude of the focal field is accurately
represented, but the phase is not.

To properly represent the phase, we can rewrite (1) as the
product of two spatial functions

ér(py) = %éb(ﬁf)FT*l{EFO (—’gp)} )

where ¢(p r)=e"’ kol7r*/@R) g the quadratic phase term, and
FT™ 1{E ro(— k )} represents the inverse Fourier transform of
E ro(— k »)- The spatial field in (4) can then be expressed as an
inverse Fourier transform of the function EC FO (—Ep), referred
here as the CFO spectrum

2 +oo
ér(py) = 4n2 / / ECFO

Specifically, the CFO spectrum is given by
ECFO (];p): (I)(IEP) * EFO (—i(;) (6)

—k )e’kﬂ Prk,dk,da. (5)

where * is the convolution operator, and CD(/E,)) is the Fourier
transform of the quadratic phase term, which can be expressed
analytically as

- 1\’ (22R\ _ix jzli|
q)(k,,):(g) (T)e it ikl %)

With reference to the previous example, the gray curve of
Fig. 2(b) shows the variation of the magnitude of the CFO
spectrum. The spectrum is now highly oscillating and shifted
with respect to the one of the FO approximation. In Fig. 2(c)
and (d), it is shown that both the magnitude and phase of
the focal field are accurately calculate using (5). However,
due to the oscillations present in the convoluted spectrum [see
Fig. 2(b)], the numerical convergence of the integral in (5) is
more demanding than the one in (1).

We can simplify the calculation of the CFO spectrum by
approximating the quadratic phase term with a linear one
which accurately represents the field only at the surrounding of
a specific position in the focal plane. This position is referred
to as the CFO position, pcro. This approximation is achieved
by introducing a new reference system in the focal plane
centered at this position, where p’ = p; — pcro (see Fig. 1),
and retaining the first two terms of the Maclaurin series of the
quadratic phase argument

- 2 - 2 - >/

15/] lpcrol PCFO - P
k ~k k .
0or TR TRTTR

(®)
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Fig. 3. (a) Applicability region of phase linearization approximation for
different parabolic reflector f-numbers versus its linear dimension. The solid
and dashed curves correspond to the phase linearization, and a constant phase
at fj s, approximations, respectively. The latter limit is shown for a parabolic
reflector scanning to six beams. (b) Validity region of the FO method, when
analyzing a parabolic reflector with diameter D" = 141.41¢, versus the
position of the FO sphere centered in the focal plane.

The result of this linearization is shown in Fig. 2(a) (dash
red line), where pcro = p fp 18 cﬁhosen. The Fourier transform
of the quadratic phase term, ®(k,), can be approximated as

cp(iép):e—fkwa(—ip ~Kero) )

where lcho = (k/R)pcro. Therefore, the convolution oper-
ation in (6) simply results in a shift of the FO spectrum
along lécm. Then, the focal field can be evaluated in the new
reference system via

- 1 2 +oo . o,
(7)) = 1= i /0 Ecm(—kp)ef"ﬂpkpdkpda (10)

where the CFO spectrum is approximated as follows:

= - . klp, 2 - - . T\~
Eero (kp) o Alﬂc;eo\ Ero (kCFO —kp)ej (lzcm%ﬂ)pcm. (11)

When examining Fig. 2(b), we can notice that the approx-
imated CFO spectrum (dash red line) has a spectral domain
similar to the one calculated by using (6), but without oscil-
lations. In Fig. 2(c) and (d), both magnitude and phase of
the spatial field are reported (dash red line), respectively. The
agreement of the obtained results with the one of the PO
solution (dash blue line) is evident. The gray region shown
in these figures corresponds to the applicability region of the
approximation (8). This region is defined as a circle, centered
on pcro, with diameter D¢\, where a maximum phase error
of /8 is allowed in the quadratic phase term

Dfsl
Dty =2, Pl

where D and fu are the diameter and the f-number of the
corresponding QO component, respectively. It is worth noting
that this applicability region does not depend on the chosen
CFO position, pcro. Fig. 3(a) shows the diameter of this
applicability region for a few f-number cases of a parabolic
reflector versus its diameter D". It can be noted that as the
reflector f-number increases, the number of beams that could
be analyzed using (8) decreases. For comparison, the dashed
curves in the figure show the applicability region of the
spectrum in (1) when a constant quadratic phase evaluated at
pr = pyp is considered. In the latter case, applicability region
depends on the chosen py,, and the approximation can only
be used for a region close to the origin, and small f.

12)

The diffractive coupling between a primary QO component
and a secondary one, as shown in Fig. 1, can be represented
using the PWS in (11). The focal field of this secondary
QO component can also be represented using (1) and (2).
In this case, the GO field at the FO sphere of the secondary
QO component, £, (k;“), is calculated by propagating each
incoming plane wave from the spectrum of the primary QO
component to the FO sphere of the secondary component. As a
result, E P (I;;“) is the summation of the contribution of each
plane wave from the spectrum of the primary component.

A. Coupling of the QO System to Antenna Feeds

Once the PWS of a QO system is derived, the coupling to
antenna-based feeds can be analyzed resorting to a reception
formulation [12] where the equivalent Thévenin open circuit
voltage V,. of each antenna can be evaluated as follows:

[Voelol = %/02” /0+oo EjF(Ep) -Ecro (&)kpdkpda

13)

EFF is the far-field radiated to the FO sphere, by the antenna
when equivalently fed by a current of Iy; and ¢ is the wave
impedance of the medium in which the antenna is embedded.

The power delivered to the load of the receiving antenna
can be calculated as Piuqg = |Vioelol?/(16Prag), Praa being
the total power radiated by the antenna when fed with the
current /. The power delivered to the feed is maximized when
its far-field is equal to the conjugate of the CFO spectrum. This
condition is referred to as the conjugate field match condition.

After calculating the power delivered to the load, one can
estimate the aperture efficiency of the entire QO system as
'75; = Pioad/ Pinc, Where Py = 0o5|E0|2AQ0/CO; (o is the
free space impedance, Ey is the amplitude of the plane wave
incident on the main QO component, and Ay is its physical
area. .

By using reciprocity, the electric field, E¢o, that the same
antenna feed would radiate in (Rpp,Orp, ¢rr), at a far
distance from the QO system, can be evaluated as follows:

EQO(RFF, Orr, ¢rr)
_ kOCOIO e*jkORFF
o E() 47[ RFF

(Vi Orr, drr)0+V,.E Orr, drr)d)
(14)

where V2" TE are the induced Thévenin open circuit voltages,
(13), for a TM/TE polarized plane wave impinging on the main
QO component from the (Opr, drr).

III. WIDE-ANGLE OPTICS

The method reported in Section II can accurately represent
the PWS of a QO component within the FO applicability
region introduced in [15]. However, this region limits the
maximum size of an FPA under analysis. In this section,
we extend the CFO method derived previously to cases where
the FPA is larger than this applicability region.

For this purpose, we divide a large FPA into subre-
gions where at the center of each subregion an FO sphere
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Fig. 4. Schematic representation of the mth off-focus FO sphere placed in
the focal plane of a focusing QO component.

(off-centered) is placed, as shown in Fig. 4. The GO field is
then evaluated over the new sphere. The maximum subtended
angle of the sphere (6,, in Fig. 4) is then defined by the region
where GO field exists. Once the center of the reference system
is changed to Oy, identical steps to the ones described in
Section II can be taken to derive the PWS.

The validity region of the FO representation is directly
proportional to the radius R, chosen for the FO sphere [15].
Moreover, the field tangent to an off-focus FO sphere can
be approximated by using the GO ray propagation when the
surface of the sphere is far from the caustic points of the
geometry (where the focal field is maximum). Specifically,
the GO representation is accurate when the radius of the off-
focus FO sphere is greater than the depth of focus, Azyppw =
1.77F/Np, where Np = D/(4Afs) is the Fresnel number.
Therefore, to maximize this radius, it is convenient to define
R,, as the z-position where the off-focus sphere is tangent to
the surface of the QO component (see Fig. 4). For this case,
the maximum rim angle for the mth off-focus sphere can be
expressed as follows:

A D
00| + 2

,, = atan (15)

m

where |5m| indicates the distance of the center of off-focus
FO sphere, in the focal plane, from the QO component
origin.

As example cases, we considered a parabolic reflector with
D" =500/ and f; =4, or one with f; = 0.6, illuminated by
a plane wave impinging with an angle far from the broadside.
The normalized focal field for these two cases is shown
in Fig. 5, and compared, with an excellent agreement, with
a standard PO-based approach.

The FO representation of the focal fields can be derived
by performing approximations in the PO radiation integral as
described in [15]. Specifically, approximations are performed
on magnitude, vector, and phase terms in the integrand. The
applicability region for the FO method can then be derived by
imposing a maximum acceptable value for the error committed
in these approximations, ¢ for the magnitude and vector
cases, and &g for the phase. By following the same steps as
in [15], for the mth off-focus FO, one can define the following
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Fig. 5. Magnitude and phase of the x-component of the electric field at the
focal plane of a parabolic reflector with D" = 5004¢ and (a) and (b) f; =4 or
(c) and (d) f; = 0.6. The plane wave impinging angle is 6; = 6049/D", and
the off-focus FO sphere is placed at O,, = 504 f; X. Gray region indicates the
applicability region of the FO approximation (16). The cross mark represents
the estimated flash point position, calculated by using the method described
in Section V-B.

validity regions:

Dpom = 2min ERm,

(16)

1 gqyiRm
sind,V =

Fig. 3(b) shows the validity region of the off-focus FO for
reflectors with different f-numbers assuming ¢ = 0.2 and
ep =m/8 as in [15]. As it can be easily seen, the broadside
FO validity region is larger for greater f-numbers. However,
for reflectors with large f-number this region decreases more
rapidly as the sphere is farther away from the focus. This is
due to the fact that 1/sin6,, grows rapidly when the reflector
f-number is large. It is worth noting that following similar
steps, one can derive the FO applicability region in the vertical
direction with respect to the focal plane (z, in Fig. 4) as
described in [30]. This vertical applicability region can be
extended further by displacing the center of the equivalent FO
sphere in the z-direction. This extension leads to the possibility
of analyzing non-FPAs such as imaging reflector antennas for
satellite communications [31].

IV. FLY’S EYE LENS ARRAY

In this section, it is clarified how the proposed CFO method-
ology can be applied to FPA based on lens antennas. The
geometry of the problem is sketched in Fig. 6.

By extending the applicability region of the FO method,
see (16), a large format lens-based FPA such as the one
in Fig. 6 is divided into several regions. In the middle of each
region an off-focus FO sphere is centered. Around the apex
position of each lens element, a local phase linearization is
performed, see (8), where pcro = 56”&’ is chosen. As the
result, the PWS of the reflector, £/, (k}), is derived at the
surrounding of the lens element. Each plane wave of this
spectrum is propagated using a GO approach to an FO sphere
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Fig. 6. Tlustration of an off-focus CFO scenario with a lens-based
FPA coupled to a parabolic reflector. Inset shows a dielectric lens under
consideration.

defined inside the lens element as shown in the inset of
Fig. 6, as

ElGeig PW(kl kr)

P p

Eref (]-C*,)ej;;;gg P1P3 e
rony (d! + pi) (@ + p3)
where ¢! is the corresponding point on the lens surface, and d!
is the length of the corresponding transmitted GO ray between

the lens and FO surface (see inset of Fig. 6).

To derive the PWS of the lens fed by the reflector, the GO
fields in (17) are coherently summed

Elens kl //
QFO

where Qpp is the integration domain which is the entire
angular region subtended by the off-focus FO sphere of the
reflector.

When the plane waves impinging on the lens are charac-
terized by small incident angles, i.e., 8, < 11°, the GO field
can be approximated (with a 20% maximum error in the field
magnitude estimation) as follows [13]:

Egr(z)s PW(kL, k;)NElens PW(kl O)efj§i~Ap$(l+5é) (19)

= —ik.d
= T - ,/kde

a7)

Iens PW kl kr)krdkrda (18)

P p

il ! ! . . .
where the term e_fkﬁ'Api(“";“) indicates the linear and the

coma phase shifts; A_;f =R l%;i / kg represents the flash-point
position, when assuming BDF = 1; J.(0') = e(cos®' —
cos0))/(1—e cos 0') where e is the eccentricity of the elliptical
lens. The condition §; < 11° and the FO limit given in (16)
define the validity region of (19).

To check the validity of the above methodology, let us
consider the same reflector geometry described in Section II
but including an FPA of elliptical lenses. In Fig. 7, the sub-
figures to the left panel represent the field at the focal plane
of the reflector, i.e., the direct field on the top of the lens-
based FPA. The corresponding direct field cross section in the
ps — Z; plane, including the position of the lens, is shown
in each inset. In the middle and right panels, the magnitude
and the phase of the field at the focal plane of a lens are
shown, respectively. Fig. 8(a)—(c) considers the same parabola
as in Fig. 2, and a lens with diameter D' =2 fi, while for

Fig. 7(d) fi = 0.6 and D' = 420 fi. The f-number of the
elliptical lens is defined as ff = R'/D' (see inset of Fig. 6),
and in all the four cases fé = 0.6 (i.e., the lens is truncated).

In Fig. 7(a) and (b), the lens under analysis is positioned at
the focal plane of a reflector at p,,, = 81¢fiX, the plane
wave angles of incidence are 6; = 81¢/D" and 104,/D",
respectively. The results are compared to those obtained using
a standard PO for the left column and multi-surface PO for the
rest. The multi-surface PO code is based on the formulation
described in [32]. The excellent agreement inside the validity
region of the FO is evident. The radius of the central FO
applicability region for the discussed parabolic reflector is
approximately 10.54¢ f;. To demonstrate the necessity of a
CFO representation for the reflector’s focal field, in Fig. 7(a)
the lens focal field is also calculated assuming a constant
quadratic phase term in the spectrum of the reflector focal
field (1). From this figure, it is evident that one commits a
large error in analyzing the coupling of the lens to the reflector
by not accurately describing the quadratic phase term.

In Fig. 7(c) and (d) scenarios which involve off-centered
FO spheres in the x-direction are considered. The lens under
analysis is positioned in the focal plane of the reflector at
Pant = 4040 f4% and the reflector is illuminated by a plane
wave with an incident angle of §; = 401¢/D". In Fig. 7(d),
the propagation to the lens FO sphere requires the use of the
numerical GO, given in (18), since ¢ > 11°. The agreement
with the multi-surface PO evaluation is very good for all case.

V. WIDE FoV WITH NONHOMOGENOUS
LENS ANTENNA ARRAYS

It is well known that the scanning capabilities of reflector
antennas are limited for large off-broadside angles. FPAs of
homogenous (i.e., identical) horns or lenses have scanning
properties proportional to the size of the beam illuminating the
focal plane. In [17], formulas to derive the FoV (defined with
a 3 dB scan loss criterion) were given for opto-mechanical
imaging systems. At low frequencies, the use of feed clus-
ters has been proposed to enlarge the FoV [25]-[27]. Here,
we investigate, instead, the possibility to enlarge the FoV
by properly designing lens-based feeds (lens dimension, lens
surface, and lens feed). The concept is applied to an FPA where
the elements will be nonhomogenous. The feeds of the lens
array are placed over a flat surface to facilitate a monolithic
integration at high frequencies.

For lens elements close to the focus of the reflector,
the quadratic phase in (1) and the coma phase in the associated
reflector CFO spectrum are not significant, and a homogenous
lens array can be used with negligible scan penalty.

For mm- and subwavelength systems, the use of large
f-numbers (fz > 1) is common due to their intrinsic larger
scanning property [23]. In these cases, the quadratic phase
term is the dominant source of error for off-focus lenses and
the CFO has a dominating linear phase term. To achieve a
conjugate field matching condition, the lens feeds should be
laterally displaced along the lens focal plane with respect to
the lens focus. For elements even farther away from the center,
the CFO spectrum contains higher order phase terms. These
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Fig. 7.

x-component of the electric field along the x-axis. Left panel: magnitude of the electric field evaluated on the focal plane of the parabolic reflector.

In its inset, the 2-D reflector focal field and the lens position are shown. Middle and the right panel: the magnitude and phase of the electric field are evaluated
on the focal plane of an elliptical lens, respectively. (a) Reflector is scanning eight beams, the lens is located at jun, = 840 f4 £, and the lens diameter is
D' = 240 fi; (b) scanning ten beams, fan = 8o f4 £, and D = 220 fi 5 () scanning 40 beams, pu,; = 4040 f; X, and Dl = 270 f; resorting to the off-focus
FO approach; (d) same number of beams scanned and g, as (c) but fi = 0.6 and D! =4) fi- In all the cases, fﬁ’, = 0.6. Gray, blue, and orange regions
indicate the applicability region of FO approximations (16), the one of the CFO (12), and the position of the lens in the focal plane of the reflector, respectively.

phase terms lead to a widening of the beams impinging on the
lens array. To improve the coupling to these distorted fields,
one can first enlarge the lens diameters (amplitude matching)
and introduce a nonrotationally symmetric lens feed. Second,
the phase of the distorted CFO spectrum can be matched
by reshaping the surface of the lenses. Fig. 8 schematically
describes a possible composition of an optimum FPA. Here,
different regions, filled with different types of lenses, have
been identified.

As an application case, we consider a scenario compatible
with wide-angle QO systems used in the state-of-the-art com-
pact imaging systems [8], [16]-[18] where antenna gains of
about of 50-60 dBi are needed with about 100 x 100 beams.

As the baseline for the design of the FPA, we consider
a silicon elliptical lens (e;; = 11.9) of variable diameter and
coated with a standard quarter wavelength matching layer with

TABLE I

GEOMETRICAL PARAMETERS FOR THE SCAN LOSS EXAMPLE

D" fi

freq.

141.44, 2

340 GHz 1

relative permittivity of ¢, = /¢,; = 3.45. The parameters
of the considered reflector coupled lens antenna are listed
in Table I. The far-field of linearly y-polarized lens feeds is
modeled via a Gaussian beam as follows:

-

EFF _ ane’[(%)er(

a

)

%) } (sing'd’ +cos¢'d')  (20)
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Fig. 9. Normalized electric field in the focal plane of the parabolic reflector
when scanning O (broadside), 15.5, 23.5, 34, and 43.75 beams. The shaded
regions represent the FO applicability regions. The edge taper level of the
field intercepted by a lens element is also shown as an example.

where u = sin 6’ cos gb’, and v = sin 8’ sin (/ﬁl; E.=1V/m is
a normalization factor; uo and v( are chosen in such a way that
the antenna far-field matches the CFO spectrum at —11 dB
normalized level. The Gaussian patterned antenna feeds are
placed at the lower focus of each elliptical lens.

Fig. 9 shows the field on the reflector focal plane when 0
(i.e., broadside direction), 15.5, 23.5, 34, and 43.75 beams are
scanned. The maximum of the focal field for each considered
scanning position is located inside one of the validity region of
the central, first, second, and third off-focus FO sphere located
at 5,,, = 18240 f4 X, 32.340 f4 X, and 44.41, f;; X, respectively.
When the reflector is scanning 15.5 beams, the focal field
exhibits asymmetric sidelobes, due to the coma phase terms
as described in [13], while scanning 23.5, 34, and 43 beams
the first two side lobes and the main lobe of the focal field
are merged, due to higher order phase errors.

In Fig. 10, the scan loss of this incident focal field is
shown (solid gray line). The circle mark represents the number
of beams scanned [N; = 6;/(D"//¢)] through the parabolic
reflector before reaching a scan loss of 3 dB. The value is
obtained by using eq. (3) of [17]. It is worth noting that
the incident scan loss curve (solid gray line) calculated here
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Fig. 11. Magnitude and phase of the CFO spectrum of the reflector (top row)
and the lens (middle row). The far-field of the lens feed is also shown
in the bottom row. (a) Central element of the homogenous lens array with
identical feeds; (b) element 15.5 beams from the center of the homogenous
lens array with displaced feed; (c) element 23.5 beams from the center of the
nonhomogenous lens array; (d) element 43.75 beams from the center of the
nonhomogenous lens array.

matches the standard formulas, and it is in line with the
approximations available in the literature.

In the following subsections, the four FPA regions identified
for optimizing the scanning performance of the reflector sys-
tem are described. In the top row of Fig. 11(a)—(d), the magni-
tude and phase of the CFO spectrum of the parabolic reflector
is shown for several of the cases in Fig. 9.
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A. Region 1: Homogenous Lens Array With Identical Feeds

In this region, the diameter of these lenses is chosen
as D! = 2J)of; which roughly corresponds to the width
of the main beam of the reflector focal field when looking
at the broadside direction. In Fig. 11(a), the CFO spectrum
of the lens is compared to the corresponding one calculated
from the antenna far-field, when the lens element is placed
at the reflector focus. It can be noted an excellent matching
between the two fields (middle and bottom rows). As a
result, the aperture efficiency for the central array element is
about 80%.

Fig. 10 shows the scan loss when an array of homogenous
lenses with identical centered feeds are considered (solid black
lines). It is worth noting that for this lens array the scan loss
reaches 3 dB only after scanning 23 beams.

The rapid increase of the loss is due to the phase mismatch
between the CFO spectrum and the antenna far-field. This
phase mismatch is mainly due to the quadratic phase of the
reflector focal field. One can calculate the quadratic phase
difference over a lens surface as |(I)Z—(D%| = |(kolpal?/2R")—
(kolpr|*/2R")|, where p4 and pp represent the edge positions
of the lens element on the reflector focal plane; R” is the radius
of the reflector FO sphere. Imposing a maximum of 7 /2 phase
difference leads to a scan loss of 0.5 dB. Taking this scan loss
value as the limit, the maximum number of beams scanned by
homogenous lens array (i.e., with identical uniformly spaced
feed elements) defines the limit for this region as follows:

1 _ Pmax _ D’
max j«(]f; 8&0]‘#{‘ °

In Fig. 10, this region is marked with a yellow color.
As expected, at the edge of this region, the identical element
array exhibits about 0.5 dB of scan loss. Within the region
identified by (21), the architecture of the proposed optimum
lens-based FPA is also synthesized using identical elements.
The scan loss of this array is also shown in Fig. 10 (blue line).

2y

B. Region 2: Homogenous Lens Array With Displaced Feeds

For elements farther away than N! ., see (21), the CFO
spectrum exhibits a linear phase as can be seen in Fig. 11(b).
One can conjugate match this phase term by displacing the
lens feeds laterally in their respective lens focal planes. In this
second region, the diameter of the lenses is kept constant over
the array (D' = 20 f}) since higher order phase terms are
still not relevant.

The optimum position for each antenna feed is determined
by using the CFO spectrum of each lens. Specifically, by find-
ing a position on the focal plane where the phase of the
PWS is minimum, one can estimate where the maximum
of the focal field is located, i.e., the flash-point posmon
To do so, an error function e(k ) = CD(k )+ k <Py s
defined, where (I)(k ) is the phase of ECFo(k ). The flash
point position, p fp> 1s then estimated as a position on the
focal plane where the sum of this error function over the
whole k set (limited by maximum subtended angle of the FO
sphere), i.e.. [[5r0 e(kp)k dk,d,, is minimum. To validate
the methodology discussed here the example case defined
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Fig. 12.  Geometrical parameters of the synthesized nonhomogenous lens
array. (a) Gaussian feed parameters (black curves) and feed displacement in
the lens focal plane (red curve). (b) Diameter of the lens elements (black
curve), and edge taper level for each lens for the worst case 1-D cut over its
surface. The yellow, green, and orange regions represent the identical (21),
displaced (22), and enlarged elements (23) regions, respectively.

in Fig. 5(a) is considered. The flash point position of the
scenario is estimated at ﬁ} = 60.38/1¢ f; X. This position is
shown in Fig. 5(a) with a cross mark. As it can be seen, this
method successfully estimated the flash point position in this
wide-angle scenario.

As shown in Fig. 11(b), for an element 15.5 beams away
from the center of the reflector focal plane both the magnitude
and phase of the incident field and the antenna far-field
are well-matched reaching an aperture efficiency of 76%.
Fig. 12(a) summarizes the optimum feed position (indicated
in Fig. 8) using the procedure described above.

The limit of this region is associated with the higher order
phase distortions in the reflector CFO, specifically the coma
error. By using the formula derived in [13], for the estimation
of the coma phase in the PWS of a parabolic reflector,
one can calculate a maximum number of beams scanned by
the displaced feeds reaching at most 0.5 dB of scan loss,

as follows:
2
Ny = (f; + \/fé'2—0~25) .

In Fig. 10, this region is marked with a green color. Within
this region, the architecture of the proposed optimum lens-
based FPA is synthesized using the homogenous lens array
with displaced feeds. The scan loss of this array is shown
in Fig. 10 (blue line). As expected, at the edge of the region
identified by (22), this array exhibits about 0.5 dB of scan loss.
The performance of the homogenous lens array with displaced
feeds is significantly improved with respect to the one with
identical elements (black line).

(22)

C. Region 3: Nonhomogenous Lens Array

For elements farther away than N2, see (22), the diameter
of the lens elements should increase to compensate the widen-
ing of the reflector focal field due to the higher order phase
distortions. As shown in Fig. 9, this focal field is asymmetric in
this region. We define a larger rim (i.e., diameter) for the lenses
in this region by finding the contour of the reflector focal field
at a certain level with respect to its maximum, referred here as
lens edge taper level. As an example, Fig. 9 shows that a lens
element close to edge of the FPA is defined with an edge field

taper level of ~ —7 dB. An automatic procedure is established
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to define the lens rim for every element by initially using a
—11 dB edge field taper. However, as mentioned in Section III,
the FO validity region is also limited in the vertical direction.
Therefore, the considered lens heights and consequently their
diameters are limited. In the described example scenario,
this maximum lens diameter is ~ 54 f;. The implemented
automatic produce limits the diameters to this number, and
consequently, the obtained edge taper levels are reduced at the
edge of the array. Fig. 12(b) shows the obtained lens diameters
and field edge levels for the considered scenario. The reported
edge taper level is for the worst case of the 1D cut over the
lens surface, e.g., for scanning in x-direction along x; when
¥y = 0. As a consequence, the Gaussian beam waists in (20)
will be different now in the two main planes.

Fig. 11(c) shows, for the lens element located 23.5 beams
away from the center, that the field match between the lens
CFO and Gaussian feed is very good, both in magnitude and
phase. Fig. 12(a) and (b) summarizes the optimum Gaussian
feed parameters and lens diameters and for all regions, respec-
tively. By using the formula derived in [17], one can calculate
the maximum number of beams scanned in this region with a
scan loss below 0.5 dB, as follows:

3/ Fr r

N —3sYE [P

max 2 i

In Fig. 10, this region is marked with orange color. Within

this region, the proposed optimum lens-based array is syn-

thesized using the design steps described in this subsection.

As expected, at the edge of this region, the array exhibits about
0.5 dB of scan loss.

(23)

D. Region 4: Nonhomogenous Array With Shaped Lens
Surface

For elements farther away than N>, see (23), the CFO
spectrum cannot be matched with a translated nonsymmetric
Gaussian lens feed. Fig. 11(d) shows a significant difference in
phase distribution between the two, leading to about 5 dB scan
loss for this case. To improve this scan loss, one can reshape
the surface of the lens to remove the higher order phase
terms on the lens CFO. Specifically, the difference between the
phase of the elliptical lens CFO spectrum and the translated
nonsymmetric Gaussian lens feed, referred to as the hologram
phase, is approximated by a Zernike expansion [34], [35].
The surface of the elliptical lens is then modified using the
following expression:

Zy(p, )
kdz - kO

where d,, is the modification of the height of the lens
(see Fig. 8); p and ¢ represent positions on the lens surface;
Zy, is the Zernike approximation of the hologram phase; and
ky. = kycos@' is the z-component of the wave-vector in the
lens material.

In the region outside the one identified by (23), the pro-
posed optimum lens-based array is synthesized according to
the design steps described in this subsection using enlarged
lens elements with modified elliptical surfaces. The scanning
performance of this array is shown in Fig. 10 (blue line).

dn(p, ) = (24)
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Fig. 13. Shaping the surface of the lens element scanning 43.75 beams.

(a) Zernike expansion of the phase needed to be compensated, i.e., the
hologram phase. (b) Required modification on the lens surface.

TABLE I
APERTURE EFFICIENCY OF THE ARRAY ELEMENTS

Sec. V.A Sec. V.B Sec. V.C Sec. V.D
Broadside 15.5 beams 23.5 beams 43.75 beams
Proposed
CFO 80.0% 75.8% 72.8% 67.0%
method
GRASP 78.8% 75.4% 70.7% 64.2%

As an example case, the surface of a lens element located
at ﬁ} = 43.75)¢ fi X is considered. First, the hologram phase
for this example case is calculated. Second, this phase is
represented by a Z"=3) Zernike expansion, Fig. 13(a). Finally,
the required height modification over the elliptical shape is
calculated using (24), Fig. 13(b). The required modification of
the lens surface is within the specifications given by commer-
cial silicon micro-machining companies [36]. By reshaping the
surface of this lens element, the system scan loss is improved
from 5 to 1 dB.

E. Validation of the Methodology

In this subsection, the coupling of the described QO system
calculated using the proposed methodology is compared to
the one obtained by performing a PO analysis that exploits
the reciprocity of the problem and studies it in transmission.
In particular, the field radiated outside the lens antenna is
obtained by using an in-house developed PO formulation
similar to the one described in [37]. Depending on the array
element under study, the lens surface is either elliptical or
modified elliptical. According to the size of the lens ele-
ment and its distance from the parabolic reflector, the field
is calculated in the lens radiative near field or in the far-
field region. This field is then provided to the PO solver of
GRASP [33] as a tabulated source illuminating the parabolic
reflector, to obtain the field radiated by the entire QO system.
In the proposed CFO method, the first-order PO diffraction
effects are taken into account; while in GRASP simulation,
the diffraction contribution from the edges [using physical
theory of diffraction (PTD) method] are also included.

Table II compares the aperture efficiency, evaluated with
both methods for the four considered examples in Fig. 11. The
same excellent agreement can be observed in Fig. 14, where
the radiation patterns of the complete QO system are shown.



744 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 69, NO. 2, FEBRUARY 2021

'
—

1
N

Normalized Directivity
Pattern (dB)
A S

'
[&8)

\
EN

2 0 2 4 6 8 10 12 14 16 18 20

6; [deg]

o]e|e]=]

0 0.02 0.08 01 012 0.14 0.14 016 0.18 0.28 03 0.32

Fig. 14.  Radiation pattern of the lens antenna elements coupled to the
parabolic reflector (¢; = 0). These elements are scanning broadside (¢; = 0°),
15.5 beams (0; = 6.3°), 23.5 beams (§; = 9.5°), and 43.75 beams
(6; = 17.76°). The solid lines and dot marks represent the pattern obtained
in transmission by using PO, and reception by using the proposed method,
respectively. The former and the inset, illustrating the pattern in the u—v plane,
are calculated by using GRASP.

Moreover, the scan loss obtained by the PO analysis in
transmission is shown with cross marks in Fig. 10. Again,
the results are very well matched to the ones obtained by
the proposed CFO method. It is worth noting that the CFO
derivation provides the lens and feed geometries with a single
calculation that lasts about 4 min per lens element. In com-
parison, the PO analysis in transmission takes about 30 min in
the same computer. Therefore, this second analysis procedure
would lead to very long elapsed times to find the optimal lens
geometry using iterative simulations. All the simulations were
performed by using a single core Intel i7-4790 processor with
a clock frequency of 3.6 GHz, Cache and RAM memory of
10 MB and 16 GB, respectively.

VI. CONCLUSION

Imaging systems at millimeter and submillimeter wave-
lengths are entering a new era with the development of large
format arrays of detectors. A fly’s eye lens array coupled
to absorbers or antennas is a common FPA architecture for
such imagers. Typically, such FPAs are coupled to a QO
system involving reflectors. For large QO systems, a full-wave
electromagnetic analysis is not feasible since it is numerically
cumbersome and time-consuming.

In this article, the original FO procedure has been extended
to derive the spectrum of the incident field on a reference
system centered on antennas located at a large distance from
the focus. The procedure, named here “coherent” FO, has been
used to express the spectrum of the incident field in realistic
cases which include large arrays of lenses within reflectors
focal planes. In particular, the methodology can be linked to
spectral techniques commonly used for arrays, such as Floquet
mode theory, for analyzing absorbing mesh grids, and antenna
in reception formalism to analyze the performance of antenna
feeds in reception. By introducing the off-focus FO approach,
the proposed CFO representation can be used to analyze, and
design systems composed of tens of thousands of pixels, while

&t

Denser

dielectric .
. air
medium

Fig. 15. 2-D sketch of an arbitrary transmitting scenario.

the original FO would provide accurate spectra for only a
few tens of lenses. The technique can be used to assess the
scanning performance of large format lens-based FPAs. In par-
ticular, by using the developed analysis tool, it was shown that
a scan loss lower than the one of the direct field (given by
standard formulas in the literature) can be achieved for a wide-
angle optics coupled to a lens-based FPA. The proposed array
is synthesized according to the described design rules, namely
field matching between the CFO spectrum and the far-field of
the lens feed. It is worth noting that in this design process no
numerical optimization algorithms were employed. Here, scan
loss of less than 1 dB has been achieved while scanning up
to £17.5° (~ £ 44 beam-widths) for an example relevant to
the state-of-the-art wide-angle imaging systems with reflector
f-number of 2 and directivities of 52 dBi. Finally, the proposed
technique has been validated via a standard PO-based analysis
in transmission with excellent agreement.

APPENDIX
GO PROPAGATION THROUGH
DIELECTRIC MATERIALS

The EM fields reflected by curved multiple surfaces
can be evaluated using a GO formalism as described in
[29], [38], and [39]. The propagation of GO fields through
dielectric surfaces is instead, to our knowledge, not exhaus-
tively treated in the literature. This appendix summarizes the
formulas describing the field transmission and propagation,
a key aspect for analyzing lenses with the proposed CFO
formalism.

In particular, the transmitted GO electric field at an obser-
vation point, p, inside a dielectric object (see Fig. 15) can be
expressed as follows:

piPs
ds + pi) (ds + p3)

7jkrdx

E(p)~T- Ei@\/ ( (A1)

where T = 7+ p;- p-+7! pl p!' is the transmission dyad; 7+ and
!l are the perpendicular and parallel transmission coefficients
on the surface, respectively; p AL/ I and p Al/ I represent the
polarization umt vectors of the 1nc1dent and transmitted rays,
respectively; E (qs) = E,pie —Jkki-ds is the incident plane
wave on the dielectric object propagating along &; direction; d
is the distance between the refraction point, g, and observation
point, p; k; is the propagation constant in the denser medium;
p} and p} are the principal radii of curvature of the transmitted
wavefront and can be calculated according to an equation
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system as follows:
1 N 1
P P

1

[ (0 sl 7))
_ Riz [«/% ([(Ai A) + e, cos@,][et — (ki - 01)2])]}

PiP

((k; - 3) + /7, cos 6,)2} (A2b)

. 1 |: 1
( stcosﬁ,)z RiRy

where ¢; is the relative permittivity of the dielectric object, and
71 is the normal unit vector at the dielectric interface pointing
toward the direction of the impinging wave (see Fig. 15); 6, is
the refraction angle; U; and U, are the principal unit directions
of the surface; R; and R, are the principal radii of curvature
of the surface.

It is worth noting that the expression of the GO transmitted
field, (A1), can be derived by asymptotically evaluating the PO
surface integral at the interface between the two media. The
GO ray contribution corresponds to the stationary phase point
of this PO integral. For further details, the reader is addressed
to [30], where the generalization to an arbitrary astigmatic
incident wavefront is also discussed.

REFERENCES

[1]1 S. Rowe et al., “A passive terahertz video camera based on lumped
element kinetic inductance detectors,” Rev. Sci. Instrum., vol. 87, no. 3,
Mar. 2016, Art. no. 033105.

[2] M. Calvo et al., “The NIKA2 instrument, a dual-band kilopixel KID
array for millimetric astronomy,” J. Low Temp. Phys., vol. 184, nos. 3-4,
pp. 816-823, Aug. 2016.

[3] L. Ferrari et al., “Antenna coupled MKID performance verification
at 850 GHz for large format astrophysics arrays,” IEEE Trans. THz
Sci. Technol., vol. 8, no. 1, pp. 127-139, Jan. 2018.

[4] S. O. Dabironezare et al., “A dual-band focal plane array of kinetic
inductance bolometers based on frequency-selective absorbers,” IEEE
Trans. THz Sci. Technol., vol. 8, no. 6, pp. 746-756, Nov. 2018.

[5]1 G. . Stacey et al., “SWCam: The short wavelength camera for the CCAT
Observatory,” Proc. SPIE, vol. 9153, Aug. 2014, Art. no. 91530L.

[6] J. J. A. Baselmans er al, “A Kkilo-pixel imaging system for
future space based far-infrared observatories using microwave Kinetic
inductance detectors,” 2016, arXiv:1609.01952. [Online]. Available:
http://arxiv.org/abs/1609.01952

[71 R. Al Hadi et al., “A 1 k-pixel video camera for 0.7-1.1 terahertz
imaging applications in 65-nm CMOS,” IEEE J. Solid-State Circuits,
vol. 47, no. 12, pp. 2999-3012, Dec. 2012.

[8] D. A. Robertson et al., “The CONSORTIS 16-channel 340-GHz security
imaging radar,” Proc. SPIE, vol. 10634, May 2018, Art. no. 1063409.

[91 M. A. Campo, D. Blanco, S. Bruni, A. Neto, and N. Llombart, “On
the use of fly’s eye lens arrays with leaky wave feeds for wideband
wireless communications,” IEEE Trans. Antennas Propag., vol. 68, no. 4,
pp. 2480-2493, Apr. 2020.

[10] A. W. Rudge and N. A. Adatia, “Offset-parabolic-reflector antennas:
A review,” Proc. IEEE, vol. 66, no. 12, pp. 1592-1618, Dec. 1978.

[11] M. J. Griffin, J. J. Bock, and W. K. Gear, “Relative performance of filled
and feedhorn-coupled focal-plane architectures,” Appl. Opt., vol. 41,
no. 31, pp. 6543-6554, Nov. 2002.

[12] V. Rumsey, “On the design and performance of feeds for correcting
spherical aberration,” IEEE Trans. Antennas Propag., vol. AP-18, no. 3,
pp. 343-351, May 1970.

[13] N. Llombart, S. O. Dabironezare, G. Carluccio, A. Freni, and A. Neto,
“Reception power pattern of distributed absorbers in focal plane arrays:
A Fourier optics analysis,” IEEE Trans. Antennas Propag., vol. 66,
no. 11, pp. 5990-6002, Nov. 2018.

[14] A. Nagamune and P. H. Pathak, “An efficient plane wave spectral
analysis to predict the focal region fields of parabolic reflector antennas
for small and wide angle scanning,” IEEE Trans. Antennas Propag.,
vol. 38, no. 11, pp. 1746-1756, Nov. 1990.

[15] N. Llombart, B. Blazquez, A. Freni, and A. Neto, “Fourier optics for
the analysis of distributed absorbers under THz focusing systems,” IEEE
Trans. THz Sci. Technol., vol. 5, no. 4, pp. 573-583, Jul. 2015.

[16] K. B. Cooper, R. J. Dengler, N. Llombart, B. Thomas, G. Chattopadhyay,
and P. H. Siegel, “THz imaging radar for standoff personnel screening,”
IEEE Trans. THz Sci. Technol., vol. 1, no. 1, pp. 169-182, Sep. 2011.

[17] E. Gandini, J. Svedin, T. Bryllert, and N. Llombart, “Optomechani-
cal system design for dual-mode stand-off submillimeter wavelength
imagers,” IEEE Trans. THz Sci. Technol., vol. 7, no. 4, pp. 393-403,
Jul. 2017.

[18] S. van Berkel, O. Yurduseven, A. Freni, A. Neto, and N. Llombart, “THz
imaging using uncooled wideband direct detection focal plane arrays,”
IEEE Trans. THz Sci. Technol., vol. 7, no. 5, pp. 481-492, Sep. 2017.

[19] V. Galindo-Israel, W. Veruttipong, R. D. Norrod, and W. A. Imbriale,
“Scanning properties of large dual-shaped offset and symmetric reflector
antennas,” [EEE Trans. Antennas Propag., vol. 40, no. 4, pp. 422432,
Apr. 1992.

[20] E. Gandini, A. Tamminen, A. Luukanen, and N. Llombart, “Wide
field of view inversely magnified dual-lens for near-field submillimeter
wavelength imagers,” IEEE Trans. Antennas Propag., vol. 66, no. 2,
pp. 541-549, Feb. 2018.

[21] A. Garcia-Pino, N. Llombart, B. Gonzalez-Valdes, and O. Rubinos-
Lopez, “A bifocal ellipsoidal gregorian reflector system for THz imag-
ing applications,” IEEE Trans. Antennas Propag., vol. 60, no. 9,
pp- 41194129, Sep. 2012.

[22] W. P. Craig, C. M. Rappaport, and J. S. Mason, “A high aperture
efficiency, wide-angle scanning offset reflector antenna,” IEEE Trans.
Antennas Propag., vol. 41, no. 11, pp. 1481-1490, Nov. 1993.

[23] J. Ruze, “Lateral-feed displacement in a paraboloid,” IEEE Trans.
Antennas Propag., vol. AP-13, no. 5, pp. 660-665, Sep. 1965.

[24] V. Krichevsky and D. DiFonzo, “Optimum beam scanning in offset
single and dual reflector antennas,” IEEE Trans. Antennas Propag.,
vol. 33, no. 2, pp. 179-188, Feb. AP-1985.

[25] A. W. Rudge and M. J. Withers, “New technique for beam steering
with fixed parabolic reflectors,” Proc. Inst. Electr. Eng., vol. 118, no. 7,
pp- 857-863, Jul. 1971.

[26] V. Galindo-Israel, S.-W. Lee, and R. Mittra, “Synthesis of a laterally
displaced cluster feed for a reflector antenna with application to multiple
beams and contoured patterns,” in Proc. APS, Stanford, CA, USA, 1977,
pp. 432-435.

[27] C. Hung and G. Chadwick, “Corrected off axis beams for parabloic
reflectors,” in Proc. APS, Seattle, WA, USA, 1979, pp. 278-281.

[28] S. Chang and A. Prata, “The design of classical offset Dragonian reflec-
tor antennas with circular apertures,” IEEE Trans. Antennas Propag.,
vol. 52, no. 1, pp. 12-19, Jan. 2004.

[29] P. Pathak, “High frequency techniques for antenna analysis,” Proc. IEEE,
vol. 80, no. 1, pp. 44-65, Jan. 1992.

[30] S. O. Dabironezare, “Fourier optics field representations for the
design of wide field-of-view imagers at sub-millimetre wavelengths,”
Ph.D. dissertation, Dept. Microelectron., Delft Univ. Technol., Delft,
The Netherlands, 2020, doi: 10.4233/uuid:23c845e1-9546-4e86-ae77-
e0f14272517b.

[31] S. Rao and P. Venezia, “Beam reconfiguration using imaging reflector
antennas,” in Proc. IEEE Int. Symp. Antennas Propag. USNC-URSI
Radio Sci. Meeting, Atlanta, GA, USA, Jul. 2019, pp. 1481-1482.

[32] S. B. Sorensen and K. Pontoppidan, “Lens analysis methods for quasi-
optical systems,” in Proc. EuCAP, Edinburgh, U.K., 2007, pp. 1-5.

[33] TICRA Tools Software, TICRA, Copenhagen, Denmark, 2019.

[34] F. Zernike, “Beugungstheorie des Schneidenverfahrens und Seiner
Verbesserten Form, der Phasenkontrastmethode,” Physica, vol. 1,
nos. 7-12, pp. 689-704, 1934.

[35] A. Prata and W. V. T. Rusch, “A quadrature formula for evaluat-
ing Zernike polynomial expansion coefficients (antenna analysis),” in
Dig. Antennas Propag. Soc. Int. Symp., San Jose, CA, USA, 1989,
pp. 1174-1177.

[36] Veldlaser. ’s-Heerenberg, The Netherlands. Accessed: Aug. 13, 2019.
[Online]. Available: http://www.veldlaser.nl/


http://dx.doi.org/10.4233/uuid:23c845e1-9546-4e86-ae77-e0f14272517b
http://dx.doi.org/10.4233/uuid:23c845e1-9546-4e86-ae77-e0f14272517b

746 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 69, NO. 2, FEBRUARY 2021

[37] O. Yurduseven, D. Cavallo, G. Carluccio, A. Neto, and M. Albani,
“Parametric analysis of extended hemispherical dielectric lenses fed by a
broadband connected array of leaky-wave slots,” IET Microw., Antennas
Propag., vol. 9, no. 7, pp. 611-617, May 2015.

M. Albani, G. Carluccio, and P. H. Pathak, “Uniform ray description for
the PO scattering by vertices in curved surface with curvilinear edges and
relatively general boundary conditions,” IEEE Trans. Antennas Propag.,
vol. 59, no. 5, pp. 1587-1596, May 2011.

R. G. Kouyoumjian and P. H. Pathak, “A uniform geometrical theory of
diffraction for an edge in a perfectly conducting surface,” Proc. IEEE,
vol. 62, no. 11, pp. 1448-1461, Nov. 1974.

[38]

[39]

Shahab Oddin Dabironezare (Member, IEEE)
received the B.Sc. degree (cum laude) in electri-
cal engineering-communications from the Ferdowsi
University of Mashhad, Mashhad, Iran, in 2013, and
the M.Sc. and Ph.D. degrees in electromagnetics
from the Terahertz Sensing Group, Delft University
of Technology, Delft, The Netherlands, in 2015 and
2020, respectively.

He is currently a Post-Doctoral Researcher with
the Department of Microelectronics, Delft University
of Technology, Delft, The Netherlands. His research
interests include wideband antenna designs for millimeter and submillimeter
wave applications, wide field-of-view imaging systems, quasi-optical systems,
absorber-based passive cameras, and analytical/numerical techniques in elec-
tromagnetic scattering problems.

Giorgio Carluccio (Member, IEEE) was born
in 1979 and grew up in Ortelle, Italy. He received
the Laurea degree in telecommunications engineer-
ing and the Ph.D. degree in information engi-
neering from the University of Siena, Siena, Italy,
in 2006 and 2010, respectively.

In 2008 and 2009, he was an Invited Visiting
Scholar with the ElectroScience Laboratory, Depart-
ment of Electrical and Computer Engineering, The
Ohio State University, Columbus, OH, USA. From
2010 to 2012 and from 2013 to 2014, he was a
Researcher with the Department of Information Engineering and Mathematics,
University of Siena. From 2012 to 2013, he was a Researcher with the
Department of Electronics and Telecommunication, University of Florence,
Florence, Italy. In 2012 and 2013, he was a Visiting Researcher with the
Department of Microelectronics, Delft University of Technology (TU Delft),
Delft, The Netherlands, where he was also a Researcher from 2014 to 2018.
Since 2018, he has been an RF circuits and antenna scientist with NXP
Semiconductors, Eindhoven, The Netherlands, where he focuses on antenna-
in-package and RF devices for automotive radar applications. His research
interests deal with electromagnetic wave theory, mainly focused on asymptotic
high-frequency techniques for electromagnetic scattering and propagation;
and with modeling and design of antennas: mainly, dielectric lens antennas,
reflectarray antennas, and THz antennas based on photoconductive materials.

Dr. Carluccio was a recipient of the 2018 EurAAP International “Leopold
B. Felsen Award for Excellence in Electrodynamics,” and of the 2010 URSI
Commission B Young Scientist Award at the International Symposium on
Electromagnetic Theory (EMTS 2010), where he also received the third prize
for the Young Scientist Best Paper Award.

Angelo Freni (Senior Member, IEEE) received the
Laurea (Doctors) degree in electronics engineering
from the University of Florence, Florence, Italy,
in 1987.

Since 1990, he has been with the Department
of Electronic Engineering, University of Florence,
first as an Assistant Professor and, since 2002,
as an Associate Professor of electromagnetism. From
1995 to 1999, he has also been an Adjunct Professor
with the University of Pisa, Pisa, Italy, and since
2010, a Visiting Professor with the TU Delft Uni-
versity of Technology, Delft, The Netherlands. During 1994, he was involved
in research with the Engineering Department, University of Cambridge,
Cambridge, U.K., concerning the extension and the application of the finite
element method to the electromagnetic scattering from periodic structures.
From 2009 to 2010, he also spent one year as a Researcher with the TNO
Defense, Security, and Safety, The Hague, The Netherlands, where he was
involved with the electromagnetic modeling of kinetic inductance devices

and their coupling with array of slots in the THz range. His research interests
include meteorological radar systems, radiowave propagation, numerical and
asymptotic methods in electromagnetic scattering and antenna problems, elec-
tromagnetic interaction with moving media, and remote sensing. In particular,
part of his research concerned numerical techniques based on the integral
equation with a focus on domain-decomposition and fast solution methods.

Andrea Neto (Fellow, IEEE) received the Laurea
degree (summa cum laude) in electronic engineering
from the University of Florence, Florence, Italy,
in 1994, and the Ph.D. degree in electromagnetics
from the University of Siena, Siena, Italy, in 2000.
Part of his Ph.D. degree was developed at the
European Space Agency Research and Technology
Center Noordwijk, The Netherlands.

He worked for the Antenna Section at the Euro-
pean Space Agency Research and Technology Cen-
ter for over two years. From 2000 to 2001, he was
a Post-Doctoral Researcher with the California Institute of Technology,
Pasadena, CA, USA, where he worked with the Submillimeter Wave Advanced
Technology Group. From 2002 to January 2010, he was a Senior Antenna Sci-
entist with TNO Defense, Security, and Safety, The Hague, The Netherlands.
In February 2010, he became a Full Professor of applied electromagnetism
with the EEMCS Department, Technical University of Delft, Delft, The
Netherlands, where he formed and leads the THz Sensing Group. His research
interests include the analysis and design of antennas with an emphasis on
arrays, dielectric lens antennas, wideband antennas, EBG structures, and THz
antennas.

Dr. Neto served as an Associate Editor for the IEEE TRANSACTIONS ON
ANTENNAS AND PROPAGATION (2008-2013) and IEEE ANTENNAS AND
WIRELESS PROPAGATION LETTERS (2005-2013). He is a member of the
Technical Board of the European School of Antennas and organizer of the
course on antenna imaging techniques. He is a member of the Steering
Committee of the Network of Excellence NEWFOCUS, dedicated to focusing
techniques in mm and submillimeter wave regimes. In 2011, he was a recipient
of the European Research Council Starting Grant to perform research on
Advanced Antenna Architectures for THz Sensing Systems. He was a recipient
of the H. A. Wheeler Award for the best applications paper of 2008 in
the IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, the Best
Innovative Paper Prize of the 30th ESA Antenna Workshop in 2008, and the
Best Antenna Theory Paper Prize of the European Conference on Antennas
and Propagation (EuCAP) in 2010. In 2011, he was a recipient of the European
Research Council Starting Grant to perform research on advanced antenna
architectures for THz sensing systems.

Nuria Llombart (Fellow, IEEE) received the mas-
ter’s degree in electrical engineering and the Ph.D.
degree from the Polytechnic University of Valencia,
Valencia, Spain, in 2002 and 2006, respectively.

During her master’s degree, she spent one year
at the Friedrich-Alexander University of Erlangen-
Nuremberg, Erlangen, Germany, and worked at the
Fraunhofer Institute for Integrated Circuits, Erlan-
gen, Germany. From 2002 to 2007, she was with the
Antenna Group, TNO Defense, Security, and Safety
Institute, The Hague, The Netherlands, working as
a Ph.D. student and afterward as a Researcher. From 2007 to 2010, she was a
Post-Doctoral Fellow with the California Institute of Technology, working
with the Submillimeter Wave Advance Technology Group, Jet Propulsion
Laboratory, Pasadena, CA, USA. She was a “Ramén y Cajal” fellow in
the Optics Department, Complutense University of Madrid, Madrid, Spain,
from 2010 to 2012. In September 2012, she joined the THz Sensing Group,
Technical University of Delft, Delft, The Netherlands, where as of Febru-
ary 2018 she is a Full Professor. She has coauthored more than 150 journals
and international conference contributions. Her research interests include the
analysis and design of planar antennas, periodic structures, reflector antennas,
lens antennas, and waveguide structures, with emphasis in the THz range.

Dr. Llombart was a recipient of the H. A. Wheeler Award for the Best
Applications Paper of 2008 in the IEEE TRANSACTIONS ON ANTENNAS
AND PROPAGATION, the 2014 THz Science and Technology Best Paper Award
of the IEEE Microwave Theory and Techniques Society, and several NASA
awards. She was also a recipient of the 2014 IEEE Antenna and Propagation
Society Lot Shafai Mid-Career Distinguished Achievement Award. She serves
as a Board Member for the IRMMW-THz International Society. In 2015, she
was a recipient of European Research Council Starting Grant.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


