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A Fourier Optics Tool to Derive the Plane Wave
Spectrum of Quasi-Optical Systems

Huasheng Zhang, Shahab Oddin Dabironezare, Student Member, IEEE, Giorgio Carluccio, Member,
IEEE, Andrea Neto, Fellow, IEEE, Nuria Llombart, Fellow, IEEE

Abstract—We present a freely accessible graphical user interface for
analysing antenna-fed Quasi-Optical systems in reception. This
analysis is presented here for four widely used canonical Quasi-
Optical components: parabolic reflectors, elliptical, extended
hemispherical, and hyperbolic lenses. The employed methods are
Geometrical Optics and Fourier Optics. Specifically, Quasi-Optical
components are illuminated by incident plane waves. By using a
Geometrical Optics based propagation code, the scattered fields are
evaluated at an equivalent sphere centred on the primary focus of
the component. The Fourier Optics methodology is then used to
represent the scattered fields over the focal plane as Plane Wave
Spectrum. A field correlation between this spectrum and the
antenna feed radiating without the Quasi-Optical component is
implemented to evaluate the induced open-circuit voltage on the
feed in reception. By performing a field matching between these two
spectral fields, feed designers can optimize the broadside and/or
steering aperture efficiencies of Quasi-Optical systems in a fast
manner. The tool is packaged into a MATLAB graphical user
interface, which reports the efficiency terms, directivity and gain
patterns of antenna-coupled Quasi-Optical systems. The described
tool is validated via full-wave simulations with excellent agreement.

Index Terms—Quasi-Optical systems, sub-millimetre
wavelengths, antenna feeds, Geometrical Optics, Fourier Optics.

|I. INTRODUCTION

N recent years, advanced Quasi-Optical (QO) based systems

are emerging as the state-of-the-art solutions for sensing and

imaging applications at (sub)-mm wavelengths: i.e. reflectors
and dielectric lenses, are employed for astronomical
observations [1]-[4], standoff personnel screening [5]-[9], and
new generation of wireless communications [10]-[16]. To meet
the demanding performance requirements in these systems,
highly directive radiative beams are essential. In imaging
scenarios, higher directivity leads to better angular resolution;
in sensing and communication applications to a higher signal to
noise ratio. To achieve these requirements, the QO components
are typically used in combination with antenna feeds.
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Fig. 1 User interface of the freely accessible MATLAB GUI.
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Two of the widely used high-frequency techniques to analyse
QO systems are ray tracing and Physical Optics (PO) which are
packaged in commercial software such as OpticStudio [17], and
GRASP [18], respectively. The ray tracing is an insightful
method that can be used to evaluate the propagation of rays
through a QO system providing first-order estimation of phase
aberrations in the systems. However, this technique does not
provide an accurate estimation of the co- and cross- polarized
field distributions. On the other hand, PO technique is a well-
established and accurate method to evaluate the fields radiated
by electrically large scatterers. This method is suitable for
optimizing the shape of reflectors coupled to standard feeds.
However, in commercial software such as GRASP, the PO
analysis of integrated lenses is not implemented.

Independently from the techniques adopted, QO components
can be analysed either in transmission (Tx) or reception (Rx)
modes. The reciprocity theorem states that the analyses in both
modes are equivalent. However, to rapidly optimize the
geometry of an antenna feed for a QO system, an analysis in Rx
provides more insight with respect to the one in Tx. This is due
to the fact that the field scattered by a QO component on its
focal plane can be approximated quasi-analytically for a plane
wave incidence using a Fourier Optics (FO) approach.
Specifically, the incident field can be evaluated over an
equivalent sphere centred at the focal plane of the QO
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component using a Geometrical Optics (GO) analysis [19], and
the following propagation to the focal plane can be represented
[20] and

as Plane Wave Spectrum (PWS), [21].
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Fig. 2 The four considered geometries in the GUI with their corresponding ray
tracing representations. Blue and red rays represent the incident plane waves
and scattered rays propagating to the focal plane of the QO component, where
the antenna feed is placed, respectively. Illustrations and the ray tracing
representations obtained from the tool are shown in the left and right panels,
respectively. (a) A parabolic reflector, (b) an elliptical lens, (c) an extended
hemispherical lens, and (d) a hyperbolic lens.

By employing a field matching technique as in [16], [22], and
[23], at the equivalent sphere, the geometry of the antenna feed
can be optimized to match its radiated field to the incident PWS.
Moreover, for multi-mode antennas coupled to incoherent
detectors, the current distribution at the antenna aperture cannot
be known independently from the incident field. Therefore, for
multi-mode systems, the analysis in Rx as shown in [24], is in
fact the only possibility to evaluate the optical efficiency. The
incident PWS can also be linked to spectral techniques such as
equivalent Floguet circuit model of absorbers or other periodic
structures [25].

A numerical PO code can also be used to indirectly calculate
the incident PWS of a QO component as the Fourier transform
of the focal field as described in [26]. However, the GOFO
method described here is a direct and much simpler approach
(without the numerical Fourier transform integral) to obtain this
PWS. In summary, FO approach is a powerful tool for
synthesizing antennas coupled to QO components.

To our knowledge, currently no tool is available to implement
the FO analysis in reception for a variety of QO components.
The FO based analyses in the literature [20] and [21] are
implemented mainly for parabolic reflectors and elliptical
lenses for slightly off-broadside incident angles, which limits
the design possibilities. Moreover, these codes are not
implemented with a user interface. Consequently, a MATLAB
based graphical user interface (GUI) is developed to analyse
QO components in reception scenarios using the GOFO
approach, as shown in Fig. 1. This tool is dedicated for
analysing antenna-fed QO systems where a user can evaluate
the aperture efficiency, at any angle, from a certain given
antenna feed in a very fast manner. Four canonical QO
components, parabolic reflectors, elliptical, extended
hemispherical, and hyperbolic lenses, are implemented to
provide multiple design possibilities, as shown in Fig. 2.

In the developed tool, a user-defined QO antenna system is
modelled. The antenna system consists of a QO component and
its geometrical parameters; the radiated fields of the antenna
feed given as an input by the user; feed location at the focal
plane of the QO component; and the observation grid of the
reception pattern. The tool can generate ray tracing plots for all
four QO components, as shown in Fig. 2. These plots provide a
first-order understanding of the propagation scenarios,
including the incident fields and the scattered GO fields. The
incident PWS of QO components is then obtained using a GO
based code similarly to [19], and is exportable (“Export” button
in Fig. 1). This PWS can be used as an optimization goal for
achieving field matching, and therefore maximizing the
aperture efficiency for a certain angular direction. Moreover,
the tool can evaluate directly the radiation performance of the
entire user-defined QO antenna over a frequency band,
similarly to [27]. Particularly, the power delivered to the load
of the antenna feed, the aperture efficiency, the directivity, and
gain patterns of the whole QO system are estimated. The results
obtained by the tool are validated using the PO based code in
GRASP [18] and full-wave simulations in CST MS [28].

Il. PLANE WAVE SPECTRUM OF THE FOCAL FIELDS

Let us consider an example scenario where a QO component
is illuminated by an incident plane wave, as depicted in Fig. 3.
This plane wave is expressed as Ei = E,p;e /%™ where E, is
the amplitude of the plane wave, p; is the polarization, Ei =
—k(sin6; cos ¢; X + sin O; sin¢; ¥ + cos 9; Z) is the wave-
vector, k is the propagation constant of the medium where the
plane wave is present, 8; and ¢; represent the elevation and
azimuth incident angles, respectively.

The field scattered by the QO component on its focal plane is
represented as an integral of the PWS. To realize this step, an
equivalent sphere centred at the focal point of the QO
component, referred to as the FO sphere, is introduced (see Fig.
3), where Ry, is the radius of this sphere, and it is chosen as
large as possible to enlarge the applicability region of the FO
method; and 6, is the maximum rim elevation angle of the QO
component. The field scattered by the QO component is
evaluated over this equivalent surface using a GO approach.
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The field at the focal plane of the QO component can be
calculated using the PO radiation integral via the introduction
of equivalent surface currents which are proportional to the GO
fields. By asymptotically evaluating the PO radiation integral
for observation points close to the focus of the component,
which leads to amplitude, vector and phase approximations of
the integrand, one can represent the focal field as an inverse
Fourier transform [20]:

éf(ﬁ'z) 4n2 f+ooEFO(kx'ky;k)e]kppdk dk, (la)
hy (B, k) = W JI*2 Heo (K Ky, k;)e/koPdk,dk, (1b)

Incident Plane
Wave

4 Focusing QO
Component

FO applicability
region ~

Fig. 3 Schematic representation of a FO scenario for a QO component
illuminated by a plane wave from k; direction. A GO propagation scenario is
also depicted: the plane wave is scattered by the QO component and propagated
to the FO sphere.

where g is a position on the focal plane of the QO component,

Ep is the spectral vector defined as Ep =k X+ kY=
ksinf (cos¢p X+ sing $), and k is the wavenumber in the
medium of the focal plane. The dependency of the parameters

in (1) from the direction of the incident plane wave is shown
explicitly by the term Ei. The focal fields, é; and fif, are
expressed as a summation of plane waves with amplitudes of
Epo(ky key, k) and Hpo(ky, ky, ki), respectively. In other
words, EFO and ﬁFO are the PWS representations of é; and Ef,
respectively. The approximations taken to derive (1) are
applicable for a region around the centre of the FO sphere. This
region, shown in Fig. 3, is a function of the geometrical
parameters of the considered scenario, as derived in [20]:

Dro = f4 min(0.4D,/2f,D2) (2)

where Dp,, is the diameter of a circle in the focal plane which
represents the FO applicability region; A is the wavelength in
the medium; D and f; are the diameter and f-number of the QO
component, respectively. The latter is uniformly defined for all
components as the ratio between the maximum realizable radius
of a FO sphere and diameter of the component, i.e. fy =
Rpo/D. This radius, Rpo, is equal to the focal length, f, for
parabolic reflectors and hyperbolic lenses; and equal to
0.5D/ sin 8, for elliptical and extended hemispherical lenses.

The electric PWS in (1a) can be expressed as a function of the
electric field scattered by the QO component and evaluated over
the FO sphere [27]:

RFO A

R x [Ego(ky ky ki) X R] (3)

j2mRpoe ¥

/kz (kZ+K3)
where R = k, + /1 — kZ/kZ 2, and R x [Ego(R) x R] is the

tangent component of the GO field scattered by the QO
component and evaluated over the FO sphere. For most
practical cases, we can assume the GO field behaves locally as
a plane wave and approximate the GO propagation unit vector
as —R. As a consequence, the magnetic PWS in (1b) can be

expressed as Hpp ~ —1/ R x Egp . Where ¢ is the
characteristic impedance of the medium where the FO sphere is
located. As it can be seen in (3), the PWS is proportional to the
GO field evaluated over the FO sphere. Therefore, the focus of
the following section is on calculating these GO fields for
different QO components.

Epo(ky fey ;) =

I1l. GEOMETRICAL OPTICS REPRESENTATION OF THE FIELDS
SCATTERED TO THE FOURIER OPTICS SPHERE

As mentioned in Sec. 11, the field scattered by the QO surface

and propagated to the FO sphere, i.e. F?Go , can be
evaluated resorting to a GO based analysis. The GO method is
commonly used in high-frequency scattering scenarios, i.e.
when the scatterers are large in terms of wavelength, to
determine wave propagation for both incident and scattered
fields, including amplitude, phase, and polarization
information. This method is applicable for generic incident
fields and scattering surfaces far from the focus (or in general
caustics) point. In this method, electromagnetic (EM) waves
can be approximated as tubes of rays propagating in a
homogenous medium from one point to another. The scattered
ray fields follow the laws of reflection and refraction at a two-
media interface. In the following, a numerical GO code for
calculating EGO is described. An analytical expression is also
provided for cases when the QO component is illuminated by
plane waves with slightly skewed incident angles. This GO
field is either integrated to obtain the focal field of the QO
component, or directly employed to determine the reception
pattern of a QO antenna. Therefore, the accuracy of the former
case is dominated by the one of the FO (2), while in the latter
case it is comparable to the one of PO method.

Let us assume an incident plane wave, E; = (ETEpTE +
ETM pT™)e=iki7 s illuminating a QO surface (see Fig. 3),
where p/ /™ = pTE/™ g pTE/TMf/ + prE/™ 2 represent the
TE and TM polarized unit vectors of the incident field,
respectively; EIZ and EI™ represent the amplitude of the TE
and TM polarized fields, respectively. The scattered GO field
(reflected or transmitted) on the QO surface, ES(QR /T), can be
calculated as:

E;(Qr) = E; - R(Qn) (4a)

(Qr) =E; -T(Qr) (4b)

N
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where Qg,r represents a reflecting surface (Qg) such as a
parabolic reflector or a transmitting one (Qr) such as a lens;
R = I"PpTEpTE + ITMP™pIM  “and T = <TEpTER]T +
T™MpIMpHTM are the reflection and transmission dyads,
respectively. Here ' and I'™ are the TE and TM reflection
coefficients on the QO surface; 77 and t™ are the

transmission ones; p.~/™ and pr=/™ represent the
polarization unit vectors of the reflected and transmitted rays,
respectively.

In this work, a ray tracing code is developed which launches
incident rays toward a QO component. These rays are scattered
by the component and propagated toward the surface of the FO
sphere. The propagation directions of the reflected and
transmitted rays, k, and k,, respectively, are calculated using
the vectorial representation of the Snell’s law as follows:

(5a)

e = %-%[(ki-ﬁﬂJgt-[l-(z.-ﬁf]]ﬁ (5b)

Equations (5a) and (5b) are independent from a specific
reference system, and depend only on the material properties,
&, the normal vector of the surface, i, which is pointing toward
the medium where the plane wave impinges from, and the
direction of incidence wave, k;. The position where each ray
intercepts with the FO sphere, Qr,, is obtained using this ray
tracing code, see Fig. 3. In scenarios with a very skewed
incident plane wave angle, scattered rays can be intercepted by
the FO sphere outside the geometrical maximum rim elevation
angle of the QO components (8, in Fig. 3). As a result, FO
spheres are not necessarily limited within this angular region.
The reflected or transmitted fields evaluated over this FO
sphere can be expressed as:

EGO(QFO) = ES(QR/T) Sspread(QFo)e_jks(QFO) (6)

where s is the propagation distance from the QO surface to the
FO sphere (see Fig. 3), and e /%5 represents the phase
propagation for each ray. The amplitude of the GO field spreads
as the ray propagates. This spreading is represented by Sgpreqq
in (6). In the analysed scenarios, this parameter can be evaluated
by enforcing the law of conservation of energy among the
incident, reflected, and transmitted rays. In other words, when
an incident EM field interacts with a QO surface, the power
carried by the incident ray tube is equal to the summation of the
power reflected back plus the one transmitted into the surface.
In a ray picture scenario, far from the focus point (or caustics),
one can asymptotically evaluate the PO radiation integral to
derive a GO representation of the EM fields. The spreading
factor is then computed using this method as described in [27]
and [29]:

T/t r/t
p1" (Qro)p;’ (QFo)
Sspread (QFO) = \](pr/t 1 2

()

1 (QFO)+S(QFO))(P;/t(QFO)+5(QFO))

where p;/* and p}/* are the principal radii of curvature of the

reflected or transmitted wave fronts, respectively. In the case of
an arbitrary astigmatic incident wave front, these radii are
computed for transmission or reflections scenarios in [29].

The GO field calculated in (6) is a function of the position
where the scattered rays intercepted by the FO sphere, Q.
However, as indicated in (3), the GO field should be represented
as a function of the spectral parameters, i.e. k, and k,,. This
change of variables is achieved by employing a standard
interpolation code (using “griddata” function) in MATLAB.

For the listed QO components, when illuminated by a plane
wave from broadside direction, we also derived the
corresponding analytical representation of the amplitude
spreading factors, as shown in Table I. In this table, for the
elliptical lens, 2a is the major axis, 2c is the distance between
the foci, e = c/a is its eccentricity, and Ry, is the rim distance
from the lower focus of the lens to its edge. For a hyperbolic
lens, e represents its eccentricity. The geometrical parameters
of each QO component are shown in Fig. 4.

z(mm)

(b)

2
60 —
D 3+ |
40 R
Rro = f f 2+ sph 1
| NLro G

f# = Rro/D

p(mm)
60 40 20 0 20 40 60 3 2 1

0

(© (d)

Fig. 4 Geometrical parameters of the considered QO components. (a) Parabolic
reflector, (b) elliptical, (c) hyperbolic, and (d) extended hemispherical lenses.

1 2 3

TABLE |. ANALYTICAL SPREADING FOR QUASI-OPTICAL COMPONENTS
ILLUMINATED BY A PLANE WAVE FROM BROADSIDE DIRECTION

QO component Broadside Spreading Factor: Sg;,¢q4(0,0; = 0)
2/(1+ cos )
a(1—e?)/ (Rpo(1 — ecosh))

(1—e)/(1—ecosh)

Parabolic reflector

Elliptical lens

Hyperbolic lens

Moreover, the phase term, e=/*  in (6) can also be
represented analytically for specific cases. In the case of
broadside illumination of a parabolic reflector, due to its
geometrical shape, the reflected GO field has a constant phase
over its FO sphere. Similarly, for elliptical lenses and
hyperbolic lenses, their eccentricities are chosen in such a way
to ensure constant phase fronts for transmitted fields over their
corresponding FO spheres when illuminated by a plane wave
from the broadside direction. These eccentricities are e =
1/+/e, and e =+/e,, for elliptical and hyperbolic lenses,
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respectively, where ¢, is the relative permittivity of the lens
material. Therefore, for broadside incidence and the considered
canonical QO components, one can neglect the constant phase
terms of the reflected or transmitted GO fields over their FO
spheres in the analysis of the scenario.

As described in [21], when the incident skew angle of the
plane wave, 6;, is less than 11°, one can assume that the

polarization of the incident field EL- remains the same as the
broadside one, committing at most 20% error. Moreover, the
phase of the incident field coming from a skew angle can be
approximated by a progressive phase shift. This phase term is
caused by the transversal propagation of the incident plane
wave. This progressive phase shift includes a linear phase term,

e~ Prp and a coma phase term, e %o Proén where &, (8) =
6(0)/Rgp (Table 1), 6(0) represents the geometrical distance
from a QO surface to its FO sphere with maximum possible
radius Rpo, and pr, = RFOEpi/k is referred to as the flash point

position. This position indicates geometrically where on the
focal plane, the focused field would be maximum (assuming
beam deviation factor is 1); and Epi =ksin6; p is the
transversal component of the incident wave vector. Therefore,
the linear phase term corresponds to steering the main beam of
the focal field from the centre of the focal plane to the flash
point position. While the coma phase term leads to the deviation
of the main beam, which is related to the parameter §,,(8) [21].
To conclude, the GO representation of the scattered fields
evaluated over the FO sphere, for slightly off-broadside plane
wave incidences, can be expressed analytically as:

Ego(6,6;) = Es(6,6; = 0)Sspreaa (6, 6; = 0)
. e~ TKpBrp(6)(1+61(6)) (8)
Similarly to the case in (6), the GO fields calculated in (8) are
also interpolated to be represented as a function of spectral
parameters.

TABLE Il. NORMALIZED DISTANCE BETWEEN QUASI-OPTICAL COMPONENTS
AND THEIR CORRESPONDING FO SPHERES

Normalized distance &,,(8)

QO component

i 1—cosé@
Parabolic reflector —_—
1+ cosé
L e(cos @ — cos 6y)
Elliptical lens _—
P 1—ecosf
. e(cosf —1
Hyperbolic lens Q
1—ecosf

In the presented tool, for incident angles less than 11 degrees,
i.e. 6; < 11°, the analytical solution in (8), using the analytical
spreading factors in Table I, is implemented. For larger incident
angles, the numerical solution in (6), using the numerical
spreading factor (7), is employed. Since an analytical
expression is not available for the extended hemispherical
lenses, in their case, only the numerical GO representation is
implemented.

Numerical Examples

In the following, firstly the GO fields for different QO
components are shown and compared. We divided the QO
components into two sets: components which are very large in
terms of the wavelength, see Fig. 5, parabolic reflector and
hyperbolic lens (&, =2.4), respectively; and components
comparable in size to the wavelength, see Fig. 6, elliptical and
extended hemispherical lenses (g, = 11.9), respectively. The
operative frequency is 300 GHz, the plane wave is TM
polarized, and for all components the f-number is 0.6. For the
reflector and the hyperbolic lens, the diameter is chosen as
100 mm, and the incident skew angle is 8; = 8°, which allows
us to use the analytical solution in (8). As it can be seen, for the
hyperbolic lens, both the amplitude and phase terms of the GO
field vary more significantly with respect to the ones of the
parabolic reflector. In the case of the elliptical and extended
hemispherical lenses, the diameter is 5 mm, and the skew angle
is 6; = 21° (numerical solution in (6) is used). The radius of the
hemisphere and the extension length of the hemispherical lens
are Ry, = 2.6 mm, and L = 0.362R,,y,, respectively. It can be
seen that for the chosen lenses, their GO fields are almost equal
due to their similar lens shapes. Moreover, since the incident
plane wave angle is very skewed, part of the lens surface is
obscured from the incident plane wave. This shadow region is
highlighted in the inset of Fig. 6.
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angle{ﬁco} (deg)
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000
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Fig. 5 GO fields of a parabolic reflector and a hyperbolic lens. These fields are
evaluated at ¢ = 0° plane, using the analytical expression in (8). The amplitude
and phase terms are plotted using the left and right axes, respectively. The
diameter and f-number of both components are D™ = D" = 100 mm and f; =
f = 0.6, respectively. The incident plane wave is TM polarized operating at
300 GHz with the skew angle of 6; = 8°,¢; = 0°. For the hyperbolic lens, the
permittivity of the dielectric is €, = 2.4.
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Fig. 6 GO fields of an elliptical lens and an extended hemispherical lens. These
fields are evaluated at ¢ = 0° plane, using the numerical expression in (6). The
amplitude and phase terms are plotted using the left and right axes, respectively.
The diameter and f-number of both components are D! = 5 mm and £} = 0.6,
respectively. The incident plane wave is TM polarized operating at 300 GHz
with the skew angle of 8; = 21°, ¢; = 0°. The permittivity of the dielectric is
& = 11.9. The shadow region is visible in the 2-D amplitude figure at the left
side of the lens surfaces.
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In the remaining parts of this sub-section, the GO fields
calculated by the tool are indirectly validated by resorting to
full-wave simulations similarly to [20]. In particular, we
calculated the focal fields of QO components using (1). For the
case of a hyperbolic lens, these fields are compared against the
ones evaluated using the PO based code of GRASP simulation
software [18], and for an elliptical lens using CST [28].

First let us consider the same hyperbolic lens as in Fig. 5,
which is now illuminated by an incident plane wave with an
incident skew angle of 8, =1.3°,¢; =0°. In Fig. 7, the
amplitude and phase of the x-component of the focal electric
field calculated by using the analytical GOFO analysis, as in
(1), (3), and (8), are compared against PO results. As it can be
seen, the agreement between the two methods, both in the
amplitude and phase, is very good within the FO applicability
region (2).

As another example, we consider the same elliptical lens as
in Fig. 6, which is now illuminated by plane waves with two
incident skew angles. As it can be seen in Fig. 8(a) and (b), for
the case of plane wave illumination with the incident angle of
6; = 8°and ¢; = 0°, the amplitude and phase terms of the focal
field evaluated by analytical GOFO method are in very good
agreement with the results reported by CST within the FO
applicability region.

0
-5
-10|
-15
-20
-25|
-30] -100
—— GRASP| ~—— GRASP|
-35) [\[ -150 [
-40! -200
9 -8 -7 6 -5 4 -3 -2 -1 0 1 2 9 8 -7 6 -5 -4 -3 2 -1 0 1 2
X/ (ofl) X/ off)

@ ()
Fig. 7 x-component of the electric field on the focal plane of a hyperbolic lens,
same as the one in Fig. 5, illuminated by a plane wave with an incident angle of
0; = 1.3°,¢; = 0°. The field is evaluated at y, = 0 plane, calculated using the
analytical GOFO approach, as in (1), (3), and (8), and is compared against the
one obtained using the PO based code of GRASP: (a) Amplitude. (b) Phase.
The grey region represents the FO applicability region in (2).
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In the case of a plane wave illumination with the incident
angle of 6, =21° and ¢; =0° , the analytical GO
approximation is not valid anymore (6; > 11°). Therefore, the
numerical GO approach in (6) is employed. Here, the results
from the GOFO approach are also in good agreement with the
CST results within the FO applicability region, as shown in Fig.
8(c) and (d). However, since a considerable portion of the
power at the focal plane is focused outside this applicability
region, another approach is also employed here to indirectly
validate the GO code. Namely, a GOPO approach, where the
scattered field is still calculated over the FO sphere using the
numerical GO approach, and then a PO radiation integral is
used to calculate the field at the focal plane of the elliptical lens.
As it can be seen, the amplitude and phase of the focal field
calculated using the GOPO approach are also in good
agreement with the results reported by CST outside the FO
applicability region.

The GO fields of the remaining QO components are also
validated in a similar manner. In the following section, these
GO fields are used to analyse the reception properties of
antenna feeds coupled to these QO components.
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Fig. 8 x-component of the electric field on the focal plane of an elliptical lens,
same as the one in Fig. 6. The field is evaluated at y, = 0 plane, calculated
using the analytical or numerical GOFO approaches, and compared against the
one obtained from CST. In the case of 6; = 8°, ¢; = 0°, (a) amplitude and (b)
phase. In the case of 6; = 21°,¢; = 0°, (c) amplitude and (d) phase. The grey
region represents the FO applicability region in (2).

IV. ANTENNA-COUPLED QUASI-OPTICAL SYSTEMS

The developed GUI, see Fig. 1, is capable of analysing the
coupling of antenna feeds to QO components in reception. By
taking the pattern of an antenna feed on a spherical surface as
input, the tool evaluates the performance of this feed coupled to
a specific QO component. This performance is reported in
terms of the far-field pattern, efficiency terms, directivity and
gain.

Let us assume a reception scenario where an incident plane
wave, coming from Ei direction, illuminates a QO component,
as depicted in Fig. 9. This field is then scattered by the QO
surface and captured by a feeding antenna which is placed at
the focal plane of the QO component. In [22], the power
received by the feed of a reflector antenna (assuming
impedance matching condition) is estimated using the open-
circuit voltage in a Thévenin equivalent circuit. This voltage,
V,c, is calculated as a reaction integral between the equivalent
currents radiated by the feed, without the presence of the QO
component, and the incident ones coming from the QO
component. Both of these currents are evaluated over an
arbitrary surface between the feed and the QO component. In
[16] and [23], this procedure is linked to the FO representation
of the fields radiated by a QO component. Here, incident
equivalent currents are obtained on the FO sphere using the
previously derived PWS fields, and the ones radiated by the
feed are obtained by propagating the fields of the feed given by
the user to the FO sphere. If we approximate the incident PWS

of the QO component described in (1b) as ﬁpo ~—1/¢ R x
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Epo, the open-circuit voltage, V,.(k;), can be evaluated as
follows:

7 —jRpgel*Rro
Voc ki)lo = =50
1_>Tx - S D
(F B0~ Bro — ¢HI" - o) dkudk, ()

QFo
where Qg is the domain of integration which covers the entire

angular region subtended by the FO sphere; E1*(k,) and

HZ*(k,) are the EM fields radiated by the antenna feed in Tx
into the FO sphere, when fed by a current of amplitude I,. The
dependency of k; in (9) comes from Ego(k, k;) and
Hro(k,, k;). Note that (2) represents the applicability region for
calculating the focal fields, (1), using the PWS; however, it does
not indicate the validity of the method in evaluating the GO
fields as well as the results obtained using (9). By using the
open-circuit voltage in (9), the power delivered to the load of
the feed (assuming impedance matching condition), P, (k;), can
be expressed as:

Voc(BOL|
Pu(k) = e (10)
where P, is the total power radiated by the feed in Tx. As it
can be concluded by (9) and (10), to maximize the power
delivered to the load of a feed, the fields radiated by the feed
should be synthesized as the conjugate of the incident PWS.

The tool imports the fields radiated by an antenna feed, Eg",
from external files with GRASP format (such as the ones
generated by CST) or from MATLAB matrices (Fig. 1). A user
provides the spherical components of E'Zx (ﬁa) evaluated over
a full hemisphere with radius R, centred at the phase centre of
the feed (Fig. 9). Moreover, the user defines the polarization
and location, (il, of the feed in the focal plane (Fig. 9). The tool
first coverts EZ" (ﬁa) from spherical coordinates to cartesian
coordinates. It then propagates ng (ﬁa) backward and forward
from the user-defined sphere to the FO sphere as follows

(assuming that both spheres are in far-field distance from the
feed):

aeij“ e —jkRpo

7 (11)
RFO

where R’FO(E,,) is the distance from d, to the FO sphere and
ET*(6, — 6") represents the interpolation process to relate the
angular parametrization of the two spheres as shown in Fig. 9.
The magnetic field is approximated from the electric field on
the user-defined sphere as H*(R,) ~ 1/{R, x EI*(R,) .
Following similar steps as in (11), H2*(k,) can be obtained. In
order to compare the incident PWS and the fields radiated by
the feed and to determine whether the conjugate field matching
condition is satisfied, the user can plot E1*(k,) and Hi*(k, )
using the “Plot” button shown in Fig. 1. In cases that the FO

S, R
Eq*(k,) = Eq* (8, — 6"

sphere is in the near-field distance from the feed, the user can

provide the near fields, ET* and H*, directly on the FO sphere
using MATLAB matrices.

User-defined
sphere =~ .-~

=
.
P
ki

5" -—).C Antenna
Feed

Fig. 9 Antenna in Rx scenario. An antenna feed is placed at a certain

position, afa, in the focal plane of the focusing component. The blue region
represents the portion of the radiated field captured by the FO sphere.

Once the power delivered to the load of the feed, P,, is
calculated, efficiency terms, directivity, and gain in reception
can be computed and displayed by the GUI as a function of the
incident plane wave direction. The aperture efficiency in Rx is
evaluated as the ratio between the delivered power, P;, and the
incident power captured by the QO component, P;,., as:
Ugﬁ(ki) = PL(ki)/Pinc ’ where Pinc = 0-5|E0|2AQO/( ’ and
Ago is the physical area of the QO component. The spillover
efficiency in Rx, n&* is evaluated using the same method as in
Tx. For reflectors and hyperbolic lenses, it is defined as the ratio
between the power radiated by the feed and captured by the FO
sphere, and the total power radiated by the feed, P,.,,; while for
elliptical and hemispherical lenses, it is obtained as the ratio
between the power transmitted outside the lens surface (i.e.
including reflection/transmission at the surface), and P,..;. The
taper efficiency is then obtained as: nf* = n&% /nSy. Once these
efficiency terms are calculated, the directivity and gain of the
system are represented in Rx as: DF*(k;) = D™%*pRx(k,), and
GR*(k;) = Dmaxple( k;), respectively, where D™ = (4rxr/
A%)Aqo is the maximum achievable directivity for a given size
of the QO component.

By using reciprocity, the electric field, F?QO, that the antenna-
coupled QO system would radiate to (Rpg, Orp, Prr) position,
at a far distance from the QO component, is evaluated as [27]:

klo

EQO (RFF' Orr, ¢FF) = E_o

(VojéM O, $rr)0 + V,E (Or, ¢FF)$) pp— (12)

where E, is the amplitude of the incident plane wave; and
VTE/™ are the induced TE and TM polarized Thévenin open-
circuit voltages in (9), respectively. These voltages are
evaluated using (9) when the QO component is illuminated by

TE/TM polarized incident plane waves from the direction 9; =
Orr and ¢; = Ppr.

e—JkoRFF
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In order to construct the pattern in Rx, one needs to illuminate
the QO component by a set of incident fields with different
skew angles: Opr € [0,0g,] , ¢rr € [0,2m] , where 6Og,
represents the maximum elevation angle in the observation grid.
By using (12), the GUI plots and exports both the amplitude and
phase of the radiative pattern (“Export” button in Fig. 1). It is
worth noting that evaluating this radiative pattern of the whole
QO system in Rx is a slower process with respect to the analysis
in Tx, especially for cases when 6, > 11°, where the
numerical GO, (6), and related interpolation codes should be
employed to calculate this pattern. The main purpose of the GUI
is to design feeds for QO systems by matching their radiated
fields to the incident PWS. The GUI performs fast when
deriving the incident PWS as well as calculating the aperture
efficiency, directivity and gain of the antenna-coupled QO
systems per incident direction.

Numerical Examples

In this subsection, the performance of antenna feeds coupled
to QO systems are evaluated in Rx, and compared against the
ones obtained in a conventional transmission mode. The
proposed tool is capable of analysing the performance in a
desired frequency band. Here for simplicity, we only showed
the results corresponding to a single frequency. Let us first
consider a case of an integrated lens antenna with a Gaussian

antenna feed displaced by 671 from the focus of an elliptical
silicon lens (g, = 11.9) as shown in Fig. 10a. To improve the
transmission at the silicon-air interface, the lens surface is
covered by a quarter-wavelength Anti-Reflection (AR) coating
made of Parylene with the relative permittivity of ¢, = 2.62.
This layer is analysed in the code using a transmission line
model of the stratification. The frequency of operation is 300
GHz. The Gaussian feed parameters are designed in such a way
that the far field of the feed is symmetric and has —11 dB field
taper at the edge of the lens surface. The lens has a diameter of
D''=5mm, and a rim angle of 8} ~ 56° (corresponding to
f+ = 0.6). In this example scenario, the feed is displaced by

Jl = 0 and 0.348x mm from the lower focus of the lens. These
displacements correspond to scanning the radiation pattern by
0 (broadside) and 2 beams (3 dB overlapping beams) with
respect to the broadside direction, respectively, i.e. the main
beam is pointing to 6z = 0° and 21°, respectively, and ¢pr =
180°.

. Parabolic
Incident Dy Reflector
Plane

Wave

2 Integrated?
Lens | <
;Matching ki 4
T Layer A

FO sphere
FO

sphere Lens antenna

&r

Y
x

d; : Antenna

Feed @
@) (b)
Fig. 10 (a) Antenna-coupled elliptical silicon lens implemented with a matching
layer. The feed is displaced by Jl from the lower focus of the lens. (b) Lens

antenna coupled to a parabolic reflector. The antenna is displaced by Ja from
the focus of the reflector.

For the described configuration, the analysis performed in Rx
is compared to the one in Tx. The radiative patterns are
compared in Fig. 11. The analysis in Tx is performed by using
an in-house PO code which is validated by CST full-wave
simulation. As it can be seen in the figure, the patterns in Rx in
both cases are in good agreement with the ones obtained in Tx.
In the Tx analysis, the field radiated by the antenna is
propagated out of the lens (taking into account the effect of the
matching layer). This field is evaluated outside the lens surface
and shown for the case of scanning 2 beams in the inset of Fig.
11(b). As it can be seen, the large scanning angle in this case
leads to total reflection from a considerable portion of the lens
surface. In such an extreme case, when the angle of rays inside
the lens approaches the critical angle, a transition field is
present at the lens interface, which has to correct the GO field
to properly reconstruct the total field [30]. However, in the in-
house PO code and Rx tool such a transition field is not
considered. We assume the fields in this shadow region are zero.
The aperture efficiency, directivity and gain evaluated in Rx are
also compared against the ones obtained in Tx for both cases
with very good agreement, as shown in Table I11.
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Fig. 11 Amplitude of the radiative co-pol. pattern of a lens antenna with a
Gaussian feed: (a) scanning to broadside direction, and (b) scanning 2 beams,
i.e. pointing the main beam to 6z = 21° and ¢z = 180°. Inset in (b) shows
the electric field transmitted out of the integrated lens and evaluated on its
surface in Tx.

TABLE Ill. PERFORMANCE OF THE DESCRIBED ANTENNA-COUPLED
ELLIPTICAL LENS

Analysis in Tx/Rx Aperture Eff. Directivity Gain
Broadside 80.7%/79.9 % 23.8/23.7dB | 23.0/22.9 dB
Scanning 2 beam 56.9%/60.5 % 23.0/23.4dB | 21.5/21.7 dB

In order to demonstrate the capability of the tool in analysing
geometries with realistic feeds, we now present the results with
a leaky-wave feed antenna as in [31]. The considered scenario
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is the same as the one in Fig. 11. In this case the feed is

displaced by JZ =0 and —0.348% mm. The field from the
leaky-wave feed has also similar taper level to the one of the
Gaussian feed in Fig. 11. The geometrical parameters of the
designed tapered leaky slot are the following: slot length is
0.84,; tapering angle is 35< the airgap distance between the
lens and the slot ground plane is 0.01641,; the initial width and
the end width of the slot are 0.0054, and 0.564,, respectively.

For the described configuration, the analysis performed in Rx
is compared to CST full-wave simulation done without
including multiple reflections. The radiative patterns are
compared in Fig. 12. As it can be seen, the Rx and CST analyses
are in a very good agreement for both co- and cross-
polarizations in broadside and scanning cases (2 beams). The
gains obtained in Rx and using CST are both 22.6 dB for the
broadside case, whereas 21.8 dB and 21.1 dB for the scanning
case, respectively. It can be seen the agreement in scanning
gains is a bit worse compared to broadside case. This is because
the previously mentioned shadow region and transition fields
are not modelled in the Rx tool.

The above-mentioned Tx and Rx analyses have been
executed on a workstation PC with a 512 GB of RAM and a
CPU with 3.00 GHz clock cycle. The tool in Rx took about 1
min to estimate the gain, while the CST simulations took about
90 mins.
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Fig. 12 Amplitude of the radiative co- and cross-polarization patterns of a leaky-
lens antenna: (a) scanning to broadside direction, and (b) scanning 2 beams, i.e.
pointing the main beam to 6z = 21° and ¢ = 0°. Note that the most
dominant cross-polarization pattern is along ¢ = 45° plane.

As an another example, let us consider a scenario with
integrated lens antenna coupled to the rest of the QO chain. For
simplification, here this QO chain is modelled by a single on-
axis parabolic reflector, as depicted in Fig. 10b. The feed is the
entire lens antenna in Fig. 10a. However, in this case, the

Gaussian feed is fixed at the lower focus of the elliptical lens,
i.e. |d;| = 0. The diameter of the reflector is D™ = 125 mm,

and its f-number is fy’ = 2.6 (8§ = 11°). The lens antenna is
displaced from the centre of the parabola’s focal plane by a

distance Ja = 13% mm and 65X mm for the two considered
scanning cases. These displacements correspond to scanning
the radiation pattern of the complete QO system by 5 beams and
25 beams (3 dB overlapping beams) with respect to the
broadside direction, i.e. the main beam is pointing to Oz =
2.3°and Oz = 11.45°, respectively, and ¢pr = 0°.

As shown in Fig. 13, the radiative patterns obtained in Rx are
comparable to the ones in Tx. In this example, when calculating
the pattern in Rx, the far field radiated by the lens antenna, EZ*,
is the field transmitted outside the lens and evaluated at the FO
sphere of the reflector. This far field is obtained using the tool
(results shown in Fig. 11(a)). The pattern in Tx is obtained by
importing the far-field pattern of the lens antenna into GRASP
as a tabulated feeding source which illuminates the reflector. In
Table 1V, the aperture efficiency, directivity, and gain of the
lens antenna-coupled reflector, evaluated in Rx, are shown and
compared against the ones obtained in Tx with excellent
agreement between the two methods.

TABLE IV. PERFORMANCE OF THE DESCRIBED LENS ANTENNA-COUPLED
PARABOLIC REFLECTOR

Analysis in TX/Rx | Aperture Eff. Directivity Gain
Scanning 5 beams | 52.4%/53.0% | 51.3/51.3 dB 49.1/49.1 dB
Scanning 25 beams | 13.2%/12.3% | 49.1/48.9 dB 43.1/42.8 dB
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Fig. 13 Amplitude of the radiative co-pol. pattern of the lens antenna-coupled
parabolic reflector. (a) Scanning 5 beams, i.e. pointing to 8 = 2.3° and
¢rr = 0°. (b) Scanning 25 beams, i.e. pointing to Oz = 11.45° and ¢ = 0°.
The 2-D co-pol. amplitude patterns evaluated in Rx are shown in the insets.
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V. CONCLUSION

In this article, we introduced a freely accessible software for
analysing antenna-coupled QO systems in reception. By using
the described field correlation methodology in reception, the
geometry of antenna feeds can be designed to match their
radiated fields to the incoming PWS. As a result of this
technique, one can maximize the aperture efficiencies of a QO
system for broadside and/or steering cases. The GUI applies the
GOFO analysis for four commonly used QO components to
provide more design possibilities to users: parabolic reflectors,
elliptical, extended hemispherical, and hyperbolic lenses. The
interface of the GUI is informative and simple which allows
users, who are less experienced with the described theory, to
analyse and design QO based systems.

The GUI is based on evaluating the fields scattered by QO
components using a GO representation. These fields are
evaluated analytically when possible, and if not, using a
numerical approach. Furthermore, for antenna-coupled QO
systems, the power delivered to the antenna load is computed
by performing a field matching between the incident PWS and
the field radiated by the antenna feed. Moreover, the
performance of three test scenarios is evaluated using the
described reception formalism. The performance criteria
reported by the GUI are based on the radiative pattern, aperture
efficiency, directivity, and gain of the system. The tool is
validated by full-wave simulations with excellent agreement.
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