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Fourier Optics for the Analysis of Distributed
Absorbers Under THz Focusing Systems

Nuria Llombart, Senior Member, IEEE, Beatriz Blazquez, Angelo Freni, Senior Member, IEEE, and
Andrea Neto, Senior Member, IEEE

Abstract—An analytical spectral model able to accurately and
efficiently characterize absorbers distributed in the focal plane of
focusing THz systems is presented. The model is obtained by using
a Fourier optics representation of the electromagnetic field in the
focal plane in conjunction with a recently developed equivalent net-
work representation for the interaction of plane waves with dis-
tributed absorbers. The model is validated by comparisons with
numerical full-wave simulations. Finally, the model is used to de-
sign a few architectures based on lens-coupled Kinetic Inductance
Detectors (KIDs), which show high absorption efficiency over a
large bandwidth.

Index Terms—Focusing systems, Fourier optics, THz absorbers.

I. INTRODUCTION

HE next generation of terahertz (THz) instruments for

space imaging requires arrays of thousands of detectors
located in the focal plane of a telescope [1]. Kinetic Inductance
Detectors (KIDs) [2], [3] are microwave superconducting res-
onators that can relate the received THz power to changes in the
microwave resonance frequencies. They have been proposed for
space imaging because of their unprecedented intrinsic read-out
potential, which derives from the possibility of using frequency
multiplexing techniques. Arrays with > 20 K elements have
been recently demonstrated [4].

KIDs can be coupled to the incoming THz radiation either
via absorbers [5]—[7] or antennas [8]. In the past, absorbers have
been used directly as free-standing arrays in the focal plane of
a reflector system [5], [7]. However, external coupling mecha-
nisms (i.e., horns or lenses) are currently under investigation to
improve the sampling efficiency and to reduce the mutual cou-
pling between KIDs [6], [9]. Moreover, absorbers placed in the
interface between silicon and air have the potential to achieve
larger frequency bandwidths [10].
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Fig. 1. Linearly polarized absorber placed at the focal plane of a focusing
system.

While the properties of antenna coupled KIDs can be studied
in transmission or in reception, due to reciprocity, the absorbers
configuration can only be studied in reception. In view of this,
the analysis of the absorbed based detectors is typically carried
out by full wave simulations under normal plane wave incidence
[5], [11]. However, resorting to a single pane wave incidence,
the actual coupling to the focusing system, which occurs via a
finite spectrum of plane waves, is typically not well described.
The single plane wave procedure is accurate for large Focal Dis-
tance-to-Diameter ratio (F//D) (i.e., focusing systems where
the focal field is the result of a small angular spectrum) typ-
ical scenario for instruments with free-standing absorbers in the
focal plane of a telescope. However, in case of coupling through
lenses which are characterized by smaller F'/ D ratios, the stan-
dard normal plane wave incidence is not appropriate any more.

In this paper, the coupling between focusing systems and lin-
early polarized absorbers (see Fig. 1), embedded in a generic
multi-layer dielectric structure, is investigated by using an ana-
lytical spectral model based on Fourier optics (FO) [12] coupled
with an equivalent network representation presented in [10].
The proposed method is able to analytically and efficiently char-
acterize the power captured by distributed absorbers located
under focusing systems, also with small F/D ratios, printed
on a multilayer dielectric structure. An effort has been made to
highlight the absorber minimum dimension for which the men-
tioned method provides accurate results.

Two cases are taken as reference: a free-standing absorber
under a parabolic reflector and an absorber under a dielectric
elliptical lens. The method shows that the power captured by
free-standing absorbers varies smoothly with large '/ D ratios



as expected. On the contrary, when dense lenses are present, the
absorbed power shows a surprising dependence from the geo-
metrical parameters. Even so, absorbers under dense lenses can
show higher efficiencies over wide frequency bands than free-
standing ones. The method is validated with full-wave time-con-
suming simulations.

The paper is structured as follows. In Section II, the method-
ology to calculate the power absorbed for a generic incident
field is described. In Section III, the FO-based plane wave spec-
trum (PWS) for a general focusing system is obtained. Then,
the field expression for two canonical geometries, parabolic re-
flectors and elliptical dielectric lenses, is explicitly derived in
Section IV. The method is validated by comparisons with stan-
dard physical optics (PO) analysis and a full wave technique in
Section V. Finally, some absorber designs to be used in KIDs are
presented in Section VI. The conclusions are finally provided in
Section VII.

II. ABSORBER CURRENT INDUCED BY A GENERAL
FIELD CONFIGURATION

KIDs based on absorbers can be modeled as a series of par-
allel and infinitely long absorbing strips with a width w, [10].
The strips are periodically and tightly arranged, with period d,,,
to guarantee that the fundamental Floquet wave (FW), that rep-
resents the average field, would experience an approximate re-
sistive boundary condition. Fig. 1 shows the geometry of the
absorbers hosted in the focal plane of a dielectric lens and kept
at a finite distance from a backing reflector. The absorbed power
can be calculated over a finite area, once the current flowing on
the strips is known.

Fig. 2 shows the analytical equivalent circuit, developed
in [10], that allows calculation of the current at the cross
section x, in (g, ndy) = Io (ksi, kyi) e ik=iTs g dkyindy
which is induced in each of the n-th strip when the absorber
is illuminated by a direct plane wave, Ey (kzi, kyi), with a
propagation vector ki = kyi7 + kyi¥y + k.:Z. The direct field
is represented in Fig. 2 as a superposition of two TM and TE
impinging voltage waves of amplitude V;M (ki  kyi) and
V}E (ki kyi), respectively. The derivation of these TE and
TM sources was also described in [10] and leads to:

ijt\/[ zz; =V Ed Ty ’ll ‘ﬁa (l)
Vi (Bai, kyi) = v/dyBa (kai, ki) - $. )
The solution of the equivalent network gives
. kyiw Eiy (kyiykys)
Iy (ki kyi) = sine | —£ Ml R L 3
o sk =sine (P20 ) 2Bl g

where Z (k,;, ky;) is defined in [10], R, is the sheet resistance
(€2/sq) of the strips, and F;, (kq;, ky;) represents the amplitude
of the 2z-component of the incident electric field calculated at the
strip position in absence of the absorber, but including any pos-
sible dielectric stratification where the absorber is embedded.
This field is expressed as the voltage in A-A', superposition of
the fields induced by both TE and TM direct voltage waves as in
[10, eq. (14)]. Note that the incident field, E;, is different from
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Fig. 2. Equivalent network developed in [10] for the characterization of the
interaction of a plane wave with a linearly polarized absorber. Each component
of the circuit is defined in [10].

the direct field, Eg, as it accounts for the presence of possible
the dielectric stratifications.

When the absorber is illuminated by a generic coherent field
(e.g., the field in the focal plane of a focusing system), the direct
electric field €4 (ﬁf) (i.e., in absence of absorber and the strat-
ification) can be expressed as a coherent superposition of plane
waves, as follows:

/ / Eg (kg ky) e ke R0s g dk,.  (4)
47T

In the following we will refer to E + rather than Ey, to high-
light our present attention on focusing systems. This plane wave
expansion is particularly useful when used in combination with
the circuit of Fig. 2.

Thanks to the linearity of the system, the total current in the
n-th strip of the absorber, 7,, (x i ndy), can be expressed as the
superposition of the currents induced by each of these plane
waves, as follows:

in {2y, nd,)

= 2/ / Iy (ko ky) e ka1 e TRmdu g dk,  (5)
™

where Iy (k;, k) is calculated by (3). The power absorbed by
the strips can now be easily calculated from (5) using the sheet
resistance, R,. For a finite absorber with dimensions L, x L,
the power absorbed can be approximated as a summation over
a finite number of cells (N = L,,/d,) as follows:

N/2 L,/2
P (Les N) = 22 _ZW | | lintend)Ply (@

Expressions (5) and (6) highlight that, the coherent summa-
tion of the current induced by each of the plane waves is needed
to evaluate the total power absorbed. In some cases this coherent
summation operation can be simplified. That is, if the array is
very well sampled and occupies a region significantly larger
than the region in which the direct field is significant. In such
configuration, the spatial integral and the summation in (6) can
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Fig. 3. Geometry of the equivalent FO surface of a generic focusing system.

be extended to infinity without making a significant error. The
power can then be calculated resorting to the Parseval's The-

orem, as follows:
R, 1 1 Rl e
/ / Lo (ka, k) P dkodky.  (7)

abs = %@H

In this case the power is proportional to the incoherent weighed
sum of the power associated to each plane wave separately.
It is worth noting that, in all practical applications, since no
evanescent waves reach the absorber surface, the integrals
\ K2+ k2,
koo < kosindy defines such limit, where kg is the free space
wavenumber and §, is the subtended rim angle of the focusing
system in Fig. 3. The integration domain can be further reduced
when FO plane wave expansion is used as shown in the coming
sections, where the coupling of a distributed absorber with a
parabolic reflector and elliptical lens is investigated in detail
by evaluating an analytical expression of the direct field plane
wave spectrum.

in (7) are spectrally limited. If one names k, =

III. FO PLANE WAVE EXPANSION

While for large F/D focusing systems, a plane wave spec-
trum can be simply evaluated, its evaluation is less obvious for
small or moderate F'/ D. Rigorous procedures require the anal-
ysis of the field in the focusing system using adequate full wave
techniques and then resorting to Fourier Transformations. Alter-
natively, an asymptotic procedure for the numerical evaluation
of the PWS of the PO field of a reflector system was proposed by
Pathak in [13]. In the optical domain, a technique much simpler
than both these options is often used, namely the FO method, in-
troduced by E. Wolf'in [12]. FO calculates the PO currents in an
equivalent sphere centered on the focal point, and exploits the
approximation that the observation points are assumed at very
large distance from the focalizing system in terms of the wave-
length.

A. Spherical PWS

A vectorial FO representation of the electromagnetic field in
a generic focusing system is presented in [12] and [ 14] and sum-
marized in the Appendix, where its region of validity is also dis-
cussed. The electric field in the observation point, 7y = pspy

(see Fig. 3), can be conveniently expressed as an integral over
a sphere, with radius R and aperture diameter D, that subtends
a rim angle 8y, centered in the focus, as follows:

& (A)
ijefije*J'k(Pi/?R)
- 27

/ &, (0, $) %P1 Tsindd0dg
Q
3

where ¥ = RT represents a point over the spherical integra-
tion surface; €2 is the integration domain which is extended over
the solid angle subtended by the focusing system (for the case
of Fig. 36 € (0,6y), ¢ € (0,27)); k is the propagation con-
stant inside the focusing system medium (dielectric in the case
of lenses), and €&, (¥) = &,(6, ¢) represents the electric field
tangent to the equivalent sphere. This tangent field is the geo-
metrical optics (GO) propagation of the field impinging on the
focusing system (e.g., lens in Fig. 1) to the equivalent FO sphere.
The explicit expression of €; (7) as a function of EF'Y, ampli-
tude of an external plane wave normally incident with respect
to the focusing system, will be given in the following subsec-
tions for two cases of interest: parabolic reflector and elliptical
dielectric lens.

In the Appendix, the domain of validity of the FO is discussed
in detail since, to the best of our knowledge, such discussion is
missing and it is significant at THz frequencies. It results that,
for normal incidence, the FO applicability domain is defined by
a circle in the focal plane (see Fig. 3) with diameter

Diampo = f4min(0.4D, \/2fx D)}, ©)

where the integrand in (8) approximates the relevant PO inte-
grand, (A.1), with an error smaller than 20% in amplitude or
7/8 in phase. Note that f» = R/D.

If the quadratic term in front of the integral in (8) is neglected,
the focal field is expressed as the sum of incremental contribu-
tions in which the observation point, 5y, appears only at the ex-
ponent: i.e., the field is represented as a plane wave expansion.
This approximation is clearly valid for absorbers placed close
to the focal point.

B. Cylindrical PWS

An alternative representation in terms of cylindrical waves
can be obtained by a simple change of variables. In fact, writing

k, = ksin6 leads to df = dk,/,/k* — k3 and, as a conse-
quence

oy iRe TER /’“po /2’: o1 (R
G~ — | [ e st ()9

edkppscos(dr—a)

Accordingly, the cylindrical spectrum is limited to k,€(0, ko).

k,dk,do. (10)

C. Cartesian PWS

In some instances, a more standard Fourier transform repre-
sentation may be convenient. This representation can be applied
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Fig. 4. Equivalent sphere and geometrical parameters for a parabolic reflector.

by using the following change of variable: k, = k, cos ¢ and
ky, = k,sin qb:

e (Pr) ™ 5 / / Ef (ks ky) etikansotikovs g dk,
2
1n
where x; = pycos¢y and y; = pysingy and
2 Re TkE k k
JTLSS <sin1 <—p> ,tan! <—y>>
k2 - k2 k b

cire (kp, kpo) . (12)

Ej (ko ky) =

IV. CANONICAL GEOMETRIES

In this section, we explicitly derive the expressions of the
PWS for two canonical geometries: a parabolic reflector and an
elliptical dielectric lens. We consider a plane wave incidence
into these focusing systems from broadside with a linear polar-
ization along  and an amplitude EX".

A. Parabolic Reflector

Fig. 4 shows the geometrical parameters together with the FO
equivalent surface for a parabolic reflector. In this configuration,
the equivalent surface, .S, touches the reflector surface in the
apex. Thus the sphere radius is equal to the focal distance, i.e.,
R = F. A parametrization of the integral in (8) in terms of
(6, ¢) associates every point, 7, on the surface S to a ray with
propagating vector k = —7, where 7 is the radial unit vector.
Each ray has undergone a reflection at the reflector's surface (see
the inset of Fig. 4 for a visual clarification).

For a linearly polarized plane wave coming from broadside,
the parallel and perpendicular unit vectors of the reﬂected fields
coincide with the spherical unit vectors components, er 0,¢) =
9 and el (6,¢) = qb At S, the PO aperture field (i.e., the re-
flected field) is a local plane wave and its explicit expression
becomes

és (07 4)) -

read (8) (cos 8 — singd) EEW (13

where the spreading term, S;rea 4 = 1/cos? (8/2), accounts for
the conservation of energy in the ray path from the incidence
plane to the reference sphere. The spreading term is calculated
by imposing that the power density within the solid angle has
to be equal to the power density reflected by the parabola. It is
worth noting that the electric fields are all in phase at the equiv-
alent sphere. The integral in (8) can be performed analytically
for large R/D giving rise to the well-known Airy pattern, de-
fined as

: —jkR
R L YOO (14)

where 4 (p7) = (xD* /2R?)(J; (kp; D/(2R))/kp; D/ (2R)).
In a general case, so when R/D is not too large, the integral
along ¢ can be performed analytically using the integral repre-
sentation of Bessel functions [14].
Finally, a Fourier transform representation of the focal field,
(11), can be obtained by using the PWS for a normally illumi-
nated parabolic reflector as

E; (kzvky)
AgkREFWe-ikR 1 ko~ ~\
= (]){:Z P (k—ﬁ k—ygb> cire (kp, kpo)
(15)
where k, = /k? — kg.

Equation (8), with (13) and (15), highlights the representation
of the field in the focal plane is represented as a sum of plane
waves whose propagation directions are defined as those of the
rays traveling from the reflector to the observation points. Ac-
cordingly, the PWS is limited to a spectral region defined by the
parameterization of the reflector—8 € (0, 6,). Fig. 5 shows the
co-polar component of the electric field in the focal plane of a
reflector characterized by R/D = 3 evaluated resorting to FO,
a standard PO (GRASP software [15]) and the Airy pattern ex-
pression. For these large R/D cases, the focal fields resemble
the Airy pattern. The results are presented for reflectors diame-
ters of 20 and 70X, highlighting the respective FO domains of
applicability. As it can be seen from Fig. 17(a) in the Appendix,
the integrand is limited by an amplitude error for the small di-
ameter, whereas by the phase error for the larger diameter. As
observed in Fig. 5(a) (on the right), the limit of applicability for
the smaller diameter indicates an error in the amplitude larger
than 0.15 dB, whereas the phase has an error smaller than 12°.
Instead, the amplitude error in the larger diameter is negligible
(< 0.02 dB), whereas the phase error is larger than 25°. There-
fore, the amplitude and phase applicability regions carried out
for the argument of (A.3) are well translated in the same ampli-
tude and phase applicability regions of the focal plane field.

B. Elliptical Dielectric Lens

A similar PWS spectrum can be obtained for an elliptical di-
electric lens. Such lens has perfect focusing properties when its
eccentricity is characterized by e = 1/,/&,, with ¢, being the
lens relative dielectric constant. Fig. 6 shows the lens geometry
and the equivalent sphere, S, used for the FO calculation. Note
that S touches the lens only in correspondence of its rim. There-
fore, in this case, R # F'.
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The procedure to calculate the FO plane wave spectrum is
analogous to the one described in the previous section, with the
main difference being the expression for the field tangent to the
sphere as follows:

2y (6,6) = Shreaa (6) (7] (6) cos 68 — 71 (6) sin 66 ) B
(16)
where 7 () and 7| () are the parallel and perpendicular trans-
mission Fresnel coefficients. The transmission and reflection
coefficients for a normally incident plane wave can be eval-
uated once it is recognized that the normal to the ellipse is

(2) 0

..... PO H
/ \ = Airy Pattern

Amplitude (dB)

(b)

Phase (deg)

Fig. 7. Focal plane fields of an R/D = 0.6 elliptical silicon lens, with D
= 20X = 6Xq, calculated using FO and compared with a normal PO and with
the well-known Airy pattern: (a) amplitude and (b) phase. The validity region is
highlighted in grey. The field is symmetric in ¢ so only one of the main planes
(y = 0) are shown.

7 = ((cosf —e)Z+sinbp) /v1+ €2 — 2e cos 8. Moreover,
the spreading function is calculated by imposing the power den-
sity within the solid angle has to be equal to the power density
transmitted by the lens:

2
Sna (0) = L)1 (7)

(1—ecosB) R
with ¢ being half of the distance between the two foci of the
ellipse. It is worth noting that when the eccentricity of the
lens tends to zero the surface degenerate to a sphere, and
Sfjrmd () = Vcosé.

Therefore, the lens focal plane field can be approximated as
a plane wave expansion, as in the previous section, using

. 0w EPW o—ikR 1_e2
Ef (km7ky) _ JaT g e C (_ € )
k. e(l —ecosh)

. (T,, () %5— 7. (6) %5) cire (ky, kpo)  (18)
P

P

where 8 = sin" ! (k,/k).

Fig. 7 shows the co-polar component of the electric fields
in the focal plane of a 6 diameter elliptical silicon (¢, =
11.9) lens with R/D = 0.6 evaluated by resorting to FO, a
standard PO, and the Airy pattern expression. As described by
Fig. 17(b) in the Appendix, this case is limited by the phase error
(< 25°). It is worth noting that for this small R/D case, the
focal fields differ significantly from the Airy pattern. When the
R/ D of the lens decreases, the phase distribution changes over
the surface and the uniform illumination condition, necessary
for the Airy pattern to be formed, is not met any more. Indeed,
when the R/D of the lens decreases, the field in the lens focal
plane cannot be approximated any more by the Airy pattern [16]
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R, = 30 €. The insets show a drawing of the analyzed lens configuration.

V. NUMERICAL EXAMPLES

In this section, we proceed to investigate the performance of
distributed absorbers under focusing systems. Specifically, we
start by observing the spatial current distribution on the strips
when the absorber is located under a silicon elliptical lens.
The separation layer between the absorber and the backing
reflector is filled either via a silicon slab or a free space. The
optimum absorber parameters are designed as explained in [10].
Fig. 8 shows the distribution of the current along the central
strip calculated with (5) for two different R/ D cases very close
one to each other. Specifically, we assume D = 20\ = 6\
and we consider R/D = 1.6 (8p = 18°) for the first case,
while R/D = 1.8 (8, = 16°) for the second. For both cases,
the observation ranges shown in Fig. 8 fall within the FO
applicability region. The largest part of the power (95%) is
contained within the main lobe and the first two secondary
lobes. This is the most significant area when calculating the
absorbed power. In the case of a reflector characterized by
R/D = 1.8, the plane waves impinging on the absorber form,
with respect to the focal plane normal (the z; axis in Fig. 6),
an angle smaller than the critical angle 8. = 16.85° between
silicon and free space. Conversely, for R/D = 1.6 (6, = 18°)
the plane waves arriving to the absorber from the edge of the
lens impinge with an angle larger than the critical angle. As
can be observed from a comparison between Fig. 8(a) and (b),
the two R/D produce appreciably different currents where
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Fig. 9. Normalized current, black lines, and left axis, and normalized incident
field, gray lines, and right axis, as a function of k.; /k for k,;; = 0 for the same
cases shown in Fig. 8. (a) f = 250 GHz and (b) f = 500 GHz.

free space backshort is present, despite the fact that they are
associated to almost the same R/D (see the insets in Fig. 8).
This difference is associated to the effect of the critical angle.

This effect can be appreciated thanks to the fact that the an-
alytical tool presented here links the focusing system with the
spectral Green's function of planar dielectric stratified media. To
highlight this effect, Fig. 9 shows the variation of the spectral
current, (3), normalized to its maximum value for the same two
cases of Fig. 8 at two different frequencies. The peak around
k.; = 0.29k is associated to the critical angle present only in
the case of free space backshort. The effect of the critical angle
is also present on the incident field, calculated in the absence of
the absorber, as shown in the right axis of Fig. 9.

A. Proportionality Between Currents and Electric Field

Fig. 8(a) and (b) also shows the direct field coming from the
focusing lens, normalized to its maximum value. In general, the
shape of the spatial current differs from this field, since it de-
pends on the integration of the spectral components of the direct
field, the absorber equivalent circuit, and the effect of the dielec-
tric stratifications on the incident field, as pointed in the previous
section. However, a close observation of Fig. 8 suggests that, in
some cases, the spatial distribution of the electric current and
that of the focal direct field are essentially proportional one to
the other, even for large ranges of observation. This occurs when
the spectral variation of the current is small. Fig. 9(a) shows this
variation for the same case than Fig. 8 at 250 GHz. One can see
that the variation as a function of k,;/k is constant up to an
angle of about 10°, i.e., k,;/k ~ 0.2. However, if we go to a
different frequency, Fig. 9(b), the variation is constant only up
to about 2°, i.e., ky; /k = 0.03. Beyond these limits one cannot
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claim any sort of proportionality between the spatial current and
direct fields without incurring in significant errors. In general,
the limit will depend on the dielectric stratification in which the
absorber is embedded and the frequency.

B. Simplified Model for Small Angular Regions

For cases with small variation of the direction of the inci-
dence rays, it is useful to find a simplified expression to quantify
the power absorbed using the previous proportionality between
the currents and the direct field. To this regard, we can assume
that Iy (k,,ky) ~ I (0,0) in (5) and (6). Following several
straightforward steps, one arrives to a simplified expression of
the absorbed power:

Pabs -

R,
2wd, 10 (0:0) ) //Abmm (ps)|*deydyy
(19)
where A (py) is defined in (14). The value of the spectral current
at broadside, I5{0,0), can be evaluated in a generic dielectric

stratification using (3), and it follows expression

_ Ef ( )St'rat

where Syq; relates the incident voltage wave (V;,,) with the
open circuit solution of the transmission line representation of
the stratification at the absorber location (Vs in [10]). There-
fore, S;rqt depends on the specific stratification where the ab-
sorber is embedded. In the cases of Figs. 8 and 9, S;q: = 1 +
(24— 2z*) /(2% + Z*) where Z" and Z¢ are the input imped-
ances of the upper and lower half spaces defined in Fig. 2 eval-
uated at broadside (i.e., Z%/¢ = Z:%Zd = Z%C}).

Therefore, the integration of the spatial current distribution
in (5) can be simplified into a spatial integration over the well-
known Airy pattern distribution, leading to a much faster com-
putation time. Fig. 10 shows the calculated absorbed powers,
using (6) and (19) for the same cases shown in Figs. 8 and 9,
but using a lens with 83 = 10°, as a function of the frequency.
The agreement is very good except at the higher frequencies. For
such frequencies, the proportionality between the spatial current
and focal field is no more valid for the free space backshort. For
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Fig. 11. Analytical absorption efficiency validated with CST (lines with dots)
for two lenses: B/D = 1 (dashed lines), with matching layer, d,, = 20 pm, w
= 10 pm and R, = 55 Q, and R/D = 0.6 (solid lines), without matching
layer, d, = 75 pm, w = 20 pm and R, = 30 €. In both cases D = 20\ =
6o and a backshort in free space is used located at Ao /4 at the f = fo. The
inset shows the current in the absorber validated with CST for the R/D = 0.6
case at the f = fo.
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Fig. 12. Electric field amplitude for the R/D = 0.6 lens case shown in Fig. 9,
at the central frequency.

this case, there is a significant variation of the spectral current
in the angular range defined by the lens illumination (i.e., up to
10°) as shown in Fig. 9(b).

C. Absorption Efficiency and Validation of the Model

In the general case, the absorption efficiency of a focusing
absorbing system can be directly obtained using (6) and nor-
malizing it by the power of the plane wave impinging on the
focal system aperture (D; in the case of the lens and D, for
the reflector) accordingly to Figs. 4 and 6. Fig. 11 shows this
efficiency for a large R/D = 1 and a small R/D = 0.6 ellip-
tical lenses. In the large R/D case the presence of a matching
layer, with thickness A/4 at the central frequency of the band,
is included. The same cases have been analyzed by using the
CST software for comparison; the excellent agreement is ev-
ident. The CST computation is very time consuming (for the
cases shown in Fig. 11 CST took over two hours in comparison
of the analytical method that took less than a minute). Moreover,
the computation time in CST increases with the dimensions of
the lens. This is because CST requires a full wave simulation
of the whole optical system (Fig. 12 shows the electric field in-
side the lens simulated by CST for the same R/D = 0.6 case
of Fig. 11). The inset of Fig. 11 shows the normalized current,
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in the central strip of the absorber, validated with CST for the
small R/D case at the central frequency.

To evaluate the current along the strips, the proposed model
assumes an infinite extension of the absorber. A finite absorber
dimension is only considering in the calculus of the absorbed
power, (6). This is equivalent to neglect the edge effects associ-
ated to the absorber finiteness. However, these effects are usu-
ally very small, in practice, because of the significant loss in the
metal strips. In order to study the validity of the approximation,
Fig. 13 shows the absorption efficiency for different dimensions
of the absorber, for the case R/D = 0.6 in Fig. 11, validated
with CST. The absorber areas considered, apart from the infi-
nite case, are those that sample the main lobe and half the main
lobe of the field at the central frequency. It can be observed that
the agreement is excellent except the smallest area. Indeed, this
case has an absorber dimension of only 0.6 at the central fre-
quency and the truncation effect cannot be neglect. It is however
to worth noting that the latter case is not a practical one and it is
considered only for academic purposes. As a matter of fact, in
common designs the absorber extends over a region larger than
half a wavelength.

VI. ABSORBER DESIGNS FOR KIDs

In this section, the proposed analytical model is used to de-
sign some absorber configurations with optimum performances.
First, we point out the influence of different multilayer stratifi-
cations, placed at the focal plane of a dielectric lens, on the ab-
sorption efficiency. The efficiency of a free-standing absorber
(an absorber placed on an infinite silicon medium) would have
a maximum efficiency of 50% that would decay smoothly with
the R/ D ratio of the lens. To improve the efficiency, one can
place a silicon backshort at A /4. The efficiency goes up to 100%
and also decays smoothly with the R/D ratio, as shown in
Fig. 14. Instead, if the backshort is placed at Aq/4 in free space,
the efficiency will increase up to 100% but have unexpected
variations versus the B/ D ratio due to the presence of the crit-
ical angle, shown also in the same figure. The most surprising
case is when the absorber is placed between infinite silicon and
free space mediums. In this case the efficiency is 78% for normal
incidence and increases for B/ D ratios associated to subtended
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Fig. 14. Absorption efficiency versus lens subtended rim angle (the R/ D value
related to each angle is indicated in the upper axis) for three different stratifi-
cations: backshort in free space (FS) and using a silicon slab (in both cases
d, = 53 pym, w = 14 pm), and no backshort with free space under the ab-
sorber (d, = 41 pm, w = 14 pm). In all cases, D = 70X = 20X, (at
fo = 350 GHz), R, = 30 €2 and a matching layer is used. Dots, asterisks and
triangles correspond to CST simulations.

rim angles larger than the critical one, see Fig. 14. This increase
is related to the fact that there is not power transmitted to the
air medium after this angle. Fig. 14 also shows, for each case
considered, the absorption efficiency calculated by using CST
for the angles 8y = 30° and 8y = 50°, as a further variation of
the discovered trend.

Second, we have investigated how to maximize the absorp-
tion frequency bandwidth. According to Fig. 14, the optimum
cases when a silicon/free space transition is present are: 8y =
13° with backshort, where the efficiency starts to decrease after
being approximately constant, and 8y = 35° without backshort,
where we have the maximum efficiency. The case where the
backshort is in silicon is not considered here because, as it is
proved in [10], it provides narrower bandwidth compare to the
other cases considered. The efficiency as a function of the fre-
quency is shown in Fig. 15, when a standard quarter wavelength
matching layer is used. It is evident that the better performance,
in terms of both efficiency and bandwidth, is obtained for the
backshort case. The frequency response of this case is actually
limited by the matching layer, and not by the absorber itself (see
[10] for curves associated to plane wave efficiencies showing
larger absorption bandwidths). If a double matching layer (or,
for instance, wide-band grove based matching layers [17]) is
employed, the efficiency bandwidths can be increased consid-
erably as shown in Fig. 15.

Finally, a comparison of the efficiencies of KIDs coupled to
reflectors versus lenses is presented in Fig. 16. Typically, re-
flectors are characterized by very large R/D ratios (e.g., fu-
ture telescopes, as SPICA, are being planned with R/D =
10). In this case, the absorber is free-standing, i.e., printed in
a very thin silicon membrane. Fig. 16 shows the efficiency of
an infinite free-standing absorber under large R/D parabolic
reflector, typical of space astronomical telescopes, for the SA-
FARLI first frequency band. The 80% relative bandwidth corre-
sponds to 1.4 octaves. In the same figure, the two best cases
shown in Fig. 15 for the lens coupled absorbers are also plotted
as reference. In these cases, the absorbers have a finite area that
covers the first two secondary lobes of the focal field. The 80%
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bandwidth of the single matching layer case is comparable to
that of the parabolic reflector: 1.2 octaves. If a broader band
matching layers is employed, the bandwidth can be significantly
increased. For the example of the figure, the relative bandwidth
is 1.9 octaves.

It could be possible to increase the absorption bandwidth also
in absorbers on the focal plane of reflectors by using thick sil-
icon substrates with broadband matching layers. However, for
KID focal plane arrays, the absorbing area would be limited to
at least 75% of the total array sampling area [5]. The remaining
25% area is required for the read-out circuits. Instead lens cou-
pled KID will lead to a better sampling efficiency.

VII. CONCLUSION

KIDs present a promising alternative to the traditional
bolometers for the new generation of THz cameras for Space.
In a real scenario, absorber-based KIDs are located in the focal
plane of focusing systems as reflectors or lenses. Coupling
lenses characterized by small F'/D ratios are typically used
so the standard normal plane wave incidence analysis, used

for large F/D systems, is not appropriate any more. Hence,
the optimization of the absorber becomes a complex and time
consuming task since it is done by means of full-wave analyses
of the whole system. In this contribution, an analytical spectral
model able to efficiently analyze THz absorbers distributed on
the focal plane of focusing systems, having large or small ¥/ D
rations, has been presented. The model applies the Fourier
optics plane wave representation of the focal plane fields to
realistic reflector and lens systems linked to an analytical
equivalent network, representing the absorber currents. Fourier
optics approximations are usually applied in optical frequencies
but the limits of validity are not established. In this paper, an
effort has been made to clarify their region of applicability.
Furthermore, a validation of the methodology via comparison
with an alternative numerical full-wave technique has been
presented. Finally, the method is used to derive some wide-band
lens-coupled absorbers designs, obtaining high absorption
efficiencies.

The method introduced in this paper is a powerful technique
since simply links the spectral Green’s function technique,
useful for characterizing the field propagation in planar strat-
ified media, with the focal fields in focusing systems. The
whole method provides a better understanding of the physical
insight of the problem, while providing an analytical tool for
the characterization of the absorbers under focusing systems
and avoiding time-consuming simulations. The development
of the method has been initially driven by the analysis of
absorber-based KIDs. However, it could be applied to other
types of bolometric detectors, as well as it can be extended to
the analysis of antenna coupled detectors.

APPENDIX
FO APPLICABILITY REGION

In this appendix, the applicability region of the FO is de-
scribed for a generic focusing system under plane wave inci-
dence. The field radiated by any focusing system can be rep-
resented by equivalent currents distributed over an equivalent
spherical surface S, of radius R, centered in the origin, see
Fig. 3. Considering that there are no sources inside .5, the focal
electric field in gy = (2, yy) can be approximated as a radi-
ation integral starting from the equivalent currents representa-
tion. Moreover, it can be demonstrated that if the plane wave
impinges on the focusing system from broadside, the radiation
integral can be expressed in terms of magnetic currents, m(r),
only. In this situation the electric field along the focal region can
be expressed as

( ) N ( ) eijk‘ﬁfiﬂ
ér (p :/jer?z-?—_, —dr (A.1)
s s 41r|pf 7r|
where 171 (7) = 28, (F) X i, i = —F, k = (py = 1)/1py — 7l

and € is the PO aperture field. The actual expression of this
field depends on the nature of the focusing system. A typical
simplifying assumptions that is used in quasi optical systems,
also in the microwave domain, is that the total field incident
in the focusing system can be approximated using Geometrical
optics. Thus, for each point on the equivalent sphere, Fig. 3, a
ray is associated to the incident plane wave.



The radiation integral in (A.1) can be simplified by assuming
that the radius R is the dominant distance in the amplitude.
Thus, by using the standard phase approximations for the
Fresnel region: |5y — 7| = R—p;-7+(p}/2R) [1 — (pr -?)2],
where gy - ¥ = aysinfcosg + yysindsing and py - 7 =
cos ¢y sinfcos¢ + sin¢ysinfsing, (A.1) can be approxi-
mated as follows:

ér (ﬁf) ym k x (F x 2€, (1)

weI¥B1 7 oik(ps /2R)sin*0c05* (81 -9) 4Oy (A 2)

ijefijef:ik(pi/‘ZR) / .
a Q

where d) = sinfdfd¢.

The integration appearing in (A.2) is relatively complex as
both observation and source points are part of the integrand.
The integral can further be simplified so as to obtain the FO
representation, as follows:

& (py)
jk Re—ikRo—ik(p}/2R)
- 27

27 0(] L~
/ / é, (0, 9) ’*P1 TsinfdOd¢.
0 0
(A3)

The following simplifying hypotheses have been made in
order to arrive to (A.3)
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C. ejk(p?/ZR)sin29cos2 (5 —9) ~ 1.

The points gy in the focal plane where all three assumptions are
verified will be indicated as the FO domain.

Approximation A simply corresponds to neglecting a field
contribution that, relative to the one retained in the evaluation,
is proportional to py /R = tan a. Here, & indicates the angle
subtended from the focusing system to the observation point in
the focal plane, see Fig. 3. Assuming that a 20% error on the
field is tolerable, tan a < (0.2 corresponds to an angular limi-
tation to e < 11°. Therefore, it is useful to define the diameter
Diamip, = 0.4 J D that limits the focal plane region, 5S40,
where approximation A is valid. Accordingly, g; € Sﬁo cor-
responds to 7| < Diamipo/2.

Approximation B is standard in the evaluation of the far fields
radiated by aperture distributions. A careful analysis leads to a
20% field error region defined by Diamfﬁo = O.SfiD. This
implies that Sp, € SE,, except for fz < 0.5. Thus in prac-
tice, this second condition can be neglected in all practical cases
except for low frequency reflectors (typically used in radio as-
tronomy).

A third domain of applicability of the FO, S&,, emerges from
approximation C. Imposing phase errors smaller than 7 /8, it
results that Diam$%,, = f;/ *V2DX. This condition has an ex-
plicit dependency on the wavelength and leads to the smallest
domain for focusing system characterized by very large diame-
ters since it does not grow linearly but with the square root of
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Fig. 17. Limits of applicability of the FO expression for (a) R/D = 0.6 and
(b) R/D = 3. The gray area is the region where all the approximations are
fulfilled.

D. The overall applicability domain of the FO is the smallest of
the three: Sro = min(Sz,,, SE,, S5,).

Fig. 17 shows Diamyy, for R/D = 0.6 and R/D = 3.
For small diameters, approximation A is the most restricting
one. This same approximation remains dominant also for rel-
atively large diameters as the R/D number increases since the
quadratic phase plays a smaller role. For large R/D and large
diameters in terms of the wavelength (as in the optical domain),
approximation C is the dominant one.
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