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Daniele Cavallo , Senior Member, IEEE, Marco Spirito , Member, IEEE, and Nuria Llombart , Fellow, IEEE

Abstract—This article presents the development of a focal
plane array (FPA) for terahertz imaging applications with a near
diffraction-limited resolution achieved through a very tight sam-
pling of the focal plane. The antenna array is integrated with
direct detectors in a 22-nm CMOS technology and operates from
200 to 600 GHz. The tight sampling of the focal plane is realized by
using a combination of leaky-wave radiation and a dual-polarized
connected array configuration that closely resembles a chessboard.
By utilizing both the polarizations in the chessboard design, the
number of array elements per unit area is effectively doubled.
The geometry of the chessboard array was co-optimized together
with that of a silicon elliptical lens to achieve both high aperture
efficiency and beam overlap. Measurements in the WR2.2 band
of a fabricated demonstrator showed that an aperture efficiency of
−4.1 dB was realized at 400 GHz. The average gain roll-off between
two diagonally adjacent array elements was measured to be −1.5
dB at 400 GHz. Compared to the reference configuration of an
idealized, equivalently sampled hexagonal FPA, the improvement
in gain at the edge of coverage yields 1.2 dB, which includes 1.9 dB
of ohmic losses in the chessboard array. The agreement between
measurements and simulations proved to be within 1 dB from 325
to 475 GHz.

Index Terms—CMOS antenna array, direct detector, focal plane
array (FPA), high-resolution imaging, leaky-wave antennas, lens
antenna array, passive imaging, terahertz (THz), ultrawideband.

I. INTRODUCTION

THE terahertz (THz) regime offers interesting opportunities
to complement or even replace millimeter-wave imagers in

commercial applications, such as security screening [1], [2], [3]
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or automotive imaging [3], [4]. Decreasing the wavelengths by
an order of magnitude automatically improves the theoretically
achievable resolution by the same factor. Moreover, the higher
availability of thermal radiation at smaller wavelengths makes
the work toward a fully passive THz imaging system a realistic
endeavor, especially when capturing power over a large band-
width. Thanks to the absence of active components in the front
end [3], [5], a passive direct-detection system is more compact
and has a substantially lower power consumption compared with
an active heterodyne imaging system. A high detector density
can likewise be integrated in a single chip at a relatively low cost
when fabricated in a commercial silicon technology. To fully ex-
ploit the imaging potential at submillimeter wavelengths, there
is a need for dense, large-scale focal plane arrays (FPAs) with
high aperture efficiencies. Simultaneously, the noise-equivalent
power (NEP) of the direct detector needs to be sufficiently low
to distinguish the thermal radiation emitted by the subject from
the noise injected by the camera itself at room temperatures.

Over the past decade, substantial progress has been made
in the scaling of THz FPAs [6] and in minimizing the NEP
of antenna-coupled detectors, which now gradually approaches
unity pW/

√
Hz [7], [8], [9], [10]. It remains difficult, however,

to realize FPAs with the element density required to achieve
(near) diffraction-limited resolution. Until now, demonstrated
THz cameras either have a large element separation [6], [11],
leading to blind spots in the field of view (FoV), or suffer from a
reduced aperture efficiency [12], [13], [14]. In some works, the
penalty in resolution is compensated by employing mechanical
scanning mechanisms [15], [16]. A low aperture efficiency, on
the other hand, puts more stringent constraints on the detector’s
performance. This could be tackled by cryogenic cooling of the
system [14] or increasing the integration time, at the cost of high
system complexity or a low refresh rate, respectively.

In this article, we present the design, implementation, and
characterization of an FPA that, thanks to the chessboard ar-
chitecture, achieves a near diffraction-limited angular resolu-
tion and has an aperture efficiency that is comparable to more
sparsely sampled FPAs [6] or single-pixel designs [17], [18]. The
chessboard array concept, depicted in Fig. 1, was first introduced
in [19] and combines multiple concepts from past works on con-
nected arrays [20], [21] and leaky-wave lens antennas [22]. The
proposed FPA operates over an ultrawide bandwidth (200–600
GHz) and has two (interleaved) sets of array elements with op-
posite polarization because of its self-complementary structure.
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Fig. 1. Overview of the 12-pixel THz camera consisting of an elliptical silicon
lens and the CMOS-integrated chessboard FPA. The center of the focal plane is
indicated using the dotted axes. The lower inset illustrates the circuitry of the
direct detectors, and the upper inset shows the fabricated demonstrator.

The array is designed and implemented in a 22-nm fully depleted
silicon-on-insulator (FD-SOI) CMOS technology [23] provided
by Global Foundries in the University Partnership Program. The
CMOS stratification was exploited to enable the propagation
of a wideband, nonresonant leaky-wave mode to illuminate
the lens more efficiently [24]. The combination of leaky-wave
radiation and polarization reusage results in an FPA of which the
individual beams are both highly directive and tightly spaced.

All the elements in the FPA are connected to direct detec-
tors with a topology similar to those in [18]. Although these
detectors do not reach state-of-the-art NEP, they are used in
this work to enable readout of the antennas and to demon-
strate the antenna performance in the framework of a fully
integrated THz camera. The excellent capabilities of CMOS
for the integration of digital building blocks make it attrac-
tive for future system-on-chip solutions. Besides, the use of
a deeply scaled FD-SOI CMOS node for this work allows us
to address the challenges arising from the strict metal den-
sity rules, hereby demonstrating the flexibility of the proposed
design.

The rest of this article is organized as follows. In Section
II, the challenges of designing tightly sampled FPAs using a
conventional but idealized array configuration are investigated.
The chessboard array configuration is introduced and studied in
Section III to derive the optimum geometry in terms of edge-
of-coverage gain. The implementation of the CMOS-integrated
demonstrator is discussed in Section IV, after which Section V
presents the measurement results. Finally, Section VI concludes
this article.

Fig. 2. (a) Generic quasi-optical system where an FPA with sampling period-
icity df is placed in the focal plane of a dielectric lens with diameter Dlens and
focal distance F . The beams of adjacent feeds are separated by Δθ. (b) Relation
between the gain at the edge of coverage Geoc and the directivity of an ideal
aperture with the same diameter as the dielectric lens, Dmax = (πDlens/λ)

2.

II. ANTENNA PARAMETERS AND PROBLEM STATEMENT

The simplest solution to realize a multibeam imaging system
is the use of a single quasi-optical focusing element (e.g., lens
and reflector) combined with a single-beam-per-feed FPA. In
Fig. 2, the configuration with a dielectric lens is illustrated. The
lens is characterized by its diameter Dlens and focal length F ,
and the FPA is characterized by the sampling periodicity df.
Together, the sampling periodicity and the F -number of the lens
(F# = F/Dlens) determine the angular separation of adjacent
beams and, equivalently, the angular resolution Δθ. The general
relationship between the sampling periodicity in the focal plane
and the angular resolution can be approximated by [12]

df = N · 0.5F#λd ↔ Δθ = NΔθlim, (1)

where λd = λ0/
√
εr is the wavelength in the dielectric lens

with relative permittivity εr, and N is the undersampling fac-
tor. For N = 1, the focal plane is fully sampled and has a
diffraction-limited resolution in an incoherent imaging scenario,
i.e., Δθlim = λ0/(2Dlens) [25]. Unfortunately, a fully sampled
FPA yields a low aperture efficiency; thus, the gain and sensitiv-
ity of the camera are compromised, as discussed in [12]. For an
imaging system to be sensitive over its entire FoV, the gain at the
least covered spots, i.e., the edge-of-coverage gain (Geoc), needs
to be maximized. This requires a high aperture efficiency, but
also a high density of beams such that the roll-off loss is small. To
better understand and quantify this design challenge, this section
explores the performance metrics used to compare different FPA
designs in terms of sampling periodicity and aperture efficiency.

Let us study the losses and beam spacing of an idealized
FPA of circular, electrically large feeds with a uniform cur-
rent distribution, arranged in a hexagonal grid with sampling
configurations N = 1, 2, 4. At this stage, any losses associated
with reflections and mutual coupling between the feed elements
are not considered. Table I summarizes the angular resolution
beam roll-off at θeoc = Δθ/

√
3 (i.e., the least covered point in

a hexagonal grid) and losses due to spillover and aperture field
tapering of this geometry. The tradeoff between resolution and
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TABLE I
FEED SAMPLING TRADEOFF BETWEEN RESOLUTION AND EFFICIENCY FOR

UNIFORM APERTURE FEEDS

Fig. 3. ΔGeoc versus frequency and sampling periodicity of an ideal hexag-
onal grid of uniform circular feeds illuminating a reflector system (dark gray
area) and of a chessboard connected array illuminating a silicon lens (light gray
area). The lower bounds represent the least covered spots in the grids (e.g., the
E-plane for the chessboard array), whereas the upper bounds represent the spots
between the beams that are closest to each other.

aperture efficiency can be clearly recognized. The sum of the
roll-off and other losses is also shown. This metric represents
the difference between the ideal gain of the aperture and the gain
at the edge of coverage; it is defined as:

ΔGeoc = LTaper − LRoll-off − LLoss. (2)

The individual contributions to ΔGeoc are visualized in Fig. 2.
They include the tapering loss LTaper = D/Dmax, which relates
the directivity D of the lens antenna with that of an ideal
aperture (Dmax), the roll-off between two beams LRoll-off, and
the combination of all other losses LLoss = G/D, which relates
the antenna gain G to its directivity. In Table I, only the spillover
is included in LLoss, but in next sections, other contributions are
also included. The metric ΔGeoc provides a fair comparison
between different FPA architectures, since both the aperture ef-
ficiency and the angular separation of the beams are considered.

From Table I, it can be determined that a hexagonal FPA with
a sampling periodicity of df = 1F#λd yields the optimal ΔGeoc

of −7 dB. The ΔGeoc of the ideal hexagonal FPA is shown as a
function of sampling periodicity (or, equivalently, frequency) in
Fig. 3 using the dark gray area. The following section presents
the design and optimization of a chessboard array configuration,
of which ΔGeoc (not considering ohmic losses) is shown in
Fig. 3 using the light gray area.

Fig. 4. Configuration of the considered chessboard array. (a) Antenna stratifi-
cation, (b) Connected array of tapered dipoles. The sampling periodicity in the
horizontal and vertical dimensions is df = 1 · F#λd at 400 GHz, and the port
dimensions are fixed to wp =20 μm and hp =15 μm for both the polarizations.

Fig. 5. Difference in the gain of an ideal aperture and the gain at the edge of
coverage, ΔGeoc, in the H-plane of the chessboard FPA feeding an elliptical
silicon lens. The sampling condition was set to df = 1 · F#λd in the vertical and
horizontal dimensions. The results are plotted as a function of F# and include
the different loss contributions. Optimal ΔGeoc is obtained for F# = 0.65.

III. DESIGN OF THE CHESSBOARD FPA

In this section, we describe the design of a chessboard FPA
operating between 200 and 600 GHz and implemented in a
22-nm FD-SOI CMOS process. From the perspective of passive
imaging at submillimeter wavelengths, this frequency range
allows for operation over a few hundred gigahertz of bandwidth
but avoids the large atmospheric attenuation that is present
beyond 1 THz [2]. Connected arrays feeding dense dielectric
lenses can achieve ultrawideband operation while realizing an
efficient illumination of the lens [20], [21]. However, when the
feeds are small in terms of the wavelength, they also introduce
a significant mutual coupling. In [20], the mutual coupling is
analyzed as a function of the wavelength, but the tradeoff in terms
of ΔGeoc was not discussed explicitly. Here, we extend these
initial studies to a chessboard connected array configuration in
order to maximize ΔGeoc at the central frequency.

The chessboard array under consideration is shown in
Fig. 4. The illustrated stratification approximates the 22-nm FD-
SOI CMOS process and consists of a simplified silicon dioxide
(SiO 2) layer with an average relative permittivity εr = 4.2 and
the bulk silicon. The antenna layer is embedded in the SiO2 and
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Fig. 6. Simulated radiation patterns at 400 GHz of a chessboard FPA configuration with F# = 0.65 and df = 1 · F#λd. (a) Primary radiation pattern.
(b) Secondary radiation pattern. (c) 2-D plot of the array FoV. (d) E-plane pattern along φ = 0◦. (e) D-plane pattern along φ = 45◦ (D-plane). (f) H-plane
pattern along φ = 90◦.

separated from the semi-infinite silicon half-space (i.e., the bulk
silicon and the lens) by approximately 8 µm. For simplification,
the thin oxide box of the FD-SOI process is omitted. In [24],
it is shown that a slightly enhanced leaky-wave radiation can
be achieved in this stratification. The same technique is also
used in this work to realize a higher gain of the feed elements
and, consequently, higher ΔGeoc. The array elements consist
of dipoles that are tapered with an angle of 45◦ to realize a
self-complementary geometry that resembles a chessboard, as
can be recognized in Fig. 4(b). As such, two polarizations can
be utilized equivalently, and the effective sampling periodicity
is reduced by a factor of

√
2 along the diagonal.

To obtain the optimum geometry of the lens and FPA for
maximum ΔGeoc, F# of the lens is changed while keeping the
focal plane sampling periodicity constant in terms of F#λd.
The simulated array consists of Nports,H = 5× 5 horizontally
polarized ports [red in Fig. 4(b)] and Nports,V = 4× 6 vertically
polarized ports [blue in Fig. 4(b)], yielding a total of 49 ports.
The embedded primary radiation patterns inside the silicon
lens were obtained from full-wave simulations in CST Studio
Suite and imported into an in-house physical optics tool [26]
to compute the patterns radiated from the lens. In Fig. 5, the
different loss contributions are shown as a function of F#, the
truncation angle of the primary fields θt ≈ arcsin(1/(2F#)) [see
Fig. 2(a)], and feed separation df. As can be seen, a larger F#

decreases the truncation angle of the lens and increases the
spacing of the elements. Although the latter results in lower
mutual coupling losses, the smaller truncation angle θt leads to
increased spillover losses. The tapering loses are only slightly

better for a larger F#. The roll-off loss, here shown for the
H-plane, remains practically constant as function ofF# as would
be expected. The small changes that can be observed are due
to the variation in tapering efficiency. It can be observed that
optimum ΔGeoc is obtained approximately at the point where
the mutual coupling losses are equal to the spillover losses, at
F# = 0.65.

The primary radiation pattern of a single element in the
optimized chessboard FPA is shown in Fig. 6(a). Despite the
array having a self-complementary layout, the radiation patterns
are asymmetric in different planes because the FPA is placed
between a dielectric and air [27]. The corresponding secondary
radiation pattern outside the elliptical lens is shown in Fig. 6(b).
In order to evaluate the beam spacing in different planes, the
multibeam radiation patterns were evaluated in a part of the array
consisting of 2×3 horizontally and 3×2 vertically polarized el-
ements. Fig. 6(c) shows the normalized beams of these elements
in a 2-D surface plot. In this figure, azimuthal cuts are defined
for the main and diagonal planes, along which the radiation
patterns are given in Fig. 6(d)–(f). The main planes yield the
least covered spots in the rectangular grid. In these planes,
the edge of coverage is located at θeoc = Δθ/2 = 2.84◦, and the
roll-off loss is between−2.5 and−3 dB. Along the diagonals, an
enormous improvement in roll-off loss can be observed, which
is only −1.3 dB and located at θeoc = Δθ/

√
2 = 2.01◦.

The light gray area in Fig. 3 shows ΔGeoc as a function of the
frequency for the optimized geometry. Note that the sampling
periodicity on the secondary x-axis is given with respect to the
diagonal planes for the chessboard array. When designing for the
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Fig. 7. (a) Simulated mutual coupling between the chessboard FPA ports from Fig. 4. (b) Total coupling losses of the chessboard array as calculated using (3).
The reference case of a connected array of untapered dipoles is also shown. Both the arrays are sampled with df = 1 · F#λd along the horizontal and vertical
dimensions at 400 GHz, with F# = 0.65. The feeds are terminated with Zport =100 Ω.

same resolution at a sampling periodicity of df = 1/
√
2 · F#λd,

an improvement of 3.5 dB is achieved with respect to the ideal
hexagonal FPA. Although the array is not optimized for diffrac-
tion limited resolution (i.e., df = 0.5 · F#λd), the chessboard
configuration also features a 3.7-dB improvement in ΔGeoc in
this scenario.

Finally, we take a closer look at the mutual coupling. Fig.
7(a) shows the S-parameters versus frequency for the optimal
FPA geometry, when the central element is excited. This central
element corresponds to port 1 in Fig. 4(b). Note that only the
top right quadrant of the simulated array is depicted in this
figure. The red curves represent the antenna feeds with the same
(horizontal) polarization, whereas the blue curves represent the
vertically polarized feeds. The S-parameters are normalized
to a port impedance of Zport = 100 Ω. It can be observed
that the dominant contributors are S2,1, S3,1, and S7,1, which
correspond to all the directly neighboring ports (irrespective of
their polarization). The coupling to the remaining ports is lower
than−22 dB over the full frequency range. The small differences
between equally polarized array elements placed at radially
symmetric positions can be explained by the nonsymmetric
radiation pattern of the array elements [see Fig. 6(a)].

The total mutual coupling losses,LCoupling, are calculated from
the reference point of the central element by using

LCoupling = 1−
Nports=49∑

i=2

|Si,1|2 , (3)

in whichSi,1 are theS-parameters related to the central element.
Evaluating (3) as a function of frequency leads to the result
shown in Fig. 7(b), which shows that a sampling periodicity of
df < λ0/5 results in high mutual coupling losses. These losses
are, however, still significantly lower than the spillover losses
when using nonoverlapping uniform feeds in a hexagonal grid
as evident from inspecting Table I. As a reference, Fig. 7(b)
also provides the case of a connected array of untapered dipoles
with the same sampling periodicity operating in only a single
polarization. One might expect higher mutual coupling losses for

the dual-polarized array, since Fig. 7(a) showed thatS7,1 ≈ S3,1.
However, the mutual coupling with the neighboring element
along the direction of the dipole in the untapered array would
have been approximately twice as high, resulting in almost
identical total mutual coupling losses. Moreover, when utilizing
both the polarizations in the chessboard array, the sampling
periodicity is reduced by a factor of

√
2 with respect to the

(single-polarized) array of untapered dipoles.

IV. CHESSBOARD FPA DEMONSTRATOR

A demonstrator of the chessboard FPA with integrated direct
detectors was developed in a commercial 22-nm FD-SOI CMOS
process from Global Foundries, which contains ten copper layers
with one ultrathick layer. An image of the chip is included in
Fig. 1. The silicon lens available for the demonstrator is repur-
posed from a previous project and has a focal number slightly
below the optimum value (F# = 0.56). The lens has a diameter
of 7.56 mm (10λ0 at 400 GHz) and is coated with a layer
of parylene-C to minimize reflection losses. The focal plane
in the prototype is sampled with df = 1 · F#λd = 130 µm at
363 GHz in the main planes. When considering both the po-
larizations, this corresponds to an effective sampling of deff

f =
1/
√
2 · F#λd = 92 µm along the diagonal. The gap dimensions

of the dipoles are the same as in Fig. 4, with wp = 20 µm and
hp = 15 µm.

Each of the 60 feeding points in the chessboard array is
connected to a differential pair of Schottky barrier diodes (SBDs)
biased in the square-law region to realize the power detection.
The current response from the diodes is converted to a voltage
using a 4-kΩ resistor located at the common node, as shown in
Fig. 8(a). A reference branch, not connected to the antenna, is
also integrated to realize a pseudodifferential readout. Biasing
of the devices is done via connections placed at the center
of the chessboard antennas. The complete detector circuit can
be recognized in Fig. 8(a), but a simplified illustration is also
given in Fig. 1. The operational principle and performance of
highly similar direct detectors (with identical SBDs) were fully
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Fig. 8. (a) Architecture and routing of the direct detectors per array unit cell.
(b) Vertical transition from the antenna to the detector. (c) Geometry and spacing
of single metal antenna patch. (d) Close-up of the metal tiling in layers M1–M7
and the three top layers to fulfill the metal density rules. Note that neither (b)
nor (d) is to scale, especially in the vertical dimension.

evaluated in [18] in terms of responsivity, noise, and NEP. The
results from this previous work will be used in Section V to
extract the antenna efficiency of the chessboard FPA from the
system-level response.

Of all the 60 feed gaps, only 12 (six per polarization) can be
readout via individual lines to the bonding pads. This imple-
mentation was chosen to minimize additional circuitry on the
chip (e.g., for multiplexing), and therefore, we were limited by
the area available for bond pads around the array perimeter. The
connected 12 array elements are highlighted in Fig. 1. Although
the other elements cannot be accessed, they are also biased to
maintain uniform matching conditions within the array. In Fig.
8(a), it is shown how the diode pairs and resistors are distributed
within each array unit cell and how their interconnections are
(locally) routed. The placement of these lines underneath the
metal antenna pads is optimized via electromagnetic simulations
to minimally interfere with the radiation patterns of the antenna
elements. Although not depicted as such in the schematic, lines
corresponding to the supplies and readout run mostly on the
top of each other in different layers of the metal stack rather
than next to each other, such that their total cross section to the
radiated fields is minimal.

A major design challenge when designing integrated sys-
tems in ultrascaled CMOS technologies is to comply with the
strict design rule check (DRC) for metal densities. Usually,
minimum sized metal tiles are distributed over the layout as a
final step before fabrication to make it comply with the density
rules. Fully incorporating this rule into the design process, by
making parameterized scripted unit cells completely DRC-
clean, ensures that the electromagnetic effects of the metal tiling
can be accounted for and optimized during the design phase
of the component. The metal tiling was designed in all ten

metal layers for a minimal change in effective permittivity and
low losses using the methods presented in [24]. A simplified
depiction of the metal tiles is illustrated in Fig. 8(c) and (d). In the
ultrathick top layer (i.e., antenna layer), they are of size 1.4 µm
with a spacing of 14.4 µm, whereas all other metal layers contain
2.9 µm tiles spaced 3.1 µm apart. The lower layers (M1–M7) also
have a smaller tiling of 150 nm with 250-nm spacing. In order
to efficiently simulate the effects of this complex stratification
in CST, the layers that include the DRC tiling were replaced by
equivalent anisotropic layers, of which the relative permittivity
and tangent delta tensors were determined using the in-house
tool [28] based on the theory in [29]. As shown in [24], the ohmic
losses in these layers are only 0.2 dB over the entire frequency
band. The increase of the (effective) relative permittivity of the
medium does result in a slightly lower directivity of the antenna
elements with respect to the ideal case (i.e., without tiling).
The (ohmic) losses in the array implementation are plotted in
Fig. 9(a). Besides the aforementioned contribution, they also
include the front-to-back ratio, conductor losses, and the losses
in the low resistivity silicon (the CMOS chip has a thickness of
255 µm).

The input reactance to the diode pair is capacitive of na-
ture [18]. To improve the impedance matching with the antenna,
the inductive behavior of the vertical transition needs to be
carefully optimized. These vertical transitions were included
in the CST model of the array by placing the port in between
the connections to the diodes [see Fig. 8(b)]. By combining the
resulting antenna input impedance with the impedance charac-
teristics of the SBDs obtained from simulations using the process
design kit (PDK), the positions of the transitions were tuned for
a broadband impedance match. The effect of the optimized ver-
tical transitions on the antenna impedance is shown in Fig. 9(b).
Unfortunately, since the SBDs are identical to those used in [18]
and the array was fabricated in the same run, the devices suffer
from the same increased series resistance (135 Ω instead of 10
Ω) and junction capacitance (20 fF instead of 8 fF) with respect
to the PDK values. As such, they will suffer from a significantly
lower responsivity and higher NEP than one would expect from
a typical SBD detector [10]. In addition, the conjugate matching
condition anticipated from simulations was not fully achieved.
The input impedance of the SBD pair shown in Fig. 9(b) is
corrected for this mismatch between physical devices and the
PDK using empirical data. The impedance matching efficiency
is shown in Fig. 9(a).

With all loss contributions introduced, we can define a more
rigorous expression for the aperture efficiency of the antenna.
It comprises all the aforementioned loss mechanisms (with the
exception of the impedance matching) and is given by

ηap = ηFeedηSOηRefηTaperηMC, (4)

where ηFeed represents the efficiency of the feed elements [see
Fig. 9(a)], ηSO is the spillover efficiency, ηRef is reflections at
the lens–air interface, ηTaper is the tapering efficiency, and ηMC

is the losses due to mutual coupling between the elements.
The aperture efficiency is shown in Fig. 9(c) as a function of
frequency.
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Fig. 9. Simulated performance of the chessboard array prototype as a function of frequency. (a) Losses introduced by the dielectric layers, metals, and front-to-back
ratio. In the total losses in the feed, all the terms are included except the impedance matching. (b) Input impedance of the antenna (with and without the vertical
transition) and the detector at a bias voltage of 1 V. (c) Aperture efficiency with all its individual contributions. The blue and red circles represent the aperture
efficiency extracted from measurements of vertically and horizontally polarized elements, respectively.

Fig. 10. (a) Photograph of the chessboard FPA chip in the alignment cavity.
(b) Readout board. (c) Aluminum holder with the silicon lens.

Fig. 11. Simplified schematic of the test bench used to characterize the
chessboard array demonstrator.

V. EXPERIMENTAL VALIDATION

For the experimental validation of the chessboard FPA, the
fabricated CMOS chip was glued to the backside of the silicon
lens and wire bonded to a printed circuit board for biasing and
readout. An aluminum holder was fabricated with cavities on
either side to contain and align the chip and lens. To make the
demonstrator more robust and to shield it from ambient noise,
an aluminum casing was designed and manufactured, as shown
in Fig. 1. The assembly steps are shown in Fig. 10.

The main performance metrics of interest (i.e., radiation
patterns, directivity, aperture efficiency, and beam overlap) of
the demonstrator were all extracted from the voltage response

Fig. 12. Used reference systems: the global reference system for alignment
to the horn and the local reference system for individual beam pattern measure-
ments. The measured cuts and polarization of the aligned beam (in blue) are
highlighted in the frontal view of the beam, shown between the beam and the
horn.

of the 12 accessible array elements. The measurements were
performed in the WR2.2 band using the setup illustrated in
Fig. 11. A more detailed description of this test bench is provided
in [30]. The lens was illuminated using a 20-dB standard gain
horn antenna excited by a frequency extender module from
VDI. The signal for driving the extender module was modulated
(i.e., chopped) to achieve a high measurement dynamic range
(DR). The modulation shifts the detector response from dc to
higher frequencies, hereby minimizing the impact of Flicker
noise injected by the embedded devices. In [18], it was estimated
that the 1/f -corner frequency of the direct detectors lies in the
low-megahertz range. The chopping operation was implemented
using an in-phase–quadrature (IQ) mixer driven by a square
wave from an NI 200-MS/s digital-to-analog converter (DAC)
card. To acquire the output voltage, a 100-MS/s analog-to-digital
converter (ADC) card from NI was used in combination with a
40-dB low-noise instrumentation amplifier (LNIA). The LNIA
has a 1.5-nV/

√
Hz input-referred noise floor and a half-power

bandwidth of 8 MHz. Since the chip does not contain any
multiplexing circuitry, the array elements have to be either
readout sequentially (possibly with external multiplexing) or in
parallel. To keep the measurement setup simple and compact,
and/or to prevent additional noise contributions from external
multiplexing circuitry, the choice was made to characterize the
array elements sequentially.
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Fig. 13. Measured and simulated patterns of individual elements in their local reference systems at 400 GHz. (a)–(c) Measured radiation patterns of three
horizontally polarized elements. (d)–(f) Measured radiation patterns of three vertically polarized elements. Leftmost figures correspond to array elements located
near the edges of the 12-pixel subarray.

A. Individual Beam Patterns and Directivity

In order to measure the radiation patterns of individual array
elements, the prototype was mounted on a gimbal with two
rotation axes using a 3-D printed bracket. The use of a gimbal
allowed us to directly measure the patterns of different array
elements in a (local) spherical coordinate system. The phase
center of the lens antenna (i.e., the tip of the lens) was placed at
the center of rotation of the gimbal and placed at a distance 20
cm from the horn, which remained in the same position for all
the measurements.

The patterns of six active elements in the prototype were
measured, three per polarization. For each element, alignment
to the horn was performed by searching for the maximum
detector response at 400 GHz along the two rotation axes. The
angular location corresponding to the beam maximum was saved
in a global reference system in UV coordinates (i.e., latitude
U = sin θ cosφ, longitude V = sin θ sinφ). The origin of this
global reference system corresponds to the broadside direction
of the lens antenna. After alignment to an individual array
element, a UV reference system local to its beam maximum
was constructed to measure the radiation pattern along four
azimuthal cuts (E-, H-, and two D-planes) over a range of ±20◦.
An illustration of the global and local reference systems and the
four considered cuts is shown in Fig. 12.

Because the horn only supports a single polarization and the
gimbal just has two rotation axes, the test bench allows us to
characterize only the copolarized field component [31] in the
four measured planes. Likewise, only half of the array elements
(either horizontally or vertically polarized) can be measured at

a time. To measure the radiation patterns of the other array
elements, another 3-D printed mounting bracket was used to
rotate the demonstrator around a third axis within the gimbal.

Following from the study in [30], the modulation frequency
was set to 1 MHz for the pattern measurements. This modulation
frequency yields maximum measurement DR when biasing the
array with a voltage of 1 V. For further enhancement of the DR,
the output signal was averaged over a total time of 1 s per fre-
quency and orientation. The DR obtained in this test bench was
around 30 dB, which includes the over-the-air spreading losses.

Since the voltage response is a linear function of the received
power, the radiation patterns can be reconstructed directly from
the voltage response at different gimbal orientations. The mea-
sured and simulated radiation patterns along the four considered
cuts of all six measured elements within the array are shown in
Fig. 13 in their local reference systems at a frequency of 400
GHz. As can be seen, the main lobes of the elements have a good
agreement with simulations. The patterns of a central element
at different frequencies were shown in [30] and are not reported
again in this article.

The directivity of the considered elements was determined as
a function of frequency using the patterns along the measured
cuts. As explained in [30], the measured radiation patterns at the
extremes of the WR2.2 band had to be truncated to |θ| ≈ 10◦ and
|θ| ≈ 12◦ such that the noise floor is excluded from the direc-
tivity computation. The resulting directivity is shown in Fig. 14,
where the circles correspond to the directivity of the measured
elements. The solid and dotted lines represent, respectively,
the simulated directivity when integrating over the complete
simulated 2-D pattern and when matching the integration range
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Fig. 14. Measured and simulated directivity of the elements from Fig. 13 as a
function of frequency. The blue and red dots correspond to measured vertically
and horizontally polarized elements, respectively. To provide a good benchmark
to the measurements, the simulated directivity was calculated using the complete
2-D pattern and using the same truncation/cuts as in the measured scenario.

to the cuts and truncation of the measurements, which provides
a better benchmark. As can be observed, the match between
the simulated and measured directivity of all array elements is
within 1 dB up to 450 GHz. The impact of the standing waves
in the test bench was evaluated in [30] and gives a directivity
variation of around ±0.5 dB. The directivity at the lower end
of the WR2.2 band is a bit higher than expected, possibly due
to reradiated power that is reflected from the diodes, and/or the
higher mutual coupling at these frequencies [21]. Considering
the operational frequencies and the tolerances from the lens
fabrication (±20 µm), chip-to-lens alignment (± 50 µm laterally
and±40 µm longitudinally), as well as the unavailability of tech-
niques, such as time gating to remove standing wave effects, a
good match between simulations and measurements is achieved
over the entire WR2.2 band.

B. Aperture Efficiency

As a result of the integration of direct detectors with the
antenna array, it is not possible to perform antenna gain mea-
surements directly. Instead, the gain is obtained via the aperture
efficiency, which relates the antenna gain to its directivity. The
aperture efficiency, in turn, is obtained from the characterization
of the system-level responsivity of the array elements. The
voltage system responsivity, �v,sys, describes the conversion
of power incident on the lens aperture to a voltage change at the
detector output of a single array element. In this specific setup,
it is defined as

�v,sys =
ΔV ′

PinGLNIA
=

(4πR)2ΔV ′

λ2
0PsrcGhornDmax,lensGLNIA

, (5)

in which ΔV ′ is the voltage swing at the output of the LNIA,
arising from the ON–OFF switching of the extender module,Pin is
the power incident on the lens, andGLNIA is the gain of the LNIA.
The incident power can be calculated from the power radiated
from the horn antenna during the ON-time of the extender module
(Psrc), the gain of the horn (Ghorn), the path loss over a distance
R between the horn and the lens (i.e., 20 cm), and the maximum

Fig. 15. Measured and simulated system responsivity (a) as a function of bias
voltage at 400 GHz and (b) versus frequency at a fixed bias voltage of 1 V.

theoretical directivity of the aperture of the lens (Dmax,lens). The
voltage swing can be calculated from the fundamental tone in
the double-sided frequency spectrum of the output voltage using
the relation ΔV ′ = πVout,LNIA(fmod). The system responsivity
includes all the losses from the lens aperture to the output, as
well as the rectifying action of the SBDs. Therefore, it can also
be calculated with simulated performance metrics using

�v,sys,sim = ηapηΩ�v,det,sim (6)

where ηap is the aperture efficiency as defined in (4), ηΩ is the
impedance matching efficiency between the antenna and SBD
pair, and �v,det,sim is the (simulated) voltage responsivity of the
detector. This responsivity was thoroughly characterized in [18]
of similar detectors that were fabricated on the same silicon die as
the array and contain identical SBDs. Therefore, we can equate
(5) and (6) and use the results from [18] to extract the aperture
efficiency from the system responsivity per array element.

While measuring �v,sys, the orientation of the gimbal was
fixed to the angular locations corresponding to the individ-
ual beam maxima. In addition, the modulation frequency was
decreased to 55 kHz to ensure that the system response at low
bias voltages was not affected by the modulation, and thus the
measurement precision is maintained [30]. The measured and
simulated system responsivity of the active elements is shown
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Fig. 16. (a)–(c) Interpolated measured radiation patterns of six array elements, three per polarization H/V at 325, 400, and 500 GHz, respectively. (d) Angular
locations of the six beam maxima before and after the postmeasurement alignment are shown using the asterisks and crosses. The angular locations found from
simulations are shown using the circles. (e) Radiation patterns along the indicated diagonal cut at 400 GHz. (f) ΔGeoc and LRoll-off as a function of frequency for
all the measured edge-of-coverage points.

in Fig. 15(a) versus bias voltage at 400 GHz and in Fig. 15(b) as
a function of frequency. Although Fig. 15(a) shows that the re-
sponsivity peaks around 0.6 V, the system NEP is not necessarily
minimized at this bias voltage [18]. An empirical study on this
particular measurement scenario in [30] showed that a bias volt-
age of 1 V yields maximum DR for characterization. Therefore,
when characterizing the responsivity as a function of frequency
(or the radiation patterns), the bias voltage was fixed to 1 V.

The mismatch between measurements and simulations in Fig.
15(b) follows the same trend as the directivity [see Fig. 14] and,
since the responsivity includes the tapering efficiency ηTaper (4),
can most likely be attributed to the same origins. In addition, a
small process variation between the SBDs (i.e., 5%), can result
in a 1-dB variation in responsivity between elements [30].

The aperture efficiency of the camera was extracted from
the measured responsivity using (5) and (6). Fig. 9(c) shows
the result at a bias voltage of 1 V together with the simulated
aperture efficiency, with which there is a good agreement.
Compared to a previously demonstrated single-pixel design
with the same elliptical lens and a similar direct-detector topol-
ogy [18], the additional penalty in aperture efficiency arising
from an array implementation is relatively small (e.g., −1 dB at
400 GHz).

From an imaging perspective, it can be interesting to translate
these results in terms of NEP performance. Upon combining the
NEP of the single-pixel detector [18] with the aforementioned

difference in aperture efficiency, we can extrapolate that the NEP
would increase from 99 to 115 pW/

√
Hz at 400 GHz. Although

this does not suffice for passive imaging, it can be seen that the
difference between these single-pixel and FPA implementations
is minor. The proposed chessboard array can be used with higher
performing devices [32] or in other processes, such as SiGe [7],
to improve the NEP.

C. Beam Sampling and Edge-of-Coverage Gain

Using the measurement results presented in previous sections,
we can determine the angular sampling of the beams and, subse-
quently, the difference between the gain of an ideal aperture and
the gain at the edge of coverage (ΔGeoc). This is achieved by
plotting all the measured radiation patterns in the same global
UV reference system using the retrieved locations of the beam
maxima from the alignment procedure. Fig. 16(d) displays the
locations of the beam maxima in the globalUV reference system
at 400 GHz, where blue represents the vertically polarized
elements V and red the horizontally polarized elements H. The
simulated locations of the beam maxima are indicated using the
circles, whereas the measured locations are indicated using the
asterisks. Since the broadside direction of the lens should ideally
correspond to the center of the array of accessible elements (see
Fig. 1), the beam maxima associated to the central V and H
elements should ideally be located in the φ = 0◦ and 90◦ cuts,
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TABLE II
COMPARISON OF STATE-OF-THE-ART THZ IMAGERS IN TERMS OF SAMPLING PERIODICITY, BANDWIDTH AND APERTURE EFFICIENCY IN THE MIDDLE OF THEIR

OPERATIONAL FREQUENCY BAND

respectively. Because of the 50-µm manufacturing accuracy in
the alignment cavity of the chip (see Fig. 10), a maximum error
of 2◦ from this ideal situation can be expected.

In addition, since the V and H elements were mounted using
different brackets, each with their own mechanical alignment er-
rors, their respective beam maxima were found in separate global
reference systems. To relate the H and V reference systems,
the symmetry in the chessboard FPA topology was used. The
global UV reference system of the V elements was translated in
postprocessing such that the maxima of the two centrally located
elements are line symmetric in the (ideal) φ = 90◦ cut and such
that their (average) angular locations lie on the φ = 0◦ cut. It
should be emphasized that no manipulation was applied to the
angular spacing between the local reference systems within the
global reference systems. The global H reference system was
first rotated by 90◦ to relate it to the global V reference system
and then translated such that the maxima of the two central H
elements are line symmetric in the φ = 0◦ cut and located in
the φ = 90◦ cut. The angular locations of the beams after the
postmeasurement alignment procedure are shown in Fig. 16(d)
using the crosses.

Next, the radiation patterns of the elements were normalized
to the measured aperture efficiency and then interpolated to
obtain the 2-D multibeam radiation pattern of the camera, as
shown in Fig. 16(a)–(c). It can be seen in these figures that
one of the elements in the FoV [corresponding to the pattern in
Fig. 13(a)] consistently has lower aperture efficiency compared
to the other elements. Considering that, of all the measured
elements, this element is located closest to the chip perimeter,
the performance drop of this specific element can be attributed
to edge effects. By normalizing the radiation patterns to the
aperture efficiency, we can directly estimate ΔGeoc at the cross-
over between adjacent beams. In Fig. 16(e), which shows the
radiation patterns along the diagonal cut in Fig. 16(b), one can
recognize how the magnitude at the edge of coverage relates
to ΔGeoc, as defined in (2). Clearly, the beam sampling in Fig.
16(a)–(c) and (e) closely resembles the narrow spacing of the
beams expected from Fig. 6(f).

The evolution of LRoll-off and ΔGeoc over frequency between
all the measured diagonally adjacent elements is shown in
Fig. 16(f) together with the simulated results. Fig. 17 shows
the measured ΔGeoc along all the planes of the considered
elements in comparison to simulations, in a similar fashion
to Fig. 3. The error bars indicate the range in which ΔGeoc

Fig. 17. Measured and simulatedΔGeoc of the chessboard array configuration
along measured diagonal, horizontal, and vertical cuts. The light gray band
represents the measured range, whereas the dark gray band represents the
simulated range, similar to Fig. 3 but including ohmic losses. The error bars
indicate the maximum observed deviation from the average value.

was found at a specific frequency. It can be observed that the
agreements between the measured and simulated ΔGeoc are
comparable to those of the directivity and aperture efficiency
measurements. It is worth noting that, even including the ohmic
losses introduced by the CMOS process [see Fig. 9(a)], the fab-
ricated chessboard array has a 1.2-dB higher maximum ΔGeoc

compared with the ideal hexagonal array. For a chessboard
array without ohmic losses, this improvement would be even
3.5 dB.

In Table II, the performance of the chessboard array is com-
pared with state-of-the-art integrated detector arrays operating in
a similar frequency range. In addition, two single-pixel designs
are also given to indicate the performance difference in terms of
aperture efficiency between a single-pixel design and an array
design. The chessboard array, operating from 200 to 600 GHz,
has the largest relative bandwidth (3:1), and the improvement in
terms of resolution (i.e., sampling periodicity) is at least a factor
two compared to the other works. Moreover, the demonstrated
aperture efficiency is similar to that of the state of the art, with
only a 1-dB penalty with respect to the single-pixel detector
from [18]. Although no ΔGeoc is reported in the other works,
the aforementioned observations make it safe to assume that the
chessboard array is also superior in this regard to the other works
in Table II.
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VI. CONCLUSION

In this article, we demonstrated a tightly sampled chessboard
FPA, operational over a 3:1 relative bandwidth, from 200 to 600
GHz, with integrated direct detectors in 22-nm FD-SOI CMOS
for THz imaging applications. The tight sampling of the focal
plane was implemented by utilizing two polarizations in the self-
complementary chessboard array geometry and by exploiting the
SiO2 layers in the CMOS stratification to create a nonresonant
leaky-wave cavity, which increases the effective area of the feed
elements. To comply with the strict metal density design rules
of the technology, the metal tiling was fully incorporated in the
design procedure. By treating it as an artificial dielectric layer,
the losses due to the metal tiling were minimized to only 0.2
dB over the entire band. Even though a close element spacing
results in increased mutual coupling losses, the overall penalty in
aperture efficiency was alleviated when compared to a traditional
idealized hexagonal array.

An extensive measurement campaign in the WR2.2 band of
a demonstrator showed that a maximum aperture efficiency of
−4.1 dB was realized, which is comparable to that of state-
of-the-art detector arrays and even single-pixel designs. Fur-
thermore, the beam sampling in the FoV of the demonstrated
chessboard array is near diffraction limited in the middle of the
operational band, and the gain roll-off to the edge of coverage
was measured to be only −1.5 dB at 400 GHz. The agreement
between simulations and measurements is within 1 dB over the
largest part of the WR2.2 band. Combinedly, the roll-off loss
and the aperture efficiency yield a ΔGeoc improvement of 1.2
dB with respect to an ideal hexagonal FPA of uniform feeds,
including 2 dB of ohmic losses. Since the strict design rules of
a deeply scaled CMOS node did not prohibit the realization of a
high-performance antenna array, the presented concepts can also
be extrapolated to other less restricting silicon platforms (such
as SiGe) with potentially higher NEPs. The combination of ex-
cellent angular resolution and relatively high aperture efficiency
demonstrates that the presented array design is very suitable for
future commercial, passive, and high-resolution THz imaging
systems.
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