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ABSTRACT This work presents a chessboard focal plane array (FPA) camera with state-of-the-art thermal
and spatial resolution in the 200-600 GHz frequency range. The FPA is implemented in a 130-nm SiGe
BiCMOS technology, where each antenna element is loaded with a direct detector based on heterojunction
bipolar transistors (HBTs). The antenna and detector architecture, including the vias and biasing network,
were optimized to achieve a noise-equivalent power (NEP) suitable for passive THz imaging. Overall, the
estimated loss of the FPA is better than 4 dB between 350 and 600 GHz, of which 1.5dB is due to ohmic
losses in the FPA, 1 dB to mutual coupling between detectors, and 0.7 dB to the impedance mismatch between
the detector and antenna. A prototype of 24 pixels was manufactured and mounted on the base of a silicon
hyperhemispherical lens with an anti-reflection coating. Excellent spatial resolution is achieved through a
tight element spacing in the fabricated FPA, which is only half the wavelength in silicon at 350 GHz and
therefore consistent with the state-of-the-art. Its responsivity, noise, and radiation patterns were characterized
using a quasi-optical measurement setup. The measured radiation patterns are within 1dB of simulations,
demonstrating that the integrated THz camera achieves excellent spatial resolution. Between 330 GHz and
500 GHz, the NEP was measured to be on the order of 10 pW /+/Hz. When considering the entire operational
band, this NEP results in a noise-equivalent temperature difference (NETD) of the camera is 1.6 K for an
integration time of 1s per pixel, which is comparable to the state-of-the-art. While THz detectors with
state-of-the-art sensitivity are limited to single-pixel designs, the presented work combines a multi-pixel
implementation with competitive sensitivity.

INDEX TERMS Direct detectors, focal plane arrays, heterojunction bipolar transistors, integrated antennas,
lens antennas, radiometers, terahertz imaging, thermal imaging, ultra wideband antennas.

I. INTRODUCTION

Direct detector designs integrated in commercial silicon plat-
forms are increasingly capable of achieving the sensitivity
required for passive THz imaging. CMOS-based designs oper-
ating at sub-THz frequencies, for example, have been demon-
strated to achieve a noise-equivalent power (NEP) down
to 10pW/+/Hz [1], [2], [3]. Even beyond 1 THz, antenna-
coupled direct detectors have been realized in various CMOS
nodes, achieving an NEP on the order of 100 pW/ VHz [4],
[5], [6]. The NEP of designs using heterojunction bipolar

transistors (HBTs) in SiGe BiCMOS technology is even
lower, with the state-of-the-art achieving 7.9 pW /+/Hz [7] or
even 2pW/+/Hz [8]. When this performance can be main-
tained over hundreds of GHz of bandwidth, a noise-equivalent
temperature difference (NETD) below 1 K can be realized [9],
which has been considered sufficient for passive THz imag-
ing [10].

To realize a THz camera suitable for imaging applications
with a high spatial resolution and low NETD, sensitive direct
detectors must be integrated into large, densely-sampled focal
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plane arrays (FPA) with an ultra-wide bandwidth. While large-
scale focal plane array (FPA) imagers have been demonstrated
at THz frequencies, either the device noise-equivalent power
(NEP) was insufficient [11], or the antenna bandwidth was too
limited [6], [12], [13] for passive imaging at the frequency of
interest. Also in small-scale FPAs, the antenna bandwidth is
often insufficient to achieve passive THz imaging, despite the
use of state-of-the-art low-NEP detectors [3], [7]. Since these
works utilize patch antennas, a low NEP is offset by a limited
relative antenna bandwidth of at most 12.5 % [14], resulting
in a high NETD. There are single-pixel or small-scale FPA
imagers that use ring antennas [2], [8] or a biquad antenna [15]
and combine a wideband atnenna with state-of-the-art detec-
tor NEP, therefore achieving (near-)passive NETD.

However, none of the aforementioned works feature an-
tenna geometries that can simultaneously provide high radi-
ation efficiency and the tight element spacing required for
(near) diffraction-limited resolution. As explained in [16],
[17], optimal spatial resolution is achieved when the an-
tenna elements in the focal plane are spaced according to a
diffraction-limited sampling of df = 0.5 fy ), with fy being the
F-number of the quasi-optical system and X the wavelength.
However, [16] also shows that such a tight element spac-
ing traditionally comes at the cost of a spillover efficiency
below 20 %, thus severely limiting the NETD of the imag-
ing system. Consequently, the element size of state-of-the-art
silicon-integrated THz imagers [2], [8], [15] only allows for
sparsely sampled FPAs (i.e., df > fu)).

The highest focal plane sampling to date for these silicon
integrated cameras at such high frequencies (i.e., 0.7 fgAsi =
94 um at 363 GHz) has been demonstrated by a chessboard
FPA configuration integrated in 22-nm FD-SOI CMOS [18],
[19]. The chessboard FPA consists of a connected array of
tapered dipoles. This array geometry is self-complementary,
enabling ultra wideband operation. Moreover, the polarization
re-usage increases the focal plane sampling along the array
diagonal with a factor of +/2, resulting in the state-of-the-art
spatial resolution of this FPA topology at only a 1-dB lower
radiation efficiency compared to a state-of-the-art single-pixel
design [20]. However, the CMOS-integrated chessboard FPA
did not achieve passive imaging performance, as the NEP of
the direct detectors was insufficient [18], [21].

This work presents the design of a chessboard FPA THz
camera integrated in the SG13G2 technology, which is a
130-nm SiGe BiCMOS platform from IHP Microelecton-
ics. Fig. 1 shows an overview of the proposed THz camera,
which consists of a silicon lens with the FPA at its base.
The operational bandwidth of the FPA is from 200 GHz to
600 GHz. The HBTs in this technology feature an f1/fmax
of 350 GHz/450 GHz [22]. Compared to MOSFET-based de-
tectors, HBT-based designs exhibit superior NEP due to their
higher responsivity, particularly at higher operating frequen-
cies [9]. Moreover, the input impedance of HBTs is less
capacitive [23], thus intrinsically provide a better impedance
match to the (chessboard) FPA antenna elements [24]. From
the antenna point of view, the metal density requirements in
the SiGe platform are significantly more relaxed compared

2

Matching Layer

o Vertically pol. |5
e Horizontally pol.
e Reference

i 0 aaR

On-chip
THz Camera

FIGURE 1. Overview of THz camera with an inset of the detector
architecture.

to deeply-scaled CMOS nodes and therefore have a smaller
impact on the antenna efficiency. Additionally, stronger leaky-
wave propagation can be achieved in the SiO; cavity of the
130-nm SiGe technology, which features a 10.8-um separa-
tion between the topmost metal and the substrate, compared
to the 22-nm CMOS technology used in [18], where this
separation was 8 um. Although the enhanced leaky wave
propagation is beneficial for the antenna directivity, it also
increases the mutual coupling between surrounding elements
and the associated losses. To reduce the mutual coupling, the
element spacing in the chessboard FPA was increased from
92 um to 108 wm along the diagonal.

By combining the qualities of HBT-based direct detectors
and the chessboard FPA configuration, a THz camera can be
realized with both an excellent NETD and spatial resolution.
As the chessboard FPA configuration was already presented
in [18], the emphasis of this work will be on the design of
the detector architecture and adapting the chessboard FPA to
the new back-end-of-line and the more dispersive and reac-
tive detector impedance. To select the detector configuration,
we compare the NEP and scalability of four single-stage
transistor configurations. Detector designs with multiple tran-
sistor stages, such as pre-amplified detectors [25], [26] or
cascodes [27], [28], are limited to operation up to approx-
imately a third of fr/fmax and are therefore unsuitable for
the sub-THz regime. Even below fr/fmax, the integration of
pre-amplification in an FPA is challenging. The pre-amplified,
single-pixel detector reported in [25], for example, achieves
excellent NEP, but demonstrates that every stage provides lim-
ited gain while requiring a silicon area on the order of 90 by
90 um, which is considerable when compared to periodicity
in the chessboard FPA. Moreover, the increased device count
and metallization in the radiation path negatively impacts the
antenna efficiency and radiation patterns.

The manuscript is structured as follows. In the next sec-
tion, the performance of four different detector architectures
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FIGURE 2. Four differential HBT-based detector topologies. (a) detector
using CB stages in forward-active mode. (b) detector using CB stages in
deep saturation. (c) detector using CE stages. (d) detector using
diode-connected stages. The red signals indicate the terms corresponding
to the input and output.

is compared to identify the detector best suited for integration
into a dense FPA. In Section III, the chessboard FPA is trans-
lated to the SiGe platform and tuned to improve impedance
matching with the detector. The fabricated chip, prototype
assembly, and measurement setup are discussed in Section I'V.
Finally, the measurement results are presented in Section V.

1. DIRECT-DETECTOR TOPOLOGY IN 130-NM SIGE
BICMOS
To select the optimum detector configuration in the SG13G2
technology, we review and compare the performance of the
four transistor configurations shown in Fig. 2. The HBTs in
the four topologies are configured, respectively, as common-
base biased in forward-active mode (CB), common-base
biased in deep saturation (CB-sat), common-emitter biased
in forward-active mode (CE), and diode-connected. Detectors
operating in the THz range based on the CB, CE and diode
stages were compared in [29] in terms of current responsivity
in a similar technology, but not in terms of the noise and
input impedance. The performance of the CB stage, both in
forward-active and in saturation, was thoroughly analyzed
in [8], but not compared to the other two stages. In this section,
we review all aforementioned configurations in terms of re-
sponsivity, output noise, impedance matching and scalability.
Literature shows that the CB and CE topologies achieve
competitive performance well beyond 100 GHz. The CE de-
tector, for instance, has been employed by [14] and [7],
achieving an NEP of 21pW/ VHz and 7.9 pW/ VHz,
respectively. The current state of the art is set by [8], [30],
using CB and CB-sat detectors in the same 130-nm SiGe

technology as this work. The diode-connected HBT config-
uration is not reported in literature, but is included for its
compactness, and because its CMOS counterpart has been
shown to achieve state-of-the-art NEP in [3]. An alternative
detector based on the common-collector (CC) configuration is
not explicitly considered, as its performance can be inferred
from that of the CE and CB detectors. It will be discussed that
a CC detector exhibits inferior performance to the aforemen-
tioned topologies.

Each of the four detector configurations consists of a dif-
ferential pair of minimum-sized HBTs (i.e., using a single
emitter with a length of 900nm and width of 70 nm) and
a resistor connected to the virtual ground to implement a
voltage-mode readout. A differential design was chosen since
it does not require additional passive components to decouple
the RF from DC [31]. In such a configuration, the fundamental
input frequency and its odd harmonics are shorted at the vir-
tual ground located at the output. The DC response and (other)
even harmonics, are not affected by the differential symmetry.
Consequently, reading out the DC response from the output
node is straightforward.

To compare the NETD of these detectors, simulations were
performed using the HICUM transistor model [32] in Keysight
ADS. The NETD of the detector for an integration time i
can be determined from the detector NEP and the operational
bandwidth according to [16]:

1
NETD = (1)

kg /2T [0 <epdf
and where kg is the Boltzmann constant, and fi,in and fiax
denote the lower and upper bounds of the operational band,
respectively. The detector NEP, defined as the input-referred
noise of the detector, is given by:

tot

vn out
5 , 2
Ny (2)

NEP =

in which Ny is the (voltage) responsivity of the detector,
defined by ity = AV/Py, and vy, is the output noise of
the detector. The following subsections discuss the different
simulation types employed to study the parameters relevant to

the detector NETD.

A. CURRENT AND VOLTAGE RESPONSIVITY
Especially when biased in forward-active mode, HBTs oper-
ate as a voltage-controlled current source. The low-frequency
impedance between the collector and emitter is high, and
the collector current is a strongly non-linear function of the
base—emitter voltage. This non-linear relationship realizes the
conversion of RF input power P;, to a DC (current) response
Al, which is described by the detector current responsiv-
ity Si?et = AI/P,,. Therefore, we first examine the intrinsic
current responsivity of the HBTs in the four detector configu-
rations.

Harmonic balance simulations were performed to find A/
in response to the input power P;,. The input ports of the
detectors were driven using a 50-Q2 port and P, was defined
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FIGURE 3. Current responsivity at 400 GHz as a function of Vg for
RL=09.

as the power accepted by the detector to find its intrinsic
response. The influence of external loading was eliminated
by setting the load resistor shown in Fig. 2 Ry, to zero. The
collector-emitter voltage Vg of the CB and CE detectors was
setto 1 V. In Fig. 3, the simulated mgie‘ is shown as a function
of the base-emitter voltage Vg at 400 GHz. Fig. 3 shows sim-
ilar results for the CB, CB—sat and diode detectors, although
the S’t?e‘ of the CB-sat detector rolls off at a lower Vgg and
therefore has a slightly lower maximum. The CE detector
performs significantly worse, as it operates beyond the given
fr. As was pointed out in [29], the CE stage outperforms
the other detector configurations when used below ft (i.e.,
350 GHz).

Loading the HBT pair with the resistor transforms the cur-
rent response A/ into a voltage response AV. The resistance
of the load provides a design parameter for the detector volt-
age responsivity E)%‘\j,e‘. When the HBT exhibits a high output
impedance, S'til,e‘ scales linearly with Rp. However, this is
not the case for all detector configurations and base-emitter
voltages. As shown in Fig. 4(a), which depicts a simplified
small-signal model of the CB detector, the current responses
Sﬁf‘e‘Pin /2 of the two HBTs are subject to a current division
between Ry and the output impedance of the detector pair
rout = 1o/2. This expression also holds for the other three
configurations, for which the small-signal model is different
only in direction of the response currents and/or the presence
of the bias voltage source. The voltage responsivity SRQ,G‘ is
therefore given by:

FoutRL

Sndel — Sndel—.
v ! Tout + RL

3)

The low-frequency output impedance of the detector con-
figurations is shown in Fig. 4(b). For the CB and CE detectors,
where the HBTs operate in the forward-active region, roy is
very large. In this regime, the collector current Ic increases
only slightly with the collector—emitter voltage Vg due to the
Early effect [33]. In contrast, 7oy is orders of magnitude lower
for the CB—sat and diode detectors, as Ic in these configura-
tions depends much more strongly on Vcg. The impact of roy
on the voltage responsivity is illustrated in Fig. 4(c), which
compares Eﬁ{‘,e‘ for the detector configurations at 400 GHz
when loaded with a 10 k<2 resistor. The collector-emitter volt-
age Vcg of the CB and CE detectors was kept at a constant
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FIGURE 4. Impact of low-frequency output impedance ry; on detector
voltage responsivity as a function of Vge. (a) simplified small-signal model
of CB detector near DC. The small-signal models of the CE, CB-sat and
diode detectors is very similar. (b) low-frequency output impedance of
parallel HBT pair. (c) Voltage responsivity at 400 GHz and R, of 10 k<.

(d) Collector current Ic.

level of of 1V by increasing V;i,s with the collector current
Ic, to ensure transistor operation in forward-active mode.

Biasing the HBTs for maximum current responsivity, as
shown in Fig. 3, yields an 7oy only on the order of 100 2
for the CB-sat and diode detectors. Consequently, Eﬁ%et is
substantially lower for these configurations, and peaks at a
smaller Vgg compared to the CB and CE detectors. Operat-
ing in deep saturation, however, does offer the advantage of
minimal current consumption, as shown in Fig. 4(d).

The discussions above also clarify why a detector based on
the common-collector (CC) configuration is undesirable. Sim-
ilar to the CE detector, its current responsivity is limited by ft,
leading to reduced overall responsivity at higher frequencies.
Furthermore, the CC stage exhibits a low output impedance,
comparable to that of the diode detector [34]. A CC detector
would therefore provide the lowest responsivity among the
configurations considered.

B. OUTPUT NOISE AND NOISE-EQUIVALENT POWER

The detector responsivity and low-frequency output noise are
equally important when aiming for passive performance. To
study the noise performance of the detector configurations, the
readout of the detectors was considered in the voltage domain
(i.e., the voltage change AV across the load), and therefore the
noise voltage at the output node was evaluated. Furthermore,
it was assumed that the detector sensitivity is limited only by
white noise contributions. This can be ensured by modulating
the detector input signal at a frequency beyond the 1/ f-noise
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contributions at low frequencies.

corner. The detector output noise is defined as v'® ., and is
composed of the following contributions:
2 2 2
tot 2 shot th HBT th,load
(vn,out) = (vn,out) + (Un,oul ) + (vn,out ) , @

shot
n,ou

to shot noise from the HBTSs, pPHBT e to thermal noise

n,out
from the HBTs and vi»o*® due to thermal noise generated

by the load. The individual contributions of v\’ were de-
termined using AC noise simulations in ADS, and are shown
in Fig. 5(a)—(c) for the detector configurations of interest.
Fig. 5(a) applies to both the CB and CE detectors, as they
are identical in terms of noise.

The differences in noise performance between the configu-
rations can be understood by inspecting the small-signal noise
model shown in Fig. 5(d). It should be emphasized that the
noise sources associated with the HBTs represent the com-
bined effect of several underlying contributions. As explained
in [35], [36], for example, the thermal noise consists of com-
ponents from the base-spreading resistance and the contact
resistances mapped to the output. The same applies to the
shot noise originating from the collector current. According
to [35], this contribution can be correlated either with the shot
noise of the base—emitter current — when the device is biased
in the forward-active region — or with the shot noise of the
base—collector junction itself—when the device is biased in
saturation.

Using the same approach as in [21], we can find the transfer
of the noise sources in Fig. 5(d) to the output node, giving the
following expressions for noise contributions in (4):

in which vy’ is the noise voltage at the output node due

shot shot_ ToutRL FoutRL
Unout = =V 2qlc ———, @)
Fout + RL Tout + RL
thHBT _ thHBT KL
nout — VU —, (6)
Fout + RL
th,load thload _ Tout \/7 Tout
) =V, = V4kgTR|, — (7
n,out 5
Fout + RL Fout + RL

where ¢ is the elementary charge, T the temperature of the
device, and kg the Boltzmann constant.

For low Vg, and for the CB and CE detectors in gen-
eral, roy is large and therefore the thermal noise from the
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FIGURE 6. NEP of the four detector topologies with R, = 10 k<. (a) NEP at
400 GHz as a function of Vge. (b) NEP at optimum Vge versus frequency.

load dominates. As Vg increases, the noise sources from the
HBTs become dominant. For the CB and CE detectors, this is
caused by the increasing collector current (and corresponding
transistor gain), whereas for the diode and CB—sat detectors
it is due to the changing balance between roy and Ry in the
voltage divisions. The CB—sat detector is minimally affected
by shot noise, thanks to its low current consumption, as shown
in Fig. 4(d).

The NEP, as defined in (2), is obtained by referring the
output noise to the input of the detector. For the four detector
topologies under consideration, it is shown in Fig. 6(a) at
400 GHz as a function of Vgg and in Fig. 6(b) as a function
of frequency for the optimum Vgg at 400 GHz. Simulations
show that the CB—sat detector, despite its lower responsiv-
ity, achieves the lowest NEP. This conclusion is consistent
with [8], where the CB—sat and CB detectors were simulated
and compared within the same technology.

C. OPTIMIZING THE LOAD RESISTOR FOR MINIMUM NEP
Both the voltage responsivity and noise contributions increase
with Ry, according to (3) and (5)—(7). To investigate how
this scaling translates to the NEP, the detector configurations
were simulated with an Ry, ranging from 10 €2 to 100 k2. The
voltage responsivity, total output noise and NEP are shown in
Fig. 7(a)—(c) as function of Ry, at a frequency of at 400 GHz
and for a Vg corresponding to the minimum NEP. The and
the Vg for optimum NEP is shown in Fig. 7(d).
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FIGURE 7. Detector performance at 400 GHz as a function of the load
resistance Ry,. (a) Voltage responsivity. (b) Output noise voltage.
(c) Minimum NEP. (d) Bias voltage corresponding to minimum NEP.

For all detector configurations, it can be seen that the NEP
stabilizes for large Ry. The minimum NEP can be found by
first identifying the dominant noise contribution for each con-
figuration, determining whether Ry, or oy, is larger, and finally
examining (5)—(7) for large Ry.

The CB, CE and diode detectors suffer mostly from shot
noise near the optimum Vgg for NEP and/or responsivity. As
Ry increases, the NEP can be approximated by dividing (5) by
(3). Since the current divisions cancel out, the minimum NEP
can be approximated by:

i V2qlc
NE PCBICE/diode L )
i

The output noise of the CB—sat detector, on the other hand,
consists only of thermal noise. Like the other configurations,
the thermal noise of the load dominates for small Ry, or Vg
due to the voltage division between Ry, and rqy. For larger
Ry (or VBg), the thermal noise contribution of the HBT starts
dominating, and eventually the NEP can be approximated as
follows:

vth,HBT
CB-sat n,out
NEPS! A Dout )
min
Nroue

According to the foundry model, the term vg”(’)}l}? T /Tout I (9)
is significantly smaller than the shot noise /2¢lc in the (8),
hereby explaining the superior NEP of the CB—sat detector.
Note that, in contrast to the CB detector, the thermal noise at
the base and emitter terminals is not amplified to the output in

the CB—sat detector.
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FIGURE 8. Detector impedance Z;, as a function of frequency of the
different configurations at Vg = 0.75V.

Finally, Fig. 7(d) shows that the Vgg corresponding to the
minimum NEP of the CB—sat and diode detectors decreases
for larger Ry, which is a consequence of their relatively small
Four- From the current division in (3), choosing a large Ry,
causes the maximum responsivity to shift to lower Vgg, where
Tout 18 larger. This also results in a slight decrease in the output
noise of the CB—sat stage for larger Ry, as shown in Fig. 7(b).

Since this configuration is dominated by ULI?C’,I:?T, (6) shows

th,HBT

that a larger roy reduces the transfer of v, to the output.

D. DETECTOR IMPEDANCE

Having discussed both responsivity and noise, the final char-
acteristic influencing the NETD from the detector perspective
is the input impedance. Fig. 8 shows the simulated input
impedance of each detector configuration as a function of
frequency at Vgg = 0.75 V. This bias condition is close to the
optimum for all configurations in terms of NEP, as shown in
Fig. 6(a). For reference, the antenna impedance R,y of the
chessboard FPA is also included in Fig. 8(a). Because the
chessboard FPA is a self-complementary antenna embedded
in the silicon stratification, its impedance at the feeding gaps
is approximately 80 2 (i.e., purely real) and remains nearly
constant over a wide bandwidth.

Power transfer to the detector is maximized by ensuring
that the antenna impedance is conjugately matched to the
detector impedance. Evidently, all configurations suffer from
a considerable input reactance and therefore require additional
measures to improve the conjugate impedance match. Among
them, the CE detector intrinsically provides the best match to
the antenna impedance. Not only does it provide the least re-
active input impedance, its input resistance is also very stable,
and the closest to the antenna impedance.

To define an upper bound for the achievable conjugate
matching, we assume that the reactive part of the detector can
be perfectly compensated by the antenna, such that the chess-
board FPA impedance becomes Z\9 = R — jTm{Zge(}.
Computing the conjugate reflection coefficient under this as-
sumption shows that all configurations can potentially achieve
a matching coefficient below —10 dB above 300 GHz, around
the optimum Vpg of 0.75 V. The appealing impedance char-
acteristics of the CE detector are therefore insufficient to
compensate for its inferior NEP beyond fr.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

IEEE Journal of

@ Microwaves

MTT-S

MHz to THz Community

10!
T T~ SRa
o | TS TR
s 0 TS T
R T e,
==:CB: - —
. -~ -~
= = CB-sat. =--Diode ~
102
103 102 10" 10° 10!

Integration time [s]

FIGURE 9. Intrinsic NETD of the detector configurations as a function of
integration time, using a 10 k2 load and biasing at the Vge for minimum
NEP.

The highly reactive and dispersive nature of the detector
impedance complicates the realization of a good impedance
match over the entire frequency range. Nevertheless, even
without any impedance matching measures a moderate con-
jugate matching efficiency can be achieved. Using the results
in Fig. 8 at 400 GHz as an example, the matching efficiency
between the chessboard FPA impedance and the CE detector
is 52 %, which represents the best case, whereas for the CB
detector it is 43 %, representing the worst case. Section III
discusses the losses arising from the absence of a conjugate
impedance match in more detail, in particular for the CB—sat
detector. From a system perspective, the higher mismatch at
lower frequencies is partly mitigated by the higher responsiv-
ity in that region. It is not advisable to reduce matching losses
by increasing the device size, as all current-related output
noise increases proportionally with the device size. Further-
more, due to the smaller output impedance of larger HBTs,
the responsivity decreases with increasing device size. As a
result, any apparent improvement in impedance matching is
offset by a degradation of the intrinsic detector performance.

E. INTRINSIC DETECTOR NETD

Ultimately, the detector configuration that provides the lowest
NETD is preferred for implementation in the THz camera.
Secondary considerations include characteristics that facili-
tate FPA scaling, such as detector current consumption and
biasing complexity. Both aspects are evaluated and discussed
in this section, followed by the selection of a configuration
for implementation. To compare the detector configurations in
terms of NETD, we use the simulated NEP of detectors with a
10-k€2 load, as depicted in Fig. 7. This value was chosen such
that the best-case 1nV/+/Hz noise floor of the instrumen-
tation amplifier used for characterization [37], as discussed
in Section V, does not exceed that of the CB—sat detector.
The NETD is obtained by integrating the NEP according to
(1) over the operational bandwidth ranging from 200 GHz to
600 GHz.

The result, shown in Fig. 9, confirms that the CB—sat detec-
tor should yield the best intrinsic NETD out of the considered
configurations. The CE detector has the highest NETD, fol-
lowed closely by the CB and diode detectors. Even though the
CB detector does not achieve the lowest NETD, it is still an

attractive option because of its high responsivity with respect
to the CB—sat detector. This aspect makes the CB detector
resilient to noise injected by external readout, as was also
shown in [8]. For the same reason, the CE detector can be
the preferred configuration when operating at lower frequen-
cies [29], [38], [39], thanks to its high (current) responsivity
below frt.

It is straightforward to determine how much external noise
can be accepted in the CB—sat detector before the CB detector
becomes the preferred option. From (1), it follows that the
NETD is proportional to v, Any external noise will add to
this incoherently. Given that the output noise of the CB—sat
detector is 1nV/+/Hz (Fig. 5), and that its NETD 2.3 times
lower than that of the CB detector, it follows that the NETD of
the CB—sat detector will exceed that of the CB detector when
the readout injects an additional 2nV/+/Hz. Although this
places a stringent constraint on the readout, instrumentation
amplifiers with input-referred noise below this threshold are
commercially available.

The CB-sat detector also provides advantages in terms of
array scalability. Only a single supply is required for biasing,
resulting in fewer metal lines in the array layout. Moreover,
the supply does not need to be scaled to accommodate a
high Rp.. Due to this, and the fact that the CB—sat is biased
in deep saturation, it consumes the least power out of the
considered detector topologies. With the ultimate goal of real-
izing an FPA-based THz camera that is both passive and near
diffraction-limited, the CB—sat was considered the best choice
for implementation.

1ll. CHESSBOARD FPA DESIGN IN 130-NM SIGE BICMOS
In this section, the chessboard FPA design in 130-nm SiGe
BiCMOS technology is presented. First, a general overview
of the chessboard FPA implementation in this technology is
given. Next, the impact of the reactive and dispersive detector
impedance on mutual coupling and conjugate matching losses
is examined, and the layout is adjusted around the feeding
gaps to improve the impedance matching. Finally, the total
losses and the resulting camera-level NEP are reported.

A. FPA GEOMETRY AND LAYER STACK

A close-up of the chessboard FPA geometry is shown in
Fig. 10(a). The total array simulated in CST consisted of 7 x 8
antenna patches, corresponding to 7 x 7 vertically, and 8 x 6
horizontally polarized feeding points. This dimensioning en-
sures that the center point of the simulated structure coincides
with the location of a (vertically polarized) feeding point.
Only this central feeding point was excited using a discrete
port; all other gaps were loaded using lumped elements with
an impedance Zg., representing the other detectors.

A periodicity of 152 um was chosen as a trade-off be-
tween the mutual coupling between the elements and the beam
overlap. Diagonally, the element separation is 108 um, being
0.77 fysi at 350 GHz. It should be noted that this periodic-
ity is somewhat larger than the 92-um (diagonal) element
separation in the CMOS-integrated chessboard FPA [18],
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FIGURE 10. Geometry of chessboard FPA in 130-nm SiGe BiCMOS.

(a) Close-up of simulated chessboard FPA geometry around the center.
Only the central port was excited, all other ports were loaded with a
lumped impedances Z,. (b) Stratification of the chessboard FPA.

which is the result of the increased thickness of the SiO,
cavity.

The stratification of the technology and the FPA is illus-
trated in Fig. 10(b). The technology contains two thick metal
layers, TM1 and TM2, which have a thickness of 2 um and
3 um, respectively. The antenna was designed in the topmost
metal layer of the technology (TM2) to minimize ohmic losses
and to maximize the separation between the antenna and bulk
silicon. The latter allows the propagation of a non-resonant
leaky wave mode which is beneficial for the antenna directiv-
ity [40]. Additionally, there are five thin metal layers M1-MS5,
with thicknesses of 0.4 to 0.5 um. As indicated in Fig. 10(b),
the reference plane of the detector is defined at the M2 layer.
The antenna geometry in Fig. 10(a) also shows the routing of
the ground, biasing and readout lines, which are located in the
lower five metal layers.

As with the CMOS array in [18], the FPA design must com-
ply with the metal density rules of the technology. Therefore,
square metal tiles of 1 um in size were periodically distributed
with a pitch 2 um over the layout. Filling was only required in
the layers M1-M5. No tiling was required in the thick metal
layers, as their density requirements were fulfilled by the array
and by using a high metal density in the pad ring. To include
the effect of the tiling in simulations, the strategy from [40],
[41] was employed to determine an equivalent anisotropic
permittivity and permeability for the SiO, layers containing
the thin metals. Because the metal density rules in the 130-nm
SiGe technology are considerably more relaxed compared to
the deeply scaled CMOS platform, the equivalent, relative
permittivity of the cavity between the antenna and bulk silicon

is lower in this work (i.e., &5"* = 6.5 and ur*? = 0.9) when
compared to our previous designs [18], [40].

B. OPTIMIZING THE IMPEDANCE MATCH TO THE
DETECTOR

A mismatched detector impedance influences two related loss
mechanisms: the losses due to limited power transfer from
the antenna to the detector, and the losses due to mutual
coupling between array elements. The matching 10ss, Limatch,
is simply the matching efficiency nmatch €xpressed in decibels.
The mutual coupling loss, Lyjc, is evaluated in CST by finding
the total power absorbed by the lumped elements Zge;. This
approach differs slightly from [18], where the mutual coupling
loss in a chessboard FPA was evaluated only under matched
feeding conditions. Since the CB—sat detector is clearly not
well-matched to the chessboard FPA, a re-evaluation of the
mutual coupling losses is required.

The FPA was simulated using different conditions of Zge in
the gap, although the gap of the central element was always
excited using a 80-$2 port. Initially, all metals in the FPA were
considered perfect electrical conductors, and the permittivity
of the SiO; with metal tiling was approximated to be isotropic
and equal to &, = 6, and without the presence of the biasing
and readout lines.

The input impedance and mutual coupling loss of the chess-
board FPA under matched loading conditions are shown using
the line with circular markers in Fig. 11. Both the lengths and
widths of the gaps were 10 um, the gaps were loaded directly
in the antenna layer, and Zg was set to 80 Q2. Fig. 11(a)—(b)
show that the antenna input impedance under these loading
conditions is very stable. Although no losses arise from the
impedance matching, there are significant mutual coupling
losses to the surrounding loads. Note that this scenario is
practically identical to [18].

In reality, the FPA is loaded by the detector impedance
ZSB_W shown in Fig. 8(a). Simulating the FPA using Zge; =
ZSB’S‘“ in the antenna layer yields the results indicated by
the dotted lines in Fig. 11. Significant differences can be
observed compared to the previous case, particularly at lower
frequencies. Not only does the impedance mismatch reduce
the power transfer to the detector, but it also decreases the
power leakage to surrounding detectors. The observed ripples
in the input impedance are attributed to reflections along the
array due to the mismatched loads [42].

The impedance matching is significantly improved by an
adequate sizing of the gaps, and by including the transitions
from the antenna layer to the reference plane of the detector,
located in M2. The dashed lines show the results obtained
when these transitions are included, and the gap dimensions
are 20 um in length and 5 um in width. The matching loss
is approximately improved by 2 dB, and the mutual coupling
losses are comparable to the previous case.

As a final step, we include metal and dielectric losses, the
equivalent anisotropic SiO, layer with tiling, and the bias-
ing, grounding, and readout lines. The lines were placed in
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obtained from CST simulations using the illustrated conditions. (a) Real

part of the input impedance Z,,; seen by the port. (b) Imaginary part of
Zant- () Losses due to the impedance mismatch and mutual coupling.

regions where they run minimally through regions of strong
field intensity (i.e., around the gaps). Including these aspects
in CST produces the results indicated by the solid lines in
Fig. 11. It can be seen that the presence of the lines further
increases the input resistance and reactance of the FPA, and
slightly improves the impedance matching. Further tuning the
location of the lines can result in a minor improvement of the
matching below 300 GHz. However, the matching at the lower
end of the band remains limited by the strongly dispersive na-
ture of the detector impedance. The current line configuration
provided the highest average matching across the band and
therefore the lowest NETD.

C. CAMERA RESPONSIVITY

As was shown in Fig. 1, the THz camera consists of the
chessboard FPA and a silicon lens. The losses of both com-
ponents directly reduce the amount of power available to the
detector, and therefore lower the responsivity on the camera

2000 300 400 500 600 200 300 400 500 600

Frequency [GHz] Frequency [GHz]
(a) (b)

FIGURE 12. Total impact of the chessboard FPA and silicon lens on the
camera sensitivity. (a) Mutual coupling, matching and ohmic losses
introduced by the chessboard FPA, and losses from silicon lens.

(b) Detector-level responsivity and camara-level responsivity. Matching
efficiency is included in the detector-level responsivity, but only
considering the real part of the detector impedance.

level. Therefore, the camera responsivity, )™, is defined as:

mi}dm = 7llens,SiTIFPA-'%?/‘%» (10)
where npps describes the losses from the integrated FPA and
Niens.si the losses from the silicon lens.

The loss term ngpa was found from CST simulations. It
comprises the mutual coupling loss, impedance matching loss,
and ohmic loss from the metals and dielectrics (i.e., the bulk
silicon and Si0, with metal tiling). The different contributions
to the FPA losses are shown in Fig. 12(a). In total, the chess-
board FPA introduces on the order of 4 dB of loss at 400 GHz.
Compared to the CMOS-integrated chessboard FPA [18], the
ohmic losses in the metal have risen from 0.5 dB to 1dB, due
to the reduced conductivity of the metal layers. In contrast,
the ohmic losses in the dielectrics (including the metal tiling)
remain unchanged. The most notable change is a pronounced
increase in impedance matching losses at lower frequencies,
caused by the dispersive nature of the detector impedance.
This increase is partially offset by an improvement in the
(related) mutual coupling losses.

The silicon lens is the same hyper-hemispherical lens
as used in [43], of which the surface was coated with a
parylene-C matching layer to reduce reflections at the silicon-
air interface. The lens itself introduces spillover and reflection
losses, which were computed using an in-house Fourier optics
tool [44]. However, the lens loss is dominated by approx-
imately 1.5-dB of ohmic loss arising from the parylene-C
matching layer [45]. Although the matching layer does not
improve the NEP (the additional ohmic losses negate the im-
provement in reflection losses) it does minimize the impact of
reflections and standing waves in the quasi-optical system. An
effective way of addressing the ohmic losses in the matching
layer is by replacing the parylene-C coating with the lossless
matching layer from [45], which is based on periodic, frusta-
shaped features ablated into the lens surface. Fig. 12(a) shows
the total loss introduced by the lens. The total radiation loss
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FIGURE 13. Layout around the feeding gap of the antenna. (a) Top-view.
(b) Simplified side-view of the interconnect around the detector and load.

can be found from Fig. 12(a) to be 6.6 dB at 400 GHz, corre-
sponding to a radiation efficiency (defined as njens sinFpa) Of
22 %.

The camera responsivity is shown in Fig. 12(b). For refer-
ence, the detector responsivity is also included. It can be seen
that the impedance mismatch causes a significant deteriora-
tion in the voltage responsivity, especially at lower frequen-
cies. Nevertheless, the camera responsivity is comparable to
that of a single-pixel, state-of-the-art imager employing the
same detector configuration [8]. Moreover, the chessboard
FPA still achieves state-of-the-art spatial resolution [18], as
the focal plane sampling is 0.77X fx at 350 GHz, the frequency
at which the camera responsivity reaches its maximum.

IV. PROTOTYPE ASSEMBLY AND CHARACTERIZATION

The chessboard FPA design presented in previous sections
was implemented and taped out for characterization. A close-
up of the layout around the feeding gap, detailing both the
antenna and detector, is shown in Fig. 13. Several features are
highlighted, such as the metal tiling, the 10 k<2 load resistor,
and the HBTs. Also shown are the lines required for biasing,
grounding and readout, all of which run parallel to each other
in different metal layers to minimize the total, exposed area of
these lines.

A close-up of the layout around an antenna feeding point is
depicted in Fig. 13, and photographs of the fabricated chip
are shown in Fig. 1 and Fig. 14(a). The FPA contains 112
integrated detectors, of which 8x7 belong to horizontally

1.6mm
elllitile
. f

FIGURE 14. Assembly of the camera and measurement setup.

(a) photograph of the chip (before bonding) inside the alignment pocket,
and the PCB. (b) Photograph of the quasi-optical setup for
characterization. The inset shows the silicon lens with a small damage on
the matching layer.

polarized pixels, and 7 x 8 belong to vertically polarized
pixels. Although all detectors are operational, only the outputs
of the 24 elements indicated in Fig. 1 were connected to
bonding pads for readout. Four additional reference detectors
(i.e., not connected to an FPA element) were placed around
the FPA perimeter to minimize interconnect in the array itself.
On-chip multiplexing would be required to provide access
to all pixels and enable upscaling of the FPA, but is beyond
the scope of this work. However, it could be realized using
a column-parallel readout architecture based on bias-voltage
control, as presented in [29].

The chip was glued to the base of the silicon, hyper-
hemispherical lens from [43] and bonded to a PCB for biasing
and readout. The lens, chip and PCB are all contained in
an aluminum holder. Fabrication tolerances of the cavity in
the aluminum holder (+50 p«m) result in a worst-case lateral
misalignment of 100 um between the chip and the lens, which
is comparable to the separation between adjacent elements
along the diagonal. Pictures of the assembly (before bonding)
and the relevant dimensions are shown in Fig. 14(a). The
thickness of the chip substrate is 200 um. As a result of the
aspect ratio in the chip, the leakage losses from the chip are
kept to a minimum.

V. MEASUREMENT RESULTS

The primary objective of the measurement campaign was to
evaluate the NETD of the camera. Determining the NETD
requires first characterizing the NEP, which in turn depends on
the camera responsivity and output noise. To verify the spatial
resolution, radiation patterns in the imaging plane were also
measured.

The silicon lens and the quasi-optical (QO) setup from [43]
were repurposed as a measurement setup to measure the radi-
ation patterns and responsivity of the THz camera. Fig. 14(b)
shows a photograph of the setup, with the camera assembly
on the left-hand side. It should be noted that a small defect
was observed in the parylene-C matching layer on the silicon
lens, which may have affected the measurement results. In the
center of the setup is a biconvex lens made of HDPE plastic,
which refocuses the beams from the camera onto an imaging
plane on the right-hand side. A standard-gain horn antenna,
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FIGURE 15. Measurement setup for characterizing the radiation patterns
and responsivity in the spot.

aligned with the imaging plane, was used to illuminate the
camera through the biconvex lens. To enable simultaneous
characterization of both polarizations in the FPA, the camera
was mounted at a 45° angle with respect to the horn, at the
cost of an additional 3-dB polarization loss.

The horn antenna was driven by a WR2.2 frequency exten-
der module from VDI. A schematic of the setup is shown in
Fig. 15. The input signal to the extender module was ON-OFF
modulated at 100 kHz to suppress the 1/ f noise introduced by
the integrated detector. The outputs of three detectors were
amplified by individual INA849 low-noise instrumentation
amplifiers (Texas Instruments) with a gain of 40dB, corre-
sponding to a bandwidth of 8 MHz [37], and subsequently
digitized by three PXI-5122 analog-to-digital converters. The
signal was integrated over 2.6 ms.

A. RADIATION PATTERNS

The measurements of the radiation patterns were conducted
by moving the horn antenna planarly over the imaging plane
using a CNC machine. The patterns are obtained by evaluat-
ing the corresponding voltage response of the camera, as the
response is proportional to the power captured by the antenna.

The result of the pattern measurements in the spot are
shown in Fig. 16. In Fig. 16(a), the 2D-pattern of all 24 pixels
is shown at 400 GHz, normalized to their collective maximum.
This result confirms the dense spacing of the beams and shows
that all pixels are fully functional.

Fig. 16(b)—(d) respectively show the measured pattern of
the central pixel along the E-, H- and two D-planes at
the frequencies 350 GHz, 400 GHz and 500 GHz. Except in
the D, plane, the main beams of the patterns at 350 GHz
and 400 GHz have a good agreement with simulations. At
500 GHz, the match with simulations is worse.

The directivity of three measured pixels is shown in
Fig. 16(e). The simulated directivity is also shown, both in-
cluding and excluding the spillover losses from the silicon
and plastic lenses. This provides a reasonable bound in which
the measured directivity is expected. As can be seen, the
measured value is within these two bounds up to 430 GHz.
Above this frequency, the agreement with simulations de-
creases. Since this directivity degradation was not observed in
our previous work [43] where we used the same QO setup,
silicon lens, assembly procedure and a similar chessboard
FPA [18], we believe that assembly tolerances are the most
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FIGURE 16. Measured radiation patterns in the imaging plane. (a) pattern
measurement of all 24 pixels at 400 GHz. (b) Measured and simulated
pattern of the central pixel at 350 GHz. (c) Measured and simulated pattern
at 400 GHz. (d) Measured and simulated pattern at 500 GHz. (e) Measured
and simulated directivity as a function of frequency. The directivity was
measured for three pixels.

likely culprit. For example, a gap between the chip and the
lens on the order of tens of microns can degrade the directivity
by several decibels at these frequencies [46].

B. VOLTAGE RESPONSIVITY

Although the definition of the camera responsivity NG™ in
(10) does not account for losses introduced by the mea-
surement setup, the measured voltage response is influenced
by the choice of horn antenna and the biconvex lens. Con-
sequently, the intrinsic camera responsivity H{*™ must be
de-embedded from the overall coupling in the QO setup.
Correcting for this coupling is conceptually equivalent to re-
moving the path loss when characterizing a detector in the
far-field, as was done in [8], [18], [21].

The losses introduced by the setup can be split into two
parts: the efficiency of the biconvex lens, npc, and the field-
matching efficiency ngry between the pattern of the horn
antenna and the patterns of the FPA. Using these terms, we

11
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FIGURE 17. Measured and simulated voltage responsivity for a bias
voltage of 0.75 V. Both the responsivity on the camera-level (i.e., excluding
the losses of the biconvex lens and coupling to the horn) and the total
responsivity are shown.

can define the quasi-optical responsivity 9%80 as follows:

Y

The terms ngc and nry were simulated following the ap-
proach used in [43] to design this specific setup. First, the
simulated patterns radiated by the silicon lens were propa-
gated through the biconvex lens using TiCRA GRASP, from
which the biconvex lens efficiency ngc was determined. The
biconvex lens introduces approximately 1 dB of total loss due
to spillover, reflections, and ohmic loss. Secondly, the field
matching efficiency npm, as defined in [43], was computed
between the fields on the secondary side of the biconvex lens
and the horn radiation pattern. The resulting npy was —8 dB
at 330 GHz and —5.5dB at 500 GHz. Note that these losses
depend strongly on the horn antenna used in the spot and also
include 3 dB of polarization loss.

The QO responsivity mgo can then be directly obtained
from the measured voltage response using:

QO
%8 = NEMNBCRY -

Q _ T VESA (fnod)
W= a2)
P cwW GLNA
where VO];J?IA( fmoa) 1s the tone at the modulation frequency in

the voltage spectrum at the LNA output, PZy, is the power
radiated by the horn during continuous-wave operation, and
G4 is the 40-dB gain of the LNA.

The camera responsivity ("™ is obtained by equating (12)
and (11). The measured and simulated camera and QO respon-
sivities are shown in Fig. 17. Between 330 GHz and 430 GHz,
the measured responsivity agrees with the simulated value
within 1 dB. At higher frequencies, the deviation increases to
between 2 dB and 2.5 dB, consistent with the decay observed
in the directivity measurements. Nevertheless, the responsiv-
ity remains relatively stable across the WR2 band.

C. DETECTOR NOISE

The output noise of the detector was measured using the setup
shown in Fig. 18. Except for the LNA, the setup is identical
to that used in [21]. The camera, power supply, and LNA
were all enclosed in a metal case to shield the system from
ambient noise. The THz camera was biased using an AD5760
digital-to-analog converter (DAC), controlled remotely via
an SPI interface. Two 12V NiCd batteries served as a
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FIGURE 18. Setup used for noise characterization of the THz camera.

10° 10
= —DSA| W
T e
Z Z
Z 10 Z 10
S o
s | S
2 10 0.60V S 100
%’ 0.65V— 0.75V % — Measured
4 - — 0.70V— 0.80V Z o — Simulated
107 10! 10° 10° 0.60 0.65 0.70 0.75 0.80

Frequency [Hz] Bias Voltage [V]
(a) (b)

FIGURE 19. Measured detector and setup noise. (a) Measured output
noise of the detector as a function of frequency, for various bias voltages.
(b) Average measured and simulated detector noise as a function of bias
voltage, in the bandwidth from 99 kHz to 120 kHz.

low-noise power source for both the LNA and the DAC. Noise
characterization was performed using an SR785 dynamic sig-
nal analyzer (DSA), which has a bandwidth of 120kHz. To
suppress additional noise from the DSA, the gain of the
INA849 LNA was increased to 55 dB. Although this higher
gain reduces the LNA bandwidth, the overall measurement
bandwidth is limited by the DSA rather than the LNA.

Before measuring the detector noise, the noise of the LNA
and DSA was characterized. The noise floor of the DSA
is around 10nV/+/Hz, which is suppressed to a negligible
level by the LNA. The measured, input-referred noise floor
of the LNA is slightly higher than expected [37]. Instead of
1.0nV/+/Hz, it was measured to be 1.7 nV/+/Hz.

In order to acquire the standalone noise of the detector,
the measured, input-referred noise of the LNA noise was
non-coherently subtracted from the measured noise of the
combination of the two. This was done using the relation:

2
(vhh)” = (o)’ = (i)

The different shades of gray in Fig. 19(a) show the measured
detector noise v}, as a function of frequency for various bias
voltages. The 1/ f noise corner appears to be in the tens of kHz
range for most bias voltages, but appears to shift beyond the
bandwidth of the DSA at the highest bias levels. The 1/ f noise
corner is relatively high compared to the related design in [8],
likely due to the small aspect ratio of the resistors [38], which
were chosen for compactness relative to the antenna gap. Ad-
ditionally, the measured spectra contain several spikes. Some
of these spikes were already present in the measured noise
spectrum of the DSA, which is also shown in Fig. 19(a) for
reference. It is therefore suspected that these spikes originate
from feedback or interference within the measurement setup.

(13)
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TABLE 1. Comparison of Wideband, State-of-the-Art in THz Imagers Based on Antenna-Coupled Using Direct Detectors Integrated in Silicon Technology.
Imagers With an LNA Between the Antenna and the Detector Are not Included. The NEP Bandwidth Is Defined as the Frequency Band in Which the NEP Is

Below Twice its Minimum Value

Element size at NEPin NEP Bandwidth NETD
Reference Technology Antenna
NEPuin [PW/vHz] [GHz] Tine =18 [K]
. . . 0.5)g; at .
This work 130 nm SiGe BiCMOS 2 X 3 X 4 chessboard 7.5 250 - 600 1.6
350 GHz
0.4)g; at 5 3
[18] 22nm FD-SOI CMOS 2 X 2 x 3 chessboard 115 200 - 600 14.7°
350 GHz
. . . . 1.3)\g; at
[81, [9] 130 nm SiGe BiCMOS 1x wire ring 1.9 250 - 600 0.5
290 GHz
. . 1.0)g; at 5 3
[2] 22nm FD-SOI CMOS 3 x 3 wire ring 12 700 — 1000 2.0°
855 GHz
0.5)¢ at
[3] 130nm CMOS 8 x 8 patch 12.6 810 — 850 16.13
830 GHz
. . X . 0.5 at 3
[71 130 nm SiGe BiCMOS 4 x 4 wire ring 7.9 230 — 280 8.1
250 GHz
. 0.5 at
[47] SBD in 130nm CMOS 4 x 4 patch 29 270 — 290 74.3°
250 GHz
. . 0.5 at
[14] 130 nm SiGe BiCMOS 4 X 4 patch 36 300 - 340 46.13
316 GHz
. 1.5)g; at 3
[15] 65 nm CMOS 1x biquad 25 837 — 1290 2.8°
1011 GHz

! Based on extrapolated NEP measurements in WR2 band.

2 NEP bandwidth is not reported or shown, so the reported operational range of the antenna is shown here.
3 Estimated under the assumption of a constant NEP across the (NEP) bandwidth, using the minimum reported NEP value.
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FIGURE 20. Measured and simulated sensitivity of the camera.

(a) Measured and simulated NEP as a function of frequency at the
optimum bias voltage of 0.75 V. (b) Measured and simulated NETD as a
function of integration time. The two simulated values are obtained by
integrating either over entire frequency range of interest, or only the WR2
band. The measured NETD is obtained by integrating over the WR2 band,
and extrapolated to the entire band using the ratio between the two
simulated results.

The average noise in a relatively quiet part of the spectra
(i.e. from 99kHz to 120kHz) was chosen to find v}y, as a
function of bias voltage. The result is shown in Fig. 19(b)
and compared to simulations. It can be seen that the mea-
sured noise is significantly higher than the value expected
from simulations. At the optimum Vgg of 0.75V, the noise
was measured to be 4.5nV/+/Hz instead of the expected
1.0nV/+/Hz. Since a device operating in deep saturation is
not commonly used, it is reasonable to assume that the HBT
models do not fully capture the (thermal) noise behavior in
this regime [8]. Another possible explanation is that the DSA
bandwidth is insufficient to observe the 1/f noise corner,
meaning the results in Fig. 19(b) may still be flicker noise-
limited. Despite the noise being higher than simulated, it is
still comparable to that of a CB—sat detector implemented in
the same technology [8]. Although the measured white noise
of the 130-nm SiGe FPA is comparable to that of the detectors
in the CMOS-integrated chessboard array [21], a substantial
improvement in the 1/f noise is observed. The noise corner,
previously estimated to lie in the low-MHz range for the
22-nm CMOS FPA, is on the order of 100 kHz for the FPA
integrated in 130-nm SiGe.

D. ESTIMATION OF NETD FROM MEASUREMENT RESULTS

With both the voltage responsivity and the output noise char-
acterized, the NEP and NETD of the THz camera can be
computed. The measured and simulated NEP at the optimal
bias voltage of 0.75V are shown in Fig. 20(a). The measure-
ments indicate that the realized THz camera achieves an NEP
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of approximately 10 pW /+/Hz, compared to the simulated
value of around 2 pW /+/Hz. This discrepancy is primarily due
to the noise performance of the detector, and to a minor extent
due to the lower responsivity.

The camera-level NETD is obtained by integrating the
system-level NEP according to (1). Fig. 20(b) shows the
measured and simulated NETD when integrating the NEP
over different frequency bands. The solid black line repre-
sents the simulated camera NETD when integrating the NEP
over the entire frequency range of interest (i.e., 200 GHz to
600 GHz). The camera, however, was only characterized in
the WR2 band. To provide a fair benchmark, the NETD was
also calculated based on the simulated NEP in only WR2
band, the result of which is shown by the dashed black line.
The measured NETD is shown using the solid blue curve. The
measured and simulated NETD, based on only the WR2 band,
is 2.8 K and 0.44 K, respectively, for an integration time of 1 s
per pixel. Note that the total integration time of the camera,
to achieve the same NETD, increases when multiplexing be-
tween different pixels.

To estimate the realized NETD over the full frequency band
of interest, it was assumed that the measured NETD in the
WR2 band improves by the same factor as observed between
the two simulated NETD values, indicated by the black lines.
Applying this factor yields the dotted blue curve. Based on
this extrapolation, the THz camera is estimated to achieve an
NETD of 1.6 K for a 1-s integration time per pixel.

VI. CONCLUSION

A THz camera based on the chessboard FPA geometry with
integrated direct detectors was designed and fabricated in
the 130nm SiGe BiCMOS technology from IHP Micro-
electronics. A detector based on deeply saturated HBTs in
common-base configuration was used, as simulations showed
this configuration had the lowest NEP and current consump-
tion out of four considered detector topologies. The fabricated
chessboard FPA features 24 accessible pixels with a pitch of
152 pum, yielding a near diffraction-limited focal plane sam-
pling of 0.77rqfs# at 350 GHz, the frequency at which the
responsivity is the highest.

The fabricated chessboard array was extensively charac-
terized using a quasi optical measurement setup. Both the
radiation patterns and responsivity showed an agreement
within 1dB of simulations. Above 450 GHz, a larger mis-
match was observed, which can most likely be attributed to
assembly tolerances. Noise measurements revealed that the
output noise of the saturated common-base detector is signif-
icantly higher than expected, resulting in a higher NEP than
predicted by simulations. Nevertheless, the achieved NETD
of 1.6 K for a 1-s integration time per pixel should still enable
near-passive and near-real-time imaging.

Table 1 compares the performance of the chessboard FPA
in 130 nm SiGe BiCMOS with the state of the art. The table
includes only wideband antenna-coupled direct detectors inte-
grated in commercial silicon technologies. Since most works
do not report the NETD, we estimated it using the NEP and
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the bandwidth in which the NEP remains below twice its
minimum value. This bandwidth definition is also the one
used in Table 1. The THz camera presented in this work
achieves one of the lowest NEP values reported in literature. It
also operates over a broader bandwidth than most comparable
designs, which contributes to its low NETD. In addition, the
focal-plane sampling — and thus the spatial resolution — of
the chessboard FPA surpasses that of other FPAs. Overall, the
proposed THz camera demonstrates competitive performance
in terms of NEP, bandwidth, and especially spatial resolution.
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