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Design Guidelines for Terahertz Mixers and Detectors

Paolo Focardi, William R. McGrath, Member, IEEE, and Andrea Neto

Abstract—Twin-slot antennas and coplanar waveguides are
a popular choice for coupling signals to state-of-the-art mixers
and detectors at terahertz frequencies. Although these sensors
show promising performance in terms of noise temperature, they
usually also show a considerable downward shift in the center
frequency of their spectral response, especially when compared
with calculations obtained with commonly used simplified models.
In this paper, we describe an accurate and complete electromag-
netic model of these detectors, which represents a significant
improvement over other published approaches. We present the
procedure used to obtain a very good agreement between mea-
surements and calculations at terahertz frequencies both in terms
of center frequency and bandwidth. The wide variety of measured
and calculated data presented in this paper also demonstrates the
effectiveness and reliability of the electromagnetic model in all the
investigated frequency bands.

Index Terms—Coplanar waveguide (CPW) lines, hot electron
bolometers (HEBs), lens antennas, slot antennas, terahertz
frequencies.

I. INTRODUCTION

WIN SLOT antennas coupled to coplanar waveguides
(CPWs) [1], [2] have been developed for quasi-optical
single-pixel detectors employed in atmospheric and astronom-
ical instruments in the sub-millimeter-wave/terahertz-frequency
range. Hot electron bolometer (HEB) mixers, for example, are
often used at terahertz frequencies in such circuits placed at the
second focus of a dielectric lens [3], [4]. HEB receivers are al-
ready finding use up to 1 THz on ground-based radio telescopes
[5], and similar receivers are being developed for frequencies
up to 2 THz for the European Space Agency/National Aero-
nautics Space Administration (ESA/NASA) Herschel Space
Observatory,! and up to 2 THz for NASA’s SOFIA Aircraft
Observatory.2
A 600-GHz design was published in 1993 [2] and since then
there have been several attempts to scale the same design to
much higher frequencies. However, the main problem that af-
flicted these scaled designs was that the measured center fre-
quency (i.e., frequency of the peak response of the detector)
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was often significantly lower than that calculated with simple
models [4], [6], which relied on quasi-static approximations for
the equivalent-circuit parameters [7]. As shown in [8], the ac-
curate characterization and modeling of the entire mixer em-
bedding circuit, including the parasitics associated with the ge-
ometry of the device, is needed to correctly design the circuit.
Even though the geometry of these antennas, CPW lines, and
devices is relatively simple, simulating the performance in a ter-
ahertz circuit is not a straightforward matter. A brute-force ap-
proach based on a method of moments (MoM) analysis of the
overall planar structure can be used [9], but since the device di-
mensions can be of the order of A/1000, the numerical effort
required for an accurate analysis becomes almost prohibitive,
even for a single antenna. Therefore, an improved electromag-
netic model and computational tools that are accurate enough to
correctly design these detectors at the desired center frequency
are needed.

In [8], we tackled this problem and discussed the perfor-
mance of seven different detectors in the range from 500 GHz
to 2.5 THz, fabricated following the guidelines of an earlier de-
sign. In particular, the formulation takes into account the ef-
fect on the input impedance of the components of the circuit
that were previously neglected. First, a specialized formulation
for the propagation constant of the CPW lines to include the
radiation losses was developed. The effect on the embedding
impedance of the CPW-to-bolometer transition was then intro-
duced, which explained part of the observed downward shift in
the center frequency. Finally, the effect of the RF choke filter on
the embedding impedance was modeled. The good agreement
of the calculations with the measured results, as shown in [8],
demonstrated the practical application of the improved electro-
magnetic model.

Based on these initial successful results, the model has now
been further improved, and a complete new set of terahertz
mixers with center frequencies ranging from 600 GHz to
2.5 THz has been designed, fabricated, and tested. Several fea-
tures have been updated and modified in the new designs and
further improvements have been added to the electromagnetic
model. While we have used HEBs as the devices to test our
terahertz circuit model, the same electromagnetic model is also
directly applicable to detectors based on other devices such
as superconductor—insulator—superconductor (SIS) mixers or
Schottky mixers. The limit of this model is essentially given
by its ability to find an appropriate embedding impedance to
optimize the device performance. Any impedance in the range
between a few ohms and a few hundred ohms is theoretically
achievable by the embedding circuit, making this electromag-
netic model suitable not only for HEB mixers, but also for SIS
and Schottky mixers, covering, therefore, most of the devices
used in this frequency range.
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Fig. 1. (a) Three-dimensional (3-D) view of the back of the silicon elliptical
lens with its square holding plate and the antenna chip located at the second
focus of the lens itself. (b) Overview of the geometry of a 2.5-THz detector
embedding circuit. (c) Close-up view of the twin-slot antenna.

In this paper, we demonstrate that the model is now accu-
rate enough not only for the analysis (as shown in [8]), but also
for the synthesis of terahertz detectors. In Section II, the geom-
etry of the detector and antenna circuit are briefly described. In
Section III, all the features introduced into the electromagnetic
model are presented and discussed. In particular, we carefully
analyze and model each part of the detector, from the Gaussian
beam coupling that occurs outside the silicon lens to the effect
of the bolometer transition on the circuit input impedance, in
order to calculate the actual power coupling efficiency. In Sec-
tion IV, the modifications to the new detectors are discussed. The
slot-antenna length and, therefore, the resonating frequency, has
been changed, a new bolometer-to-CPW transition has been de-
veloped, and the length of the sections of the RF choke filter
have been tuned to result in the desired center frequency. In
Section V, a comparison between predicted and experimental
results is presented along with a summary of all measured and
calculated data, and finally, in Section VI, we provide some con-
cluding remarks.
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Fig.2. Scanning electron microscope (SEM) photographs of the two different
bolometer-to-CPW transitions adopted for the detectors under investigation.
(a) The conventional tapered geometry. (b) The new nontapered design. The
arrows indicate the position of the Nb bolometers, which are difficult to see in
these photographs.
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Fig. 3. Summary of geometrical dimensions used in the design of the new
detectors. Refer to Fig. 1 for the meaning of the different parameters.

II. DETECTOR GEOMETRY

The detectors under investigation consist of a twin-slot
antenna located at the second focus of a silicon elliptical lens.
With reference to Fig. 1(a), the lens, whose major semi axis
is 6.308 mm, is a half-ellipse plus an extension length of
0.142 mm. This latter is then connected to a square 24-mm
1.32-mm-thick silicon plate used to hold the lens in position
in the mixer block. At the center of the square plate is located
the 0.381-mm-thick device/embedding-circuit chip, whose
lateral dimensions are 1.2 x 2.4 mm for all the frequency
bands, except for the lowest (600 GHz), which uses a square
2.4-mm chip. The detector embedding circuit [see Fig. 1(b)] is
etched in a 0.3-pm-thick gold film, which has a measured dc
resistivity of 0.55 p€2 - cm at 4.2 K. In Fig. 1(b), from the left-
to right-hand side, there is the 50-{2 CPW line that connects
the embedding circuit to the rest of the electronics, the RF
choke filter with seven high- and low-impedance sections and
the twin-slot antenna. A close-up view of the antenna is shown
in Fig. 1(c). In this example, the device is a 0.1 x 0.1 ym Nb
bolometer with a nontapered transition to the CPW line. The
square darker area around the bolometer is a thin layer of SiO4
used to protect the superconducting Nb bolometer. The details
of the two different bolometer-to-CPW transitions used in the
new designs are shown in Fig. 2. The shape of the transition has
been modified from tapered to nontapered based on the formu-
lation presented in [8]. Both geometries have been fabricated
and measured, obtaining, in both cases, good results due to the
slightly different designs used to compensate for the transition
embedding impedance. In Fig. 3, a summary of the geometrical
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Fig. 4. Sketch of the lens geometry with the different features of the model
indicated.

dimensions used in the design of the new detectors is shown.
For the different frequency bands (2.5, 1.8, and 1.6 THz and
600 GHz), all the parameter are listed. Note the adjustments
made to the values of Lo depending on the transition type.
Moreover, two different bolometer lengths have been used, i.e.,
0.1 and 0.2 pum (each is 0.1-pum wide), resulting in a complete
set of 16 different detectors.

III. MODEL DESCRIPTION

Here, all the different parts of the model are discussed and ac-
curately described. Fig. 4 shows a sketch of the different contri-
butions included in this model. Starting from outside the silicon
lens, we describe all the losses an electromagnetic wave sus-
tains along its path until it gets to the bolometer: these include
the Gaussian beam coupling between source and silicon lens,
the reflection at the lens interface, the double scattering inside
the lens (which modifies the slot impedance), and the limited
field of view of the antenna due to the dimensions of the antenna
chip. Fig. 5 shows the equivalent RF embedding circuit used in
the simulations. It resembles the shape of its real counterpart of
Fig. 1(c) and shows all the components modeled and described
here, i.e., the slot input impedances Z and pertinent equivalent
generators V;, the filter impedance Zy, the impedance of the
bolometer transition 7, the bolometer resistance Ry, and the
characteristic parameters of the CPW line %y and Zj.

The first effect we model is the coupling efficiency of the
detector to a fundamental Gaussian mode that occurs outside
the silicon lens. In our measurement setup, we have a Fourier
transform spectrometer (FTS) that provides power to our detec-
tors through a multimode optical beam. However, the detector
couples only to a single Gaussian mode of the FTS. In calcu-
lating the mutual coupling efficiency, between the detector and
the FTS, we consider two different beam waists, i.e., 6.25 mm

1655

V2 V,/2

-+ -+

O 712 oY=
Z.J2

z2  zZ]2

F— Rb ——
VAR 4 = Ko, Zo

22 2/
4:|+@_— Dﬁ-}_
V2 V.2
Fig. 5. Equivalent RF circuit used in the simulations.
1
>
2 098
[} i icali .
S axial misalignment: 1 mm
= e e
o
£ 096
Q
3
O beam waist distance: 9.13 cm
E ey
$0904- = _aee--mmTTTTT
m PPt
c P
8 -
[
@
=2 092 total
09
1 1.5 2 25 3 3.5

Frequency [THz]

Fig. 6. Power coupling efficiency of the Gaussian beam coupling that occurs
outside the silicon lens. The effect of the axial misalignment and of the beam
waist distance are plotted separately from the total.

for the FTS and 4.92 mm for the silicon lens. We then introduce
the effect of the distance between the beam waists, which, for
our measurement setup is 9.13 cm, and also an axial misalign-
ment between the two beams due to a small error in positioning
our Dewar on the aperture of the FTS. The simple formulation
to account for these parameters can be found in [10]. In Fig. 6,
the effect of the Gaussian beam coupling on the power coupling
efficiency is shown. In this example, an axial misalignment of
1 mm has been considered along with the proper beam waist
distance. Moreover, the two effects are plotted separately from
the total contribution. As a result, roughly 9% of the total power
in our setup is lost before reaching the silicon lens.

Next, the dielectric interface between free space and the sil-
icon lens surface is considered, and the amount of power that
penetrates the lens is calculated with a simple transmission-line
model. Due to the fact that our lenses have no antireflection
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Fig. 7. Effect of the silicon lens on the overall efficiency of the detector. The
ripples produced by the lens are often visible in the measurements.

coating, a total of 30% of the power is reflected away across the
whole bandwidth of interest. Therefore, in our case, by the time
an electromagnetic wave arrives inside the silicon lens, roughly
40% of the total power is already lost.

The application of the MoM in order to obtain the bare input
impedance of the twin slots alone is the next step. The MoM
code has been first developed in [9] and considers the slots
placed at the interface between two semi-infinite dielectrics, sil-
icon, and free space. Once the self and mutual admittances of the
twin-slot antenna are known, the effect of every other part of the
circuit on the input impedance is then introduced separately.

Once inside the lens, we consider the slot input impedance
variation due to the presence of the elliptical silicon lens rather
than a semi-infinite medium in front of the twin-slot antenna.
Fig. 7 shows this effect, calculated following the same procedure
presented in [11] and [12]. The equivalent magnetic current dis-
tributions on the two slots are obtained with a MoM procedure
assuming that they are radiating in a semi-infinite medium. The
geometry of the dielectric lens is then introduced and the mag-
netic field on the slots due to a double scattering in the internal
region of the lens is calculated. The reaction integral between
the magnetic currents in the presence of a semi-infinite medium
and the magnetic field in the presence of the lens modifies the
amplitude of the equivalent magnetic currents on the slots and,
therefore, the pertinent input impedance seen by the rest of the
circuit. The effect of the lens on the amplitude of the power cou-
pling efficiency is small, but appears to be the source of ripples
often visible in the measurements. Moreover, if the antenna is
not located within a few micrometers of the geometrical focus
of the lens, the ripples disappear from the measurements, and
this effect is also confirmed by the calculations obtained with
the model. When the antenna is located slightly off the focus,
the “focusing” effect of the lens on the phase of the impinging
rays is not coherent any more, and all the rays do not recombine
in phase. The result on the shape of the efficiency curve is like
an “averaging” effect and the ripples disappear.

The next feature that has been introduced into the model is the
limited field of view of the antenna due to the dimensions of the
antenna chip itself. With reference again to Fig. 4, starting from
the center of the antenna chip, the chip itself extends for 1.2 mm
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Fig. 8. Power coupling efficiency between a 2.5-THz twin-slot antenna and

the silicon lens versus frequency.

on the F-plane and 0.6 mm on the H-plane. According to this
geometry and to its thickness, and considering the first-order
approximation in terms of geometrical optics, all the power ra-
diated by the antenna at angles smaller than « on the F-plane
and (3 on the H-plane does not directly reach the lens because
of the proximity of the edges of the antenna chip. Conversely,
any power coupled to the lens within these angles does not
reach the antenna. Therefore, there is no optical coupling be-
tween antenna and silicon lens in these two regions. In our setup,
a = 17.6° and § = 32.4°. In Fig. 4, the gray areas high-
lights these regions. Only the 600-GHz detectors have chips
that extend for 1.2 mm on both planes, therefore, in this case,
the smaller angle applies on both principal planes. Obviously,
this limit on the field of view of the antenna has repercussions
on the power coupling efficiency between antenna and lens. A
calculation of the power coupling efficiency due to this effect
for a 2.5-THz design is shown in Fig. 8. The graph represents
the amount of power that is collected by the antenna versus fre-
quency. This contribution has been calculated by integrating the
antenna pattern on a limited field of view, imposed by the ge-
ometry of the antenna chip, rather than on a 180° span. Between
2.5-3 THz, roughly 85% of the power is collected by the an-
tenna, but this figure goes down to almost 60% at 1 THz. The
radiation pattern of the twin-slot antenna into the silicon lens is
shown in Fig. 9 where the gray zones indicate the blind spots of
the antenna on the two principal planes.

Next, the complex characteristic impedance and propagation
constant of the CPW lines are calculated taking into account
both radiation and conduction losses. The parameters of the
transmission lines are first obtained using the formalism pre-
sented in [8] assuming infinitely thin metal and no ohmic losses.
The unknown magnetic currents are obtained from the direct
solution of the pertinent continuity of magnetic field integral
equation (CMFIE) assuming, as in [13], the separability be-
tween transverse and longitudinal space functional dependence.
In particular, the transverse electric field is assumed to be well
represented by a unique edge singular function defined on each
of the two slots composing the CPW. The procedure for finding
the space domain magnetic current consists of: 1) expanding via
a Fourier transform the transverse impressed magnetic field in
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Fig. 9. Calculated twin-slot antenna radiation pattern in the silicon lens at
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003 I I I I I
CPW between the Slots ——
Filter, High Impedance = —-—-—
0.025 r Filter, Low Impedance - ,
T
=3
g 002
0
[0
a
S 0015
c
o
]
B 0017
x
0.005 |
05 07 09 11 13 15 17 19 21 23 25 27

Frequency [THz]

Fig. 10. Summary of radiation losses along the CPW lines versus frequency.
In this figure, the level of losses is reported for each of the three different CPW
lines in each of the four designed bands.

spectral superposition of electric currents progressively phased
by k.; 2) finding in analytical form, for each k.., the two-dimen-
sional (2-D) Green’s function (GF) by imposing the continuity
of the magnetic field at the slot axis; and 3) integrating in k,
all the 2-D GF. Equating to zero the denominator of the spectral
expression for the magnetic currents, a dispersion equation is
obtained that, solved numerically, defines the propagation con-
stant of the leaky mode supported by the structure. We then in-
troduce the conduction losses resorting to the formulation pre-
sented in [14] and considering a measured gold film resistivity
of 0.55 p£) - cm and a metal thickness of 0.3 um. The param-
eters of the CPW allow us to transform the input impedance of
the slots to the bolometer section and to calculate the equiva-
lent input impedance seen by the bolometer. Fig. 10 shows a
summary of the different radiation losses that occur in the three
CPW lines involved in each circuit. In this figure, starting from
the lowest frequency, we have the level of radiation losses pro-
duced by the three CPW lines in the 600-GHz design, we then
have the case of the 1.6- and 1.8-THz design and, finally, the
2.5-THz design, which, of course, has a higher level of losses.
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Fig. 11. Summary of conduction losses along the CPW lines versus frequency.

In this figure, the level of losses is reported for each of the three different CPW
lines in each of the four designed bands.

In each case, the losses are expressed in decibels/micrometer.
From this figure, it is apparent that the CPW line between the
slots gives the smallest contribution to the radiation losses, while
the RF filter contributes the most. Fig. 11 shows a similar sum-
mary for the conduction losses. From this figure, it is apparent
that the same CPW line that before was giving the smallest con-
tribution to the radiation losses now contributes the most to con-
duction losses. Putting together both mechanisms for the losses,
on average, each part of the circuit gives more or less the same
total contribution.

The effect of the reactances due to the bolometer transition is
the next step. Whether the transition is tapered or nontapered,
the bolometer width is much narrower than the width of the
CPW inner conductor, and a strong inductive load is concen-
trated at this section of the circuit, especially in the tapered case.
This model accounts for the effect of the transition by com-
bining two equivalent lumped reactances related to the length
and width of the transition itself. An inductive reactance is de-
rived by investigating the canonical slot problem that best fits
the length of the gap. The value of this inductance also depends
on the actual shape of the transition. Finally, the expression for
the inductance is evaluated analytically. A detailed description
of the analytical formulation can be found in [8] and the refer-
ences therein.

Last but not least, there is the RF choke filter. This consists
of seven high- and low-impedance sections and is designed to
present a “short circuit” for the RF current at the interface with
the radiating slot. Actually, the impedance that is presented
to the slot in the equivalent circuit is close to zero for the
real part, but not for the imaginary part. Therefore, when the
filter impedance is transformed along the Smith chart up to
the bolometer section of the circuit, an even bigger impedance
is typically found. In particular, even if the real part does
not produce a considerable effect at the bolometer section,
the imaginary part has a rather big impact on the resonating
properties of the circuit and, therefore, on the center frequency
of the detector. In this procedure, the filter is modeled in terms
of a sequence of CPW line sections, where the characteristic
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Fig. 12. Calculated real and imaginary part of the input impedance of the RF
choke filter at the left-hand-side slot section of Fig. 1(b).

impedance and propagation constant of each section are calcu-
lated using the same formalism described earlier.

Once all the different parts of the detector have been accu-
rately modeled, the amount of power dissipated in the bolometer
versus the total power provided to the detector can be calculated.

IV. DESIGN IMPROVEMENTS

Starting from an earlier design, based on a previous simpli-
fied model [6], several modifications have been made to improve
the performance in terms of overall power coupling efficiency
and center frequency. First, the slot length has been decreased
from one full wavelength to a half-wavelength in order to ob-
tain a better impedance match to the bolometer resistance. A
full-wavelength slot typically presents a low input impedance at
its center that transforms into a high impedance at the bolometer
through the quarter-wavelength section of CPW line. Consid-
ering that bolometer resistances of ~ 20 (2 have been shown to
provide the best performance, we chose to use shorter slots. A
half-wavelength slot presents a high input impedance (roughly
180-190 €2 at 2.5 THz) that transforms in a low impedance
(around 10 €2) at the bolometer, thus providing a much better
impedance matching efficiency. The full-wavelength slots were
originally chosen for the symmetry of their radiation patterns.
However, simulations performed on the beam pattern of the new
designs have shown that, even in this case, the pattern on the two
principal planes (£- and H -plane) are close enough to provide
a good coupling with the elliptical lens.

The RF choke filter has also been modified. The length of the
different sections of the filter has been adjusted to better tune the
center frequency. As shown in Fig. 12 for a 2.5-THz detector,
the real part of the impedance the filter presents at the edge of
the left-hand-side slot section [see Z; in Fig. 1(b)] is indeed
very close to a short circuit, as required to block RF leakage.
However, the imaginary part is not necessarily zero in the same
bandwidth. Also shown in Fig. 12 is the imaginary part of the
filter impedance that, in this case, presents a capacitive load at
2.5 THz. Once transformed at the bolometer section through a
quarter-wavelength CPW section, this capacitive load typically
turns inductive and is primarily responsible for the down shift
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Fig. 13. Calculated input reactances for tapered and nontapered bolometer

transitions for a 2.5-THz detector.

in the center frequency observed in earlier designs. Therefore,
the effect of the filter must be taken into account to properly de-
termine the center frequency of the detector. In particular, this
impedance depends strongly on the length of its first section
Lo and, by tuning this length, we adjust the center frequency,
also depending on the bolometer transition used (see Fig. 3 for
the different lengths used in the designs). In the new model, the
number of high- and low-impedance sections has been reduced
from 8 to 7 and the transition between antenna and filter has
also been changed from tapered to nontapered. Moreover, the
choice of using higher impedance slots is also intended to make
the embedding circuit less sensitive to unexpected impedance
variations like those introduced by the filter. Since these two el-
ements are in series (see Fig. 5), the effect of the filter impedance
on the embedding circuit is smaller when it is in series with a
high impedance like the one of a half-wavelength slot.

The shape of the bolometer transition has also been modi-
fied. Based on the formulation presented in [8], a nontapered
transition, as shown in Fig. 2(b), has been adopted. Despite the
physical appearance, a nontapered transition has a much lower
impact on the embedding impedance. The equivalent impedance
of the transition is directly proportional to its length, therefore,
the shorter the better. Fig. 2 shows a sample of the two dif-
ferent transitions used in the new designs. The traditional ta-
pered transition has also been included in the new design for
comparison with the nontapered results. Fig. 13 shows an ex-
ample of the calculated input impedance (purely imaginary) of
tapered and nontapered transitions for a 2.5-THz detector. The
inductive impedance shown by both transitions is in series with
the rest of the circuit and tends to lower the center frequency of
the detector even further than what the filter already does. It is
evident how the nontapered case has a much smaller effect on
the overall embedding impedance seen by the bolometer. In par-
ticular, the effect of the nontapered transition is approximately
80% lower than the tapered one, thus limiting the down shift in
the center frequency.

Fig. 14 finally shows a comparison between the old and new
design at 2.5 THz. The effect of the improvements discussed
here on the geometry are clearly visible in the two photographs
taken with the SEM. Also, improvements in the fabrication
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Fig. 14. Comparison between: (a) old and (b) new design for a 2.5-THz
detector. The two SEM photographs have the same scale.
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Fig. 15. Calculated and measured power coupling efficiency versus frequency

of a2.5-THz detector with a 0.1-z¢m bolometer, tapered transition, and measured
bolometer dc resistance of 16 £2.

process have resulted in sharp well-defined circuit edges. The
bolometer region, for instance, now features a flawless nonta-
pered transition with a 0.1-pm-wide gap across a 2-pym-wide
CPW inner conductor.

V. MEASURED AND CALCULATED DATA

All the measurements have been performed with a high-res-
olution Bruker HR-120 FTS using a 23-pm-thick Mylar beam
splitter for all the frequency bands, except for the lowest one.
For the 600-GHz detectors, a 50-um beam splitter has instead
been used, having a better frequency response in that range.
Moreover, before comparing measurements with calculations,
the measured data have been corrected for the frequency re-
sponse of the beam splitter itself, for the presence of a 50-um
-thick Mylar window in our Dewar, and for the frequency over-
moding of the optical beam impinging on the silicon lens. The
physical temperature of the mixer block is 4.2 K. In order to
better compare the data, the amplitude of the measured data has
also been normalized to the same level of the calculated data
since the FTS measures only a relative spectral response.

Fig. 15 shows the overall power coupling efficiency versus
frequency of a 2.5-THz detector with a 0.1-um bolometer, a
tapered transition, and a measured bolometer dc resistance of
16 ). The prediction obtained with this model agrees very well
with the measurements both in terms of center frequency and
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Fig. 16. Calculated and measured power coupling efficiency versus frequency
of a 2.5-THz detector with a 0.1-zm bolometer, nontapered transition, and
measured bolometer dc resistance of 18 2.

fe fe fe BW BW BW
Design | Measured | Avg. Error Design Measured | Avg. Error
[THZ] [THz] [%] [THZ] [TH] [%]
270 | 2.63x1.1% +4.2% 1.36£5.8% | 1.19+7.5% +14.2%
1.95 1.87+1.6% +4.2% 1.03+1.9% | 0.87+1.1% +18.3%
1.72 1.86+2.1% -7.5% 0.89+3.3% 0.77+6.4% +15.5%
0.62 0.6313.1% -1.5% 0.3310.1% | 0.28110.7% 117.8%
Fig. 17. Summary of all measured and calculated data for center frequency

and bandwidth along with percentage errors.

bandwidth. The model has also been able to predict with a con-
siderable accuracy the rolloff at higher frequencies, the dip at
1.9 THz, and the secondary peak at 1.7 THz. Moreover, ac-
cording to our model, less than 25% of the total power provided
to the detector is actually dissipated on the bolometer. This re-
sult is in very good agreement with earlier measurements done
at the Jet Propulsion Laboratory (JPL), Pasadena, CA, where the
total power loss in this kind of detector was shown to be around
6 or 7 dB [3].

Fig. 16 shows the result for the case where the bolometer has
a nontapered transition and the bolometer resistance has been
measured to be 18 €. Again, the agreement is very good and the
model was able to predict all the features of the frequency re-
sponse with an excellent accuracy. It is particularly worth noting
how changing just the bolometer transition changes the perfor-
mance of the detector, especially between 1.5-2 THz.

A summary of all measured and calculated data for center
frequencies and bandwidths along with the pertinent per-
centage errors is reported in the table shown as Fig. 17. A
total of 21 detectors, evenly distributed among the four dif-
ferent frequency bands, have been measured in producing the
results shown in this figure. For instance, if we consider the
first row of this figure, for a calculated center frequency of
2.7 THz, we measured 2.63+1.1%, giving an average error
of 4.2%. Continuing for the bandwidth: for a calculated value
of 1.36 THz £+ 5.8%, depending on tapered or nontapered
transition and 0.1- or 0.2-pum-long bolometers, we measured
1.1947.5% for an average error of less than 15%. Considering
that we are describing the performance of a planar circuit at
2.7 THz, with a bandwidth larger than 1 THz, we believe it is
a reasonably good result. In average, we were always able to
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predict the center frequency with an error smaller than 5% and
the bandwidth with an error around 15%. These results would
already be good at 100 GHz, but at 2.5 THz, they represent a
significant improvement in circuit design capability.

VI. CONCLUSIONS

In this paper, we presented an accurate electromagnetic
model to predict the performance of terahertz mixers and detec-
tors. Starting from a simplified model, a computer code able to
simulate the effect of all the parts of the circuit has been devel-
oped. The adopted formulation is based on a spectral-domain
analysis of the electromagnetic problem resulting, in many
cases, in numerically efficient closed-form expressions. The
code exploits the MoM to calculate the input impedance of the
twin slots in a simplified configuration (i.e., with a semi-infinite
medium rather than a silicon lens in front of the antenna), and
then the contributions of all the other parts of the detector and
circuit are introduced: the Gaussian beam coupling, reflection
at the lens interface, double scattering inside the lens, limited
field of view of the antenna, radiation and conduction losses
in the CPW lines, bolometer transition, and RF choke filter.
Finally, the power dissipated in the bolometer is calculated,
allowing a direct comparison with measured data.

The reliability of this model has been demonstrated by the ex-
tensive set of measurements performed in our laboratories. The
measurements have also proven that the model is not only ac-
curate and reliable for the analysis of such detectors, but also
for the synthesis and design, as shown by the excellent agree-
ment between measurements and calculations. Moreover, this
same model can be easily applied to detectors based on strati-
fied media and is accurate and reliable both at low (600 GHz)
and high (2.5 THz) frequencies.

It is also important to note that the model described in this
paper can also be used to design embedding circuits for detec-
tors based on different devices such as SIS mixers and Schottky
mixers as long as the required impedance is between a few ohms
and a few hundred ohms.

Even though the model is already quite accurate, we are
working on further improvements. In particular, we want to
substitute the approximated Gaussian beam pattern of the
silicon lens with its actual radiation pattern. The procedure to
do that [15] is not straightforward and requires some additional
work. Nonetheless, the model gave us very good results even
in this version.

To conclude, we believe that this model is very useful in the
analysis and design of terahertz mixers and detectors. It has
been demonstrated by the measurements shown in this paper,
especially considering the unprecedented accuracy this model
reached in predicting the performance of HEB mixers both in
terms of center frequency and bandwidth from 600 GHz to
2.5 THz.
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