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Abstract—In this paper, we report on MOSFET characteristics
for terahertz (THz) detector application from precise on-wafer
measurement, and the results are compared with theories and
SPICE simulations. Techniques for precise measurement using
a vector network analyzer and on-wafer probing and simulation
based on the SPICE model are introduced. Several MOSFETs
in various channel dimensions are fabricated in 65-nm CMOS
technology and measured over gate bias voltage and the operating
frequencies of 110, 200, and 300 GHz using the lock-in technique.
The behavior of responsivity and noise equivalent power (NEP)
depending on the channel width and length of the MOSFET and
the frequency are investigated, and trends of the obtained results
are in good agreement with the theories and the simulations. The
channel width dependence of the responsivity of the MOSFET
detector is evaluated and explained for the ﬁrst time. The results
of this work can provide a reliable and useful reference for the
design of THz detectors.
Index Terms—Distributed resistive mixing, gate spreading resistance, loading effect, maximum oscillation frequency, MOSFET
power detector, on-wafer measurement, parasitic gate to bulk capacitance, plasma wave detection, terahertz (THz) detection.

I. INTRODUCTION

T

HE terahertz (THz) wave (submillimeter wave), which is
located between electric waves and visible rays in the frequency spectrum, and thus has the features of both sides of the
spectrum, can be used for a wide range of applications such
as security, medical imaging, scientiﬁc imaging (biochemistry,
chemistry, astronomy), manufacturing, and wireless communications. For imaging application in particular, THz detectors
based on Schottky-barrier diodes, compound semiconductors,
and strained- and bulk-silicon CMOS technologies have been a
popular research topic for a number of years [1]–[8]. Among the
various reported detectors, MOSFETs are emerging as a powerful candidate because of their frequency tunability by the gate
bias voltage or the drain bias current and their relatively low
noise at room temperature with fast response time, as well as
low cost and a high degree of integration with other electronic
circuitry.
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The operational principle of transistors near or beyond the
cutoff frequency
, which is considered to be the highest operational frequency, can be explained by a physics-based plasma
wave [9] or electronics-based distributed resistive mixing theories [10]. The plasma wave theory regards the channel of a
transistor as a two dimensional (2D) electron gas as a whole
that exhibits hydrodynamic behavior, and thus the generation
of plasma waves in the channel by an external THz source can
produce DC voltage or current in the channel. The distributed
resistive mixing meanwhile regards the channel of a transistor
as a non-quasi-static RC-ladder, such that each segment of the
channel operates as a self-mixing power detector. Along with
the mechanism for THz signal detection, the theories predict
the detector characteristics as a function of the gate-to-channel
voltage and have been extended to describe the channel dimension dependence. However, some works report conﬂicting results with each other with respect to the channel length dependence [7], [11], and moreover the channel width dependence of
MOSFET detectors has not been reported to date.
With THz technologies, the measurement is also an issue due
to the limitations of the measurement environment in terms of
frequency, power, and accuracy. The frequency and power of
THz technologies tend to be in a tradeoff relationship. As a
signal source, electronic systems have limitations in generating
high power at high frequencies, and photonic systems have the
same limitations in a lower frequency regime [12], [13]. For
these reasons, the THz signals, which are located at the upper
edge of electronic waves and concurrently at the lower edge
of photonic rays, are always hungry in terms of frequency and
power. Systems for signal detection also suffer from the small
power of the THz signal. Furthermore, a large amount of coupling and path losses make it difﬁcult to conduct accurate experiments. Due to this accuracy limitation, many prior studies
could not present absolute values of detector performances but
instead show normalized ﬁgures in arbitrary units [3], [14]–[16].
In this paper, the responsivity and noise behavior of a
MOSFET are analyzed in relation to channel dimension and
frequency for THz detector application. In particular, the
channel width dependence is evaluated for the ﬁrst time.
MOSFETs of various sizes are fabricated in 65-nm CMOS
technology, and their performances are evaluated by precise
on-wafer measurement for a number of frequencies. By using
on-wafer -parameter measurement, the reﬂected power at the
input of the MOSFET, which is caused by the mismatch, can
be calibrated out. Therefore, the responsivity of the detector
in response to the transmitted power into the MOSFET can be
obtained, and it corresponds to the maximum achievable responsivity for the given transistor sizes and frequencies. In this
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Fig. 2. Chip micrograph (386
Fig. 1. Measurement setup for the MOSFET as a THz detector.
CHANNEL DIMENSIONS

work, in addition to the reﬂection loss [17], [18], the insertion
losses of the waveguide, probe, and pad are also compensated
to achieve a more accurate estimation of the transmitted power
into the input of the MOSFET. Auxiliary SPICE simulations
are also performed for various channel dimensions and frequencies for comparison. Section II introduces the details of the
measurement method using a vector network analyzer (VNA)
and a simulation technique based on the SPICE model for the
responsivity of the MOSFET. The dependence of the MOSFET
responsivity as a function of channel width and length is
presented in Section III. Section IV presents the frequency
behavior of the responsivity, and Section V describes the noise
equivalent power (NEP) versus the channel dimension. Lastly,
a conclusion follows in Section VI.
II. MEASUREMENT AND SIMULATION DETAILS
This section describes the measurement and simulation details of MOSFETs intended for use as THz detectors.
A. Measurement Details
Fig. 1 shows the measurement setup for the detectors. An
N-type MOSFET and GSG pads are laid-out for 1-port on-wafer
measurement. A VNA is used for the THz signal source and dc
gate bias is applied through the bias-T in the GSG probe tip.
The THz signal is modulated by a 5-Hz trigger signal
provided by a function generator, and the output signal at the
drain of the transistor is delivered into a 10-M load, which is
detected using a lock-in ampliﬁer. A PC reads the output data
from the lock-in ampliﬁer for the given gate bias voltage, which
is controlled by the PC.
Various sizes of n-MOSFETs are fabricated in a 65-nm
CMOS technology. Fig. 2 shows a chip micrograph of one of
the MOSFET detectors. The GSG pads for on-wafer probing
are located at the left-hand side, and the pads connected to the
drain (D) and source (S) terminals are for wire bonding. The
MOSFET is located close to the GSG pad. The Metal-1 layer
(the bottom layer of metal stack), which is connected to ground
by the ground pads of GSG pads, is spread across the entire
chip, and the source terminal of the MOSFET is connected to
this Metal-1 and the source pad as well. The rest of the chip area
and pads represents an integrated ampliﬁer, which is not used
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280 m ).

TABLE I
FABRICATED MOSFETS
FREQUENCY

AND

MEASURED

in this work. Table I summarizes the channel dimensions of the
fabricated MOSFETs and the measured frequency. Considering
the theoretical analysis [8], [19] and experimental results [6],
[7], the test patterns are designed mostly with 250 nm of
channel length, which is the maximum length provided by
65-nm technology, for higher responsivity.
The voltage responsivity of THz detector is deﬁned by
(1)
To characterize responsivity accurately for various sizes of transistors, the actual incident power into the transistor is estimated
considering the measured values of the source power coming
from the VNA, the loss from VNA to the transistor, and the
reﬂection coefﬁcient at the gate of transistor. Fig. 3 represents
the small-signal equivalent circuit from the THz source
to the input of the transistor
. The source power coming
from the VNA is measured with a power meter. Two 1-port
calibrations, one at the output port of the VNA and the other
at the probe tip, are performed, and then the macro function
in the VNA can estimate the loss of the probe tip and waveguide. The reﬂection coefﬁcient at the input pads
is
obtained from the -parameter measurement. The loss of the
input pads and the interconnect line from the pad to the gate of
transistor is estimated by an EM simulation. With the test structures shown in Fig. 2, the input pads as well as the interconnect
line are shielded by Metal-1 ground layer, and thus the effect of
the Si-substrate can be excluded in the measurement. Instead of
lumped model-based (e.g., using open/short dummy structures)
de-embedding, EM simulation based de-embedding is adopted.
The latter is expected to be more accurate considering the high
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Fig. 4. Schematic of SPICE simulation for THz detectors.

Fig. 3. Small-signal equivalent circuit from THz source to the input of the
transistor.

operating frequencies and the simpliﬁed structure of the pads
and interconnect line (metal-SiO -metal). The reﬂection coefﬁcient at the gate of transistor
is estimated by the following
relationship, which can be easily driven by the deﬁnition of the
-parameter
(2)
and
are the 2-port -paramwhere
eters of the pad and interconnect line. The characteristics of the
probe tip and waveguide [ ] and pad and interconnect line [ ]
can be merged in to a single 2-port network [ ] representing the
total loss from the VNA to the transistor, as described in Fig. 3.
The actual incident power into the gate-source terminal of the
transistor
is given by
(3)
where
is the source power,
the 2-port -parameters
of the total loss, and
the input reﬂection coefﬁcient, which
is given by
, where
[20]. The factor
in this work is 0.6
1.4 dB,
dB, and 0.07
0.2 dB at 300, 200,
and 110 GHz, respectively, depending on the gate bias voltage
and channel dimension.
B. Simulation Details
The MOSFET characteristics in terms of application as a THz
detector are also investigated with a SPICE simulation. The
commercially available SPICE model is not expected to predict
the behaviors of MOSFETs with good accuracy at THz where
the non-quasi-static effects are no longer negligible. Nevertheless, the simulation results based on the commercially available

MOSFET model show a good correlation with the measurement, as described later, making it useful for detector design
from the perspective of providing guidelines.
Fig. 4 schematically illustrates the SPICE simulation setup
for the THz signal detection where an n-MOSFET is excited
by the THz signal at the gate and a load resistor
detects
the induced dc signal between the drain and source. To replicate the measurement setup, which adopts a lock-in ampliﬁer, a
two-tone signal is applied at the gate:
representing the THz
signal and the THz signal modulated by the reference signal,
. Along with the two-tone signal, a DC
bias voltage
is applied at the gate while no DC bias is applied at the drain terminal. For the given two-tone signal, the
voltage magnitude of
at the drain is read as an output response. The responses are simulated for various channel dimensions of n-MOSFETs over different frequencies. Because the
responsivity is a function of the power delivered to the input,
-parameter simulations are also carried out at
to consider
the return loss
for all devices in Table I. Fig. 5 shows the
measured
, measured
, and simulated
versus frequency for a
1 m 4/250 nm MOSFET.
There is a signiﬁcant gap between the measured and simulated
, but they are similar in terms of frequency behavior. The behaviors of
, measured and simulated, over the variations in
the MOSFET dimensions (
) also show similar trends (this
is not shown in Fig. 5). As we do not expect accurate results
from the simulation, all of the simulation results are plotted after
normalization to depict relative behaviors only.
III. RESPONSIVITY VERSUS CHANNEL DIMENSION
OF MOSFETS
Here, the measured responsivity of MOSFET detectors for
various channel dimensions are described in comparison with
theory and SPICE simulations.
A. Channel Width Dependence
In the plasma wave theory, the responsivity degradation of
MOSFETs with an increase in channel width is explained by the
oblique plasma wave propagation to the direction of the width
[21]. However, this explanation is applicable only to the case of
resonant mode plasma wave operation where the plasma wave
travels back and forth between the source and drain terminals.
In the non-resonant mode operation as in the case of MOSFET
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Fig. 7. Measured responsivity versus
widths.
Fig. 5. Measured
m
for

, measured
, and simulated
4/250 nm MOSFET.
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at 300 GHz for two different ﬁnger

versus frequency

Fig. 8. Measured and simulated responsivity at 300 GHz for
4 m/250 nm MOSFET as a function of ﬁnger width.

Fig. 6. Two MOSFET structures with different unit channel width.

detectors, the dependence of responsivity on the channel width
has not been understood well. In the present work, this will be
ﬁrstly explained by the high-frequency transit mode operation
of MOSFETs.
Fig. 6 shows two MOSFET structures with the same total
width but different ﬁnger width. In Fig. 6(a), due to the poly-silicon gate spreading resistance
, the THz signal applied at
point A is the strongest and diminishes toward point B. Accordingly, the DC response induced between the drain and the
source is smallest at point B. However, when the same channel
width of the transistor is divided into two ﬁngers, as in Fig. 6(b),
the gate spreading resistance between points A and B becomes

while the variations in other small-signal parameters are
negligible [22]. Consequently, the attenuation of the THz signal
at point B is less severe, and hence the induced dc response between the drain and the source becomes larger.
Fig. 7 shows the measured responsivity
versus gate-tosource voltage
at 300 GHz for
m 4/250 nm
and
m 1/250 nm MOSFET. In Fig. 7, the device
with ﬁnger width of 1 m shows more than ﬁve times higher
responsivity than that of the 4 m case.
The simulated responsivity at 300 GHz as a function of ﬁnger
width (total width/number of ﬁngers) is shown in Fig. 8 after
normalization while keeping the overall channel width and
channel length ﬁxed at 4 m and 250 nm, respectively. In
Fig. 8, the responsivity at each ﬁnger width represents the
maximum
that is obtained over the variation of
. The
measured results shown in Fig. 8 are the maximum value of
devices shown in Fig. 7. In the simulation results, for the cases
from 1- to 4-ﬁnger transistors, an increase in the number of
ﬁngers, i.e., a decrease in the ﬁnger width, leads to higher
responsivity, as observed in the measured results. The higher
responsivity with a decrease in ﬁnger width can be explained
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Fig. 10. Simulated

as a function of ﬁnger width.

Fig. 9. Multiﬁnger MOSFET. (a) Structure. (b) A-A cross section. (c) Smallsignal equivalent circuit.

by the decrease in poly-silicon gate spreading resistance,
.
However, the simulated responsivity of the 5- and 6-ﬁnger
transistors tends to decrease again. This can be explained using
Fig. 9.
Fig. 9(a) shows the structure of a multiﬁnger MOSFET.
The cross section of the dashed line along points A and A is
shown in Fig. 9(b), where
represents the parasitic overlap
capacitance between the gate and body terminals. According to
the [23],
0.08 fF for a unit ﬁnger of transistor with
65 nm, and as the number of ﬁngers increases, the total
increases proportionally. Therefore, in the equivalent circuit
shown in Fig. 9(c), with an increase in the number of ﬁngers,
even though the value of
decreases,
becomes a large
portion of the total oxide capacitance, and consequently the
voltage along the channel width decreases by the shunting
effect of
[24], leading to responsivity degradation.
The characteristics of responsivity depending on
and
resemble those of maximum oscillation frequency
, which
is the frequency where the maximum available power gain of
the transistor becomes one, given by
(4)
where
is the parasitic gate–drain capacitance,
the
channel conductance,
the real part of the input impedance,
and
the cutoff frequency, which is given by
(5)
is the transconductance and
the parasitic
where
gate–source capacitance. Equation (4) shows that an increase
in
directly leads to a decrease in
. When the source

Fig. 11. Measured responsivity versus
channel widths.

at 300 GHz for three different

and body terminals are tied together,
becomes a capacitance connected in parallel with
. When
becomes
signiﬁcant in multi-ﬁnger transistors (for a single ﬁnger of
2 m/65 nm MOSFET,
[23]), the
cutoff frequency should be represented as
(6)
and hence
degradation. Fig. 10 shows
which leads to
the simulated
as a function of ﬁnger width while
60 nm,
500 mV, and
1 V.
plotted in
Fig. 10 shows a similar dependence on ﬁnger width as the
responsivity in Fig. 8.
Fig. 10 shows that large channel width is associated with
lower
for single-ﬁnger transistors. The measured responsivity of single-ﬁnger transistors with three different channel
widths reveals a similar trend to
as plotted in Fig. 11. In
this case,
also has a partial contribution to the responsivity
like
, shunting the input of transistor. The responsivity at
300 GHz as a function of the MOSFET channel width while
keeping
250 nm is simulated and shown in Fig. 12 after
normalization along with the measured responsivities of three
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Fig. 12. Measured and simulated responsivity at 300 GHz as a function of
MOSFET channel widths.

Fig. 13. Measured responsivity versus
channel lengths.
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at 300 GHz for three different

devices. The measured results in Fig. 12 are the maximum value
of each device shown in Fig. 11. The decreasing trend in simulated responsivity with an increase in channel width agrees with
the measurement results.
B. Channel Length Dependence
Based on the plasma wave theory, the plasma wave decays
well before the end of the channel if the length of the channel
is much longer than the characteristic length of decay , given
by [16]
(7)
where
(8)
where is mobility, is the gate-to-channel capacitance per
unit area,
is the Boltzmann constant, is temperature, is
the electron charge, is the subthreshold ideality factor, and
is the gate-to-channel voltage swing, given by
,
where
is the gate voltage swing,
and
the gate and threshold voltages, respectively, and
is the
channel voltage. For the given 65-nm technology, using the typical values of
157 cm /Vs,
0.019 F/m
300 K,
[16], and
0 V,
of devices in this work at 300
GHz is expected to be about 21 nm. In this case, the transistor
acts as a broadband (nonresonant) detector.
In the principle of distributed resistive mixing, the THz signal
is rectiﬁed at each segment of the distributed channel, producing
a dc voltage drop along the channel [10]. Both plasma wave
theory and distributed resistive mixing principle predict a dc
voltage drop along the channel with decreasing amplitude in
each segment toward the drain terminal. Following these principles, because the resulting drain–source voltage is given by the
integrated sum of the voltage drop along the channel, a longer
channel is expected to produce a higher dc response.

Fig. 14. Measured and simulated responsivity at 300 GHz as a function of
MOSFET channel length.

Fig. 13 shows the measured responsivity versus
at
300 GHz for three different channel lengths. As predicted by
the theories, long channel devices show higher responsivity.
The simulated responsivity at 300 GHz as a function of
channel length is shown in Fig. 14 after normalization along
with the measured responsivities of the three devices shown
in Fig. 13. The measurement results shown in Fig. 14 are
the maximum responsivity of each device in Fig. 13. Both
the simulated and the measured responsivity increase with an
increase in the channel length. In the two theories, however, the
responsivity is expected to saturate for the device of
130
nm, because at this dimension the plasma wave oscillation is
expected to decrease down to
of the initial
value. This discrepancy can be attributed to the decrease in ;
at the same position of the channel, the amplitude of the THz
signal of the
250-nm device becomes stronger than that of
the
130-nm device because of the lower value of
.
However, [11] reported contradictory dependence on channel
length such that devices with shorter channel length showed
higher responsivity. This controversy can be explained by
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Fig. 15. Equivalent circuit of MOSFET detector and input terminal of LIA to
show loading effect between them.

Fig. 17. Numerically simulated and measured responsivity versus
frequency, respectively.

and the

IV. RESPONSIVITY VERSUS FREQUENCY
In the plasma wave theory, the responsivity of an FET is proportional to the following function [19]:
(10)
where
(11)

Fig. 16. Simulated responsivity versus
10 M /10 k .
transistors with

at 300 GHz for

60-/250-nm

(12)

the loading effect. Fig. 15 shows the equivalent circuit of the
MOSFET detector and input impedance of the lock-in ampliﬁer
(LIA) to explain the loading effect on the MOSFET detector.
In Fig. 15, the voltage response of the MOSFET detector
drops across the channel resistance
and load impedance
. The output voltage delivered to LIA
is given by
(9)
by the voltage division rule. By the loading effect, depending
on the value of the radio
is not always proportional to
. Fig. 16 shows the simulated responsivity versus
at 300 GHz for the MOSFETs with channel length of 60
and 250 nm with load resistance
of 10 M and 10 k , respectively. In Fig. 16, longer channel device shows higher responsivity with
M . In contrast, with
k , shorter channel device shows higher responsivity due to the
loading effect. The modulation frequency
described in
Section II can also affect on
because
is a function of
, but with the measurement reported in this work, it is negligible because
is only 5 Hz.

where is the channel length, the angular frequency, the
electron momentum relaxation time, and the wave velocity.
In a 65-nm CMOS technology,
at room temperature is about 0.01 ps, where is the electron mobility,
the
electron effective mass, and the electron charge. Fig. 17 depicts the function
versus
as a solid line for the case
of
0.01 ps and
130 nm. The corresponding operational frequency to
is indicated at the top -axis in Fig. 17.
In Fig. 17, where
, the responsivity increases with frequency almost dB-linearly. In resonant mode plasma wave detectors, resonances by plasma wave oscillation can occur where
, but in nonresonant mode plasma wave detectors such
as in the case of conventional MOSFETs, the plasma wave oscillation is overdamped [19]. In the distributed resistive mixing
model, higher responsivity with an increase in frequency can be
explained by the reduction in the impedance of
, which leads
to a higher voltage swing at the drain node, and hence additional
dc voltage is induced in the channel.
In Fig. 18, the measured responsivity for the input frequencies of 110, 200, and 300 GHz are plotted for a MOSFET of
m/130 nm with
0.4 V. The measurement
results follow the increasing trend of
. Fig. 18 shows the
measured responsivity of the same device as a function of
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Fig. 18. Measured responsivity of
at three different frequencies.

2 m/130 nm MOSFET versus

Fig. 19. Measured NEP at 300 GHz versus
widths.
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for three different channel

at three different frequencies, and the increase in responsivity
with frequency is well demonstrated.
V. NOISE EQUIVALENT POWER
Heretofore, the responsivity characteristics of the MOSFET
are investigated in terms of the channel dimension and frequency dependencies. However, the more important metric for
a THz detector is the noise equivalent power (NEP), which is
given by
(13)
Because MOSFET detectors are used under an open-drain condition, that is,
, the 1/ noise is not an issue; the only
noise consideration is the channel thermal noise, which is given
by
, where is the Boltzmann constant, the
absolute temperature, and
the channel resistance. From the
dc measurement of the channel resistance, the thermal noise of
each MOSFET at a given
can be estimated.
The NEP is a more important metric for a THz detector than
the responsivity, because it determines the signal-to-noise ratio
of a detection system. The design guidelines to achieve higher
responisivity are discussed in Section III, and to achieve a low
NEP, the noise spectral density (NSD) should be minimized. Because of the dependence on
, the NSD can be reduced by increasing the
ratio of the channel. Fig. 19 shows the measured NEP at 300 GHz versus
for three different channel
widths while keeping
250 nm. Although the NSD is inversely proportional to
(7.0, 10.0, and 14.5
at
V for
, 2, 1 m, respectively), the MOSFET
with of
4 m/250 nm shows the highest NEP due to
the poorest responsivity. The NEP values of the other two devices are comparable because of the opposite behavior of the
responsivities and NSDs depending on the channel width.
From Fig. 19, the responsivity should be improved to achieve
a lower NEP while keeping the NSD low, and Fig. 20 gives the
solution. Fig. 20 shows the dependence of the measured NEP

Fig. 20. Measured NEP at 300 GHz versus

for two different ﬁnger widths.

at 300 GHz on the ﬁnger width as a function of
. Because
the NSD values of the two devices are identical due to the same
overall / ratio, the behavior of the NEP is determined by
the responsivity (6.9 and 44.9 V/W for
4 m 1 and
1 m 4, respectively, at
V). The NEP is improved
from 0.76 to 0.18
at
0.28 V due to the higher
responsivity by reducing the ﬁnger width.
Fig. 21 compares the NEP values of two MOSFETs with the
same ﬁnger width but different number of ﬁngers,
m
4/250 nm and 1 m 1/250 nm. Although the two MOSFETs
have the same ﬁnger width, the device with a single-ﬁnger transistor showed higher responsivity (by comparing Figs. 7 and
11) because of fewer parasitic components such as overlap
capacitance and spreading resistance from interconnect lines.
In Fig. 21, however, near the minimum point of the NEP,
the lower NSD of the
m 4/250 nm transistor
provides a greater contribution to reducing NEP than the higher
responsivity of the
m 1/250 nm transistor. Considering that the NEP represents overall performance of the
THz detector, the channel dimensions of the MOSFET detector
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Fig. 21. Measured NEP at 300 GHz versus

for two different transistors.

depending on the channel width and length of the MOSFET and
the frequency are investigated, and the observed trends are in
good agreement with the theories and the simulations.
The channel width dependence of the responsivity for a
non-resonant MOSFET detector is evaluated and explained for
the ﬁrst time. The responsivity degradation with an increase
in ﬁnger width is explained by the THz signal loss along the
spreading resistance of the poly-silicon gate ﬁngers. Considering noise characteristics as well, wide channel device in a
multi-ﬁnger layout is recommended for higher responsivity and
lower NEP unless the parasitic
becomes signiﬁcant. The
controversy of the channel length dependence on responsivity
is also resolved in this work by considering the loading effect
on the MOSFET detector.
Compared to the measurement results of free space radiation,
those of on-wafer probing are more accurate in that the exact
amount of power transmitted into the MOSFET could be obtained by calibrating out the insertion/reﬂection losses of the
cables, probe, pads, interconnect line, and the impedance at the
gate of the transistor. Thus, the responsivities presented in this
work are the maximum achievable values for the given technology, transistor size, and frequency. In applications to the free
space environment, the results of this work can provide a reliable and useful reference for selecting the optimum transistor dimensions and the maximum achievable responsivity under perfect matching (conjugate matching) between the antenna and the
corresponding MOSFET detector.
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