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Abstract—A complete system modeling and characterization
of a wideband differential THz direct detector, integrated in
a commercial CMOS technology, is presented. The detector
consists of a recently developed double leaky slot lens antenna
that operates from 200 GHz to 600 GHz in combination with
a differential Schottky Barrier Diode (SBD) direct detection
circuit. The proposed methodology, starting from low frequency
measurements on a standalone SBD, is able to adequately
model the spectral radiometric performance. The system Noise
Equivalent Power (NEP) is characterized from 325 GHz to 500
GHz in excellent agreement with the proposed system model. The
measured NEP, 20 pW/y/Hz minimum and 90 pW/+/Hz frequency
averaged, is compromised w.r.t. the average NEP of 2.7 pW/\/Hz
that was initially predicted by simulations using the process
design kit (PDK) model, since the available SBDs are operating
beyond their cut-off frequency. The diodes and models provided
by the PDK proved to be inaccurate in predicting circuit behavior
at these high frequencies. By using the proposed analysis and
modeling approaches, an accurate wideband antenna-detector
co-design could be applied for future passive THz imaging
applications based on CMOS technologies.

Index Terms—submillimeter-wave, terahertz, ultrawideband,
passive imaging, radiometry, schottky barrier diode, NEP, NETD

I. INTRODUCTION

Hz imaging and sensing is appealing for several types
of applications [1]-[4], ranging from astronomy [5],
security screening [6]], [7]], biology and medicine [[§] to auto-
motive radar [9]. However, the current integration capabilities
of required active components still restrains a widespread
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deployment of commercial applications [4f], [10], [[11]. For
instance, the realization of fully passive THz direct detec-
tors in CMOS technologies would enable low-cost imaging
applications. In order to achieve the required performance
for passive imaging, a wideband antenna should efficiently
couple incident radiation over a few hundreds of GHz of
bandwidth to detectors that are characterized with a Noise
Equivalent Power (NEP) in the order of a pW/v/Hz [12].
Efficient wideband antenna operation is demonstrated with
an on-chip ring antenna in SiGe-HBT technology [13]] and
with a double leaky slot antenna in CMOS technology [14]]
in combination with a silicon lens. Low NEP detectors have
been demonstrated in high performance III-V technologies
[15]. In the lower performance CMOS technologies, however,
achieving sub-pW/y/Hz NEPs is proven to be difficult [16].
Previous CMOS related publications have reported detectors
based on pn-junction diodes with a NEP of 56 pW/ VHz at
781 GHz [17]], Schottky Barrier Diodes (SBDs) with a NEP
of 29 pW/\/PE at 280 GHz [18], [19]], differential Diode-
connected NMOS transistors have been demonstrated with a
NEP of 12.6 pW/y/Hz at 823 GHz [20] and differentially
connected MOSFETs with a NEP of 14 pW/+/Hz at 724 GHz
[21]. The high cut-off frequency of SBDs makes them very
attractive in submm-wave applications [22] and are in fact
the preferred detector in GaAs technologies [23[]. A NEP of
12 pW/v/Hz at 855 GHz is achieved in the same technology
as the one considered here by using nFETs in a differential
configuration [24]]. The state-of-the-art NEP of 3.5 pW/ VHz
at 300 GHz is just recently presented using a differential
transistor pair at zero bias [25]. The performance in terms
of bandwidth in [[14] and NEP in [25] is approaching the level
where first THz passive imagers might be realized [[12].

An accurate modeling of the antenna-detector combination
and read-out circuit over a large frequency band is vital to
enable passive THz imaging in silicon technology [|13]]. For
resistive self-mixing FETS, a close antenna-detector co-design,
taking into account antenna efficiency and antenna-detector
impedance matching, is realized in [26]-[28]] by extending the
Dyakonov and Shur plasma-wave theory [29] for an accurate
system responsivity and NEP prediction. Alternatively, FETs
can also be optimized using non-physical Taylor expansions
or Volterra series [25], [30]], [31]]. The NEP of the SBDs, pre-
sented in [18]], [19], and diode connected NMOS transistors in
[20], were modeled using an equivalent lumped element circuit
of a SBD with a high-frequency device analysis approach that
was introduced in [32]. In the referred literature, however, the

© 2021 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future media, including
reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for resale or redistribution to servers or lists, or

reuse of any copyrighted component of this work in other works



system is analyzed in combination with a narrowband antenna.
For future wideband applications the direct detection system
should be optimized over the very large frequency bandwidth
simultaneously to optimize temperature sensitivity [12]].

This work extends the high-frequency modeling approach
of a SBD, as introduced in and applied in [[I8], [19],
to predict the radiometric performance of a wideband double
leaky slot lens antenna coupled to a differential SBD detection
circuit that is connected to a load resistor for a voltage read-
out. The design of the antenna is recently presented in
to operate with a 57% average efficiency from 200 GHz to
600 GHz, while complying with strict minimum metal density
rules. The THz direct detector is shown in showing a
photograph of the silicon elliptical lens and a micrograph of
the fabricated CMOS chip containing the double leaky slot.
Here, a system modeling approach is presented that predicts
the radiometric performance in terms of temperature sensitivity
and NEP by using an equivalent circuit that can be constructed
from low-frequency measurements on a standalone SBD.

The remainder of this contribution is structured as follows.
In the figures of merit in the design of passive THz
imaging cameras are introduced. In the lumped ele-
ment circuit model of a SBD is introduced and is constructed
from measurements on a standalone SBD. The performance in
terms of diode efficiency and current responsivity is evaluated.
In the SBD model is extended to a complete system
model of the THz direct detector, including the antenna and the
interface with the detection circuit. In[Sec. V] the performance
of the direct detector is presented in terms of antenna patterns,
RMS output noise voltage and system voltage responsivity.

II. PASSIVE THZ IMAGING

A schematic of a direct detection architecture is shown
in In such architecture, an antenna with a frequency
dependent antenna efficiency 7,y (f), couples an incident THz
signal, defined with a spectral power pgo(f) in units of
W /Hz, to a detector circuit that contains devices with a non-
linear behavior, such as transistors and diodes. In radiometry,
considering incoherent and distributed sources in the Rayleigh-
Jeans limit as studied in [I2], the spectral incident power for
a single polarized antenna pg,(f) ~ kpTs is constant over
frequency with kp being Boltzmann’s constant and Ts the
source temperatureﬂ A portion of the power that is available
at the antenna will be reflected due to the impedance mismatch
between the antenna input impedance, Z,,(f), and detection
circuit input impedance, Zge(f), which should be conjugally
matched to maximize the matching efficiency, no(f). The
detector is biased to allow a certain DC current flowing
through the detector and voltage drop over the detector in
the considered case where the detector is biased via a load
resistor. Due to the non-linear current-voltage relationship
of the detector, the power that is absorbed in the detection
circuit, pgec(f), then induces an average incremental increase
in DC-voltage drop over the load resistor, AV. This RF-to-
DC voltage conversion is quantified via the detector voltage
responsivity, R%(f) in units of V/W, as (I):

In the case of isolated (or active) sources, psig( f) will also depend on the
shape of the antenna beam and frequency.
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Fig. 1: THz direct detector. The detector consists of a double leaky
slot lens antenna that is connected to a differential SBD direct
detection circuit.
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Fig. 2: Schematic of an incoherent (direct) detection architecture,
indicating its three main components; the antenna, detector and
integrator.

AV = Paet (/)RS (f)df (1)

Afre

, where A frp is the absolute frequency bandwidth of the direct
detector. For uncooled detectors, the SNR is usually limited
by the noise that is introduced by the detection circuit. The
measured signal, after detection, can be integrated for iy
seconds in order to achieve a sufficient Signal-to-Noise Ratio
(SNR), provided that the system is stable without Flicker-noise
contributions. The root-mean-square (RMS) noise voltage V,,,
after integration, can be written as (]Z[):

Un
V 2Tint
, where v,, is the spectral RMS noise voltage, within the

post-detection bandwidth, in V/+/ Hz The SNR can then be
expressed as:

Vo =

2

AV RV 27_111[
pdet
n A fre
For narrowband direct detection systems, both spectral
power and voltage responsivity can be approximated by their
value at center frequency f.. The total power absorbed in
the detection circuit is then Py = puet(fe)Afrr. In this

SNR = (HRS(Hdf - 3)

2A 1 Hz post-detection bandwidth is equivalent to 0.5 second of integration

time @, [@]



approximation, the SNR for narrowband systems, SNRyg, can
be written in a form that is commonly found in literature [33]],
[34]:

%del P, det
Un N EPdet

SNRng = Pjet—— V 2Tint “4)

, where the detector NEP (NEPg) is defined as NEPy, =
v, /R and represents the amount of power absorbed by
the detection circuit that results in a SNR = 1 after 0.5
second of integration time. For wideband direct detectors, the
incident power and detector NEP can fluctuate significantly
over frequency and therefore the spectral integration in (3]
should be retained. The SNR for wideband direct detectors,
SNRwsg, can then equivalently be written as:

pdet f)

SNRWB =V 27’l
" Ja e NEPget(f)

Sep Y ®)

In radiometry, differences in the apparent temperature of
the incoherent source that is seen by the beam pattern of
the imager, results in differences in received signal power.
The temperature difference of incoherent sources, that gives
rise to a SNR of unity is a useful figure of merit and is
defined as the temperature sensitivity, i.e. the Noise Equiv-
alent Temperature Difference (NETD) of the radiometer. In
[12], the NETD is derived by starting from the narrowband
approximated SNR (@) in the case of distributed sources
that are in the Rayleigh-Jeans limit of Planck’s law. Instead,
by starting from the wideband SNR expression (3) and by

recalling paet(f) = Psig(f)Nane ()N (f) with pse(f) = kpTs,
the NETD is derived to be:

NETD = ! (6)

kB\/mfAfRF mln\h(zjlgzgn(f)df

The NEP and voltage responsivity of the full THz direct
detector system, NEPg, and R, including the impedance
matching of the antenna detector combination as well as the
optical efficiency of the lens antenna, can now be defined as:

_ NEPw(f) _
NP = et ~ Wy
(1) = R o) (7

The system (or optical) NEP and responsivity, NEPgy
and Ry" (7b), are generally reported in literature.

A qualitative study of NETD in a security screening scenario
is presented in [35[], where it is shown that a sub-Kelvin
temperature sensitivity is required for effective concealed
weapon detection. Such requirement will most likely be similar
for other low-cost THz imaging applications. In order to
reach such high performance, (6) shows the necessity of using
an accurate system modeling approach, in terms of system
NEP and its different spectral components, that allows for an
antenna-detector co-design.

Rseries Rseries!
:

____________________________________________

@ (b) ©

Fig. 3: DC- and High-frequency models of a SBD. (a) Symbol
of SBD. (b) The DC-model is shown, consisting of the junction
resistance and series resistance of the SBD. (c¢) The high-frequency
model is shown with on the left-hand side the physical model
indicating the junction capacitance and on the right-hand side a series
equivalent model to analyze the power transfer efficiency.

__________________________

III. SBD EQUIVALENT CIRCUIT

The considered THz direct detector, shown in is
based on a differential SBD detection circuit. Its performance
will be modeled starting from a derivation of the current
responsivity of a single SBD, R¢1°%, as shown in [Fig. 3[a). The
diode current responsivity is defined as an average incremental
change in current, A7, flowing through the diode as a result of
Pioge Watt of power absorbed in the SBD, §R§“°de = AT/ Piiodes
and can be derived using the lumped element circuit model of
a SBD. At DC, the diode can be accurately represented using
the schematic shown in [Fig. 3[b), where Rirics is the series
resistance, accounting for losses of the interconnecting mate-
rials before and after the diode junction and 7; is the junction
resistance of the diode, representing the junction as function of
biasing voltage. Using the I'V-curve, the current responsivity
at low frequency, R¢°®(wrp — 0), can be analyzed as is well
described in [32] and applied in [18]], [19]. Suppose a signal
of Vp = Vo + A cos(wgpt) is impinging on the diode with I'V-
relationship Ip = f(Vp), where V) is the biasing voltage over
the diode with an RF-signal superimposed. By expanding the
IV-curve in a 4th order Taylor power series around the biasing
voltage V), the average incremental change in current, A7, can
be evaluated. The expansion can then subsequently be used to
evaluate the average absorbed signal power in the SBD, Piode-
After dividing the resulting terms, the current responsivity for
wrr — 0 can be approximated to be:

, (2)
%Smde(WRF — 0) ~ ;;(1) (8)
where f() is the i-th order derivative of Ip = f(Vp) with
respect to Vp and evaluated in V. However, this responsivity
assumes that the voltage drop of the RF-signal occurs over
the total diode resistance Rgiode = [series + 7. In reality, at
higher frequencies, wrr > 0, the junction capacitance of the
diode should be accounted for as shown in the left-hand side
of [Fig. 3[c). The junction capacitance and series resistance
are the main parasitic elements of the SBD that decrease
performance. The rectifying characteristic of a diode is the

result of the non-linear behavior of the junction current as



function of the voltage over the junction. Only RF-power that
is actually absorbed in the junction, P;, contributes to the
incremental DC-current AI. Therefore, for higher capacitance
and series resistance, the current responsivity will decrease.
The junction admittance is rewritten to its equivalent series
impedance, as in [18]], where 7,5, in the right-hand side of
[Fig. 3(c), is the series equivalent of the junction resistance
and can be defined as:

1
’I"j = C. r.
7 :Re{ e }: . 9)
Jjs i+ ijlpCj 1+ (prerj)Z

The junction capacitance is effectively short-circuiting the
junction at higher frequencies. The power transfer efficiency,
nprE, Of the power absorbed by the complete diode, Plioge, to
the absorbed power in the junction, P}, can be written as [32]:

P j Tjs

ﬂPTE(wRF) = =
Piiode ris + Rieries

(10)

So in fact, the current responsivity derived from the IV-
curve (B) is for a frequency wrr — 0 with a power transfer
efficiency of: npre(wrr — 0) = 7;/(rj + Rseries). An
expression for the current responsivity, that is also valid at
high frequencies, RY°®(wrr), can then be derived from the
low-frequency current responsivity as follows:

é}:egliode (WRF N O)
nere(wrr — 0)

R (wrp) = npre(wrr) (1)

The diode current responsivity, valid at submm-wave fre-
quencies, can be derived from the I'V-curve and bias dependent
junction capacitance.

PDK SBD and Measured SBD

This work uses the smallest SBDs available in the PDK
of the technology. The minimum dimension allowed for the
considered SBD is 1.6um x 1.6um. Smaller diodes are
desirable in terms of NEP as the shot-noise contribution is
reduced for a smaller magnitude in diode current. A schematic
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Il Contact [Z] n-
Anode S S S O G
BB silicide [] p-substrate T = - S
S ]
- Jaeal
& - [esal
& |- e L
< <} . b
éo » <
] = i

Silicon oxide opening neglected for clarity

(b) Topview

(a) Sideview

Fig. 4: Schematic view of the Schottky barrier diode that is used in
the detection architecture.

of the SBD, has an ohmic resistance of approximately 11£)
in order to correct the raw measurement. The measured IV-
curve is shown by the blue curve in [Fig. 5(a). The IV-curves
can be separated in two distinct regions. The section of the
curve at low biasing voltages, displays a diode characteristic
where the current increases exponentially. In this region, a
good agreement exists between the simulated and fabricated
diode. Instead, after the knee, the curve behaves linear as
the current through the branch is now limited by the series
resistance, 1; << Rgries. The lower knee of the measured
IV-curve indicates a higher series resistance than predicted.
This can be quantified from the inverse of the derivative
of the IV-curve, which gives the total diode resistance in
DC, Rgiode = Rieries + 7, as shown in [Fig. 5[b). The two
components are highlighted in the figure. The measured series
resistance of 135 (2 is significantly larger than the PDK series
resistance of 10 €.

The junction capacitance is extracted from a measurement
at 10 GHz using a probe station and a PNA-X N5242A from
Keysight. The setup is calibrated using a Line (Thru), Reflect,
Match (LRM) calibration up to the metal-1 terminals, i.e. the
anode and cathode of the SBD. The junction capacitance, C';,
can be extracted from the measured S-parameters according
to the high-frequency model in [Fig. 3(c), and is shown in

side-view and top-view of the SBD are shown in [Fig. 4(a)

[Fig. 5(c) where it is compared with simulation. The measured

and (b) respectively. To validate the actual performance of
the fabricated SBD, the device model is constructed from
low-frequency measurements on a standalone device. The
standalone SBD is fabricated alongside the THz direct detector
together with dedicated calibration structures, for characteriza-
tion purposes. These structures featured SOLT/TRL compati-
ble de-embedding fixtures that allows DUT characterization at
their device terminals from DC to the WR-2.2 frequency band
that are implemented similar to the ones presented in [36].
The IV-curve, simulated using the models provided by the
PDK, including parasitic extraction of the additional inter-
connect (approximately 22) to the device, is shown by the
black-curve in [Fig. 5[a). The device simulation is performed
in the software tool Virtuoso Analog Design Environment
by Cadence. The IV-characteristic, of the standalone SBD
embedded in a fixture, is measured using a DC-probe station.
By using the Thru fixture from one of the on-chip calibration
standards, it is measured that the fixture itself, in absence

junction capacitance is higher than simulated using the PDK,
an increase from 8fF to 20fF at a diode biasing voltage
of 0.6V. As a result of this discrepancy, the diode cut-off
frequency is now approximately fr = 1/(27 - Ryeries - C;) =
60 GHz versus 2 THz as predicted by the PDK simulation.
This formula is only valid for Ries > R; [32], [37].

From the simulated and measured IV-curves and junction
capacitance, the equivalent SBD circuit from can be
constructed and the diode performance can be analyzed. The
diode efficiency (I0), predicted by the equivalent SBD circuits
constructed from the SBD simulated using the model provided
by the PDK (PDK SBD) and the Measured SBD, are shown
in [Fig. 5(d) and [Fig. 5e) respectively. It can be seen that the
junction of the diode is barely capable of rectifying the RF-
signal and the diode has less than a few percent of efficiency
for frequencies higher than 400 GHz. The impact can also
be seen in the diode current responsivity (I1) as shown in
[Fig. 5f) at frr = 200 GHz, 400 GHz and 600 GHz.
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Fig. 5: SBD characterization using the simulations in PDK of the technology (black) and low-frequency measurements (blue). (a) [V-curve,
Ip. (b) Total diode resistance Rdiodge- (¢) Junction capacitance, C';. (d) Modeled power transfer efficiency, npre(wrr), using the SBD simulated
in the PDK. (e) Modeled power transfer efficiency, npre(wrr), using the SBD that is characterized with low-frequency measurements. (f)

High frequency diode current responsivity, R¢°%,

The compromised cut-off frequency prohibits the realization
of passive imaging. However, SBDs integrated in CMOS
technologies have been characterized in literature with a series
resistance of 10 €2 to 20 2 and a junction capacitance of 5 fF to
9fF in [18], [19], [22]. To demonstrate the potential of using
those SBDs, combined with the wideband leaky-wave antenna
in [[14], for future passive imaging application, the next section
will derive the THz direct detector equivalent circuit for
predicting the system NEP. The derivation is performed using
the I'V-curve and capacitance as provided by the PDK (referred
to as PDK SBD) as well as by using the measured IV-curve
and capacitance (referred to as Measured SBD).

IV. DIFFERENTIAL SBD DIRECT DETECTOR

A simplified circuit schematic of the THz direct detector,
introduced in is shown in [Fig. 6(a). The antenna
is a double leaky slot lens antenna, recently presented in
[14]], operating over a large frequency band from 200 GHz to
600 GHz. The SBD devices are set in a differential topology
with the anode of the devices connected to the terminals of the
antenna and cathodes connected together. The symmetry of the
antenna-SBD combination results in an AC-ground between
the cathodes. This AC-ground, confines the RF-current path to
the antenna terminals and SBDs while the DC-/low frequency
read-out network can safely be connected at this point. Both
devices are biased through an RF cold-point in the antenna
ground plane, as indicated in Differential read-out
schemes are commonly used in THz direct detection circuits
[24], [38]], [39]. An additional pair of diodes is placed next to

Vo Rioad

«-

RF-ground '

i Cancellation

AID
diode!

Rioad AID/Z = gdiode . p, /2

Vbias
@Ci VDI Ruiod,

Iget = 2Ip + Alger

2

aly =

(d)

Fig. 6: Detector architecture used for the THz direct detection system
(a) and DC-equivalent circuit model of a single branch (b). In (c), the
SBDs are replaced with their small-signal resistances. An incremental
change in DC-current flowing through the load resistance, Alge, is
the result of absorbed power P, represented by the incremental
current sources in (d). Using the superposition principle, the equiva-
lent circuit can be simplified to (e) to derive the incremental detector
current.

the detecting pair that is connected to the antenna terminals.
The additional pair forms a reference branch in order to
provide a pseudo-differential output and improve the circuit
immunity to supply noise and electromagnetic interference



from the outside environment. Each SBD pair is connected
to a load resistor with resistance R)y,q, to convert the rectified
current, A, into a voltage output, AV

A. Detector Circuit

The equivalent circuit schematic, of only the detector
branch, is shown in [Fig. 6(b). The current flowing through
the detector, Ip, is determined by the voltage drop across
the diodes, Vp. Using either the simulated or measured
Ip = f(Vp) relationship of the diode, the required pixel
biasing voltage, Vjjas, in order to reach a desired diode biasing
point can be calculated as function of the value of the load
resistance as: Voius = 2Ip(Vp)Rioad + Vp. The value of the
load resistor is Rjpaa = 2k and is chosen such that the
optimal biasing conditions can be achieved with a pixel biasing
voltage of V4, < 2V while maximizing voltage responsivity.
At each diode biasing point, Vp, the small-signal model can
be applied and the diode can be represented by its dynamic
diode resistance Rgiode(Vp) as is shown in [Fig. 6[c). Suppose
that Py is absorbed in the differential detector, with each
SBD thus absorbing half of the power Pyy/2. As quantified
by the diode current responsivity (TT)), an average incremental
DC-current of Al /2 flowing through each SBD is expected.
The total current flowing through the load resistance, g,
now becomes: Ij = 2Ip + Alge. The incremental increase
in current is represented by the current sources as shown in
[Fig. 6[d). Using the superposition principle and by considering
only the incremental current contributions due to the absorbed
THz power, the circuit can be simplified to [Fig. 6(e) and the
change in current flowing through the load resistor, Alg can
be calculated as:

Riode/2
Reioge/2 + Rioad

Defining then the current responsivity of the differential
detector circuit as §Rge‘ = Alger/ Pyt gives:

Alger Riiode /2
Pdet Rdiodf:/2 + Rload

From (T3), it can be seen that a high load resistor can
significantly reduce the current responsivity (Rgiode 1S only
tens of Ohms at the optimal biasing conditions). However, the
voltage responsivity, R, that relates the output signal AV,
to the THz power absorbed in the entire detection circuit, Py,
increases linearly with the resistance and can be expressed as:

Algee = Alp 12)

%get _ _ %diode ( 1 3)

det AV det diode
o Pet W o = i Riiode + 2R10ad
The current- and voltage responsivity for frgp =
200 GHz, 400 GHz and 600 GHz for the PDK SBD are shown
in[Fig. 7((a) by the black lines. A harmonic balance simulation,
of the complete detection circuit, is performed in Virtuoso
ADE as verification of the equivalent circuit model and is
shown by the dashed red lines in [Fig. 7(a).
The dominant noise contributions in the considered detec-
tion architecture are Flicker-noise, shot-noise generated by the
junction and Johnson (thermal) noise generated by the load

Riode Rioad (14)
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Fig. 7: Validation, in terms of responsivity and noise, of the equivalent
circuit model for the PDK SBD, by means of simulations of the full
direct detection circuit. A load resistor of Riaa = 2k€ is taken
and the frequencies frr = 200 GHz,400 GHz and 600 GHz are
evaluated. (a) Current and voltage responsivity (I4). (b) On
the left axis is the spectral noise voltage (I3) and the individual
contributions (I6). On the right axis is the Detector NEP (T7).

resistor and series resistance of the diode. Flicker-noise is not
included in the PDK model. of the considered SBD. We will
investigate the remaining (white) noise contributions, beyond
the 1/f corner. In [19]], a similar sized SBD is characterized
with a Flicker-noise corner of approximately 4 MHz. The
remaining white noise mechanisms are incoherent and the
individual contributions should be summed in power. The total
voltage noise, v, in V/ v/Hz, can be expressed as:

2 4 | vfseries |2

Up = \/|v;gwt\2 + [ (15)

where the individual contributions can be derived using circuit
analysis of the detection circuit. The two parallel SBDs are
analyzed with a single SBD that is defined with half the diode
resistance of Rgiode/2 and twice the current, 27 . Shot-noise is
defined with a current generator (1/2¢|2Ip|) in parallel of the
junction (r;/2) whereas thermal noise is evaluated by using
a voltage generator (v/4kpT,, R) in series with either the load
resistance (Rjaq) Or series resistance (Rgeries/2). The spectral
noise voltage contributions at the read-out terminals are then:

/2
ot —\/ogl2r LR . 16a
" 4121p| Reioge /2 + Rioad foad - (162)
Raiode /2
Rijsa diode
) = A4kgT,Ripsyda——F——— 16b
" ® % R giode /2 + Rioad (16b)
vfseriss — /4kBTnRseﬁes/2 Rload (16C)

Reiode/2 + Rioad
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In @, q is the elementary charge, kg is the Boltzmann
constant and 7, is the noise temperature in Kelvin. The total
noise and their components, predicted for the PDK SBD, are
shown in the left y-axis of [Fig. 7(b) where they are compared
with the simulations of the full detection circuit in Virtuoso
ADE. For low biasing voltages, the circuit is limited to the
thermal noise introduced by the load resistor, whereas at
higher, and optimal, biasing voltages, the noise is limited to
the shot-noise of the diodes. Smaller diodes are desired to
reduce this shot-noise. For the pseudo-differential read-out,
using the reference branch as shown in [Fig. 6[a), the spectral
noise voltage is increased by a factor of \/2, as the noise
contributions from both branches are incoherently summed.
The benefit of this configuration is however the increased
immunity of the pixel to both supply noise and electromagnetic
interference from outside the circuit.

From the detector voltage responsivity (T4), spectral voltage
noise in output (]E]), the detector NEP can be defined as:

2 4 ‘ v flicrics

\/|U7S1hm|2 + ‘vﬁl(md
%diode
1

2
Rgiode + 2R10ad
Riode Rioad (

NEPg =

The detector NEP is shown in the right y-axis of [Fig. 7[b)
and is verified with the harmonic balance simulation. A perfect
agreement between the proposed system model and simulation
exists. It is worthwhile to mention that a sub-pW/\/IE NEP
is expected for the detection circuit based on the PDK SBD.

B. Antenna and Antenna-Detector Interface

g and
recently presented in [[14]], has a simulated antenna directivity
and gain as shown by the black curves in [Fig. 8|a). The loss
is relatively constant over the full frequency band with an
average of 2.44 dB (57% antenna efficiency) from 200 GHz to
600 GHz. The silicon elliptical lens has a diameter of 7.6 mm
and is provided with an anti-reflection coating to minimize the
Fresnell loss at the lens interface. The antenna fully complies
with the strict metal density rule of the considered advanced

The double leaky slot lens antenna, shown in [Fig.

CMOS technology. In [14], it is shown that leaky-wave an-
tennas are extremely suitable for integration in commercial
CMOS processes as the impact of the metal density rules
is minimized. The antenna input impedance is shown by the
red curves in [Fig. 8(b). The antenna input impedance should
be conjugally matched to the impedance of the detection
circuit to maximize the power accepted by the circuit. The
input impedance of the differential detector circuit, seen from
the antenna terminals, iS Zget = 2Z4iodes Where Zgioqge can
be evaluated using the SBD equivalent circuit, The
reflection coefficient between the antenna-detector interface,
indicated in can be calculated as [40]:

s~ Ziw
Zdel + Zant

from where the impedance matching efficiency, ng = 1—|T'|?,
is defined. The matching efficiency for the detection circuit
based on the PDK SBD is shown in [Fig. §]c) as function of
frequency and pixel biasing voltage. The detector circuit input
impedance at a biasing voltage of Vi3 = 1.5V is shown
in [Fig. 8(b) with the black curves. Ideally, the antenna input
impedance should be part of a co-design process with the
input impedance of the direct detection circuit. In fact, direct
detectors in CMOS processes such as transistors or diodes
often have a capacitive impedance profile so that the antenna
should preferably be designed with an inductive behavior [[13]],
[41]] or, alternatively, a transformer section can be used [25]].
Also shown in [Fig. 8b), with the blue curves, is the input
impedance of the detection circuit, biased at Vis = 1.5V,
based on the measured SBD. The real part is dominated by
the increased series resistance of the SBD (2 x 135€2) and is
therefore not matched to the antenna.

(18)

C. System NEP and Temperature Sensitivity

The system NEP can now be predicted as NEPgy
NEPget/ (Nan2) (7a). The optimal system NEP is at Vi,
1.5V and is shown in [Fig. 9(a) as function of frequency for
the detection circuit based on the measured SBD (solid blue
curve) and the PDK SBD (solid black curve). The predicted
system NEP of the detector branch of the fabricated prototype
is at a minimum at 200 GHz with NEP = 20 pW/\/ILE

~
~
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Fig. 9: Modeling of radiometric performance in terms of (a) System
NEP and (b) temperature sensitivity NETD. The minimum system
NEP and NETD is achieved for a biasing voltage of Vi, = 1.5V.
Also shown in (a) are the modeled and measured NEP at Vi =
0.55V from

and a frequency averaged NEP of NEP, = 90 pW//Hz,
w.rt. a NEPy, = 2.7 pW/v/Hz for the PDK SBD. The
flat characteristic of the system NEP for the PDK SBDs
indicates the efficient utilization of a very large portion of
the EM-spectrum. The temperature sensitivity (6)), as function
of detector integration time, is shown in [Fig. 9(b). It can be
seen that sub-Kelvin imaging capabilities could be achieved
for NEPs of only a few pW/v/Hz. The predicted NEP of
the fabricated prototype is significantly higher and does not
enable real-time passive imaging scenarios in the THz regime.
However, the potential for realizing passive THz imaging with
SBDs that are characterized with a series resistance of 102
and junction capacitance of 8 fF, such as in [18], [19]], [22],
is evident.

V. ASSEMBLY AND MEASUREMENT RESULTS

The THz direct detector is characterized in the WR2.2
frequency band from 325 GHz to 500 GHz. The assembly
of the THz direct detection system, introduced in is
shown in The diameter of the lens rim is fabricated
with a 20pum accuracy and the lens is positioned tightly in
the aluminum lens holder that is fabricated with a 50 pm
accuracy in the lens cavity. At the backside of the dielectric
lens, this metallic holder contains a chip cavity that is also
fabricated with a 50 um accuracy in width and length, where
the 2mm x 2.5 mm CMOS-chip is positioned, so that the
phase center of the radiation in the lens aligns with the focal
point of the elliptical lens. Two holes, at two opposing corners

Fig. 10: Assembly of the THz direct detector. In (a), the back-side
of the lens holder from that contains a cavity in which the
CMOS chip can be glued to the back-side of the silicon elliptical
lens. (b) The CMOS chip is bondwired to a PCB that is screwed on
the lens-holder (c).

of the chip cavity, allow the application of a commercial
Loctite 406 superglue which, after application, flows between
the chip and the dielectric lens. Some pressure is applied to
minimize the thickness of the glue. The read-out terminals and
power supply of the CMOS chip are bond-wired to a PCB
as shown in the pictures [Fig. 10[b,c). The metallic holder is
attached on a fixture that can be attached to the measurement
table. The direct detector will be validated in terms of lens
patterns, directivity, spectral output noise and system voltage
responsivity.

A. Lens Patterns and Directivity

An overview of the measurement setup used to char-
acterize the normalized antenna patterns and directivity is
shown in [Fig. T1[a) with [Fig. TI[b) showing a photograph
of the setup with the assembled THz direct detector, the
surrounding absorbing material and the WR2.2 horn-antenna.
The horn antenna is attached to a VDI WR2.2 frequency
extender and placed 20 cm above the lens-antenna (in the
Fraunhofer region). The horn and extender are attached on
a Computer Numerical Controllable (CNC) machine and per-
forms a 4 x 4 cm? planar scan. Two PXI-5422 Waveform
Generators from National Instruments (NI) are used to provide
100kHz synchronized square-wave signals to an IQ-mixer
that modulates the signal in input of the frequency extender.
The signal is modulated in order to avoid high Flicker-noise
contributions and therefore increase the dynamic range of the
measurement. The reduced diode efficiency of the measured
SBD, as presented in prohibits pattern measurements
with sufficient dynamic range without modulating the signal.
At 100kHz, the signal is still in the presence of Flicker-
noise since the 1/f corner frequency is estimated to be
around 4 MHz. The pseudo-differential output of the detector
is amplified using a low-noise instrumentation voltage gain
amplifier (VGA) from Analog Devices (AD8429), set to a
gain of 60dB and subsequently digitized using an NI PXI-
5105 ADC. A Fourier transform of the pseudo-differential
read-out, AV, is then computed and transformed to a voltage
spectrum (or power spectral density). The power located at
the first harmonic (100 kHz) of the modulation frequency is
the signal. The beam patterns can be calculated directly using
the measured AV since its magnitude is proportional to the
incident power (AV o |E|?). The planar scan coordinates
(z,y) are translated into the uv-plane w.r.t. the lens. The
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Fig. 11: Measurement setup and results of antenna beam patterns.

(a) Schematic of the measurement setup of the beam patterns. (b)

Photograph of the measurement setup, indicating the WR-2.2 horn antenna and the THz direct detector in the presence of absorbing material.

(c-f) Simulated (black curves) and measured (blue curves) beam

simulated lens patterns at frg = 200 GHz, 330 GHz, 475 GHz
and 600 GHz are shown in [Fig. TT|c-f) respectively with the
black lines. The simulated lens patterns are obtained by using
an in-house physical optics tool that is based on [42]. The
measured beam patterns at 330 GHz and 475 GHz are shown
with the blue curves, in [Fig. TI(d) and (e) respectively. The
dynamic range of the measurement is approximately 15dB to
20dB. A comparison of the simulated directivity across the
full band and the measured directivity in the WR-2.2 band
is shown in [Fig. 8|a). The low dynamic range of the pattern
measurement results in some inaccuracy in the evaluation of
the directivity. In a similar, CPW-fed, double leaky-slot
lens antenna, integrated in the same CMOS technology, is fully
evaluated in terms of input impedance and gain patterns with
a dynamic range of 40 dB.

B. Noise Spectral Density

The output noise of the THz direct detector is measured after
inserting the detector in a grounded metal box. The detector
is biased by a battery supplied low-noise 18-bit DAC that is
controlled through an SPI interface to avoid additional noise
injections during the measurement that is attributed to the
supply or the 50/60 Hz powergrid. The pseudo-differential
output of the imager is again connected to the previously
mentioned amplifier after which the output voltage is readout
by a SR785 Dynamic Signal Analyzer (DSA) from Stanford
Research Systems. The measured power spectral density of
the noise at the output of the detector (VGA is deembedded)
for different biasing voltages ranging from Vi, = 0V to
1.5V are shown in [Fig. 12[a). Noise contributions of the
measurement setup (measured with shorted LNA inputs) are

patterns at frr = 200 GHz, 330 GHz, 475 GHz and 600 GHz.

Measured Noise Spectra

Flicker Noise

10-9 | L L
100 10t 102 108 104 0% 108
(@ Frequency [Hz]
Spectral Noise Voltage at 80.36 kHz
10
Equivalent circuit (Measured SBD)
Measurement
8
— Equivalent circuit (Measured SBD)
N - - Thermal Noise - R,
T 6 = = = = Thermal NOise - Ryyies
< - Shot noise
>
=4
=
>
2 4 B
/// ............
_______ ol e
0 - ~
0 0.25 05 0.75 1 1.25 15

Pixel Voltage Vyias [V]

Fig. 12: Noise measurement of the THz direct detection system. For
different pixel biasing voltages the noise spectrum is measured as is
shown in (a). The NEP is defined using the spectral noise in the white
noise region of the pixel. The spectral noise voltage, as predicted by
the equivalent circuit, is shown in (b) with the black curves. The
measured noise, at 80 kHz, is shown by the blue curves and is still
dominated by Flicker-noise contributions for higher biasing voltages.



incoherently subtracted from the raw measurement of the
DUT. The frequency range of the measured power spectral
densities is limited to 100 kHz since the cut-off frequency
of both the DSA and the VGA (set to 60 dBV gain) is at
this frequency. The Flicker noise corner can be extrapolated
to be approximately at 4 MHz for biasing voltages larger than
1V and therefore, the measurement is still performed in the
frequency range where Flicker-noise can be dominant. The
flicker noise of the SBD was not modeled in the provided
PDK, but a comparison of the analytically calculated (T3)),
and by simulation verified white noise level is provided in
[Fig. 12[b) together with the measured noise at 80 kHz. In
this figure, the calculated noise contribution of both shot- and
thermal noise, as described by (16), are also provided. For
bias voltages from 0 to 400 mV there is good correspondence
between the measured and calculated white noise level and
the model presented in clearly matches the trend.
However, at higher bias voltages the frequency limitation of
the setup and the high flicker noise corner prohibited a clean
measurement of the white-noise floor.

C. System Voltage Responsivity

The system voltage responsivity measurement validates
the complete direct detection system in terms of antenna
efficiency, antenna-detector impedance match and detector
responsivity. The system voltage responsivity can be predicted
as:

Simulated %iys - 3:Egm77'¢ml77[aper779C;(LNA (19)

, where R is the voltage responsivity of the detection
circuit as evaluated by (T4), 7., is the antenna efficiency as
presented in [12]], Maper = Dir /(T Diens /A\)? is the tapering
efficiency of the lens with diameter D,y = 7.57mm and
directivity Dir as presented in [Fig. 8(a), 7o is the antenna-
detector impedance matching efficiency as predicted by the
SBD equivalent circuit and antenna input impedance
from [Fig. 8b), and Gina is the 60 dB VGA after detection.
The system voltage responsivity (T9) therefore contains all
performance metrics of both the antenna [12], the detection
circuit and the interface between them. The simulated voltage
responsivity is shown in[Fig. T3(a) as function of pixel biasing
voltage and frequency (WR-2.2 frequency band).

The measurement, i.e. AV, is performed at DC with the
measurement setup as was schematically shown in [Fig. T1fa),
but without IQ-mixer and modulation of the signal. The power
in output of the WR2.2 frequency extender, Pom, is measured
using a VDI Erickson PM5 power meter. Friis’ transmission
equation is used to evaluate the system voltage responsivity,
equivalently as in [18]], [19]:

AV

Measured R = ———————
v A Bhom G
lens 7,2 “horn

(20)

, Where Ajeps is the physical area of the lens, G, is the gain
of the horn as specified by the manufacturer and » = 10 cm is
the distance between the direct detector and the horn antenna.
The measured system voltage responsivity (20) is shown
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Fig. 13: System responsivity measurement and comparison with the
simulation using the equivalent circuit. (a) Simulated system respon-
sivity (T9). (b) Measured system responsivity (I3). (c) Comparison
of simulated and measured system responsivity.
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Fig. 14: Predicted NETD as function of maximum frequency for
Tine = 1s of integration time (ZI). The NETD still improves with a
factor 2 by integrating power outside the -3dB BW region.

in [Fig. 13[b) as function of biasing voltage and frequency.
Frequency cuts of the measured and modeled responsivity,
at frp = 330GHz and 475GHz are shown in [Fig. 13|c).
The reduced Tx-power in output of the frequency extender at
330 GHz increases the noise fluctuations of the measurement
at this frequency point. The average voltage responsivity,
over the full WR2.2. band, is also shown. By combining the
measured system voltage responsivity from [Fig. T3(b) and the
measured spectral output noise at Viias = 0.55'V from [Fig. 12}
at which the Flicker-noise contributions can still be neglected,
we can evaluate the system NEP from (7a). This is shown
in [Fig. 9(a) with the red and dashed blue curves, for the
single-ended detector branch. Overall, an excellent agreement



TABLE I: Modeling of Antenna-Coupled THz direct detectors in CMOS and their agreement with measurements

Reference Detector Modeling Modeling and Wideband agreement of
- Architecture Methodology measurement BW measurements vs model
. . . Mod.: 0.1 THz - 1 THz
{1 + pateh antenna (umped lement et of SBD [37)  Meas: 270 GHz - 290 Gz -
| : & 810 GHz - 870 GHz
120 Diode-connected NMOS Cuur;el?é iip:gzsgléztlgizrédist e;ge;;{ed Mod.: 0.1 THz - 1 THz i
| 1 + patch antenna of a diode-connected NMOS Meas.: 810 GHz - 850 GHz
(28 Self-mixing FETs Extension of the Dyakonov & Shur [29] Mod.: 0.2 THz - 4.3 THz v
+ patch antenna theory where the signal is coupled to the drain Meas.: 0.2 THz - 4.3 THz"™
- Differential FETs . . Mod.: 500 GHz N
[31] + patch antenna Taylor expansion of the drain current Meas.: 500 GHz —+
o . . . Taylor expansion of current [32] using a
. Differential SBDs + load resistor RN, Mod.: 200 GHz - 600 GHz
This work + double leaky-slot antenna [[14] lumped element circuit t.h at is constructed Meas.: 325 GHz - 500 GHz ++
from low-frequency device measurements

i The reported measurements in Fig. 22 and Fig. 25 of the reference show > 3 dB discrepancies in NEP modeling.
i%_The reported measurements in Fig. 10 of the reference show a good agreement between 810 GHz and 825 GHz.
?” This frequency band is analyzed using ten narrowband patch antennas with different operating frequencies.

¥ The reported measurements in Fig. 6 of the reference show a good agreement below 1 THz.

¥ Relatively good agreement is shown, but the detector is only analyzed at one discrete frequency point.

between the model and measurement exists over the full
frequency band, validating the performance of the THz direct
detector in terms of antenna performance and the detection
circuit modeling approach, as is proposed in this contribution.
In different antenna-coupled THz direct detectors from
literature are reported that use a detector modeling to predict
high-frequency performance. A comparison is made based on
the agreement between model and measurement. Up-to-date,
THz directors in CMOS have been modeled with narrowand
antennas.

D. Importance of Bandwidth on NETD

Since the SBDs are operating beyond their cut-off fre-
quency, the NEP is increasing from 20 pW/v/Hz at 200 GHz
to 180 pW/\/m at 600 GHz, as was shown in a).
Consequently, the -3 dB bandwidth, i.e. a commonly reported
figure of merit in the literature, has reduced to 80 GHz (from
200 GHz to 280 GHz). Howeyver, in a radiometric scenario, the
NETD can still significantly improve by integrating power over
a large bandwidth outside the -3dB region. This is illustrated
in where the NETD (6) is calculated for 7, = 1s as
function of the maximum frequency fiax:

21)

NETD(fmamTint = 15) =

o (
kpV2 f2f(;“(;xGHz NEP;yi (f)df

From [Fig. 14] it can be seen that the NETD still improves
with a factor of 2 from 18K to 8 K when integrating power
outside the -3dB BW region. Despite the fact that the NEP is
rapidly increasing as function of f.x, this demonstrates the
necessity of exploiting large bandwidths to realize passive THz
imaging [12]. The proposed modeling approaches will enable a
close antenna-detector co-design when improved diode layouts
and models become available at submm-wavelength operation,
provided that the signal can be modulated beyond the 1/f noise
corner.

VI. CONCLUSION

The radiometric modeling and performance of a THz direct
detection system, developed for the purpose of passive THz

imaging applications is presented. The system consists of
a recently developed double leaky slot lens antenna that
efficiently couples radiation from 200 GHz to 600 GHz to
a differential detector circuit composed of Schottky Barrier
Diodes (SBDs). A derivation of the temperature sensitivity,
as function of spectral Noise Equivalent Power, is presented,
based on the equivalent circuit model of a SBD. The model is
constructed from measurements on a standalone SBD, i.e. the
I'V-curve and reflection coefficient at 10 GHz and an accurate
antenna modeling. These SBD low frequency measurements
indicated a discrepancy in the series resistance (135 vs
1082) and junction capacitance (20fF vs 8fF) with respect
to the models provided by the process design kit. Using the
proposed wideband system analysis procedure, the voltage
responsivity of the direct detector, that includes antenna ef-
ficiency, antenna-detector impedance matching and detector
circuit performance, was predicted in excellent agreement with
the measurements. This work provides an accurate modeling
approach for antenna-coupled SBDs placed in a differential
configuration and proving a necessary step towards the real-
ization of future passive THz imaging applications.
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