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Utilizing Si\Ge HBT Power Detectors for Sensing
Single-Event Transients in RF Circuits

Adrian Ildefonso™, Christopher T. Coen, Zachary E. Fleetwood™, George N. Tzintzarov, Mason T. Wachter,
Ani Khachatrian, Dale McMorrow, Jeffrey H. Warner™, Pauline Paki, and John D. Cressler

Abstract— This paper demonstrates the use of an RF power
detector to sense the occurrence of single-event transients (SETSs)
in RF circuits and systems. The detector was connected to a
low-noise amplifier (LNA), and the relationship between the
detector output and the LNA transients was investigated via
two-photon absorption, pulsed-laser testing, together with mixed-
mode TCAD simulations. The response of the detector shows a
strong correlation with the RF power of the generated SET.
An analytical expression for the detector output is derived and
utilized to fit the data. The effects of parameters affecting circuit
performance on the detector response to SETs are explored using
calibrated TCAD mixed-mode simulations, and design tradeoffs
are presented. Finally, a solution to distinguish between transients
generated in the detector from those generated in the circuit being
monitored is proposed and verified in simulation. The use of
detectors to monitor SETs in RF systems could lead to judicious
deployment of detection-driven SET mitigation techniques.

Index Terms—RF systems, silicon—-germanium heterojunction
bipolar transistors (SiGe HBTSs), single-event transients (SETS),
two-photon absorption (TPA) laser testing.

I. INTRODUCTION

RBITAL radiation environments can strongly limit the

performance and reliability of spacecraft payloads.
Mitigation techniques are typicaly put in place to prolong
the lifetime of these systems. Throughout the duration of
a mission, however, single-event transients (SETs) generated
by energized particles can still penetrate spacecraft shielding,
potentially disrupting the proper operation of circuits. The cir-
cuits receiving messages from a ground station are particularly
sensitive to these events, since they carry the weakest signals
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Fig. 1. Simplified schematic of a typical direct-conversion receiver showing
the bandpass filter (BPF), LNA, mixers, and LPFs. Directiona couplers are
used in multiple nodes to sample a portion of the signal and feed it to power
detectors for sensing SETs.
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due to long transmission distances and atmospheric attenua-
tion. Therefore, detecting single-event effectsis of importance
for the proper operation of these systems.

The previous work has shown that it is possible to design
analog circuits to sense SETs by monitoring changes in
voltage or currents in a circuit [1], [2]. In addition, several
methods for transient detection in the digital domain have been
proposed [3]. However, no methods for sensing SETs in RF
systems were found in the literature.

RF power detectors are typically used in a variety of
applications, including millimeter-wave radiometry [4], enve-
lope detection [5], and built-in-self-testing of RF systems
[6], [7]. Silicon—germanium heterojunction bipolar transistors
(SiGe HBTs) are excellent candidates to fabricate detectors
for space applications, since their performance improves at
low temperatures and they exhibit a built-in tolerance to total
ionizing dose (TID) up to several Mrad(SiOy) [8].

This paper proposes the use of RF power detectors to sense
the occurrence of an SET in RF communications systems.
By sampling a small fraction of the signal from the main data
path into a power detector, information about the signal-to-
noise and distortion ratio can be obtained. This information
can be used by the digital subsystem to implement detection-
driven data correction protocols. The proposed concept is
illustrated in Fig. 1, which depicts a smplified schematic of
a direct-conversion RF receiver. The RF receiver uses several
directional couplers between each stage that direct a small
fraction of the main signal to the input of an RF power
detector. In this case, the output of each detector would be
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Fig. 2. (&) Schematic and (b) photomicrograph of the designed and fabricated
RF power detector measuring 0.71 mm x 0.94 mm including bondpads.

connected to an anal og-to-digital converter that would monitor
changes in the output voltage of the detector. The use of
several detectors at different stages in the receiver allows to
determine the block in which the SET originated.

This investigation has three major goals. 1) demonstrate,
for the first time, the use of RF power detectors to detect
SETs originated in a low-noise amplifier (LNA); 2) obtain an
analytical expression for the detector response to SETs; and
3) establish best design practices for optimizing power detec-
tors for sensing SETs. The results of this work show through
experimental data and simulations that power detectors can be
used as a system-level SET detection tool to provide diagnostic
information for SET mitigation.

I1. CIRCUIT DESCRIPTION AND OPERATION
A. Circuit Design and Fabrication

The presented circuits were designed using Global-
Foundries' 8HP platform, a 130-nm SiGe BiCMOS process
that features SiGe HBTs with fr/fmax of 200/285 GHz.
The power detector consists of an inductively degenerated
common-emitter SiGe HBT, Qp pe, With a relatively large
load resistor (Rc,pet = 1 k€2) and an output shunt capacitor to
filter out the fundamental tone of the input signal. An inductor
on the base was used to compensate for the input capacitance
and improve the input matching at the frequencies of interest.
A schematic and a photomicrograph of the fabricated detector
are shown in Fig. 2. A reference path, which uses an identical
SiGe HBT with a shunt capacitor at the RF input, is also
included in the circuit. Typically, the differential output voltage
is monitored (i.e., VrRer — Vour). This compensates for drift
in the zero-power output voltage due to temperature swings
or any damage resulting from TID.

In this paper, the RF circuit being monitored by the detector
consists of an LNA to serve as a proof of concept. A schematic
of the LNA and a photomicrograph are shown in Fig. 3. The
LNA was implemented using a cascode topology and was
designed for simultaneous power and noise matching [9]. This
topology was chosen, because it provides higher gain and
improved isolation between the input and output nodes when
compared with a single common-emitter configuration, and
is commonly used at these frequencies. The core is biased
a a current density of Joc = 0.93 mA/um?, which results
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Fig. 3. (&) Schematic and (b) photomicrograph of the designed and fabricated
LNA measuring 1.1 mm x 0.64 mm including bondpads.

in the minimum achievable noise figure (NFin). To simplify
experimental testing, the LNA and the detector were integrated
on-chip, and the output of the LNA was directly connected
to the input of the power detector using a 50-Q on-chip
microstrip line (i.e., no coupler was used in this experiment).

B. Theory of Circuit Operation

The following discussion presents a theoretical analysis of
the operation of an RF power detector. The analysis can then
be expanded to demonstrate the goal of SET detection. It is
assumed that al devices are operating in the forward-active
region and that there are no dc offsets between the output and
reference paths when no RF input is applied.

For a constant-amplitude, continuous-wave (CW) input sig-
nal at a single frequency, the change in the differential output
voltage of the detector can be expressed by [10]

AVout = Re.petl geVBe/ VT (eVRFCos2r fret) /Vr _ 1)
= Rc.petlc (eVRFEOS@rirRe)/ VT _ 1)

)
@)

where Rc pet is the load resistor, Is is the reverse saturation
current, Vge is the dc bias voltage of the common-emitter
device, Vr = KkT/q is the thermal voltage, Vgr is the
amplitude of the input signal, and frr is the frequency of
the sinusoidal wave.

By using the Taylor series expansion, truncated to the first
three terms, the exponential can be approximated by

VRE coS(27 fret)

eVRFCOS(ZﬂfRFt)/VT ~ 14+
Vr

V2 cos?(2r fret)
2v2 '
With this approximation, the mean value can be calculated
1/f 2
for / a oVRr COS27 R/ Vr (it~ 1 4. VRE
0 avE

Substituting this result into (2), the following relation is
obtained:

(©)

2

AVout = RCDet'CE~
’ VAVE,

This response shows a quadratic dependence of the output
voltage on the amplitude of the input sinusoid, which, when

(4)



ILDEFONSO et al.: UTILIZING SiGe HBT POWER DETECTORS FOR SENSING SETs 241

N I - L) L] T
E Power Detector Characterization
F V=20V

| —0— Vg =16V
| —O0—Vgpg =20V
| —8—Vgpus=22V

-45 -40 -35 -30 -25 -20 -15
RF Input Power (dBm)

-50 -10

Fig. 4. Measured differentia output voltage (VrRer — VouT) of the SiGe
HBT power detector versus RF input power.

converted into input power, tranglates into a linear relationship.
The change in output voltage as a function of input power isa
common performance metric for power detectors, also known
as responsivity R, and is defined by

AVout
Pin

where a has units of W= and is a constant that relates the
input voltage to input power while considering the effects
of impedance mismatch [10]. The measured AVoyt of the
presented power detector as a function of input power, as
well as its responsivity, is shown in Fig. 4, for multiple bias
voltages. The plot shows a linear dependence of the change
in output voltage with respect to change in input power.
Deviations from the linear operation at low input powers are
due to small dc offsets between the output and reference paths,
while deviations at high input powers are due to the SiGe HBT
on the output path entering the saturation region of operation.

Although the preceding theory was applied to a CW input,
the procedure follows from the analysis of the detector circuit.
Therefore, a similar analysis can be used to obtain an expres-
sion for the change in output voltage due to SETs by starting
with the same basic relation

AVouseT = Re.petlc(eVsET®O/VT _ 1) (6)

where Vst (1) isthe SET signal in the time domain. Since this
function can vary depending on the part of the circuit that is
struck by a heavy ion, the derivation of a universal expression
is not possible. However, the expression for the change in
output voltage when transients are generated in the presented
LNA has been derived in Section V.

R = ©)

= aRc petlc

I1l. EXPERIMENTAL SETUP

Laser-induced transients on the RF circuits were measured
at the U.S. Naval Research Laboratory using through-wafer
two-photon absorption (TPA) [11]. TPA carrier injection
allows for time-resolved, position-dependent 3-D measure-
ments of SETs. The system features 150-fs, 1260-nm wave-
length optical pulses at a repetition rate of 1 kHz with
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Fig. 5. Output transients in the time domain generated by striking the

common-emitter device of the LNA with multiple laser energies.

a full-width-at-half-maximum (FWHM) focused spot size of
approximately 1 gm.

Each sample was attached and wire-bonded to a custom-
designed, high-speed printed circuit board that exposes the
backside of the die for irradiation. For this experiment, one
set of boards contained a die with just an LNA attached, while
another set of boards contained a die with an integrated LNA
and detector. Thus, the results shown for the LNA-only and
detector output measurements were taken using a different
die, although we note that die-to-die performance variations
are generally minimal in SiGe technologies. The board uses
coplanar waveguides to deliver the signals from the wire bonds
to Southwest Microwave SMA end launch connectors. The
induced SETs were captured using a Tektronix DPO71254,
which is a 12.5-GHz bandwidth real-time oscill oscope capable
of capturing 50 GS/s. All circuits were biased using Keithley
2400 source measure units. For some of the results presented,
which are explicitly specified in their appropriate sections,
a CW signal was delivered to the input of the LNA using
an HP 83712A synthesized CW generator; in all other cases,
the input was terminated using 50 Q through a dc block.

IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. LNA Output Transients

The common-emitter and common-base devices of the LNA
were struck with the TPA laser, and al the data shown are for
emitter-center strikes, except for the 2-D raster scans. Fig. 5
shows the SETs for strikes to the common-emitter device
for different laser energies. The data show that the transients
exhibit a dampened oscillatory response with a similar time
constant for al laser energies. To verify the source of this
response, the double-exponential model presented in [12] was
implemented in MATLAB and fit to the SETs observed at the
collector of a single SiGe HBT device when subjected to the
TPA laser. This fit transient was convolved with the impulse
response of the output matching network, and the resulting sig-
nal was compared with TPA-generated SETs measured at the
output of the presented LNA. This comparison, which shows
excellent agreement between simulations and measurements,
can be observed in Fig. 6. The results from these simulations
indicate that, for a narrow-band RF circuit, such as the LNA
designed for this paper, any matching networks utilized at
the output will shape the SET generated at the device level,
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Fig. 7. Power spectra of the measured LNA output transients as a function
of frequency for multiple laser energies.

by shaping the frequency spectrum of the transient at the
output node. Therefore, it can be inferred that the circuit-level
SETs for a narrow-band system at these low frequencies will
be in the band of interest and cannot be filtered out. To further
confirm this statement, the power spectra of representative
measured transients were calculated in MATLAB using the
fast Fourier transform (FFT) and are shown in Fig. 7. The
small-signal gain of the LNA is overlaid in a dashed line for
comparison. The data show that an increase in laser pulse
energy results in a monotonic increase in SET spectral power
within the frequency band of interest. This is a significant
result as it confirms two major observations: 1) analog or
digital filters cannot be used to attenuate the SETs as they
would also attenuate the signals carrying data and 2) power
detectors tuned to detect signals in the frequency bands of
interest will also detect SETs as they will reside in the same
frequency bands after being shaped by matching networks.

B. Power Detector Output Transients

To evaluate the efficacy of utilizing a power detector for
sensing SETs generated by strikes on the LNA, two different
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Fig. 8. 2-D raster scan showing (8) normalized transient peaks and
(b) transient FWHM of the common-emitter device in the LNA when the
output is taken from the LNA (top) and the power detector (bottom). A laser
pulsed energy of 120 pJwas used. The white dashed lines outline the intrinsic
region of the device.

test boards were employed: one with an LNA and another with
an integrated LNA and power detector. TPA transients were
captured at the LNA output for one test board and the power
detector output for the other board.

First, it is important to verify whether the detector can
capture transients generated throughout the entire device and
not just the most sensitive area. To accomplish this, the laser
energy was fixed at approximately 120 pJ, and the beam
was scanned across the device, recording transients at each
X-Y position. The SET peaks were then normalized to the
maximum recorded amplitude and plotted on 2-D raster scans,
which are shown in Fig. 8(a). The data show that the power
detector output can cover the entire sensitive area of the device.
This is important, because it means that transients generated
by off-centered strikes will till be detected. In addition, the
FWHM duration for LNA transients and detector transients
as a function of position is plotted in Fig. 8(b). The data
show that detector transients are considerably longer than
LNA transients, making it much easier to design the readout
circuitry, since this relaxes the required sampling rate.

It isalso of interest to verify how well the detector can track
the amplitude of the generated SETs in the LNA. To do this,
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the laser was positioned at the most sensitive area of the
common-emitter and common-base devices in the LNA, and
the laser pulse energy was swept from 110 to 215 pJ. The
transient peaks for the LNA output and the detector output
are plotted in Fig. 9, which shows that for common-emitter
and common-base strikes above a certain, yet different, energy
level, the detector output voltage tracks with the amplitude of
the generated transient.

To further explore this apparent detection threshold, the
power spectra of the SETs generated at the LNA output were
obtained by applying the FFT to the time-domain signals.
The detector output peaks for common-emitter and common-
base devices were replotted as a function of the calculated
LNA SET power in Fig. 10. It can be observed that for SET
powers below —35 dBm, the detector is not responsive enough
to transients generated by the LNA, regardless of the device
struck. This explains the threshold observed in Fig. 9. Note
that this threshold is related to the circuit performance shown
in Fig. 4, which shows a saturation of the output voltage at a
similar input power.

V. SET MODELING AND RESPONSIVITY CALCULATION

In Section I1-B, the theory of the detector circuit operation
was presented, and an expression for changes in output voltage
due to a CW input was derived. A similar procedure can be

followed to obtain an equivalent relationship for responsivity
due to SETs. The main difference is that, for SET detection,
the analysis should be performed in terms of peak amplitude,
since the output of the detector would be a transient change in
voltage, and it is easier to measure peaks than it is to sample
the entire transient. In addition, the output capacitor used to
filter the fundamental frequency of the input signal must be
taken into account, since the transients will be generated in the
same frequency band as the signal. The analysis begins with
a similar equation for the output voltage, with the addition
of a term to account for the charging time of the output
capacitor

vgeT (D) —t
AVout,seT = Re,petlc (e Too— ) (1— efC) (7

where ¢ = Rc petCc,Det-

The experimental laser results showed that the transients
generated at the LNA have a dampened oscillatory response,
which can be represented using a functional form for vsgt
given by

veeT(t) = Ae YT cos(wt) (8)

where A is the amplitude of the SET,  is the decay time con-
stant, and w = 2x fp is the fundamental oscillation frequency
of the SET, which is determined by the output matching
network of the LNA.

Similar to the previously presented derivation of R, the
Taylor series expansion can be used to approximate the
exponential in the expression for AVguser. In this case,
instead of obtaining the average value for the output voltage,
the peak value will be used instead. This is achieved by
setting t = 0 in (8). In addition, since the capacitor voltage
cannot change instantaneously, the output voltage will begin
to change until the SET amplitude decays to a point where it
will no longer force the capacitor voltage to decrease, after
which, the capacitor will start recharging and return to its
dc voltage. The peak value will be obtained at some time
t = to. The expression for detector output peaks will be
given by

AV, = Repelc| — + a (1 _to) )
= — 4+ — —ew< ).
out,SET, ,Det!IC VT 2V-|g

To write this expression in terms of input power, the rms
value for vseT(t) must be obtained by integrating fromt = 0
tot = 5z, where the exponential decaysto 0.67% of theinitial
value. The resulting expression is given by

1 1
HD=A|=|1+—7-—).
vseT,RMsS(t) \/20 ( i Tzwz)

Using the same o value defined in Section I1-B, the peak
amplitude can be expressed in terms of the input power
Pn as

(10)

40V2a P

. (12)
1
1+ 147202
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Fig. 11. Parameters used to fit (8) to experimental data as a function of laser
energy.

Substituting this expression into (9), the change in output
voltage can be expressed in terms of input power by

AVout,seT,Pk = Re,petlc

400 P, 200 P; —fo
x( - - = - )x(l—efC). (12)
147202 147202

To verify this expression against the experimental data
shown in Fig. 10, appropriate values for ¢ and w must first
be determined. The experimental data presented in Section IV
showed an increase in transient amplitude for increasing laser
energy, while the oscillation frequency w and the decay time
constant ¢ showed no dependence on laser energy. This
experimental result allows for the use of a single value for
7 and w, which can be determined from fitting the expression
in (8) to individual transients obtained for multiple laser
energies. A good fit was achieved for representative transients
at al laser energies, and the fitting parameters used are plotted
as a function of the laser energy squared in Fig. 11. From
this plot, average values for w and ¢ can be obtained as
27 fo = 24.5 x 10° rad/s and 169 ps, respectively.

The values necessary to fit (12) to experimental data have
been obtained. To simplify the discussion, the parameters S
and G will be defined as follows:

1
P =1 (13
G = Rcpetlc (14)

which simplify (12) to

400 Pin 200 Pin ( ﬁ)
AV, =G| ./ + l1—-ex< ). (15
out, SET, Pk ( l—i—ﬁ 1+,3 ) ( )

The value for to can be determined by considering a square
pulse, with a pulsewidth = tp, as an input to the detector.
An expression for rms amplitude can be obtained over a
duration of 5z to be consistent with the rms value obtained
for vseT(1). By equating the rms value of the pulse to the rms
value of vgeT (1), it can be determined that tg = 7.
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This equation was used to fit the experimental data
in Fig. 10. The parameter f was set to 0.055, since it
was obtained from experimental fit of LNA transients and
is therefore assumed to be fixed. The parameters G, «, and
to were varied until the analytical curve fit the measurement
data, and the resulting fit is shown in Fig. 12. The shaded
red regions designate the range of power levels for which
the detector deviates from its linear response for a CW wave
input, which will be the ranges for which the analytical model
is not valid. The resulting values for G, «, and tg were
1045.7 mV/V, 40260 W—1, and 156 ps, respectively. The
obtained values for G and to closely match the circuit gain and
the LNA SET time constant, while the obtained value for a
falls within the range of values obtained when several samples
of the power detector were characterized. The fact that these
parameters match circuit performance metrics and LNA SET
characteristics proves that the derived eguation results in an
excellent fit to the experimental data. This analytical equation
could be used to calculate the power and amplitude of the
generated SET for the measured change in output voltage of
the detector.

The main approximation used in the development of this
model is the Taylor series expansion in (9). The reader will
note that, when the Taylor seriesis truncated to a second-order
polynomial, the mathematical approximation will quickly
deviate from the original equation. However, (7) does not take
into account device nonlinearities and changes in responsivity
due to device saturation. These two approximations have the
opposite effects on the resulting expression for the output
voltage of the detector (i.e., the truncated series will result
in smaller values, while the exclusion of nonlinearities will
result in larger values). This results in an acceptable model
for the power detector presented in this paper. More terms
may be required for a different power detector design.

In addition, the typical detector responsivity equation
derived in Section |1-B, which shows that the output voltage is
proportional to the input power (i.e., a quadratic relation to the
input voltage), is only applicable to low RF powers. At higher
input powers, the detector output voltage is proportional to
the input voltage [13]-{15]. The same concept applies to
when the circuit is used for SET detection. Although the
model developed in this section can be used to fit the data
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with a very good agreement, a more rigorous approach would
define a piecewise linear functional relationship. This approach
would result in an extended model that would take into account
device-level nonlinearities and could cover a greater range of
input powers, which is of importance when a detector with
high dynamic range is used.

V1. USING DETECTORS IN COMMUNICATIONS SYSTEMS
A. Detector Design and Optimization

Up to this point, all of the presented results have assumed
the performance of the circuit to be constant. From the theory
derived in Section 11-B, there are three major parameters
that can change the responsivity of the circuit: impedance
mismatch, contained in the parameter «, bias current Ic,
and load resistance Rc pet. Introducing additional impedance
mismatch between the detector input and the output of the pre-
ceding stage will result in a decreased responsivity. Although
introducing some mismatch can result in extended bandwidth
in some RF circuits and systems, for a narrow-band system
such as the one presented in this paper, this is typically
undesirable, and will not be considered in this paper. However,
since the goal is to detect transients, the output capacitance
is also important, as it will determine the rise time, and by
extension the peak, of the detector output. Therefore, the three
parameters examined in this section are the load resistance, the
load capacitance, and the bias current.

When optimizing detectors for SET measurements, it is
important to recall that, contrary to a CW input which pro-
duces a dc output, the expected output in this scenario will also
be a transient. If the bias current is kept constant, increasing
the output resistance and capacitance values will increase the
RC time constant at the output of the detector, increasing the
rise time and, therefore, reducing the output transient peak.
At the same time, for a given input SET, increasing collector
resistance will result in a larger peak amplitude at the output.
There are two tightly coupled, yet competing factors in this
problem. For a given SET voltage input into the detector,
a transient current will be generated at the collector of the
common-emitter device. Since the output capacitor is meant
to filter out the fundamental frequency of the RF signal, then
7 K 7c, and (15) can be rewritten by using a Taylor series
expansion truncated to the first two terms as

400 P 200 P, T
AVout,seT,px = lc (\/j; + 1+,Bl’n) (Cc Det) (9

This shows that the output transients should be indepen-
dent of load resistance, and inversely proportional to load
capacitance.

Since it is not possible to directly change the load resistance
and capacitance of the detector without fabricating multiple
circuits, the effects of varying these values were verified
using Cadence and mixed-mode TCAD simulations. The
2-D SiGe HBT TCAD models have been developed using the
Synopsys TCAD suite and calibrated to match the dc and ac
characteristics of the Cadence 8HP process design kit compact
models. Circuit-level ion-strike simulations were performed on
the common-emitter device of the LNA using an linear energy
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Fig. 13. Simulation of normalized power detector output when the input is
a transient produced on the output of the LNA by a heavy-ion strike in the
common-emitter device for severa (@) resistor and (b) capacitor values. For

the capacitor value sweep, the leakage from a CW signa is included when
the input RF power is —35 dBm.

transfer of 10 MeV-cm?/mg. The output voltage transients
were extracted and used as an input to the detector by using a
voltage source that takes values from alookup table. Transient
simulations were performed in Cadence to observe the detector
response to a transient input.

The simulation results in Fig. 13(a) show that the detector
output transients are independent of load resistance, until the
dc collector voltage decreases enough to drive the transistor
into saturation, after which the output decreases. These sim-
ulation results confirm the expression shown in (16), which
assumes that the device is biased in the forward-active region.
Note, however, that increasing the load resistance will increase
the responsivity of the detector, and may cause the detector
response to saturate in the presence of an RF signal (i.e., the
signal carrying the modulated data).

As previously mentioned, the output capacitor acts as a low-
pass filter (LPF) to suppress the RF signa at the output of
the power detector. Since the SET lies in the same frequency
band as the RF signal, it will also be suppressed, as shown
by (16). Fig. 13(b) shows the simulated normalized output
of the detector as a function of increasing output capacitance
values. The simulation results show an inverse relationship
between the output voltage of the detector due to SETs and
capacitance value, which is in agreement with the expression
obtained from a circuit analysis. Fig. 13(b) also shows the
RF power at the output of the detector as a function of
output capacitance value for an RF input power of —35 dBm.
The data show that for decreasing capacitor value (which
increases the change in output voltage due to SETS), the
power of the RF signal detected at the output of the detec-
tor increases. Therefore, an inherent tradeoff exists between
transient responsivity and suppression of the RF signal at the
output.
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Fig. 14. Comparison of the simulated detector responsivity at an RF input power of —35 and —10 dBm to the measured detector output transient when the
laser is focused on the common-emitter device of the LNA. The laser energy used was 120 pJ.

To explore the dependence of circuit performance on bias
current, the circuit was simulated by sweeping the bias voltage.
For these simulations, the supply voltage was also swept, since
a higher supply voltage will result in higher detector linearity
with respect to input power. Responsivity values were obtained
for the input powers of —35 and —10 dBm, normalized to
the peak simulated responsivity, and plotted in Fig. 14 as a
function of bias and supply voltage. In addition, TPA results
for the same bias and supply voltages were obtained. In these
measurements, the laser was focused on the most sensitive
part of the common-emitter device of the LNA, and the
output of the detector was monitored. The detector output
peaks were normalized to the highest measured peak and also
plotted in Fig. 14. Both responsivity simulations and TPA
measurements show a similar dependence on bias and supply
voltage.

The data suggest that designing detectors with higher
responsivities will make it easier to detect SETs, an intuitive
result. However, atradeoff exists between detector responsivity
and linearity. Increasing responsivity to the highest achievable
value to improve SET detection could cause the detector to
saturate with the data signal, leading to decreased sensitivity
in SET detection. In such a case, the coupling factor of the
directional couplers could be reduced to avoid saturation of the
detector (i.e., a smaller sample is taken from the main signal).
Therefore, having knowledge of the expected signal levels at
different points in the RF system is crucia to ensure proper
design of detectors.

Note that in addition to the bias current and load resistor,
transistor sizing can also affect circuit performance, with
smaller devices typically yielding higher responsivities. Fur-
ther studies should be performed to investigate tradeoffs
between transistor sizing and transient responsivity.

B. SET Sensitivity With Input Data

Since the output of the RF circuit or system to be monitored
will be fed into the detector via a directional coupler, the RF
signal going through the system will also be coupled to the
detector input. Therefore, it is pertinent to explore the SET
response when an RF input is present. This was achieved
by focusing the laser on the common-emitter device of the
LNA and applying a CW RF signal to the input of the LNA.
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Fig. 15. Measured changes in detector output voltage as a function of laser
energy for several values of RF input power.

The output of the power detector was recorded for multiple
laser energies and RF input powers. The transient peaks as
a function of laser energy are plotted in Fig. 15. The curves
show that the change in output voltage increases as a function
of laser energy, as expected. For a given laser energy, higher
RF input power produces a smaller change in the output
voltage. This result suggests that the power detector is capable
of indicating the relative power of the generated SET with
respect to the power of the RF signal. This is very useful in
a scenario where the effects of the SET on the data going
through the system are well characterized, since it can allow
for the deployment of mitigation techniquesthat are dependent
on the severity of the impact of the generated SET.

Error detection and correction encoding are ubiquitous in
communications protocols for most space systems, as they
allow for the recovery of corrupted data due to noise, channel
interference, and other phenomena that may compromise the
proper reception of the transmitted data stream [16]. It is
difficult to determine whether these encoding techniques,
which are intrinsic to data transmission and processed by
digital systems, are sufficient to mitigate SET-induced bit
errors resulting from ion strikes on the RF receiver. Although
data encoding techniques can significantly reduce bit-error
rates at the expense of bandwidth or data rate, to say that they
are sufficient to mitigate all SET-induced bit errors requires
assumptions of modulation scheme, data encoding scheme,
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Fig. 16. Simulated detector output transients for heavy-ion strikes on the
common-emitter device of the LNA (top) and the common-emitter device of
the power detector (bottom). The curves in each plot are offset by 0.3 V for
clarity.

carrier frequency, data rate, among others. However, regardless
of these parameters, a power detector could be used to provide
additional information to the digital system on the occurrence
of SETs, which could be used to: 1) confirm that the data
correction has been properly achieved (i.e., the affected bit
is the one corrected); 2) trigger data retransmission protocols
in the event that recovery is not possible; and 3) potentialy
develop new error-correction methodologies with similar
robustness and smaller bandwidth penalties than current
approaches.

C. Mitigating Detector Transients

Since the power detector utilizes forward-biased SiGe
HBTs, it is aso susceptible to SETs. Under norma opera-
tion of the detector, the reference path remains unchanged,
regardless of whether an SET hits the system of interest or
not. Therefore, any transients generated in the reference path
would just be ignored by the readout circuit. In addition, a
transient generated by a heavy-ion strike on the bias device
will propagate through both the output and reference paths,
and can be ignored by the readout circuit. However, if a
heavy ion passes through the device connected to the detector
output, the transient generated could result in a false-positive
detection event, since the readout circuitry will not be able to
discern between hits to the RF system and hits to the detector
itself. A potential mitigation strategy is to implement a concept
similar to triple modular redundancy (TMR). However, instead
of having three different detectors, one detector with three
different output paths and one reference path can be used
to reduce power consumption. A mgjority voting circuit can
be implemented in the digital subsystem after the readout
circuitry. In this implementation, a three-way power divider
would be placed after the directional coupler.

To verify this approach, mixed-mode TCAD simulations
were performed. The detector was modified to add two addi-
tional output paths. Instead of using a directional coupler, the
output capacitor of the LNA was split in three, and connected
to each of the detector inputs. Fig. 16 shows the output of the

three detector branches when the LNA is struck with a heavy
ion compared to when one of the detector paths (Output 1)
is struck. For strikes on the LNA, the simulation results show
almost identical output transients on all three detector outputs.
In contrast, when the heavy ion passes through the detector,
only one output, the one connected to the struck device, shows
a transient. These results show that SETs on the detector can
indeed be mitigated using a pseudo-TMR approach.

VII. CONCLUSION

This paper proposed the use of an RF power detector to
sense the occurrence of SETs in RF circuits and systems.
It was shown through TPA experiments that the proposed
circuit can be used to detect SETs in the LNA. Furthermore,
the output of the detector was shown to yield information
about the RF power of the SET, and also detect the relative
level of SETs with respect to the input signal. An expression
for the detector output voltage as a function of the LNA
SET power was derived and resulted in an excellent fit to
experimental data. The circuit design tradeoffs were explored
using experiments and TCAD simulations, with the main
tradeoff being between transient responsivity and suppression
of the RF signal carrying data. A solution to distinguish SETs
on the RF system of interest and the detector itself that uses a
pseudo-TMR approach was demonstrated using mixed-mode
TCAD simulations. Utilizing power detectorsfor sensing SETs
can enable the deployment of detection-driven mitigation
techniques, as well as the development of more intricate
mitigation techniques that depend on the severity of the
detected SET.
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