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SUMMARY LIDARX, an optical pulse detection integrated circuit (IC),
has been developed for LIDAR receivers onboard planetary explorers.
JAXA developed the IC, based on the experience of the Hayabusa and
Hayabusa2 projects, to reduce the circuit size of the receiver, shorten the
development period, and improve sensitivity. This IC has been implemented
as the core device for the receiver circuit of the LIDAR installed in the ex-
plorer of the Japanese Martian Moons eXploration (MMX) mission. The
explorer will perform close-up remote sensing and in situ observations of
both moons and collect a sample from one of the moons to bring back to
Earth. LIDARX is not a simple time-to-digital converter circuit but a sophis-
ticated IC with micro-signal amplification, timing detection, wave height
measurement, and clock interpolation functions. Furthermore, LIDARX
has a wide dynamic range of 60 dB for light intensity to accommodate dis-
tance changes of about three orders of magnitude, which is expected when
LIDAR is used as a navigation sensor during landing. The CMOS pro-
cess is a conventional 0.35 um, which has been well-tested in high-energy
physics, to ensure radiation resistance. This report describes the details,
functions, and calibration method of LIDARX’s peripheral circuits and the
circuits inside the IC, and evaluates its dynamic range and measurement
accuracy. In addition, test results are reported for resistance to single-event
effects and total ionization dose, which are essential for onboard spacecraft
components.
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1. Introduction

Many probes have been sent to the Moon, planets, and as-
teroids in recent years to conduct full-scale scientific ob-
servations and life exploration. The Moon, in particular,
has opened the door to resource exploration, and activities
to establish an economic zone are beginning to take place.
Many of these spacecraft are equipped with LIDAR (light
detection and ranging) for terrain observation and guidance
navigation for landers. Examples of LIDAR for terrain ob-
servation include LIDAR on the lunar explorer Clementine
(1994) [1], MOLA on the Mars Global Surveyor (1996) [2],
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NLA on NEAR Shoemaker (1996) [3], [4], MLA on Messen-
ger (2004) [5], [6], and LALT on Kaguya [7], [8]. Examples
of LIDAR for navigation sensors include the laser rangefinder
and laser velocimeter onboard Chang’e-5[9], [10], which
successfully returned samples from the Moon in 2020, and
Chandrayaan-3 [11], which successfully landed near the lu-
nar south pole in 2023. The asteroid probe OSIRIS-Rex [12]
used a scanning LIDAR for terrain observation [13], [14] and
a flash LIDAR for navigation [15], [16]. Meanwhile, for suc-
cessful sample returns from asteroids, Hayabusa (2003) [17]
and Hayabusa2 (2014) [18] used LIDAR both for terrain ob-
servation and navigation [19]. In those missions, significant
results were also obtained from scientific observations [20],
such as measurements of the mass and density of celestial
objects.

When a LIDAR system is used both for landing navi-
gation and scientific observation, it will be used over a wide
dynamic range spanning tens of meters to tens of kilome-
ters. Similarly, a wide dynamic range is required when the
difference between perigee and apogee is large, such as in
long elliptical orbits. In the case of sensors for navigation,
because only distance is required, waveform saturation in the
receiver circuit can be tolerated. In contrast, if reflectance
measurements of planetary surfaces are required for scien-
tific observation, it is necessary to maintain the linearity
of the wave height measurement in the receiver circuit. A
change in distance from a few tens of kilometers to a few
tens of meters produces a change in the optical energy of the
reflected wave of up to 60 dB. Hayabusa’s LIDAR employed
a charge amplifier as a preamplifier for the receiver, but it
had to be partially uncalibrated [17] for the flight due to a
lack of development time. Hayabusa2 adopted a hybrid in-
tegrated circuit (HIC) integrating an avalanche photodiode
(APD) and transimpedance amplifier to shorten the adjust-
ment period owing to its extremely short development time
of two years. Thus, waveform saturation had to be tolerated
at some altitudes [18].

Based on this experience, JAXA has developed LI-
DARX[21], a dedicated optical pulse detection IC for LI-
DAR, in order to reduce the circuit size and shorten the
development time of the receiver, and it has been used in
the LIDAR installed in the explorer of the Martian Moons
eXploration (MMX) mission. LIDARX is connected af-
ter the APD and performs amplification, timing detection,
and clock interpolation. Time-to-digital converters [22] spe-
cially designed to improve time resolution are commercially
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available as dedicated ICs for LIDAR. Examples include
ams OSRAM’s AS6500 and Texas Instrument’s TDC7201.
Several excellent time-to-digital converters have been pro-
posed [23], [24] for the ROIC (readout IC) of the focal plane
array for LIDAR using Geiger-mode APD. These circuits
were proposed based on the assumption of a digital signal
level or a large current from the Geiger-mode APD, and do
not have amplification and timing detection functions for
small signals. Therefore, it is necessary to implement addi-
tional analog circuits to amplify the small signals from the
APDs, as well as circuits to detect the timing of the signals
and output them at the digital level. If wave height measure-
ment is required, a peak hold circuit is also needed separately.
LIDARX is a high-functionality IC that can accommodate
all of these functions on a single chip and support a wide
dynamic range. It is difficult to use the latest semiconductor
process for ICs to be mounted in space because of the effects
of radiation. In addition, the circuitry surrounding the IC
is also limited in terms of the board design and components
that can be used, making it difficult to use high-speed clocks.
LIDARX is a high-functionality IC that combines all of these
functions on a single chip and is capable of handling a wide
dynamic range.

The remainder of this report is organized as follows.
Section 2 describes the orbits and LIDAR observations in
the MMX mission. Sections 3—7 provide details of LIDARX
and its evaluation equipment, calibration methods, measure-
ment accuracy, and radiation tolerance. Finally, Sect. 8 gives
an overview of the packaging and quality conformance in-
spection of the flight model.

2. LIDAR Observation in MMX

JAXA is planning MMX [25] to explore Phobos, a Martian
moon. During this mission the spacecraft will be injected
into orbit around Mars with the same orbital period as Pho-
bos. The quasi-satellite orbit (QSO) is not an ellipsoid with
Phobos as one focus, but rather a Phobos-centered ellip-
soid with an axis ratio of about 1 : 2. The highest QSO
is 100km x 198 km and the lowest is 20km X 27 km. The
explorer will orbit Mars for about three years, landing on
Phobos up to two times to collect surface materials that may
be of Martian origin.

The satellite’s orbit can be corrected with high accuracy
by comparing the surface profile of Phobos with the results
of continuous LIDAR measurements along with orbit predic-
tion and attitude information obtained from its star-tracker
camera. In addition, continuous distance measurements by
LIDAR during landing descent operations will provide im-
portant information on the density distribution of Phobos.
For these observations, the LIDAR onboard the explorer is
required to perform distance measurements at altitudes rang-
ing from 100 km to 100 m, and it needs to have albedo mea-
surement capabilities for surface material exploration [26].

To perform the observations described above, a very
simple estimate of the amount of received charge is made.
Assuming the surface of the object to be a Lambertian tar-
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get, the amount of charge output from the APD for distance
measurements at distance R is given by

2

T4l,)1;2pt T]Me% x overlap(R), )]
where 7, D,, R, E;, p;, 1, M, e, h, c and A are the transmis-
sivity of the optics, diameter of the receiver optics, range,
transmission energy, target surface albedo, quantum effi-
ciency of the APD, multiplication factor of the APD, ele-
mentary charge, Planck’s constant, the speed of light, and
the laser wavelength, respectively. Moreover, overlap(R) is
the ratio of overlap of the fields of view of the transmitting
and receiving systems.

If the combined efficiency of the transmitter and re-
ceiver optics is taken as 7 = 0.6, the aperture of the re-
ceiver telescope as D, = 127 mm, the transmission energy as
E, = 20 m], the reflectance of Phobos’s surface as p; = 0.05,
the APD multiplication factor as M = 100, the APD quan-
tum efficiency as = 0.36, the transmitting laser wavelength
1.064 um, and the overlap ratio as overlap(R) = 1, then the
charge obtained when ranging at a distance R = 100km is
7.5fC. On the short-range side, measurement at 100 m is
required, and the amount of charge at that time is 7.5nC.
Therefore, the receiver circuit is required to maintain linear-
ity for the amount of charge with a dynamic range of 60 dB,
assuming a minimum detectable charge of 7.5 fC.

However, LIDAR always requires improvement of the
resolution of distance measurements. Hayabusa2’s LIDAR
achieved a distance measurement resolution of 50 cm with
a clock equivalent to 300 MHz, and the MMX LIDAR is
required to have a resolution of about 10cm. Therefore,
a sub-nanosecond resolution is required for time measure-
ments.

Qr:

3. Optical Pulse Detection IC LIDARX
3.1 Circuit Overview

To reduce the circuit size and shorten the development time
of the receiver, we have developed an application-specific in-
tegrated circuit (ASIC) to provide gain control for a wide dy-
namic range of 60 dB and a high temporal resolution of about
10 cm, as required by the LIDAR. This IC is a dedicated ana-
log ASIC device based on submicron analog IC technology
developed systematically in the field of high-energy physics.
The fabrication process is a 0.35-um CMOS bulk process,
and the chip size is 3mm X 3mm. The supply voltage ex-
ternally supplied to the IC is +1.65 V. The circuitry of the
IC is essentially grounded at —1.65 V, which is the potential
of the substrate, and is connected to external ground at an
intermediate potential of O'V.

The circuit that introduces the signal from the photosen-
sor APD to the IC and the circuit inside the IC are outlined
in Fig. 1. The power supply and control lines are omitted
because they would complicate the diagram. The received
light pulse is converted into a current pulse by the APD. The
amount of charge on the current pulse varies inversely with
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Fig.1  Schematic of LIDARX.

the square of the distance, so it is divided into five chan-
nels (CHO—CH4) according to the amount of charge. CHO
is the long-distance channel with the highest gain, and CH4
is the short-distance channel with the lowest gain. The five
channels are designed to have the capability to handle large
charge changes by combining two types of charge-sensitive
amplifiers and three types of charge-splitting ratios. The
charge-sensitive amplifier module provides gain adjustment,
timing detection, and wave height measurement. The de-
tected timing is used by the time-to-analog converter (TAC)
circuit to interpolate the clock for time measurements.

3.2 Charge Splitting

LIDARX has five channels corresponding to different elec-
tron charge levels. The input pins corresponding to the five
channels are AINO-AIN4. The APD and IC are AC cou-
pled by capacitor Ci to isolate offset variations. Mechanical
relays with low thermal noise are recommended for switch-
ing signals from the APD. Semiconductor switches such
as multiplexers should be avoided, especially for CHO and
CHI1, where minute amounts of charge need to be amplified.
CHO and CHI1 input the signal directly to the charge-
sensitive amplifier module without charge splitting, while
CH2, CH3, and CH4 are used when the signal charge is
excessive at relatively short distances. In these channels,
the charge is reduced by the capacitance ratio between the
capacitor connected externally and the capacitor inside the
IC, after which it is input to the charge-sensitive amplifier.
Specifically, in the case of CH2, the amount of charge en-
tering from AIN2 via C21 is split into C20/(C20 + C22)
before being input to the low-gain charge-sensitive ampli-
fier (CSA). As shown in the next section, the right side of
C20 is virtually grounded by feedback from the operational
amplifier. Thus, LIDARX requires switching of the input
by a mechanical relay and charge splitting by an externally
connected capacitor. On the evaluation board reported here,
C22, C32, and C42 use 16, 256, and 4000 pF, respectively.

3.3 Charge-Sensitive Amplifier
The CSAs used in LIDARX are of two types: high gain

with high sensitivity and low gain with relatively low sen-
sitivity. Both types of CSAs have the same internal circuit
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Fig.2  Schematic of the charge-sensitive amplifier.

configuration, but the feedback capacitances Cf0 to Cf4 of
the integrator are different.

The time waveform of the output voltage V of the inte-
grator can be approximately expressed by

-0 i,
V=—"e "1, 2
c; 2
where Q is the input charge quantity, Cr is the feedback
capacitance, and Ry is the feedback resistance.

Therefore, the voltage wave height V can be adjusted by
switching the feedback capacitance Cy. As shown in Fig.2,
gain switching is performed by controlling the switches
(SW4, SW3, SW2, SW1) corresponding to the four feed-
back capacitors Cf1-Cf4 with a 4-bit digital signal. Thus,
GO (0, 0, 0, 0) is the maximum gain and G15 (1, 1, 1, 1) is
the minimum gain. As will be discussed in detail in Sect. 5,
GO, G1 (0, 0,0, 1), G4 (0, 1, 0, 0), and G15 are used as
the gain for each channel in this report. The gain of CSA
must be adjusted by selecting SW1-SW4 so that the wave
height output AOUT does not saturate. However, as Cy is
changed, the feedback resistor Ry, equivalently configured
with an NMOS FET, must also be changed to adjust the time
constant to a constant value. In this integrator, Rfl to Rf4,
corresponding to Cf1 to Cf4, are switched. Ry, which is
composed of NMOS, can change the equivalent resistance
by controlling the gate voltage with the external control volt-
age VGG. However, the noise generated by the integrator
at circuit temperature T is 4kT/Ry, where k is Boltzmann’s
constant. Therefore, the contribution of thermal noise can
be reduced by increasing Ry. The response function T of the
integrator output is expressed by

Ry 1
o= 1 +sCrRy (Rp +SCP) @
using the Laplacian s. Although there are poles in the front-
end circuit and zeros in the rear-end circuit, these can be
eliminated by setting CyRy = C,R;, and using pole-zero
cancellation.

The shaper at the entrance of the timing detector is a
low-pass filter for waveform shaping. Adjusting the shaping
time allows the pulse waveform to be shaped in such a way
that the leading and tail decaying time constants of the wave-
form are equal. One of the two split signals after the shaper
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Fig.3  Waveforms involved in timing measurements. Leading and Dif-
ferential are internal signals of the CSA. The HIT signal is a digital output
indicating detection timing. TAC1 and TAC2 are internal signals of the
TAC. Clock is an external counter digital clock.

is a signal waveform referred to as “Leading,” and the other
is converted to a bipolar waveform by the differential circuit,
referred to as “Differential.” The signal detection timing is
the moment that Leading signal has the peak voltage when
Differential voltage becomes zero during the period while
Leading exceeds VTHI1. Figure 3 shows the main signal
waveforms and their timings. The SW is ON and the voltage
of Leading is connected to the capacitor before charge input
from AIN. When Leading exceeds VTHI, the upper com-
parator outputs H that enables the lower comparator, which
digitally outputs the HIT signal when Differential exceeds
the threshold VTHO (zero crossing) during the period while
Leading exceeds VTHI1. Then, the following D flip-flop
(DFF) outputs H as DSUM as the detection timing signal.
At the same time the DFF outputs L from Q which turns
off the SW to store the Leading voltage at that moment as
AOUT in the capacitor of the peak hold circuit. AOUT is
an analog-level output, and it is read with an external AD
converter. Additionally, the HIT signal triggers the TAC cir-
cuit described in Sect. 3.4. Offset adjustment of Leading and
Differential is very important and can be set by the built-in
DAC. Leading and the Differential can be output externally
as MON2 and MON3 waveforms for measurement.

The input terminal AIN of the CSA module can be fed
with a charge pulse input from the test terminal TP via the
capacitor Ctp. Specifically, a pulse charge Qtp = Ctp - Vtp
can be input by inputting a step voltage Vtp from the TP
terminal. This allows the CSA to be electrically checked
without using the optical input.

3.4 Time-to-Analog Converter

If a high-frequency digital clock is used to achieve the re-
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quired distance resolution of about 10 cm, then a clock of
1 GHz or higher is required. Consequently, relying only
on high-frequency clocks produces difficulties for device
selection, board design, and power consumption for space-
craft. For this reason, LIDARX is equipped with a clock
interpolator and uses a clock as low as 20 MHz to achieve
sub-nanosecond resolution.

LIDARX has two identical TAC circuits, which are
shown in Fig. 1. The TAC is a circuit that outputs a voltage
proportional to time (sawtooth wave) when triggered by an
HIT signal from a CSA and stops the voltage increase by
inputting the external digital signal STOP. The STOP sig-
nal uses a clock that drives an external time measurement
counter. The clock can be interpolated by reading the ana-
log outputs VTAC1 and VTAC2 from the TAC. The HIT
and TAC timing waveforms are shown in Fig. 3. TACI1 and
TAC?2 start outputting sawtooth waves with a slope of approx-
imately 3 to 4 mV/ns triggered by HIT. The timing to stop
the sawtooth wave are STOP1 and STOP2, which have an off-
setof 1 CLK. Therefore, since the voltage difference between
the analog voltages VTAC1 and VTAC?2 corresponds to the
clock period TCLK, the voltage slope (VTAC2 — VTAC1)/
TCLK can be obtained. The interpolation time At can then
be obtained from the voltage slope and VTACI using

T
Af = CLK

S (< S V- &)
Vrac2 — Vraci ract

There is no strict specification for the frequency of the clock
that controls the stopping of the TAC, so a clock of about
20 MHz is used to achieve the required distance resolution of
about 10cm. The start and stop of the TAC sawtooth wave
are accompanied by a delay, but since the delays are fixed, the
accuracy of the measurement is not affected. However, the
interpolation performance of the TAC is strongly dependent
on circuit noise and AD converter performance.

3.5 Output and Monitoring Functions

As mentioned previously, the detection timing of the input
pulses is output digitally as HIT and its latch signal DSUM, as
well as the analog signals TAC1 and TAC2 for interpolation.
The wave height of the pulses is also output in analog form as
AOUT. MONOUT is a pin that switches the internal signals
MONO-MON3 and outputs them as analog waveforms. The
output signal from MONOUT is switched by an external
digital input.

Although the details have been omitted for conciseness,
channel switching, gain switching, time constant adjustment,
offset adjustment in the IC, and output signal switching can
be controlled by digital input to the registers. The reg-
isters used for these settings consist of shift registers us-
ing radiation-tolerant dual-interlocked storage-cell flip-flops
(DICE-FFs) and can be set via the serial interface.

4. Evaluation Apparatus

The apparatus that used optical pulse input to evaluate the
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function and performance of this device is shown in Fig. 4.
The LIDARX evaluated in this device is a bare chip from
the same manufacturing rod as the flight model (FM), and
it was mounted in a ceramic package for testing purposes.
The circuits and components used on the evaluation board
are commercially available but were selected with applica-
tion to the FM in mind. The APD mounted on the board
is an industrial-level product (Excelitas C30954EH) of the
same type as that used in the FM. The evaluation board is
temperature-controlled in a thermostatic chamber to obtain
the temperature characteristics, and the digital values set in
LIDARX and its output data are written or read by a personal
computer via a read-out I/F board with a field-programmable
gate array (FPGA) mounted. The FPGA also implements the
digital control functions of a normal LIDAR, including func-
tions for generating timing signals such as the range counter,
counter clock, and start and end of ranging. Analog values
such as AOUT and TAC generated by LIDARX are digitized
by the ADC on the evaluation board, read by the FPGA, and
sent to the PC.

The measurement is triggered by the start pulse output
by the delay pulse generator to the read out I/F. The delay
pulse generator sends a trigger pulse to the arbitrary wave-
form generator (AWG), and the AWG outputs a voltage pulse
to the optical AWG, which is the source of the optical pulse
shape. In this apparatus, the TOF is measured as the total
time required for the 900 ns laser firing delay by the delay
pulse generator and for the laser to reach the APD from the
laser diode. Although the optical AWG can reproduce the
output waveform of an actual laser pulse, a Gaussian wave-
form with a wave height of 1.0V and a full width at half
maximum of 10ns is used in this study for the sake of gen-
erality. The wavelength of the laser diode used in the optical
AWG is 1064 nm, the same as the fundamental wave of a
YAG laser. The optical pulses are input into a multimode
fiber by a collimation lens and transmitted into a thermo-
static chamber after the output is adjusted (0 to 69 dB) by
an optical attenuator combined with an ND filter. The light
pulses are injected into the APD by the collimation lens and
objective lens in the thermostatic chamber. The diameter
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Fig.5 Optimization of VTHO.

of the light footprint on the surface of the APD is 0.15 mm,
which is small enough for the 0.8 mm diameter of the APD’s
sensitive area. The transmittance of the optical system with
optical attenuator and fiber is 69.2%. When the AWG out-
puts a 1-V, 10-ns Gaussian waveform with an ATT = 0dB
setting, 1.25 nJ of light energy is incident on the APD.

When the temperature of the APD is 25°C and the
operation voltage is 360V, the APD multiplication factor
M = 120 and the quantum efficiency n = 36% [27] for a
wavelength of 1064 nm. Therefore, the photoelectron charge
Q for 1.25 nJ of light energy is Q = 49 nC, which is obtained
from

_ Epulse “M-n .

hv © )

where v, Epyise, and h are the optical frequency (Hz), optical
pulse energy (J), and Planck constant (J - s), respectively.

As described in Sect. 3.3, LIDARX has a function that
allows charge pulses to be input directly to the CSA by means
of a step voltage input from the test pulse terminal. In this
case, the pulse voltage from the delay pulse generator is
adjusted to an appropriate voltage by an RF attenuator and
input from the test pulse terminal.

5. Calibration
5.1 Optimization of Detection Thresholds

As explained in Sect. 3, the IC determines the arrival tim-
ing of light pulses when Differential exceeds the threshold
value VTHO. Therefore, VTHO is an important threshold
value that directly affects detection accuracy. Additionally,
the dependence of the detection timing on the input light
level to the APD (i.e., the amount of charge input to the IC)
must be kept as low as possible. Figure 5 shows the optimal
VTHO using CH1 G15 as a specific example. The vertical
axis shows the delay from the reference timing of the de-
tection timing DSUM measured with an oscilloscope, and
the horizontal axis shows the threshold VTHO. The optical
input level is adjusted between 37 and 44 dB by the optical
attenuator of the evaluation system (Fig. 4). Figure 5 shows
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Table1  Cubic curve coeflicients for approximating DSUM delay.
ch VTHO Coefficients MAE
’ mv x3 x2 X! X0 ns
0 5 66.011 | -119.33| 88.50| 602.89| 0.07
1 5 -11.97 | 4561 | -256.04| 632.13| 0.04
2 30 -10.26| 33.64| -21.49| 650.60| 0.14
3 30 5.00| 16.379| -15.18| 634.79| 0.09
4 20 428.34 | -384.22 | -126.95 | 597.59| 0.03
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Fig.6  Approximating DSUM delay with a cubic curve.

that the VTHO at which the DSUM delay distribution be-
comes small is around 5 to 10 mV. When the optimal VTHO
is selected, the DSUM delay remains a fixed delay that is
inherent to each CH, with a gain and slight variation due
to the amount of input charge. In an actual LIDAR system,
LIDARX can estimate the input charge in terms of the wave
height AOUT. Because the DSUM delay needs to be esti-
mated from AOUT, it is convenient if the DSUM delay can
be approximated by a polynomial of AOUT. In this work,
the optimal value of VTHO is selected as the threshold value
at which the approximation curve with the smallest error is
obtained. A third-order polynomial is used for the approxi-
mation curve, and the error is evaluated by the mean absolute
error (MAE) given by

1]’1.
MAE:—E =il 6
" lyi — il (6)

i=1

where y; is the measured value, y; is the predicted value,
and n is the number of data points. The optimal thresholds
and polynomial coefficients for G15 for CHO—-CH4 at 25°C
are presented in Table 1. Figure 6 shows the relationship be-
tween wave height AOUT and DSUM delay for CHO, CH1,
and CH2 in Table 1. In distance measurements using LI-
DAR, the DSUM delay on the vertical axis is obtained from
the AOUT value on the horizontal axis using the approxima-
tion formula in Table 1. Since LIDAR onboard the MMX
is an observation device, the estimation of delay using this
approximation curve is performed by a ground-based com-
puter.
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5.2 Thermal Characteristics

Transistor operation is generally temperature-dependent, and
LIDARX is no exception. Figure 7 shows the AOUT depen-
dence of the DSUM delay at CH1 G15, measured from 0°C
to 60°C. For 25°C, the data are the same as those for CH1
in Fig. 6. The delay increased as the temperature increased
from 0°C to 60°C, which is consistent with the characteristic
that transistors generally operate faster at lower temperatures.
From Fig. 7, it can be seen that the effect of temperature ap-
pears as an offset in the curve, so the approximate curve
measured at 25°C can be approximated by translating the
curve along the vertical axis. Specifically, this can be solved
by making the constant X0, shown in Table 1, a linear func-
tion of temperature. The constant X and MAE for CHO,
CH1, and CH2 for G15 are shown in Fig. 8. All of the chan-
nels show a linear temperature dependence. Additionally,
MAE, which is used as an evaluation criterion, exhibited no
significant degradation at 25°C for any of the channels.

All channels use a common TAC circuit to interpolate
the clock, as shown in Fig. 1. We have already observed that
the TAC slope (Vtac2 — Vract)/Tcrk in Eq. (4) also has a
temperature dependence, with the characteristic that the TAC
slope is larger the lower the temperature. However, based on
the TAC design, the temperature dependence is not a problem
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for two reason. Firstly, the two TAC circuits are of the same
design on the same chip, so their temperature characteristics
can be regarded as identical. Secondly, Vraci and Vracs can
calibrate the TAC slope for each pulse detection operation.

6. Distance and Wave Height Measurement
6.1 Distance Measurement Accuracy

The LIDARX calibration method was introduced in Sect. 5.
When using the system, all channel and gain combinations
must be calibrated. We calibrated five channels (CHO-CH4)
for GO, G1, G4, and G15, for a total of 20 combinations, us-
ing Gaussian waveform light pulses with a 10-ns pulse width.
Figure 9 shows the results of distance measurements using
LIDARX after calibration, again at 25°C with a 10-ns pulse
width Gaussian waveform. The vertical axis is the measured
distance, which is a fixed distance determined by the delay
of the delay pulse generator of the evaluation device shown
in Fig. 4. The horizontal axis is the amount of charge input
from the APD to LIDARX corresponding to the optical in-
put adjusted by the optical attenuator shown in Fig.4. The
results show that the distance measurement results are con-
centrated at 147.7m + 0.1 m. The standard deviation of the
measurement is also about 0.1 m, indicating sufficient accu-
racy. However, the distance measurement results for input
charges below 100 fC show that the range of the distribution
extends to about +£0.2 m, and the standard deviation also de-
teriorates from 0.2m to 1.2 m. However, this region can be
concluded to have sufficiently high accuracy because it is the
region for long-distance measurements over several tens of
kilometers in actual LIDAR measurements.

6.2 Wave Height Measurement

The measured wave height AOUT from the experiment in
Fig.9 is shown in Fig. 10. The range of input charges is
the same as in Fig.9. For CHI to CH4 we can see that a
single channel and gain combination has a dynamic range of
about 10 to 12 dB, and the AOUT corresponding to the input
is measured in the range from 0.1 to 1.0 V. For CHO, the
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dynamic range of one gain is rather narrow, at about 8 dB, and
the corresponding AOUT output ranges from 0.2 to 0.8 V.
Therefore, the input CH and CSA gain (switches SW1-SW4)
must be switched by the external control to keep the wave
height output AOUT in the range 0.2-0.8 V for CHO and
0.1V to 1.0V for CHI-CH4. In orbital measurements, the
dynamic range of each channel and gain must have sufficient
overlap because the distance to the target object changes
over time. The minimum gain of CHO and the maximum
gain of CH1 almost overlap. The maximum gain of CHI
and the minimum gain of CH2 also have sufficient overlap.
Therefore, a combination of five channels and four gains
can be used to ensure continuous measurement in the 60-dB
input charge range from fC to nC. Additionally, automatic
gain control of LIDAR can be performed by controlling the
channels and gains of LIDARX to keep the AOUT in the
appropriate range.

7. Radiation Tolerance
7.1 Total Ionizing Dose

The total ionizing dose (TID)[28] for the entire mission
period of MMX is assumed to be 20krad in the silicon
equivalent, assuming shielding with 1 mm of aluminum. We
performed y-ray irradiation tests with 60Co at the National
Institutes for Quantum Science and Technology. The ce-
ramic package was placed in an aluminum case with its lid
open, and gamma irradiation was performed with the IC
power supply turned on. The irradiation rate was 1 krad/h,
and a maximum dose of 24 krad was tested. Post-irradiation
measurements were taken twice, once within 24 h and again
after I month. The measurement after 1 month took anneal-
ing into account. The tests were evaluated in terms of wave
height AOUT and distance values considering DSUM delay
and TAC interpolation. Before and after y-ray irradiation,
the change in DSUM delay was less than 0.5 m in distance
conversion, and the AOUT change was less than 10mV. No
changes in leakage current and current consumption were
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also measured. Considering this result, LIDARX was de-
termined to be tolerant to a TID of up to 24 krad. When
implemented in the LIDAR system, LIDARX has an equiva-
lent aluminum shielding thickness of more than 1 mm and a
low dose rate, so it can be concluded that the use of LIDARX
in the MMX mission will not be a problem.

7.2 Single-Event Effects

Single-event effects (SEEs) are phenomena that cause tem-
porary malfunctions or permanent failures due to transient
currents generated by the charge produced by the ioniza-
tion effect of energetic particles, such as protons or heavy
ions, when they strike semiconductor devices. In LIDARX,
single-event upsets (SEUs) [29] and single-event latch-ups
(SELs) [30] are the most problematic SEEs. The internal
FFs that perform channel selection, gain adjustment, and
offset voltage adjustment are affected by SEUs and should
be investigated. Two types of FFs are used in LIDARX: the D
(data) type and the DICE type with high inversion tolerance.

Especially important information for ranging, such as
gain and threshold voltage settings, are stored only in DICE-
FFs. Heavy ion beams accelerated by the AVF cyclotron at
the National Institutes for Quantum Science and Technology
were used to test SEE resistance. Five types of heavy ion
beams, namely, N (40 MeV), Ne (54 MeV), Ar (107 MeV), Kr
(230 MeV), and Xe (350 MeV), were used to evaluate the SEE
tolerance at five levels of linear energy transfer (LET) (MeV-
cm?/mg). In this test, the beam directly irradiated the bare
LIDARX chip in a vacuum chamber. SEU generation was
detected by monitoring the FF readout. SEL was detected
by monitoring the current consumption of the device.

It is generally known that the relationship between LET
and the scattering cross-section o can be approximated by
the Weibull curve [31]

)
o

where L is the effective LET (MeV-cm?/mg), L is the LET
threshold, oy is the plateau cross-section (cm?/bit), and S
and W (MeV-cm?/mg) are the Weibull coefficients. The
SEU cross-sections and fitted Weibull curves from heavy
ion irradiation are shown in Fig. 11. However, SEUs from
D-FF irradiation with Ne and DICE-FF irradiation with Ar
were not measured, so the fitting curves were calculated
assuming a single inversion.

The parameters obtained by fitting were input into
CREMED96 [32] to estimate the on-orbit SEU occurrence
rate, and the results showed that the SEU rates for DICE-
FF and D-FF were less than 107 per day. Therefore, it can
be concluded that the likelihood of SEU occurrence during
the six-year MMX mission is very low. For SELs, we con-
firmed that they do not occur even when LIDARX is heated
to 80°C and irradiated with Xe, which has the highest LET,
at a sufficient fluence (> 3.54 x 107 p/cm?). Consequently, it
can be assumed that latch-ups due to particles with an LET
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Fig.12  The FM package of LIDARX.

of 65MeV/(mg/cm?) or less of Xe do not occur.
8. Packaging

The FM product is a bare chip mounted in the 80-pin metal
package shown in Fig. 12. The quality of this IC is equiva-
lent to Class 2. Quality conformance inspection and screen-
ing tests were conducted by MIL-STD-883 for the items
specified in JAXA-QTS-2010. The electrical characteris-
tics were divided into DC characteristics, AC characteris-
tics, and functional test items. For DC characteristics, test
items included current consumption, various reference volt-
ages, leakage voltage of the digital input section, and output
voltage of the digital output section. The test pulse function
of LIDARX was used to test the AC characteristics. The
specified pulses were input from the test pulse pin, and the
delay time to the DSUM output, Leading and Differential
waveforms as intermediate signals in the IC, wave height
AOUT, and TAC slope were inspected. The functions tested
included offset adjustment using the internal DAC and the
ability to adjust the threshold values VTHO and VTHI.

As atypical test example, an operating life test of 1000 h
at 125°C and a temperature cycle life test of 100 temperature
cycles from —55°C to 150°C were conducted to confirm that
there were no problems. During the screening, all individu-
als were subjected to a burn-in at 125°C for 240 h.
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9. Conclusion

The optical pulse detection IC LIDARX was developed for
use in LIDAR receivers onboard planetary probes. This
IC has the functions of timing detection, wave height mea-
surement, and clock interpolation. Furthermore, it has a
wide dynamic range of 60dB with respect to light inten-
sity to accommodate distance changes of about three orders
of magnitude, which is expected when LIDAR is used as
a navigation sensor during landing. This report describes
the details, functions, and calibration method of the periph-
eral circuits of LIDARX and the circuits inside the IC, and
provides an overview of its dynamic range and measure-
ment accuracy using an experimental device for evaluation.
The TID tolerance was 24 krad and latch-up-free in terms
of radiation resistance, which is essential for onboard space-
craft components. The reliability of this IC is equivalent to
Class 2.

Based on the experience of LIDAR development for the
asteroid probes Hayabusa and Hayabusa2, we have developed
LIDARX to have better performance, a shorter development
period, and more stable performance. We expect that this IC
will be utilized for planetary exploration, especially landing-
based exploration employing LIDAR, including the MMX
mission.
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