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ABSTRACT

__and David Y. Kusnierkiewicz

On July 14, 2015, the New Horizons mission accomplished the first flyby of Pluto—Charon, achiev-
ing full mission success during its primary mission. Less than 4 years later, during its first extended
mission, New Horizons flew by Arrokoth, a 36-km contact binary trans-Neptunian object in the
Kuiper Belt, on January 1, 2019. Along the way, New Horizons imaged numerous distant Kuiper
Belt objects, performed important heliophysics science including complex Lyman-a radiation
scans, and measured the dust and zodiacal light from regions never before explored. This article
provides an overview of the New Horizons spacecraft and its engineering performance, as well as
potential strategies for extending the mission far beyond its original design lifetime. Details on the
mass and power budgets, as well as descriptions of key innovations to meet the challenges posed
by the mission, offer insight into the engineering accomplishments that led to mission success.
Trended data on the power, thermal, and propulsion systems substantiate projections of the mis-
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sion’s potential to continue its exploration beyond the heliopause until ~2050.

SPACECRAFT OVERVIEW

The New Horizons spacecraft was designed and devel-
oped by APL to achieve the highest-priority objective of
the 2003 planetary science decadal survey: to explore
Pluto and the Kuiper Belt.! It includes a comprehensive
suite of instruments, described in detail by Fountain et
al. in this issue, to address the Pluto—Kuiper Belt science
objectives defined in NASA’s Pluto Kuiper Belt Mis-
sion Announcement of Opportunity (see Refs. 2 and 3
and the articles by Stern and Krimigis and Weaver et
al., in this issue). Of all the mission requirements, the
most formidable for the engineering team was to “arrive
at Pluto as soon as possible, but not later than the 2020

timeframe.” To achieve this, the spacecraft needed to be
lightweight enough to fit within the capabilities of avail-
able launch vehicles.*

During this period, Pluto was just beyond perihelion of
29.5 astronomical units (au) from the Sun (1 au is the dis-
tance from the Sun to Earth). As such, the solar energy
was ~1/1,000 that of a spacecraft in Earth orbit, so solar
arrays would not work and a radioisotope thermoelectric
generator (RTG) was required. With the mass limitation
imposed by the launch vehicle and the time available
for development, only a single RTG could be accommo-
dated to power the spacecraft, and no batteries for energy
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storage were included. The electrical power limitations
of a single RTG drove innovations to reduce peak power
demands in nearly every subsystem of the spacecraft.
The total power available at Pluto was predicted to be
~200 W. Finally, the need for a hibernation mode during
the long-duration cruise and an encounter mode for the
intensive science observation sequence during the flyby
drove the design to a dual-mode guidance and control
(G&C) system with spin stabilization and three-axis
control. A rule-based autonomy system was developed
to respond to faults and continue execution of the com-
mand sequence during critical flyby operations. Figure 1
is a block diagram of the spacecraft illustrating the vari-
ous instruments and subsystems described below.

As shown in Figure 2, the compact triangular
spacecraft design provides a low-mass solution for
spin-balancing the spacecraft about the axis of the
high-gain antenna (HGA). The placement of the RTG
counterbalances the instruments and electronics. The
distance between the electronics and the RTG has
an added benefit of lowering the total radiation dose
requirement of the electronic parts. The HGA assembly
on top of the spacecraft shares the same structure for
three separate antennae. The forward low-gain antenna
(LGA) at the tip of the assembly provides hemispherical
coverage and supports operations early in the mission. A
similar LGA is positioned on the aft side of the spacecraft
(not shown) to provide communications immediately
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after launch. The medium-gain antenna (MGA) is the
smaller dish in the middle of the assembly and is used
for hibernation and safe-mode communications. The
2.1-m-diameter HGA is used for nominal operations, sci-
ence data downlink, and safe modes later in the mission.
The HGA features a shaped beam reflector to provide
a flatter response within the pointing accuracy of the
spacecraft.” An important feature of the HGA is its
ability to transmit both right-hand and left-hand circu-
lar polarizations simultaneously using the two traveling
wave tube amplifiers (TWTAs) of the redundant radio
frequency (RF) system to downlink data at nearly twice
the data rate of a single polarization.°

Another important feature of the HGA and the com-
munication system is the incorporation of the Radio
Science Experiment (REX) into the radio receivers to
minimize mass and power.” In addition to REX, the New
Horizons payload also includes the Alice ultraviolet (UV)
imaging spectrometer,® the Long Range Reconnaissance
Imager (LORRI) panchromatic imager,” the Ralph visible/
infrared imager,'© the Solar Wind Around Pluto (SWAP)
instrument,!! the Pluto Energetic Particle Spectrometer
Science Investigation (PEPSSI) instrument,? and the
Venetia Burney Student Dust Counter (VBSDC).®> The
placement of the instruments on the spacecraft provides
clear fields of view (FOVs) for apertures, out of the path of
thruster plumes. An overview of the New Horizons pay-
load is provided by Weaver et al1* and also in this issue.
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Figure 1. New Horizons block diagram. This diagram illustrates the redundancy in electronics and cross-strapping of communication

interfaces.
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Figure 2. The overall configuration of the spacecraft showing instruments and thruster placement location of exterior components.
Spacecraft dimensionsin x, y, zare 10.5 ft x 7.3 ft x 9ftor3.2mx 2.2 m x 2.7 m.

In three-axis mode, the spacecraft can take images
in two observation modes: scanning or staring. Figure 3
illustrates these modes, along with the sizes of the
LORRI (highlighted in pink) and the Ralph (high-
lighted in green) FOVs. LORRI’s pixel resolution is
approximately four times better than Ralph’s. During
close flyby of a target, the Ralph imager, in a time delay
integration (TDI) mode, scans wider angles, creating
panoramic-like images. So that the imager clock rates
can be set to match the movement of the spacecraft,
the rate is communicated to the Ralph instrument
onboard during the scanning observation. Simultane-
ous with a Ralph observation, the LORRI instrument
can take high-resolution short-exposure images during
scans. This capability was especially important for the

Arrokoth flyby.

Staring images ~ 10 ms
(LORRI, Ralph, Alice)

Scan
direction

After each flyby, science data were downlinked
using the X-band RF communication system. To reduce
the power demand in the RF communication subsys-
tems, APL developed a digital uplink receiver for the
New Horizons mission. This technology development
reduced the nominal power dissipation for the pair of
X-band receivers to 12.9 W (Table 3), approximately
half the power of comparable analog receivers.l> As
mentioned previously, combining the REX and regen-
erative ranging capability in the New Horizons digital
receiver and incorporating the redundant receivers into
redundant integrated electronics modules (IEMs) saved
significant mass and power and provided redundancy
in the occultation observations of Pluto’s atmosphere.16
The increase in receiver power when operating in REX
mode is only 0.2 W per receiver.

Scanning images ~ 1 min
(Ralph)

Spacecraft

LEISA rotation

view MVIC view

Figure 3. Spacecraft imaging modes supporting the Ralph, LORRI, and Alice instruments. The Multispectral Visible Imaging Camera
(MVIC) view (green) represents the size of the visible color detector within Ralph, while the Linear Etalon Imaging Spectral Array (LEISA)
view (red) represents the infrared detector within Ralph. The Alice “lollipop” field of view is shown in yellow (see the article by Fountain
et al., in this issue, for more detail).

-
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The G&C subsystems’ software was constrained to
use no more than two attitude control thrusters and two
delta-V thrusters, simultaneously, to reduce peak power
demands for active control modes. Before launch, the
thruster pulse duration was tailored to provide a low
minimum impulse for fine pointing stability of better
than 34 prad/s. To reduce power requirements further,
only one of each pair of redundant catalyst bed heaters
are powered for each thruster. This approach requires
the autonomy software to manage the redundancy if
a catalyst bed heater fails. The thermal design for the
star trackers keeps the charge-coupled device (CCD)
detectors at temperatures below the threshold required
for thermoelectric cooling. This reduces the operational
power of the star tracker to 12.8 W. By using heat dis-
sipation from one operating star tracker to keep the
other star tracker above its survival temperature, the
system does not require survival heaters unless both star
trackers are powered off. Finally, the G&C software can
downlink in three-axis mode with only the star tracker,
so the inertial measurement unit (IMU) can be powered
off to save power and preserve its operational life. In spin
mode to save power, the spacecraft is placed into a pas-
sive state where the G&C processor, star tracker, IMU,
and Sun sensors can all be off while the spacecraft is
downlinking data.

Substantial flexibility has been designed into the
G&C subsystem. Many capabilities have been essential
to mission success, while others have yet to be used but
may enable mission extensions long beyond the space-
craft’s design life. For example, beyond the standard
pointing modes, the G&C software is also equipped
with a relative control mode. This mode uses the
high-rate IMU data to actively control the inertial sta-
bility to within 20 prad (a single 4 x 4-binned pixel of
the LORRI instrument) for up to 60 s. On approach to
Arrokoth, relative control mode was essential for optical
navigation. The thrusters are an example of a capability
that will be essential in extending the mission life. The
system was built to be able to control the spacecraft with
a subset of thrusters if one fails. Although all thrusters
are fully operational, eventually the available power will
no longer support the use of all 12 catalyst bed heaters at
the same time. Since the control algorithms can operate
in a three-axis mode with half the required thrusters (or
even fewer in a spinning mode), the mission can con-
tinue to operate at a reduced power level. More details
are in the section on future potential.

In the thermal design, the power constraints dictated
that no operational heaters would be used in peak science
modes during the Pluto flyby. Waste heat from the RTG
and onboard electrical components is used to maintain
the spacecraft temperatures. The thermal subsystem was
designed to minimize thermal leaks, which resulted in
the internal temperature of the spacecraft being tightly
coupled to the internal power dissipation. Louvers allow
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heat from the higher-power components to be radiated
when those devices are warm.!” Flight software manages
the overall spacecraft temperature using thermal control
algorithms to determine when operational heaters are
needed.!8 This implementation has resulted in a propel-
lant tank temperature that has remained above 14°C for
the past 16 years and can be maintained at an appropri-
ate operating level for many years to come, as described
in more detail in the section on future potential.

The power subsystem includes features to support
other subsystem capabilities. A large 33-mF capacitor
bank provides additional energy for turn-on transients
and momentary switching events. The power distribu-
tion unit (PDU) enforces a time delay between the pow-
ering on of multiple spacecraft components to prevent
simultaneous turn-on transients. A critical “hold-off”
feature allows redundant sides of critical components,
such as receivers, command and data handling (C&DH)
processors, and power subsystem interfaces, to be pow-
ered off. If the primary C&DH processor fails to main-
tain communication with the power subsystem, all
redundant critical components are powered on and the
autonomy system reconfigures the spacecraft. The shunt
regulator unit can switch some of the external shunts to
internal heaters to provide more heat inside the space-
craft later in the mission. This feature is integral to the
thermal subsystem and thermal control software.

The C&DH processor operates at 12 MHz to reduce
the power demands of this subsystem. APL also built a
64-Gbit flash memory solid-state recorder (SSR), which
provided substantial power savings over random access
memory (RAM) recorders. Because the memory retains
its data while powered off, the recorder was designed to
power only the parts being accessed. The total power
requirement for the primary C&DH subsystem is 9.1 W,
including the SSR and instrument data interfaces.

The C&DH processor software provides the fault
management capability known as the autonomy system
to respond to spacecraft events by executing various
command sequences. The autonomy system has been
programmed with ~170 predefined rules that main-
tain the safety of the system in the event of anomalies.
The autonomy system also transitions to safe modes
(described below) and enforces encounter mode.l”
Spacecraft modes are shown in Figure 4.

The spacecraft modes include autonomous transi-
tion from operational modes (in green) to safe modes
(e.g., Earth acquisition, Sun acquisition; in red) in the
event of a critical fault. The primary purpose of these
safe modes is to maintain the safety of the spacecraft
and configure the spacecraft for communication with
the ground. In the case of three-axis encounter mode,
the spacecraft is programmed to autonomously address
all faults and continue the critical encounter sequence.
Only after exiting encounter mode can the spacecraft
enter a safe mode. If the encounter exit command is
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This long cruise to Pluto influ-

Sun enced the reliability requirements
acquisition of the design. Every effort was
made to minimize the use of mech-
anisms. When instrument covers
were required for launch, they
were deployed early in the mission.
Usage of life-limited items, such
as thruster cycles and IMU opera-
tional hours, is tracked throughout
the mission. Where possible, redun-

| |
TCM | Operational | Earth
| I acquisition
| |
| |
| |
Three-axis 3A-T
Active
spin AS-T
____. _____ Key: 3A
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T
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Passive’;pin were used to increase reliability, as
TCM illustrated in Figure 1. For example,
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Norrmal e RF communication subsystem
Hibernation provides the capability to connect
Earth acquisition either uplink receiver to any of the
Sun acquisition 4 .
antennae, as well as downlink via

Figure 4. Spacecraft modes. This diagram shows the paths for autonomous transitions
from trajectory correction maneuver (TCM) (yellow) and operational modes (green) to safe
modes (red). For three-axis encounter mode (3A-E), autonomous transitions to safe modes

are only permitted after a preset timeout.

not executed as planned, the encounter mode time-
out occurs and the spacecraft then transitions to a safe
mode. In case the spacecraft were to transition to safe
mode just prior to a scheduled encounter mode entry, a
Stream-Lined Autonomy Macro (SLAM) was developed
to enable the mission operations team to enter encoun-
ter mode quickly and jump to the current time in the
command sequence using a single procedure.

In addition to fault management, the C&DH flight
software controls the uplink and downlink functionality
and implements SSR recording, compression, and play-
back of instrument science data and spacecraft house-
keeping telemetry. The C&DH flight software manages
the communication between subsystems and compo-
nents on the spacecraft.

Other innovations on New Horizons were imple-
mented by partner organizations. For example, the Sector
Microwave Single-Pole, Triple-Throw RF switches were
modified to reduce the peak power required for operation.
The Adcole (now Redwire Space) Sun sensors, used for
active spin-Sun acquisition safe mode, incorporated an
adjustable gain setting with seven range settings because
of the large dynamic range of the sunlight between 1
and 50 au.?’ The Honeywell miniature IMU gyros were
hand-selected using preliminary test data to maximize the
predicted lifetime. The Galileo Autonomous Star Tracker
software was modified to add a spinning capability to the
existing heritage three-axis star tracker without chang-
ing the flight-qualified hardware.?! Spacecraft spinning
mode was necessary for hibernation, which reduced risk
and operational cost during the 9-year cruise to Pluto and
the subsequent journey through the Kuiper Belt.22

either TWTA from either side.
The MIL-STD-1553%3 bus provides
communication from the primary
C&DH  processor  (bus  control-
ler) to other components of the
spacecraft (remote terminals). The
backup C&DH processors can play back data from the
backup SSR directly via RF downlink or via the primary
C&DH bus controller. The systems are designed to be
single-fault tolerant with a few exceptions (e.g., the RTG,
propellant tank, RF hybrid, and HGA structure).

The uplink and downlink boards within the inte-
grated electronics module make up the RF communi-
cations transceiver. The low-power transceiver is an
alternative to a deep-space transponder and is critical
to meeting the spacecraft power budget. The ultra-stable
oscillator (USO) provides the precise frequency refer-
ence needed for uplink radio science. The RF subsys-
tem is used for command and telemetry, range/Doppler
tracking, and the uplink REX.

The spacecraft mass budget is shown in Table 1. The
total mass allocated to instruments is 32.7 kg, ~7% of the
overall launch mass of the system. The total wet mass
of 478.1 kg achieved the requirement for a lift mass of
<478.5 kg.

Power modes for the instruments and spacecraft
are shown in Tables 2 and 3, respectively. The modes
include those currently used in spacecraft operation
and those that could be used in the future to reduce the
power requirements onboard the spacecraft and extend
the mission lifetime. These modes are discussed in more
detail in the final section of this article. The spacecraft
power budget allocates 15 W for all transient operational
modes (see Table 3). Timing of transients is constrained
such that they do not occur simultaneously. Transients
>15 W were scheduled to occur early in the mission
when the RTG power output was higher or other com-
ponents were not powered.
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Table 1. Spacecraft mass budget

Unit Total
Source Units Mass (kg) Mass (kg)

Instruments 32.7
Alice Southwest Research Institute (SwRI) 1 4.5 4.5
Ralph SwRI, Ball Aerospace 1 10.3 10.3
LORRI APL, SSG 1 8.8 8.8
SWAP SwRI 1 33 33
PEPSSI APL 1 1.5 1.5
VBSDC Laboratory for Atmospheric and Space 1 1.9 1.9

Physics (LASP)

REX (mass included in IEM) Stanford, APL 2 — —
Instrument support structure APL 1 24 24
RF Communications 38.8
Antenna assemblies (HGA, MGA, LGAs) APL 1 19.8 19.8
TWTA, electronic power conditioner Thales 2 2.5 5.0
usoO APL 2 1.2 2.5
Oscillator switch assembly APL 2 0.2 0.5
RF switch network assembly APL 2 3.6 7.2
Waveguides, coax APL 1 3.8 38
IEM 23.3
Assembly APL 2 11.4 22.8
Remote input output units APL 14 0.0 0.5
Power 86.2
RTG Department of Energy 1 51.8 51.8
PDU APL 1 18.3 18.3
Shunt regulator unit (SRU) APL 1 8.1 8.1
Shunt dissipators APL 2 1.0 2.0
Structure 124.4
Balance mass APL 1 21.0 270
Primary and secondary structure, purge system APL, Canyon, Swales 1 913 913
Guidance and Control 19.5
Sun sensors Adcole 1 1.7 1.7
Star tracker Galileo Avionica 2 3.2 6.4
Star tracker bracket APL 1 1.7 1.7
IMU Honeywell 2 49 9.7
Thermal 27.8
IMU louvers Starsys 2 0.7 14
IEM louvers Starsys 2 09 1.9
Multilayer insulation APL 1 15.3 15.3
Micrometeoroid protection APL 1 73 173
Miscellaneous (sensors, thermostats) APL 1 2.0 2.0
Propulsion 28.0
Propulsion hardware (tank, valves, filters) Aerojet Rocketdyne 1 249 249
Propulsion diode box Swales Aerospace 2 1.6 3.1
Harness 20.6
Harness APL 1 19.7 19.7
Miscellaneous (tie-downs, lacing, brackets) APL 1 1.0 1.0
Total dry mass 401.3
Propellant, pressurant Kennedy Space Center 76.8
Total mass 478.12

aMargin was used to add more propellant to reach to total mass of 478.1 kg.
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Table2. Power constraints required selected instruments to be powered depending on the type of science activity

Current Future
Unit Pluto Imaging Pluto Atmo- Arrokoth Imag- Low-Power Helio
Units Power (W) Science sphere Science ing Science Science
Total 194.6 182.2 184.8 69.9
Instruments 274 15.0 17.6 9.9
Alice 1 4.1 4.1 4.7
Ralph 1 71 71 7.1
LORRI 1 5.8 5.8 5.8
SWAP 1 2.3 2.3 2.3 2.3 2.3
PEPSSI 1 2.5 2.5 2.5 2.5 2.5
VBSDC 1 5.0 5.0 5.0 5.0
REX 2 0.2 0.4
Spacecraft 167.2 167.2 167.2 60.1
Spacecraft Mode 3A-E 3A-E 3A-E PS-N
Science Science Science Low
2CDH 2CDH 2CDH Power
PAST PERFORMANCE

This section highlights how the spacecraft performed
in the face of technical challenges during the Pluto
flyby on July 14, 2015, and the Arrokoth flyby on Janu-
ary 1, 2019. During the Pluto flyby, the spacecraft used a
special tracking mode to vary its attitude maneuver rate
to match the flyby geometry such that the TDI imag-
ing line rate remained constant from the perspective
of the Ralph instrument. This approach minimized the
pixel smear in the Ralph TDI panoramic image shown
in Figure 5, highlighting distinct layers in Pluto’s atmo-
sphere and topographical features on its surface.

During the Arrokoth flyby, the science operations,
navigation, and G&C teams worked closely to obtain

the highest-resolution images possible by precisely tar-
geting the flyby trajectory and nearly filling the entire
LORRI field with Arrokoth, while the Ralph imager
scanned the entire region of uncertainty. (See the
article by Holdridge et al., in this issue, for more on
encounter design, planning, and navigation.) LORRI
took over 900 images during this Ralph scan, 9 of
which contained Arrokoth. These 9 LORRI images are
shown in sequence in Figure 6, with the FOV outlined
in pink. By combining these data with color images
from Ralph, the composite image of Arrokoth shown
in Figure 7 was produced and featured on the cover of
Science magazine.

Figure 5. Panoramic image of Pluto. The image was obtained using Ralph’s TDI scanning mode and a special G&C tracking mode.
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Table 3. Careful tracking of power allocations for all spacecraft modes is essential to ensure adequate power during flight

Current Future
AS-EA AS-N AS-N PS-N
Unit 3A-N 3A-E 3-Axis Low Low Low PS-N
Power PS-N AS-N Science 3A-N 2CDH PS-N Power Power Power Low
Units (W) 1ITWTA 1TWTA 2CDH 3A-TCM PreTCM 1TWTA 2TWTA warm-up thrusting 1TWTA  Power
Spacecraft Power By Mode 109.6 158.3 167.2 186.6 176.2 168.0 151.5 109.3 109.7 100.6 60.1
RF Communications 57.4 57.4 25.2 25.2 25.2 57.4 89.6 8.9 8.9 48.6 8.9
Uplink receiver 2 6.5 129 129 129 129 129 129 129 6.5 6.5 6.5 6.5
Downlink transmitter 2 7.5 7.5 7.5 75 7.5 7.5 75 75 15
TWTA 2 32.2 32.2 322 322 64.4 322
UsO 2 24 4.8 4.8 4.8 4.8 4.8 4.8 4.8 24 24 24 24
IEM 9.1 9.1 18.0 18.0 18.0 18.0 18.0 9.1 9.1 9.1 9.1
C&DH processor 1, interface card, remote 1 9.1 9.1 9.1 9.1 9.1 9.1 9.1 9.1 9.1 9.1 9.1 9.1
input/output units, and SSR
C&DH processor 2, interface card, remote 1 89 8.9 89 8.9 8.9 8.9
input/output units, and SSR
Power 17.2 17.2 17.2 17.2 17.2 17.2 17.2 17.2 17.2 17.2 17.2
PDU command decoders 2 2.5 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0
PDU telemetry, 1553 interface 2 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5
Unswitched PDU dissipation 1 33 33 33 33 33 33 33 33 33 33 33 33
SRU telemetry 2 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6
Unswitched SRU dissipation 1 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8
G&C 8.7 21.1 52.5 52.5 52.5 21.1 8.7 52.5 48.5 8.7 8.7
G&C processor 2 8.4 8.4 8.4 8.4 8.4 8.4 8.4 8.4
Sun sensor (for safing only) 2 2.1
Star tracker 2 12.8 12.8 12.8 12.8 12.8 12.8 12.8
Star tracker heater 2 8.7 8.7 8.7 8.7 8.7 8.7
IMU 2 314 314 314 314 314 314
Propulsion 0.0 35.3 359 54.9 44.7 359 0.0 4.4 8.9 0.0 0.0
Attitude control thruster 12 44 8.9 8.9 8.9 8.9 8.9 8.9
Attitude control thruster catalyst bed heater 24 2.2 264 264 264 264 264 44
Delta velocity thruster 4 9.5 19.0
Delta velocity thruster catalyst bed heater 8 2.2 8.8
Pressure transducer 2 0.7 0.7 0.7 0.7 0.7
Transient Allocation 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0
15 W transient allocation 1 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0
Harness ) 3.2 3.3 3.7 3.5 3.4 3.0 2 2ol 2.0 1.2
Harness losses (2% of total power) 1 2.2 3.2 33 37 3.5 34 3.0 2.2 2.2 2.0 1.2

Overall, component power dissipations on the spacecraft have remained constant throughout the mission.
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Figure 6. The LORRI instrument’s sequence of high-resolution snapshots. While the Ralph instrument scanned the entire region of
uncertainty during the Arrokoth flyby, LORRI took over 900 images. These nine images contain the highest-resolution data from the
flyby. The LORRI FOV is outlined in pink in each frame, and a time stamp has been added in red.

Figure 7. Composite image of Arrokoth. LORRI images were
combined with color images from Ralph to create the compos-
ite image of Arrokoth. It was featured on the cover of Science
magazine.

Power Performance

The RTG power output is trending as expected. The
approximate rate of decay in power output is currently
about 3.2 W/year. The power output since launch is
shown as a bold blue line in Figure 8, along with an esti-
mated projection of predicted performance beyond 2022.
When planning future activities, the power margin is
calculated by subtracting the peak power demand
during the planned activity from this projected estimate
of RTG power output. When command sequences are

developed, a software simulation tool is used to verify
that the activities do not exceed the predicted onboard
power available.

Thermal Performance

The thermal subsystem’s performance has been stable.
Overall temperatures are gradually cooling as expected.
All components remain well within their specified
operational ranges. As an example, Figure 9 shows the
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Figure 8. RTG power output. Power output is trending as
expected, with the current decay rate at ~3.2 W/year. The labels
for Pluto and Arrokoth show the power that was available during
the flybys. The ~82 au and ~135 au labels show the distance of
the spacecraft from the Sun when the output reaches 150 W and
110 W, respectively. These milestones represent the expected
capability of the current spacecraft without modification (which
requires 150 W) and the expected power required to actively
control the spacecraft with updates to the G&C and autonomy
systems (which requires only 110 W). For more information, see
Whiting and Woerner.24

Johns Hopkins APL Technical Digest, Volume 37, Number 1 (2023), www.jhuapl.edu/techdigest


http://www.jhuapl.edu/techdigest

50
¢ PROP_TANK_BOTTOM_TEMP_MAX_037_DEF
45 = PROP_TANK_BOTTOM_TEMP_MIN_037_DEF
PROP_TANK_TOP_TEMP_MAX_037_DEF
401 x PROP_TANK_TOP_TEMP_MIN_037_DEF
Propellent tank
354 Hot flight allowable limit: +50°C
Cold flight allowable limit: +5°C

w
Q

Temperature (°C)
N
[6)]

204
151
101
5-
0 T T T T ~ T
S & & ¥ I D § &
S S S S () (] (™) (™)
N N N & 8§ N &
§ §§ & & § § 8
8 A A A SRR

~ ~

Date

Figure 9. Propellant tank temperature since launch. Tempera-
tures are gradually cooling as expected, remaining above 14°C,
well above the freezing point of hydrazine.

maximum and minimum propellant tank temperatures
since launch; they have remained above 14°C, well
above the freezing point of hydrazine.

G&C Performance

The G&C subsystem’s performance has exceeded
requirements. The pointing requirements and perfor-
mance are shown in Table 4.

The spacecraft’s ability to spend most of its time
in spin mode preserves the operational lifetime of the
IMUs. As of 2022, the spacecraft has been operating
for nearly 150,000 h since launch, but the combined
operational hours of the IMUs has only been ~30,000 h
(~20% of the time).

Propulsion Performance

The amount of propellant budgeted for New Horizons
provided the ability to correct launch injection errors of
up to 3-sigma. Since the Atlas V 551 provided excep-
tional launch accuracy, the propellant allocated for

Table4. G&C requirements and performance

G&C Requirement Performance
Parameter (urad) (urad)
Pointing control +1024 +600
Pointing knowledge +471 +200
Relative control mode  +20 for 10's +20 for >10's
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Figure 10. Propellant use as a function of time.

correcting launch injection errors was available for the
extended mission. This additional propellant increased
the probability that a Kuiper Belt object would be within
the reach of the spacecraft’s trajectory. Figure 10 shows
the propellant usage as a function of time. The most sig-
nificant uses of propellant occurred during the initial
launch correction, Jupiter flyby, Pluto rehearsals, Pluto
flyby, Arrokoth targeting maneuver, and Arrokoth flyby.

RF Communications Performance

The RF performance has exceeded requirements.
Downlink data rates as a function of time are shown
in Figure 11. USO stability is shown in Figure 12 and
Table 5.

C&DH Performance

During both the Pluto and Arrokoth flybys, both
redundant C&DH processors (each with a separate
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Figure 11. Downlink rates as a function of time for a single TWTA
to a Deep Space Network 70-m ground antenna. If power is suf-
ficient to use both TWTAs, the data rates nearly double.
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Figure 12. USO stability. The stability of the USO achieving a few
parts per billion was critical to the REX observations of Pluto’s
atmosphere, and the best stability was achieved during the Pluto
flyby.

Table 5. REX frequency stability requirements for the New
Horizons USO

Interval (s) &flf
0.1-1.0 1 x 10712
1.0-10 3 x 10713
10-100 3 x 10713

SSR) gathered extra data and at higher recording rates
(compared with a single SSR). The C&DH subsystem
offers the flexibility to record two instruments to dif-
ferent SSRs or the same instrument simultaneously on
both SSRs. As explained above, during the Arrokoth
flyby, LORRI high-resolution panchromatic images were
recorded to one SSR while Ralph high-rate TDI pan-
oramic scans were simultaneously recorded to the other.
Without the use of both SSRs, the combined data rate
would have exceeded the recording rate of a single SSR.
During both flybys, the highest-priority observations,
which were critical for mission success, were recorded
redundantly. The redundant data ensured that the loss
of a single C&DH processor or SSR would not jeopar-
dize mission success. For Pluto, ~20 Gbit of the flyby data
were recorded redundantly and ~20 Gbit were unique
on each SSR. This approach enabled New Horizons to
gather a total of ~60 Gbit of science data using both
C&DH processors and SSRs, far exceeding the original
requirement of 10.2 Ghit.

One operational complication related to C&DH
performance has been the number of C&DH processor
resets. Although C&DH processor resets were predicted,
the in-flight experience of ~l/year is ~10 times more
than prelaunch estimates. The root cause of some pro-
cessor resets was traced to a software coding error that
has since been corrected. Others, however, are the result
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Figure 13. Monthly average single-bit errors per day in C&DH
static RAM. After 2020 we no longer distinguish between errors
and events (bursts of errors). We continue to trend individual
errors.

of radiation-induced effects and cannot be eliminated.
Single-bit errors in memory are correctable using pro-
cessors’ error detection and correction circuits (EDAC).
Two errors in the same memory location are detectable,
but not correctable, and result in a reset of the processor.
The radiation events are often correlated, such that a
single event results in multiple errors in separate loca-
tions in memory. The number of events and the number
of single errors in memory are reflected in the two plots
(purple and green, respectively) in Figure 13. The blue
lines indicate uncorrectable EDAC errors.

FUTURE POTENTIAL

As of June 2023, all systems onboard the New Hori-
zons spacecraft are nominal, and telemetry is trending
as expected. Careful management and monitoring of
onboard consumable resources, such as power, propel-
lant, thruster cycles, and operational hours, has posi-
tioned New Horizons with the potential to continue
exploring the solar system for decades.

Trending

Data have been trended to predict available resources
as a function of time, such as RTG power output,
onboard temperatures, and downlink data rates. Meth-
ods have been identified to reduce resource demands,
such as power dissipation and propellant use. Bud-
gets have been used to predict the expected lifetime
of limited-life items, such as thruster cycles and IMU
operational hours. Finally, contingency plans have been
developed to respond if issues arise.

At this phase of the mission, with the spacecraft in
a spin-stabilized attitude, New Horizons can maintain
communication with Earth for ~100 days/year without
any attitude maneuvers. Provided the spacecraft hiber-
nates for the remaining 265 days, its operations could be
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limited to a single attitude precession each year, using
only ~10 g of propellant per year. This approach has an
added benefit: if the ability to precess were lost, such as
might be the case if the propellant freezes, the spacecraft
could continue communicating with Earth for an addi-
tional 7 years without any attitude changes.

Power

One method for extending spacecraft lifetime is to
develop new operational techniques to minimize the
peak power demands of the spacecraft. An example is
powering only a subset of the 24 thruster catalyst bed
heaters. Currently, one catalyst bed heater is powered for
each of the 12 thrusters. In the future, it may be pos-
sible to sequence operations to require only two catalyst
bed heaters to be powered at the same time. Each cata-
lyst bed heater requires 2.2 W and the average decrease
of the RTG power is 3.2 W/year, so saving 10 catalyst
bed heaters could extend the mission by almost 7 years.
Based on the power analysis shown in Table 2, the “Low
Power Downlink ITWTA” capability would be usable
until ~2050.

Thermal

Consistent with the power predictions, the thermal
trending shown in Figure 14 indicates that the tank tem-

perature may remain above the freezing temperature of
hydrazine until ~2050.

G&Cand Propulsion

In the spinning-mode operations concept of 100 days
of active operations per year, the demands on the G&C
and propulsion systems are minimal. A single precession
per year minimizes the thruster cycles, propellant use,
and IMU operational hours. With this approach, none
of these G&C resources is expected to limit the life of
the New Horizons mission.
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Figure 14. Projected thermal trending of the minimum propel-
lant tank temperature. The tank temperature may remain above
the freezing temperature of hydrazine until ~2050.
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C&DH and RF Communications

In ~2050, uplink command rates of 125 bps and
downlink data rates of ~50 bps are expected, as shown
Figure 11. TWTA operational hours are trending as pre-
dicted, so the TWTAs are not expected to be a concern
for the mission lifetime. There are no other life-limiting
aspects to the C&DH or RF communications subsystems.

CONCLUSION

After successfully completing its primary mission
to Pluto and its first extended mission to Arrokoth, a
Kuiper Belt object, New Horizons is on course to con-
tinue exploring the solar system and beyond. With
careful management of the spacecraft resources and
continued good fortune, the lifetime of the New Hori-
zons spacecraft is anticipated to extend until ~2050 and
to a distance of ~135 au from the Sun.
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