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ABSTRACT

The Black Hole Explorer (BHEX) mission will enable the study of the fine photon ring structure,
aiming to reveal the clear universal signatures of multiple photon orbits and true tests of general
relativity, while also giving astronomers access to a much greater population of black hole
shadows. Spacecraft orbits can sample interferometric Fourier spacings that are inaccessible
from the ground, providing unparalleled angular resolution for the most detailed spatial studies
of accretion and photon orbits and better time resolution. The BHEX mission concept provides
space Very Long Baseline Interferometry (VLBI) at submillimeter wavelengths measurements to
study black holes in coordination with the Event Horizon Telescope and other radio telescopes.
This report presents the BHEX engineering goals, objectives and TRL analysis for a selection of
the BHEX subsystems. This work aims to lay some of the groundwork for a near-term Explorers
class mission proposal.

Keywords: The Black Hole Explorer, Black Hole, BHEX, Radio Emissions, Mission Concept,
VLBI, Explorers Program, TRL

* Author for correspondence, Eliad.PeretzQnasa.gov

1. INTRODUCTION

The Black Hole Explorer (BHEX) is a space mission to image radio emissions of black holes by
expanding both the baseline and time resolution of Very Long Baseline Interferometry (VLBI).
This involves integrating a space telescope into an array of ground telescopes, such as the Event
Horizon Telescope (EHT). Ultimately, the BHEX will enable transformative science, and its
mission goals are well aligned with the Astro 2020 Decadal Survey.

The BHEX mission concept is a space-based component of a space-ground interferometer with
a 3.5-meter antenna at medium Earth orbit (~26,000km orbital radius). The satellite will
be equipped with a coherent dual-polarization dual-band receiver system covering 84-106 GHz
and 240-320 GHz frequency ranges. The receiver system will allow simultaneous dual-band
observations, leveraging frequency phase transfer techniques and phase stability at the lower
frequency band to build sensitivity at the higher frequency band. The total downlink bandwidth
from the satellite will be 64 Gbps.

The BHEX mission concept study was designed with three major stages: (1) a Science Study
which articulates plausible goals and objectives (2) an Engineering Study which articulates over-
all feasibility and technological readiness and (3) a Mission Architecture Study which combines
the results of the previous studies to match achievable science goals and objectives with feasible
engineering to yield a plausible mission architecture.
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In April 2022, the BHEX Science Study report was released and reviewed by an executive
evaluation panel. The scientific goals and objectives of the BHEX mission were stated as follows:
(1) Precision black hole measurements seeks to detect and study the photon ring around a
supermassive black hole as a new window into the strong-field spacetime, (2) Black hole accretion
and jets focuses on how black holes interact with accreting matter to produce jets of radiation,
i.e. to learn how black holes shine, and (3) Black hole formation and demographics aims to
study how supermassive black holes have affected the evolution of galaxies.

The BHEX Science Study report emphasized that NASA’s Explorers program is the appropriate
program to support a space VLBI mission within the next decade. Both a Small Explorer
(SMEX) and a Medium-Class Explorer (MIDEX) mission are scientific investigations that can
be developed generally in 40 months or less and executed on-orbit in 3 years or less. A SMEX
proposal would be of smaller scope and a more focused science case, which could possibly be
more suited for the BHEX mission.

This Engineering Study considers the overall feasibility and technological readiness of some of
the major sub-systems considered to be utilized to achieve the BHEX science goals. This report

complements engineering requirements that were formed as part of the Engineering workshop
at the Goddard Space Flight Center(GSFC) in November 2023 (see Fig. 1).

Figure 1: The BHEX Engineering workshop at GSFC in November 2023.

2. TRL ASSESSMENT METHODOLOGY

In this section we adopted the Technology Readiness Assessment (TRA) methodology developed
to accurately and unambiguously determine the Technology Readiness Level (TRL) over a wide
variety of systems and subsystems.!® TRA is a process that determines the need to develop
technological advances into a system. The assessment process consists of determining the current
Technology Readiness Levels (TRLs) and the difficulty associated with moving a system or
subsystem from one TRL to the next, using an Advanced Degree of Difficulty Assessment
(AD2).

The TRLs are assessed by following a set of seven evaluation criteria, including Functional
Elements, System Definition, System Integration, Modeling and Simulation Tools, Performance
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Validation, Environmental Validation, Operations and Sustainment. For each of these facets,
a set of unambiguous questions are asked regarding each proposed technology to determine
whether a technology has met a specific TRL level with respect to the BHEX mission require-
ments. The smallest TRL assessed across the seven facets will be the TRL of the overall system.
Table 1 captures the TRL assessment methodology in detail.

is in place.

TRL Pacets Functional ~ Ele- | System Definition | System Integra- | Modeling and | Performance Vali- | Environmental Operations  and
ments tion Simulation Tools | dation Validation Sustainment
Technology con- | 2 Basic functional | An apparent engi- | System architec- | Operational —re- | Preliminary Critical func- | N/A
cept and/or elements of tech- | neering design ap- | ture defined in | quirement of | performance tional experi-
application  for- nology have been | proach has been | terms of basic | functional ele- | predictions have | ments for oper-
mulated. identified. identified. functions to be | ments verified | been made for | ational environ-
performed. through modeling | basic  functional | ment are known.
or simulation. elements.
Analytical — and | 3 Operation of | Definition of rel- | A conceptual de- | Models exist to | Preliminary sys- | Modeling or ex- | N/A
experimental functional ele- | evant operational | sign of the inte- | extent that com- | tem performance | perimental results
critical func- ments verified | environment de- | grated system has | puter analysis | measurements show feasibility of
tion and/or through modeling | fined for basic | been defined. and  simulations | have been iden- | basic functions in
characteristic or bench-scale | functional —com- are possible. tified and esti- | expected environ-
proof-of-concept. tests. ponents. mated. ments.
Component 4 Subsystem  tests | System  perfor- | Preliminary func- | Models developed | Functional test- | Laboratory scale | Operational
and/or bread- in a simulated | mance metrics | tional testing of | to predict per- | ing of integrated | tests indicate | needs for the
board validation laboratory en- | and test require- | integrated system | formance against | (hardware  and | components and | intended  appli-
in laboratory vironment show | ments have been | completed at | system functional | software)  com- | subsystem inter- | cation have been
environment. element interfaces | defined for rele- | laboratory bench- | and performance | ponent or bread- | faces will function | identified.  Pre-
will function. vant operational | scale. requirements. board system. in operational | liminary ConOps
environment. environments. developed.
Life-limiting
mechanisms iden-
tified.
Component 5 Functional  ele- | Prototypical Integration chal- predict | Performance test- | System testing in | Component
and/or br: ment and inter- | system testing | lenges for engi- y and | ing of integrated | approximate op- | and/or brass-
board validation faces sufficiently | for the range of | neering scale un- | integrated system | component or | erational environ- | board demonstra-
in relevant envi- understood at | critical opera- | derstood and re- | performance in 3 sys- | ment completed. tion of essential
ronment. engineering scale | tional  environ- | solved. the operational clements of the
to provide system | ments validates environment. ConOps.
design tradeoffs. design. Char-
acterize  physics
of life-limiting
mechanisms and
failure modes.
System/subsystem| 6 Functional el- | Full-scale  engi- | Technology hard- | Model subsystem | Performance of a | Engineering-scale | System/subsystem
model for pro- ements and | neering design | ware and software | and system pre- | high-fidelity —en- | tests demonstrate | demonstration of
totype  demon- interfaces provide | complete and | demonstrated as | dictions validated | gineering design | functionality essential elements
strated in a optimized system | documented. an integrated sys- | by  engineering- | unit demon- | over full range | of the ConOps.
relevant environ- design. tem in a relevant | scale testing and | strated. Verify by | of design critical
ment environment. documented. test that the tech- | environments.
nology is resilient
to the effects
of life-limiting
mechanisms.
System prototype | 7 System proto- | High-fidelity sys- | Prototype  fully | Performance pre- | Mission  perfor- | Design environ- | Prototype
demonstration in type  functional | tem prototype | integrated — with | dictions verified | mance validated | ments validated | demonstration
an operational en- elements and | developed using | intended system | by  high-fidelity | with data from | based on data | of the ConOps.
vironment interfaces demon- | completed engi- | and demonstrated | system prototype | prototype opera- | from  prototype | Preliminary
strated for the | neering design | in operational en- | testing. Models | tions. operations. demonstration of
intended operat- | specifications. vironment. validated with system operations
ing environment. data from proto- and sustainment.
type operation.
Actual system | 8 Actual sys- | Final engineering | Actual system | Predicted per- | Performance  of | Design  environ- | Compliance of ac-
completed and tem functional | design and oper- | qualified for | formance for | the final system | ments validated | tual system with
“flight qualified” elements and in- | ational specifica- | an operational | the final system | design validated | based on mission | design for opera-
through test and terfaces qualified | tions are complete | system in  its | design verified | with mission | data. Completed | tions and sustain-
demonstration. for the intended | and verified. intended environ- | through tests. | data.  Life test | life tests. ment.
operating  envi- ment. Models  verified | unit for life lim-
ronments. and validated | ited items.
per project M&S
requirements.
Actual system | 9 System functions | Final engineering | Hardware and | Predicted per- | Performance pre- | Design envi- | Demonstration of
flight proven and interfaces of | design and opera- | software fully | formance for the | dictions fully val- | ronments and | system operations
through suc- the actual system | tion specifications | integrated — with | system  verified | idated with data | analyses vali- | and sustainment.
cessful  mission proven  through | are verified and | operational sys- | through mis- | from mission op- | dated based on
operation. successful mission | validated. tem and demon- | sion operations. | erations. data from mission
operations. strated  through | Models  verified operations.
mission opera- | and validated
tion. Sustaining | per project M&S
software support | requirements.

Table 1: Technology Readiness Level Criteria Matrix
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3. ENGINEERING SUBSYSTEMS

The engineering study provides an analysis of several BHEX subsystems, including the antenna
in subsection 3.1, the cryocooler in subsection 3.2, frequency reference options in subsection 3.3,
and optical communications in subsection 3.4. This study does not include the receiver, digital
back end, optical data transmission, and the sampler and digital signal processor subsystems
that will be discussed in later publications. After introducing the subsystem and its role in the
BHEX mission, the engineering requirements are provided, allowing for a TRL assessment of
possible subsystem solutions.

3.1 Antenna
3.1.1 Introduction

The antenna is the largest component of the BHEX science payload, capturing the mission’s
primary data. This section studies possible antenna solutions considering the design require-
ments such as aperture size and the frequency range derived from the science goals. Considering
these parameters, current and future antenna systems are given a TRL assessment, using the
methodology described in section 2 and suggesting a technology development path.

For more detail on the antenna subsystem, see “The Black Hole Explorer (BHEX): Prelimi-

nary Antenna Design”.”

3.1.2 Engineering Requirements

The engineering requirements are derived from the mission’s science goals that require operation
frequencies up to 320 GHz. In order to achieve this, the spaceborne antenna must be highly
efficient with a large aperture, high surface precision, and be as lightweight as possible without
compromising performance: there is a target of a ~3.5 m aperture, a mass of ~50 kg, operation
up to 320 GHz, and a surface rms less than 40 pm. The currently adopted baseline design
is a Gregorian configuration, or axially displaced ellipse (ADE) optical design, and metallized
carbon fiber sandwich realization to achieve a lower mass.

3.1.3 Technological Approaches

To fulfill these engineering requirements and choose an appropriate development path for the
BHEX mission, we analyzed available antenna technology to determine the TRL of this subsys-
tem. See table 7?7 for the parameters of current and target antenna solutions that were identified
using industry capabilities, development timeline predictions, cost, and feasibility.

Monolithic One possible solution is a monolithic antenna formed from carbon fiber compos-
ites. Such an antenna was developed in conjunction with SBIR awarded to Vanguard Space
Technologies® for the Balloon-Borne Large-aperture Submillimeter Telescope - The Next Gen-
eration (BLAST-TNG) (see fig. 3 and fig.2). This antenna has an aperture that measures 2.5
meters, which is on the smaller end of aperture sizes optimal for the mission. BLAST-TNG op-
erated at a frequency range of 600 - 2000 GHz making the antenna’s operable frequency range
very suitable for the BHEX mission. Additionally, this antenna is part of a Cassegrain design
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Model/ Vendor Size | Surface | Area Efficiency* Mass Bands Technology
Mission accuracy | density | NruzeGH» (3.5 m)
m pum kg/m~2 | 86/230/320 kg
Herschel Astrium- | 3.5 < 10 25 1 210 THz/FIR metallized SiC
Airbus
Planck Astrium- | 1.6x | 7.5-50 13 > 0.98° 125 mm - THz metallized
Airbus 1.9 CFRP sandwich
BHEX - 3.5 < 40 ~ 5 0.98/0.85/0.75 | ~ 50 mm/sub-mm | metallized
(target) CFRP sandwich
EarthCARE | NEC 2.5 < 60 - 0.95/-/- - mm CFRP sandwich
Europa AASC! < 150 4 0.75/-/- 38 Ka CFRP sandwich
Clipper
FMR L3 Harris | 3.2 < 270 2.6 0.38/-/- ~ 25 upto V mesh
PTR?? L3 Harris | 2-22 | < 250 2 - ~20 | Ka mesh
SDR? Airbus 5 < 250 2.2 - ~20 |X CFRP

1 Advanced Aerospace Structures Corp. 2Perimeter Truss Reflector 3deployed 4 estimates excluding reflectivity Sbased on predicted whole surface rms

Table 2: Space Antenna Technologies, see ref [7] for more detail

where the primary mirror is composed of carbon fiber and the secondary mirror is composed of
aluminum, making it relatively lightweight. The secondary has tip/tilt and piston independent
actuators. To consider the form factor, the secondary vertex is 1.59 meters from the primary;’
the size is plausible for fitting in a reasonable rocket bearing. Ultimately, this antenna is an
interesting development that is worth pursuing.

In the current marketplace, the Italian company Media Lario'® has manufactured a 2.5 m
antenna with 8 micron RMS surface for the ASTHROS balloon project at a cost of ~750K. Media
Lario uses a patented manufacturing method called Repli-formed Optics,'! which they advertise
as being similar to the method used to create antennas for the Atacama Large Millimeter-
Submillimeter Array (ALMA).
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Figure 2: The BHEX team around surface tested BLAST-TNG antenna at Goddard Space
Flight Center (GSFC).

Figure 3: The Cassegrain imaging system, used in the BLAST-TNG experiment, with a 2.5
meter aperture antenna.’

Northrop Grumman mesh antennas Another possible solution is the Northrop Grumman
AstroMesh unfurlable mesh antenna. This system can be produced with aperture sizes from 3
to 22 meters in diameter, providing a large range for various use cases. It is evident that the
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AstroMesh antenna has proved its quality in previous missions: an AstroMesh system has flown
in 10 different orbiting missions and all have performed as expected. It is simply the BHEX use
case in which the Northrop Grumman mesh antenna’s performance has not yet been proven as
the system has only been proven to work at frequencies of <65 GHz.

TS &M;ﬁf&-&r, e
Figure 4: A depiction of the Northrop Grumman AstroMesh antenna, positioned on the NASA
Jet Propulsion Laboratory Soil Moisture Active/Passive mission, launched in 2015. Its technol-
ogy was trusted by JPL in fulfilling a goal presented in the first Earth Science Decadal Survey.!?

Airbus unfurlable antenna Another approach worth evaluation are the unfurlable antennas
(see Fig. 5) manufactured by Airbus.'® This design comes in aperture sizes of 2.5 through
5 meters, with a mass of 70 kg for 5 meters. One area that would require further engineering
development and modification is the operating frequency. This design currently only operates
up to ~10 GHz. While Airbus has shown to understand the sources of error to improve surface
quality, they do not have existing laboratory test fixtures or existing metalization facilities
necessary to do the required work.
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Figure 5: A 5 meter unfurlable antenna manufactured by Airbus.!3

L.Garde inflatable antenna The inflatable antenna system is, at the current time and for
the requirements of the BHEX mission, only a concept. Regardless, the system is being studied
for potential use in OASIS, a MIDEX mission concept, and SALTUS, a Probe mission concept.
Although the concept appears very promising, it is still in its very early development stages for
a mission such as BHEX, only flown once (see Fig. 6). It requires extensive development before
it can be properly considered for use in the BHEX mission.

Figure 6: The L.Garde inflatable antenna experiment, flown on STS-77. The inflatable antenna
includes a parabolic dish with a radius of 7 meters, attached to the body of the spacecraft using
three 33 meter struts.!4

MLS Another system assessed is the Microwave Limb Sounder (MLS) experiment that was
incorporated in the NASA Aura spacecraft that was launched in 2004 (see Fig. 7). This system
also has proven to operate in the necessary ranges of 100 - 300 GHz and was used with heterodyne
radiometers in several frequency bands from ~100 - 640 GHz. However, the diameter is only
1.6 meters. Additional information is necessary to determine if this system provides sufficient
optical quality, but as long as the aperture size provides adequate sensitivity, this system is
suitable for space VLBI.
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Figure 7: A depiction of the NASA Goddard Space Flight Center Aura spacecraft, equipped
with MLS instruments. The spacecraft was able to use MLS to measure the temperature of
Earth’s stratosphere, as well as the content of Earth’s upper troposphere.

3.1.4 TRL Assessments

Instrument Technology Limiting Factor

Readiness

Level (TRL)
BLAST-TNG 4-6 Has not launched in the envi-

ronment of the BHEX mission

Northrop Grumman AstroMesh an- | 4-6 Not proven to work reliably in
tenna the required frequency range
Airbus unfurlable antenna 4-6 Has not been proven to oper-

ate in the BHEX mission envi-
ronment or required frequency
range

L.Garde inflatable antenna 3-4 Has not flown since a 1996 ex-
periment; has been theorized
to work for frequencies of up
to only 60 GHz

MLS 4-6 Lacking sensitivity informa-
tion

Table 3: Technology Readiness Level assessments for the components discussed in 3.1.3.

BLAST-TNG The antenna system used in the BLAST-TNG experiment has a TRL of 4-6
because the telescope was launched and operated at frequency levels in the range required by
the BHEX mission. The limiting factors to this approach are that the BLAST-TNG experiment
only operated in a sub-orbital launch and the small aperture size. In order to mature the TRL
by 2025, it is necessary for the antenna to preform with a sensitivity sufficient for the mission’s
science objectives and in a relevant environment.
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Northrop Grumman AstroMesh antenna The Northrop Grumman AstroMesh antenna
has an assessed TRL of 4-6. It is being flown in various missions currently, including two
Airbus Inmarsat-6 missions. While AstroMesh antennas have proven their reliability with a
100% success rate across more than 10 orbiting missions, it has not been proven to function
properly with frequencies of 100 to 300 GHz, the required frequencies for the BHEX mission.
While the AstroMesh antenna is completely developed in general, it requires further work to
meet the BHEX mission requirements.

Airbus unfurlable antenna A TRL of 4-6 was assessed was the antenna manufactured by
Airbus. A 5 meter unfurable antenna has been qualified for radar satellites and was scheduled
to be launched in 2022. While being space-qualified, it is still necessary for the antenna be
launched and preform in a relevant environment and needs further development as it currently
operates in frequency ranges too low for the BHEX mission requirements.

L.Garde inflatable antenna The L.Garde inflatable antenna has been assessed to have
a TRL of 3-4. Although it has flown in an experimental mission aboard STS-77, the 77th
flight of the Space Shuttle, in 1996, it has not had additional flight experience. It has been
conceptualized that the antenna will be able to function in Earth radiometry at frequencies
ranging from 6 to 60 GHz,'® well below the requirements for the BHEX mission. As it has only
flown in an experimental mission, the L.Garde mission also has not proven itself to be qualified
for to perform in the relevant enviroment and orbit ofr the BHEX mission.

MLS The MLS system has a TRL of 4-6 because it has been space-qualified and operated in
the NASA Aura spacecraft in a sufficient frequency range. The spacecraft did not reach a HEO,
so it would be necessary to test the antenna in an environment similar to the BHEX mission’s.
Additionally, it is unclear if the small aperture size of 1.6 meters would provide sensitivity levels
adequate to reach the science goals. Maturing the TRL of this approach would entail further
testing of the MLS and possible modification to increase its sensitivity.
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Figure 8: The diameters and maximum frequencies of the various systems described in this
section. The color of the points represent the expected TRL in the year 2025. If the antenna is
green, it is currently a TRL 6 or higher as it is in the advanced stages of development and meets
the BHEX engineering requirements. The yellow points represent the antennas that could reach
a TRL of 6 or higher by 2025, needing further development to meet the mission’s requirements.
Antennas with red points are unlikely to reach a TRL of at least 6 by 2025. The colored regions
drawn using inferences made by the TRL of current technology illustrate the TRL of antennas
with parameters in the designated region.!? 16724

3.2 Cryocooler
3.2.1 Introduction

In order for the cryogenics system to meet the science objectives and be suitable for an explorers
class mission (SMEX/MIDEX), parameters such as mass and power will need to be balanced.
This section discusses the engineering study done on the cryo cooler subsystem for the BHEX
mission, including the engineering requirements and technology development path. For more
details on the space heritage, trade space, and design of the BHEX cryocooler, see [25].

3.2.2 Engineering Requirements

The BHEX receiver suite necessitates cryogenic cooling to attain the desired receiver noise
temperatures, approaching the quantum noise limit 7, = hv/k . The primary receiver’s SIS
mixers must be cooled to 4.5 K (about half the critical temperature of the SIS junction), while
the secondary receiver’s low noise amplifier needs to be cooled to 20 K. Notably, BHEX only
requires a moderate heat lift to cool the receiver suite, without needing to cool the dish: the
estimated heat load to be cooled is approximately 125 mW at 20K and 10 mW at 4.5 K, with
vibration tolerances around 5 pm.
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3.2.3 Technological Approaches

Numerous design trade-offs are required to balance instrument operation and cryogenic system
performance, ensuring both scientific objectives are met and the cryocooling system is suitably
scaled for an explorers class mission (SMEX/MIDEX). For instance, the SIS mixers must op-
erate at temperatures no greater than 4.5K to achieve the necessary sensitivity for imaging
the photon ring, dictating the power input and cooling power required from the cryocooler.
Continuous operation of the cryocooler is essential to maintain receiver stability, as opposed to
intermittent operation, which, while preventing power-saving measures, reduces contamination
risk (the primary cause of cryocooler failure) and eliminates the need for cool-down and temper-
ature stabilization for each observation cycle. Designing the BHEX cryogenic system involves
balancing mass, power, and cost reduction within constraints while ensuring desired cooling
performance, operation, and minimized failure risks.

There is an increasing demand for compact, efficient, closed-cycle cryocooling systems oper-
ating at 4 K for the next generation of space-based astronomy.?6 Past space missions featuring
4K cooling stages include Planck®” and Herschel;?® more recent missions (e.g., SMILES/JEM,
ASTRO-H, XRISM) incorporate closed-cycle 4 K cryocoolers using a combination of Stirling and
Joule-Thomson (J-T) coolers. BHEX aims to utilize existing cryogenic technology, leveraging
key components such as Stirling and J-T coolers, which have a proven spaceflight heritage.

Instrument Temperature Cooling Power | Input Power
(K) (mW) (W)

Planck 4 - -

JEM/SMILES 4.5 20 120

SPICA 1.7 10 180

BAE/Ball’s 4 - -

Key Laboratory of Space En- | 4.5 100 -

ergy Conversion Technologies

Table 4: Current Cryogenic Technologies for 4K-class Coolers

3.2.4 TRL Assessment and Technology Development Path

The cryogenic technological approach described above is assessed a TRL 4-6 at this time, while
there are some commercial solutions with relevant specifications available, they are not tailored
to the BHEX mission.

3.3 Frequency Reference
3.3.1 Introduction

In this chapter, we analyze solutions for the timing and coherence sub-system for BHEX. In
particular, we focus on solutions for providing a sufficiently stable frequency reference to the
BHEX instrument. The frequency reference serves two main purposes: to steer the synthesizer
that generates the local oscillator frequencies in the receiver, and to provide a clock signal for the
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digital back-end. Of these two purposes, the former sets the most stringent requirements, as the
phase noise of the local oscillator at the highest observing frequency will determine the maximum
coherent integration time. Here, the goal is to assess a wide range of possible technological
approaches to determine those approaches which meet the engineering requirements with the
lowest Size, Weight, and Power (SWaP) envelope and highest TRL.

3.3.2 Engineering Requirements

The main performance requirement is that the frequency reference shall introduce a coherence
loss of less than 10% on a timescale of 10 seconds at an observing frequency of 345 GHz. This
requirement assumes the use of the frequency-phase transfer technique and thus the critical
metric arises from the fringe-searching timescale of the low-frequency band at 90 GHz. Losses
introduced into the higher frequency band on this timescale will not easily be recovered unless
the signal-to-noise ratio is very high in the high band. This is unlikely, particularly at the
highest frequencies under consideration, so the requirement is set to ensure that no more than
10% signal loss is introduced by the space-based clock. An additional loss, that will also not
be recovered, will be introduced by atmospheric turbulence during the fringe search period,
and the clock should be sub-dominant. The choice of a timescale of 10 seconds is, in part,
due to atmospheric turbulence-induced phase noise fluctuations which will significantly increase
coherence loss under all but the best seeing conditions.

In evaluating frequency reference options, a connection has to be made between the presen-
tation of reference performance in datasheets and scientific papers to the coherence requirement.
Here, we first generate a model of the fractional frequency power spectral density (PSD) from
the available frequency noise data. This PSD can then be integrated over with appropriate
choice of filter functions leading to an estimate of coherence loss as a function of integration
time. Figure 9 presents some of the resulting estimated maximum coherent integration times
with a coherence loss of less than 10%.

To be compatible with the receiver and the digital back-end, the frequency reference shall
output either a 10 MHz or 100 MHz signal. Note that this requires the use of an optical frequency
comb laser to perform the necessary optical frequency division for any frequency reference that
employs an optical carrier frequency. This signal will feed one or more frequency distribution
systems which will ensure that the reference frequency is routed with sufficient signal strength
to both the receiver and the digital back-end.

There is one additional requirement placed upon the frequency reference subsystem: the
relation of the frequency reference to a time standard. Some of the technological approaches
considered produce great stability over Fourier frequencies from 10 mHz to 5 kHz but do not pro-
vide long term accuracy. As a consequence, we also require that the BHEX frequency reference
subsystem continuously measures the drift of the reference oscillator with respect to absolute
time, with a precision of 1 ps/sec achieved when averaged over a period of 10 minutes. The
frequency reference drift rate is essential to the data correlation. Continuous monitoring of it
will ensure that the behavior of the frequency reference is well understood. To ensure that the
drift rate is known with sufficient precision for correlation of any observation of a source, and to
provide insurance against clock variability, a precise measurement should be available for every
scan, for which 10 minutes is a representative duration.
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3.3.3 Frequency Reference Options

There are a number of different approaches, both optical and microwave, to generating the
required 10 or 100 MHz output with sufficiently low phase noise to support the performance
requirement. A general rule of thumb is that approaches which divide down an optical oscillation
to 10 MHz will outperform those which start from a microwave oscillation. However, often
improved performance comes at the cost of system complexity, higher SWaP and lower TRL.
These possible approaches can also be be divided into those that rely solely on a reference
located on the BHEX platform and those that rely instead on frequency transfer from a ground
station. Here, we present a range of different approaches.

Active Hydrogen Maser Upon first glance, active hydrogen masers are a particularly ap-
pealing option for the frequency reference for BHEX as they are the frequency reference currently
in use by the EHT,? and thus are known to be able to support VLBI observations. Active hy-
drogen masers also have significant space heritage — two active hydrogen masers were flown
for the Russian RadioAstron®®3! mission. These masers had a mass of 60 kg and a volume of
~480 L.3? Additionally, the Space Hydrogen Maser (SHM) is being developed by the Nuchatel
Observatory in Switzerland to be launched in the Atomic Clock Ensemble in Space (ACES)3?
mission aboard the International Space Station (ISS). However, the large SWaP envelope of
active hydrogen masers along with their well known environmental sensitivity makes them a
non-optimal choice of reference oscillator for the BHEX mission concept.

Ultra Stable Oscillators (USO) From a SWaP and a TRL perspective, use of an Ultra
Stable Oscillator (USO) based on a temperature-controlled quartz crystal holds a great deal of
promise. The challenge is finding a USO which can support the coherence requirement at the
observing frequency of 345 GHz. One possible option is a USO developed by AccuBeat3*3°
currently serving in the European Space Agency’s (ESA) Jupiter Icy Moons Explorer (JUICE)
mission.?® This out-of-family oscillator shows a phase noise performance that may meet the
engineering requirements with the determination very sensitive to the exact choice of model
parameters in connecting the datasheet of 34 to the simple modeling described in Section 77?.

Deep Space Atomic Clock A microwave clock based on a trapped mercury ion, named the
Deep Space Atomic Clock (DSAC), was developed to support deep space navigation.®” This
17 L, 44 W, and 17.5 kg clock has been shown to be robust and has been operated in space.3”
However, the fractional frequency instability given in Ref. 37 will not meet the coherence loss
requirement, as our simple model predicts coherence loss of 90% at an averaging time of 0.6
seconds at 345 GHz.

Intermediate-Scale Optical Clocks An optical frequency reference can be formed by the
stabilization of a continuous wave (CW) laser to an optical atomic or molecular transition.
By referencing the output of an optical frequency comb to stabilized CW laser, the coherent
optical pulse train output from the comb serves as the clock output and a microwave reference
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frequency can be generated which preserves the fractional frequency instability of the CW laser.
As atomic and molecular transitions can be quite narrow and probed with high signal-to-noise
ratios, the resulting fractional frequency instability of the microwave output of the comb can
be quite low. Here we will define intermediate-scale optical clocks to be those which achieve
fractional frequency instabilities of 1 x 1073 /\/7 — 1 x 107 /,/7, are centered on simple vapor
cells, and do not require complex laser systems.

One possible type of intermediate scale atomic clock is based on a molecular iodine transition.
Multiple iodine clocks have been operated continuously with performance that exceeds that of
an active hydrogen maser over the timescales of interest even when located on-board a ship.®
An iodine clock is also planned for the upcoming COMPASSO mission aboard the ISS.3° In
terms of SWaP, a commercial 30 L, 20 kg, 80 W instrument is currently available®>%° with a
technology development path that offers lower SWaP in the next one to two years.

Another intermediate-scale optical clock can be based on a 2-photon transition in rubidium.
Commercial 2-photon rubidium clocks are now available with a similar 30 L and < 30 kg form
factor.?>*! These clocks have a similar technology development path to lower SWaP in the next
one to two years.

State-of-the-Art Optical Clocks State-of-the-art optical clocks, unlike intermediate-scale
optical clocks, probe even narrower atomic transitions and operate with the atoms confined in a
trap to minimize broadening of the transition and systematics.*> These are exquisite frequency
references which can be compared at 18 digits;** however, these are not low SWaP instruments
and development of transportable versions remains a research project.

Optical Frequency Division of a Cavity-Stabilized Laser As the frequency reference
must provide low enough relative phase noise over Fourier frequencies from 10 mHz to 5 kHz, it
is intriguing to consider a laser stabilized not to an atomic or molecular transition, but rather an
optical artifact (optical cavity). This is particularly true in light of the use of a cavity-stabilized
laser on-board the GRACE-FO mission** and the development of a cavity-stabilized laser for
the LISA mission.*> Unlike both GRACE-FO and LISA, which use the stable CW laser directly
for optical interferometry, here, the stable CW laser frequency must be divided down to the
microwave through use of an optical frequency comb. This need for optical frequency division
(OFD) reduces the system technology readiness level (TRL) as well as increases the total SWaP
due to the presence of the comb. As both optical clocks and OFD using a cavity-stabilized laser
rely on the same core frequency comb technology, an improvement in this technology for one
frequency reference will directly impact the other.

Another challenge in assessing the use of optical frequency division of a cavity-stabilized laser
is determining which cavity-stabilized laser to employ. The larger cavity-stabilized lasers of Refs.
44 and 45 will meet the performance requirements for BHEX but will lead to an undesirable total
system SWaP. Recent research has shown that miniaturization of optical cavities is possible;*°
however, this reduces the current TRL and critically reduces performance. A frequency reference
which follows the data of Ref. 46 will not meet the performance requirements of BHEX. With
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additional technology development, it is likely that a middle ground between the cavity-stabilized
lasers of Refs. 44 and 46 combined with advancements in optical frequency combs could lead to
a reference which meets the requirements of BHEX in a reasonable SWaP envelope.

Optical Time Transfer Two-way optical time transfer (O-TWTFT) based on either the
RF modulation of the optical carrier associated with the optical communications system®” or
based on the transmission of optical frequency comb pulses®®*? could meet the performance
requirement. Frequency comb-based optical time transfer has been demonstrated over 300 km
terrestrial distances with an ability to sustain link losses of greater than 100 dB. Although
this is appealing, the SWaP-envelope for a timing node is on the order of 20 L, 15 kg and
50 W, excluding the free-space optical terminal. The TRL level for the SWaP-envelope is
the same as the optical-communications based time transfer at a level 3. With a shift away
from a geosynchronous orbit, more technological developments are required for both of these
approaches to be able to handle the significant Doppler shifts occurring with relative motion of
km/sec. Additionally, any two-way optical time transfer approach will require the optical link
to be available during the observation period to maintain the frequency reference performance
— this places a strict timeframe requirement upon the optical communications ground stations.

Microwave-based Time Transfer A two-way microwave time transfer that uses the a two-
way carrier phase (TWCP) approach of Ref. 50 should be able to support the requirements
of BHEX. This is a more advanced approach to microwave-based time transfer than the more
conventional two-way satellite time-frequency transfer (TWSTFT) which would not meet the
engineering requirements. However, for a system which plans to rely on an optical communica-
tions data downlink, use of this TWCP would signficantly increase the SWaP envelope of the
overall BHEX mission; this method would require a dedicated high-power microwave transmitter
and receiver.

Comparison of References Here, we have chosen to focus on frequency references located
on the BHEX platform rather than methods of time/frequency transfer. Use of time/frequency
transfer to steer an on-board oscillator could in some cases reduce the on-board oscillator com-
plexity; however, it comes at the cost of additional receivers and the need for visibility for the
time/frequency transfer system during the observing time. The latter cost arises because any
on-board oscillator that provides sufficient holdover to not require active steering during the
observation period is sufficient to not require the time transfer to begin with.

Figure 9 provides an estimate through integration over filtered versions of the modeled PSDs
of Figure 7?7 of the maximum integration time for which the coherence is greater than 90% for
a carrier frequency of 345 GHz. (See also Appendix ??.) Note that this estimate does not
take into account the limitation imposed by atmospheric turbulence or by the performance of
the frequency reference at the ground site. From this simple model, it is clear that an active
Hydrogen maser, an intermediate-scale optical clock based either on a molecular iodine or 2-
photon rubidium transition, or optical frequency division from a cavity-stabilized laser will meet
the engineering requirement. The case of the ultra stable oscillator is very interesting because it

Proc. of SPIE Vol. 13092 130922F-18



sits right on the edge of the performance metric; thus, small errors in assumptions or modeling
could provide an incorrect assessment of whether this frequency reference meets the performance
metric.
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Figure 9: Model of maximum possible integration time with coherence greater than 90% for a
345 GHz carrier. This is looking at the contribution only from the frequency reference itself
and does not include the limit of the atmosphere or the frequency reference at the other end of
the baseline. Crude error bars were generated assuming a 20% error in the modeled PSD. The
ultrastable oscillator (USO) datapoint was based on data from 34, the iodine clock from 38, the
optical frequency division with a cavity-stabilized laser (CSL + OFD) from 44, the 2-photon
rubidum clock (2-photon Rb clock) from 41, the optical frequency division from a miniaturized
cavity-stabilized laser from 46, and the deep space atomic clock from 37. A a datapoint from
modeling the active hydrogen maser (maser) from the first EHT results is also provided for
reference.?

3.3.4 TRL Assessments

It is not only performance with which the frequency references must be assessed for BHEX
but also their readiness compared to the proposed timescale and SWaP envelope of each. The
choices of reference oscillator span a wide range of technology readiness levels (TRLs) as can be
seen in Table 5.
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Instrument Technology Limiting Factor
Readiness
Level (TRL)
Active Hydrogen Maser 4-5 Large volume / unreliable
Uso 6-8 Phase noise may not meet
requirement
Intermediate-Scale Optical | 3-5 Increasing TRL and SWaP
Clock reduction
Cavity-stabilized laser OFD 3-4 High phase noise for low-
SWaP versions; high SWaP
for sufficient performance
versions

Table 5: Current Technology Readiness Level assessments for a selection of the components
discussed in Section 3.3.3 most likely to meet BHEX requirements. The choice of TRL 6 for
the active hydrogen maser (AHM) reflects the reliability issues of the RadioAstron masers®' and
the on-going development efforts for the ACES mission.?® The choice of TRL 6-8 for the USO
assumes that its phase noise does in fact meet the requirement. AHM: Active Hydrogen Maser;
USO: ultra stable oscillator; OFD: optical frequency division

3.3.5 Technology Development Path

The simple modeling presented here for the ultra stable oscillator leads to uncertainty as to
whether this reference choice meets the performance requirement or not. Characterization of
the fractional frequency noise PSD of the ultra stable oscillator against a high quality laboratory
reference or use for terrestrial VLBI observing at 345 GHz would clearly answer if it met the
performance requirements. Alternatively, modifications to the ultra stable oscillator design that
resulted in a reduction of the fractional frequency noise PSD would result in a reference that
met the performance requirements.

For the intermediate-scale optical clocks, performance of existing ~30 L units is not an
issue. Rather the challenge lies in further SWaP reduction and space qualification. On-going
technology development campaigns®®? forecast the development of intermediate-scale optical
clocks with similar levels of performance but with form factors of ~5 L, ~10 kg, and ~40 W
within the next few years compatible with the BHEX timeline.

The technology development path for optical frequency division (OFD) of a cavity-stabilized
laser (CSL) involves the investigation of a series of trades to arrive at a low-enough-SWaP system
that meets the performance requirements. Because of this, even though some cavity-stabilized
lasers themselves sit at TRL 9,* significant efforts are required both for the optical frequency
comb development necessary for optical frequency division of the carrier and for reducing cavity
size in order to match the projected SWaP of future intermediate scale optical clocks.

Our current recommendation is the use of an intermediate-scale optical clock as the frequency
reference with an ultra stable oscillator serving as a backup. This is driven by the current low
TRL combined with the performance of intermediate-scale optical clocks versus the high TRL
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with uncertain sufficiency in performance of the ultra stable oscillator. In the case of failure of
the intermediate-scale optical clock, some science goals could assuredly be met with the ultra
stable oscillator. If additional testing and modeling suggests that the ultra stable oscillator
meets the performance requirement, then frequency reference could be de-scoped to just the
ultra stable oscillator, SWaP requirements for the timing and coherence subsystem. Likewise,
given the rapid pace of maturation of intermediate-scale optical clocks, it may be possible at a
later point to again de-scope and just use the intermediate-scale optical clock.

3.4 Optical Communications
3.4.1 Introduction

Optical (free-space laser) communication enables high-efficiency data transfer over large dis-
tances because it presents fewer diffraction losses along with greater bandwidth and power
flexibility as compared to traditional radio frequency (RF) communications. BHEX revolves
around precision measurement as the future of black hole science, but poses a challenge of data
transfer. Precision measurement generates massive amounts of data that must be delivered from
orbits capable of carrying out the same precision measurements given restraints on terminal size
and power. Optical communication technology promises a solution.®

This analysis of optical communication primarily revolves around achievable downlink data
rates — the amount of data that can be transmitted from the space terminal to the ground
architecture per unit time. Scalability of the downlink rate to preserve resources is also discussed
as an engineering requirement, along with the uplink data rate. Additionally, buffer size and
buffer data access rates are taken into account especially considering latency, the delay before
complete transfer of data. Finally, we consider the availability, the probability that data can
be accessed, in relation to flight dynamics and ground system architecture. Bit error rate, the
percent of errors relative to the total transmission, is only briefly addressed due to the time
constraints of the study.

This study gives approximate data rates, and it is likely that real downlink data rates will
fall below our achievable estimates in average conditions. Downlink data rate is dependent on
the ground architecture, the space terminal design, and environmental factors. In this study we
focus on how data rate is impacted by the range, the distance between the ground architecture
and space terminal; the aperture size of the transmitter on the space terminal; the power of
the amplifier on the transmitter; and the size of the ground telescope. We briefly touch on the
alignment of the space terminal with the ground telescope as well.

The following missions’ downlink technologies represent the current state of the art: LLCD
(Lunar Laser Communication Demonstration, 2013), LCRD (Laser Communications Relay
Demonstration, 2021), TBIRD (TeraByte Infrared Delivery, 2022), Psyche (2023), and Artemis
IT 020 (2025). Based on their achieved (or predicted) downlink data rates with varied mission
parameters, we identify what downlink capabilities are currently possible and what is going to be
possible in the near future. By projecting these missions’ data rate performances onto BHEX
requirements, we can analyze the timeline, cost, and feasibility of building a communication
system that meets BHEX engineering requirements.
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3.4.2 Engineering Requirements

Link Data Rate Downlink data rate is impacted by four main factors: the size of the space
terminal transmission aperture, the power to the space terminal transmission amplifier, the
size of the ground telescope, and the link range. Due to baseline sensitivity requirements of
photon ring measurements, BHEX should be able to achieve a downlink data rate of greater
than 64 Gbps from its orbit.

Link range, the distance between the space terminal and the ground architecture, has one
of the largest impacts of the four main factors. Data rate scales inversely to the square of the
range, which means that slight increases in range have large negative impacts on the flux at
the ground station. Therefore, the medium Earth orbit intended for BHEX would be more
resource-intensive than a system designed for LEO, and we will consider this most resource-
intensive concept as the basis for analysis.

The design of the space terminal—mainly the size of the transmission aperture and the power
to the transmission amplifier—also impacts the data rate. As signal exits the terminal at a given
flux density, the total flux scales with the area of the aperture. Since aperture size is measured
in diameter, the data rate scales directly with the square of the aperture size. Additionally,
the power directed to the signal amplifier in the space terminal transmitter scales directly with
the data rate. Finally, we must account for differences in ground telescope area, which scales
directly with data rate. Telescope size is expressed in diameter, so data rate scales directly with
the square of the telescope size.

Taking into account these major design factors—power, aperture size, range, and ground
telescope size—we can develop an approximation equation for scaling where Ry, rg, ag, Fy, and
dy are the starting data rate, range, aperture size, amp power, and telescope size, respectively:

r2a® P d?

Riate = Ro5 555
r? a Py d?

(1)

By using this equation and data rate estimations from existing technology, we can calculate
which combinations of design parameters will result in a downlink rate of greater than 64 Gbps.
Crucially, we can also identify which parameters are scalable during the mission to optimize
resource use, since the transmitter will have varying data rate needs. Original link budget
calculations from various missions are calculated accounting for efficiency, atmospheric losses,
miscellaneous losses, and sensitivity, all of which are approximated to constants but can vary
with wide deviation from original measurements.

We must also contend with the fact that the signal will attenuate through the atmosphere
based on the alignment of the ground station and the space terminal, suggesting that some
overhead should be allotted in terms of the maximum achievable downlink data rate or the
availability of the ground stations. However, this is not examined more in depth in this study
beyond Figure 10.
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Figure 10: Throughput of TBIRD by elevation angle. Predicted TBIRD signal from LEO to a
40 cm diameter ground terminal using a 0.5 W transmitter and 1 cm transmission aperture.

The required uplink data rate is relatively small compared to the downlink data rate, as
BHEX only requires around 3 kbps. This uplink rate is driven primarily by an Automatic
Repeat Request (ARQ) system, which reduces bit error rate but requires the ground station to
send data back to the space terminal to verify the coherence of data transmission.

Latency and Bit Error Rate Latency and bit error rate are intertwined, as both are directly
related to the buffer system. Due to the large quantity of precision data that needs to be
communicated, we desire a latency of “semi-real-time” and minimal data loss, which can be
achieved using an ARQ method, which provides redundancy of data transmission for natural
data loss. As a result, data needs to be stored as it is transmitted with a data access rate that is
at least the downlink data rate. Not including overhead, onboard buffer storage should reach at
least 10 GB while the data access rate of the drive should reach at least 64 Gbps. However, ARQ
increases the latency, and a balance between the two can be achieved with sufficient downlink
and uplink data rates.

Availability Availability is dependent primarily on ground system architecture — how many
sites are used, where the sites are, and what percentage of the time will there be a cloud free
line of sight (CFLOS) to the space terminal. Optical communication can achieve high data
rates compared to its radio frequency (RF) counterparts, but it is particularly sensitive to cloud
cover.
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Figure 11: Probability of availability by ground system. Figure provided by Northrop Grum-
man, showing the probability of availability for an approximately 1 hour duration link from
Artemis II to ground stations located at White Sands Complex in New Mexico, JPL’s Table
Mountain Facility in southern California, and Goddard Space Flight Center. The probabilities
calculated assume that O20 has flexibility to schedule when it will establish a link during the
day; essentially it is the probability that a station will have CFLOS to the spacecraft sometime
during the day for ~1 continuous uninterrupted hour.

Nov  Dec

112° West
Sites Mean Availability
Haleakala 69.6
TMF 65.7
White Sands 58.7
Livermore 60.4
Haleakala, TMF 89.0
Haleakala, TMF, WSC 94.7
Haleakala, TMF, WSC, Livermore 97.3
Haleakala, TMF, WSC, Livermore, GSFC 98.4
Haleakala, TMF, WSC, Livermore, GSFC, Kennedy 99.1
Haleakala, TMF, WSC, Livermore, GSFC, Kennedy, McDonald Observatory 99.4

Table 6: Example site lineup assuming LCRD located at 112-degrees West, 20-degree minimum
elevation angle. Provided by Northrop Grumman, optimized over 1995-2015.

As seen in Fig 11, no one site will have 100 percent availability, but a combined 100 percent
availability is approachable by placing multiple ground stations at multiple locations. BHEX
scheduling needs will likely be very different, however the methodology remains the same. The
locations selected will need to have uncorrelated weather. Availability will be largely dependent
on location, but with two sites an 85 percent availability should be achievable. Four sites should
provide sufficient availability for BHEX to operate optimally, as demonstrated in Table 6.

In addition to the ground system architecture, availability is impacted by flight dynamics
since the elevation angle must be large enough to achieve throughput as seen in Figure 10. The
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orbit of the space terminal will determine how often the space terminal is at acceptable elevation
angles, and therefore determine how many ground telescopes are needed for adequate cover.

3.4.3 TRL Assessment
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Figure 12: Mission downlink capabilities given by data rate versus link range, color coded by
TRL. Green represents a mission that will be at least TRL 6 in the next year, while yellow
represents TRL > 6 in the next three years. BHEX Mission Concept is shown in red, not
expected to reach a TRL > 6 in the next three years.?324

Space Terminal Of the high speed buffer, the high speed interfaces, the modem with ARQ),
the high-power amplifier, and the optical module, the high-power amplifier and high speed
buffer are the main drivers. The TBIRD Modem with ARQ, which can be used for BHEX with
slight modifications, is TRL 9. The high-speed interfaces are also TRL 9. The 10 c¢cm optical
module, which needs to be modified to accommodate a high-power amplifier, is TRL 9. With
the modifications, all technologies can be determined to hold a TRL level of 3-6, due to the
necessity of modification of power, range, and other factors.

There are a variety of high-power amplifier options that present a variety of specifications
at different TRL levels.

Currently, there do not seem to be any buffers that support required data writing speeds,
thus the buffer is TRL 3, but this is a continued conversation with vendors.

Ground System The ground terminal consists of an optical telescope, modem with ARQ),
and a high speed ground interface to a data sink. All ground terminal aspects are TRL 6-8.
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3.4.4 Technology Development Path

For the BHEX optical communication system, the space terminal should include a high speed
buffer with high speed interfaces to the EHT sensor as well as to the communications module.
The communications module consists of a modem with ARQ, a high-power amplifier, and an
optical module (telescope). This technical assessment will go in-depth into the TBIRD Modem
and high-power amplifiers. The current BHEX concept for the space terminal requires a 10 cm
optical telescope aperture working in conjunction with a 70 ¢cm ground telescope and adaptive
optics.

The ground terminal consists of an optical telescope, modem with ARQ, and a high speed
ground interface to a data sink.

TBIRD Modem Case Study Using Eqn. 1, we can project an estimated data rate (Rgq) for
BHEX if it were to use any given mission’s technology with our desired mission parameters: r, a,
P, and d. TBIRD is the closest potential technology that would meet the mission requirements,
so we calculate the projected data rate below for BHEX parameters.

TBIRD is capable of 200 Gbps from LEO to a 40 cm ground terminal using a 0.5 W trans-
mitter with a 1 cm aperture.>® Moving TBIRD from LEO to GEO will decrease the signal
strength at the ground terminal approximately 10,000x. Increasing the aperture and telescope
sizes to 10 cm and 70 cm, respectively, will increase the signal strength by factors of 100 and
3, respectively. Overall, this results in an overall factor of 0.12x, which results in a data rate of
12 Gbps. This means simply adopting TBIRD technology with the proposed BHEX transmitter
and ground architecture parameters would not meet engineering requirements.

However, by scaling the power up or by further increasing transmitter aperture size and
the size of the ground telescope, sufficient data rates can be achieved. Increasing the telescope
size, increasing the power to the amplifier in the transmitter increases the data rate. As an
example, with a 0.7 m telescope size, 128 Gbps could be achieved with 10.7 W, not accounting
for overhead. Given this, a modified TBIRD modem would meet engineering requirements of >
64 Gbps.

High-Power Amplifiers Power is extremely scalable and amplifier power can be optimized
for efficiency and resource conservation based on how much data needs to be transmitted at a
time.

Currently, commercially available space-qualified amplifiers are only suited for up to 5 W of
applied power. As a result, 10 cm optical modules (the largest space-qualified optical telescopes)
have only been demonstrated up to 5 W. However, 10-15 W amplifiers are in development or
considered “low risk” by multiple vendors, which would allow for combinations of amplifiers to
achieve power goals in lieu of increasing ground telescope size. However, combinations of these
amplifiers would also require high-power wavelength division muiltiplexing (WDM).

For uplink technology, ground-based amplifiers supplied by PPM have been used for up to
50 W, which means they could easily be populated for 12 W loads. Using two would provide
redundancy and significant lifetime since they are built for 24/7 use over a 5-10 year period.
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Ground Telescopes Leveraging a network of large telescope facilities as downlink receivers
could provide adequate availability coverage while increasing the data rate of a TBIRD-inspired
space terminal. In addition to Keck, other telescope options include the Discovery Channel 4 m
telescope at Lowell or the University of Hawaii’s 2.2 m telescope on Mauna Kea. With these large
telescopes, however, the tradeoff between power and telescope size relative to data rate in Eqn.
1 falls apart since there is a power “floor” created by adaptive optics requirements. Therefore,
there are decreasing returns on increased telescope sizes. Additionally, these telescopes are not
optimized for optical communication, which creates a larger operating cost.

In addition to the large telescope network discussed above, a 70 cm Low Cost Optical Ter-
minal (LCOT) is currently in development at GSFC as a flexible optical terminal that is able
to support optical from LEO to Lunar ranges. The concept is to build a single design that
can support all optical communication missions from LEO to lunar distances, starting with a
70 cm diameter telescope, and making it modular and reconfigurable so that one system can
be quickly reconfigured to support different missions, with the goal of organically growing a
network of LCOTSs as they are needed. The vendor that supplied the telescope is interested in
the possibility of making 1-2 meter versions of the telescope. It has a COTS Adaptive Optics
system that is currently being tested at GSFC. This is extremely relevant to BHEX given that
going from a 70 cm telescope to a 1m telescope reduces the power requirement by a factor of
2, and using a telescope optimized for optical communication allows for lower error rates and
reduced power usage when in operation.

The total cost of the ground terminal network also depends on how many telescopes are
needed to achieve required availability.

Buffer The ARQ buffer needed for streaming downlink from GEO is different from LEO re-
quirements in that it always has a line-of-sight. In optimal conditions when the link is operating,
the buffer capacity does not need to be more than around 10 Gbps.

Previous discussions (2 years ago) between MIT-LL and vendors (SEAKR and 3Dplus) indi-
cate there are space-qualified solutions in the 10’s of Gbps range have flown. Further discussions
with commercial vendors suggest that the driver is the access rate, not the buffer size. Likely,
any buffer with 128 Gbps access rates will have storage on the order of 0.5 TB.

3.5 Discussion
3.5.1 Antenna

For antennas, we recommend based on current analysis of mass, cost, launch capacity, TRL and
surface roughness, to consider antenna sizes 3-5m in diameter, with a strong inclination to not
surpass a 3.5m diameter unfolding antenna. If the OASIS mission is selected in the upcoming
MIDEX cycle, we recommend re-evaluating this recommendation. Achieving a highly efficient,
lightweight model with a large aperture and high surface precision without compromising perfor-
mance may be challenging. The baseline design, a Gregorian configuration, or axially displaced
ellipse (ADE) optical design is a promising path. The unfurlable antenna manufactured by
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Airbus is up to par in its aperture size (ranging from 2.5-5 meters), but would need further en-
gineering development in its operating frequency, achieving a TRL of 4-6 is another promising
path.

Other solutions like the 1) The monolithic antenna is of optimal size (2.5 meters) and weight.
For this method to be successful in the future however, as demonstrated in the BLAST-TNG
TRL 4-6, 2) Northrop Grumman AstroMesh unfurlable mesh antenna, spans a large spectrum
of aperture size suitable for various applications. Its TRL is 4-6 due to its previous success rate
during over 10 orbiting missions. It reaches the BHEX mission’s required frequency, operating
at frequencies of 100-300 GHz. 3) the inflatable antenna system is a hypothetical solution for the
antenna, though the system is in early development. The system is conceptualized to operate at
sub-par BHEX mission frequencies, from 6 to 60 GHz. Since it has only flown in an experimental
mission aboard STS-77, the 77th flight of the Space Shuttle, whether it is qualified to perform
in the relevant environment and orbit of the BHEX mission is unknown. Its TRL is a 3-4.4)
We also assess the Microwave Limb Sounder (MLS) experiment, implemented in the NASA
Aura spacecraft in 2004. While this system is capable of operating in target BHEX Mission
frequencies, and even surpassed the stated maximum when used with heterodyne radiometers
in several frequency bands, the diameter is only 1.6 meters. If the aperture size proves to be
adequately sensitive for the relevant environments, the MLS system may be suitable for space
VLBI. Future tests are necessary to mature its TRL of 4-6 within three years. All four solutions
might not lead to a solution that could be mplemented within the relevant time scales.

3.5.2 Frequency Reference

The frequency reference both controls the synthesizer that generates the local oscillator frequen-
cies in the receiver as well as provides a clock signal for the digital back-end. The frequency
reference subsystem must meet three crucial engineering requirements. Firstly, the frequency
reference must introduce a coherence loss of under 10% on a timescale of 10 seconds (due to
atmospheric turbulence-induced phase noise fluctuations) at an observing frequency of 345 GHz.
Secondly, to be compatible with the receiver and the digital back-end, the frequency reference
shall output either a 10 MHz or 100 MHz signal. Lastly, the system must continuously measure
the drift of the reference oscillator with respect to absolute time, with a precision of 1 ps/sec
achieved when averaged over a period of 10 minutes, for the purpose of accurate data correlation.

Frequency reference options include the Active Hydrogen Maser, Ultra Stable Oscillator
(USO), Deep Space Clock, Intermediate-Scale Optical Clock, Optical Frequency Division of a
Cavity-Stabilized Laser, Optical Time Transfer, and the Microwave-based Time Transfer. For
precision timing we recommend further development of the intermediate-scale optical clock with
the USO as a back-up. This is due to the low TRL and high performance of intermediate-scale
optical clocks contrasted with the high TRL and inconsistent performance of the USO. If such
performance cannot satisfy the science team and mission requirements, we recommend adopting
and developing a stand alone Space MASER system yet suggest that for such a selection a
detailed budget is presented for the development.
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3.5.3 Optical Communication Overview

For optical communication, we recommend to utilize the largest available ground stations, as
well as adopting the TBIRD modems as a baseline and leverage the extensive existing heritage of
that system. Power amplifiers and other components will be evaluated in real time as the mission
configuration, and specifically its orbit, are established. We also find that expected development
costs might be prohibitive for an explorers class mission; therefore, a full cost analysis will be
required to support the selection of any specific solution to be established during the mission
architecture phase of this study.

Optical laser communication is advantages due to fewer diffraction losses, greater band-
width, and power flexibility. We projected LLCD, LCRD, TBIRD, Psyche, and Artemis II O20
missions onto BHEX requirements to gauge the most suitable timelines, cost, and TRL. we rec-
ommend establishing multiple ground stations at multiple locations. Four sites should provide
sufficient availability for BHEX to operate optimally. The TBIRD Modem with ARQ, which
can potentially be used for BHEX] is our closest potential technology, with a TRL of 6. The
high-speed interfaces and 10 cm optical module are TRL 6. All ground terminal aspects here are
TRL 8. However, the buffer is TRL 3, as none support the BHEX required data writing speeds.
Space apertures could span from 5-15 cm, while ground could span 30-80 cm, with power levels
between 1-10 W, for viable architecture solution that support the required data rates.
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