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ABSTRACT

This paper presents the first fully integrated design of a CubeSat-compatible sub-terahertz (sub-THz) ra-
dio payload for in-space communications at 225 GHz. Addressing the growing congestion in traditional
RF bands and the limitations of Free Space Optical systems, the proposed system leverages recent break-
throughs in compact high-frequency front-ends, horn antenna arrays, and RFSoC-based digital processing to
unlock multi-GHz bandwidths in the underutilized sub-THz spectrum. A detailed feasibility study confirms
link closure from low Earth orbit using state-of-the-art components, and the payload’s architecture is engi-
neered for real-time high-speed uplink/downlink under stringent CubeSat size, weight, and power (SWaP)
constraints. The proposed payload will fly aboard the TeralLink CubeSat mission, marking a critical step
toward operational sub-THz satellite links and ushering in a new era of broadband, high-frequency space

communications.

1 INTRODUCTION

In recent years, space-based communications and
networking have undergone a fundamental trans-
formation. What began with transmitting low-
resolution images in the post-Apollo era has now
evolved into distributed satellite networks support-
ing global internet connectivity. This is marked by
the deployment of multiple low-Earth orbit (LEO)
constellations of small satellites by government agen-
cies like the U.S. Space Force (USSF)! and the U.S.
Air Force (USAF),? as well as private efforts such
as Starlink and Project Kuiper. These constella-
tions aim to shape the future of both near-Earth and
deep-space communication. However, their success,
which requires broadband access links (uplink (UL)
and downlink (DL)) and cross-links (or inter-satellite
links (ISLs)) with each satellite,® relies heavily on
fast and secure communication payloads, which are
not always guaranteed due to tight size, weight,
and power (SWaP) requirements and/or spectrum
scarcity.

Furthermore, a growing interest in human explo-
ration of the cislunar environment, the lunar south
pole, and Mars over the next decade*® is driv-
ing the creation of new planetary science and deep
space exploration instruments.”® These advanced
instruments, designed for high-resolution imaging,
increased scientific data production, and poten-
tially even video streaming, also require significantly
higher data rates to stream the captured data back
to Earth and, thus, achieve mission success.

This exponentially growing number of science
missions and massive satellite constellation deploy-
ments is straining current space communication
methods both in terms of reliability and perfor-
mance. As a result, major infrastructures are al-
ready facing limitations and challenges. Early efforts
by major satellite partnerships like Apple-Globalstar
and Qualcomm-Iridium are limited to low data-rate
applications such as SOS text messages'? or a few
Mbps data connectivity if using a fixed Very Small
Aperture Terminal (VSAT),!! while NASA’s Deep
Space Network (DSN) mid-2010s congestion predic-
tions are becoming a reality.!? 3 Additionally, spec-
trum disputes among these service providers,'* as
well as concerns over the coexistence with Earth
exploration services!® have also arisen, mainly con-
strained by the limited spectrum below the Ka-band
(< 40 GHz).

To meet these increasing demands, new commu-
nication and networking solutions for the next gen-
eration of space communication systems are being
investigated.'®17 In particular, Free Space Optical
(FSO) communication, typically within the infrared
spectrum (187 to 400 THz or, equivalently, 750 to
1600 nm), is being explored to improve satellite data
rates.!820 The substantial bandwidth available at
this very high frequency plays to its advantage and,
presently, optical technology is more accessible and
mature, offering promising possibilities.?! However,
notable physical challenges persist. For ISLs, thin
laser-formed beams demand precise pointing, pre-
senting a substantial hurdle.?> For UL/DL, the chal-
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lenge is even larger: strong dependence on atmo-
spheric conditions becomes critical in signal propa-
gation and reception (e.g., scattering from molecules
and particles, turbulence-induced scintillation, and
beam wandering), even in clear-sky conditions.?3
These challenges captivate the research community’s
attention, spurring ongoing innovation in this do-
main.24-26

Alongside FSO, communication in the sub-
terahertz (sub-THz, 0.1-0.3 THz) and terahertz
bands (THz, 0.3-10 THz), which offer multi-GHz
portions of spectrum allocated to fixed, mobile, and
satellite communications, is regarded as a key tech-
nology to enable unprecedented data rates in, from,
and to space. In this direction, new architectures
based on distributed LEO CubeSat networks lever-
aging these spectrum bands hold the potential to
unlock the necessary breakthroughs in global se-
cure high-rate connectivity. By solving the spec-
trum scarcity problem, conquering this frequency
band will advance human space exploration of the
Moon and beyond, provide direct support for natural
disaster response, enable advanced climate change
monitoring, and more.?" 29

Sitting between the crowded radio frequency
(RF) spectrum and optics, the THz band offers
unique advantages over FSO communications while
providing similar bandwidth and data rates. In
UL/DL, state-of-the-art THz hardware can provide
less constraining pointing requirements, with THz
horn antennas capable of a 3 dB beamwidth in the
range of 13° with minimal footprint.3° Furthermore,
the sub-THz band can offer better channel condi-
tions with fewer losses compared to FSO, including
more than 60 dB lower spreading loss, 100 dB lower
clouds and rain attenuation, and negligible scatter-
ing and turbulence losses for LEO ULs and DLs.
Furthermore, molecular absorption loss, one of the
main concerns in (sub-)THz communication, can be
minimized by adequately selecting specific carriers
within the multi-GHz absorption-free bands present
in the THz band.3!

These present advantages over current and
emerging satellite communications technologies po-
sition the THz band as a very promising alterna-
tive to support new advancements in space com-
munications. Focusing on the sub-THz band as a
pioneering step, major regulatory entities, like the
Federal Communications Commission (FCC), are al-
ready allocating multiple portions of spectrum for
both Earth-to-space and space-to-Earth communi-
cations, including the 123-130 GHz, 217-226 GHz,
and 232-240 GHz bands.3? As mentioned, these al-
locations are conveniently located within strategic

absorption-free windows in the sub-THz band, mak-
ing them all the more appealing for next-generation
satellite communication systems.

Up until recently, the potential for THz in space
remained theory, due to the lack of hardware com-
patible with space. However, thanks to the rapid
advancement of THz technology, theoretical possi-
bilities have been brought closer to realization, and
the deployment of a space-based THz communica-
tions system is now possible. This paper presents
the first design of a sub-THz radio payload compat-
ible with CubeSat SWaP constraints, enabling UL
and DL access links in space at carrier frequencies
near 225 GHz with data rates exceeding 100 Mbps.

The remainder of the paper is organized as fol-
lows. In Section 2 we provide an in-depth review
of the state-of-the-art THz and sub-THz hardware
and highlight the optimal technological approaches
for its deployment in space. We determine the feasi-
bility of sub-THz links in space using such hardware
capabilities in Section 3. In Section 4, we detail
the payload design that can achieve such capabil-
ities and provide a preliminary characterization of
the payload components. Finally, in Section 5, we
summarize the main characteristics of the designed
radio and outline the planned steps to build the pro-
posed design and to deploy it for flight qualification.

2 STATE-OF-THE-ART HARDWARE
OVERVIEW

Over the past 15 years, THz communication has
become a possibility through the progressive narrow-
ing of the so-called “THz technology gap”. Techno-
logical breakthroughs in all main radio components,
mainly (1) antennas, (2) analog front-ends (mixers,
amplifiers, etc.), and (3) digital signal processing
(DSP) engines, have pioneered the first strides of
THz communication.?® As such, platforms packag-
ing these elements in the form of transmitters and
receivers capable of multi-GHz terrestrial point-to-
point links at sub-THz and THz frequencies are now
available.* In this section, we provide a comprehen-
sive review of the state-of-the-art for each of these
component categories and single out the best can-
didate approaches for the design of the first space-
ready sub-THz radio.

Antennas

Antennas are fundamental components of any
wireless communication system. Serving as the
interface between guided electromagnetic waves
and free-space electromagnetic radiation, they are
broadly categorized into (1) omnidirectional anten-
nas, which radiate energy uniformly in all directions
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and are ideal for applications requiring wide area
coverage; and (2) directional antennas, which focus
the energy in a specific direction to improve gain,
link margin, and overall communication range.

At sub-THz frequencies, the use of directional
antennas becomes essential. Due to significant free-
space path losses, omnidirectional antennas typically
cannot provide sufficient gain for reliable communi-
cation. As the physical size of any antenna must
be close to the wavelength of the desired resonant
frequency, the small < 3 mm wavelength at sub-
THz frequencies and beyond results in a very lim-
ited effective aperture and, consequently, minimal
captured power. The effective aperture A of an an-
tenna is related to its gain G and wavelength X as
described by the well-known relation:

)\2

=0

A (1)

For a fixed antenna size, as frequency increases
(and wavelength decreases), even compact apertures
can yield high gain, a crucial advantage for size-
constrained satellite platforms like CubeSats. For
instance, a 10 x 10 cm aperture (1U side) operating
at 200 GHz (A = 1.5 mm) achieves roughly a gain
of 47 dBi, much greater compared to the 21 dBi
gain attainable at 10 GHz. At even lower frequen-
cies, such as 3 GHz, the aperture size approaches
the wavelength, causing antennas to approach om-
nidirectional behavior.

Thus, to close the sub-THz link budget at or-
bital distances, high-directivity antennas are essen-
tial.3%:3%  Parabolic reflectors are commonly used in
space applications due to their relatively large gain-
to-aperture ratio. These systems use a feed element
(usually a horn) to focus energy onto a parabolic
dish, producing a narrow beam. However, due to
their size and mechanical complexity, they are not
suitable for small platforms like CubeSats.

Conversely, horn antennas by themselves repre-
sent a compact and efficient alternative for small
satellites. Their directivity can be further enhanced
using dielectric lenses, which focus the beam at the
horn’s aperture. For even more compact implemen-
tations, metasurfaces can be engineered to impart
specific phase profiles, which can replicate the fo-
cusing behavior of lenses with thinner, lighter struc-
tures.3”

Moreover, antenna arrays, that is, the combina-
tion of multiple identical antennas to achieve con-
structive interference in specific directions, provide
another route to achieving high gain at sub-THz fre-
quencies. Here, traditional substrate-based antenna

arrays, such as microstrip patches, which are popu-
lar at microwave frequencies for their low profile and
ease of integration, become significantly less practi-
cal at THz frequencies due to several limitations.
High dielectric and conductor losses, miniaturized
dimensions that make fabrication extremely sensi-
tive to tolerances, and the requirement for a large
number of elements to achieve sufficient gain, lead to
complex and lossy feeding networks for sub-THz fre-
quencies.>® For this reason, the candidate technol-
ogy for CubeSat antennas at such high frequencies
is arrayed horn antennas. These combine the inher-
ent directivity and low manufacturing complexity of
horns with the arraying factor to achieve very high
overall gain in compact footprints.3? 49

Nonetheless, working at THz frequencies intro-
duces several practical engineering challenges to
these designs. As feature sizes in the horns approach
the limits of modern machining capabilities, main-
taining precise manufacturing tolerances becomes
increasingly critical. These constraints not only af-
fect performance but also drive up fabrication costs.
At such small wavelengths, surface roughness and
material finish are also significant factors, as even
minute imperfections can adversely impact electro-
magnetic behavior. State-of-the-art precision ma-
chining can reliably achieve tolerances on the order
of tens of micrometers and fabricate features down
to a few hundred micrometers. With careful design
considerations, this level of precision is sufficient for
many sub-THz hardware applications.

When it comes to the materials utilized, gold
plating is frequently used in space applications due
to the absence of atmospheric oxygen, which elim-
inates the risk of oxidation. Gold offers excellent
electrical conductivity, chemical inertness, and high
reflectivity, all of which contribute to improved an-
tenna efficiency. Notably, for prototyping or cost-
sensitive applications, aluminum is a viable alterna-
tive due to its affordability, low machining complex-
ity, and acceptable conductivity for many practical
applications.

One paramount aspect of highly directional an-
tennas is their alignment. Antennas with 40 dBi
and 60 dBi gains (typical values in sub-THz link
budgets) exhibit beamwidths of approximately 2°
and 0.2°, respectively. Although challenging, align-
ment of such narrow beams is more manageable than
in optical communication, where pencil-like beams
reach micro radian (urad a~ 107°°) scales. Typically,
mechanical alignment is the most common solution
in both space-to-ground and inter-satellite links. On
the ground, parabolic antennas are often mounted
on steerable platforms that physically tilt the an-
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tenna toward the satellite. In space, attitude control
systems, such as gyroscopes or reaction wheels, are
used to ensure antenna alignment.

An alternative to mechanical steering is elec-
tronic beam steering, achieved through phased array
antennas. At sub-THz frequencies, these antennas
require complex chip designs due to the need for a
larger number of densely packed elements compared
to microwave arrays, with each element requiring in-
dividual feed control. To reduce this complexity, re-
configurable reflectarrays have been proposed as a
viable alternative.*! In these systems, phase control
is offloaded to a passive reflecting surface, enabling
fixed reconfigurability to be implemented off-chip.

Notably, both (sub-)THz phased arrays and re-
configurable reflectarrays face substantial challenges
in space. The active components typically used in
these systems, such as PIN diodes and varactors,
suffer from frequency cutoff limitations and are in-
creasingly affected by parasitic effects. These issues
lead to considerable insertion losses, typically in the
range of 10-20 dB,® significantly impacting their ef-
ficiency and scalability for practical high-frequency
space applications.

Finally, polarization is another critical factor in
high-frequency antenna designs. Linear polarization
is susceptible to degradation caused by atmospheric
effects, such as Faraday rotation and depolarization,
as well as by misalignment between antennas. Con-
sequently, circular polarization is often preferred, as
it provides greater robustness in dynamic or lossy
environments, such as space. Circularly polarized
(sub-)THz antennas can be implemented directly, al-
though they typically involve more complex designs.
An alternative approach is to use linear-to-circular
polarization converters. However, in small satellite
platforms like CubeSats, linearly polarized antennas
are often more practical due to constraints on size
and complexity. Although this results in a 3 dB po-
larization mismatch loss when communicating with
a circularly polarized counterpart, it is often an ac-
ceptable trade-off for simplifying the design and en-
suring reliable communication.

In summary, sub-THz antennas for CubeSats
must balance high gain, compact size, fabrication
feasibility, and alignment precision. For this reason,
linearly-polarized horn antennas and their arrayed
derivations stand out as the best candidate technol-
ogy for future spacecraft thanks to their low com-
plexity manufacturing, surface roughness efficiency,
and high performance.

Analog Front Ends

Analog front ends are a core component in any
satellite radio, serving as the primary gateway to
generate, modulate, filter, and amplify both out-
going and incoming signals. In them, three path-
ways exist for THz carrier frequency generation: in-
trinsic THz resonance (plasmonic approach), fre-
quency down-conversion (photonic approach), and
frequency up-conversion (electronic approach).*?

The first, a nascent but emerging method, fo-
cuses on the intrinsic generation of THz frequen-
cies through the excitation of plasma waves and
the propagation of surface plasmon polariton (SPP)
waves. Through the Dyakonov-Shur Instability,
plasmonic terahertz sources utilize oscillations of
electrons between asymmetric boundaries in 2-D
electron gases (2DEGs) within high electron mobil-
ity transistors (HEMTs) to directly generate THz
frequencies.*>  Plasmonic sources occupy an ex-
tremely small footprint, making them suitable for
use in nanoscale applications. Despite their low
power consumption, this form factor limits plas-
monic sources to only around 1uW of output
power.** Due to this, the plasmonic approach is nei-
ther viable nor well-suited for orbital link distances.

Conversely, the photonic approach consists of
methods that down-convert optical signals to THz
frequencies. Quantum Cascade Lasers (QCLs) are
one of the main photonic technologies that can in-
trinsically radiate at the upper end of the terahertz
band (~ 10 THz), reaching output powers in the
range of tens to hundreds of milliwatts at cryogeni-
cally cooled temperatures. However, QCLs have
stringent requirements to remain at these cold tem-
peratures, as at room temperature, output power
drops into the microwatt range.?®> Furthermore,
only non-coherent modulation with limited band-
width is possible with QCLs due to large transient
times.“6 Another photonic option is laser multipli-
cation, which is used to down-convert QCL optical
signals into the sub-THz band. An example of this is
frequency difference generation, which utilizes pho-
tomixers to combine two optical signals at different
frequencies and radiate the difference of the two by
filtering and amplifying the corresponding harmonic.
The conversion losses of such a photomixer limit the
output power to a few milliwatts and occupy a large
footprint.*” In other words, while respectable out-
put power levels can be reached with this approach,
it comes at a cost of system performance and SWaP.
Presently, due to the additional costs of tempera-
ture regulation, this approach is incompatible with
space-based applications.

Finally, in the electronic approach, THz oscilla-
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tion is achieved by frequency up-conversion through
various frequency multiplying stages. These fre-
quency multiplying circuits are analogous to active
RF mixers and can be implemented using various
nonlinear devices, including transistors and micro-
electromechanical systems.*> Notably, the use of
Schottky barrier diodes has been the most success-
ful multiplier technology.*® Pioneered at NASA’s
Jet Propulsion Laboratory (JPL), these multipli-
ers showcased record-breaking output power levels
and remain the dominant choice for electronic up-
conversion.*?

Concretely, output power levels in the sub-THz
band range from 100 mW to almost 400 mW in sys-
tems developed by JPL, Virginia Diode, Inc. (VDI),
and other groups. In the THz range, frequency up-
conversion is also possible, albeit output power de-
grades below 100 mW down to microwatt levels, re-
ducing the possible transmission distance.*? A sub-
THz design using this technology has been demon-
strated to achieve multi-kilometer, multi-gigabit-
per-second links,?® paving the way for even longer
link distances. Operating at 210-230 GHz with ap-
proximately 200 mW of output power, this sets an
important precedent for frequency up-conversion as
the primary candidate for an equivalent space-based
sub-THz implementation.

Therefore, among the three approaches, the elec-
tronic approach through frequency up-conversion is
the most promising alternative for enabling THz
space communication. Proven hardware is capable of
multi-kilometer multi-gigabit-per-second terrestrial
links,% and recent advancements have pushed out-
put power further beyond these feats and well above
its photonic and plasmonic counterparts. Addition-
ally, electronic-based sub-THz hardware is becoming
increasingly more compact, with engineering models
for a single front-end occupying around 1U of space.

Digital Signal Processing

At the heart of every radio lies a fundamental
separation between the analog and digital domains,
with DSP long recognized as more efficient, flexi-
ble, and adaptable than its analog counterpart. This
boundary is defined by the data converters—namely,
Analog-to-Digital converters (ADCs) and Digital-
to-Analog converters (DACs)-whose sampling rate
fs remains their most critical figure of merit as it
directly limits usable bandwidth. In recent years,
advancements in electronic circuit design have en-
abled sampling rates to exceed 100 Gigasamples-
per-second (GSps), thereby catalyzing the develop-
ment of ultrabroadband processing platforms that
can exploit the extensive bandwidth available in the

THz band. Thanks to these breakthroughs, most
contemporary ground-based THz testbeds can pro-
cess ultrabroadband signals (tens of GHz and be-
yond)'51—56

However, many of these platforms still rely on
non-real-time signal processing—where signals are
pre-generated at the transmitter and post-processed
after storage at the receiver—and typically require
bulky, high-end arbitrary arbitrary waveform gen-
erators (AWGs) and digital storage oscilloscopes
(DSOs), which are impractical for flight-qualified
systems. To address this limitation, cutting-edge
THz communication testbeds such as the TeraNova
platform at Northeastern University®® have begun
integrating novel DSP engines based on Radio Fre-
quency System on Chip (RFSoC) architectures.5”
An RFSoC is a highly integrated solution that com-
bines programmable logic (FPGA), high-speed data
converters (ADCs/DACs), and a processing system
(CPU/SoC) on a single chip. This architecture en-
ables real-time reconfigurability for custom DSP and
benefits from low-latency on-chip execution.®®: %9

While RFSoCs currently offer sampling rates on
the order of 10 GSps, one of their key advantages
is the ability to be embedded into compact sup-
port boards, often occupying footprints smaller than
1U. Thus, due to their exceptional performance-to-
SWaP ratio, they are the preferred candidates for
enabling high-speed THz communications in space.

3 FEASIBILITY STUDY

Considering the reviewed state-of-the-art hard-
ware, this section outlines the requirements neces-
sary for the design of the first sub-THz payload
compatible with CubeSat SWaP requirements. We
present an in-depth feasibility analysis of a sub-THz
link between space and Earth to establish threshold
markers and gauge performance capabilities. At or-
bital link distances (> 100 km), closing a sub-THz
link becomes challenging due to the large spreading,
absorption, and scattering losses. Recent advance-
ments, as outlined in Section 2, have made closing
the link at sub-THz frequencies possible.

In Table 1, we outline link parameters derived
from the reviewed state-of-the-art hardware. Based
on absorption windows and available FCC licens-
ing discussed in Section 1, a carrier frequency of
225 GHz (for downlink communications) is chosen.
Physical parameters are chosen to match the state-
of-the-art, assuming a 45 dBi satellite antenna gain
and 65 dBi ground station antenna gain. Addition-
ally, an output power of 315 mW (25 dBm) was used
as an estimate for a flight-qualified analog front-end.
Along with spreading loss, the presented analysis ac-
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Figure 1: Link analysis with state-of-the-art sub-THz hardware

counts for molecular absorption loss, L,;s, computed
as follows:

d(e)

Labs (fe, d(e))=exp l/o #(fe: Q(r), p(r), T(r))dr|, (2)

where f. is the carrier frequency, d(e) is the distance
between the satellite and the ground site, which
varies for different elevation angles e, and « is the
molecular absorption coefficient for the atmosphere,
which depends on the composition Q(r), the pres-
sure p(r), and the temperature T'(r) profiles. These
parameters, in turn, change along the propagation
path and elevation angle. These profiles, along with
the dependence of x on them, are obtained from the
ITU Recommendation ITU-R P.676-12%° as well as
Recommendation ITU-R P.835.5

The analysis models an orbit at 416 km altitude.
In line with common satellite link budget practices,
a safety margin of 3 dB is considered for link closure.
Other parameters include a 0.3 roll-off factor for the
Square-Root Raised Cosine (SRRC) pulse, as well as
a target Bit Error Rate (BER) of 107*.

Results are reported in Figure 1. In Figure 1la, we
determine the achievable bit rate for various modula-
tion orders at varying elevation angles, while, in Fig-
ure 1b, we show the link margin for varying elevation
angles at multiple combinations of symbol rate and
modulation order. Notably, only phase modulations
are considered due to their constant signal envelope.
That is, to maximize the output power of sub-THz
front ends, all the amplifiers operate close to their
saturation point. Thus, small variations in the am-
plitude of the input signals result in an inadequate

response of the amplifiers, resulting in less output
power. To avoid this, the input signals should have
a constant amplitude or envelope.

Table 1: Link budget parameters for state-of-
the-art sub-THz hardware

Parameter Value
State-of-the-art sub-THz hardware

Carrier Frequency 225 GHz
Maximum Symbol Rate 2 GBd
Transmit Power 25 dBm (315 mW)
CubeSat Antenna Gain 45 dBi
Ground Station Antenna Gain 65 dBi
Receiver Noise Figure 7 dB
Additional Parameters

Orbital Altitude 416 km
Link Margin 3dB
Roll-off Factor 0.3
Target BER 10—4

From Figure la, we observe that, while the
achievable bit rate is heavily dependent on eleva-
tion angle, as expected, the maximization of the bit
rate, thanks to large Signal-to-Noise Ratio (SNR),
is possible (for BPSK and at elevation angles past
65°). Furthermore, the power limitation of sub-THz
sources results in the highest bit rates only achiev-
able through the lowest modulation orders. Specif-
ically, 100 Mbps transmissions are achievable past
25°, with even higher bit rates of over 1 Gbps achiev-
able past 47°, only with BPSK and QPSK. While
sub-THz link performance is largely dependent on
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elevation angle—and thus by the specific ground sta-
tion pass experienced-high bit rates (> 100 Mbps)
can still be achieved even at relatively low elevation
angles.

In Figure 1b we find similar trends. The green
shaded region identifies the region in which a link
can be considered closed, i.e. elevation angles above
15° and link margins > 3 dB. Curves represent-
ing different combinations of modulation orders and
symbol rates enter this region at different elevation
angles. Directly at 15°, the link closes for the low-
est symbol rate considered (10 MBd) with BPSK
and QPSK. By 30°, multiple combinations of sym-
bol rate and modulation order are capable of clos-
ing the link, including both BPSK and QPSK at
a 100 MBd. Higher symbol rates and modulation
orders require much higher data rates to close the
link, with some combinations unable to cross the
3 dB margin. Nonetheless, through Figure 1 we de-
termine that the sub-THz link can close at low el-
evation angles and achieve high bit rates even with
the lowest modulation orders.

4 SUB-THZ PAYLOAD DESIGN AND
PERFORMANCE RESULTS

After the evaluation of the state-of-the-art hard-
ware and the observations drawn from the link bud-
get analysis, we conclude that sub-THz communica-
tion is ready for space. In this section, we propose
the first design of a sub-THz transceiver that show-
cases the necessary characteristics to realize this op-
portunity. While it is not the focus of the present
manuscript, we note that the proposed design is part
of Northeastern University’s TeralLink CubeSat mis-
sion, which will utilize this payload to close a sub-
THz satellite UL and DL for the first time.

As such, specific design choices and payload op-
erations discussed follow the requirements necessary
to achieve mission success, as defined by TeraLink’s
mission success criteria. Key mission factors in-
fluencing the radio design include the satellite not
performing direct decoding of sub-THz signals, but
rather capturing raw 1/Q samples through a sepa-
rate telemetry, tracking and control (TT&C) link,
as well as aligning SWaP considerations for a 6U
form factor. Additionally, the payload will be ex-
pected to operate at symbol rates and modulation
orders outlined in Table 2, in line with the show-
cased link analysis. Aside from these specifics, the
proposed design aims to showcase the potential for
implementing sub-THz communication payloads in
space-based applications beyond this mission.

Table 2: Payload symbol rates and modula-
tion orders

Modulations Symbol Rates (Rs)
BPSK 10 MBd

QPSK 100 MBd

8-PSK 1 GBd

16-PSK

Antenna Design

Based on the trade-offs discussed in Section 2,
the horn antenna array is selected as the most suit-
able solution for spacecraft integration. In particu-
lar, we constrain the design to fit within a 1U Cube-
Sat footprint, minimize weight, and achieve a target
gain of approximately 45 dBi. Key design consider-
ations include physical size, weight, gain, efficiency,
and fabrication cost.

In this section, we present the horn array con-
figuration, describe its structure, and provide elec-
tromagnetic simulation results obtained using Altair
Feko to demonstrate its potential to achieve high
gain with the constraints of a CubeSat platform.

f =220 GHz

NXN = 16x16 = 256

Figure 2: Horn antenna array
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Figure 3: Simulated radiation pattern of a
16x16 horn antenna array at 220 GHz.
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Since individual horn antennas already provide
high directivity, fewer elements are needed to reach
target gains when arraying them. Specifically, we
propose a 220 GHz horn design with a length of
L = 10 mm and a flare width of A = 5.5 mm,
which achieves a gain of 21 dBi. A 16x16 array of
these horns is then arranged within the 10 cmx10 cm
frontal aperture of a 1U CubeSat, thus resulting in a
theoretical array factor gain of 24.08 dB, and, thus,
a total gain of 45.08 dBi.

We validate this using Altair Feko. The 16x16
array, shown in Figure 2, is confirmed to achieve a
peak gain of 45.07 dBi. The spacing between each
horn is set to s = 6 mm. The corresponding E-plane
and H-plane radiation pattern results are shown in
Figure 3. From the plot, a side-lobe level of 7.07 dB
is observed, with secondary lobes appearing at an
angle of 13° from broadside. The 3 dB beamwidth
is 2°. It is worth noting that, in practice, some per-
formance degradation is expected due to fabrication
tolerances and conduction losses.

While these results showcase high gain, efficient
use of aperture, and compact integration, the main
design challenge lies in the feeding network of the
horns, which must ensure equal amplitude and phase
at each element. This can be implemented using
power dividers or multiple synchronized sources. De-
spite this added complexity, the horn array requires
less intricate feed design and fabrication compared
to arrays based on quasi-omnidirectional elements
such as patch antennas. In those cases, a signifi-
cantly larger number of elements would be needed
to achieve comparable gain, and the element dimen-
sions become comparable to the wavelength, further
complicating the design and integration.

Additionally, horn antenna arrays are well-suited
for fabrication using conventional CNC machining,
which provides the necessary dimensional precision
and surface finish at sub-THz frequencies. With
tolerances on the order of tens of micrometers and
minimum feature sizes in the few hundred microm-
eter range, CNC machining can reliably produce
the ~0.5 mm waveguide apertures required in this
design—these being the most critical dimensional
constraints. This makes CNC a practical and cost-
effective alternative to more advanced micromachin-
ing techniques.

Analog Front End Design

In Figure 4, we report the preliminary design for
the analog front-end of the proposed payload. Oper-
ating at 210-240 GHz, this design utilizes Schottky-
diode frequency multipliers to upconvert a shared
variable local oscillator (VLO) signal ranging from

24-26 GHz. Modulation occurs through an in-phase
and quadrature (IQ) mixer fed by both the encoded
baseband signal from the RFSoC and the variable
oscillator output. The resulting modulated inter-
mediate carrier is then upconverted by a factor of
three and filtered prior to feeding the Tx antenna.
In reception, the signal is downconverted through an
1Q demodulator fed by the multiplied output of the
local oscillator at sub-THz frequencies. This splits
the received signal into separate I and Q streams,
which are fed into the RFSoC for baseband process-
ing. Two separate carrier frequencies are chosen for
transmitting and receiving in line with current FCC
regulations in this sub-THz band.3?

I 1/Q Mixer

09 235 GHz

VLO

(~24-26 GHz) B Transmit

B Shared
B Receive

X 0 221 GHz

1/Q Mixer

I H
0

Figure 4: Preliminary sub-THz analog front-
end block diagram

Direct up/down conversion, i.e. IQ analog mix-
ing, was chosen for its ability to boost overall system
bandwidth and enhance post-processing capabilities.
Mixing through Intermediate Frequency (IF) archi-
tectures requires the digital modulation of an IF car-
rier, thus generating a sideband image of the trans-
mitted signal, and reducing the usable bandwidth of
the RFSoC’s data converters by 50 %. Conversely,
modulating the carrier directly from digital base-
band, IQ mixing inherently avoids these spectral im-
ages and enables greater utilization sampling rate of
the data converters. Furthermore, conversion losses
are hence reduced in IQ mixing as less signal power
is wasted on undesired images, thus improving over-
all power efficiency.

Digital Signal Processing Engine

The DSP engine selected for both data con-
version (analog-to-digital and digital-to-analog) and
subsequent signal processing tasks is an RFSoC. As
indicated in Section 2, RFSoCs provide high-speed
data conversion capabilities, reducing reliance on ex-
ternal RF front end components, while meeting the
required speed and achieving the necessary SWaP
efficiency.

Figure 5 illustrates the proposed baseband sig-
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nal processing design and its key functionalities. As
discussed, data conversion is performed directly at
baseband to maximize the usable bandwidth within
the first Nyquist zone of the converters, as employ-
ing IF digital upconversion would reduce the usable
bandwidth by half. As shown, the current sampling
rate (fs) configuration enables at least four sam-
ples per symbol (SPS) at symbol rates (Rs) of up
to 1 GBd, providing sufficient resolution for high-
fidelity digital modulation schemes (SPS = f,;/R;).

Sample rate
4.096GSps

DAC-1 >

1-bit data

Symbol data
RFSoC <1.024Gbps | <1.024GBd

Pre-recorded data:

8 )
5 Header il _§ g
2 = = < el
3 Pilot =) Zl |2 5
o (=] 3 )
8 g o 2 ‘E
e Data Packet 1 g ) S E D S
= oo 3] =
=] Data Packet N %o
s - =
2] End of Frame M__Rs | g
5 ! :

Frame [*]-ADRC-L

H DDR Memory [« Recorder I

Detector []"ADC-Q

Figure 5: Overview of the high-speed digital
signal processing engine.

As indicated in the figure, the RFSoC is the com-
ponent of the payload that interfaces directly with
the On Board Computer (OBC). Communication
between the two is established via a TCP connection
over Ethernet using an RJ-45 connector. In the for-
ward direction, the OBC is programmed to control
the RFSoC by issuing commands to power it on or
off, configure the upcoming experiment parameters,
and initiate or terminate transmission or reception.
The experiment configuration includes parameters
such as symbol rate, modulation scheme, and cod-
ing strategy, as defined by the design requirements
outlined in Section 3. In the reverse direction, the
OBC retrieves the stored 1Q samples resulting from
an uplink experiment.

Inside the RFSoC, the following functions are
performed in transmission:

e Frame Definition: The process of struc-
turing data into a well-defined format before
transmission. It selects the corresponding data
packet to be transmitted and appends the rest
of the frame fields (Header, Pilot, and end of
frame (EOF)) before the next block.

e Coding: Encodes the transmitted bits by
adding redundant information that will help
the receiver decrease the probability of an er-
ror in a demodulated bit. Currently, linear
block codes like Polar Codes or Low-Density
Parity Check Codes are utilized due to their

efficient implementation in transmission (ma-
trix multiplication).

e Modulation: This block converts digital data
(bits) into a waveform suitable for transmis-
sion by the phase of the carrier signal. The re-
sulting outputs are complex values represent-
ing the amplitude and the phase of the signal
to be transmitted. These complex numbers are
sent to the Analog Front End by separating
the real and imaginary parts as the In-phase
(I[n]) and Quadrature (Q[n]) components of
the signal, respectively.

e Pulse Shaping: Smooths the transmitted
signal to improve spectral efficiency, ensuring
the signal minimizes its used bandwidth with-
out excessive distortion. This greatly enhances
the SNR at the receiver, as the bandwidth of
the filter used in reception is greatly reduced,
thus minimizing in-band noise. A SRRC pulse
with a roll-off factor o = 0.3 is utilized.

Conversely, since the resulting data product from
an experiment of the TeraLink mission is directly the
1Q samples of the received signal, the architecture of
the receiver is much simpler, consisting of a Frame
Detector, a Recorder block, and the Double Data
Rate (DDR) memory:

e Frame Detector: In charge of detecting the
incoming frames and enabling recording only
when packets are detected, thus utilizing mem-
ory efficiently.

e Recorder: Performs sample averaging when
possible, and records the captured samples in
the DDR memory of the board. The record-
ing time is configured according to the modu-
lation order, symbol rate, and coding rate of
the transmission, as these parameters uniquely
define the duration of the transmission.

e DDR Memory: Stores the received 1Q sam-
ples to be read from the OBC.

The proposed radio is designed to transmit a sin-
gle type of frame, focusing on simplicity and robust-
ness. Concretely, the transmitted frames will have
the following fields:

e Header Preamble (128 bits): The header
is a short sequence at the beginning of each
transmission that allows the receiver to recog-
nize the start of a valid data frame. It ensures
synchronization so the data is processed cor-
rectly.

e Pilot Sequence (256 bits): The pilot se-
quence consists of known reference signals em-
bedded in the transmission. These signals al-
low the receiver to measure and correct for any
distortions caused by the space environment or
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communication channel, improving data accu-
racy. Golay sequences will be utilized for this
purpose.

e Data (1024 bits): This is the main content of
the transmission, which is utilized to compute
BER measurements and assess the correct or
incorrect demodulation of the transmitted in-
formation. The content of this field consists of
pre-recorded data on board the RFSoC, cur-
rently consisting of a low-resolution JPEG im-
age.

e EOF Preamble (32 bits): A predefined se-
quence marking the end of a transmission. It
ensures the receiver correctly identifies where
the data frame finishes, preventing partial or
misinterpreted messages.

The total length of the frame is, thus, 1440 bits.
Assuming the transmission of an image occupying
236kB (mid-low resolution JPEG image), we derive
the expected data to be generated per transmission.
With 1024 bits of image data per frame, a total
of 1844 frames are expected per transmission. The
maximum amount of data generated will occur with
the slowest transmission symbol rate (Rs = 8M Bd)
and modulation order (M = 2), as the transmission
will take more time and, correspondingly, more sam-
ples will need to be acquired and stored. Assuming
the sampling rate of 4.096 GSps, a sampling reso-
lution of 14 bit/sample, a sampling time margin of
50%, and a sample averaging factor of 128, the max-
imum amount of data generated will be 55.92 MB.

The specific RFSoC selected for the proposed de-
sign is the third-generation AMD Zynq UltraScale+
RFSoC, specifically the ZU48DR. This device sup-
ports 14-bit DACs operating at up to 10 GSps and
ADCs at up to 5 GSps. These sampling speeds
allow for signal bandwidths of more than 1 GHz
while satisfying the Nyquist theorem, thus allow-
ing for the implementation of the data-rates out-
lined in Fig. 1. The chosen carrier board is the
HTG-ZRF8 from HiTech Global, which integrates
the data converter interfaces directly on the main
board, eliminating the need for external daughter
cards. This integration results in a compact foot-
print of just 11 x 17 ¢cm?, significantly enhancing the
overall compactness of the payload. Current power
consumption estimates fall between 5 and 10 W.

Performance Analysis

An important factor to consider for any satellite
hardware is power consumption. In the space en-
vironment, available power is highly restricted and
must be carefully allocated to all onboard systems.
These constraints arise from factors such as orbit,

duty cycle of the experiment, satellite size, and ef-
ficiency of power generation among others. Table 3
summarizes a preliminary power analysis for the pro-
posed sub-THz payload from estimates of the state-
of-the-art.

Table 3: Preliminary power analysis of state-
of-the-art sub-THz hardware

Component Power Draw
Analog Front End

Power Amplifiers 2x5W

x3 Multiplier 2x02W
Local Oscillator 8 W

Mixer ow

Low Noise Amplifier <02W
Digital Signal Processing

RFSoC 5-10 W
Total Power 23.6-28.6 W
75% DC-DC Efficiency 31.5-38.1 W

Despite the relatively high power draw for this
payload, these values are well within the consump-
tion of similar high data-rate-seeking missions. At
the current state-of-the-art for FSO payloads, power
consumption for terminals range from around 10 W
to as high as 100 W, with a median value of 23 W.52
Achieving lower data rates, commercial satellite
communication systems operating in X-band and
Ka-band have power draws that fall within similar
ranges.%3 6% Although the power draw for this sub-
THz payload requires mission design to ensure that
a satellite can support its operation, this design is
not uncommon given the state-of-the-art for other
high data-rate communications systems for space.

In addition to power draw, an essential parame-
ter for the payload is RF output power. Before flight,
it is necessary to validate link budgets through ex-
perimental analysis of the satellite performance. As
such, the TeraNova, testbed platform® was used to
evaluate the output for a 225 GHz transmitter built
by NASA JPL, utilized for previous multi-kilometer
tests,”® and a candidate engineering model consid-
ered for the flight design discussed earlier in this
section. Measurements were taken utilizing the VDI
PMS5B power meter connected directly to the output
of the transmitter, with the conversion losses of the
equipment factored into the results. A sweep of the
local oscillator frequency was carried out in steps of
2 GHz for different bias voltages to the final multi-
plier to observe the output power through the full
frequency range of the front ends.

The results, reported in Figure 6, indicate that
current engineering models for the proposed fre-
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quency bands can reach high output power levels
required for long link distances. Additionally, these
front ends were developed over 5 years ago, and as
indicated in Section 2, recent advancements in sub-
THz analog technology have pushed output power
beyond these measurements. For a finalized flight
model with the current available hardware, output
power levels can push well beyond these results into
the range of 315 mW (25 dBm).

25
20
— 15
£
g 10}
8 5¢
3
& 0f
3 —20 VDC
g5 —22.5VDC
S ol 25 VDC
—27.5VDC
15t —30 VDC
-20 : : : : :
210 215 220 225 230 235 240

Output Frequency [GHz]

Figure 6: Output power sweep for 210-240
GHz JPL front-ends at different bias values
in the final tripler

Volume Analysis

Regardless of the type of mission, whether small
satellite or much larger spacecraft, volume is an es-
sential factor to consider if a system is space-ready.
For communications, hardware must coexist with
not only the satellite’s vital avionics and payload
but also other systems that might be used for indi-
vidual purposes (beacons, telemetry, control, etc.).

Up until recently, an end-to-end sub-THz sys-
tem was not compatible with a satellite form factor
due to bulky AWGs and DSOs required, as well as
inefficiently packaged engineering model front ends
designed for in-lab testing. The advancement of
terahertz hardware, mainly the advent of compact
RFSoCs and commercially available sub-THz front
ends, has greatly reduced the footprint that these
systems occupy.

By selecting candidate hardware from the state-
of-the-art, a preliminary volume analysis is estab-
lished. Beginning with the antennas, two identi-
cal horn antenna arrays (one for transmitting chain
and one for receiving) can be used with each (if
considering a 16 x 16 array) estimated to occupy
around 9 cm X 9 cm surface area with a 2 cm thick-
ness. Next, a current engineering unit for the ana-

log front ends, as utilized for results in Section 4,
occupies 17 cm x 8 cm X 9 cm for transmitting, and
14 cm X 7 cm x 7 cm for receiving. Finally, third-
generation AMD Zynq UltraScale+ RFSoC, as dis-
cussed in Section 4, will occupy around 11 x 17 cm?.
This reaches a total upper bound in volume of
around 3.6U, as this does not consider further ef-
ficient packaging and design that will be used for
the flight unit.

In comparison with similar high-frequency com-
munications systems like optical terminals or Ka-
band radios, this volume estimate is comparable
with other novel communications-focused missions
like NASA’s TBIRD optical payload, which occu-
pied a 3U volume on a 6U CubeSat.5” Notably, this
payload will be the first of its kind, meaning further
iterations and improvements to a potential commer-
cial off-the-shelf (COTS) model for a sub-THz com-
munication system may reduce this volume.

5 CONCLUSIONS AND NEXT STEPS

In this paper, the first design of a sub-THz ra-
dio for satellite communications is presented. Along
with a review of the state-of-the-art sub-THz tech-
nology, including antennas, analog front-ends, and
DSP engines, we show that sub-THz communica-
tions is nearing readiness for space-flight. Selected
hardware parameters are confirmed to close a link
from/to LEO with bit rates exceeding 100 Mbps.
Additionally, power and volume estimates are an-
alyzed and found to be comparable to much lower
data rate communications payloads using alterna-
tive technologies in the optical and RF bands. Fi-
nally, block diagrams for individual components of
the payload, as well as hardware characterization
results, are presented, proving that flight-ready sub-
THz hardware is just around the corner.

Immediate next steps include end-to-end inte-
gration and verification of the proposed design, fol-
lowed by experimental validation. For this purpose,
a functional prototype will be implemented with ex-
isting non-flight-qualified hardware, while the flight-
qualified version will be designed in parallel based on
the obtained learnings. The flight radio will be as-
sembled in an adequately rated clean-room environ-
ment and integrated with Northeastern University’s
TeraLink CubeSat mission, which is slated to launch
in 2027 through NASA’s CubeSat Launch Initiative
(CSLI)%® (referred to as THIS-SAT).

The successful deployment and in-orbit verifica-
tion of the proposed sub-THz radio will mark a new
era in satellite communications by unlocking under-
utilized spectrum and alleviating congestion in the
overcrowded RF bands. While future iterations will
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focus on increasing the Technology Readiness Level
(TRL), dedicated designs for ISLs will require tar-
geted adaptations. Ultimately, the validation of sub-
THz and THz high-data-rate payloads in space is
poised to redefine satellite networks and constella-
tions, paving the way for advanced research in areas
such as estimation and equalization of the (sub-)THz
satellite channel, MAC protocol optimization, and
space Internet routing, to name some.
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