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Abstract—This work presents the first space-borne joint commu-
nication and sensing (JCS) platform, capable of performing at-
mospheric humidity sensing while simultaneously transmitting
to a Ground Station receiver. Atmospheric sensing is performed
through the Differential Absorption Radar approach, which
requires transmission at high frequency/high absorption peaks
(183 GHz). These frequency requirements are met thanks to
the use of state-of-the-art sub-terahertz (THz) frontends, which
are also leveraged by the communication system. The proposed
design also leverages the latest advancements in wavefront en-
gineering and uses a passive deployeable intelligent reflecting
surface (IRS) on board of the satellite to simultaneously combine
the communication signals with the sensing signals without in-
terference (orthogonal mode multiplexing). The resulting sytem
design performance is evaluated through simulation, achieving
up to 400 Gbps and 160 Gbps for output powers of 3 W and
500 mW, respectively.
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1. INTRODUCTION

With the rise of satellite constellations, advances in wire-
less communications such as high-throughput space-based
Internet are becoming a reality [1]. New telecommunication
architectures are even starting to consider the use of CubeSats
as part of the 6th-Generation (6G) infrastructure to connect
users with high-speed Internet access, leveraging frequencies
in the Terahertz (THz) Band (0.1-10THz) which offers large
available bandwidth as well as small antennas, capitaliz-
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ing on small CubeSat form factors [2]. While this thrust
has been fruitful towards terabit-per-second (Tbps) wireless
communications, it has raised concerns among the remote
sensing community [3]. Here, the highly frequency selective
absorption peaks in the THz band have long been utilized to
provide Earth Exploration Satellite Services (EESS). Major
concerns have been raised about the potential coexistence
problem between the remote sensing community and the
satellite communications industry for the usage of the yet
unlicensed THz portion of the spectrum in space.

Recently, based on enabling high data rate communication
[4] as well as high-resolution sensing [5], the concept of
joint THz communication and sensing (JCS) in space has
been proposed as a candidate solution [6]. In our vision, we
see an opportunity to deploy satellite constellations operating
in the THz band, enabling space-based cellular and Internet
connectivity, while also leveraging the same hardware to
perform atmospheric sensing. While such satellites offering
dual functionality without relying on separate payloads can
reduce real estate and power demands, when designing the
payloads the main challenge is that waveforms suitable for
communications are often undesirable in sensing, while the
waveforms suitable in sensing are often inefficient for com-
munications.

In this paper, we present a CubeSat system design that
enables JCS capabilities through a THz communication sys-
tem and Differential Absorption Radar (DAR), a state-of-
the-art THz-based remote sensing technique. The CubeSat
further employs an intelligent reflecting surface (IRS) that
can be deployed for a highly effective aperture. As shown
in Figure 1, the utilization of the IRS allows not only an
increase in the gain but a customized wavefront engineering
opportunity, through which novel properties of electromag-
netic (EM) waves can be exploited [7, 8]. A particular
configuration of interest are vortex—beams which carry orbital
angular momentum (OAM) [9], whereby signals in the same
time, frequency and space channels can be multiplexed and
demultiplexed through distinct OAM modes [10]. With such
orthogonality guaranteed by the physics of the wavefronts,
the design of waveforms for sensing and waveforms for
communications can be completely decoupled.

More specifically, in the proposed design, three feed-horns
with the same spatial-temporal-frequency channel are utilized
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to receive/transmit three signal streams by pointing them
towards an IRS onboard the same satellite. The IRS is parti-
tioned into different sections, each of which acts as a passive
(no RF chains), programmable reflector that is, effectively,
a wave-generating and receiving aperture for and from a
particular feed horn, exploiting the time-reversal symmetry
of wavefront engineering [11]. The proposed reflector design
is based on the recent advances in wavefront engineering,
allowing simultaneous transmission of signals incident on
each partition within the IRS, with the same frequency and
in the same direction, by adjusting their OAM mode order.
The mode of order zero (the conventional Gaussian beam)
is utilized with a waveform that meets the requirements of
DAR, while the rest of modes are reserved for waveforms
that maximize the transmission data rate. At the receiver side,
the same process is performed in reverse, exploiting the time-
reversal symmetry of the design.

The rest of the paper is structured as follows: in Section 2
we introduce the general architecture and operation of the
proposed CubeSat design. In Section 3 we provide the
technical specifications and operation of both the sensing and
communications funcionalities while in Section 4 we detail
the design principles of the proposed IRS panel. In Section 5
we evaluate the hardware design limitations imposed by
the CubeSat standard form factor and choose the adequate
size for the proposed design. In Section 6 we present the
simulation results of the proposed design when transmitting
to a Ground Station (GS) receiver. Finally, in Section 7 we
draw the main conclusions and findings of this study.

2. SYSTEM DESIGN

In this section we break the system design description into a
general overview of the system functionalities. The specific
technical details that enable each of those functionalities are
included in Sections 3 and 4.

The proposed system consists of a CubeSat-standard-
compatible satellite designed to transmit information to a
ground station receiver while simultaneously acquiring in-
formation about the atmospheric conditions at the moment
of transmission. Figurel schematically depicts the satellite
shape. Similar to the design in [12], the satellite consists
of three feed antenna horns pointing towards a three-fold
foldable IRS. Figure 2 schematically describes the system
operation and functionalities. Each of the antenna horns point
towards one of the three partitions of the IRS, creating three
spatially multiplexed channels. Each feed-horn is connected
to an adequately designed circulator, which eliminates the
need of separate antenna horns for transmission and recep-
tion, respectively, essentially minimizing the real-state of the
three independent transceivers.

One of the three channels is dedicated to perform remote
sensing of the atmosphere humidity. In particular, the satellite
uses the Differential Absorption Radar (DAR) concept to re-
trieve humidity profiles along the beam path, capturing water-
vapor density measurements inside clouds, and column-
integrated water-vapor measurements in-between cloud lay-
ers and the Earth’s surface [13]. The operation details of DAR
are described in Section 3.

The other two channels are reserved for information trans-
mission to the ground station receiver. Equipped with ad-
justable bandwidth and adaptive modulation based on the
satellites position, each channel leverages state-of-the-art RF
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Figure 1: Satellite schematic model after deployment, with
multiple feed horns and an intelligent reflecting surface (IRS)
that can enable wavefront engineering.

transceivers similar to the ones utilized in the TeraNova test-
bed at Northeastern University [14], with up to 20 GHz
bandwidth allocated in the sub-THz band. As we describe in
Section 3, the adjustable bandwidth can be increased when
the desired Eb/Nj can still be met, up to the hardware
limitation of 20 GHz. The details of the communication
payload operation are specified in Section 3.

The signals from the feed-horn illuminate an intelligent re-
flecting surface (IRS), which acts as a large aperture device,
significantly increasing the beamforming gain. However, in
such a setup, we must consider two fundamental limitations:
(i) The gain from an aperture has a diminishing return - as the
size of the IRS increases, the additional gain increase is not
proportional to the corresponding size increase, as shown in
Figure 5; (ii) the three independent channels from the three
feed-horns are designed to operate at the same frequencies,
and thus will interfere with each other [15].

To simultaneously address both these issues, the IRS is
partitioned into three subsections, in which each subsection
interacts with the signals from a particular feed-horn. Thus,
the limited real-estate of the IRS aperture is distributed
equally into three partitions, of which two are utilized for
communications, and one is utilized for sensing. Further,
in addition to providing a beamforming gain, the individual
subsections of the IRS are configured to implement a phase
transformation matrix on the incident Gaussain beams, infus-
ing them with a distinct Orbital Angular Momentum (OAM).
The signal which carries the sensing waveform is left unal-
tered, whereas the two communication streams are provided
with equal, and opposite OAM. Distinct OAM modes exhibit
zero spatial cross-correlation with each other - thereby, OAM
multiplexing achieves the same increase of data rate as perfect
coding gain in uncorrelated MIMO channels.

Authorized licensed use limited to: Northeastern University. Downloaded on June 07,2024 at 21:04:01 UTC from IEEE Xplore. Restrictions apply.



I Satellite I Channel I Ground station —|
Comms
R
1
1 )
: Circulator 1 \ RS o
! | \\ ) dc o from
I : & \\ ydrometeors Precipitation
X -
1 Dlgltally' ' H @ Ground station
| modulated signal Cireul I receiver with a similar
! processing reufator RS
1 1 ‘/
1
1
I
1
- _S_ TTTTTTTTTT T / / Attenuated
ensing )
il OAM-combined // signals
: beam
I DAR Signal
: processing
1
1
1
1

Figure 2: Spaceborne Joint Communication and Sensing system design and operation in transmission. The IRS operation is
shown as a phase transformation matrix for visual convenience.

3. SIGNAL GENERATION — WAVEFORMS
Differential Absorption Radar

Differential Absorption Radar (DAR) is a mono-static re-
mote sensing technique used for the acquisition of density
measurements at different ranges of the radar (known as the
density profile) of any substance in the atmosphere whose
molecular composition causes high absorption of electro-
magnetic waves at a small range of frequencies, or what
is known as an absorption peak or line. DAR is the RF
reciprocal of Differential Absorption LIDAR (DIAL), which
operates at optical frequencies. The main benefit of DAR over
DIAL is its profiling capabilities inside clouds, as opposed
to DIAL, which is only capable of obtaining density profiles
in clear-sky conditions. More specifically, because of their
frequency range and corresponding range of wavelengths,
signals sent by DAR originate echoes from the hydro-meteors
that form clouds and precipitation, while for DIAL signals,
the echoes of interest originate from atmospheric aerosols and
are completely absorbed in the presence of clouds.

In this work, the substance of interest is the water vapor
present in all layers of the atmosphere. DAR enables two
distinct measurement capabilities for water vapor: (1) the
density profile inside clouds, and (2) the column-integrated
water vapor (IWV) between the radar and the first cloud layer,
or in-between cloud layers. This last type of measurement is
of interest because in the absence of clouds, the only echo
received at the radar is the return from the first cloud layer,
or the Earth’s surface, in case of an airborne DAR platform.
In this section we provide some insights on the specific
waveform used by DAR to obtain these two measurements
and the expressions to measure the performance of the echo
acquisition, as well as some background on how the density
and IWV measurements are retrieved from the received radar
echoes.

In general, two major steps are required to operate DAR: first,
reflectivity data, or radar echoes, need to be acquired through
the radar system; and, second, two different retrieval method-

3

ologies are applied to obtain the density profile measurements
and the IWV measurements, respectively.

Radar echo measurements—The radar instrument required to
obtain the measurements for DAR basically needs to transmit
signals at two separate frequencies alternatively, one as close
as possible to a water vapor absorption line, called on-line
frequency, and one at a comparably low absorption frequency,
either at a higher or lower band, called off-line frequency.
The absorption lines of water vapor at frequencies with a
wavelength comparable to the size of the hydro-meteors of
interest show considerably wide profiles, spanning relative
bandwidth of 1-10%, whereas those for DIAL are around
0.01% in comparison. The implementation of a system
capable of transmitting two narrow-band signals at two fre-
quencies separated by a fractional bandwidth of 1-10% is
extremely challenging. In [5], this is achieved thanks to
custom-made front-ends that leverage NASA Jet Propulsion
Laboratory (JPL)’s patented multiplier technology based on
on-chip power combining [16]. In [5], the water vapor ab-
sorption line of interest is the one located at 183 GHz, which
is the same one utilized to obtain the results in the present
manuscript. However, as explained in [17], due to the ITU
spectrum restrictions for the coexistence with passive sensing
services, transmission at 183 GHz is not allowed, and the
specific frequency utilized is the closest authorized frequency
to the absorption peak, i.e., 174.8 GHz. Figure 3 shows
the water vapor absorption coefficient around the 183 GHz
absorption line, the highest absorption frequency utilized
(174.8 GHz), and the maximum operational bandwidth of the
state-of-the-art sub-THz frontends.

The primarily quantities obtained by the mono-static instru-
ment are the radar echo powers as a function of range r and
frequency f; for both the online frequency, fj, and offline
frequency, f1, which are related to the instrument parameters
through the standard weather radar equation [20]:

Z(r, f)e 275
C(fr?

Zobs(rv fz)
C(fir?

Pe(rvfi): (1)
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Figure 3: Water vapor absorption coefficient calculated using
the ITU Recommendation ITU-R P.676-12 [18] and Recom-
mendation ITU-R P.835 [19]. Highlighted in green is the
maximum bandwidth allowable by the state-of-the-art sub-
THz frontends in [14]

where Z(r, f;) and Zyps(r, f;) are the unattenuated and ob-
served reflectivity factors, 7(r, f;) is the one-way optical
depth from the radar to range r and C(f) is a radar cali-
bration coefficient that captures all the hardware-depending
parameters. More details about the calibration of this coef-
ficient are provided in [17]. Although IWV measurements
require an accurate calibration of C'(f), DAR measurements
of density profiles inside clouds are not affected by it since the
retrieval involves the ratio of P, (r, f;) at two different ranges,
effectively cancelling out the calibration coefficient. There-
fore, the main source of uncertainity in the retrieved density
profiles come from the random error of P, measurements,
as well as the systematic uncertainty related to the frequency-
dependent scattering parameters due to the lack of knowledge
about the true hydro-meteor Drop Size Distribution (DSD).
The systematic uncertainity is futher dicussed in detail in
[17]. For the random error, authors in [21] demonstrated that
the measurements have a resulting relative error equal to:

1 2 2 1/2
— 1 2
JN, ( t SNRoar SNR%AR) @

where SNRpar = P.(r)/P,(r) is the radar signal-to-noise
ratio at range r and [V,, is the number of independent pulses
incoherently averaged to obtain the echo power measurement.
DAR is operated in Frequency-Modulated Continuous Wave
(FMCW) mode to increase the transceiver sensitivity com-
pared to a pulsated system. FMCW radars have an explicit
mapping between frequency and range, and therefore, we
consider the noise power P, (r) as a function of range.

e
Pe

Density profile retrieval—The standard profile retrieval in-
troduced in [22] begins by combining the echo power mea-
surements to compute the observed extinction coefficient
Bobs (1, [) between two ranges r1 and ro = r1 + NyAr as

follows:
Zobs (Tla f) ) 3)

Zobs (T2a f)

1
ﬂobs(’r)f): 2NbA’I’ n <

4

where r = (r1 + 72)/2, Ar is the range resolution of the
radar and [V, is the number of range bins considered. The
range resolution of a FMCW radar is related to its bandwidth
B as Ar = ¢/2Bcpirp, With ¢ being the speed of light. The
observed reflectivity factors are obtained by solving (1):

Zobs(r, f) = Pe(r, /)C(f)r? )

The profile retrieval principle for DAR relies on fitting the
observed extinction coefficient S,p5(r, f) to a linear function
with respect to the gaseous absorption parameters of water
vapor. The fitting function presented in [17, 23], under the
assumption of small range increments Ny Ar, and negligible
multiple scattering, is the following:

Bobs (7, ) = a1+as(fi— fo)+asky(r, fi)+Bg.a(r, fi) (5)

where it is assumed that measurements are made at the
discrete set of frequencies { f;}. The quantities &, (r, f;) and
Bg.a(r, fi) correspond to the water vapor absorption cross
section and the absorption coefficient for dry air, respectively.
As indicated in [17], this parameters can be obtained through
other remote sensing methods such as the milimiter-wave
propagation model from the EOS Microwave Limb Sounder
[24]. The three fitted coefficients {a;} are physically inter-
preted as follows:

a(r, fo) + Br(r, fo)

%(a(r, F)+ Bu(rs )l =105

Pv (’I“)

where a(r, f) = (2NyAr) " In[Z(r1, £)/Z (2, )], Bu(r, f)
is the hydro-meteor extinction coefficient, p, (r) is the water
vapor density at range r and fy is a reference frequency
within the transmitted band. Clearly, measurements at three
or more different frequencies within the operational band are
required to fully determine this coefficients. On the one
hand, limiting the number of frequencies to the minimum
would reduce the overhead dead time during the changes in
transmission frequencies. On the other hand, extending the
set of transmission frequencies could yield a more precise
characterisation of the coefficients. In addition, if the DAR
waveform were to be combined with a phase modulation
for communications, as in [6], changing the transmission
frequency between more than three transmission frequencies
could increase security in the link as well as robustness
against frequency-dependent fading. In this work, however,
we propose the use of a three-frequency approach, since
communication will be multiplexed in the independent OAM
modes of the wavefront, as explained in Section 4, and the
priority then is to maximize the system duty cycle.

al <

(6)

ag <>

as <>

Column-integrated water vapor—As detailed in [25], DAR
can also estimate the column IWV with the ratio between to
surface returns at two different frequencies. The IWV mea-
surement provides information about the water vapor content
between the radar and the first reflecting layer encountered by
the radar signals. Concretely:

IWV:/ po(r)dr’. (7
0

This measurements are of interest for the DAR approach
because in the absence of clouds or precipitation, the only
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echo received is the Earth’s surface return or the cloud base
after clear sky portions in-between cloud layers. IWYV in
the absence of hydro-meteor content can also be solved for
single-range measurements at two frequencies as:

U RG], [C)
Y =gy o g GG * ©
+1In [Z(T’ fQ)]}
Z(T’ fl)
where:
" 0 () Akey (') dr!
(hyy = Do ? f§ p) (r’)cgr’) ©
O v

and Ak,(r) = ky(r, fo) — ku(r, f1). (8) reveals the im-
portance of a proper characterisation of C(f) at the two
frequencies of interest. The first term in the equation will
have an associated random error driven by (2), while the
remaining terms may introduce systematic error.

In this work, we characterize the performance of the radar
system through the achievable sensitivity for SNRpar = 1,
i.e., the minimum detectable reflectivity Z,,;,, that can be
discerned from noise, at the highest absorption frequency
(f = 174.8GHz). For that purpose, we utilize the standard
radar equation from [20]. Concretely, we incorporate the
radar calibration parameter C(f) in (1) and consider that
the OAM beam order reserved to DAR corresponds to a
Gaussian-shaped antenna pattern:

1024 1n(2)A\?
WSPtIGthT’|K|2
kTsathhirpNFDAR SNRDAR»

Zmin(T797f) = T2Labs(r797f)

(10)

where A is the signal wavelength, P,, and Gy, are the
transmission power and gain, respectively, Ty is the antenna
temperature of the feed-horn reserved to DAR and F' is the
noise figure of the satellite’s DAR receiver chain. |K|? is the
scattering dielectric constant factor of water vapor molecules,
which for this analysis has been assumed to be constant at
|K|? = 0.93 and Lgps(r, 0, f) are the absorption losses
according to the ITU Recommendation ITU-R P.676-12 [18]
and Recommendation ITU-R P.835 [19].

Communications

Similar to the work presented in [2], we evaluate the per-
formance of the communications system as the highest data-
rate achievable by different modulations and their allowable
bandwidth given the noise at the receiver. All the quantities
in the subsequent analysis are considered to be in dB for a
better readability of the derived expressions. Based on the
link budget analysis [26], the minimum signal-to-noise ratio
at the receiver for a target bit error rate (BER) is:

E
SNR = 101log <NZBeff> + NFgs (11)

where E}, /Ny is the energy-per-bit to spectral noise density
ratio required to meet a certain BER, B, is the modulation
spectral efficiency given by the chosen modulation order (no
coding considered), and NF is the noise figure at the GS
receiver. The amount of bandwidth B used represents a trade-
off, as it both determines the system’s total noise and the

5

achievable data rate. The maximum noise power N tolerable
by the system is given by:

where P;, is the transmitt power, G is the antenna gain and
L = Laps + Ly, are the total losses caused by atmospheric
absorption L, and free-space spreading Ly, whose com-
putation is detailed in [2]. The maximum allowable band-
width B will therefore be:

10N/10
B= (13)

where k is the Boltzman constant and Tzg corresponds to
the system noise temperature at the GS. If the allowable
bandwidth is larger than the maximum operational bandwidth

of the sate-of-the-art sub-THz front ends [14], i.e. 20 GHz,
that maximum is adopted.

Finally, the approximate data rate, without considering any
pulse-shaping filter, is obtained as:

R=B -B.ff (14

4. SIGNAL PROPAGATION — WAVEFRONTS

While the modulation order of the signal and the resul-
tant waveform informs about the information carried by the
signal, the propagation of the signal is understood through
wavefronts, which describe how the signal propagates. More
specifically, the wavefront is the locus of points for which the
radiated signal has constant phase. Thus, by following the
wavefront, we can correctly capture the entire facets of beam
propagation, shape and peculiarity.

The signals generated across the feed-horns are radiated and
manipulated by the partitioned IRS, wherein each section
of the IRS acts independently to configure one particular
signal. First, we explain the operation of the individual
parition of the IRS that only interfaces with one signal, and
then we explain the motivation behind incorporating OAM
for improved multiplexing gains with the total unit.

IRS Operation

The IRS acts as a passive array of radiating elements that
is utilized for engineering the propagation of the signal by
manipulating its wavefront. More specifically, wavefront
engineering tells us that wave propagation from a given dis-
tribution of sources can be characterized by a superposition
of the EM waves from the individual radiating elements.

The IRS shown in Figure 4 a) can intercept an incident
wave and transcribe a desired wavefront on it, through a
phased codebook. Thus, effectively, the IRS acts as a phase
transformation device. Considering a beam traveling in the
z-direction, and an IRS in the z — y plane, the definition of a
phase transformation matrix across the IRS aperture is given
as per the Huygens-Fresnel model [27]. Here, EM scalar
diffraction theory is utilized to evaluate the complex ampli-
tude A(z,y, z) of the EM wave with a wavevector & at any
point from a given field distribution A(&, 7, 0) at an aperture
(&,m) orthogonal to the wave propagation direction z [28]:

Az,y,2) = j% / /S Ae,n,0)SREIRTDU T o)y (15)

271

In (15), cosy and r; both specify the information about
the orientation and distance of the point (z,y, z) from the
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Figure 4: Working principle of the IRS: a) The IRS onboard
the CubeSat can intercept a Gaussian wave and convert
it into a different OAM carrying Laguerre-Gaussian (LG)
beam, with a helical path as shown in b) OAM helical path
of [ 1 (top) and { —1 (bottom), where the arrows
shows the direction of propagation. The phase singularity is
generated through a spiral phase with an annular intensity of
the resulting beam as shown in; ¢) the intensity and phase of
the beam in the tranverse direction for an [ = 1 OAM mode.
The color bar represents the phase in radians.

aperture spot (£,7). The complex field A(E,n,0) is given
as §exp(j®), where § is the magnitude and ® is the phase
through which the IRS response manifests within the resul-
tant complex field in (15).

The well known beamforming principle of arrays simplifies
this complex field evaluation into the simple principles of
gain and beamwidth. More specifically, an aperture size of
the IRS directly relates to a beamforming gain, in which the
wavefront is supposed to have a divergence, or a spreading
out factor, as reduced as possible. The linear gain Gj, of a
device with an aperture of A at a design wavelength of \ is:

4T A
Az
which reduces the beamwidth of the radiated beam by in-

creasing the directivity. Assuming the directivity equal to the
gain, the solid radiation angle €2, is found as:

Gz = (16)

7.‘.2

= )
Glz

which governs how tightly focused the beam is in 3-D space.
The gain helps to increase the SNR, which can be utilized to
increase the capacity of a system.

Q a7

Increasing the capacity

The capacity C' of a wireless channel is proportional to the
utilized bandwidth B, the spatial reuse or diversity factor K,
the spectral efficiency B,y and the users signal to noise ratio
SNR,

C o K-B-Besf-logy(l+ SNR). (18)

It is critical to note that an increase in the SNR increases the
capacity only at a logarithmic scale, and an ever-increasing
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size brings diminishing returns in increasing the gain, and
therefore, the recovered SNR. Thus, simply trying to max-
imize the gain by increasing the IRS area produces a loga-
rithmic increase in SNR, and further increases in SNR bring
a logarithmic increase in the system capacity - an inefficient
design beyond the minimum threshold SNR required for good
throughput. As an alternative, spatial reuse and diversity
K, whic would bring a linear increase in capacity, can be
achieved by using, for example, MIMO techniques, which
allow multiple data streams to be transmitted over the same
time and frequency resources.

The same strategy can be extended in our system, by parti-
tioning the IRS into smaller units, each of which are served by
a feed-horn with an independent RF-chain, and thus increase
the system capacity through effective spatial multiplexing.
However, in such a setup, given the confined spacing of the
feed-horns and the antenna elements, the long distances of
communication, it is clear that the channels will not be un-
correlated, significantly penalizing the SV R term, and reduc-
ing the effective increase. The problem is further increased
as the signals utilized for sensing could be easily corrupted
by this interference from the signals utilized for communi-
cations, rendering one of the mission requirements defunct.
To greatly increase the independence of multiple channels
without sacrificing gain, bandwidth or spatial domains, we
exploit another property of certain wavefronts: their Orbital
Angular Momentum.

Orbital Angular Momentum (OAM)

Certain wavefronts possess new properties which open the
door to new communication strategies. The most widely
researched and explored among these is OAM, a property of
light first demonstrated by Allen et al. [9]. Specifically, a
beam that is said to have OAM manifests a spiral phase in
the transverse direction, resulting in a helical wavefront and
a phase singularity (a zero-intensity vortex) in the center, as
shown in Figure 4 b). Such beams require a spiral phase
exp(jll), where 0 is the transverse azimuthal angle and [
specifies the topological charge, or the mode, of the OAM
within the beam. The helical wavefront suggests that the
wave has a a twisted propagation path, with a central phase
singularity. Thus, the intensity of such a beam can be
expected to look like an annular ring, or donut shaped, as
seen in Figure 4 c¢). The summary of nearly four decades of
research on these beams is presented in [29].

There are multiple ways to generate these beams, all of which
involve applying a spiral phase to a regular Gaussian beam.
For example, spiral phase plates [10,29-31], travelling wave
antennas [32], and circular antenna arrays [33-35] all produce
OAM beams by applying a progressive phase difference ¢,
which in the case of circular arrays composed of N elements,
can be expressed as:
¢ = 2xl/N, (19)
where [ is the desired mode of the resultant beam. In
such a manner, the regular Gaussian beam is converted to a
Laguerre-Gaussian (LG), with the amplitude distribution of
the LG; beam with mode [ given as [36]:
LG(r,0,z) = A(r, z,p)exp(510), (20)
wherein the field distribution A(r, z,p) characterizes the
Gaussian propagation in cylindrical coordinates and also

includes the manifestation of the radial index p. While the
radial index p is also gaining attention as another property
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of light which maybe be manipulated, for the time being, we
focus on the azimuthal index [. It is vital to observe that the
application of | = 0, exhibiting the absence of a topological
charge points back to the regular Gaussian beam (regular
beamforming). Thus, the design and propagation aspects of
the previous sections with regard to beamforming gain are
equally valid for beams with different OAM modes as well;
larger arrays create a more focused OAM beam, with reduced
divergence, or spreading.

An integer value of this topological charge ! denotes an OAM
beam as ‘pure’. Pure OAM modes are orthogonal to each
other, exhibiting zero cross-talk (interference) amongst each
other in theory. More specifically, the correlation between
two OAM beams, each with a different topological charge,
can be given as:

0 Ll

27
/0 exp(jl10)exp(jlab) {27r Lh=1’ @1

which indicates that different modes can be assigned to
different data streams and propagate within the same channel
(frequency, time and space) without observed interference,
adding another layer of exploitation and thus greatly increas-
ing the system capacity [37].

The benefits of LG-OAM mode multiplexing have been
shown in both the optical and the millimeter wave domain. In
fact, for a given antenna array size, it is seen that the capacity
from OAM communications is same as that of classical
uncorrelated MIMO [38]. However, as shown in [39], OAM
based mode division multiplexing offers a simpler receiver
structure and higher capacity than point to point MIMO [31],
especially when MIMO systems are not completely uncor-
related, as we have already explained would happen in our
system.

Although theoretically the number of OAM modes is infinite,
we have certain restrictions in finite array systems, which we
expand upon in more detail in Section 5. We next explain how
the individual IRS partitions are globally co-ordinated for an
effective OAM-multiplexed system.

General IRS operation

We reserve the [ = 0 mode order for the sensing application,
leaving it unchanged. We further utilize two more partitions,
which are configured to generate the [ = 1 and [ = —1
modes, for the two communication streams. Beams with
distinct OAM modes are always orthogonal to each other,
and the resulting cross-correlation is guaranteed to be zero.
Therefore, the three multiplexed streams, with [ = 1,0, —1
can exist simultaneously.

At the receiver side, a similarly designed IRS is utilized
to demultiplex the OAM beams. More specifically, similar
to [40-42], the RX rs implements the required phase, as
per (20), such that only the correct signal is made available
at the correct feed-horn of the receiver. Thus, the RX acts as
a specialized diffraction grating, which diffracts an incident
beam to a particular focal spot only when the mode order
is correct. Consider an LG-OAM beam incident on an IRS
in which a specialized diffraction grating is applied. Thus,
the IRS varies a number of diffraction grating spots A(lqz ),
with modes | € [—lnaz, limaz]- The beam incident on such
an IRS is diffracted to the specific spot when the mode of the
beam is cancelled by the mode of that particular diffraction
grating order. Since the incident beam had a donut intensity
with a spiral phase, the diffracted beam has a planar wave-
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front, with an annular ring-like intensity. By applying the
spatial Fourier on this zero-order annular ring, a zero-order
Bessel with a high peak intensity in the centre is obtained at
the specific diffraction spot, which can then be recovered by
the feed horn at that point.

5. HARDWARE DESIGN AND LIMITATIONS

From a hardware standpoint, the main hurdle in developing
terahertz communication systems has been the lack of effi-
cient sources. This has been mainly hindered by the lack of
available oscillators at terahertz frequencies. Thus, the only
two options for generating terahertz signals has been either
through up-conversion from microwaves, or down-conversion
from RF photonics [4]. Indeed, with the use of frequency
multipliers, terahertz signals can be up converted from mi-
crowave oscillators, and certain configurations have been
developed by multiple groups such as Virginia Diodes [43]
and the NASA Jet Propulsion Laboratory [44], and such
upconversion methods prove to result in higher transmit
powers than RF photonics mehtods, and thus are more likely
to be considered for terahertz applications. Nonetheless,
challenges in developing end-to-end RF chains at terahertz
frequencies limit the possibilities of feeding multi-pixel an-
tenna arrays such as phased-arrays, and thus crown conven-
tional horns as the current traditional terahertz antennas due
to passivity and and ease of manufacturing. In this section,
we propose a realistic architecture based on existing terahertz
technology, and present passive reflect arrays as the optimal
candidate for enhancing terahertz signals with higher gain
and for manipulating wave fronts to increase data rates.
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Figure 5: IRS gain as a function of a single panel area.
Vertical lines indicate the total deployed size of the IRS

for different CubeSat standard form factors. The exact gain
values are included in Table 1

RF Chains

The envisioned terahertz hardware chain is composed of an
all-electronic monolithic millimeter wave integrated circuits
(MMIC) based on high-electron-mobility transistors such as
GaAN or InGaAs, as developed in [44]. Such technologies
have been used for spectroscopy and radar applications,
as well as showing communication demonstrations above
100 GHz. Furthermore, compact terahertz devices are suit-
able for CubeSat applications, given their reduced size and
power consumption and do not require cryogenic cooling,
unlike other technologies such as quantum-cascade lasers [4]
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CubeSat Configuration | Weight (kg) | Size (cm x cm x cm ) | IRS Aperture (cm?) | Single-Panel Gain (dBi)
1U 1.33 10x 10x 10 300 45
2U 2.66 10x 10x 20 600 48
3U 3.99 10x 10 x 30 900 51
6U 7.98 10x 20 x 30 1800 54
12U 15.96 20x 30 x 35 3150 56
270 3591 30x35x 35 3675 57

Table 1: A list of CubeSat configurations based on size, weight, and aperture area of the 3-panel configuration.

. To implement a terahertz active radar in combination with
ultrabroadboand communication, similar building blocks can
be implemented based on superheterodyne schottky-diode-
based terahertz sources as found in [5]. The key components
include high-power terahertz sources at the transmitter and
low-noise broadband mixers at the receiver, with key metrics
such as source power and stability at the transmitter, as
well as mixer conversion loss and noise temperature at the
receiver [4]. In the past decade, various demonstrations
showed high-power frequency-multiplied sources based on
patented power-combining Gallium Arsenide Schottky diode
technology, with ranges starting in the G-band as desired
in this paper, in addition to low-noise broadband mixers
based on same technology. A preliminary block diagram of
the proposed hardware architecture is depicted in Figure 6,
showing three separate channels, with two channels serving
for broadband communication while one channel is reserved
for atmospheric sensing. Finally, each RF chain ends with a
feed-horn antenna pointing at the intelligent reflecting surface
as shown in Figure 2.

Frequency Triplers

Sensing

Comms.

Signal Processing
Engines

Driver
Amplifier

50-60 GHz
Synthesizer Horn

TX Feed Antonnas
154.8-174.8 GHz

Power
Amplifiers

3X Upconverters

Figure 6: A block diagram of the hardware configuration for
the three channels, encompassing transmission and reception
with joint communications and sensing controls through a
shared narrowband/wideband signal processing unit.

IRS Design and Operating Considerations

The design criterion of the IRS are limited by the size of the
CubeSats. More specifically, as we explain in Section 6, for a
given CubeSat size, the antenna aperture is generally limited
to the size of the larger side in the CubeSat, such as the
CubeSat antenna demonstrated in [45]. Nonetheless, recent
advancements in CubeSat antennas such as NASA Mars
Cube One satellite have demonstrated foldable, deployable
reflecatarrays in space in the Martian orbit [12]. The main
design revolved around folding three separate antenna panels,
each sized as the larger side of the CubeSat, and using hinges
alongside a mechanical deployment mechanism to expand the
size of the IRS in orbit. However, beyond a certain aperture
length, the increase in gain with respect to the increase in
aperture size decreases significantly. In our design, the folded
three-panel IRS is adopted with the novelty that one panel
has passive sensing, while using the two other panels for
communication, each occupying a standalone OAM mode.
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Since the IRS does not have any active RF chains, there is no
limitation of feed lines that restrict the size envisioned. Thus,
while the size of the IRS can be increased substantially, a key
requirement is the design strategy. On the one hand, the IRS
can be designed through an antenna array technique, similar
to [7], in which the elements are spaced apart by A/2. Such
an IRS constitutes individual radiating elements on the order
of the design wavelength and can be operated through the
principles of beamforming where each element has no mutual
coupling with the other and the phased array response can
be calculated as a codebook application. On the other hand,
similar to [8,46], a metasurface-based IRS can be designed,
in which tightly packed sub-wavelength-sized elements have
a mutually coupled radiation response. The metasurface-
based strategy allows for a more precise phase transformation
matrix, since there is a denser number of elements within the
same aperture, but lacks a clear-cut methodology to generate
the desired wavefront response; metasurface designs cannot
be repurposed to different design frequencies and bandwidths
as hardware improves.

However, the IRS is not required to steer the beam, and thus
a dynamic phase shifter is not required. The entire operation
of the IRS can be pre-configured before deployment, and for
steering purposes, mechanical steering of the CubeSat feature
can be explored, as in [45,47]. Thus, a metasurface-based
design is more appealing, as that provides a greater density
of the aperture [8], and thus the generated modes from the
array can be guaranteed to be pure [35]. In our design, we
rely on a fixed horn and a fixed IRS, with the mechanical
steering mechanism falling under the altitude determination
and control subsystem which directly determines the satel-
lite’s orientation at all times.

OAM Modes - Benefits and Limitations

Benefits—A point worth considering is if the two partitioned
sections utilized for multiplexing communications wave-
forms through two different OAM modes were to be joined
and utilized for a single data stream, which it appears as
though an additional 3 dB of SNR would be present. Fol-
lowing the discussion from equations (11) - (13), this would
increase the noise tolerance, thus increasing the allowable
bandwidth, and the data rate would significantly improve.
Even in the case that the entire bandwidth allowed by the
hardware is used (20 GHz), a larger SNR allows higher-
order modulations to be utilized, thus increasing the spectral
efficiency.

At the same time, it is important to realize that for beamform-
ing gain, the elements of the IRS realize a parabolic, lens-
like collimating phase in addition to the OAM-generating
spiral phase on the EM radiation. Clearly, the same design
optimizations as in a parabolic mirror are then valid. As
explained in detail in chapter 15 of [15], as the diameter of
the aperture increases, the focus (where the feed-horn should
be placed) should also be spaced further from the aperture.
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Thus, for such two times larger aperture supporting a single
data stream, and operating with the same efficiency, the
size of the cube-sat would have to be significantly increased
to accommodate the feed-horn to the corresponding focal-
point. If, instead, the size of the cube-sat is not increased,
then, following the discussion from figure 15.10 in [15],
the efficiency would decrease by almost 50%, effectively
countering the theoretical 3 dB increase in gain. Clearly, the
exploitation of OAM provides an easy method to best utilize a
large aperture, without involving complex signal processing,
and guaranteeing orthogonality.

Limitations— As described in Section 4, we utilize three
OAM modes, in which OAM of mode [ = 0 is the regular
Gaussian, utilized for sensing, and OAM modes | = 1,—1
are utilized for communications. The natural question is
then what prohibits the utilization of more OAM modes, to
increase the multiplexing capability? Indeed, if the present
IRS was to be partitioned into even two smaller units, then we
could have 4 OAM modes, with an SNR penalty of only 3 dB.
However, as shown in [48], as the OAM mode increases,
the divergence, or the spreading increases. Thus, higher-
order OAM modes require larger arrays for generation, which
is a non-trivial design task. In addition, as the intensity
profile of OAM carrying wavefronts is annular, there exists
an intensity null in the center, with the power distributed in
the region surrounding that null. Therefore, if the divergence
is too great, especially when the size of the communication
distance is as large as in a satellite communications scenario,
the utilization of higher mode order OAM beams can be
detrimental to the overall system design goal — improved
communications. To this end, we restrict ourselves to OAM
mode order of -1 and 1, with identical divergence, that can be
propagated for longer distances.

6. RESULTS

The system parameters considered for the simulation results
are summarised in Table 2 [49], and Figure 7 schematically
depicts the scenario considered, for clarification purposes,
where 6 corresponds to the satellite elevation angle towards
the GS when passing directly above it (best case scenario).

Figure 7: Schematic of the scenario considered. 6 corre-
sponds to the satellite elevation angle towards the GS.
DAR Performance and Sensitivity

The results shown in Figure 8 depict the achievable radar
sensitivity as a function of the satellite elevation angle for dif-

ferent ranges, considering the satellite altitude A = 400Km.
As expected, the sensitivity is constant for all elevation angles
until the beam enters the atmosphere, that is, for ranges
r > 300 Km or, equivalently, h < 100 Km. At these
altitudes, especially at the lowest layers of the atmosphere,
the water vapor absorption deteriorates the radar signal and
increases its sensitivity. This performance reduction is es-
pecially noticeable at low elevation angles, since the beam
has to traverse longer slant paths through the atmosphere.
Furthermore, the weather conditions above the ground station
could increase even more the detectable sensitivity of the
radar in the presence of precipitation or high concentration of
absorbing substances. Therefore, further development of the
DAR concept for space-borne platforms is required to provide
the satellite with more robust sensing capabilities.

| General
Altitude, h 400 km
Transmitted power per channel, Py, 3 W /500 mW
Transmitter antenna gain, Gy, 56 dB
Noise figure, F’ 8 dB
| Communications
BER 1077
GS antenna gain , G, 58 dB
GS system noise temperature, 1s 100 K
GS Noise figure , NF 7dB”
Center frequency 164.8 GHz
Max. allowable bandwidth 20 GHz
| Sensing
Highestfabsorption transmit 174.8 GHz
requency f
Bandwidth, By 60 MHz
Range resolution, Ar 15m
Dielectric constant, | K|? 0.93
Receiver noise temperature, 7,4 290 K
Receiver Noise figure , N Fyq; 7dB”
Number of pulses , N, 2000
Relative random error, from (2) 5%

* Typical value for state-of-the-art THz receivers [49].

Table 2: System parameters

Improvements to Communications With OAM

We show in Figure 9 the results for the communication link
performance as the total data rate achievable at the different
stages of the communication link, i.e. as a function of the
elevation angle, and for different modulation orders (con-
sidering QAM modulations). From the link budget ((13)),
we computed the necessary power that grant a high enough
SNR to utilize the maximum bandwidth allowed by the sub-
THz front ends (20 GHz) at zenith, which is around 3 W.
From Figure9a, it can be seen that the system is able to
reach a data-rate of 400 Gbps at zenith and with the highest
modulation order, several orders of magnitude above what
current satellite operators can offer. This is achieved thanks
to the multiplexing of the two communication streams with
the two IRS panels not used for DAR. For comparison, we
studied the data rate achievable when the exact same two
panels are combined together and used by a single commu-
nication stream (i.e. no OAM multiplexing). In this case,
as explained in section 5, the gain provided by the IRS is
affected in two ways, compared to using a single panel for
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Figure 8: Radar sensitivity for a threshold SN Rgq:+n =
1dB at different ranges and elevation angles.

each communication stream: (1) doubling the aperture area
results in a 3 dB increase approximately, and (2) there is a
reduction in the antenna efficiency from 0.83 to 0.45, which
results into a 2.66 dB reduction in gain [15]. As explained,
this reduction in efficiency is caused by the fact that, with
this larger antenna aperture, the feed-horn would no longer
be located in the focal point of the reflector. To locate the
feed-horn to the new focal point, it would require to move the
horn further away from the reflector, essentially requiring an
increase in the dimensions of the satellite. In Figure 9b we
include the communication link performance in this scenario,
when no OAM is considered. It can be observed that the
resulting datarates would be reduced considerably, up to a
half at high elevation angles, when the transmitter can utilize
the entire bandwidth of the system.

Despite these promising results, we acknowledge that at this
moment in time, it is not only hard to find a CubeSat battery
large enough to provide the required power to achieve such
high speeds, but neither the state-of-the-art THz sources can
support it. For this reason, we additionally include the results
of the communication link when the current state-of-the-art is
considered, in Figure 9c and 9d, respectively. In this scenario,
a total output power of 500 mW is considered, which is the
present state-of-the-art at 180 GHz [44]. The results show
that, for now, an OAM-enhanced system would be able to
achieve a total data rate of 160 Gbps, which is still higher
than most of current systems, while the rate achieved without
wavefront engineering would again be reduced by almost a
half. We believe this shows a clear motivation to push the
state-of-the-art to continue increasing the maximum radiated
power at THz and sub-THz frequencies, and it is only a matter
of time until it gets there. One thing to notice is that in
the high output power case, the maximum rate is achieved
by the high order modulations, whereas in the lower power
scenario, it is the lower order modulations that achieve the
highest data rate. This is due to the fact that when a higher
power is available, for a fixed SN R requirement, i.e., fixed
BER, the system noise tolerance is larger and, therefore,
the maximum allowable bandwidth is also higher. In that
case, the bandwidth is not limited by the tolerable noise
but rather by the hardware limitations (20 GHz). For this
reason, when the bandwidth reaches the 20 GHz limit for
all modulations, higher order modulations exploit better the
spectrum portion thanks to higher bandwidth efficiencies. On
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the other hand, in power restricted scenarios, the maximum
allowable bandwidth is limited by the tolerable noise, which
is higher in lower order modulations. For this reason, lower
order modulations perform better in power-limited scenarios.

7. CONCLUSION

In this paper we propose the first CubeSat design capable
of performing atmospheric humidity sensing while providing
unprecedented downlink throughput, all at the same time
and band, effectively proposing the first Spaceborne Joint
Communication and Sensing platform. We achieve the pre-
sented functionalities by leveraging three main technologies:
(1) state-of-the-art sub-THz front-ends leveraging NASA Jet
Propulsion Laboratory (JPL)’s patented multiplier technol-
ogy based on on-chip power combining, (2) Differential
Absorption Radar for water vapor density profile retrieval
and Column-Integrated Water Vapor measurements, and (3)
state-of-the-art IRS designs able to perform wavefront engi-
neering and leverage the Orbital Angular Momentum of EM
waves. The results show that data rates up to 400 Gbps will
be achievable when new THz sources and antenna design
milestones are met, and that current technology would be
able to achieve a total throughput of 160 Gbps. The addi-
tion of sensing capabilities to such new generation of High-
Throughput Satellites combined with multi-satellite architec-
tures (constellations) could trigger the deployment of satellite
systems that not only would bridge the current digital divide
but would also sample atmospheric data at a scale never seen
before, hopefully helping the research community to better
understand our planet’s climate evolution.
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