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Wireless Communication Technologies in
Omnidirectional CubeSat Crosslink: Feasibility
Study and Performance Analysis

Imam Uz Zaman™ , Ahmed Eltawil

Abstract—An efficient omnidirectional CubeSat data
crosslink is imperative to ensure the success of resource-
intensive advanced CubeSat missions. In this article, we
present a feasibility study of wireless technologies in high-
speed CubeSat crosslink design. We study the power con-
sumption, pointing requirement, and antenna requirement
of each technology to implement an omnidirectional com-
municator. We also investigate the performance limit of
the state-of-the-art wireless technologies considering the
realizable link parameters. The achievable data rate and
communication distance are studied thoroughly for dif-
ferent communication systems. The analyses show that
an optical communication link is capable of delivering
more than two orders of magnitude higher data throughput
than that of microwave links in an omnidirectional plat-
form. However, the study shows that due to the size and
power restriction, a performance crossover region exists
where the performance of a microwave channel exceeds
the performance of the optical channel. The crossover dis-
tance and crossover data rate are studied thoroughly with
different system configurations and modulation formats to
assess the maximum reach of wireless technologies in a
CubeSat crosslink.

Index Terms—Crosslink, CubeSat, omnidirectional link,
optical communication, radio frequency (RF), small satel-
lite, wireless communication.

[. INTRODUCTION

VER the years, CubeSats have evolved from purely

educational tools to a prevailing platform for tech-
nology demonstration and scientific instrumentation [1]—[3].
Advanced CubeSat missions must be designed in such a way
that each one of the CubeSats in a constellation is assigned
to a specific time-synchronous role, and collaboratively, they
are missioned to accomplish a complex task [4]-[6]. The 3-
D CubeSat constellations in the space as shown in Fig. |
necessitate a high-speed data communication with about 360°
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field of regard (FOR) to enable point-to-point data commu-
nications as well as data relaying among an arbitrary set of
satellites simultaneously [7]. Therefore, the realization of the
omnidirectional intersatellite link is important to ensure the
success of such constellation-based missions. A CubeSat is a
type of nanosatellite that is constructed in modules of multi-
ples units (U), 1 Ua 10x10x 10 cm>. Typical weight of a 1U
CubeSat is about 1.33 kg and the available average power with
the nondeployable solar panel is less than 2.5 W/U [8]-[10].
Size, weight, and power-cost (SWaP-C) have never become so
crucial as it is in the typical CubeSat platforms (smaller than
12U [11]) where the performance metrics clash with the avail-
able volume (less than 23x24x36 cm’~ 0.02 m?3), weight
(Iess than 16.3 kg), and available payload power around 50 W
with deployable solar panels that can generate up to 130 W
power [12], [13]. Therefore, the successful implementation
of the omnidirectional communication necessitates a detailed
analysis of the strengths and weaknesses of the wireless tech-
nologies considering the distinct physical and technological
constraints imposed by the CubeSat technology. Microwave
[radio frequency (RF) and millimeter wave (mmWave)] and
optical communication offer different benefits and challenges
to enable omnidirectional communication in such a platform.

Recent progress in the RF and mmWave demonstrate high
data rates (up to 1.6 Gb/s) point-to-point communication with
complex subcarrier modulations and high-power consump-
tion [14], [15]. The adaptable deployment of such microwave
systems for simultaneous communication among multiple
satellites in a constellation is constrained by the bandwidth
restriction, the available power, and the required antenna gain.
Optical communication technologies have excellent directivity,
and therefore can achieve higher data rates with much smaller
antenna size and power consumption [16]-[18]. Nevertheless,
the implementation of a pointing, acquisition, and tracking
(PAT) system in an optical communication system is a chal-
lenging task [19]-[21]. The achievability of the stringent point-
ing accuracy is well studied and demonstrated with advanced
PAT systems and careful optical designs [20], [22]-[24]. For
instance, one of the most recent CubeSat missions, CLICK,
presents the feasibility of achieving £0.45 millidegrees point-
ing accuracy that can maintain a 20-Mb/s data rate at a
range over 580 km [20]. The required single-axis pointing
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Fig. 1. Wireless communication systems for CubeSat crosslink. RF,
mmWave, and optical communication are the promising modes of
omnidirectional communication in both short and long range.

requirement of the CLICK mission is about 1.4 millide-
grees [20]. Recent advances in star tracking technologies, as
well as scanning mirror technologies, demonstrate better than
0.28 millidegrees pointing accuracy [22], [25], [26]. With
the ongoing advancement of the PAT sensors and scanning
mirror technologies, we believe the pointing accuracy require-
ment of the optical communication can be addressed. Most
of the earlier efforts in CubeSat communication spent on the
performance optimization of a point-to-point communication
link. The feasibility study of the wireless technologies in omni-
directional communication (one to many nodes) along with
a detail comparative study of the performance reach of the
technologies are still open for investigation.

In this article, we present an in-depth feasibility study and
performance analysis of the available wireless technologies for
the omnidirectional CubeSat platform. We show that there is
a crossover distance below which optical communication out-
performs microwave technologies, and beyond the crossover
distance, microwave technologies offer higher bit rates due
to their inherent low-receiver (Rx) sensitivity. In particular,
we study and compare the performance of RF (2.4, 5, and
26 GHz), mmWave (34 and 60 GHz), and optical commu-
nication (from 180 to 400 THz) medium with self-imposed
boundary conditions to satisfy the CubeSat SWaP-C con-
straints. We investigate the realizable data rate in different
simple modulation formats with realistic physical constraints.
We calculate the crossover distance and crossover data rate
of different system combinations and modulation formats to
identify the maximum reach and the maximum data rate of
the communication systems. Furthermore, we study the feasi-
bility of wireless technologies in achieving omnidirectionality
in terms of power consumption and antenna requirements.

II. COMPARATIVE STUDY OF THE LINK BUDGET
PARAMETERS

The comparative performance study of the wireless com-
munication begins with the well-known link budget equation
that estimates the received power P, based on the trans-
mitted power Pr, total antenna gain G, total loss L, and
combined antenna efficiencies 7 in a simple formula that is

expressed as Py = Pr G L 7. Total antenna gain G here
is the combined gain of the transmitter (Tx) antenna gain
Gr = f(Dr,A) and Rx antenna gain Gg = f(Dg, A), ie.,
G = GrGg. Here, D7, Dg, and A represent the Tx diame-
ter, Rx diameter, and operating wavelength, respectively. Total
loss L includes Tx feeder loss Ltx, Rx plumbing loss Lgrx, the
path loss Lg, and the pointing loss Lp = f(Gr) and, there-
fore, L can be expressed as L = LtxLrxLgrLp. Assuming that
we have Tx and Rx antenna efficiencies of 17 and ng, respec-
tively, we define the combined antenna efficiency as n = nrng.
Almost all of these parameters depend on the antenna sizes,
available electrical power, and wavelength. Hence, constraints
imposed by CubeSat dimensions differ significantly from
the constraints imposed by relatively large satellites despite
the fact that the performance expectations are quite similar.
Hence, we impose several boundary conditions pertinent to the
CubeSats platform. Some of these self-imposed conditions are:
1) CubeSats are smaller than 12U [11]; 2) total power con-
sumption of the communication payload is less than 50 W
(12U limit) [13], [27]; 3) microwave antenna size (dish size)
is less than 200 mm; 4) maximum optics diameter is 50 mm
(due to weight limitation) [27]; 5) Pr = 1 W; and 6) anten-
nas are nondeployable to accommodate multiple antennas to
achieve omnidirectionality.

The major distance-dependent loss parameter in the above
link budget is the path loss Lg = f(f, r) that depends on the
carrier frequency f and distance r. The path loss Lg between
the feed points of two isotropic antennas in free space at a
distance r can be given as Lg = (c/[4nfr])>. Here, f and ¢
are the carrier frequency and the speed of light, respectively.
Due to higher carrier frequency, the optical communication
experiences a higher path loss (more than 50 dB) compared
to that of the RF and the mmWave frequencies. However, this
large path loss at optical frequencies is usually compensated
by the high antenna gains (i.e., Tx and Rx gains) in the link
budget equation.

The transmit antenna gain Gt represents the power trans-
mitted by an antenna in a specific direction as compared
to an isotropic antenna and can be estimated from the full-
divergence angle (0) [in rad] of the transmit beam Gr ~
(16/92) [28], [29]. Since, 8 = f(A, Dr), the Gr can also
be estimated as Gy ~ ([«w DT]/A)z. The Rx antenna gain
Gg is defined as the ratio of the powers received by the Rx
antenna and an isotropic antenna, and it can be defined as
Gr~ (m DR/A)2. It can be realized that both G7 and Gg are
proportional to the square of the diameter to the wavelength
ratio (Dg/X) where k € {T, R}. Here, T and R represent the Tx
and the Rx, respectively. In other words, the larger the antenna
diameter, the higher is the gain. In contrast, smaller wave-
lengths (or higher carrier frequencies) realize higher antenna
gains for a given antenna dimension. Consequently, optical
frequencies possess a much larger antenna gain as compared
to RF and mmWave systems for a given antenna size. The
upper limit of the antenna size is limited by the available
volume, size, and weight of the CubeSat platform. The RF
and mmWave communication systems usually use the same
physical antenna to send and receive the signals, therefore,
Gt = Gg. On the contrary, most of the optical transceivers
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Fig. 2. (a) Achievable antenna gain for different carrier frequencies
(x-axis) and antenna diameters (y-axis). (b) Required antenna diame-
ters for different full divergence angles.

incorporate Txs with smaller optics (D7) and the Rx with com-
parably larger optics (Dg). Therefore, the antenna gains Gr
and Gg can be very different in optical communication. The
achievable gains (either Gt or Gg) for different antenna sizes
and carrier frequencies are presented in Fig. 2(a). It can be
seen from Fig. 2(a) that microwave systems can achieve a total
gain of about 84 dBi (Gr + Ggr ~ 42 dBi+42 dBi) by using
a 20-cm antenna diameter. In contrast, more than 100 dBi
antenna gain is readily achievable in optical frequencies by
using optics that are more than five times smaller in dimension
than that of microwave antennas. For instance, a combined
antenna gain of about 182 dBi (Gr+ Gg =~ 86 dBi+96 dBi) is
achievable with a 10 mm Tx beam and a 30 mm Rx aperture
at 194-THz (1550 nmgB wavelength) optical communication
system. The feature that leads to the high antenna gain is
the high antenna directivity (small beam divergence angle
0). The diffraction-limited full-beam divergence angle 6 [in

degrees] can be estimated as 8 =~ 1.26([180r]/[7#Dt]) [30],
[31]. The estimation of 6 is applicable to directive antennas. In
directive antennas, the antenna diameter is larger than the com-
munication wavelength, i.e., Dr > A. The required antenna
diameters (normalized to 1 um) to achieve different 6 is shown
in Fig. 2(b). For instance, it can be seen that 60, 5.55, 2.4,
and 0.74 mm antennas are required for 2.4 GHz, 26 GHz,
60 GHz, and 194 THz carrier frequencies, respectively, to
achieve a beam divergence of about 0.15°. It is evident that a
small divergence angle (less than 1°) is not feasible in RF and
mmWave communication systems due to the need for a very
large antenna diameter that exceeds commonly used CubeSats
(1U-12U) dimensions. However, optical antennas can achieve
a very small divergence angle (less than 0.01°) with less than
1-cm antenna (i.e., telescope) aperture.

Although high directivity is desired for an efficient power
delivery to the Rx antenna, it comes with a stringent point-
ing accuracy requirement. Therefore, a sophisticated pointing
and acquisition system needs to be implemented to maintain
effective data transfer in the optical communication system
[17], [19], [20]. To achieve a throughput loss of less than
3.0 dB, the required pointing accuracy € (in degrees) of
an intersatellite communication should be as small as € ~
([1801]1/[20Dt]) [29]. The required pointing accuracy for
different antenna sizes and operating wavelengths is calculated
and presented in Fig. 3. It can be seen from Fig. 3 that about
57°-0.07° pointing accuracy is needed for RF frequencies (up
to 25 GHz) with the antenna diameter ranges from 1 to 50 cm.
The mmWave link, the frequency range of 26 to 300 GHz,
requires about ten times higher pointing accuracy (approxi-
mately 5.5°-0.007°) compared to RF for the same antenna
diameter range. Evidently, the optical regime has the most
stringent pointing accuracy requirement of 0.5 millidegrees to
5.5 pdegrees for optical frequency greater than or equal to
180 THz for the same aperture sizes.

The required pointing angle in optical communication
directly depends on the beam divergence of the transmit
beam. The higher the beam divergence, the lesser the pointing
accuracy is required. For instance, an optical communica-
tion between two stratospheric platforms that mimic two
small satellites demonstrated a pointing requirement of less
than 0.5° by transmitting a high diverging (0.4°) 808-nm
signal [32].

There exist intertwined relationships among the above-
mentioned link parameters. For example, a large transmit
antenna gain Gr is achieved in mmWave and optical com-
munication by transmitting a high directional beam (low 9).
The high directional beam tends to cause a higher pointing
loss Lp, and hence the beam pointing and tracking between
the Tx and Rx becomes a challenging task [21], [33]. As
described in the next section, the high directional beam also
necessitates a larger number of Txs to attain the omnidirection-
ality (360° FOR). Moreover, it is apparent from the path-loss
equation that optical communication experiences a higher
loss compared to that of RF and mmWave due to higher f.
The detailed communication link performance considering
the interplay among all the link parameters is investigated
in Section V.
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Fig. 3. Required pointing accuracy for different wireless links to achieve
less than 3-dB throughput loss.

IIl. TRANSCEIVER ANTENNA REQUIREMENT FOR
OMNIDIRECTIONAL COMMUNICATION

To achieve an omnidirectional communication, both the Tx
and the Rx need to possess a full FOR (360°). The required
number of transceivers to achieve an FOR of ayeq (in degrees)
can be given as

. 2
sm(nareq/720)) 0

~ el
1 ceting ( sin(rar/720)

Here, o is the FOR (in degrees) of a single transceiver
system. In the case of directional RF and mmWave antenna
(patch antenna and dish antenna), o corresponds to the antenna
beamwidth (or divergence angle). In a phased array antenna
(PAA)-based system with a full scanning angle of apaa,
a = apaa- In a scanning mirror-based optical communica-
tion system with a full mechanical scanning range of o/mec,
a ~ 20mec. The required number of transceivers needed to
achieve omnidirectional communication in a static (nonbeam
steering) RF and mmWave communication system is calcu-
lated from (1) and shown in Fig. 4. It can be seen from Fig. 4
that a 2.4 GHz RF system requires 15 and 27 antennas when
the antenna diameters (size of the dish) are 150 and 200 mm,
respectively. The requirements of a large number of anten-
nas are a direct consequence of transmitting a high directional
beam to achieve a large antenna gain. Moreover, a higher oper-
ating frequency demands for larger n. Therefore, realizing an
omnidirectional high-speed and long-distance communication
in RF and mmWave is extremely difficult with dish antennas
or patch antennas due to the tradeoff among Gr, Gg, and n.
Although nondirectional microwave antennas, such as dipole
antennas, can achieve full FOR with fewer number of anten-
nas, the communication range will be very limited due to low
antenna gains. For instance, a single half-wave dipole antenna
can act as an omnidirectional antenna but the antenna gain is
about 2.4 dBi.

The emerging PAA enables effective beam switching and
beam scanning in the RF and mmWave system and therefore,
it possesses the potential to achieve a full FOR with a lesser
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Fig. 4. Required number of transceivers to achieve a full FOR.

number of transceiver units than the calculated n in Fig. 4.
Many PAA systems have been demonstrated in the past sev-
eral years. Recent progresses in the multielement (up to 64
elements) PAA with a frequency range of 26-30 GHz demon-
strate the feasibility to achieve high gain (up to 40 dBi) and
wide beam steering capability (more than £50°) [34]-[37].
Based on the beam steering angle of the PAAs, using (1),
we estimate that approximately 2, 19, 7, and 6 PAA antenna
systems are required to achieve an omnidirectional commu-
nication for the antenna systems mentioned in [34]-[37],
respectively. Since the state-of-the-art RF and mmWave PAA
still possess a large beam divergence (usually greater than 5°),
they demonstrate low antenna gains compared to the optical
antennas [34]-[37]. The low antenna gain limits the attain-
able communication range. Besides, the state-of-the-art PAA
systems are power-hungry systems, therefore, the implemen-
tation of the required number of antennas is limited by the
available power in the SWaP-C limited CubeSat platform. On
the other side, COTS high-speed (about 1 kHz) scanning mir-
ror technologies are compact (diameter less than 15 mm) and
they can achieve a wide optical scanning angle (as high as
100°) [38]. For this reason, it is possible to obtain a full
FOR in a less than 6U CubeSat platform by incorporating
9 and 6 independent transceivers accompanied by scanning
mirrors with full mechanical scanning ranges of 40° and 50°,
respectively [3], [39].

IV. SAMPLE POWER CONSUMPTION ESTIMATION OF
WIRELESS TRANSCEIVERS

Power consumption is the most demanding subject in a
CubeSat platform. We can assess the challenge with simpli-
fied sample block diagrams of a microwave transceiver (RF
and mmWave) and an optical transceiver that is presented
in Fig. 5(a) and (b), respectively. The short description of
the components, the gain or loss values, and the approxi-
mate power consumption of the major link components are
summarized in Table I. The power consumption of the pas-
sive components (PCs) is set to zero. The splicing and pump
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Fig. 5. Sample block diagrams of the transceiver architectures. (a) RF
and mmWave. (b) Optical.

TABLE |
PARAMETERS OF THE MAJOR TRANSCEIVER COMPONENTS

Item Description Gain/Loss (dB) P(W)
LNA Low noise amplifier ~ +25 ~ 0.3
BPF  Band pass filter ~ —0.2 0.0 (PC)
LPF  Low pass filter ~—1.8 0.0 (PC)
MX  Mixer ~ —9.0 0.0 (PC)
PA Power amplifier ~ +24.5 ~ 24
PLL  Phase locked loop N/A ~ 0.1
AMP  Amplifier ~ +13.0 ~ 0.25
DPX  Duplexer ~—1.5 0.0 (PC)
LD Laser diode (100 mW) N/A ~ 0.5
MZM Mach-Zehnder modula- =~ —5.0 ~ 0.25

tor
OSW  Optical switch ~ —0.8 ~ 0.2
TIA  Transimpedance ampli- = +32.5(kQ2) ~ 0.3

fier
OA Optical amplifier ~ +15 ~ 3.5
SM Scanning mirror ~ —0.15 ~ 0.5
SPC  Splicing and pump com- ~ —0.1 0.0 (PC)

biner
TX Tx signal processor N/A ~ 3.0
Block
RX Rx signal processor N/A ~ 25
Block

combiner (SPC) losses of the optical transceiver are lumped
together in the table and not shown in Fig. 5(b).

The sample power consumption approximation of the sam-
ple microwave communication link (RF and mmWave) is
based on the manufacturer’s specification of the COTS com-
ponents [40]-[45] and state-of-the-art communication system
models [7], [46]. We calculate the power consumption of a
microwave Tx to produce a 1 W output power is about 6 W
(using Table I). Similarly, the estimated Rx power consump-
tion is about 3.45 W. Hence, to establish a point-to-point
link with a 1-W transmit power, the microwave communi-
cation system requires at least 9.45 W of electrical power.

The power consumption of the optical transceivers is dic-
tated by the realizable efficiencies of the lasers and the optical
amplifiers (OAs) that can vary quite a bit from one system to
another. To estimate the power consumption, we consider a
1550-nm (194 THz) optical communication system. Besides,
we assume the wall-plug efficiencies of the laser diode (LD)
and OA are approximately 20% and 15%, respectively. At a
50% duty cycle about 500 mW average output optical power
is required to generate a 1 W peak optical power. As shown
in Fig. 5(b), about 16 dB optical gain is needed from OA to
achieve a 1 W peak power that incorporates a 100-mW LD.
Therefore, considering the data provided in Table I, the optical
Tx power consumption, Ptxopt ~ 8.0 W, and the Rx power
consumption, PrxopT ~ 3.0 W. Therefore, the sample optical
transceiver consumes at least 11.0 W of electrical power. The
transceiver power consumption depends on the system design
and component selection. The approximate power calculation
is provided here to provide the readers with a comparative idea
of the power requirements of microwave and optical links.

Despite such high-power requirements from transceivers,
SWaP-C restrained CubeSat solar panels can provide a limited
amount of energy from a single source: Sun. For exam-
ple, if we consider a system with commercially available
components, state-of-the-art high-end solar panels, such as
eHawk [16], can generate about 75-140 Wh averaged elec-
trical power in 6U to 12U platforms, respectively. Assuming
that only 40% of the total power is allocated for a continuous
communication payload, the available average power is about
30-56 Wh in 6U to 12U CubeSat platforms. Omnidirectional
communication can be feasible in S-band and C-band systems
with monopoles or 2—4 patch antennas, but with a limited
range depending on the available bandwidth and the modu-
lation formats. However, incorporating multiple active PAA
to facilitate the beam steering-based omnidirectional com-
munication is challenging with the existing PAA due to the
high-power consumption, e.g., greater than 500 W for a sin-
gle 64 element system [47]. In contrast, the advancement
in miniature high scanning speed mirror technologies (power
consumption less than 0.5 W) such as microelectromechan-
ical systems (MEMS), dual-axis vector mirror-based optical
transceiver can achieve a full FOR with a predefined number of
transceivers and reasonable power consumption as described
above. For instance, in the example design shown in Fig. 5(b),
it can be estimated that about 16.5 W electrical power is
required to operate two simultaneous optical communication
links (one point to point and one data relaying). The detailed
design challenges and tradeoffs of the omnidirectional optical
transceivers were presented in [3] and [48].

V. COMPARATIVE PERFORMANCE ANALYSIS

We study the achievable data rate and the communication
distances of wireless point-to-point communication systems
with different modulation formats and design parameters. The
RF, mmWave, and optical links are quite different from each
other when considering the realistic link parameters. To ana-
lyze the communication performance, we consider the values
of each parameter based on the state-of-the-art systems in
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TABLE I
LINK BUDGET PARAMETERS
Parameter Wireless technologies Value
Transmit power (Pr) RF, mmWave, optical 1w
Tx diameter (D7) RF, mmWave 5to 20 cm
Optical 10 mm
Rx diameter (Dgr) RF, mmWave 5 to 20 cm
Optical 50 mm
Pointing loss (Lp) RF -0.3 dB
mmWave -1.0 dB
optical -3.0 dB
Tx-Rx feeder loss RF -5.1 dB
mmWave -4.1 dB
optical -3.5dB
Receiver sensitivity RF, mmWave ~-108 dBW
optical ~-90 dBW
Receiver noise figure REmmWave 6 dB
Photodiode gain optical 100
Noise equivalent power  optical 30pW/VHz
Photodiode bandwidth optical 1 GHz
Link margin (M) RF, mmWave, optical -3 dB

literature and manufacturer specifications. For example, the
microwave link parameters alongside link performances are
analyzed in [17] and [49]-[52]. Similarly, potential omnidi-
rectional optical link parameters are mentioned in [7], [24],
and [49]. Considering the CubeSat SWaP-C constraints and
the size of optics (volume and weight), the sample optical
system incorporates optical Tx aperture, Dr(opry = 10 mm and
Rx aperture, Dg(opyy = 50 mm. Since RF and mmWave anten-
nas are relatively lightweight and compact, we consider three
different antenna sizes, Dg(f,mmwave) = {100 mm, 150 mm,
200 mm}. Here, the subscript k € {T, R}, where T and R
represent the Tx and the Rx, respectively. The remaining
link parameters considered in our analyses are summarized
in Table II.

A. Achievable Data Rate in Different Modulation Formats

Assuming antenna efficiencies, nr = ng = 1, the link bud-
get equation stated in Section II can be simplified in terms of
physical link parameters to estimate the power at the Rx Pycy
(in dB)

Prey = Pr +201log(R7) + 20log(Rg) — 20log(r)
— 20log(A) + 10log(LpLgLy) +9.943.  (2)

Digital communication systems require a certain ratio of
energy per bit E, to noise density N, (N, = [N/B]), Ep/N,.
Here, N is the total noise power and B is the commu-
nication bandwidth. The required received power Prq to
realize a target data rate R, can be expressed as (Preq/N) ~
(Ep/Ny) X (Rp/B) x M. The R} (in dB) can be approximated
as Ry ~ (Preq/N) — (Ep/N,) +B— M. If the available received
power is more than the required power, i.e., Prey > Preq, the
communication link is overpowered and may waste energy.
The R, in this case is limited by the bandwidth of the Rx
system. On the other hand, if Py < Preq, the communica-
tion link cannot support error-free data communication at the
target Rp.

To establish an error-free data communication, the state-
of-the-art forward error correction (FEC) schemes, such as
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Fig. 6. BER versus Ep/No for different modulation formats.

Turbo codes, convolutional-RS codes (recommended by the
Consultative Committee for Space Data System, CCSDS),
or LDPC codes, require pre-FEC bit error ratio (BER) in
the order of 107> to attain a post-FEC BER less than
5 x 10~ [53], [54]. The pre-FEC BER estimation based on
the required (Ep/N,) for different modulation schemes, such
as quadrature phase-shift keying (QPSK), binary phase-shift
keying (BPSK), quadrature amplitude modulation (K-QAM),
on—off keying (OOK), pulse position modulation (N-PPM),
and pulse amplitude modulation (PAM-K), are summarized
in (3) [55]-[57]. Here, K represent the level of QAM and
PAM modulations. N represent the level of PPM modulation.

Ep
N,

1
BERQpsk,BPSK ~ Eeffc <

K—-1 31 K E
BERKk—_QaM ~ VK erfc 082t Eb
VKlog, K 2(K-1) N,

BER L L
00K ~ — -erfc| — - —
2 V2 N,

BER —1 £ —1 log, N - | =2
~ —erfc| - - .
N-PPM ~ 5 I 2 N,

3

1 1 log, K E
BERpaM_K & Eerfc< . 0% —b)

22 K—1 \N,

The above-mentioned mathematical expressions assume that
the symbol energy is divided equally among all the bits, and
the Gray encoding is used so that at acceptable SNR, one
symbol error is correlated to exactly one bit error. The the-
oretically obtainable BER in different modulation formats at
different E,/N, (in dB) is calculated and presented in Fig. 6.
For instance, we can see that BPSK, QPSK, and 4 QAM mod-
ulations, all require a minimum Ej,/N, of around 12.5 and
8.5 dB to possess BER < 10~ and BER < 10_4, respectively.
In contrast, the PAM-4 and the PAM-8 modulations require
very high Ej,/N, (more than 25 dB) to maintain BER < 107°.
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In space communication, PAM-K and K-QAM (K > 16)
are not usually used as they require linear amplifiers and the
Ep/N, requirement is significantly high (as shown in Fig. 6).
Therefore, only suitable modulation schemes with low Ej/N,
are selected, as normally in the space environment, the link
margin is very tight [53]. We also calculate the Rj that
maintains a BER < 1072 for different carrier frequencies,
modulation schemes, and microwave antenna sizes. The sam-
ple achievable data rates for OOK, 4-QAM, and 2-PPM
modulation schemes are presented in Fig. 7. In this exam-
ple, a 150 mm antenna size is considered for RF and mmWave
systems, whereas the optical transceiver incorporates a 10 mm
Tx aperture and a 50 mm Rx aperture. It can be seen
that optical communication achieves R, > 1 Gb/s up to
around 200-km communication distance that is about 1-2
orders of magnitude higher than that of mmWave communi-
cation. Low-frequency RF channels (2.4 and 5 GHz) achieve
Rp < 1 Mb/s when communication distance, r > 100 km. One
can notice that in shorter distance (less than about 100 km), the
optical communication system is overpowered for the given
modulation formats. In other words, the theoretical achiev-
able data rate (calculated from Py.y) is much higher than
the practical realizable data rate that is limited by the Rx
bandwidth. Therefore, in shorter distance, the optical com-
munication systems can provide tens of gigabits data rate if
the Rx system is designed accordingly. At very long distances
(r > 400 km), the achievable data rate of mmWave channels,
as well as high-frequency RF communications (e.g., 26 GHz)
exceed the estimated data rate of the optical communica-
tion. Therefore, there exists a performance crossover region
between the optical system and the microwave system for
given system parameters, €.g., antenna sizes, optics, transmit
power, Rx design, etc.

The inherent low Rx noise of the microwave commnication
system is one of the major advantages that facilitates longer
communication distance at low data rates, which is the main
reason for the performance crossover. For instance, Fig. 8 shows
the achievable Rp, at r = 500 km. The system parameters used
in Fig. 8 are the same as used in Fig. 7 that uses Di(;, mmwave) =
150 mm. It can be seen that a 60-GHz communication system
with a 150-mm antenna can theoretically achieve an R; of
about 30 Mb/s in a BPSK modulation that is almost 1.5 times
higher than that of a 194 THz (widely used telecom wavelength)
optical communication (20 Mb/s). The performance gap between
optical frequencies and RF frequencies reduces further as the
communication distance increases as explained in the following
section. In this analysis, the Rj, is calculated using (2) and the data
rate estimation formula given in Section V-A. The estimation
of R, varies significantly with the link budget parameters and
modulation formats. In this manuscript, a sample comparative
analysis is presented that can be tailored effectively with any
given parameter space.

B. Crossover Distance and Crossover Data Rate

The crossover distance reross 1S defined as the
communication distance at which a microwave (RF and
mmWave) communication system demonstrates an equal or
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Fig. 7. Example of achievable data rates for different carrier frequencies
and modulation formats. (a) OOK. (b) 4-QAM. (c) 2-PPM.

better performance than that of a given optical communication
system. The crossover data rate Rpcross between a microwave
and optical communication system is defined as the data
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Fig. 8.  Example of achievable data rates at 500 km in different
modulation formats.

rate at the crossover distance, r = r¢rogs. 10 study and
compare the performance crossover in detail, in our sample
analysis, we consider microwave communication systems
which are selected from the following parameter sets:
microwave frequency= {2.4 GHz, 5.0 GHz, 26 GHz, 34 GHz,
60 GHz} and microwave antenna size= {50 mm, 100 mm,
150 mm, 200 mm}. Three optical communication frequencies
are considered, optical frequency= {194 THz, 284 THz,
353 THz}. For all sample optical systems, a 10-mm Tx
aperture and a 50 mm Rx aperture are considered. Besides,
a 1 W transmit power for all communication links and up to
800 km communication distance (rj;, = 800 km) are taken
into account for the analysis. With the design parameters
given in Table II, the sample crossover distances between
microwaves and optical channels with different antenna sizes
and modulation schemes are calculated (numerically) and
presented in Fig. 9. Interestingly, the crossover distance
Teross (I — j) between a microwave system i and optical system
Jj is independent of the modulation schemes. The crossover
distance for given design parameters defined as the distance
at which both microwave and optical wireless links have
equal channel capacities, C;(¥cross) = Cj(¥cross), Where C; and
C; denote the channel capacities of microwave system and
optical systems.

We can see from Fig. 9 that between the given 26 GHz (with
200-mm antenna) microwave system and the given 194 THz
optical communication system, the performance crossover dis-
tance is about 540 km regardless of the modulation formats.
However, the crossover distance changes with the system
design parameters. For instance, the r¢ogs between 34 GHz
(with 200-mm antenna) mmWave system and 194 THz opti-
cal is around 416 km that is about 125 km smaller than the
previously mentioned r¢ross between 26 GHz and 194 THz
systems. Therefore, the given 26 GHz and 34 GHz microwave
systems tend to perform better compared to the considered
optical system at distances r > 540 km and r > 416 km,
respectively. Any system pairs S, other than the presented ones
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top of each column. The compared operating frequencies are given as
the x-axis.
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Fig. 10. Data rate at the crossover distance for different communication
systems.

in Fig. 9 do not have rgos Within the considered maximum
distance (). That is to say, the sample optical systems show
a higher data rate than those of RF and mmWave systems
which are not mentioned in Fig. 9 for r < rjjp. On the other
hand, the Rpcross Of different modulation formats is quite dif-
ferent from each other as each format requires a certain Ep /N,
to achieve a desired BER, as described in (3). Therefore,
RBcross = f(Ep/N,y(modulation formats)). As an illustration,
the calculated Rpcrogs for different S, and modulation formats
is presented in Fig. 10. We can see that the crossover data rates
between 60 GHz (150-mm antenna) and 194 THz channels are
22.5, 44.8, and 2.8 Mb/s for OOK, 4 QAM, and 2PPM mod-
ulation schemes, respectively. The crossover data rate scales
with the antenna size and the operating frequencies. It can be
seen from Fig. 10 that about ten times higher crossover data
rate is possible between a 60 GHz and a 194 THz commu-
nication system by increasing the microwave antenna size to
200 mm. The performance crossover distance and performance
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crossover data rate between microwave and optical systems are
dictated by the system design parameters, e.g., antenna sizes,
transmit power, etc. In the above-mentioned study, we provide
sample calculations of the possible performance crossovers
based on the selected parameters. The analysis can be done
with any design parameters set to study and understand the
performance reach of the communication technologies.

VI. SUMMARY AND DISCUSSION

In this article, we study the achievable performance of the
available wireless technologies (RF, mmWave, and optical) to
establish omnidirectional CubeSat crosslink. Since each tech-
nology possesses its distinct advantages and limitations in the
CubeSat platform, we present a comprehensive study of the
performance of communication links in terms of design param-
eters, power consumption, data rate, and modulation formats.
Our study shows that the incorporation of the required number
of large microwave antennas and PAAs to achieve omni-
directional communication is tremendously challenging in a
resource-limited CubeSat platform. As studied in Section IV,
the current CubeSats are not capable to deliver the required
high power to achieve omnidirectionality in static antenna
and PAA-based microwave systems. In contrast, the optical
communication system demonstrates the potential to achieve
omnidirectional multi-Gb/s data communication due to its
low total power consumption and the availability of compact
(smaller than 15 mm in diameter), high-speed (in the order
of kHz) scanning mirrors. Furthermore, our analyses reveal
that although the optical communication demonstrates one to
two orders of magnitude higher data rate than the microwave
system up to a certain communication distance, at a longer
distance (e.g., 400 km and beyond), the mmWave point-to-
point communication system (e.g., 60 GHz) has the potential
to perform better than the optical system (e.g., 194 THz) in
considered CubeSat platform. We show that there exists a
performance crossover between microwave and optical com-
munication links due to the tradeoffs among the system design
parameters. The performance crossovers between microwave
and optical communication links are analyzed in detail to
assess the maximum reach and maximum data rate. The right
selection of the communication medium in a CubeSat crosslink
depends on the application, the integrable antenna size, the
available power, the desired data rate, and the desired com-
munication range. The analysis presented in this article can be
used as a reference for high-speed omnidirectional CubeSat
link development with appropriate design parameters.
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