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Abstract— CubeSat swarm in LEO orbit is an attractive
alternative to present-day expensive and bulky satellite-based
remote sensing systems. This paper presents the design and
optimization rules to achieve omnidirectional, high speed, long-
range (more than 100 km) data communication among
CubeSats. The unprecedented size, weight, power, and cost
constraints imposed by the CubeSat platform and the
availability of the commercial-off-the-shelf components are
considered in the analyses. Analytical studies related to the
scanning mirror-based beam steering system as well as
scanning mirror’s smallest step angle requirement are
presented. In addition, we demonstrate the relations and
dependencies among scanning mirror’s smallest step angle,
laser beam divergence, optics dimensions, communication
distance, and scanning area filling efficiency, etc. Furthermore,
the optimization challenges of the transmit laser beam size
considering the interplay among beam divergence, beam
clipping, and scattering are studied in detail. This paper also
presents the effect of laser peak power, initial beam size, and
communication distance on effective communication beam
width to maintain a long-distance (more than 100 km)
communication with SNR > 10 dB at a data rate greater than
500 Mb/s.

Keywords: CubeSat, CubeSat telescope design, Free-space
optical communication, Inter satellite communication,
Omnidirectional optical antenna, Optical crosslink.

I. INTRODUCTION

Small satellites (e.g. CubeSat) based remote sensing
technology possesses an indisputable potential to understand
Earth as an integrated system and its response to natural or
anthropogenic changes [1-3]. A swarm of earth-orbiting
CubeSats can play a vital role in achieving small, affordable,
and transformative approaches to enable remote sensing
systems for wind, cloud, topography, etc. without sacrificing

performance metrics that are achieved in conventional space
technologies. Omnidirectional Optical Transceiver (OOT) is
necessary to provide connectivity among multiple small
spacecrafts to enable full-sky coverage without expensive
intermediate ground relay stations as shown in Fig. 1. A
seamless data transmission to the ground station is also
attainable through relay nodes as long as at least one CubeSat
is in the Field of View (FOV) of the ground station. Since high-
speed inter-CubeSat data communication will enable data
sharing among spacecrafts in the constellation, the entire swarm
can perform as an unprecedented massive spaceborne remote
sensing system. State of the art satellite-based remote sensing
systems as discussed in Section II are bulky, use extremely
large optics, consume very high power (in the order of hundreds
of watts). Moreover, these satellites do not possess high speed
(greater than or equal to 500 Mb/s) crosslink data transmission
and data relaying capabilities. The main challenge arises from
the fact that a CubeSat platform is extremely Size, Weight,
Power, and Cost (SWaP-C) limited and therefore, optical
system design using Commercial-off-The-Shelf (COTS)
components in such a platform requires special design and
optimization rules.

In this paper, we focus on the system level optics integration
and design rules to achieve omnidirectional optical
communication in the CubeSat platform. In our work, we
investigate optical design methodologies, housing techniques,
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Fig. 1. CubeSat swarm interconnected by OOT.
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component optimizations as well as performance tradeoffs
among major COTS optical components (e.g. scanning mitrors,
collimators, etc.) to address the optical system design
challenges. Our OOT design goal is to achieve a blind spot free
360° Field of Regard (FOR) with maximum reach and data rate.
By considering the deleterious effects such as beam divergence,
satellite vibration, etc., we investigate the optimization rules for
aperture size, beam width, laser power, and scanning mirror
specifications to achieve design goals. Furthermore, we present
the concept of Effective Communication Beam Region (ECBR)
and Effective Communication Beam Width (ECBW) to address
pointing accuracy challenges due to host CubeSat vibrations
and receiver position uncertainties.

This paper is organized as follows: Section II briefly
describes the advantage of optical communication. Section III
provides the scanning mirror selection techniques based on
mechanical design and FOV requirements. Section IV
formulates the small step angle requirement of the scanning
mirror and filling efficiency. In Section V, we present the
transmitter beam size optimization based on scanning mirror
size, ECBR, ECBW, and receiver position uncertainty followed
by a conclusion.

II. THE ADVANTAGE OF OPTICAL CROSSLINK AND STATE OF
THE ART SATELLITE-BASED REMOTE SENSING

Modern wireless inter-satellite communications are mostly
based on RF and microwave technologies. Recent progress in
the microwave-based CubeSat communication systems
demonstrates a high data rate (up to 1.6 Gb/s) point to point
communication [4,5]. The versatile deployment of microwave
technologies for simultanecous communication between
multiple satellites in the CubeSat platform is limited by the
bandwidth and the antenna size requirement. Optical
transceivers have the potential to provide an order of magnitude
improvement in data transmission capacity over the microwave
counterpart with a significantly smaller form factor than that of
microwave systems [6]. However, omnidirectional (one-to-
many) high-speed cross-link data communication and data
relaying capability in a CubeSat platform are still open for
investigation in the optical domain [7]. Optical transceivers
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Fig. 2. (a) A CubeSat omnidirectional optical communicator
(b) The concept of 360° field of regard.

present a high data rate by taking advantage of their several
orders of magnitude shorter wavelengths that lead to a very
narrow transmit beam or a very directive antenna. The received

2

optical power (P,.)at a distance R can be represented as, P, =

PrGrGgrLLgLrLporog. Here, P, Pr, Gr, Gr, L, L, L1, Lp, o7,

or represent received power, transmit power, transmit antenna

gain, receive antenna gain, path loss, receiver plumbing loss,

transmitter feeder loss, pointing loss, transmitter efficiency, and

receiver efficiency, respectively. Moreover, the transmitter
DT

2
antenna gain Gr = (T) , and receiver antenna gain Gp =

2
(nlﬂ) reveals the 1/A? dependence of the received power. This

makes the optical regime more attractive than the microwave
regime. Furthermore, optical transceivers provide very low

beam divergence (0~ /1/ Dy ), high wideband communication

channel, and very high immunity to interference. However,
establishing and maintaining a point to point optical link
between two moving satellites is a tough task and therefore
requires an advanced Attitude Determination and Control
System (ADCS) for proper pointing, acquisition, and tracking.
State of the art satellite-based remote sensing systems such as
CALIPSO (launched in 2006) [8], TwiLiTE [9], are extremely
expensive to deploy and difficult to maintain.

Up to date, several optical communication methods have
been explored for mini and microsatellites [10—12]. The optical
communication between CubeSats is a relatively new area of
research and development [12—14]. To the best of the authors'
knowledge, all the research and development work on the
satellite optical links such as Low Earth orbit (LEO) to LEO
and LEO to Earth have been done either for satellites with
significantly less SWaP-C constraints or a single point-to-point
data communication link. Additionally, the omnidirectional
optical system in CubeSat is a new and demanding concept that
possesses its unique design challenges. To establish high-speed
optical connectivity among different CubeSats in the
constellation, the optical communicator must possess full FOR,
high scanning rate, fast Angle of Arrival (AOA) detection
system as well as capability to maintain multiple
communication links simultaneously. These requirements
impose unique design challenges that need to be addressed. We
briefly presented the design tradeoffs and challenges to achieve
high speed omnidirectional optical antenna [15,16]. In this
paper, we provide an in-depth analysis of the transmitter optics
integration and design methods to enable omnidirectional
optical communication in the CubeSat platform.

A small, cost-effective = omnidirectional  optical
communicator can be fabricated using multiple transceiver
apertures as in Fig. 2 (a). Each face of the CubeSat is equipped
with one scanning mirror-based transceiver that possesses an
optical scanning up to £50°. Therefore, a total of six transceiver
units need to be integrated to achieve a 360° FOR as illustrated
in Fig. 2(b). The coverage in the Z-axis is not shown for the
sake of picture clarity. A technological concept of a Low Earth
Orbit (LEO) formation flying (Q4) incorporating such an
omnidirectional optical cross-link had been presented before
[2,7].
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III. TRANSMITTER DESIGN TRADEOFFS AND SAMPLE LINK
BUDGET

To establish a free space optical link effectively, an advanced
spatial acquisition and pointing system must be incorporated in
the Omnidirectional Optical Transceiver (OOT). A Scanning
Mirror (SM) is the foremost component in the optical pointing
system. A high-speed, wide-angle scanning mirror is desirable
for a fast scanning and pointing mechanism. However, the
scanning capability of the SM is intertwined with its size, form
factor, and driving mechanism. In a non-mechanical beam
steering system (e.g. a MEMS-based, a dual-axis vector mirror-
based), the scanning frequency decreases drastically with the
increase of mirror size. For example, the current state of the art
0.8 mm diameter MEMS mirror from a reputed vendor has a
resonant frequency approximately at 4 kHz, whereas a 2.00 mm
diameter MEMS mirror shows a resonance at 1.3 kHz [17]. A
relatively large scanning mirror (e.g. 15 mm) offers a scanning
speed of up to 350 Hz [18]. Additionally, the mirror dimension
and driving mechanism determine the maximum achievable
scanning angle. For instance, commercially available high-
speed MEMS mirrors have a diameter of 0.8 mm to 7.5 mm
with a mechanical scanning angle of less than +7°. On the
contrary, relatively slow dual-axis vector scanning mirrors (5
mm to 16.5 mm) have mechanical scanning of about £25°as in
Fig. 2. Therefore, the scanning mirror needs to be selected
considering the interplay between mirror size, mirror speed,
scanning angle, and form factor.

In the far-field (R > Rayleigh range), the full divergence
angle, 28 (1/e? diffraction angle) of a Gaussian beam is
assumed to be constant. The divergence angle is inversely
proportional to the initial beam waist (®,) and also proportional
to the wavelength (1), and beam quality factor M? as described

in[19,20], 26 ~ M2 22

Two
beam requires a detailed discussion of specific beam profiles
and possible laser modes, a Gaussian beam with M? =~ 1 is
assumed in all analyses presented in this paper. In many
applications, the scanning mirror’s diameter (D) limits the
allowable transmit beamwidth (D;), Dy < D,,. Obviously,
incorporating a beam expander after the scanning mirror might
seem to be a functional way to achieve a larger transmit beam
waist than the scanning mirror size as presented in Fig. 3.

Since deviations from the Gaussian

Fig. 3(a) and Fig. 3(b) shows the scanning mechanisms
incorporating a Galilean beam expander and a Keplerian beam
expander, respectively. The collimated beam is first steered by
the scanning mirror that creates an angle, 8;,, at the input of the
beam expander as can be seen from Fig. 3. The beam-is
expanded by a beam expander and finally makes an angle of
6, at the output aperture.

The Galilean beam expander is comprised of a concave
lens (CC) and a convex lens (CV) with focal lengths of FL; (-
ve) and FL, (+ve), respectively as shown in Fig. 3(a). The
Keplerian beam expander incorporates two convex lenses with
focal lengths of FL; (+ve) and FL, (+ve) as presented in Fig.
3(b). Both beam expander systems can be represented by
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Fig. 3. Free space optical transmitter, (a) Galilean beam
expander-based system and (b) Keplerian beam expander-based
system.

renowned ABCD ray matrix: [Tyye ; Oouel =
[A B;C Dllrin;0in]. Here, r and 0 correspond to the ray
position and the ray angle. A= 6ryy/01m, B =
0Tout/00in, C = 80,1/ 67, and D = 60,,,/60;, represent
spatial magnification, angle to position mapping, position to
angle mapping, and angular magnification, respectively. The
ABCD matrix of both Keplerian and Galilean telescope can be
given as
L L—FL, —FL, L

AB;CD]=|1-— L; -
[ ] FLl FLl'FLZ FL2

The beam expanders are afocal systems, therefore L =
FL{ + FL,. It is evident from the ABCD matrix that the spatial

magnification for both telescopes is |—FL2 / FL1| , whereas

the angular magnification is |—FLI/FL2|. Hence, a beam

expander-based transmitter reduces the scanning angle by the
same factor as it expands the beam size. For example, if a
scanning mirror is capable of optical scanning 8 = +30°,
incorporating a 3X beam expander (as shown in Fig. 3)
decreases the scanning range to about +10°. Since the
reduction in beam scanning angle, as presented in ABCD
matrix calculation, is not suitable for OOT design, there is no
need for detailed beam analysis and discussion of the nonlinear
distortions that are missing in the ABCD matrix analysis. The
scanning range at the output aperture of the transceiver also
determines the required number n of the transmitter branches
(defined as the required set of optical components to transmit
data) to achieve an omnidirectional coverage, and it is estimated

_ . sin(mayec/720)
by, n = ceiling <(W
the required field of view (full angle) and a,,, is the steering
mirror’s mechanical full scanning range. Optical scanning
angle, 0 = 2a,,,.. Using the equation, it can be estimated that
15, 9, and 6 independent transmitter branches are required to
achieve a full field of view (360°) by incorporating a scanning

2
) ) In this equation, &, is
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mirror with 30°, 40° and 50° full mechanical scanning ranges,
respectively.

Considering the tradeoffs of the scanning mirror parameters,
a simple and compact transmitter design concept utilizing a
single collimating aspheric lens and a small MEMS mirror is
shown in Fig. 4(a). The Fixed Mirror (FM) is mounted at angle
v (degree) so that the horizontal collimated beam makes an
Angle of Incidence (AOI) of 5 on the SM as shown in Fig. 4(a).
Given that the SM is mounted at 45° w.r.t. the vertical axis in
the example type A design, the AOI can be expressed as, f =
135 — 2y. The allowable AOI (less than or equal to 22.5°) is
enforced by the projected shape of the SM from the collimated
beam’s perspective, and the anti-reflection coating at the
aperture window. Fig. 4(b) presents the required distance
between two mirrors p for different scanning angles and AOI.
The required transmitter diameter (TD) increases with the
increase of the scanning angle of the SM for a given AOI that
is also shown in Fig 4(b). To illustrate, for the given system
design with transmitting beam diameter =3.8 mm, fixed mirror
diameter =5.0 mm, scanning mirror diameter =6.0 mm, and TD
< 20 mm, it can be calculated that the maximum scanning
angles are 8°, 7.2°, and 5.8° for AOI (B) of 22.5°, 20°, and 17.5°,
respectively. It can also be realized that for a given AOI, a large
scanning angle requires a large TD and a larger p which make
the omnidirectional transmitter design challenging due to
CubeSat volume constraint. Additionally, due to a small
transmit aperture, type A transmitter design requires an
independent transmitter aperture and receiver aperture.
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Fig. 4. (a) Type A transmitter design, (b) the required p and TD for different
scanning angles.
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A second design approach (Type B) can manifest a smaller
form factor when the mirrors have a large diameter (e.g. 10 mm)
and wide mechanical beam scanning angle (e.g. £25°) as shown
in Fig. 5. Type B transmitter can be transformed into a complete
wavelength selective optical transceiver with very low crosstalk
(close to 0%) and low optical power loss (about 3 dB) [15]. Due
to a larger mirror size compared to type A design, this design
approach allows the same aperture to be used as a transmitter
and as a receiver aperture. Therefore, once the communication
link is established, this transceiver design approach ensures a
direct line of sight communication among multiple nodes. Type
B design also evades the design difficulties related to ultra-wide
FOV receiver design. The transmitter branch of type B
transceiver consists of a fixed mirror (FM), a dichroic filer
(DF), and a scanning mirror (SM) as shown in Fig. 5. A
Focusing Lens (FL) focuses the received optical signal on a
Photo Detector (PD) e.g. Avalanche PhotoDiode (APD). A
small fraction (about 5%) of the received signal is sampled by
a beam sampler (S) and focused on the Quadrant Detector (QD)
to generate a feedback signal for SM. This compact design
approach also allows us to install up to six transmitter branches
in less than 3U that are required to achieve omnidirectional data
communication as shown in Fig. 2.

& PD Py
Fig. 5. Type B transmitter design in Zemax. All dimensions are in
millimeters.

An example link budget that can achieve more than 600 Mb/s
data rate up to 100 km communication distance by
incorporating a high-speed 15 mm transceiver aperture is
presented in Table I. The data rate R, is estimated from the
bandwidth (B), the received power (P, ), bit energy (E}), link
margin (M), and noise density (N,), PB/N, =
E,/N, + R, + M. Here all the terms are in dB. State-of-the-art
Forward Error Correction (FEC) schemes e.g. RS(255,239), RS
(255, 191), etc., require pre-FEC Bit Error Rate (BER),
BER, e—ppc <4%x107®  to  attain  post-FEC  BER,
BERpst—rec < 5 % 10715 [21,22]. The required Eg /N, ratio
to achieve the FEC limit is about 11.2 dB, 8.5 dB, and 20.5 dB
for On-Off Keying (OOK), Binary Phase Shift Keying (BPSK),
and Pulse Position Modulation-2 (PPM-2), respectively
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TABLE [

OPTICAL COMMUNICATION LINK BUDGET
Wavelength 850 nm
Modulation format OOK
Transmit power (1 W) 30 dBm
Transmitter aperture gain (10 mm) 91.4 dB
Receiver aperture gain (15 mm) 94.8 dB
Path loss (100 Km) -243.4 dB
Transmitter and Receiver loss -3.0dB
Spatial pointing loss, Lp 2(611?113 (pointing error=3)

. -33.16 dBm (Lp=3.0dB)
Received power 3876dBm  (Lp=8.6dB)
Receiver sensitivity (1 GHz APD) -50 dBm
Receiver noise figure -4.0dB
Link margin 3dB

. 615 Mb/s (Lp=3.0dB)
Estimated data rate 170 Mbs (Lp = 8.6 dB)

IV. MIRROR SMALL STEP SIZE REQUIREMENT

Scanning mirror’s maximum scan range determines the
attainable Field of Regard (FOR) and the required number of
transmitter branches. However, the mirror’s Smallest Step
Angle (SSA) determines the transmitter’s ability to point at a
certain direction inside the scanning area to establish
communication links and to maintain seamless communication
in a constellation. Hence, the required scanning mirror’s
smallest step angle needs to be determined carefully.
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Fig. 6. Scanning area filling pattern (a) HEP, (b) SFP.

Quasi-static scanning mode (point-by-point scanning)
considered in our analysis to derive the mirror’s required SSA.
In quasi-static mode, two filling patterns can be used to scan a
scanning area efficiently: Hexagonal Filling Pattern (HFP) and
Square Filling Pattern (SFP) as shown in Fig. 6 where Sy and
Sy are horizontal and vertical scanning range of the scanning
mirror. Besides, D represents the transmit beam diameter at the
scanning area and each dot (.) represents a single pointing point
(transmit beam center) on the scanning area. The number of the
required minimum scanning points (N) in quasi-static mode to
fill an area A can be approximated by,

N ~ (8/3v3) (SxSY/m) for HFP (1)
N~ 2 (S"SY/DZ) for SFP @)

5

It can be seen that HFP requires a smaller number of scanning
points to fill the scanning area and therefore requires less time
to scan in the quasi-static scanning mode. In the SSA analysis,
a rectangular scanning area at a distance R from the optical
transmitter is assumed as presented in Fig. 7. Considering,
R>>Rayleigh range the beam diameter at R can be expressed as

D =D, + 2Rtan§ 3)

.’..’I

Fig. 7. CubeSat scanning area.

Here, D, and § are initial beam diameter and half divergence
angle. Considering the above-mentioned parameters, scanning
mirrors the smallest step mechanical angle « is calculated. The
calculated scanning mirror’s SSA requirements for HFP and
SFP scanning pattern can be approximated as
1 (\/§D 3D) )

1
HFP:a, < Stan W) and a, < Stan” 1 (E

1 (D 1 D ()
SFP:a, < S tan 1 (E) and a, < Etan 1 (ﬁ)
Here a, and a, are the required SSA for X and Y axes
scanning, respectively. For most inter-satellite data
communication, R >> D. As a result, (3) can be approximated

as, D =~ 2R tan§. Considering long-distance communication,
the SSA for HFP and SFP can be expressed as

1 1 3
HFP: a, _Etan 1(\/_tan5) ay < Etan 1<Etan5) (6)

; tan~*(tan &) (7N

It is obvious from (6) and (7) that the smallest step angle
requirement to achieve blind-spot free scanning is independent
of the communication distance R and depends solely on the
divergence angle § in a long-range data communication. Note
that, we define blind spots as the area where the transmitter is
unable to point the transmit beam inside its scanning area. Most
of the commercially available scanning mirrors possess the
same step angle for both axes. As a result, a scanning mirror
must be selected such as the smallest step mechanical angle,
a < min (x4, @y 5, ) to ensure full scanning area coverage.
Here, ay, and a,, are the upper bound of the required
mechanical SSA for X and Y axes, respectively. Otherwise, the
optical transmitter contains a blind spot inside the scanning

1
SFP:a, < Etan‘l(Z tand),a, <
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range. In our analysis, the transmitter beam size and the
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Fig. 8. Required mechanical small step angle of the
scanning mirror. The solid lines are the nonlinear least-
square fit on simulated data points.
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Fig. 9. Scanning area filling efficiency for different initial

beam sizes and small step angles.
corresponding divergence data are incorporated from
commercially available optical collimators [23-25]. The
transmitter beam size and half divergence angle data are
summarized in Table II. Using the transmit beam data provided
in Table II, we find the minimum step angle requirement of the
scanning mirror for both Hexagonal and Square filling patterns
using (6) and (7), respectively. The upper bound of the required
SSA is shown in Fig. 8. The required small step angle can be
approximated by the fitted models shown in Fig. 8. The fitted
models of the smallest step angle for HFP and SFP are also
included in Fig. 8.

Evidently, HFP relaxes the SSA requirement more than SFP.
The difference in the required a is noticeable at a smaller

6

TABLE II
BEAM DIVERGENCE
Beam . Beam .
Diameter Divergence Diameter Divergence
(mm) Angle (deg) (mm) Angle (deg)
2.1 0.053 7.0 0.0072
3.0 0.038 10.0 0.0042
3.6 0.016 13.0 0.0028
4.5 0.0086 15.8 0.0025
5.5 0.0077 16.5 0.0023

transmit beam. For instance, a 2 mm initial beam requires o <
0.0398° and o < 0.0265° for HFP and SFP, respectively. For a
large initial beam such as 13mm transmit beam the required o
<0.00021° and o< 0.0014° for HFP and SFP respectively. If the
scanning mirror fails to possess the required SSA, we need to
determine the scanning area filling efficiency of the selected
scanning mirror. It is evident from (1), (2), and Fig. 8 that HFP
is a more effective scanning pattern than SFP in terms of
scanning time (number of required scanning points) and SSA
requirement. Hence, we consider HFP for the filling efficiency
calculation to demonstrate the concept. Moreover, to simplify
the mathematical formulation of the created blind spot inside
the scanning area due to the mechanical smallest step angle, in

our analysis, we assume a square scanning area (S, =S, ), ox

= ay, circular laser beam, and equal optical scanning range in
both axes. The filling efficiency of the HFP can be written as

Here 2 and 6 are the mechanical SSA of the scanning
mirror and the beam divergence angle, respectively. In our
algorithm, the FE is set to 100% for Q < a,, where a,, is the
upper limit of the required scanning mirror’s smallest step
mechanical angle(a). For example, in HFP the actual area filled
by the 2 mm scanning beam at Q = a,, is about 140% due to
the overlapped regions as in Fig. 9, which is set to 100%. Using
(8), the filling efficiency as a function of the upper bound of the
mirror’s required smallest step angle «, for different initial
beam size is calculated and shown in Fig. 9. It can be seen that
the filling efficiency drops to about 35% for all transmit beam
size if the mirrors SSA is twice than the upper bound of the
required small step angle.

V. TRANSMIT BEAM SIZE OPTIMIZATION

A. Initial Beam Diameter to Mirror Diameter Ratio

Initial beam size needs to be optimized considering the
available scanning mirror parameters (size, scanning speed,
frequency) and far-field beam characteristics such as peak
irradiance, beam size, etc. The peak irradiance at the far-field

2P,
can be defined as, lyeqx = n—w"z where P,, o represent

the total power and the beam waist, respectively at a certain
distance [19]. The received power at the receiver, B.., =
Intensity X A,.. where Ar.is the area of the receiver aperture.
It is quite common to utilize the scanning mirror as the
transmitter and receiver aperture to ensure a wide scanning
angle as discussed in section III(B) as well as a wide field of
view receiving capability. As a result, the relative size between
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the transmit beam diameter D and the scanning mirror
diameter D plays an important role in optimizing the far-field
beam profile, beam size, scanning resolution, and peak
intensity. Furthermore, the ratio, M = D /Ds needs to be
optimized considering the tradeoffs among divergence,
scattering and beam clipping at the mirror aperture. The
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Fig. 11. Effect of the mirror’s instantaneous angle on the peak irradiance.

collimated laser beam can be optimized to under-fill (M <
100 %) or over-fill (MR = 100 %) the scanning mirror. It is
seen from Fig. 10 that an overfilled Gaussian beam can exhibit
less divergence and therefore smaller beam size at the target.
Three fast mirrors (15 mm, 10 mm, and 5.5 mm) are used in the
Zemax simulation.

We estimate that the far-field beam radius decreases from 110
m to 20 m approximately for a 5.5 mm beam as MR increases
from 20% to 90%. Beam size in Fig. 10 is measured as 1/e?
radius at a 100 km distance. However, when the beam size is
comparable to mirror size it experiences higher beam profile
distortion due to the scattering and diffraction phenomena.
Additionally, it can be seen that the peak irradiance also
increases up to a certain Mr and reaches a maximum when
80%< Mg < 90% as shown in the figure. Fig. 10 is created
considering a 0° scanning angle of the scanning mirror. The
dependence of the peak irradiance on the mirror’s instantaneous
scanning angle is discussed in the following section. Three
commercially available compact scanning mirrors (15 mm, 10
mm, and 5.5 mm [17,18]) are placed in the place of SM as
shown in Fig. 5 in the beam radius and irradiance simulation as
shown in Fig. 10. Moreover, the beam divergence data is
incorporated from Table II.
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Fig. 10. Effect of Mg on the beam size (solid curves) and peak irradiance
(dashed curves) at 100 km.

B.  Beam Optimization Considering Scanning Angle

A large scanning angle (greater than 10°) is desirable in a
small form factor as shown in Fig. 2 and Fig. 5. However, when
the beam size and the mirror size are comparable, the mirror
scanning angle affects the intensity profile at the far-field and
therefore causes scanning angle-dependent received power
variation. As a proof of concept, peak irradiance variation due
to different scanning angles at a 100 km distance for different
initial beam sizes are presented in Fig. 11.

Here, we consider a laser peak power of 1 W and the
scanning mirror is mounted at 45° w.r.t the optical path as
shown in Fig. 11 (inset). A 15 mm mirror with a large scanning
range (+£25° mechanical scanning) is considered for this
analysis. The vertical axis is the peak irradiance normalized to
the peak irradiance of a 13 mm transmitter beam as it shows the
maximum peak irradiance at the far-field. It can be observed
from Fig. 11 that the peak intensity varies noticeably if the laser
beam diameter (1/€?) is greater than 30% of the diameter of the
scanning mirror. For example, at a large scanning angle, the
peak irradiance can drop to about 10% and about 70% for a 7
mm and 13 mm laser beam, respectively as shown in Fig. 11. It
can also be seen from Fig. 10 (insets) that the intensity profile
gets distorted from the ideal profile (Gaussian profile) based on
ratio, Mp. A relatively large beam (w.r.t. mirror diameter)
manifests high peak intensity due to low divergence,
nevertheless, the beam shape distortion is higher for a larger
beam. Moreover, the far-field beam intensity profile also varies
with the scanning mirror’s instantaneous scanning angle due to
the beam clipping and the scattering phenomena. For example,
the beam profile variation in the far-field (100 km away from
the transmitter) for a 13 mm initial beam size and different
scanning angle is shown in Fig. 11(insets). As a result, the
transmit beam size for CubeSat for a given scanning mirror
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should be optimized considering the interplay between the
divergence and the diffraction of the transmitter beam.

C. Beam Optimization Considering Pointing Challenges.

The uncertainty of the satellite position leads to the
challenges in the pointing accuracy that must be considered in
the designing of a CubeSat optical transmitter. The transmitted
laser beam width needs to be optimized considering the position
uncertainty and the imperfect knowledge of the CubeSat
orientation[26,27]. At a fixed scanning angle, due to the
Gaussian beam profile of the transmitted beam, the error-free
data communication is possible only if the receiver falls into a
small region of the beam where the beam intensity is high
enough to maintain desired SNR. Two figures of merit,
Effective Communication Beam Region (ECBR) and Effective
Communication Beam Width (ECBW) are introduced to
quantify the initial beam size optimization technique
considering pointing and tracking challenges inherited by
optical communication. The Effective Communication Beam
Region (ECBR) can be defined as the approximate circular area
in the 2D space of the transmitted beam at a target within which
a receiving CubeSat can maintain a desired SNR e.g. greater
than 10 dB. The ECBW is the diameter of this ECBR. Once the
pointing and acquisition are completed with the state-of-the-art
methods (as suggested in [27-29]), ECBR and ECBW can be
used to quantify the immunity of the communication link from
the random angular disturbance. The pointing of the transmitted
beam needs to be just accurate so that the receiving CubeSat
lies inside the ECBR. A system designed to have a large ECBR
relaxes the pointing and tracking challenges compared to the
system that possesses small ECBR. Therefore, a larger ECBR
manifests higher robustness to random CubeSat vibrations and
position uncertainties. Considering Gaussian beam profile, the

received optical power at the receiver varies as PB..,(d,R) =
2
I(d,R) X A,,, where I(d,R) = n[fgf)]z exp ([T(ZRG;]Z), d, R,
r(R), and Py are the intensity distribution in the 2D plane,
receiver position from the transmit beam center,
communication distance, beam radius (1/e?2) at distance R (as
in section VA), and total optical power at the receiver plane,
respectively [19]. Under the assumption of negligible power
loss in the space, P = Pr,. The data communication link is
effective if the received power is greater than or equal to the
required power, B.,(d,R) = B..4. The required average

optical power, Proq =+/(SNRyoq 0%)/(RE M?), here,
SNReq, 6% M, R, refer to the required SNR, total noise power,

the APD gain, and the photodiode responsivity, respectively.

ECBW is defined as, P, (@, R) = PB.¢q. Given the above-

mentioned conditions, the ECBW can be derived as

2 Pp R2 ) ©)

ECBW = [2r(R)? - In|——=
® (Preq r®)?

In the free-space optical communication link, the ECBW is
very effective as it is directly related to SNR and therefore, the
data rate of the communication link. CubeSats C1, C2, and C4
in Fig. 12(inset) can achieve SNR = 10 dB because they are
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inside the ECBR. However, data communication cannot be
established with C3 due to the low SNR. The Zemax beam
propagation simulation of the received power by a 15 mm
receiver lens for different positions (relative to the transmit
beam center) of the receiving CubeSats at a 100 km distance is
shown in Fig. 12. Four different initial beam sizes (4.5 mm, 7
mm, 10 mm, and 13 mm) and three normalized SNR levels are
considered for the illustration. All powers in Fig. 12 are
normalized to the received power of a 13 mm transmit beam. It
can be observed that the ECBW for 13 mm, 10 mm, 7 mm, and
4.5 mm are about 14 m, 17.3 m, 22 m, and 26.29 m,
respectively. Due to the small receiving aperture (15 mm) and
high divergence, a high peak transmit power (about 10 W) is
required to achieve an acceptable SNR at long distance (e.g.100
km) for relatively smaller transmit beam size e.g. 4.5 mm and 7
mm. Therefore, for the sake of comparative analysis and
visualization, we assume a 10 W peak transmit power in Fig.
12.

Transmitted Beam at Target

0.9

o= 0z-

0.8

10mm
= | 3mm

0

0.7

20dB SNR
13dB SNR-

Normalized power at the receiver

0 10
Relative receiver position from the beam center (m)
Fig.12. Effect of the relative receiver position from the
transmit beam center on normalized received power.

Given a laser with average power P,y, infinite extinction
ratio, and duty cycle D, the theoretical attainable peak power
(Ppeax) of a laser can be estimated as, Ppeqx > Pyyg/D. For
instance, a laser operating at a 5% duty cycle and a 0.5 W
average power can generate pulses with more than 10 W peak
power. Up to date, several laser technologies have been
demonstrated and they can provide several Watts to kilo Watts
of peak power [28,30-32]. Therefore, a 10 W peak power is
indeed achievable by optimizing the laser modalities and the
extinction ratio of the incorporated COTS lasers and amplifiers.
Fig. 13 summarizes the simulation results of the free space
optical link to estimate ECBW for different initial beam sizes
and powers over various distances. In short distance
communication (less than 10 km), the ECBW for all transmit
beam sizes are close to each other (in the range of 2 m to 6 m)
for any transmitted beam size due to the negligible effect of the
divergence. However, the effect of the initial beam size is
notable in long-distance communication (beyond 50 km). For
example, given that the initial peak power 10 W, at a 50 km
communication distance the ECBW is measured as 18 m, 11.5
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m, and 7.6m for 4.5mm, 10 mm, and 13 mm transmitted beam,
respectively. It can be observed the ECBW of 4.5 mm beam
gradually goes to zero as communication distance increases due
to the lack of power to maintain a 10 dB SNR link.
Furthermore, it can also be seen from Fig. 13 that the effect
of transmitter beam size on ECBW is more prominent if the
laser peak power is increased (a commonly adopted
technique[33]) to achieve long-distance communication. For
instance, at 100 km communication distance, a 10 mm transmit
beam manifests ECBW of 8.58 m and 17.3 m for 1 W and 10
W peak power respectively. Although the results presented here
are the Zemax simulation results for higher accuracy, the
presented (9) can be used to get a closer estimation of ECBW.
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Fig. 13. Effect of transmitter peak power on ECBW at different
communication distances.

D. Feasibility Study of the Pointing Accuracy

From the sample ECBW calculation described in the
previous section, the estimated required pointing accuracies at
100 km communication distance are less than 0.004°, 0.005°,
0.006°, and 0.0075° for 13 mm, 10 mm, 7 mm, and 4.5 mm
transmit beam diameters, respectively. Recent advances in star
tracking technologies, as well as scanning mirror technologies,
demonstrate a higher pointing accuracy than the required
pointing accuracy. For instance, an advanced star tracker
demonstrates a pointing accuracy of +£0.003° [34]. Recent
advances in MEMS scanning mirrors (e.g. Mirrorcle [17])
reveal mirror actuators of greater than 14 bits (16384 positions)
on each axis. Therefore, the MEMS mirrors with a mechanical
tilt range of -7° to +7° on each axis present a tilt resolution less
than 0.0008° (or smaller than 14urad) on both axes. The dual
axis vector mirror (e.g. Optotune [18]) with +25° mechanical
scanning capability claims to possess a closed loop resolution
less than 5 urad. In the type B transceiver design, alongside
the star tracker of the host satellite, each transceiver is equipped
with a high-speed camera based coarse Angle of Arrival (AOA)
detection system as shown in Fig. 2. In addition, the Quad
Detector (QD) as shown in Fig. 5 facilitate the fine pointing and
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tracking mechanism for the Scanning Mirror. We believe that
the pointing accuracy requirement can be addressed by a closed
loop Pointing, Acquisition, and Tracking (PAT) system
incorporating the advanced attitude control system, host
Attitude Determination, and Control System (ADCS), scanning
mirror technologies, transmitter beam broadening, and position
detectors (e.g. quadrant detectors) [28,29,35]. Fitting all the
components of the omnidirectional transceiver in 1U is
convenient but not mandatory for every application. Detail
implementation techniques are subjective and can be
accomplished in many ways based on the applications. In the
design analysis, we opt for 850 nm as the operating wavelength
to achieve less divergence, as well as the availability of low-
cost Si APDs, high power lasers (e.g. VCSELSs, semiconductor
lasers), and COTS optics. All analyses are scalable to other
wavelengths, such as conventional telecom wavelengths near
1550 nm with compatible component parameters. Most
components are already available in space grade. With
increasing demand, new components such as high-speed
MEMS mirror are being tested for space applications.
CONCLUSION

Transmitter beam size optimization techniques possess the
tradeoff among maximum achievable received power, host
satellite vibration, and pointing precision requirement, the
space-power limitations, component availability as well as the
interplay between the beam divergence and scattering for a
given distance. We present a systematic optical design
optimization rule considering all the design variables
mentioned above to pave the way to omnidirectional CubeSat
crosslink based advanced applications.
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Figure captions:

Fig. 12. CubeSat swarm interconnected by OOT.

Fig. 13. (a) A CubeSat omnidirectional optical communicator

(b) The concept of 360° field of regard.

Fig. 14. Free space optical transmitter, (a) Galilean beam

expander-based system and (b) Keplerian beam
expander-based system.

Fig. 15. (a) Type A transmitter design, (b) the required p and

TD for different scanning angles.

Fig. 16. Type B transmitter design in Zemax. All dimensions

are in millimeters.

Fig. 17. Scanning area filling pattern (a) HFP, (b) SFP.

Fig. 18. CubeSat scanning area.

Fig. 8. Required mechanical small step angle of the scanning

mirror. The solid lines are the nonlinear least- square fit on

simulated data points.

Fig. 19. Scanning area filling efficiency for different initial

beam sizes and small step angles.

Fig. 20. Effect of Mr on the beam size (solid curves) and peak

irradiance (dashed curves) at 100 km.

Fig. 21. Effect of the mirror’s instantaneous angle on the peak

irradiance.

Fig.12. Effect of the relative receiver position from the

transmit beam center on normalized received power.

Fig. 13. Effect of transmitter peak power on ECBW at

different communication distances.
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