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Realization of Omnidirectional CubeSat
Crosslink by Wavelength-Selective Optical

Transceiver
Imam Uz Zaman , Jose E. Velazco, and Ozdal Boyraz

Abstract—Advanced space missions, e.g., interplanetary
exploration and Earth observation embrace constellation
or swarm-like CubeSat configuration to achieve unprece-
dented spatial and temporal resolutions at a significantly
lower investment. The realization of high-speed inter-
CubeSat data communication link is mandatory to ensure
the success of such missions. In this article, we present
a scalable high-speed CubeSat crosslink implementation
based on the wavelength-selective optical transceiver
(WSOT) design. System performance based on the state-of-
the-art components that satisfy the stringent size, weight,
power, and cost requirements has been investigated. We
estimate that with a 15 mm transceiver aperture size and
1 W peak bit power, the system attains communication dis-
tance up to 125 and 80 km for 400 Mb/s and 800 Mb/s
data rates, respectively. Additionally, we present the optical
and mechanical design of five transceiver units that can fit
inside a 3U CubeSat to achieve a full field of regard (360◦) to
enable omnidirectional high-speed optical communication.
Further performance improvements are possible through
incorporating advanced amplifiers, error correction coding,
and large aperture optics.

Index Terms—CubeSat crosslink, free-space optical link,
omnidirectional optical antenna, optical transceiver, satel-
lite communication.

I. INTRODUCTION

CUBESAT technology (a class of nanosatellites) contin-
ues to evolve to tackle more advanced and challenging

space missions. An engineered CubeSat constellation (multiple
CubeSat performing time-synchronized operations) as shown
in Fig. 1 can offer an unprecedented massive spaceborne
system to pave the way to new applications that are not con-
ventionally attainable. Size, weight, power, and cost (SWaP-C)
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has never become so important as it is in CubeSat where
performance metrics clash with available size and power.
Small, affordable, and transformative approaches that comply
with the extreme SWAP-C constraints and enable high-speed
data communication, as well as autonomous navigation, are
indispensable to attain a comparable performance metrics
of those of large systems [1]. In particular, 3-D constella-
tions in space require omnidirectional data communicators
that can establish point-to-point data communications and also
data relaying among an arbitrary set of CubeSats or major
satellites. Modern wireless intersatellite communications are
mostly based on microwave technologies [2]–[4]. However,
the lack of sufficient power and the permissible antenna size
limit the performance of the conventional microwave commu-
nication technologies in CubeSats. The optical transceivers,
on the other hand, provide a compact architecture and a
larger antenna gain that can enhance the data rate over the
microwave counterparts. Up to date, several optical commu-
nication methods have been explored for minisatellite and
microsatellite [5]–[7]. Among many of these methods, most of
the efforts have been given on the long-range low-Earth orbit
(LEO) to Earth point-to-point data communications which
utilize large ground telescopes (in the order of meters in
dimension) as the receiver terminal. For instance, LEO to Earth
optical communication with a data rate as high as 1 Gb/s is
demonstrated in small satellite platforms (up to 6.0 kg pay-
load incorporated in a 130 kg satellite that produces up to
1 W optical transmit power with about 37 W electrical power
consumption [6], [7]). Kaufmann and Chan [4] analyzed the
feasibility of a coherent system that can fit in a small satellite
platform in an effort to address the power and size constraints
imposed by small satellite platforms. The analyses show up
to 100 Mb/s point-to-point laser communication with a 20 cm
aperture and 30 mW laser source.

The optical communication between CubeSats with more
stringent SWaP-C limits is a relatively new area of research
and development. LED array-based LEO to Earth communi-
cation at 5 kHz with 200 W peak optical power is achieved
in an experimental CubeSat (FITSAT-1) as one of the ear-
lier developments in this field [8]. Similarly, LEO to Earth
communication with 100 Mb/s data rate and up to 20 W
electrical power consumption has been demonstrated in [9]
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Fig. 1. Inter-CubeSat data communication using WSOT.

and [10]. A current NASA mission (CubeSat crosslink mis-
sion, CLICK) sets a goal to achieve 20 Mb/s at ranges from 25
to 580 km by incorporating a 500 mW laser [11]. To the best
of our knowledge, all the research and development work on
the satellite optical links (LEO–LEO and LEO–Earth) have
been done either for satellites with significantly less SWaP-
C constraints or for a single point-to-point (one-to-one) data
communication link. However, constellation and formation fly
of such satellites necessitate optical communicator with omni-
directionality and data relaying capabilities to minimize data
storage (DS) and onboard electronic processing [12]–[14].
Omnidirectional (one-to-many) high-speed data communica-
tion and data relaying capability among small satellites are
still open for investigation in the optical domain.

This article presents an optical communicator design based
on a CubeSat scale wavelength-selective optical transceiver
(WSOT) system architecture that can achieve a 360◦ field
of regard (FOR), longer than 100 km communication dis-
tance, and more than 400 Mb/s data rates. Our analyses utilize
the Zemax-based optical telescope design, experimental stud-
ies on the FlatSat model followed by numerical validation of
the achievable communication range and power consumption.
A conservative bit error rate (BER) estimation based on the
Gaussian statistical analysis [15] is also performed on the
received signal. We experimentally show that in the worst
case scenario (in the absence of advanced transimpedance
amplifier (TIA), error correction coding, etc.), the achievable
receiver sensitivities are −33 dBm and −28.5 dBm at 200
and 400 MHz, respectively, to generate BER is less than or
equal to 10−4. Considering the receiver sensitivity, we estimate
that with a 1-W peak transmit power (500-mW average power
with 50% duty cycle) and 15 mm transceiver aperture (TA),
the WSOT system can achieve communication distances up to
125 and 80 km for 400 Mb/s and 800 Mb/s nonreturn-to-zero
(NRZ) signals, respectively. We also discuss how to scale the
system performance in terms of power and maximum reach.

II. OMNIDIRECTIONAL ANTENNA DESIGN AND THE

TRANSCEIVER ARCHITECTURE

A wide FOR optical transmitter is a must to implement a
long-range omnidirectional data communicator. The gain GT

Fig. 2. Omnidirectional transceiver architectures. (a) Incorporated with
high-speed MEMS mirrors. (b) Incorporated with large diameter DAV
mirrors.

of the optical transmitter can be increased by increasing the
ratio of transmitter beam size DT to the operating wavelength
λ and can be expressed as GT ≈ (π DT/λ)2. The wide FOR
can be realized in the transmitter architecture by incorporating
a fast beam scanning mechanism, e.g., scanning mirrors and
phased array antenna. The required number of transmitters nT

can be estimated from the steering range αs of the scanning
mechanism and the required FOR (full angle) αrec and can be
expressed as

nT ≈ ceiling

((
sin(παreq/720)

sin(παs/360)

)2
)

.

If a scanning mirror is used for the scanning purpose, the
mechanical scanning angle αmec of the mirror can be defined
as αmec = (1/2) αs. Using the equation, one can find that
15, 9, and 6 independent transmitter branches are required to
achieve a full field of view (360◦) by incorporating a scanning
mirror with 30◦, 40◦, and 50◦ full mechanical scanning ranges,
respectively. Two of the most promising commercial-off-the-
shelf (COTS) scanning mirror technologies that can achieve
wide FOR and high-speed scanning are MEMS mirror [16] and
dual-axis vector (DAV) scanning mirror [17]. These scanning
mirrors possess tradeoffs among the size, the scanning speed,
and the scanning angle. MEMS mirrors have a smaller diame-
ter (less than 5 mm), small scanning angle (less than ±7◦) but
high scanning frequency (more than 1 kHz). In contrast, DAV
mirrors are generally large in diameter (greater than 10 mm).
They have a high scanning angle (greater than 25◦) but low
scanning speed (smaller than 400 Hz). Based on these two dif-
ferent mirror mechanisms, two simple design approaches can
be adopted to achieve omnidirectional optical antenna: 1) type
A and 2) type B (as shown in Fig. 2). The type A approach
incorporates MEMS mirrors. This type A design approach
requires the independent transmitter and receiver apertures due
to small transmit aperture (mirror) size. On the contrary, the
type B design incorporates relatively larger DAV mirrors, and
therefore, it allows using the same aperture to transmit and
receive signals as shown in Fig. 2(b).

In addition to wide FOR transmitter, the receiver of the
omnidirectional communicator must have high bandwidth,
large aperture, and wide FOR simultaneously. The required
average optical power Prec is calculated from the required
signal-to-noise ratio (SNR) SNRreq, total noise power of the
receiver σ 2, photodiode gain M, and photodiode responsivity
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Fig. 3. FOV of sample direct detection receiver.

Rp, and can be given as Preq ≥
√

(SNRreq σ 2)/(R2
P M2). The

receiver design should also consider the tradeoffs among the
field of view (FOV), detector bandwidth, and power collec-
tion capability of the receiver optics. Omnidirectional receiver
designs can be in an imaging optics-based receiver (IOR)
architecture or nonimaging optics-based receiver (NOR) archi-
tecture. NORs are highly used in solar cells which possess
tradeoffs among optical power collection efficiency, aperture
size, volume, and achievable FOV. Besides, the NOR archi-
tecture requires a large optical path to accommodate a wide
FOV that is not feasible in the CubeSat scale receiver design
[18]–[20]. The FOV �FOV of the simplest IOR design (as
shown in Fig. 3) incorporating an aspheric lens (AL) along
with an avalanche photodiode (APD) depends on the diam-
eter of the detector H and the focal length of the focusing
lens (FL) f : �FOV ≈ 2 tan−1(H/2f ). It is desirable to use
a large H to design a wide FOV receiver system. However,
H is inversely proportional to bandwidth B, and hence, the
wide FOV IOR receiver design has tradeoffs between detec-
tor size and bandwidth. In fact, the diameter of the available
COTS high bandwidth APD (greater than 600 MHz) is less
than 1.0 mm.

One effective way to increase the FOV of the detector is
to incorporate a ball lens at the focal plane of the receiver
lens as shown in Fig. 3 (inset). For example, in the absence
of a ball lens, a detector system incorporating a 0.5 mm
photodetector and a receiver lens of 15 mm diameter with
a 30 mm focal length can achieve �FOV = ±0.45◦ (effi-
ciency ≥ 50%). However, we estimate that the FOV can be
doubled (�FOV ≈ ±0.9◦) by using a half-ball lens of 4-mm
(diameter). Furthermore, FOV improvement can be achieved
by using larger detectors. For instance, incorporating a 1 mm
detector along with a 2 mm half-ball lens can increase the
FOV to ±1.4◦ as shown in Fig. 3. Given a geometry and a
predefined number of transmitters and receivers, the required
FOV of the individual receiver in the type A architecture is in
the range of 20◦–65◦ to achieve omnidirectional optical sig-
nal collection. Hence, it is extremely challenging to satisfy
both the FOV requirement and the large aperture requirement

by conventional the NOR and IOR designs. Complex optical
system designs, such as focal plane detector array and fish-
eye lens can achieve a wide FOV but mandates larger volume,
complex electronics, and less effective aperture size [21].

An alternative approach to circumvent the wide FOV
receiver design complexities is to employ a type B transceiver
design approach as shown in Fig. 2(b). The main advantage
of the type B transceiver design is that it can use the same
aperture to both send and receive signals. As a result, due to
the reciprocity of the optical beam propagation, once the com-
munication link is set up, the type B design approach ensures
a direct line-of-sight communication among communication
nodes. For this reason, the type B transceiver design approach
is a solution to evade the design difficulties pertinent to the
omnidirectional communication systems described above.

III. WAVELENGTH-SELECTIVE OPTICAL

TRANSCEIVER MODEL

Considering the design complexity of the multiaperture
transceiver system design and the detector FOV requirement,
we move forward with the WSOT-based constellation scheme
that utilizes the type B transceiver architecture as illustrated
in Fig. 2. In the WSOT-based CubeSat crosslink scheme, each
CubeSat Ci in a constellation of n CubeSats is assigned to a
unique wavelength (λi), where i ∈ [1, n] as shown in Fig. 4.
Each WSOT transceiver of the CubeSat Ci incorporates a
unique dichroic filter (DF) with a center wavelength around
λi and transmission bandwidth �λ so that the center wave-
length λc ≈ λi and �λ < |λi − λj=i±1| ∀i, j = 1, 2, 3, . . . , n.
As a result, Ci transmits signals with λi to other CubeSats
Cj �=i but it can detect all other wavelengths, λ �= λi. For
instance, in Fig. 4, CubeSat C1 transmits λi to both C4 and
C3. However, C1 can detect signals of both wavelengths λ2
and λ4 from C2 and C4, respectively. The major implementa-
tion challenges in the WSOT system-based constellations are
the data packet collision, the unique wavelength allocation to
each CubeSat, and the fabrication of narrow bandwidth DFs.
The possibility of packet collision occurs in the WSOT system
when two or more transmitters are in the receiver’s FOV and
the received signal strengths are comparable. In other words,
packet collision occurs if the angular separation between two
transmitters (�TX) with respect to the receiver is less than or
equal to the full FOV of the receiver, �TX ≤ �FOV. A colli-
sion detection protocol needs to be implemented in the media
access control (MAC) layer of the network to overcome such
problems as done in current Ethernet networks. The state-of-
the-art ITU grids are being set at 100 GHz (about 0.8 nm)
channel spacing at C and L bands, and hence more than 100
wavelength channels (i.e., more than 100 satellites) can be
supported. The main implementation bottleneck at the time
of writing this article is the lack of available COTS narrow
bandwidth DFs. Even though only a few discrete wavelength
dichroic bandpass filters are commercially available, custom
fabricated filters for specific wavelengths can be attained from
different manufacturers.

The transmitter (TX) of the WSOT system design as
given in Fig. 5 incorporates a laser diode (L), an AL based
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Fig. 4. WSOT-based CubeSat constellation concept.

Fig. 5. WSOT optical architecture.

collimation system. A fixed mirror (FM) is used to make the
TX chain compact to fit inside the CubeSat platform. A DF is
integrated to enable wavelength-selective communication and
to minimize the crosstalk. The receiver chain (RX) consists
of a wideband filter (F), FL, and an APD as shown in Fig. 5.
A steering mirror (SM) of diameter 2a-based TA ensures a
line-of-sight communication that facilitates the pointing and
tracking mechanism.

The received optical power Prcv(λi) can be estimated from
the transmit power P(λi), transmitter feeder loss αTi(λi),
receiver chain loss αRj(λi), geometric loss G(λi), pointing
loss αp, and atmospheric attenuation γ (R) as Prcv(λi) =
P(λi)αTi(λi)αRj(λi)G(λi)αpγ (R). The total power of the opti-
cal beam with wavelength λi at the collimator’s output can
be calculated from the complex transverse electric field of
the optical beam Ec(r, z, λi) as P(λi) = ∫∫ |Ec(r, z, λi)|2dA.
Therefore, the transverse intensity profile of the beam at
a distance z is represented by I(r, z) = ([2P(λi)]/[π ·
ω(z)2]) exp([−2r2]/[ω(z)2]). Here, r is the radial distance
away from the optical axis, ω◦ is the transmit beam waist
(radius), and ω(z) is the beam radius (1/e2) at a dis-
tance z. Assuming the optical length (lopt) inside the WSOT
transceiver is much smaller than the Rayleigh range, the inten-
sity of the transmitted beam with wavelength λi at the WSOT
transceiver output of CubeSat Ci can be approximated as
IT(r, z = lopt) ≈ ([2αTi(λi)P(λi)]/[πω2◦]) exp([ − 2r2]/[ω2◦]).
Here, αTi(λi) is the transmitter feeder loss that is a function
of wavelength λi, the number of FMs nFM, the reflectance
of the mirrors RFM(λi), the transmission of the DF TDF(λi),
the scanning mirror aperture radius a, and the reflectance

of the scanning mirror RSM(λi). αTi(λi) can be given as
αTi(λi) = nFMRFM(λi)RSM(λi)TDF(λi)(1−exp([−2a2]/[ω2◦])).

The beam experiences pointing loss αp, attenuation
γ (R) = exp(−βR), the geometric loss G(λi) = 1 −
exp(−[2a2]/[ω(R)2]), and receiver feeder loss αRj(λi) =
RSM(λi)RDF(λi)TF(λi)TFL(λi), which leads to the received
power, Prcv(λi) = ArcvIT(0, R)αpαRj(λi)G(λi)γ (R). Here, we
define Arcv, RDF(λi), TF(λi), TFL(λi), and β as the area of
receiver aperture, the reflectance of the DF at λi, the trans-
mission of F, the transmission of the FL, and the atmospheric
attenuation factor, respectively. Assuming shot noise σs and
thermal noise σT are the two dominant noise sources, the
SNR of the detected signal can be estimated as SNR ≈
[(I2

sig)/(σ
2
s + σ 2

T )]. Given that the photodiode responsivity is
Rp(λi), in the absence of crosstalk and negligible attenuation
in space (β ≈ 0), the signal photocurrent can be written as

Isig ≈ 2αpMRP(λi)P(λi)αTi(λi)RSM(λi)RDF(λi)

× TF(λi)TFL(λi)

(
1 − exp

(
− 2a2

ω(R)2

))
.

The above-mentioned relations assume negligible crosstalk
generated by the optical duplexer. As a matter of fact, at
the duplexer, an incident beam splits into three major beams:
1) reflected beam; 2) transmitted beam; and 3) crosstalk com-
ponent (CT , the fraction of transmit power that goes to the
receiver). In our experiment, we measure the crosstalk power
generated by the COTS beam splitter and DF with an 808 nm
laser source. The anti-reflective (AR) coated nonpolarizing
beam splitter (700–1000 nm) has a split ratio of 50:50. With
the incident optical power, Pi = 10.4 mW, the measured
crosstalk power of the beam splitter is 12.4μ W, that is,
CT > 0.1%. In such a system, a 500 mW transmit power
generates CT >0.5 mW which is deleterious for long range,
extremely power limited CubeSat communication systems. On
the contrary, the measured CT of an example DF is about
4 nW for Pi=10.4 mW. Therefore, CT of a DF-based duplexer
is about −65 dB, whereas CT of a BS-based duplexer is
around −30 dB. Therefore, the DF-based WSOT design as
described above can increase the receiver’s sensitivity by sup-
pressing the crosstalk components. Additionally, the careful
optical design as shown in Fig. 5 eliminates back reflection
from the optics surfaces. We also study the mechanical feasi-
bility of the WSOT system in the CubeSat platform through
Zemax optical simulation. The example optical design is given
in Fig. 6. Fig. 6 includes a beam sampler (S) that samples
a fraction of the received beam and focuses on the quad-
rant detector (QD) to generate the feedback signal for SM.
Fig. 6 shows the dimensions of the optics and the required
spacings. The scanning mirror dimension is taken from a
manufacturer’s specs.

It is discernible from Fig. 6 that up to 5 WSOT optical
units can be incorporated into about 1.5U volume (1U ≈
10 cm×10 cm×10 cm) to achieve about 360◦. Considering the
electronics and other satellite subsystems, the entire CubeSat
can be built in a 3U platform. The performance analyses
presented in this study are based on the available power
and volume of a 3U CubeSat. A larger platform (e.g., 6U,
12U, etc.) increases the SWAP-C availability for the WSOT
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Fig. 6. WSOT transceiver dimensions in millimeters.

Fig. 7. Experimental setup of the WSOT system.

payload. As a result, in larger CubeSat platform, the maximum
reach and maximum attainable data rate can be extended by
incorporating larger optics and higher power lasers.

IV. SYSTEM PERFORMANCE OF THE WSOT SYSTEM

A. Test Bench for the WSOT System Performance
Evaluation

To evaluate the performance of the WSOT system, we
assemble two FlatSat models (TRX1 and TRX2) on an optical
table as shown in Fig. 7 to establish a full-duplex communica-
tion. As proof of concept, we use two lasers, 808 and 880 nm,
to mimic two satellites. We also incorporate an 850 nm long-
pass DF and an 850 nm short-pass DF due to their availability
and low cost. The lasers are then collimated using COTS AL
to achieve a 10 mm transmit beam diameter. Two DFs DF1
and DF2 are integrated into the systems as duplexers. DF1
and DF2 are selected such that DF1 and DF2 allow to pass

TABLE I
OPTICAL POWER LOSS OF THE WSOT TRANSCEIVER

λ1 and λ2, respectively, and reflect λ2 and λ1 to the respective
receiver. Moreover, 15 mm beam SMs are also incorporated
in the FlatSat models of the WSOT system. The power loss
is measured at 880 nm that is transmitted by the TRX1. The
receiver is fabricated using commercially available 1.00 mm
Silicon APD with responsivity Rp = 0.5 (M = 1), dark current
ID = 2 nA (max), excess noise figure FA = 0.3 (λ =800 nm),
and cutoff frequency, fc = 600 MHz. The APD is biased at
130 V to achieve a gain (M) of about 100. A narrow band-
pass filter (F) is incorporated with the FL in each receiver
to reduce the ambient noise. The APD is terminated at a
2.0-GHz digital oscilloscope with a 50 � termination resistor.
The average optical power is measured at each measurement
point i = [1, 8] as shown in Fig. 7 to analyze the power loss
and the performance of the WSOT system. The total optical
power loss LOL depends on the communication distance R,
optical component loss LOCL, pointing loss LPL, divergence
angle of the transmit beam δ, and limited receiver aperture
radius a and in dB scale can be expressed as

LOL(R, a, δ) = LOCL + 10 log

(
a2

R2 + tan2δ

)
+ LPL. (1)

We experimentally measure the total optical component loss
of an RX-TX chain LOCL of the WSOT. The measured opti-
cal power loss at different measurement points of the WSOT
transceiver is summarized in Table I. LOCL of the WSOT
system is about 1.6 dB as shown in Table I. The measured
crosstalk factor of the DF, CT is about −65 dB. The required
pointing accuracy to keep the optical throughput loss of less
than 3 dB of the intersatellite optical communication can be
approximated as ε ≈ (λ/40ω◦). The state-of-the-art onboard
sensors have an angular resolution in the order of about 1 μrad
and therefore, the required pointing accuracy can be obtained
using currently accessible technologies [4], [22]. As consid-
ered in many literature (e.g., [4] and [23]), a 3 dB pointing
loss, i.e., LPL = 3 dB is considered in the link-loss cal-
culation. The total optical power loss of the WSOT system
with a 15-mm TA is presented in Fig. 8. For instance, it can
be seen from Fig. 8 that 13 mm and 7.0 mm initial trans-
mit beams experience about 60 dB optical power loss at a
distance of 100 and 40 km, respectively. It is obvious from
Fig. 8 that a larger transmit beam size (ω◦) experiences smaller
optical loss as predicted from (1). Therefore, longer commu-
nication is achievable with a larger initial beam size. Five
commercially available collimators (3, 5.5, 7, 10, and 13 mm)
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Fig. 8. Total optical loss of a WSOT system.

TABLE II
BEAM SIZE (DIAMETER) AND HALF DIVERGENCE ANGLE

are considered for the power loss calculation. In our analy-
sis, transmitter beam size and corresponding divergence data
are incorporated from commercially available optical collima-
tors [24]–[26]. Therefore, the nonideal effects of the optics
inside the collimators are considered in the Zemax simula-
tion. The relevant transmitter beam size (diameter) and half
divergence angle data are summarized in Table II.

The total power-loss-distance relation as in (1) is non-
linear. However, from the link designers’ perspective, it is
often convenient to quantify power loss in a linear scale, e.g.,
dB/km. It is observed that in long-distance communication
(R ≥ 100 km), the total power loss with respect to the dis-
tance can be approximated with a linear model. That is, total
optical loss at a distance R (in km) can be approximated as
LOL(est.) = L◦ + m × (R − 100) and R ≥ 100 km. Here, L◦
and m are the total power loss at 100 km and the slope of the
linear fitted curve, respectively. The sample linear least square
fit (LLSF) on the estimated total power-loss curve is shown in
Fig. 9. Interestingly, the slope of the linear fit is independent
of the initial beam sizes and divergence angle. This is evident
from the parallel fitted lines in Fig. 9. For instance, it can be
noted that the linear fits of the optical power loss of all initial
beam sizes, e.g., 13, 10, 7 mm, etc., have the same slope m.
The approximated distance-dependent incremental power loss
(slope of the fitted curve, m) is 0.032 dB/km.

It is also notable that due to the small receiver aperture
(a << R), the slope of the linear fit is also independent of
the receiver aperture. The linear fitted line of the power loss

Fig. 9. Linear approximation of the total optical power loss for different
transmit beam sizes.

Fig. 10. Total power-loss estimation for different receiver sizes.

considering four different receiver apertures (10, 15, 20, and
30 mm) are shown in Fig. 10. Two initial beam sizes (5.5
and 10 mm) are considered in this analysis for the compari-
son purpose. It is evident that all fitted lines have the same m
regardless of the initial beam size and the receiver dimension.
The constant term, L◦ of the LLSF fits for different initial
beam size and different receiver diameters are summarized
in Table III. The parameters L◦ and m can produce a close
estimation of the total power loss of the WSOT system with
different initial beam sizes and receiver aperture sizes. For
example, given that a WSOT system is designed with a 10-
mm initial beam size and a 15 mm receiver aperture, the total
optical power loss of a 200-km free-space link can be esti-
mated as LOL(est.) = 66.9 + 0.032 × (200 − 100) = 70 dB.
That is close to 70.6 dB, the value estimated from (1) and
shown in Fig. 8. Furthermore, we calculate the RMS error
between actual estimation and linear approximation to be
erms = 0.78 dB. The maximum error and standard deviation
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TABLE III
PARAMETERS OF THE LINEAR FIT MODEL, L◦ (dB)

Fig. 11. Power consumption estimation of a WSOT system.

are calculated as 2.3 and 0.78 dB, respectively, for all initial
beam width and receiver size combinations. This error cal-
culation is based on the curve fitting applicable for 100 km
≤ R ≤ 500 km.

B. Power Budget Estimation

We estimate the power consumption of the major active
components of the given WSOT system. Fig. 11 shows an
example of a link design that includes major electrical and
optical components to establish a WSOT system. Here, we
assume the wall-plug efficiency of the laser and optical ampli-
fier (OA) are 12.5% and 16%, respectively, and average optical
output is 500 mW to generate 1 W peak power considering
50% duty cycle. Also, based on different manufacturer specs,
we assume the COTS TIA and electrical amplifier (EA) con-
sume 0.5 and 0.25 W, respectively. Moreover, the electrical
control unit (ECU), basic digital signal processing (DSP), and
DS can be achieved with conventional FPGAs or ASICs that
consume less than 2 W average power. Hence, one TX-RX has
a wall-plug efficiency of about 8%. Therefore, with this exam-
ple system, two links (one point to point and one relaying) can
be operated simultaneously with less than 15 W power con-
sumption. The wall-plug efficiency of the WSOT system can
be further improved by using highly efficient OA and laser
diodes, etc. Given that the state-of-the-art solar panels such
as eHawk can generate 72 W optical power [12], a WSOT
payload will consume less than 20% of the total generated

Fig. 12. BER versus received average optical power for a 200-MHz
signal (sampled at 2 GS/s).

power. Since lasers are the most power-hungry components,
these results are expected.

C. Data Communication Performance Test

The two FlatSat models of WSOT architectures shown in
Fig. 7 are also used to test the data communication and to
characterize the communication range and BER. Due to the
immobility of the preliminary model, a variable free-space
attenuator is placed in the optical path between two FlatSats to
mimic the power loss due to different distances as estimated
in Fig. 8. To estimate the BER performance, we use 200 MHz
and 400 MHz square wave signals with 50% duty cycle. It
is known that for a given data rate, the NRZ ON–OFF keying
(OOK) modulation requires only half of the baseband band-
width. Therefore, 200 MHz and 400 MHz signal resemble
approximately 400 Mb/s and 800 Mb/s data rates, respec-
tively. A conservative BER estimation approach based on the
Gaussian statistical analysis is performed on the received sig-
nal where BER is defined as BER = (1/2)erfc(Q/

√
2) and

quality factor, Q = [(I1 − I0)/(σ1 + σ0)] [15]. I1 and I0 are
the average received signal and σ1 and σ0 are the standard
deviations corresponding to 1 and 0 bit, respectively. To char-
acterize the system, the received signal (voltage) from the APD
is captured by a 2 GHz oscilloscope. The captured data are
then analyzed in MATLAB and Python. We create a histogram
of a large number of signal segments (close to 12,000) for a
credible statistical BER analysis. The BER versus received
average optical power profile for 200 and 400 MHz signal are
given in Figs. 12 and 13, respectively, considering NRZ-OOK
modulation. The eye diagrams at different received power are
given as insets. The signals are sampled at 2 GS/s. It can be
seen from the figures that the minimum received power to
maintain a BER ≤ 10−4 for 200 and 400 MHz signals are
measured to be S200 = −33 dBm and S400 = −28.5 dBm,
respectively. Note that in this analysis, the system is charac-
terized without incorporating any TIA and RF amplifiers. The
BER estimation shown in Figs. 12 and 13 is the conservative
(worst case) performance of the WSOT system.
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Fig. 13. BER versus received average optical power for a 400-MHz
signal (sampled at 2 GS/s).

The receiver sensitivity and estimate maximum achiev-
able communication distance can be estimated from the
above-mentioned BER analysis. Given the above-mentioned
WSOT transceiver sensitivity, for a given transmit power
P(λ) and BER requirement, the maximum achievable com-
munication distance Rmax can be estimated by P(λ) =
Sk − LOL(Rmax, a, δ). Here, LOL is a −ve quantity and the
subscript k ∈ {200, 400} denotes the 200 and 400 MHz
signals, respectively. In order to provide readers with a bet-
ter understanding of the WSOT system’s scalability and to
compare the performances, we study the achievable distance
for four different receiver diameters, i.e., DR = 2a =
{10 mm, 15 mm, 20 mm, 30 mm} and two signal peak pow-
ers, Ppeak = {500 mW, 1 W}. For a given average power
(PAVG), infinite extinction ratio, and duty cycle (DC), the
theoretical attainable peak power (Ppeak) of a laser can be
estimated as Ppeak > PAVG/DC. For instance, a laser oper-
ating 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 that
can provide several Watts to kilo Watts of peak power [3],
[27], [28]. Moreover, the received power is intertwined with
the transmit beam width ω◦ and therefore, in the simu-
lation, five selected COTS collimators of beam diameters
DT = 2ω◦ = {13 mm, 10 mm, 7 mm, 5.5 mm, 3 mm} are
incorporated from Table II. The achievable communication
distance with BER ≤ 10−4 is shown in Figs. 14 and 15 for
200 and 400 MHz signals, respectively, for different DR and
Ppeak. It can be seen from Fig. 14(a) that a 400-Mb/s data rate
is achievable up to 88 km with DT = 13 mm, Ppeak = 500
mW, and DR = 15 mm. For the same DR and DT , Rmax exceeds
125 km when Ppeak = 1 W as can be seen from Fig. 14(b).
Furthermore, with the same system, i.e., DR = 15 mm,
DT = 13 mm, and an 800 Mb/s (400 MHz signal) data rate can
be achievable up to a distance of 53 and 80 km with 500 mW
and 1 W peak power, respectively, as shown in Fig. 15. A
larger transceiver aperture can achieve longer communication
distance with the above-mentioned transmit power levels. For

Fig. 14. Communication range estimation for 400-Mb/s WSOT system.

Fig. 15. Communication range estimation for the 800-Mb/s WSOT
system.

instance, it can be seen from Fig. 15(b) that an 800 Mb/s
data rate is achievable up to 150 km communication distance
with PT = 1 W, DR = 30 mm, and DT = 13 mm. In our
experiment, the output of the APD is terminated with a 50 �

resistor. The proof-of-concept receiver under test does not
include TIA and baseband amplifiers. In addition, a Gaussian
statistical computation of the BER is adopted in the above-
mentioned analysis. Therefore, the estimated link parameters
(e.g., receiver sensitivity, communication distances, etc.) are
the worst case scenario estimation of the WSOT link. The
performance of the system can be improved further by the
advanced receiver circuit design, error correction coding, and
optics optimization.

V. CONCLUSION

In this article, we introduced an omnidirectional CubeSat
optical crosslink concept based on WSOT. The WSOT-based
optical antenna can achieve a 360◦ FOR that is capable of
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one-to-many high-speed data communications. The optical
transceiver is designed in Zemax and the performance metrics,
such as receiver sensitivity, transceiver power loss, etc., are
experimentally measured in the lab environment. The WSOT
can achieve a data rate higher than 400 Mb/s. The expected
achievable communication distance is estimated for different
transmit power, transmitter aperture size, and receiver dimen-
sions. The omnidirectional optical antenna is realizable in a 3U
CubeSat dimension and expected to consume less than 15 W
electrical power.

ACKNOWLEDGMENT

The authors thank Dr. Rasul Torun for his valuable input to
this work.

REFERENCES

[1] J. E. Velazco et al., “Inter-satellite omnidirectional optical commu-
nicator for remote sensing,” in Proc. CubeSats NanoSats Remote
Sens. II, vol. 10769, 2018, pp. 157–162. [Online]. Available:
https://doi.org/10.1117/12.2322367

[2] R. Morgan and K. Cahoy, “Nanosatellite lasercom system,” in Proc. 31st
Annu. AIAA/USU Conf. Small Satellites, 2017, pp. 1–32.

[3] R. W. Kingsbury, “Optical communications for small satellites,” Ph.D.
dissertation, Dept. Aeronaut. Astronaut., Massachusetts Inst. Technol.,
Cambridge, MA, USA, 2015.

[4] J. Kaufmann and V. Chan, “Coherent optical intersatellite crosslink
systems,” in Proc. 21st Century Mil. Commun. (MILCOM), vol. 2,
Oct. 1988, pp. 533–540.

[5] D. M. Boroson et al., “Overview and results of the lunar laser com-
munication demonstration,” in Proc. Free Space Laser Commun. Atmos.
Propag. XXVI, vol. 8971, Mar. 2014, Art. no. 89710S.

[6] A. Carrasco-Casado et al., “LEO-to-ground optical communications
using SOTA (small optical transponder)—Payload verification results
and experiments on space quantum communications,” Acta Astronautica,
vol. 139, pp. 377–384, Oct. 2017.

[7] C. Fuchs and C. Schmidt, “Update on DLR’s OSIRIS program,” in Proc.
Int. Conf. Space Opt. (ICSO), vol. 11180, Jul. 2019, Art. no. 111800I.

[8] T. Tanaka, Y. Kawamura, and T. Tanaka, “Development and operations
of nano-satellite FITSAT-1 (NIWAKA),” Acta Astronautica, vol. 107,
pp. 112–129, Feb. 2015.

[9] T. S. Rose et al., “Optical communications downlink from a 1.5u
Cubesat: OCSD program,” in Proc. Int. Conf. Space Opt. (ICSO),
vol. 11180, Jul. 2019, Art. no. 111800J.

[10] S. W Janson, “Cubesat-scale laser communications,” in Proc. Nat. Space
Symp., 2015, pp. 1–11.

[11] K. Cahoy et al., “The CubeSat laser infrared crosslinK mission
(CLICK),” in Proc. Int. Conf. Space Opt. (ICSO), vol. 11180, Jul. 2019,
pp. 358–369.

[12] J. E. Velazco et al., “High data rate inter-satellite omnidirectional optical
communicator,” in Proc. 32nd Annu. AIAA/USU Conf. Small Satellites,
2018, p. 18.

[13] I. U. Zaman, A. W. Janzen, R. Torun, J. E. Velazco, and O. Boyraz,
“Design tradeoffs and challenges of omnidirectional optical antenna for
high speed, long range inter CubeSat data communication,” in Proc.
Small Satellite Conf. Delivering Mission Success, Aug. 2018, p. 18.

[14] I. U. Zaman, A. W. Janzen, R. Torun, M. Peng, J. E. Velazco, and
O. Boyraz, “Omnidirectional optical transceiver design techniques for
multi-frequency full duplex CubeSat data communication,” in Proc.
SPIE Opt. Photon. CubeSats NanoSats Remote Sens. II, Aug. 2018,
Art. no. 1076942.

[15] G. P. Agrawal, Fiber-Optic Communication Systems. New York, NY,
USA: Wiley, 2010, pp. 162–167.

[16] M. Technologies. (2017). Mirrorcle Technologies MEMS Mirrors—
Technical Overview. [Online]. Available: https://www.semanticscholar.
org/paper/Mirrorcle-Technologies-MEMS-Mirrors-%E2%80%93-
Technical/d131a1576787ffa47fbd035881ec3780cf1a09b4

[17] Optotune. Dual Axis VCM With Position Feedback 2D
Beam Steering. Accessed: Jun. 7, 2019. [Online]. Available:
https://www.optotune.com/contact/49-products/beam-steering

[18] L. Broman, “Non-imaging solar concentrators with flat mirrors,” in Proc.
Int. Conf. Nonimag. Concentrators, vol. 441, Jan. 1984, pp. 102–110.

[19] H. Ries and A. Rabl, “Edge-ray principle of nonimaging optics,” J. Opt.
Soc. America A, vol. 11, no. 10, pp. 2627–2632, Oct. 1994.

[20] J. C. Miñano and J. C. González, “New method of design of nonimaging
concentrators,” Appl. Opt., vol. 31, no. 16, pp. 3051–3060, Jun. 1992.

[21] I. U. Zaman, J. E. Velazco, and O. Boyraz, “Wavelength selective optical
system for CubeSat crosslink,” in Proc. Laser Commun. Small Satellites,
Oct. 2019, p. 4.

[22] M. Toyoshima, “Trends in satellite communications and the role of opti-
cal free-space communications [Invited],” J. Opt. Netw., vol. 4, no. 6,
pp. 300–311, Jun. 2005.

[23] H. Kaushal and G. Kaddoum, “Optical communication in space:
Challenges and mitigation techniques,” IEEE Commun. Surveys Tuts.,
vol. 19, no. 1, pp. 57–96, 1st Quart., 2017.

[24] Microlaser, Inc. Adjustable Fiber Collimators. Accessed: Aug. 4,
2019. [Online]. Available: http://www.microlaser.com/FiberOptic/Fiber
Collimators.html

[25] Thorlabs. Collimation/Coupling. Accessed: Apr. 21, 2019. [Online].
Available: https://www.thorlabs.com/navigation.cfm?guide_id=27

[26] Fiber Components: Large-Beam Fiber Collimators. Accessed: Sep. 28,
2019. [Online]. Available: http://www.princetel.com/fc_clx.asp

[27] A. S. Mayer, C. R. Phillips, and U. Keller, “Watt-level 10-gigahertz
solid-state laser enabled by self-defocusing nonlinearities in an aperiod-
ically poled crystal,” Nat. Commun., vol. 8, no. 1, pp. 1–8, Nov. 2017.

[28] F. R. Ahmad and F. Rana, “Passively mode-locked high-power
(210 mW) semiconductor lasers at 1.55-μm wavelength,” IEEE Photon.
Technol. Lett., vol. 20, no. 3, pp. 190–192, Feb. 2008.

Authorized licensed use limited to: Access paid by The UC Irvine Libraries. Downloaded on August 11,2020 at 08:18:24 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


