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Abstract—Compact, light, and low power consumption 

communications equipment is required for the small 

satellites. For such restriction of the resources in the 

spacecrafts, we propose a non-mechanical, compact optical 

terminal equipped with a two-dimensional laser array. A 

laser beam is transmitted by selecting the laser pixel 

corresponding to the direction of the optical signal received 

from the counter terminal. The beams are not deflected by 

a mechanical mirror. Instead, they are turned on and off 

one after the other in accordance with the direction from 

which optical signals are received. Multiple-input multiple-

output operation is possible in this configuration. The non-

mechanical transceiver can facilitate a reduction in the size 

of the optical communications system. This paper presents 

the basic concept of a non-mechanical compact transceiver 

with a two-dimensional laser array for optical wireless 

communications. 

I. INTRODUCTION

The advantages of optical communications as 
compared to radio frequency (RF) communications 
include a wider bandwidth, a larger capacity, lower power 
consumption, more compact equipment, greater security 
against eavesdropping, better protection against 
interference, and the absence of regulatory restrictions 
[1]. Moreover, the demand for high-data-rate 
transmission from spaceborne observation platforms is 
steadily increasing [2]. Free-space optical (FSO) 
communications systems are expected to play an 
important role in providing such high-data-rate 
communications, and optical technologies for satellite 
networks are expected to revolutionize space system 
architecture [3]. However, maintaining a line of sight 
between transceivers is particularly difficult because of 
the small divergence angle of the laser beams. Thus, 
minimizing the requirements for the tracking system and 
ensuring the steady operation of the onboard optical 
terminal are important for the realization of commercial 
applications.  

Optical terminals tend to have a large mass because 
optical tracking systems need to have mechanically 
movable parts for coarse laser pointing and tracking. 
Reductions in the mass, power, and volume can decrease 
the interference to the other missions on the satellites. 

Non-mechanical movable architecture is very attractive 
for the robust and lifelong operation of the optical 
terminal in orbit. The small satellite community still uses 
9.6-kbps communication links by employing ham radio 
communications because of resource constraints in the 
nano-class satellites [4–6]. The compact terminal can be 
used in nano-class satellites that have a mass of the order 
of a few tens of kilograms. In addition, there is a 
significant advantage with regard to the frequency-
licensing problems faced by satellites, and the optical 
frequency carrier will be very useful to the small satellite 
community. 

In this paper, we propose the concept of a compact 
free-space laser communications terminal with a vertical-
cavity surface-emitting laser (VCSEL) array. There are 
no mechanically moving parts in this optical system. This 
compact terminal can receive optical communications 
signals from multiple platforms and can transmit multiple 
optical communications beams to the counter terminals. 
Therefore, such an optical system can serve as a multiple-
input multiple-output (MIMO) system. Section II covers 
the recent history of optical space communications. 
Section III describes the conceptual terminal design 
involving a charge-coupled device (CCD) and a laser 
array and presents the system analysis of the optical link 
budget.  

II. HISTORY OF OPTICAL SPACE COMMUNICATIONS

In Japan, the National Institute of Information and 
Communications Technology (NICT, formerly 
Communications Research Laboratory) performed the 
first bidirectional laser communication by using the laser 
communications equipment (LCE) on Engineering Test 
Satellite VI (ETS VI), which was launched in August 
1994. The data rate of 1 Mbps was demonstrated [7]. In 
1995, the Jet Propulsion Laboratory (JPL) and NICT 
conducted a ground-to-space optical communications 
demonstration called the Ground-to-Orbit Lasercom 
Demonstration (GOLD) [8].  

The European Space Agency (ESA) conducted the 
Semiconductor Laser Intersatellite Link Experiment 
(SILEX) using laser communications terminals designed 
for 50-Mbps low earth orbit (LEO)-geostationary earth 
orbit (GEO) intersatellite link (ISL) applications. A 
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SILEX demonstration conducted in November 2001 that 
linked the System Probatoire/Satellite Pour d’Observation 
de la Terra 4 (SPOT-4) satellite to the Advanced Relay 
Technology Mission Satellite (ARTEMIS) marked the 
first transmission of an image at 50 Mbps over a laser link 
[9]. Ground-to-ARTEMIS optical communications 
experiments were successfully conducted in November 
2001 [10] and in September 2003 [11]. 

The Optical Inter-orbit Communications Engineering 
Test Satellite (OICETS, or “Kirari” in Japanese) was 
launched in August 2005. In December 2005, the 
demonstration of the first bidirectional laser 
communication between OICETS and ARTEMIS was 
successfully conducted [12–15]. Following these 
intersatellite experiments, the Kirari optical 
communication demonstration experiments were 
conducted by using the NICT optical ground station 
(KODEN) in collaboration with the Japan Aerospace 
Exploration Agency (JAXA) in March, May, and 
September 2006. In March 2008, a 5.5-Gbps intersatellite 
optical communication link was successfully tested by 
using German laser terminals; this data rate is the fastest 
in space-borne communications to date [16].  

On the other hand, there is the other direction aiming 
for small terminals with rather low data rates but it is 
useful for the small satellite community especially for the 
licensing issue. The proposed technique will expand the 
new utilization of the communications means in satellite 
communications. 

Figure 1. Configuration of the proposed compact laser 

communications transceiver 

III. CONCEPTUAL TERMINAL DESIGN

A. System Configuration 

Figure 1 shows the configuration of the proposed 
compact laser communications transceiver. The laser 
beam from the counter terminal passes through the 
telescope lens, is reflected from the beam splitter and is 
detected by the CCD sensor. The CCD sensor detects the 
direction of the line of sight of the counter terminal, and 
one of the array lasers is selected according to the 
direction of the signal received by the CCD. A CCD with 
a pixel size equal to that of the XGA (1280 × 1024) is 
used. The centroid of the pixels is calculated in the 
computer, and the laser beam corresponding to the 
direction of the centroid is turned on. Figure 2 shows the 

photograph of the manufactured compact laser 
communications transceiver and the control computer 
system. With this configuration, multiple inputs from 
multiple platforms can possible with the parallel laser 
spot detection processing, and the MIMO configuration 
can be possible as well [17].  

Control PC

Electrical partOptical part

Figure 2. Photograph of the manufactured compact laser 

communications transceiver 

B. Optical part of the transceiver 

The laser beam is transmitted from the two-
dimensional laser array through the beam splitter and the 
telescope lens. The laser beam is selected by the centroid 
calculation in the computer. The beam divergence angle 
of the selected laser beam covers the angular interval 
between adjacent laser arrays [18]. Two adjacent laser 
beams are turned on simultaneously to ensure that the 
laser transmission is not interrupted and to maintain a 
constant optical intensity at the counter terminal. Figure 3 
shows the beam transmission configuration for a two-
dimensional laser array. With this transmission method, 
the transmitted laser beam is not interrupted during the 
tracking of the counter terminal. Each laser beam is 
combined by an interval at the half width at half 
maximum (HWHM). Therefore, if the two adjacent laser 
beams are turned on simultaneously, the optical intensity 
can be almost constant at the counter terminal.  

For the transmitter, we use an 8 × 8 VCSEL array, as 
shown in Fig. 4, for the first evaluation model. We choose 
a VCSEL because it is easy to arrange it in an array, there 
is no mechanical part, and it is readily available [19,20]. 
The maximum output power of one pixel is 4 mW at a 
wavelength of 850 nm as shown in TABLE I. The laser 
diode can be modulated at above 2.5 GHz. An example of 
the beam pattern is measured by a beam profiler at 30 cm 
distance from the compact laser communications 
transceiver as shown in Fig. 5. All the VCSELs could be 
turned on individually. The beam pattern from the 
VCSEL used here exhibits a donuts mode instead of the 
Gaussian one. The beam divergence for this evaluation 
model was designed to be 2 degrees for one VCSEL, 
which is more broadened beam divergence than that of 
the real system because the number of the VCSEL array 
is not enough. As shown in the next subsection, a large 
number of pixels are required depending on the angular 
coverage of the transmitter.  
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Figure 6 shows the optical part of the manufactured 
compact laser communications transceiver. The small 
telescope consists of 9 lenses. The VSCEL is mounted at 
the end of the small telescope and the CCD sensor is 
mounted on the upper side of the telescope as shown in 
Fig. 6. The size of the optical part of the telescope (lens 
mount) is 13.5 × 6 × 11 cm, and the mass is 1 kg as 
shown in TABLE II.  

Figure 3. Laser beam transmission method 

Figure 4. Photograph of the 8 × 8 VCSEL array 

TABLE I. 
SPECIFICATION OF THE VCSEL ARRAY

Parameter Value 

Number of the array 64 (8 × 8) 

Maximum output power of one pixel 4 mW 

Wavelength 850 nm 

Beam divergence angle 20-30 degrees 

Minimum frequency response 2.5 GHz 

Figure 5. Example of the beam pattern measured at 30 cm distance 

from the compact laser communication transceiver 

Figure 6. Optical part of the compact laser communication transceiver 

Figure 7. Electrical part of the compact laser communication 

transceiver 
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C. Electrical part of the transceiver 

Laser beams in the VCSEL array are modulated 
according to the received laser spot extracted by the 
control computer system as shown in Fig. 1. Two 32-
channel digital I/O boards are installed and can transmit 
the data at a data rate of 25 Mbps. Figure 7 shows the 
photograph of the electrical part of the manufactured laser 
driver. The electrical part as shown in Fig. 7 can drive 64 
channels of the VCSEL by the selected signal from the 
digital I/O boards. The laser diode is driven at an average 
power of 2 mW by the driver electronics. The electrical 
part of the compact laser communications transceiver has 
the mass of 3.1 kg, the size of 27 × 26 × 10 cm, and the 
power consumption of less than 10 W as shown in 
TABLE II.  

TABLE II. 
RESOURCES OF THE COMPACT LASER COMMUNICATION TRANSCEIVER

Resource Value 

Mass 1 kg Optical part 

Size 

(lens mount) 

15 × 12 × 12 cm 

(13.5 × 6 × 11 cm) 

Mass 3.1 kg  

Size 27 × 26 × 10 cm  

Electrical part 

Power < 10 W 

TABLE III. 
LINK BUDGET ANALYSIS OF AN OPTICAL COMMUNICATION LINK 

BETWEEN A GROUND STATION AND A SATELLITE

Parameters Unit Uplink Downlink 

W 1.00  0.002  TX power 

dBm 30.0  3.0  

Pixel size of laser array - - 1024 × 1024 

Beam diameter at telescope cm 72.1  0.125  

Pointing error rad 23.1  0.0  

TX beam divergence 

(FWe2M)
rad 1000.0  869.3  

Angular coverage (FWHM) degree 0.06  60.0  

TX optic loss dB –2.0  –2.0  

Wavelength m 8.15E–07 8.50E–07 

Average pointing loss dB 0.0  0.0  

TX gain dB 72.0  76.3  

Distance m 1.00E+06 1.00E+06 

Space loss dB –263.8  –263.4  

Atmospheric transmission dB -6.0  –6.0  

RX antenna diameter cm 3.0  150.0  

RX gain dB 101.3  134.9  

RX optic loss dB –2.0  –2.0  

RX power dBm –70.5  –59.2  

Data rate bps 1.00E+05 1.00E+06 

Photons 

/bit

2200  2200  Sensitivity (@BER of 10–6)

dBm –72.7  –62.9  

Link margin dB 2.2  3.6  

D. System Analysis 

TABLE III summarizes the results of the link budget 
analysis for the proposed compact optical transceiver. The 
optical link is designed to connect an optical ground 
station to a LEO satellite. The output laser power for a 
pixel of the VCSEL array is assumed to be 2 mW at 
850 nm wavelength. The beam divergence angle is set at 
869 µrad for a single laser pixel for the full width at 1/e2

maximum (FWe2M), and the angular coverage of the 
transmitter is 60° for a 1024 × 1024 array, which is 
enough to cover the attitude error of the satellites. The 
overlap of the beams is set to occur at the HWHM. The 
beam pointing error can be considered as zero because the 
transmitting power can be doubled by turning on the 
adjacent two VCSELs simultaneously. The beam 
diameter of the transmitter is 1.25 mm. The link distance 
is assumed to be 1000 km from the optical ground station 
to the LEO satellite. If we use a receiving telescope with a 
1.5-m diameter, the link margin will be 3.6 dB at a data 
rate of 1 Mbps. The data rate is rather lower as compared 
with that of a trunk optical communications line; however, 
some nano-class satellites still use a data rate of the order 
of 1.2 k to 9.6 kbps [4–6]. Despite the low data rate, this 
system is advantageous because it overcomes the 
frequency-licensing problem of the satellites. The 
compact optical transceiver can be used in such the nano-
class satellite community for space communications in 
the future. 

TABLE IV tabulates the results of the link budget 
analysis for a horizontal terrestrial optical communication 
link on the ground. By using the proposed non-
mechanical compact transceiver, a data rate of 1 Gbps can 
be realized for a distance up to 1 km with an angular 
coverage of 60°. The diameter of the receiver aperture is 
5 cm in this case. If a receiver aperture with a diameter of 
3 cm is used, a data rate of 1 Gbps can be realized for a 
distance up to 700 m. As shown in Table IV, the proposed 
non-mechanical method can be applied to terrestrial free-
space laser communications. If the proposed terminal can 
be made very compact, mobile users can use the high-
data-rate optical link without the mechanical tracking 
system on the ground, like a digital camera. Setting up the 
optical transceivers is easy and their installation is not 
complicated. In the future, the applicable fields for the 
optical transceivers will include not only satellite 
communications but also high-speed cell phone 
communications, wireless LAN, mobile communications, 
and building-to-building fixed high data rate 
communications without any difficulties.  

IV. CONCLUSION

A non-mechanical and very compact optical 
transceiver has been presented. A VCSEL array is used in 
the transceiver, and the laser pixel that is turned on 
depends on the direction of the counter terminal from 
which the CCD receives a signal. The mass, volume, and 
power of the proposed system can be reduced because it 
contains no mechanically movable structures. In this 
study, an 8 × 8 VCSEL has been used. The angular 
coverage of the optical terminal can be extended if a 
larger number of pixels are used. As there are no 
regulatory restrictions on the use of the optical frequency, 
the proposed compact laser communications transceiver 
will be useful for downloading data from nano-class 
satellites in future applications. 
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TABLE IV. 
LINK BUDGET ANALYSIS OF AN HORIZONTAL TERRESTRIAL LASER 

COMMUNICATION LINK ON THE GROUND

Parameters Unit Horizontal link 

W 0.002  TX power 

dBm 3.0  

Pixel size of laser array - 1024 × 1024 

Beam diameter at telescope cm 0.125  

Pointing error rad 0.0  

TX beam divergence 

(FWe2M)
rad 869.3  

Angular coverage (FWHM) degree 60.0  

TX optic loss dB –2.0  

Wavelength m 8.50E–07 

Average pointing loss dB 0.0  

TX gain dB 76.3  

Distance m 1.00E+03 

Space loss dB –203.4  

Atmospheric transmission dB –6.0  

RX antenna diameter cm 5.0  

RX gain dB 105.3  

RX optic loss dB –2.0  

RX power dBm –28.8  

Data rate bps 1.00E+09 

photons/bit 2200  Sensitivity (@BER of 10-6)

dBm –32.9  

Link margin dB 4.1  
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