Numerical investigation of a free-space optical coherent communication system based on optical phase-locked loop techniques for highspeed intersatellite data transmission
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Abstract
We present a numerical investigation of current high-speed optical intersatellite communication. The considered laser
communication terminal (LCT) uses an optical phase-locked loop (OPLL) which ensures stable homodyne detection.
The corresponding phase and frequency acquisition will be investigated in detail together with the main impairments
like phase and shot noise. The phenomenon of cycle slips is statistically investigated as well as the impact of Doppler
shift on the signal frequency due to the relative velocity between the satellites. Finally, a possible extension for the homodyne concept of QPSK modulation will be discussed which allows even higher data rates.
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Introduction

The increasing number of real-time earth observation applications, e.g. faster earthquake or tsunami forecasts, requires high-speed communication links between satellites
and between satellites and earth. Due to the lower power
consumption and higher data rates optical intersatellite
links (OISL) offer an attractive alternative to conventional
RF-communication. Furthermore, the narrow laser beam
width and the lower weight ensure a better data security
and lower costs. Main drawback is the complex alignment
of both satellites to achieve line-of-sight (LOS) connections. Therefore, in practical systems a pointing, acquisition and tracking (PAT) system is needed.
Although optical satellite communication was already investigated in 1977 [1], [2], the first OISL transmission
was demonstrated in 2001 by the European Space Agency
(ESA) with a data rate of 50 Mb/s over a distance of more
than 30.000 km [3]. In recent years the development of
OISL systems was enhanced and transmission links with
data rates up to 5.6 Gb/s could be achieved [4] as well as
systems which allow link distances up to 45.000 km [5].
One of the first European commercial systems providing
optical intersatellite communication is the upcoming European Data Relay System (EDRS). This network consists
of several satellites in different orbits (LEOs and GEOs)
and allows laser links over distances up to 45.000 km
with data rates of up to 1.8 Gb/s [6]. The core technology
consists of a laser communication terminal (LCT) as provided by TESAT Spacecom which allows optical coherent data transmission on satellites. To ensure homodyne
detection an optical phase-locked loop (OPLL) is used to
adjust the frequency and phase of the local oscillator (LO)
to the incoming signal.
In this paper we investigate the functionality of a phase
locked-loop with optical coherent detection and the influence of different noise sources, regarding frequency acquisition and data demodulation in a free-space optical
(FSO) channel. The remainder of the paper is structured

as follows: Section 2 covers the numerical investigation
of OISL including channel impairments, OPLL and noise
sources. We further investigate the cycle slip phenomenon
as well as QPSK transmission. In section 3 we present
simulation results for both, frequency acquisition and data
demodulation.

2

Optical Satellite Communication

Optical (inter-)satellite communication describes data
transmission between satellites using laser sources in the
near-infrared spectrum instead of the conventional radio
frequency. Compared to terrestrial optical communication
systems, OISL has mainly two differences. First, the
equipment has to fulfill different quality requirements.
Due to its location in space all parts have to be spacequalified, e.g. in terms of radiation and temperature hardness. Second, the narrow beam width needs line-of-sight
between the satellites, so a complex pointing system is
needed. Third, once established in space, the system must
run for e.g. 15 years in a geostationary orbit without any
maintenance. Finally, a significant difference is the in orbit FSO channel, which is less complicated than e.g. the
optical fiber channel. This is different for FSO transmission through the atmosphere [7].
Figure 1 illustrates the block diagram of a typical OISLDBPSK transmission system. Usually both, transmitter
and receiver part, are implemented in one LCT for each
satellite in order to guarantee bidirectional transmission.
Typical laser sources are pumped Nd:YAG Lasers at 1064
nm. The light gets externally modulated either by a MachZehnder- (MZM) or Phase-Modulator (PM), driven by an
electrical data signal. Before coupling the light into free
space it is amplified up to 5 Watt by an Ytterbium-Doped
Fiber Amplifier (YDFA).
The coherent receiver transforms the signal into baseband
by beating with a LO. For homodyne detection an OPLL
is used for carrier recovery. The demodulated signal is
finally sampled and passed to the data recovery.

pler frequency can be calculated with (2), where  denotes
the relative velocity between the satellites, c the speed of
light in vacuum, f 0 the emitted carrier frequency and 
the angle between LOS of the satellites and the direction
of movement of the transmitter satellite,
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Figure 1 OISL DBPSK-transmission system
In the remainder of this section channel impairments as
well as the optical phase-locked loop will be described in
detail.

2.1

Free-Space Channel Impairments

The free-space as a transmission channel is rather less
complex, due to vacuum as medium. Compared to fiber
optics the signal will not be distorted by any nonlinearity.
Instead, the main impairments are free-space loss and
Doppler-shift. The latter is not an impairment of the optical channel itself but occurs in every satellite communication system and therefore will also be treated in this section.
The free-space loss describes the signal attenuation due to
beam spreading and can be calculated according to (1).
The attenuation increases squarely to the distance.
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Regarding a distance of 40.000 km the free-space loss is
approx. 293 dB, which is very huge and has to be compensated by high launch powers as well as high transmitter and receiver gains in combination with high receiver
sensitivity for homodyne detection.
Figure 2 illustrates a typical OISL scenario of two satellites, in low-earth-orbit (LEO) and geostationary-earthorbit (GEO).
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The resulting maximum frequency shift is approx.
7 GHz . However, such a high frequency shift between
signal carrier and LO is not acceptable for coherent detection. Different methods for compensating can now be
suggested. First, the OPLL could be directly used to acquire such high frequency offsets. For this, the loop
bandwidth needs to be very high, which would require a
large receiver bandwidth and, thus, results in a poor noise
performance as we will show in section 2.4. Secondly,
different compensating methods were already investigated
concerning frequency sweeping setups at the receiver [8].
However, all of these methods need a more or less complex system setup, which make them unsuitable for satellite communication.
The third and to the authors' opinion easiest way is to
compensate this frequency shift adaptively in the satellites
by precalculating the Doppler shift and adjusting the lasers depending on satellite location in the orbit. If the altitude and velocity of the satellites is known, the frequency
shift can be predetermined and the frequency of the lasers
can be adjusted in real-time by using known trajectory
data. Usually a small residual frequency may remain being well compensated by the OPLL.
Furthermore, the information regarding the location in the
orbit is already used in the PAT-systems, which align
both satellites properly against each other in space. The
PAT-system will not be treated in the remainder; instead
the functionality of an optical phase-locked loop will described.

2.2

Optical Phase-Locked Loop

Coherent optical detection requires a local oscillator. Due
to the residual Doppler shift offset, natural frequency variability of the lasers as well as phase noise both, LO and
signal carrier, has to be further adjusted, in order to enable
homodyne detection. This carrier recovery is achieved by
an OPLL. Figure 3 shows a typical block diagram of an
OPLL.

Figure 2 OISL scheme (left), resulting Doppler shift (ri.)
In order to estimate the frequency shift due to Dopplereffect we assume one satellite in LEO with an altitude of
700 km (7 km/s) and GEO-satellite at 36.000 km (3 km/s).
The earth radius was assumed to be 6.300 km. The Dop-

(2)

Figure 3 Optical phase locked-loop block diagram

After passing the telescope, the optical signal passes the
90° optical hybrid, which superimposes the receive light
with the LO light. Furthermore, the combined optical signal is separated in terms of I- and Q-splitting ports which
are converted to the electrical domain by photodiodes and
amplified by transimpedance amplifiers (TIA). Additionally, an automatic gain control (AGC) is included, which
will be further explained in section 2.3.
Finally, the resulting I- and Q-component of the received
signal is given as
2
2
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where G denotes the TIA gain, R the responsivity of the
photodiodes, ŝ1 the electrical field of incoming signal, ŝ2
the electrical field of the LO, 1 and 2 the phase information of both signals. On the one side, both signals contain the demodulated data and are used for data recovery.
On the other side, both signals are further fed to the phase
discriminator, which is, in our case of BPSK transmission, a multiplier element. It will produce following error
signal:
 (t )  U I (t )·U Q (t )

  GRsˆ1 sˆ2  cos  (t )  sin  (t ) 
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 K D sin  2 (t ) 

where K D denotes the gain of the phase discriminator and

  1  2 the phase difference. The error signal  (t ) contains the residual frequency offset. It is passed to the loop
filter, which describes the control element of the loop and
defines the loop dynamic. In this case an active filter with
the following transfer function is used:
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where D donates the damping factor
D
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and n the natural frequency

n  2 K 0 K D
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Both parameters are important measures which describe
the (linear) PLL. Furthermore, they can be used to calculate the loop noise bandwidth BL [9],

1 
1 
BL  n  D 
,
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4D 

(11)

which is another important loop characteristic and will
further be used by the authors to describe the OPLL in
terms of bandwidth limitation.

2.3

Automatic Gain Control

Since, the satellites propagate on different orbits and due
to different velocities, the link distance between the two
satellites vary over time. However, if the distance changes
the received signal power will change, too. According to
(5), the received signal power linearly affects the gain
constant K D and therefore influences the loop bandwidth
(see (11)). Depending on the distance the loop bandwidth
and hence the whole loop dynamic will change. To overcome this effect the change in gain has to be compensated. One common way is to use an automatic gain control. Figure 4 shows the effect of (relative) change in distance on the loop bandwidth without ( BL ) and with AGC
( BL, AGC ). The system was designed with the following
parameters: D  0.707, n  6.6MHz .

(6)

Finally, the control signal c(t ) adjusts the frequency of the
fast tunable LO based on the information of the error signal.
As seen in the last line of (5) the OPLL has a nonlinear
behavior. In order to further investigate the OPLL mathematically and since an analytical solution of such a nonlinear system does not exist, the OPLL can be linearized
according to (7) which is valid for small phase differences,

.
(7)
sin(2 )  2 for 
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Now, the transfer function of this (linear) 2nd order OPLL
can be derived and results in

Figure 4 Effect of automatic gain control
As will be showed in the following sections, the loop
bandwidth influences the OPLL behavior, in terms of
noise compensation and cycle slipping. In order to have a

nearly constant system performance, the loop bandwidth
and hence K D should be fixed by using an AGC.

2.4

Noise sources

As already described in section 2.2 the signals U I and U Q
contain the demodulated data. These signals get mainly
distorted by two noise sources, the phase and shot noise.
Equation (12) shows the demodulated signal overlapped
with the two noise sources,

U Data (t )  U I (t )  jU I (t )
 G( I PD  I SN )·e j ( (t ) PN ) ,

(12)

where  PN denotes the phase noise, I PD the beating amplitude and I SN the intensity noise due to shot noise.
As typical in optical coherent detection systems the laser
phase noise is one of the main signal impairments. Due to
their specific linewidth  both, the transmitter laser as
well as the local oscillator, cause phase rotation which
influences the signal quality. The phase noise between
two subsequent phase values with time difference  can
be expressed as a Gaussian noise process with variance
2
 PN
 2 .

(13)

Shot noise is induced in the photodiode caused by stochastic arrivals of photons. It can be modeled as zeromean Gaussian random process with variance
2
 SN
 2qI PD (t ) Be ,

(14)

where the electric charge q  1.6·1019 As and Be denotes
the single sided receiver bandwidth.
Both, phase noise as well as shot noise, influence the
phase error  [10],

 1  4 D1 2  eBL
.
 
 4 BL  2 RPin
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(15)

The first term describes the phase error variance due to
phase noise, the second term due to shot noise. According
to (15) the phase error variance due to shot noise increases by increasing loop bandwidth, whereas the phase error
variance due to phase noise will decrease simultaneously.
This behavior was further investigated by simulating the
BER while changing the loop bandwidth.
As can be seen in Figure 5 the behavior depicted in (15)
for the phase error can be observed regarding the BER as
well. Furthermore, equation (15) can be used to find a
theoretical optimum bandwidth. However, this optimum
cannot be observed in Figure 5 due to the shot noise
which dominates if the phase variance becomes too small.
Regarding the constellations in Figure 5 the influence of
the loop bandwidth can be further investigated. If BL is
small, phase noise due to the laser linewidth occurs.

Figure 5 Influence of shot and phase noise depending on
the loop bandwidth
By increasing BL the phase error variance reduces and
shot noise dominates. By further increasing BL again
phase noise occurs, now caused by shot noise, according
to (15).
As can be seen in the constellation, changing BL can increase the phase noise to a critical value. Such high values
of phase noise can cause phase changes of multiple of 
and produce so called cycle slips. The phenomenon of cycle slipping will be further investigated in the next section.

2.5

Cycle Slipping

As discussed in the previous section both noise sources
influence the phase error variance. If the phase error becomes too high the OPLL will be driven in the nonlinear
regime and might skip a cycle, which means losing lock
state and relock after multiple of 2 . Assuming a Costasloop based OPLL with a sinusoidal characteristic of
sin(2 ) , the phase jumps are in the range of  . In comparison, the standard PLL with multiplier PD results in a
phase error  (t ) sin( ) and hence would cause jumps
in the range of 2 .
Figure 6 shows the probability density function of the
phase error after time T1  T2  T3 . If considering only one
simulation ( n  1 ), the distribution randomly moves either to the right or to the left (here to the right). The lower
subfigure of 6 shows the centered distribution if repeating
this simulation more than once ( n  500 ).
Cycle slips mainly cause two impairments. First of all, as
described above, they produce phase jumps of multiple
 , so the data signal will jump in phase and therefore
result in bit errors. This problem can be solved by using
differential encoding. Secondly, due to the fact that cycle
slips occur randomly they produce burst errors. Regarding
BER measurements burst errors should be avoided and
hence cycle slips should be compensated.

2.6

OPLL-QPSK

In order to increase the data rate higher-order modulation
formats can be used. Besides the well known modification
needed at transmitter side if changing from BPSK to
QPSK, the OPLL has to be modified as well. In fact the
phase discriminator has to be changed, in order to get a
data free error signal. As the multiplier operation for
BPSK eliminates the data, a possible PD for QPSK is
shown in Figure8.

Figure 8 QPSK phase discriminator
Figure 6 Cycle slip distribution

The error signal based on that PD results in

 (t )  U I  U Q 
· U I  U Q  ·U I ·U Q 

Therefore, in the next step it was further investigated how
to increase the mean time between cycle slips TCS . The
probability that TCS keeps smaller then a given threshold,
depending on different loop parameters is presented in
Figure 7.

 K D sin(4 ), with K D 

 GRsˆ1sˆ2 

(16)
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Compared to BPSK the error signal for QPSK transmission has a two times higher phase error sensitivity. In order to achieve linear behavior, the phase error variance
has to be further reduced.
Additionally, the system complexity increases due to the
increasing number of multipliers.

3

ISL Simulation Results

In the last section we present simulation results of the
complete OISL-link based on the block diagram in Figure
1. Regarding the OPLL in simulation we have to separate
frequency acquisition and data demodulation, due to the
different sample times which were used. Hence, first we
present a typical acquisition behavior of the LO based on
a frequency offset f  5MHz .

3.1
Figure 7 Mean cycle slip time investigation depending on
linewidth, loop bandwidth and damping factor
The probability that the mean cycle slip time is under a
certain level gets smaller by decreasing laser linewidth,
increasing the loop bandwidth or damping factor. Because
laser linewidth is fix in practical systems and the damping
factor directly affects the loop bandwidth we recommend
to choose the loop bandwidth in the optimum range according to Figure 5 in order to compensate or prevent cycle slipping. They cannot be compensated completely;
therefore differential encoding has to be implemented in
any case.

System Setup

The simulations are based on the block diagram in Figure
1. As described before the two noise sources are phase
noise due to the laser linewidth and shot noise dominated
by the high LO power.
Tx-Power

PTx

32 dBm

Baud rate

DBd

1 Gbaud

OPLL Bandwidth

BL

3.5 MHz

LO-Power

PLO

11 dBm

LO Frequency offset
Damping factor
PD Bandwidth
Linewidth (Tx/Rx)
Table 1 OISL system setup

f

5 MHz

D
Be

0.707
4 GHz
10 kHz

3.2

Results

Before data transmission can be established the frequency
offset needs to be compensated. Figure 9 shows the LO
frequency tuning over time. Since its initial frequency
was assumed to be 5 MHz higher compared to the signal
carrier, its frequency decreases during acquisition. The
parameters in table 1 lead to in lock in time of approximately 10  s .

4

We presented a numerical investigation on optical
intersatellite communication systems combined with simulations concerning OPLL, shot and phase noise as well
the phenomenon of cycle slips. Additionally, we showed
an approach on how to extend the OPLL to QPSK transmission, in order to double the data rate at the expense of
3 dB power penalty. Simulation results could prove the
fact, that the choice of loop bandwidth significantly influences the transmission quality and needs to be carefully
adjusted to system characteristics, such as laser phase
noise.

5

Figure 9 Frequency acquisition based on the parameters
in Tab. 1
After matching the frequencies of LO and signal carrier,
the BER performance was investigated. Figure 10 shows
the bit error ratio against received input power Pin for
DBPSK and DQPSK, respectively. In order to achieve
error free transmission we aim a BER of 103 , which allows modern forward error correction codes (FEC) to further decrease the BER to the range of 109 or better.
According to Figure 10 this BER threshold is reached for
a received power of approx. -45 dBm in case of DBPSK.
As expected, in case of DQPSK we regard a penalty of
3 dB, due to doubling the date rate.

Figure 10 BER simulations for DBPSK and DQPSK

Conclusion
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