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Abstract—Due to the high energy efficiency per bit and high sen-
sitivity, Return-to-zero differential-phase-shift-keying (RZ-DPSK)
is perfectly suitable for free-space laser communications. However,
the conventional generation method of RZ-DPSK optical signal
requires two modulators, which is costly, bulky, and heavy, signif-
icantly hindering the application of RZ-DPSK in size, weight, and
power (SWaP)-constrained satellite platforms. In this paper, we
propose and experimentally demonstrate a modulator-free variable
multi-rate RZ-DPSK free-space optical (FSO) communication sys-
tem based on chirp-managed laser (CML). Based on the proposed
scheme, an FSO outfield experiment over 1 km has been success-
fully undertaken, achieving receiving sensitivities of —48.9 dBm
and —45.6 dBm at 2.5 Gbps and 5 Gbps, with bit error rate (BER)
of 1 x 103 without forward error correction (FEC), respectively.
The performance of the proposed system is also investigated by
studying the eye diagrams under two different test conditions of
back-to-back transmission and 1-km free space transmission. In
addition to the small size, lightweight and low cost, the proposed
scheme shows great potential for a variety of FSO communication
applications ranging from Cube-Star to larger satellite laser com-
munication platforms.

Index Terms—Free-space optical communication, modulator-
free, miniaturization, variable multi-rate.
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1. INTRODUCTION

ITH the massive application of multiple high-resolution
W earth-observing sensors, the demand for transmis-
sion bandwidth of satellites and aircraft has risen sharply
over the past few years [1]. Neither traditional radio fre-
quency (RF) communication nor classical data compres-
sion technology can cope with the challenge of transmit-
ting this huge amount of data to the ground [2]. How-
ever, owing to the advantages of large bandwidth, free-space
optical (FSO) communication is expected to break through
this limitation and can provide high-speed, flexible and effi-
cient communication links between satellites and the ground
(31, [4], [5].

At present, FSO communications are widely carried out in
many countries and organizations around the world, such as
NASA’s laser communications relay demonstration (LCRD),
ESA’s European data relay satellite system (EDRS) and JAXA’s
Japanese optical data relay system (JDRS) and so on. These
projects mostly use binary phase-shift keying (BPSK) or differ-
ential phase-shift keying (DPSK) modulation format at a fixed
transmission power and a fixed communication rate [6], [7], [8],
[9], [10], and the latter has attracted wide attention due to its rel-
atively simple design, well-known high sensitivity and high reli-
ability. To generate the desired DPSK modulation format, a typi-
cal transmitter consists of a laser and an external Mach-Zehnder
modulator (MZM), which makes it prohibitively bulky, heavy
and costly for SWaP-limited satellite platforms. This problem is
even more serious for high sensitivity RZ-DPSK modulation for-
mats that require two MZMs to generate, and greatly increases
system complexity. In addition, to ensure the normal operation
of laser communication links, the laser communication systems
usually maintain a certain margin of received power, which can
be detrimental to power-constrained free-space platforms such
as power-starved satellites. Fortunately, the variable multi-rate
laser communication system can realize the reasonable exploita-
tion of power resources in power-constrained mobile platforms
by adjusting the communication rate according to the link loss.
Thus, there is an urgent requirement for laser communication
systems that are miniaturized and can generate arbitrary rates.
Owing to the special chirp characteristics of chirp-managed laser
(CML), CML can generate phase-modulated signals in response
to the input electrical-level signal and have a small footprint [11],
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[12], [13], [14], [15], [16]. These advantages give the CML a
great potential for free-space applications.

In this paper, a CML-based modulator-free variable multi-rate
RZ-DPSK FSO communication system is proposed and demon-
strated. Firstly, we convert the original data into a tri-level signal,
and then the CML generates the RZ-DPSK signal based on the
chirp effect caused by the tri-level signal jump. Meanwhile, we
successfully carried out an outfield experiment between two
buildings 1 km apart to evaluate the communication performance
of the FSO communication system. The experimental results
show that the receiving sensitivity is —48.9 dBm and —45.6 dBm
at2.5 Gbps and 5 Gbps, with the bit error rate (BER) of 1 x 1073,
respectively. In addition, the quality of the generated RZ-DPSK
signal and the performance of the proposed system are analyzed
and discussed. The proposed scheme is not only small size,
lightweight and cost-efficient, but also can establish flexible
and efficient transmission links in a large dynamic range of
power, providing an optional solution for FSO communication,
especially for satellites and space vehicles.

II. OPERATION PRINCIPLES

Fig. 1 shows the communication process of the proposed
system. The raw data is pre-encoded by the driver to generate
a tri-level electrical signal which drives the CML. The CML
generates the RZ-DPSK optical signal by subtly utilizing the
chirp effect caused by electrical signal jumps. At the receiver
terminal, demodulation of the RZ-DPSK optical signal is done
optically using a spatial structure Mach-Zehnder interferometer
(MZI) with a one-bit delay in one arm, followed by a balanced
photoreceiver to output RZ data. The inset of Fig. 1 shows the
basic structure of CML. The CML mainly consists of two com-
ponents, a distributed feedback laser (DFB) and a co-packaged
optical spectrum re-shaper (OSR). OSR converts the nonlinear
chirped wave from DFB laser into a square wave with adia-
batic chirp that has a consistent phase over a pulse, and can
improve the extinction ratio when generating intensity signals
[15]. In this study, we utilize the adiabatic chirp characteristic of
the CML to accomplish phase modulation without modulators,
which essentially changes the frequency of the optical carrier.
The variation of phase A¢ can be obtained by integrating the
frequency shift Af caused by the adiabatic chirp against time
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Fig. 2. Schematic of the CML generating RZ-DPSK modulation format.
[14], which is given by

T/2
Ao = 27r/ AF (t)dt )
0

where T is the 1-bit time of the modulation rate. In this way,
the phase-modulated signal can be generated by controlling the
frequency shift of the CML.

For the RZ-DPSK modulation format, the CML requires
a tri-level drive waveform. Taking “110100” as an example,
Fig. 2 illustrates in detail the working principle of the CML for
generating RZ-DPSK signals through the generation of tri-level
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Fig. 3. (a) Schematic setup of the CML-based modulator-free variable multi-
rate RZ-DPSK FSO communication system. (b) Experiment configuration at the
transmitter terminal. (c) Experiment configuration at the receiver terminal.

electrical signals and phase modulation. Firstly, the non-return-
to-zero (NRZ) “110100” raw pulse signal does NAND operation
with a synchronous clock signal to generate an inverse RZ (IRZ)
signal with 50% duty cycles, and then the IRZ signal is summed
with the delayed half-bit clock signal to produce a tri-level
electrical signal, which is amplified to drive the CML. Note
that the tri-level electrical signal changes with the input signals
1 and 0, respectively causing 2A7 and Al changes in the driving
current of the CML, and this action occurs only within half a bit
cycle. The amount of change in the drive current of 2A7 and Af
causes the adiabatic chirp of the CML 2 x Af = 2/T and Af =
1/T, respectively. Then, according to Eq. (1), the carrier phase
shifts corresponding to 2A7 and Al are

AqﬁgA[:Qﬂ'X%X%:QTr )

Agar=2nxLTxt=n @
thereby completing the phase modulation of signals 1 and 0. In
this case, the desired RZ-DPSK signal is obtained by adjusting
the OSR to suppress f1 and f; frequency corresponding to two
low-level of tri-level signals and pass fy corresponding to high-
level of tri-level signals. For the generation of variable multi-rate
RZ-DPSK optical signals, the transmission rate of the raw data
needs to be adjusted. That is, the rate of the RZ-DPSK optical
signal follows the transmission rate of the raw data.

III. EXPERIMENTAL SETUP

Fig. 3 shows the outfield experiment setup of a modulator-
free variable multi-rate RZ-DPSK FSO communication system
based on CML. The system is composed of three components,
a CML-based modulator-free variable multi-rate RZ-DPSK sig-
nal transmitter, a self-coherent receiver, and optical antennas,
as shown in Fig. 3(a). At the transmitter terminal, a Finisar
DMS80-01 CML is used, which has a maximum threshold current
of 25 mA and an input impedance of 50 Ohms. To suppress
the transient chirp of the CML in the experiment, the supply
voltage of the CML is 3.57 V and the current is 71.4 mA,
which is about 3 times the maximum threshold current. For
simplicity, we pre-mapped pseudorandom bit sequence (PRBS)
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Fig. 4.

Location of the transmitter and the receiver.

into a tri-level signal based on the rule that the CML generates
RZ-DPSK modulation format, and loaded it into an arbitrary
waveform generator (AWG). Then, the tri-level electrical signal
is amplified to drive the CML to generate RZ-DPSK optical
signals. In addition, considering the large channel attenuation
and coupling loss, the modulated RZ-DPSK optical signal power
is not enough to support the power requirements of FSO commu-
nication. Therefore, a high-power erbium-doped fiber amplifier
(EDFA) is used to enhance the power of the RZ-DPSK optical
signal. And the amplified signal is coupled to the transmitting
optical antenna with a diameter of 2.5 cm through fiber. To
evaluate the system performance at different received power,
a variable optical attenuator (VOA) is added behind the high-
power amplifier at the transmitter terminal to adjust the transmit
power.

At the receiver terminal, the RZ-DPSK optical signal re-
ceived by the optical antenna is very weak and needs to be
amplified with a low-noise preamplifier and filter before being
demodulated. The RZ-DPSK signal is demodulated by a spatial
structure MZI with a free spectral range (FSR) of 2.5 GHz
and a balanced photoreceiver with 3 dB bandwidth of 33 GHz.
Finally, the data and clock are recovered by the clock and
data recovery (CDR) circuit and the BER is measured by a
signal quality analyzer. Fig. 3(b) and Fig. 3(c) show a scene
diagram at the transmitter terminal and receiver terminal during
the experiment, respectively. The transmitter and receiver are
arranged in two buildings over 1 km, as shown in Fig. 4. And
detailed experimental parameters are listed in Table I.

IV. RESULTS AND DISCUSSION
A. Signal Modulation

Fig. 5(a) shows the spectrum of the generated RZ-DPSK
signals with different transmission rates using an optical spec-
trum analyzer (OSA, YOKOGAWA AQ6370) with a resolution
of 0.02 nm, which has an optical signal-noise ratio (OSNR)
greater than 50 dB. The average power and center wave-
length of the 2.5(5) Gbps RZ-DPSK signal were measured as
—0.29(—0.15) dBm and 1552.062(1552.062) nm, respectively.
Meanwhile, we also measured the phase noise and relative
intensity noise (RIN) of the CML, the instantaneous linewidth of
the CML is 2.29 MHz, and the RIN is —110 dBc/Hz @ 10 KHz.
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TABLE I
EXPERIMENTAL PARAMETERS

Specifications Value Unit ‘
wavelength 1552.062 nm
. linewidth 2.29 MHz
Chirp- 110 @ 10
managed RIN dBc/Hz
KHz
Laser frequenc
dquency 0.24 GHz/mA
efficiency
Mach-
Zehnder FSR 2.5 GHz
interferometer
Rate 2.5/5 Gbps
Distance 1 km
Receiving/ Tr'ansmlttlng 25 cm
antenna diameter
Transmitting power adjustable dBm
(@) 49 ‘ ‘ :
——2.5Gbps RZ-DPSK
0r ———5Gbps RZ-DPSK | |

Power(dBm)

1551.58 1551.78 1551.98 1552.18 1552.38 1552.58
Wavelength(nm)

Fig. 5. (a) Optical spectrum of RZ-DPSK signals with different transmission
rates. (b) Eye diagram of 2.5 Gbps RZ-DPSK at the transmitter terminal. (c)
Eye diagram of 5 Gbps RZ-DPSK at the transmitter terminal.

To have a clear comparison of the signal quality at the receiving
terminal, Fig. 5(b) and (c) show the measured eye diagrams
obtained from direct demodulation of the optical signal without
spatial transmission, which were measured by a 25 GHz serial
data analyzer (SDA, LeCroy SDA 825Zi-A) with 20s persistence
aging. The optical spectrum and eye diagram were measured at
point A in Fig. 3(a). It can be noticed from the eye diagram that
the quality of the generated 2.5 Gbps signal is better than that
of 5 Gbps due to the low frequency efficiency (0.24 GHz/mA)
of the CML.
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Fig.6. (a) The normalized received light intensity. (b) Probability distribution
function of the received light intensity. (c) Eye diagram of 2.5 Gbps RZ-DPSK
at the receiver with BER of 1 x 1073. (d) Eye diagram of 5 Gbps RZ-DPSK at
the receiver with BER of 1 x 1073,

B. Signal Demodulation

At the receiver terminal, the optical signal collected by the
optical antenna was coupled into the optical fiber, after a low-
noise amplifier, gaussian filter, and VOA, and then was fed into
the MZI followed by a balanced photoreceiver for differential
detection. In addition, a voltage of 2.47 V was applied to the
phase tuning port of the MZI for optimum self-differential
demodulation, which can maximize the output signal amplitude.
During the communication test, we measured the light inten-
sity fluctuation of the experimental environment, as shown in
Fig. 6(a), which shows the normalized received light intensity
variation over a period of time (20000 sampling points, 10ms
sampling interval). Based on this, the scintillation index (O’%) and
the refractive index structure constant (C2) [17] was obtained
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tobeo? = 0.1and C2 = 9.13 x 107'°. And the atmospheric
turbulence distribution with a nearly Log-normal distribution
was obtained by fitting to the probability density histogram, as
shown in Fig. 6(b). The eye-diagram of RZ-DPSK at the receiver
with BER of 1 x 1073 was measured with a 23 GHz digital
phosphor oscilloscope (Tektronix, DPO72304DX), as shown in
Fig. 6(c) and (d).

Finally, the BER of the proposed system was measured using
a signal quality analyzer (Anritsu MP1800A) at the receiver ter-
minal to evaluate the communication performance. Fig. 7 shows
the BER curves of 2.5 Gbps and 5 Gbps RZ-DPSK as a function
of received power, and including the theoretical limit [18]. The
required power for the CML RZ-DPSKis —48.9 dBm and —45.6
dBmat BER of 1 x 1073, corresponding to 2.5 Gbps and 5 Gbps,
which indicates that the proposed modulator-free variable rate
RZ-DPSK laser communication system can be achieved with
excellent communication performance. The proposed scheme
has a great advantage for SWaP-constrained communication
platforms (e.g., satellite) because signal generation can be done
without modulators. Another advantage of the proposed scheme
is that it can provide communication for mobile platforms with
a large dynamic range of power. As shown in Fig. 7, the BER
curves show an increase of 3.3 dB in receiver sensitivity at
2.5 Gbps compared to 5 Gbps data rate at BER of 1 x 1073,
which predicts that the communication link distance becomes
1.4 times than the original one. The increase in sensitivity is
due to the increase in the average power per bit of energy as
the rate decreases. Increased sensitivity can be translated into an
increase in link margin, which allows the laser communication
system to adapt to the situations of constantly changing link
distances and channel conditions. It is worth emphasizing that
the proposed system can generate RZ-DPSK signals at arbitrary
rates depending on the rate of the tri-level signal. In the outfield
experiments, limited by the FSR of MZI, we only performed
outfield experiments at 2.5 Gbps and 5 Gbps rates.

In addition, we also analyze the gap between the experimen-
tal results and the theoretical BER curves for our subsequent
improvement. For an FSO communication system, the signal
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quality will suffer deterioration due to background radiation,
atmospheric scattering, and scintillation or beam drift caused by
atmospheric turbulence [17], [19], which can lead to data loss
and increased transmission BER. Furthermore, the stability of
the optical antenna, and the noise of the amplifier also influence
the signal quality, which consequently degrades the communi-
cation performance [20], [21]. Subsequently, we will consider
implementing adaptive optics systems to eliminate the effect of
atmospheric turbulence, thereby improving the stability of the
system.

V. CONCLUSION

To miniaturize the FSO communication terminals and provide
flexible and agile operation in the situations of constantly chang-
ing link distances and channel conditions, we have proposed
and successfully carried out a demonstration of a CML-based
modulator-free variable multi-rate RZ-DPSK FSO communi-
cation system with a space distance of 1 km, achieving the
receiving sensitivity of —48.9 dBm and —45.6 dBm at BER
of 1 x 1073, corresponding to 2.5 Gbps and 5 Gbps. Our
experimental results verify the feasibility of the proposed sys-
tem, and provide a novel idea for designing variable multi-rate
FSO communication systems, which can help communication
applications to achieve stable data transmission links over a large
dynamic range of power. We believe that the proposed scheme
can provide a valuable reference for FSO communication.
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