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In order to realize homodyne reception and Doppler frequency shift tracking in ground-to-satellite coherent laser
communication, a local laser is experimentally demonstrated in this Letter. It is realized based on modulation-
sideband injection locking, and has a 10 GHz tuning range, a 1 THz/s tuning rate, a 5 kHz linewidth, and 16 mW
of output power. When applied to a Costas loop in a coherent laser communication system, the local laser can
achieve�5 GHz Doppler frequency shift tracking with a 20MHz/s frequency shift rate, which is sufficient for the
ground-to-satellite coherent laser communication.
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Coherent optical communication has a very high receiving
sensitivity, and has become a hot research area in the field
of inter-orbit coherent laser communications[1–4]. In a
coherent system, a homodyne receiver with a binary
phase-shift keying signal modulation can realize the
theoretical maximum sensitivity[5]. Homodyne reception
requires phase synchronization between the source laser
and the narrow-linewidth local laser, which is realized
by optical phase-locked loop (OPLL) technology and
also requires that the local laser has good frequency
tunability[6] to track the Doppler frequency shift. In
ground-to-satellite coherent laser communication, it is
necessary for the Doppler frequency shift tracking range
to be about �5 GHz, while the maximum Doppler fre-
quency shift rate is nearly 10 MHz/s.
Numerous methods have been presented to meet the re-

quirements mentioned above. Semiconductor lasers have a
good frequency tuning property, and can be rapidly tuned
by adjusting the temperature or current. However, the
linewidth of semiconductor lasers is relatively wide[7].
Fiber lasers with a narrow linewidth can realize frequency
tuning by an acousto-optic modulator (AOM)[8,9] or an
electro-optic modulator (EOM)[10–12], which can combine
the fiber lasers’ good properties (robustness and narrow
linewidth) with a rapid tuning performance. However,
the tuning range is limited by the external radio frequency
(RF) signal and the response speed of the modulators, and
the output power of the modulated light will be restricted
by the modulator’s low conversion efficiency. Simultane-
ous achievement of narrow linewidth operation, fast pre-
cision tuning, and high output power is a challenge for a
conventional laser source.
In this Letter, a modulation-sideband injection-locking

technology is proposed. Through this technology, the good
frequency tuning property of semiconductor lasers and

narrow linewidth property of fiber lasers can be combined.
The master fiber laser is modulated by an EOM to gener-
ate many sidebands, and then the modulated light is
launched into the semiconductor slave laser. By adjusting
the current or temperature of the slave laser, the slave
laser will be injection locked at a specific sideband, and
the other modes will be suppressed. If the RF signal to
the EOM is shifted by Δω, the nth sideband frequency will
shift instantly by nΔω; consequently, the frequency
tuning rate and range are simultaneously multiplied,
overcoming the restriction of the RF signal. Using this
technology, the narrow linewidth and stability properties
of the main laser can be transferred to the slave laser, and
will effectively enhance the output power. Meanwhile, we
can easily realize the frequency tuning by altering the RF
signal[13–20].

A schematic diagram of the modulation-sideband injec-
tion locking is shown in Fig. 1. The master laser is a low-
noise fiber laser working in the 1550 nm band. The slave
laser is a distributed feedback (DFB) semiconductor laser.
The emitting light of the master laser is modulated

Fig. 1. Schematic diagram of the modulation-sideband injection
locking.
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through an EOM driven by a RF signal to generate many
sidebands. Since the generating procedure of the side-
bands is strictly bound to the RF signal and is indepen-
dent from the cavity reconfiguration, the narrow
linewidths of the sidebands are reserved even at a high-
frequency tuning rate. We adjust the temperature or cur-
rent of the slave laser to ensure that a specific sideband is
injection locked to the slave laser, and then the frequency
tuning can be easily realized by altering the RF signal.
There is an injection-locking area (typically hundreds of
megahertz for stable injection levels[17]), beyond which
the slave laser may lose the locked state. In order to main-
tain injection locking at the sideband when the frequency
is being tuned, synchronous temperature or current com-
pensation is necessary. Considering that the response rate
of the temperature compensation is much lower, which
will hamper the frequency tuning rate, current compensa-
tion is a better choice for rapid frequency tuning.
The operation temperature and current of the DFB

slave laser can be set up on the laser driving board.
The current driving board not only can set up the bias cur-
rent, but also has the external current compensation
connector, through which an analog voltage can be turned
up to linearly adjust the driving current. The measured
external current compensation coefficient is about
20 mA/V. Moreover, the frequency tuning and external
compensation voltage must be kept synchronous.
The RF signal source is designed to generate both the

RF signal and the synchronous compensation voltage.
Meanwhile, the RF signal has to keep a low noise in order
to not deteriorate the modulated master laser’s linewidth.
A voltage-controlled oscillator (VCO) is a kind of high-
speed voltage-frequency converter. It can rapidly trans-
form a voltage signal into a corresponding RF signal.
Meanwhile, the voltage can be processed to act as the syn-
chronous compensation voltage. The parameters of the
VCO (Hittite, HMC-C029) we use are shown in Table 1.
To guarantee the low-noise property of the RF signal, two
ultra-low-noise digital-to-analog converter (DAC) are
chosen, and the circuit board is professionally designed
and manufactured.
The schematic diagram of the RF signal source is shown

in Fig. 2. The output voltage of the two different DAC is
added together through an electrical adder to drive the
EOM. One is a DAC that is of high precision (20 bit),

has a high output voltage range (0–20 V), and has a
low speed (settling time 1 us). The other one is a DAC
that is of lower precision (16 bit), has a low output voltage
range (0–200 mV), and has a high speed (settling time
400 ps). The voltage output range of the high-precision
DAC can drive the VCO to produce a RF signal spanning
from 5 to 10 GHz. Driven by the RF signal, the slave laser
can realize the large range and lower speed frequency tun-
ing, and can thus fulfill the tracking of the Doppler fre-
quency shift. The high-speed DAC is used to enable the
slave laser to conduct a rapid, small-range frequency
tuning to make the phase locked instantly in the OPLL
system. The output voltage of the adder is processed by
an analog circuit, and is attached to the external current
compensation connector of the slave laser to fulfill the
synchronous current compensation.

The output RF signal of the VCO is measured by a spec-
trum analyzer (Fig. 3); it indicates that the 3 dB band-
width is about 5 kHz. Thus, the noise of the RF signal
is low enough that it will not deteriorate the linewidth
of the modulated master laser, although there are two
small sidelobe peaks induced by the noise from the DAC.

The output optical spectra are measured by an optical
spectrum analyzer, as shown in Fig. 4. Figure 4(a) is the

Table 1. Parameters of the VCO

Frequency Range 5–10 GHz

Power Output 17–20 dBm

Tune Voltage 0–20 V

Supply Current 195 mA@15 V

Second Harmonic −15 dBc

SSB Phase Noise −93 dBc∕Hz@100 kHz

−64 dBc∕Hz@10 kHz

Fig. 2. Schematic diagram of the RF signal source.

Fig. 3. RF signal spectrum diagram at 7.94796 GHz.
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output spectrum of the EOMmodulated by a RF signal of
about 6.5 GHz. Figure 4(b) is the output spectrum of the
slave laser after being injection locked at the second side-
band. It is obvious that the carrier has been effectively
suppressed (over 25 dB), and the EOM can generate offset
sidebands of up to 45 GHz. The output power is greatly
enhanced (more than 30 dB) after injection locking. The
output power of the injection-locked slave laser is mea-
sured by a power meter. The average power is above
16 mW (almost the same as the output power of the slave
laser without injection locking), which is high enough to
satisfy the needs in a homodyne reception.
The linewidth of the laser is measured based on a

fiber-delayed, self-heterodyne interferometer[21]. The fiber
length is about 20 km, and the frequency is about 40 MHz,
generated by an AOM. The linewidth of the slave laser
without injection locking is nearly 200 kHz. The results
after realizing injection locking are presented in Fig. 5:
the red line is the linewidth of the master laser, and the
black one is the linewidth of the slave laser injection locked
at the second sideband of the master laser. It shows that
the noise of the locked slave laser is slightly increased com-
pared to the master laser’s linewidth. The sidelobe peaks
are due to the RF signal induced by the noise of the DAC.
The 3 dB linewidth is almost the same as the master laser:
<5 kHz. The narrow linewidth property will enable the
local laser to be applied to an OPLL system.
In order to demonstrate the large range and rapid fre-

quency tuning ability of the local laser, the high-precision
DAC is controlled to drive the VCO to generate a RF
signal spanning from 5 to 10 GHz. By adjusting the slave
laser to be injection locked at the second sideband of the
master laser, the output light-frequency tuning range can
be expanded from 5 to 10 GHz. The frequency tuning
characteristics are measured by a fiber asymmetric
Mach–Zehnder interferometer (see Fig. 6), whose free
spectral range is about 220 MHz. Figure 6(a) is the voltage
signal of the VCO, and Fig. 6(b) shows the intensity

curves of the non-equilibrium Mach–Zehnder interferom-
eter. It can be seen that the frequency-tuning period is
approximately 10 ms, and that the number of sinusoidal
wave is approximately 49. Then, we can calculate that the
frequency tuning range surpasses 10 GHz (220 MHz*49),
and that the frequency tuning rate is over 1 THz/s. The
frequency tuning performance of the local laser can fulfill
the needs of the Doppler frequency shift compensation of a
ground-to-satellite coherent laser communication.

Then, the local laser is applied to the Costas OPLL sys-
tem[22], which is an important part of the coherent optical
communication. The signal laser is a kind of fiber DFB
laser working in the 1550 nm band. The signal laser
can be tuned to around dozens of megahertz through
an external voltage, or tuned to around scores of gigahertz
by adjusting the signal laser’s operating temperature. A
frequency difference is set between the signal laser and
the local laser. Then, the field programmable gate array
controls the local laser to conduct a frequency sweeping.
The frequency difference and the beat frequency of the

Fig. 4. Spectra of the local laser. (a) Modulated master laser.
(b) Injection-locked slave laser.

Fig. 5. Linewidths of the master and injection-locked slave
lasers.

Fig. 6. Intensity curves of the non-equilibrium Mach–Zehnder
interferometer for laser frequency modulation.
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output sinusoidal wave are gradually reduced, until they
are within the capture range of the OPLL. The OPLL will
achieve phase locking when the beat frequency is nearly
zero. Despite phase locking, some phase noise will still ex-
ist. As long as the phase noise does not exceed half of the
full-width of the output signal, no error will occur. The
capture process is shown in Fig. 7, where the phase noise
is within the threshold of red line.
To verify the Doppler frequency shift tracking, the sig-

nal laser needs to be frequency tuned to simulate the Dop-
pler frequency shift. The small frequency range tracking
process is shown in Fig. 8. The tuning frequency range
is approximately 12 MHz, and the simulated Doppler fre-
quency shift rate is nearly 20 MHz/s. Figure 8(a) is the
external tuning voltage of the signal laser, Fig. 8(b) is
the response of the local laser, and Fig. 8(c) is the
phase-locked state. The large-range Doppler frequency
shift process is shown in Fig. 9. Due to the frequency tun-
ing limit of the signal laser, the simulated Doppler fre-
quency shift is about 6 GHz, while the tuning rate is
nearly 20 MHz/s. Figure 9(a) is the tuning temperature
of the signal, Fig. 9(b) is the response of the local laser,

and Fig. 9(c) is the phase-locked state. While conducting
the large frequency range Doppler frequency shift compen-
sation, the phase noise is slightly increased, but is still
within the threshold, and is low enough to satisfy the
needs of coherent communication.

In conclusion, a tunable local laser used in ground-to-
satellite coherent laser communication is presented in this
Letter using modulation-sideband injection-locking tech-
nology. The local laser has a 10 GHz tuning range, a
1 THz/s tuning rate, a 5 kHz linewidth, and 16 mW of
output power. When applied to a Costas OPLL in a
coherent laser communication system, the local laser
can achieve a 6 GHz Doppler frequency shift tracking
range with a 20 MHz/s shift rate. In the future, some ef-
forts will be made to enable the slave laser to be injection
locked at a higher sideband of the modulated master laser.
Then, the frequency tuning range and tuning rate can be
extended.
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