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Abstract

Narrowband microwave generation with tuneable frequency is demonstrated by illuminating a photoconductive
semiconductor switch (PCSS) with a burst-mode fibre laser. The whole system is composed of a high-power linearly
polarized burst-mode pulsed fibre laser and a linear-state PCSS. To obtain a high-performance microwave signal, a
desired envelope of burst is necessary and a pulse pre-compensation technique is adopted to avoid envelope distortion
induced by the gain-saturation effect. Resulting from the technique, homogenous peak power distribution in each burst
is ensured. The maximum energy of the laser burst pulse reaches 200 J with a burst duration of 100 ns at the average
power of 10 W, corresponding to a peak power of 4 kW. When the PCSS is illuminated by the burst-mode fibre laser,
narrowband microwave generation with tuneable frequency (0.80-1.12 GHz) is obtained with a power up to 300 W. To
the best of the authors” knowledge, it is the first demonstration of frequency-tuneable narrowband microwave generation
based on a fibre laser. The high-power burst-mode fibre laser reported here has great potential for generating high-
power arbitrary microwave signals for a great deal of applicable demands such as smart adaptive radar and intelligent
high-power microwave systems.
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1. Introduction

Recently, microwave photonics has attracted increased atten-
tion as a novel research field bridging the microwave and
optics fields!'?). A variety of works have been reported
on generating desirable and agile radiofrequency (RF) or
microwave signals, e.g., spectral shaping and frequency-to-
time mapping!®*!, space-to-time optical pulse shaping!®! and
multi-wavelength carried RF frequency signals (/. In addi-
tion, a solid-state microwave signal could be generated by
a linearly responded photoconductive semiconductor switch
(PCSS) when it is illuminated by a pulsed laser. Compared
with the traditional microwave generation, typically based
on vacuum electron devices, one prominent advantage of
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the solid-state microwave signal generation is the smart
frequency agility as well as the bandwidth tuneability in
the frequency domain. In addition, solid-state microwave
signal generation has a two to three orders of magnitude
larger power-to-volume ratio, feasibility of array combining
and so on”*%], In fact, generation of a solid-state microwave
signal with ~10 MW peak power and nanosecond pulse dura-
tion has been reported®’). The generated high-peak-power
microwave signal could directly inherit the temporal profiles
of the incident pulse laser such as waveform and frequency,
i.e., a temporally modifiable pulsed laser could generate
high-power agile microwaves. This microwave generation
scheme is more attractive in pulsed-power sources which are
designed to deliver a specified amount of energy in a very
short time and results in a high peak power for the duration
of the pulse!'’l. Thus, a bunch of tuneable pulse laser is
desired, which is known as a burst-mode pulse laser. Based
on the Fourier transform theory, intuitively, the intra-burst
temporal parameters are quite important. For instance, the
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tuneable intra-burst repetition rate determines the generated
radiation microwave frequency and the near-sine intra-burst
shape could influence its signal-to-noise ratio and harmonic
generation. However, there are few reports of solid-state
microwave signal generation by burst-mode lasers, which are
applicable to many areas such as smart adaptive radar or
intelligent microwave systems.

Burst-mode lasers possess temporal speciality, i.e., the
desired bunch of high-repetition-rate intra-burst pulses,
which have been widely applied in material processing,
simultaneous measurement of multiple physical fields,
microstructure machining, space debris laser ranging,
etc.'"1 All-fiberized burst-mode lasers have the practical
advantages of being highly compact, robust, maintenance-
free and the high-power technology is mature!'®!. Chen
et al.'® realized a burst-mode seed laser directly utilizing a
high-speed driving circuit. The highest intra-burst repetition
rate is limited to 333 MHz and the intra-burst waveforms
could not be programmed. In addition, a dispersion-
management mode-locked laser with a fixed high repetition
rate and a time gate by an acousto-optic modulator (AOM)
could also generate burst-mode laser pulses'!’l. However,
the intra-burst repetition rate could not be tuned flexibly
because it is determined by the mode-locked laser. An
actively mode-locked and gain-switched laser diode (LD)
can make tuneable high repetition possible, but the other
intra-burst parameters cannot be tuned, such as shape and
duty circle!'®!"1. Furthermore, a continuous laser modulated
by two electrical optic modulators (EOMs) could realize
an all-temporal-parameter adjustable burst-mode seed with
high stability and high technological maturity!>"!. However,
this scheme would induce prodigious power loss when the
duty of the burst is low, such as kilohertz repetition rate
and nanosecond burst duration. In particular, in this paper,
we adopt a combination of EOM and AOM to modulate
the pulsed laser for generating a burst-mode seed with
flexible tuneability, including the intra-burst frequency, duty,
intra-burst waveforms, filtering the amplified spontaneous
emission (ASE) noise in the time domain and altering the
burst seed envelope, which could satisfy the requirement of
adaptive microwaves. The pulse energy and peak power of
the burst-mode seed laser could be promoted by a master
oscillator power amplifier (MOPA) configuration, whereas
the gain saturation effect would induce the distortion of
the burst envelope. In general, to realize the homogenous
energy distribution in each burst, i.e., decrease the envelope
distortion of the amplified burst pulse, a pre-compensation
technique is necessary in the MOPA configuration.

In this paper, we report an all-fibre temporally tuneable
linearly polarized burst-mode laser and generation of high-
power microwave signals with gigahertz-level frequency.
A pre-compensation technique is adopted to realize the
rectangular burst envelope shape. The maximum burst
energy is 200 pJ with 100 ns burst duration, with an average
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power and a peak power of 10 W and 4 kW, respectively. In
addition, illuminating on the linearly responded PCSS, up to
300 W peak power, 0.80-1.12 GHz adjustable narrowband
microwave signal is firstly realized, to the best of the authors’
knowledge.

2. Experimental setup

The experimental setup of linear-polarization burst-mode
all-fibre laser is illustrated in Figure 1. The repetition and
duration of the electrical pulse-driven narrow-band FBG
laser LD1 (externally triggered by PWMI as shown in Fig-
ure 1) are set as 50 kHz and 100 ns, respectively. The average
output power and 3 dB spectral linewidth of the pulse laser
are 4.6 mW and 0.09 nm, respectively. One bi-directional-
pumped amplifier (shown as Pre-amp) is constructed by a
polarization-maintaining (PM) Yb**-doped single-cladding
active fibre with core/cladding diameter of 6/125 pm, two
pump LDs centred at 974 nm and wavelength division
multiplexers (WDMs), which promotes the average power
from 4.6 mW to 120 mW. An AOM driven by an analogue—
digital dual-channel driver (bandwidth 200 MHz, insertion
loss 2.3 dB) is triggered synchronously to change the pulse
temporal shape (triggered by PWM2) and turn off the inter-
burst ASE noise (triggered by PWM3 and the gate time
decided by the high-level duration of PWM3). Then the
seed pulse is modulated as a gigahertz sinusoidal intra-burst
waveform by the EOM (bandwidth 10 GHz, insertion loss
3.5 dB). The EOM is controlled by an arbitrary waveform
generator (bandwidth 64 GHz) and the DC bias voltage is
controlled at the guard point by a bias controller. As the
alternation of the signals is output from the AWG, the intra-
burst pulses would have different waveforms and frequen-
cies. After the EOM, a 99:1 coupler is used to monitor the
output power, spectrum and temporal properties of the burst-
mode seed in real time. The average output power of burst-
mode seed laser is 3.68 mW.

The burst-mode seed laser is amplified by a three-stage all-
fibre amplifier (AMP). AMP-1 consists of 2 m highly Yb**-
doped single-cladding PM fibre (core/cladding diameter
6/125 pm) bi-directional pumped by two 976 nm LDs
through the WDMs. AMP-2 is constructed from 4.5 m Yb**-
doped double-cladding PM fibre (core/cladding diameter
10/125 pm, cladding absorption of 4.8 dB/m at 975 nm)
pumped by a 976 nm multi-mode LD through a (2+1)x1
signal-pump combiner. Finally, the burst-mode laser is
injected into the main amplifier after an isolator (ISO3)
and a coupler (coupling ratio: 1:99). The 1% port is adopted
to monitor the backward power, spectrum and temporal
profiles for judging the occurrence of the SBS effect. The
main amplifier consists of an optimized length of 1.2 m
highly Yb**-doped double-cladding PM fibre (core/cladding
diameter 20/125 pm, core numerical aperture (NA) 0.08,
core absorption coefficient ~28 dB/m at 976 nm) pumped
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Figure 1. Schema of the linear-polarization burst-mode all-fibre laser system.
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Figure 2. Spectrum of the burst seed after the suppression of ASE. (a) The seed burst spectrum with the 2 nm BP filter (blue dotted line) and ASE spectrum
after turning off the signal (red solid line). (b) The seed burst spectrum with the 2 nm BP filter and burst seed spectrum after turning off inter-burst ASE.

by a 976 nm multi-mode LD through a (2+1)x1 signal-
pump combiner. The active fibre is coiled on an air-cooled
aluminium spool for efficient heat dissipation, with a diam-
eter of 8.5 cm to increase the loss of high-order mode. The
output port is cleaved to 8° to resist Fresnel reflection. All the
fibre-based components in the experimental setup are PM.

3. Results and discussion

3.1. Suppression of ASE noise

With continuous pumping and 20 ws inter-burst period, the
ASE signal would be increased over time and deplete the
upper-level population until the signal burst arrives. There-
fore, the ASE signal between pulses is quasi-continuous
in the time domain. The ASE signal generated in the first
amplifier would also be amplified in the next stage. Spectral
filters could block the out-band ASE. However, some ASE
would be within the wavelength band of signal which could
be turned off in the time domain. After the pre-amplifier,
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most of the ASE noise is filtered by the 2 nm band-pass
(BP) filter first, as shown in Figure 2(a), the short-wavelength
near 1030 nm ASE is totally blocked and the in-band signal-
to-ASE noise ratio is 40 dB. However, the inter-burst ASE
could not be completely removed only by a spectrum filtering
method. For testing the rest of ASE, the synchronous PWM3
is set to turn off the burst pulse. The residual ASE power is
0.05 mW and the spectrum is shown in Figure 2(a) as a red
line. To turn off the inter-burst ASE using a temporal method
and further improve the signal-to-ASE noise ratio, the syn-
chronous PWM3 is set at a high voltage level of 100 ns and
only the burst laser is turned on, with the corresponding
spectrum shown in Figure 2(b) as a red line; it should be
noted that the inter-burst ASE noise is efficiently turned off
and the signal-to-ASE noise ratio is as high as 52 dB.

3.2. Characteristics of the burst-mode fibre laser

The burst-mode laser pulse output from the EOM is regarded
as the seed and the temporal waveform of the 1 GHz
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Figure 3. Seed-burst temporal shape. (a) Single-burst temporal shape. (b) Comparison between tested intra-burst pulse and sine waveform in detail.
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Figure 4. Pre-compensation burst-mode laser. (a) The distorted temporal profile of the amplified burst-mode laser. (b) The calculated transfer function G(z).
(c) The temporal profile of the pre-compensated burst-mode seed laser. (d) The temporal profile of the amplified pre-compensated burst-mode laser.

modulation frequency is described in Figure 3(a). The aver-
age modulation depth is equal to 73% as the modulation
depth defined as du = (Vmax — Viin)/ (Vimax + Viin)s
where Viax and Vi, are the maximum value and the min-
imum value of the optical-electric signal, respectively®l.
Figure 3(b) depicts the local intra-burst pulse and the setup
sine signal in detail, which shows that the intra-burst pulse is
a stable sine format.

Based on the three-stage amplifier, the burst-mode seed
laser is first amplified to an average power of ~100 mW.
Then, the average power is boosted to 0.8 W in the second
amplifier after the IOS3. Through the power amplifier, the
output average power is increased to 10 W. The temporal
properties of the final output burst-mode laser are shown
in Figure 4(a) which shows that serious temporal distortion
of the burst envelope appears owing to the gain saturation
effect. By integrating the waveform data recorded by the
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oscilloscope, which is equal to the pulse energy, the peak
power of the frontier edge is calculated to be approximately
9 kW.

To decrease the envelope distortion induced by the gain
saturation effect, a pre-compensation technique is adopted
to realize the homogenous energy distribution in each burst
by the AOM. Figure 4(a) shows the amplified burst temporal
shape of the no-compensation burst-mode seed laser (shown
in Figure 3(a)) output from the three-stage amplifier. The
transfer function G(¢) can be calculated from the input and
output pulse intensities as depicted in Figure 4(b). The pulse
leading-edge and trailing-edge gain coefficients of the trans-
fer function are G(f) = 39.4 dB and G(#)|,—=100ns = 32.9 dB,
respectively. The pre-compensated burst temporal shape can
be calculated based on the exponential function I, (t) =
Iin(®) x (1 — Gp) exp[—Eout(?)/Egt] as shown in Figure 4(c).
As aresult, the output homogenous energy distribution of the
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Figure 5. Output characterizations. (a) The output power and backward power versus pump power. (b) The output spectrum of injected seed and maximum
output. (c) The RF spectrum. (d) The polarization degree versus different pump power.

burst envelope is shown in Figure 4(d), the average power of
which is 10 W, yielding maximum burst energy of 200 pwJ,
i.e., 2 pJ per intra-sine pulse, corresponding to a peak
power of 4 kW. The average intra-burst modulation depth is
changed as 0.95 owing to small signal gain amplifier profile.

The output power and the backward power versus pump
power in the main amplifier are also shown in Figure 5(a),
which indicates that the output power increases linearly at a
slope efficiency of 52%, and the backward power increases
gradually with pump power. When the maximum output
power arrives at 10.1 W, some backward Stokes pulse spike is
observed at the 1% port of OC2. The tested backward power
is 114 wW, corresponding to 11.4 mW backward propagated
light power, which is a little higher than 0.1% of the output
power regarded as the threshold of the SBS effect. The
SBS is generally the primary limiting factor for the power
scaling of the narrow-linewidth fibre laser. The spectra of
the injected seed (blue solid line) and the laser at maximum
output power (red dotted line) are shown in Figure 5(b). The
3 dB linewidth of the burst laser at maximum output is only
approximately 0.19 nm. It is noted that no residual pump light
is observed and the intensity of the signal light is about 48 dB
higher than that of the ASE signal, which indicates that the
ASE signal can be neglected.

As shown in Figure 5(c), the corresponding RF spectrum
is centred at 1.0 GHz with a 3 dB bandwidth of 10 MHz,
which indicates the intra-burst repetition rate of 1 GHz and
the burst duration of 100 ns. The local RF spectrum depicts
that the repetition rate of the burst envelope is 50 kHz. In
addition, the polarization degree is measured with a A/2
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waveplate and a polarization beam splitter as shown in
Figure 5(d), defined as P,/(P, + P,), where P, and P, are
the main and minor polarization state power, respectively.
The polarization degree is higher than 95.6% indicating
the excellent and stable polarization quality of this laser
system.

3.3. Frequency-adjustable microwave generation

The experimental scheme of the frequency-adjustable
microwave signal generation based on a linear-state PCSS is
illustrated in Figure 6. The material of the PCSS is V-doped
6H-SiC!®!, which can be excited efficiently by 1064 nm
light owing to the deep acceptor level of 0.7 eV. The V
doping can compensate for the unintentional shallow p-type
impurities in 6H-SiC to achieve a semi-insulating state,
which is in accordance with the tested high dark resistivity
of approximately 10'> Q/cm without light illumination. The
thickness of the 6H-SiC wafer is 200 wm, which is chosen
by considering the breakdown voltages and the conducting
resistance. The bias voltage hold capacity is higher than
10 kV with the help of high-intensity packing with epoxy to
fill the PCSS as it has a relatively high dielectric constant.
The upper surface is coated with AZO (aluminium-doped
ZnO) to form a transparent electrode. The opposite surface is
coated with a silver film to reflect the light back to the PCSS
material again and increase the absorbed light energy. In
the experiment, the reflection coefficient and the absorption
coefficient are 0.2 and 80 m™!, respectively. The burst-mode
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Figure 7. Experimental results of the generated frequency-adjustable microwave signal. (a)-(c) The temporal profile of burst-mode laser with different
repetition rates of 0.8, 1 and 1.12 GHz, respectively. (d)—(f) The corresponding measured voltages of CVR. (g)—(i) The corresponding RF spectrum.

laser is collimated and expanded to a radius of 3 mm, and
then illuminated to the transparent electrode of the PCSS. In
the circuit, a 100 2 load resistor is in series with the PCSS
and a capacitor is discharged between them. The output
photocurrent is detected by a current viewing resistor (CVR)
with an internal resistance of 0.1 €2 and a rise time of 0.18 ns.
The temporal and frequency data are acquired by an Agilent
oscilloscope with bandwidth of 13 GHz and sampling rate
of 40 GS/s.

The generated current value of the PCSS could be mea-
sured by the CVR and the corresponding power of the
microwave signal is equivalently calculated as P = UI, where
U is the voltage at both ends of the PCSS device and [
is the generated current. In the experiment, the intra-burst
repetition rate of the burst laser is adjusted from 0.8 to
1.12 GHz as shown in Figures 7(a)-7(c). The corresponding
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parallel voltages of the CVR are measured and shown in
Figures 7(d)-7(f). The measured oscillating parallel voltage
of the CVR is approximately 3 mV, i.e., the radiation peak
power of this system is 300 W under a 10 kV bias voltage.
In addition, the burst duration of the generated microwave
signals is 100 ns, which is the same as that of the irradiated
burst laser. Similar to the RF spectrum of the burst laser,
which is shown in Figure 5(c), the 3 dB bandwidth of the
generated microwave signals should also be 10 MHz, which
indicates that the signals are narrowband. In addition, the
corresponding RF spectra with a frequency scale of 2.5 GHz
are measured. As shown in Figures 7(g)-7(i), the frequencies
of the generated microwave signal are 0.8, 1 and 1.12 GHz,
respectively, and the ratios of the signal to second harmonic
noise are all larger than 25 dB. The PCSS indeed has a fast
response and operates in linear mode, and the rectangular
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envelope of burst-mode laser assures the uniform energy
radiation of the microwave during the illumination.

4. Conclusion

In this paper, a linear-polarization burst-mode all-fibre laser
with sinusoidal intra-burst waveform has been demonstrated
to generate the high-power frequency-adjustable microwave
signal based on the linear-state PCSS for the first time. The
continuous ASE noise in the pre-amplifier is turned off by
the AOM, and a pre-compensation technique is applied to
achieve the homogenous energy distribution in the burst
after the main amplifier. The maximum burst energy reaches
200 wJ with a burst duration of 100 ns at an average power
of 10 W, and the corresponding peak power is 4 kW. When
the linear-state PCSS is illuminated by the burst-mode laser,
up to 300 W, a narrowband frequency-adjustable microwave
signal of 0.80-1.12 GHz is realized.
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