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All-fiber-photonics-based ultralow-noise agile
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We propose and demonstrate an agile X-band signal synthesizer with ultralow phase noise based on all-fiber-
photonic techniques for radar applications. It shows phase noiseldb dBc Hz ( 152 dBc Hz) at 10 kHz

(100 kHz) offset frequency for 10 GHz carrier frequency with integrated RMS timing jitter between 7.6
and 9.1 fs (integration bandwidth: 10 HA0 MHz) for frequencies from 9 to 11 GHz. Its frequency switching

time is evaluated to be 135 ns with a 135 pHz frequency tuning resolution. In addition, the X-band linear-
frequency-modulated signal generated by the proposed synthesizer shows a good pulse compression ratio approxi-
mating the theoretical value. In addition to the ultrastable X-band signals, the proposed synthesizer can also
provide -1 GHz ultralow-jitter clocks for analog-to-digital converters (ADC) and digital-to-analog converters
(DAC) in radar systems and ultralow-jitter optical pulse trains for photonic ADC in photonic radar systems.
The proposed X-band synthesizer shows great performance in phase stability, switching speed, and modulation
capability with robustness and potential low cost, which is enabled by an all-fiber-photonics platform and can be
a compelling technology suitable for future X-band radarse 2017 Chinese Laser Press

OCIS codes: (140.4050) Mode-locked lasers; (350.4010) Microwaves; (280.5600) Radar; (060.2310) Fiber optics; (320.7160)
Ultrafast technology.
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1. INTRODUCTION aperture radar because the integrated phase noise of the oscil-
lator manifests itself as a deterioration of the impulse response
Y8nction B]. Third, lower phase noise can reduce error vector
magnitude (EVM) in orthogonal frequency division multiplex-

OFDM) communication, where the EVM is directly deter-
ined by the integrated phase noise of the carrier over a certain
set frequency ran@gl])]. As the integration of radar, com-

It is expected that photonic techniques will have enormo
potential in next-generation radar syst&megently, a radar
system that takes advantages of photonics has indeed sh
great performance in field demonstratihnThe heart of
the photonics-based radar is the mode-locked laser (ML

for tunable microwave signal generation and photonic ang ot ITe ] ) _
log-to-digital conversion. Microwave signals with uItranWun'Cat'onS’ and electronic warfare functions into one system

phase noise can benefit radar systems mainly in the foIIowiﬂEE””g the same radio frequency (RF) aperture and supporting
three aspects. First, lower phase noise can improve detecBgRSystems is the trend for future operation platforms, the com-
sensitivity for targételocity based on the Doppler effgict [ Munication quality is critical 1-15). Besides, OFDM is also
For example, when reducing the phase noise of a 10 GHsed in radar processing to overcome the typical drawbacks of
oscillator at 70 Hz offset frequency fraiito 80 dBc Hz, correlation operation processir@jl{7].
the probability of detection increases from 95% to 100% in a Aside from low phase noise, agile tunability of the oscillator
coherent radar for detection of a target with velocity of 4 km/Hrequency is also critical, for example, for electronic warfare sys-
On the other hand, if the phase noise is deteriorated t&ms. The probability of interception in electronic reconnais-
58 dBc Hz, the probability of detection would degrade to sance could be degraded by frequency hopping, which often
zero §,5]. The phase noise of the oscillator set the minimuntequires that the frequency changes 100 times or more in
echo power level required for accurate deteg;fibrSecond, 1 s [L8]. Moreover, hopping frequencies are useful in a variety
lower phase noise improves imaging quality for a syntheti€ radar systems as weElHR1]. Typically, in a modern radar
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system, the phase noise of all frequencies used in the radar
system is significant to meet the stringent clutter cancellation
requirement, including clocks of an analog-to-digital converter
(ADC) and digital-to-analog converter (DAC).[Therefore,

a frequency-agile synthesizer with low phase noise over a wide
range is highly desirable.

Recently, a forced opto-electronic oscillator was demonstrated
for 9-11 GHz frequency synthesis, in which the frequency is
tuned by a tunable yttrium iron garnet (YIG) microwave filter
and a wavelength-tuned transversal filter for coarse and fine tun-
ing, respectivel23]. The phase noise for 9, 10, and 11 GHz are

tﬂe Sari?e aﬂ?: dBCHZdat 10 kHz ?f‘isetfreque_ncg. AlthSUQh "9?% 1. Diagram of the demonstrated all-fiber-photonics-based
the scheme has an advantage of frequency-independent plia Snd synthesizer. AOFS, acousto-optic frequency shifter; FBG, fiber

noise, its frequency switching speed is slow due to the use of §{Qqq grating; FRM, Faraday rotating mirror; BPD, balanced photo-
phase-locked loops (PLLs). Besides, the YIG filter is sensitivgié@ctor; BPF, bandpass filter; LPF, low-pass filter.

the tuning current (25 MHz/mA), and the stability of the tuning
current may be a problem for stable operation. A sapphire loaded

cavity oscillator as an X-band radar exciter was reported as well.

The demonstrated frequency tuning range was from 9.92 &d lower, the repetition rate of the ML) is stabilized to a
10.8 GHz, and the coarse and fine tuning are realized by dnkm long fiber delay line using fiber interferometer-based
internal 80 MHz oscillator and an external 320 MHz syntherepetition-rate stabilization technique (FIRSA)Two spec-
sizer, respectiveB]. The exciter has high spectral purity while tral modes an€ ., f .9 and (f ., f ) are used for
being expensive and not commercially available. More recenti{p@f e, Stabilization, whefe..,is the carrier-envelope offset
broadband electronic synthesizer was demonstrated on the b&g@Hency of the MLL output. Herle,,is effectively elimi-

of a stabilized Ti:sapphire laser frequency comb referring to @ated by mixing o€ ., f 9 and (f o, f o). As a
ultralow-expansion glass-based eyt optical cavity. The result, the frequency noise m nf ., can be obtained.
synthesized X- and W-band signals show great phase stabfifijs error signal is then applied to repetition-rate-tuning actua-
[25]. However, the whole system has stringent requiremeni@rs [an electro-optic modulator (EOM) and a piezoelectric
on the operation environment and currently is not suitable fdfansducer (PZT)] inside the MLL cavity. Here, the EOM
more practical field applications outside a metrology laboratoftd PZT are used for fastl(kHz) and slow<1 kHz) com-

In this paper, an X-band frequency Synthesizer built Oﬁensation in MLL CaVity Iength, reSpectiVEIy. When the feed-
all-fiber-photonics is proposed and demonstrated. An MLRack loops are closed, the MLL repetition rate is stabilized to
stabilized to an all-fiber reference is the key element of the sif¥¢ fiber delay (i.e.f o, f o » Where is the delay
tem, where an ultrastable 10 GHz microwave signal is extractége in the fiber link). Note that the fundamental limit in
using a microwave_photonic phase detector (PD) Then, a is set by the thermal noise-induced mechanicaldissipation
direct digital synthesizer (DDS) is driven by a quarter of thE2829], which is computed &x10 ' at 0.1 s averaging
ultrastable 10 GHz and enables agile tunability from 9 téime. The measured in Ref. P7]is 1.7x10'* at 0.1 s,

11 GHz after Singie_sideband (SSB) mixing with the uitrastabM'IiCh is mOStly limited by various technical noise sources. Even
10 GHz. The proposed synthesizer shows excellent phase Hiig discrepancy, it suppresses the MLL phase rete 82

bility and is good enough for the phase noise specificatigh 10 Hz offset frequency and, as shown ir2Ftge use of

of model TS3 used by the United States Nady \fith 1 km fiber delay indeed enables the suppression of equivalent
much lower cost and all commercially available componeni)ase noise at 10 GHz carrier down t090 dBc Hz at

Moreover, the stabilized optical pulses could benefit photoni® Hz offset frequency [curve (iii) in Fj. _
ADCs in a photonics-based radar as well. The next step is extracting ultralow-phase-noise 10 GHz

microwave signal from the stabilized MLL with minimal excess
phase noise in the optical-to-electrical conversion process.
2. METHODS AND EXPERIMENTAL DETAILS Among several different approaches, including advanced pho-
Figurel shows a diagram of the demonstrated fiber photonicsedetection 30]; here, an optoelectronic PLL with a micro-
based X-band frequency synthesizer. The system has threewse-photonic phase detector called the FLONMBBBZ]
jor parts: (i) all-fiber-photonics-based repetition-rate stabilizeshd a high-quality dielectric resonator oscillator (DRO,
MLL source; (ii) optical-to-microwave conversion with a fibertNWAVE DRO-10010) is employed. The use of high-quality
loop optical-microwave (FLOM) PD based PLL; (iii) frequencyDRO as the slave oscillator in the PLL provides an elegant
tuning electronics based on the DDS. solution for lower phase noise in the high offset frequency
A 250 MHz femtosecond mode-locked Er-fiber oscillatoby using the flywheel effect of DRO. It can also provide high
(MenloSystems GmbH, FC1500-250-ULN) with ultralow RF power (10 dBnj directly from the DRO without addi-
high-frequency timing jitter (175 as RMS timing jitter inte- tional RF amplifiers. The 10 GHz signal from the DRO drives
grated from 10 kHz to 1 MHz offset frequency, measuredhe phase modulator in the Sagnac-loop interferometer and
in Ref. p6]) is used as the MLL. To achieve ultrahigh phasenodulates the stabilized optical pulses from the MLL. The rel-
stability over a wider range of offset frequency down to 10 Hative temporal position between the 10 GHz microwave signal




Note that, compared with our previous works on fiber
interferometer-based repetition-rate stabiliz2fcem(d laser-
microwave synchronizati®i,B2], this work combines these
two techniques and demonstrates ultralow-phase-noise micro-
wave signal generation from an all-fiber-photonic system.
Furthermore, by adding a DDS-based frequency-tuning elec-
tronics, a frequency tunable X-band synthesizer is realized.
To our knowledge, this is the first work to evaluate all major
properties important for radar sources (such as phase noise, fre-
quency switching speed, spur suppression, and modulation
capability) and achieve state-of-the-art performances for a fiber
photonics-based microwave synthesizer.

3. RESULTS AND DISCUSSIONS

The performance of our fiber photonic X-band frequency
Fig. 2. Absolute SSB phase noise and integrated timing jitter of theynthesizer is evaluated in terms of phase stability, frequency-
generated microwave signals. Curve (i) [black], phase noise of #witching speed, spur suppression ratio, and modulation
10 GHz DRO locked to the stabilized MLL. Curve (i) [pink], phase capability.
noise floor of the used PNA at 10 GHz carrier frequency. Curve (i) First, we measured the absolute SSB phase noise of the
[blue], projected phase noise at 10 GHz by an optical-domain meganerated microwave signals using a high-sensitivity phase noise
surement. Curve (iv) [light purple], residual noise floor of FLOM'PDﬁaIyzer (PNA, FSWP50 from R&S). Figlsemmarizes the

synchronization. Curve (v) [green], phase noise of the 9 and 11 G . .
signals from the synthesizer output. Note that the red area indica es.alse noise performances. Curve (i) [black] shows the phase

the phase noise range of the DDS output from 10 MHz (bottom red'0'S€ of the 10 GHZ microwave 's',ignal ggnerated from the
curve) to 1 GHz (top red curve). As a result, the phase noise of thiRO locked to the fiber-delay-stabilized Er-fiber MLL. In fact,

synthesizer output<91 GHz) lies between curve (i) (10 GHz) and this phase noise measurement result is already limited by the
curve (v) (9 and 11 GHz), indicated as the diagonal patterned arddNA instrument sensitivity in the low offset frequency range
Curve (vi), integrated timing jitter for curve (i). Curve (vii), integrated10 Hz-1 kHz) [curve (ii), pink]. The actual phase noise of
timing jitter for curve (iii). Curve (viii), integrated timing jitter for the 10 GHz signal can be projected by the optical-domain mea-
curve (v) at 9 GHz. surement7] result [curve (iii), blue], which i40 dBlower in
the low offset frequency. Note that the MLL repetition-rate
phase noise can be measured<witl®0 dBc Hz resolution
zero-crossings and the optical pulses is reflected in the outpuabflO Hz offset frequency when using a long fiber delay line-
the balanced photodetector (BPD). The output from the BPDoased interferometer as an out-of-loop frequency discriminator
is fed back to lock the 10 GHz signal to the stabilized temporf27]. In the 10 kHz2 MHz offset frequency range, the phase
positions of optical pulses. noise follows the noise floor of the FLOM-PD [curve (iv), light
Finally, for agile and high-resolution frequency tuningpurple] at 145 dBcHz ( 152 dBcHz) at 10 kHz (100 kHz)
a DDS-based electronics, which has been widely used in radfiset frequency. Above 2 MHz offset frequency (which is the
synthesizer83], is employed. In order to keep ultralow phaselocking bandwidth between the MLL and the DRO), the phase
noise of the synthesizer over the entité &Hz range, the  noise follows that of the free-running DRO and rapidly decreases
DDS (Analog Devices, AD9914) is driven by a 2.5 GHz signdio 165 dBcHz at 10-MHz offset frequency. The resulting
obtained from the frequency division of the 10 GHz signahkbsolute RMS timing jitter of the 10-GHz signal [curve (vi);
generated from the locked DRO. In this case, the DDS caimtegration of curve (i)] is 7.6 fs integrated from 10 Hz to
generate signals up to 1 GHz. Note that the used DDS0 MHz, which is limited by the PNA sensitivity. The actual
supports clocking up to 3.5 GHz and its frequency tuningiming jitter [curve (vii); integration of curve (iii)] is expected
resolution is 135 pHz when driven by a 2.5 GHz clock. Into be much lower, 2.6 fs in the same integration bandwidth.
addition, it is capable of phase and amplitude modulation, out- The red area indicates the measured phase noise range of the
put shift keying, and sweeping of phase, frequency, and am@bS output in the 10 MHz1 GHz range, where the lowest
tude. Then, the DDS output is mixed with the stabilizedand highest levels indicate the phase noise at 10 MHz and
10 GHz DRO to obtain 911 GHz tunable microwave signals 1 GHz, respectively. Because the DDS output is the frequency
with the assistance of an SSB mixer and a 90° hybrid for lockision of the clock signal, the phase noise of DDS output
oscillator and image frequency suppression. The selectionsoéles down with a factor26flog,N (dB) on basis of the
upper or lower sideband can be achieved by switching | actbck signal, whelfé denotes the frequency division factor.
Q outputs of the 90° hybrid to | and Q inputs of the SSB mixerAs the DDS residual phase noise increases with output fre-
The 90° hybrid supports signals from 10 MHz to 1 GHz, thequency, the DDS phase noise becomes higher than the locked
IQ mixer (Analog Devices, HMC-C042) works with inter- DRO noise for 1 kHz offset frequency range when the DDS
mediate frequency up to 2 GHz and the frequency divideoutput frequency is higher than 400 MHz.
(RF Bay Inc, FPS-4-13) has noise floorléfl dBcHz at The phase noise range of the final frequency synthesizer out-
100 kHz. put (9-11 GHz), which is obtained by the frequency mixing of




the DRO output (10 GHz) with the DDS output{0 GHz),

is indicated as the diagonal patterned area i Bige to the

increase in phase noise for higher-frequency DDS output, the

phase noise at 9 and 11 GHz is the worst, while the phase noise

at 10 GHz is the lowest. Even in the worst case, the phase noise

is still extremely lowl32 dBcHz ( 142 dBcHz) at 10 kHz

(100 kHz) offset frequency for 9 and 11 GHz. The timing jitter

of 9-11 GHz signal integrated from 10 Hz to 10 MHz offset

frequency is still low, in the range of 7.6 fs (at 10 GHz) t0 9.1 fs

(at 9 GHz). If the phase noise measurement is not limited by

PNA, the jitter value will be in the range of 2.6 to 4.2 fs. Note

that the measured phase noise below 1 kHz offset frequency is

independent of DDS output frequency and is limited by the

PNA measurement sensjtivity and .f@ber reference stapility. Fig. 4. Spur suppression ratio for 50 MBiGHz output range in
Second, to characterize the agility of our synthesizer, Wgc -y, span. Inset, the spectrum for 500 MHz output.

evaluated the frequency switching time. The oscilloscope with

80 GSa/s sampling rate (Keysight, MSOV334A) is used to cap-

Fure the moment that frequencies transit and settle. The DD§Nitching time can easily meet the frequency-hopping speed
Is setto change the OL_Jtputfrequency from_loo MHz to_l GHZrequirement in the electronic warfare communication sys-
The waveform recording frequency transition and settling Progsms 19

ess is captured (inset of Bgand used to extract the un- iy the spur suppression ratio is evaluated. Intrinsic spurs
wrapped phase after filtering out the added high-frequengyhe output spectrum have been regarded as a drawback of the
noise in the sampling process. The Hilbert transform is us§ghg_pased synthesizer. Because spurs are not only decided by
to obtain analytic signals of the measured data, and then DDS design but also from the reference clock, spurs in the
unwrapped phase of the analytic signals is obtained to Q&lcy signal will appear as spurs in DDS output at the same offset
the final phase error over tingf[ as shown in Fig3. frequencyds]. Therefore, the spur suppression ratios are mea-
Note that, generally, the frequency switching time fkom ¢ .ed from 50 MHz to 1 GHz DDS output frequency range
tof ,) is defined as the time starting from the phase error Wit o 1 25 GHz span for our synthesizer, as shown i Fig.
respect to frequentcy exceeds 0.1 rad and ending in the phaserpg yorst case is 58 dBc measured at 500 MHz, and its spec-
error with respect to frequericy is within 0.1 rad. On the 4 is shown in the inset of Fig.Thanks to the advances in
premise that the OSCL”OSCOpe has trigger jitter of 100 s, Whighkcironics and signal processing, many solutions based on both
causes abo@t28x 10 * radphase instability to 1 GHz signal, a3 rqware and software to reduce spurs are available because spu
and the vertical sensitivity (2.1 mV for 50 mV/div) correspondgo predictable for a given frequeB8p4.
to  0.03 radphase uncertainty for our signal with 400 MV rinayly the proposed synthesizer is capable of modulations
peak-to-peak voltage (100 mV/div), a reliable evaluation gfai meet demands of most radar applications. The generation
the frequency transition and settling time is 7.8 ns. Togetheft the most commonly used radar waveform, linear frequency-
with the data latency inside the DDS for frequency setting,oqyjated (LFM) signal, is demonstrated. Because phase errors
(127.2 ns), the frequency switching time is evaluated t0 b the | FM signal directly affect the accuracy of achievable dis-
135 ns for our synthesizer. The sub-microsecond-level frequeRgX-e estimation in linear frequency-modulated continuous-
wave (FMCW) radar87], a synthesizer with low phase noise
is highly desirable. In our demonstration, the DDS sweeps
frequencies from 500 MHz to 1 GHz with a step of 10 MHz
and time interval of 10 ns and then mixes with the stabilized
10 GHz. The LFM waveform is recorded by the oscilloscope
(Keysight, MSOV334A) and used to recover the instantaneous
frequency, as shown in Eita) The autocorrelation of the LFM

Fig. 3. Phase error during frequency transition and settling procedsig. 5. (a) Recovered instantaneous frequency of LFM signal
Inset, waveform captured by the oscilloscope at the moment thimicreased from 10.5 to 11 GHz in 500 ns. (b) Autocorrelation of
frequencies transit and settle. the LFM signal in (a).
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