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Photonic Generation of 30 GHz Bandwidth
Stepped-Frequency Signals for Radar Applications
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Abstract—Wideband microwave signals with high time-
frequency linearity for high-resolution radar applications can
be optically generated using high-speed electronic waveform
generators. Frequency-shifting modulation in an optical cavity
provides an attractive approach to generate broadband microwave
signals with reduced complexity requiring only MHz-level
electronics. However, the in-loop signal instability and inter-pulse
interference usually cause amplitude fluctuations, leading to
limited signal-to-noise ratio and signal bandwidth. Here, we
overcome these challenges and demonstrate, for the first time,
the photonic generation of 30-GHz-wide stepped-frequency (SF)
signals with 100 MHz frequency steps defined by an MHz-level
electrical oscillator. We achieved this performance by mitigating
the in-loop polarization scrambling and inter-pulse interference
using a polarization-maintaining cavity and a high-extinction
optical switch. This allows stable consecutive acousto-optic
frequency-shifting modulation that significantly improves the
signal-to-noise ratio. While achieving a bandwidth surpassing the
state-of-the-art demonstrations based on wideband electronics, our
approach alleviates the necessity for high-speed signal generators
or wideband tunable lasers. To exemplify the utility, we systemati-
cally evaluate the signal quality and show its applications in radar
imaging compared to those using electrical waveform generators.

Index Terms—Microwave photonics, photonic radar, synthetic
aperture radar, ultra wideband radar.

1. INTRODUCTION

ADAR sensing has been progressing into the millimeter-
Rwave (MMW, 30-300 GHz) and terahertz-wave
(THz-wave, 0.1-10 THz) regions to operate with ultra-wide
bandwidths for growing demands of high spatial resolution
imaging in real-world applications, such as non-destructive
testing, automotive driving assistance, industrial quality
inspection, and non-invasive medical imaging [1]-[5]. However,
the development of wideband radars operated at high frequencies
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has posed challenges to conventional electronic technologies,
especially in synthesizing ultra-broadband signals. Multi-stage
frequency up-conversion could lead to degradations in both effi-
ciency and noise level when approaching higher frequencies [6].
Additionally, frequency multiplexing and spectrum stitching
for bandwidth broadening introduce noise and spectrum
spurs induced by device nonlinearity and interference [7] that
compromises overall sensing accuracy and performance.

Microwave photonics has shown significant advantages in
radio-frequency (RF) signal generation, up-conversion [8]-[12],
and demodulation [7], [13]-[15], enabling flexible tunability
of signal bandwidth and operation frequency [16]-[22]. Ultra-
wideband linear-frequency modulated (LFM) signals that are
widely adopted for radar and sensing applications can be op-
tically synthesized [23]-[30]. Existing photonic approaches for
LFM generation usually rely on high-speed benchtop electronics
or elaborately biased electro-optic modulators (EOMs), which
have limited bandwidth constrained by the electronics speed
and long-term operational stability caused by EOMSs’ bias-
drifting [28], [31]. Approaches using dispersion-based time-
stretch [32] and frequency-sweeping light sources [26], [33],
[34] have also shown promising bandwidth capacity but re-
quire elaborate pre-distorted RF control signals for linearity
compensation.

Another widely-used signal format in radars relies on stepped-
frequency (SF) waveforms that can exhibit high time-frequency
linearity and small spontaneous processing bandwidth while
sustaining the same range resolution for the same bandwidth
with the LFM signals [35]. Photonic generation of SF signal
using frequency shifting modulation has been recently demon-
strated [36]-[39], showing advantages of bandwidth flexibly
while sustaining a high time-frequency linearity in radar ranging
and imaging system demonstrations. In principle, the SF signal
bandwidth can be adjusted by tuning the passband of an optical
filter [37], [39], modifying the RF frequency applied to the
EOM [38], and electronically controlled in-loop switch [40].
However, in practical implementations, achieving an ultra-wide
bandwidth of >20 GHz with an MHz-level frequency step
required for an extended unambiguous range is challenging
due to the loop instability, particularly after a large number
of re-circulations. This usually results in an increased signal
amplitude fluctuation and low SNR, limiting the achievable
bandwidth of the system. Moreover, the SF radar signal quality
and performance have not been explored in comparison with
conventional photonic radar schemes.
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In this work, we extend on our previous demonstration by
overcoming the frequency-shifting loop instability and demon-
strate, for the first time, an SF signal with tunable bandwidth
reaching 30 GHz using MHz-level electronics-enabled photonic
signal synthesis. Our approach takes advantage of a polarization-
maintaining optical cavity, which is robust against the ambient
environment perturbation and free from modulation bias drift-
ing. As a result, the demonstrated approach reaches a signal-
to-noise ratio (SNR) of above 34 dB in the signal generation
on par with those generated by high-end benchtop electronics.
We apply the signal generation scheme to an inverse synthetic
radar (ISAR) system and experimentally compare the imaging
performance with photonic radars using a high-speed waveform
generator, demonstrating its viable utilities in applications. With
the achieved bandwidth and potential for further extension, this
demonstrated approach provides a complementary approach for
ultra-wideband microwave waveform synthesis in MMW and
THz-wave radar systems.

II. PRINCIPLE

The SF waveforms are generated through recirculating a
rectangular optical pulse signal in a frequency-shifting loop
(FSL) [36], [37], [41], as diagrammed in Fig. 1(a). An optical
switch (OS) converts a continuous wave (CW) laser signal into
an initial rectangular optical pulse signal for further frequency
shifting in the loop. An acousto-optic modulator (AOM) pre-
cisely shifts the pulse frequency for each round-trip, synthe-
sizing a bandwidth of B after /N-time recirculations (N steps)
with a constant MHz-level frequency shift A f, as illustrated in
Fig. 1(b). The high-extinction, bias-free AOM-based frequency
shifting avoids the generation of spectral harmonic spurs, which
is an outstanding advantage over the approach using EOMs
for single-sideband modulation (SSB) that suffers from bias
drifting and parasitic harmonics [31], [38]. An erbium-doped
fiber amplifier (EDFA) is used to compensate for the optical
modulation and couplers losses. The constant ratio between
the frequency shift (A f) and the loop round trip time ensures
the time-frequency linearity of the synthesized SF waveform
for accurate detections. In the proof-of-concept demonstrations,
a tunable optical bandpass filter (OBPF) is used to determine
the bandwidth of the generated microwave SF signal and filter
out the out-of-band amplifier’s noise. Consequently, the time-
domain waveform is a series of sub-pulses with the sub-pulses
frequency discretely hopping at a spacing of the AOM’s RF driv-
ing frequency A f, as illustrated in Fig. 1(c) and (d). Microwave
up-conversion to high frequencies is achieved by mixing the SF
signal with a frequency-shifted CW laser in photodetection.

As shown in Fig. 1(c), one general challenge of achieving
broadband and stable microwave photonic SF signals is the
instability of the circulating optical signals in the loop, which
indeed leads to amplitude fluctuations and thus the single-pass
optical gain in the loop. The amplitude variations could equally
result in transient gain suppression and increased noises due to
the gain dynamics in the EDFA, leading to a limited circulating
number and ultimately the achievable bandwidth. In order to
overcome this issue, a polarization-maintained optical cavity
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Fig. 1. Principle of stepped frequency (SF) signal generation with improved

bandwidth and signal-to-noise ratio (SNR). (a) Schematic of the demonstrated
SF signal generation using optical frequency-shifting modulation based on the
polarization-maintaining (PM) cavity for radar applications. (b) Principle of
the SF signal generation using optical frequency-shifting modulation on the
frequency domain. The signal’s frequency will be shifted by A f for each recir-
culation time in the cavity, thus synthesizing a total bandwidth BW = NAf.
Schematic illustrations of generated stepped-frequency waveforms based on
(c) an unoptimized frequency-shifting loop using a low-extinction ratio optical
switch (~20 dB) and single-mode fiber components, and (d) an optimized
loop using a high-extinction ratio optical switch (>40 dB) and polarization-
maintaining components to suppress the amplitude fluctuations caused by po-
larization scrambling, respectively. RF, radio-frequency; OS, optical switch;
OBPF, optical bandpass filter; EDFA, erbium-doped fiber amplifier; AOM,
acousto-optic modulator; OC, optical coupler; PD, photodetector.

is implemented to mitigate the signal polarization scrambling.
In Fig. 1(d), with stabilized polarization and the robustness
against ambient perturbations, broader bandwidth SF signals
with reduced amplitude fluctuations and noises can be synthe-
sized. These approaches can significantly improve the SNR and
effectively increase the achievable bandwidth for higher spatial
resolution [35], [42].

A high-quality signal with a broad bandwidth and less noise
is highly desirable when deploying SF signals for various ap-
plications to ensure high resolution and accuracy. In principle,
the demonstrated system can achieve arbitrary bandwidth tuning
by changing the passband and central frequency of the OBPF,
thereby enabling range resolutions down to millimeter level.
However, in practice, such broadband synthesizing is challeng-
ing for single-mode fibers (SMFs) since the signal’s polarization
state is scrambled in the optical cavity, which deteriorates the
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Comparisons of the maximum achievable bandwidth and signal quality between SF generators with and without polarization stabilization. (a) Time-

frequency analysis of the signal generated through an un-optimized FSL using SMFs with a bandwidth of 12 GHz. (b) Two insights of the 12-GHz SF signal
showing: (i) the first four frequency steps and (ii) four frequency steps with a starting frequency of 7.6 GHz, in the time-frequency domain. (c) The corresponding
time-domain waveforms of the 12-GHz insights. (d) Time-frequency analysis of the signal generated through an optimized FSL using PMFs with a bandwidth
exceeding 30 GHz. (e) Two insights of the 30-GHz SF signal showing: (i) the first four frequency steps and (ii) four frequency steps with a starting frequency of
7.6 GHz, in the time-frequency domain. (f) The corresponding time-domain waveforms of the 30-GHz insights.

phase stability, signal coherence, and ultimately the sensing
performance. As shown in Fig. 2(a), the time-frequency plot
of the SF signal generated through an FSL using SMFs is
struggled to achieve a bandwidth of 12 GHz. Fig. 2(b) provides
insights into the time-frequency domain with the corresponding
time-domain waveforms plotted in Fig. 2(c), revealing the am-
plitude fluctuations across different frequency steps, caused by
the polarization and gain instabilities. These instabilities degrade
the signal’s quality, specifically the SNR, thus deteriorating the
radar’s performance, such as the maximum detection range and
ranging accuracy [35], [43].

In contrast, the signal bandwidth and stability can be signif-
icantly increased using polarization-maintaining fibers (PMFs)
and components that can minimize the polarization scrambling
and suppress the polarization-dependent amplified spontaneous
emission (ASE) noise from the EDFA [36]. This improvement
allows achieving the ultra-broad bandwidth synthesizing over
30 GHz, as shown in Fig. 2(d). In addition, using a high on-off
extinction ratio OS (from ~20 dB to >40 dB extinction ratio) can
suppress the seed pulse tails recirculating in the FSL. Therefore,
the background noise and amplitude fluctuation in Fig. 2(e)
is significantly reduced compared with Fig. 2(b). As a result,
Fig. 2(f) shows that the system generates a more stable pulse-
circulation with a significant reduction in amplitude noises.

To provide more insights into the signal quality, we com-
pare the SNR of the signal generated using different schemes.
Fig. 3(a) shows the SNRs of the SMF-based system with a
synthesized bandwidth of 12 GHz at two specific step numbers,

i.e., 10-time (blue) and 60-time (red) recirculation, revealing
an SNR of 17.75 dB. In contrast, Fig. 3(b) shows a minimum
SNR of 34.10 dB at 60-time (red) recirculation of a 25 GHz
bandwidth SF signal using a PMF-based loop, providing a
14 dB SNR improvement. Importantly, even after 200-time
recirculation (yellow), the optimized system exhibits only a 2.2
dB degradation, as shown in Fig. 3(b). An SNR analysis for
the scheme based on an arbitrary waveform generator (AWG,
Keysight M8195A 65GSa/s, 25 GHz analog bandwidth) is
shown in Fig. 3(c) to benchmark the performance. It shows that
the demonstrated system sustains an SNR above 34 dB after
60-time recirculation in the PMF-based FSL compared with
39 dB SNR from the high-end electronics in Fig. 3(c). The results
indicate that the demonstrated PM-based system could achieve
a similar SNR performance with those high-speed electronic
synthesizers, while it eliminates the necessity of using wideband
AWGs for SF signal generation. In the above analysis, waveform
clips with a time window of 25 ns are extracted at specific step
numbers (times of recirculation) for Fourier analysis.

In order to demonstrate the competitive performance and
utility, we compare radar imaging results based on the demon-
strated SF signal generator with those using high-speed elec-
tronic AWGs, as shown in Fig. 4(a). 2D imaging experiments
are conducted based on the ISAR technique [43], i.e., stacking
multiple ranging results to extract 2D images of a moving
target, as shown in Fig. 4(b). The experiment also compares
the SF waveform with the LFM waveform as a performance
benchmark.
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Fig. 3. Signal-to-noise ratio (SNR) comparisons among the system based on SMFs, PMFs, and an arbitrary waveform generator (AWG) with a sampling rate

of 65 GSa/s (~25 GHz analog bandwidth). (a) SNR plots of the SMF-based system at two frequency instances, i.e., 10-time recirculation (blue) and 60-time
recirculation (red) with SNRs around 17.75 dB. The signal has a bandwidth of ~12 GHz. (b) SNR plots of the PMF-based system at the same frequency instances
showing an SNR of 34.10 dB at 60-time recirculation. Moreover, 200-time recirculation is plotted (yellow) with an SNR of 31.90 dB. The signal has a bandwidth
of ~25 GHz to match with the analog bandwidth of the AWG. (c) SNRs of the SF signal generated using an AWG at the same frequency instances. The SNR
results are calculated using 25 ns time-domain clips.
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Fig. 4. Experimental results of the demonstrated system showing a comparable 2D imaging performance to an AWG-enabled photonic radar using both

stepped-frequency (SF) and linear-frequency modulated (LFM) signals. (a) Schematic of a photonic radar system driven by a high-speed signal generator, which
compares the imaging performance with the proposed radar system. (b) The target for radar imaging with three-cylinder objects mounted on a rotating platform.
(c) Principal comparisons of radar systems using LFM and SF signals. (d) Demodulated LFM and SF signals in a radar receiver. (e, f) 2D imaging results.
EOM, electro-optic modulator; AWG, arbitrary waveform generator; FS, optical frequency shifter; PD, photodetector; DSP, digital signal processing; CR, coherent
receiver.

operation principles of the SF signal and the LFM signal have
fundamental but subtle differences; intuitively, the SF signal is
a discretely sampled version of the LFM signal, as shown in
Fig. 4(d). In radar applications, the SF radar encodes the time

Fig. 4(c) shows the principle of the SF signal, in comparison to
LFM signals, which are both widely used as pulse-compression
waveforms for radar sensing, owing to their benefits of higher
mean powers while sustaining superior resolution [43]. The
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delay (A7) of the reflected signal as phase differences with
respect to the reference signals

wgp X 2rnAfAT, (1)

where A f is the incremental frequency, andn = 1,..., N, N is
the total number of frequency steps [43]. The LFM radar forms
anew oscillating angular frequency at the receiver, proportional
to the round-trip time A7, which can be expressed as

wWrrpm X QWkATt, (2)

where k = bw/T is the chirp rate, bw is the signal’s bandwidth,
and 1/7T is the repetition rate of the wideband signal [44].

For comparison, we implement AWG-based radar systems
with the same bandwidth (~5.76 GHz), repetition rate (25 us),
and RF radiation power (~10 dBm). The signal bandwidth in
the demonstration was chosen due to the bandwidth availability
of the RF antennas and the RF amplifiers but without losing
generality for performance comparison. Wideband-RF signals
generated by the AWG modulate a CW laser carrier through an
electro-optic single-sideband modulation before beating with a
separate optical carrier for optical-RF up-conversion. As shown
in Fig. 4(b), three-cylinder objects mounted on a rotating plat-
form (at a speed of ~30 rad/s) are used as the target. Each ISAR
image shown in Fig. 4(e) and (f) used 100 continuou ranging
results (2.5 ms in total) to extract the Doppler information.
Imaging results in Fig. 4(e) and (f) are chosen at two particular
instances for an adequate performance illustration and compari-
son, proving that the demonstrated system is reliable for imaging
moving objects. It is worth mentioning that the rotational motion
of the object mainly causes the speckle-like noise on the images’
background, which can be mitigated using motion compensa-
tion algorithms [35], [43]. Notably, the demonstrated system
successfully reconstructed ISAR images of the objects without
distinguishable differences from the SF- and LFM-based radars
driven by the wideband AWG.

III. DISCUSSION

The SF waveforms have shown several advantages over the
LFM signals. For instance, it possesses an increased dynamic
range due to each frequency step’s narrow instantaneous noise
bandwidth for signal processing while preserving the range
resolution, and the overall bandwidth [4]. However, the SF
waveform has a smaller unambiguous range defined by ¢/2A f,
where c is the propagation speed of the RF signal in the air.
The 100 MHz frequency shift in the demonstrated system has a
theoretically unambiguous range of 1.5 meters. This limitation
can be feasibly overcome by using a minor frequency step (A f).
One way of achieving the minor frequency step is to cascade
two AOMs with the opposite frequency shift (e.g., a frequency
shift from —10 to +10 MHz has been demonstrated in [45])
to achieve an unambiguous range over 100 meters, comparable
to the 120 meters unambiguous range window (1.25 MHz fre-
quency shift) from the CARABAS system —a very early airborne
synthetic aperture radar that employed SF signals — mounted
on an aircraft [46]. It should be noted that the radar’s maximum
detection range is not limited by its unambiguous range [35],
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[47]. In the demonstrated system, long-range detection can be
realized similarly to the CARABAS, i.e., introducing a variable
time delay to the reference SF signal, setting the radar to detect
targets on top of a distance corresponding to the time delay.
As a result, both factors, i.e., the unambiguous and maximum
detection range, can be further extended, thus not limiting the
system for practical applications.

The demonstrated system is also promising to be developed
with a small form factor. The reflection of fiber Bragg grating
combined with an optical circulator can form a bandpass filter
with a compact size to replace the benchtop optical filter for ASE
noise suppression. The synthesized bandwidth can be controlled
by simply turning on-off of the RF driving signal of the AOM to
determine the round-trip times. The benchtop EDFA can be re-
placed with acompact EDFA (such as ACL-PM-mini-EDFA-24)
that can offer sufficient gain to offset the in-loop losses. On-chip
components, such as AOM [48], [49], bandpass filter [50], and
waveguide amplifier [51], are also promising to reduce the
optical system’s size further. A commercial data acquisition
(DAQ) unit could be sufficient to simultaneously generate the
RF driving signal and acquire the demodulated signal, therefore
minimizing the system’s electronic footprint. Such a device
could be used in many resolution-demanding scenarios, such
as hand gesture control [52], [53] and fall detection [54].

IV. CONCLUSION

In conclusion, we demonstrated a photonic SF waveform
generation with a tunable bandwidth of >30 GHz and MHz-level
frequency steps for high-resolution radar detections. By stabiliz-
ing polarization and reducing inter-pulse interference in the opti-
cal FSL, we significantly improve the SNR of the SF signals from
17 dB to 34 dB, allowing for imaging performance comparable
to those using high-speed apparatus. The demonstrated system
can provide a viable approach to overcome the analog bandwidth
of digital waveform generators for synthesizing broadband radar
signals, enabling high-resolution radar sensing and representing
an attractive combination of wideband signal synthesizing, high
SNR, and reduced hardware requirements. This work serves
as a pilot study and experimental basis for future ultra-high-
resolution, miniaturized, and mobile millimeter-wave devices
with prime performance and flexibility.
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