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Abstract: A novel photonic-aided approach for generating flexible frequency hopping (FH) signals
using optical comb filtering (OCF) is proposed and investigated. Wavelength selection, controlled by
an intermediate-frequency (IF) signal, is achieved by leveraging the arithmetic progression of
frequency differences between the OCF passband and the OFC comb lines. After optical heterodyne
mixing of the selected wavelengths with the IF-FH signals, ultra-wideband and flexible FH signals
are generated. Theoretical analysis and simulations are carried out to demonstrate the generation of
5-level, 10-level, and 25-level stepped frequency and Costas FH signals, as well as more complex
signals like a 30 GHz LFM signal and a 24 GHz sinusoidal chirped signal. The effects of laser
frequency offset and system parameter selection are also discussed. This approach, offering wide
bandwidth, flexible tuning, good stability, and integration potential, is promising for applications in
cognitive radio and mordern radar systems.

Keywords: microwave photonics; frequency hopping; optical comb filtering

1. Introduction

The proliferation of frequency-using devices has exacerbated the scarcity of spectral resources.
Consequently, modern radar and wireless communication systems require extensive, rapid, and
flexible frequency tuning capabilities to mitigate frequency conflicts [1,2]. Additionally, the
increasing demands for secure data transmission and anti-jamming have highlighted the growing
importance of frequency hopping (FH) systems [3-6]. However, due to the inherent limitations in the
operational bandwidth of electrical technologies, frequency hopping systems based on electrical
frequency synthesis techniques face significant challenges in achieving real-time frequency hopping
over a range of tens of gigahertz (GHz). Photonic-based technologies, characterized by their large
operational bandwidth, low loss, immunity to electromagnetic interference, flexibility, and
reconfigurability [7], have emerged as a promising alternative.

In recent years, various schemes for generating FH signals based on photonic technologies have
been reported. In [8-16], FH signals with large frequency intervals and high hopping speeds are
achieved through optical frequency switching, which is accomplished by adjusting the bias voltage
of the Mach-Zehnder modulator (MZM) [8-11], the polarization direction in the polarization
modulator (PolM) [12-14], and the passband of the optical filter [15,16]. Although these schemes
realize wideband frequency hopping, the limited number of hopping points (typically 2 points) is
insufficient to meet the flexibility requirements in practical scenarios.In [17], a 4-level FH signal is
generated by combining polarization direction control and bias control; however, further expansion
of the FH points remains challenging. In [18,19], In [18,19], optical tunable filters based on micro-ring
resonators (MRR) or Mach-Zehnder interferometers (MZI) are used to select the desired wavelengths
of an optical frequency comb (OFC), thereby controlling the frequency of the output microwave
signal. The FH frequency points in this method are determined by the number and spacing of the
OFC comb lines, making it difficult to achieve flexible tuning to any arbitrary frequency within a
given bandwidth. Additionally, increasing the number of FH points leads to greater complexity in
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the tunable optical filter, resulting in higher losses and reduced stability. In [20], a flexible FH
generator based on dynamic control of an optically injected semiconductor is proposed. Despite this,
the high spontaneous emission noise in the laser source results in poor frequency accuracy of the FH
signals. In reference [21], ultra-low phase noise FH signals are generated using a coupled
optoelectronic oscillator (OEQO). Nonetheless, the extended frequency switching times in the system
limit the FH speed of the generated signals. In [22], the flexibility of electrical frequency hopping and
the large bandwidth of optical wavelength selection are integrated. Phase selection and wavelength
switching on dual coherent OFCs control the frequency interval between the intermediate-frequency
FH signal's optical sidebands and the optical local oscillator, enabling wideband and flexible FH
signal generation. However, the use of optical switches restricts the FH speed.

In this work, optical comb filtering is applied to the optical sidebands of an OFC, enabling
wavelength selection without the need for active optical tunable filters or optical switches. This
approach offers improved stability and a simpler engineering implementation. After optical
heterodyne mixing of the selected wavelengths with electro-optically modulated intermediate-
frequency (IF) FH signals, ultra-wideband and flexible FH signals are obtained. Simulations verify
the generation of 5-level, 10-level, and 25-level frequency-stepped and Costas sequence-controlled
FH signals, achieving a maximum FH bandwidth of 30 GHz and an FH speed of 100 MHz.
Additionally, 30 GHz linear frequency modulation (LFM) signals and 24 GHz sinusoidal chirped
signals are successfully generated, demonstrating the flexibility of the proposed scheme. The system
also exhibits good reconfigurability, as its FH bandwidth can be increased by increasing the number
of the OFC comb lines without altering the system architecture.

2. Theory and Principle

Figure 1 (a) presents the architecture of the proposed photonic-aid flexible frequency-hopping
(FH) signals generator, which is composed of an optical frequency comb (OFC) generator, a band
pass optical filter (OF), an optical comb filter (OCF), a pair of dual-parallel Mach-Zehnder modulator,
a pair of 90°hybrid and a photodetetor (PD) . Assume that the emitted optical signal of the OFC source
can be expressed as

N
E . (t)= % E, ], (mp,)Y exp(j27(f, +(n—1)- FSR1+ fo. )t) 1)
where Ein, n and FSR1 is the amplitude, index and free spectrum range (FSR) of OFC. {0 represents
the frequency of the first wavelength of the optical frequency comb (OFC). The total number of the
wavelength of the OFC is N. In the upper brunch, the OFC is applied to DP-MZM1 and carrier
suppressed right single sideband (CS-RSSB) modulated by a intermediate frequency (IF) signal RF1
provided by MSGL1. The obtained signal can be given by

V2

EDPl(t) = 7Ein]l(mDP1 )Zexp(jZﬂ'(fo +(n_1) -FSR1+ fRFl)t) (2)
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Figure 1. Schematic diagram of the proposed flexible frequency-hopping signals generator. OFC, optical
frequency comb; OF, optical filter; DP-MZM, dual parallel Mach-Zehnder modulator; OCF, optical comb filter;
PD, photodetector.

Where frr1 is the frequency of the signal emitted from MSGI1, mor1 is the modulation index of DP-
MZML. Ju(-) denotes the Bessel function of the first kind. The optical signal outputted by DP-MZM1
is then sent into the optical comb filter (OCF) to perform wavelength selection. The OCF is an narrow
band optical periodic filter with a FSR of FSR2. The central frequency of the n-th pass band of the
OCEF is expressed as

foce—w = f; +(n=1)-FSR2 3)

In which f1 is the central frequency of the first pass band of the OCF. Let Af to be the frequency
difference between FSR1 and FSR2, then (2) can be re-written as

V2 g
EDPl (t) = 7 Ein]1 (mDPl )ZGXP(]Z”(fo + (n - 1) : (FSRZ - Af) + fRFl )t) (4)
As shown in Figure 1 (d), by setting frr1 to be (1n-1)Af +fi-fo, only the +1-st order sideband of the
n-th wavelength of the OFC falls in the pass band of the OCF. Consequently, the filtered signal at the
output of OCF is given by

2

Eo:(t)= > E, J,(m,, )exp(j27z(f, +(n—1)- FSR2)t) (5)

Therefore, the broad band wavelength selection controlled by an IF signal can be achieved. As
illustrated in Figure 1 (c) and (e), the first wavelength extracted by the OF is carrier suppressed left
single-sideband (CS-LSSB) modulated by the IF signal RF2 generated by MSG2 at DP-MZM2. The
resultant signal can be expressed as

N

EDPZ (t) ZTEin]l(mDPZ)exp(]’Zﬂ-(fO _fRFZ )t) (6)

In which, Where frr2 is the frequency of the signal emitted from MSG2, mpr2 is the modulation
index of DP-MZM?2. The optical signal Epri(t) and Epr2(t) is combined and then sent into PD. After
optical to electrical conversion, the photocurrent at the output of PD is given by


https://doi.org/10.20944/preprints202504.0993.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 April 2025

4 of 11

ipp(t) o< cos(27( f, — f, +(n—=1)-FSR2+ f,.,)t) (7)

As can be observed in (9), the frequency of irpz(t) is defined by fre1 and frez. By setting fre1 to be
(n-1)Af +fi-fo, ipp2(t) is coarse converted to the frequency range of (foce-fo+(I-1)-FSR2, foce-fo+l-FSR2).
Tuning frr2 from 0 to FSR2, a fine conversion can be achieved. Thus, by providing two IF FH signal
from MSG1 and MSG2, the ultra-wide band flexible FH signal generation covering the frequency
range of (foce-fo, fock-fo+N-FSR2) can be achieved.

3. Simulation Results and Discussion

A simulation work base on the structure shown in Figure 1 (a) is carried out through
“Optisystem” to verify the theoretical analysis. The parameters setting are presented in Table 1.

Table 1. The parameters setting of the devices in the simulation.

Devices Parameters
OFC generator Number of combs: 5
Initial frequency: 191.1 THz
FSR: 5.8 GHz

Linewidth: 1 MHz
Power: 16 dBm
DP-MZM Extincion ratio: 25 dB
Switching voltage: 4 V
OF Central frequency: 191.098 THz
Bandwidth: 8 GHz
Depth: 70 dB
OF2 Central frequency: 191.094 THz
Bandwidth: 8.5GHz
Depth: 70 dB
OCF Central frequency of the first pass band: 191.1004 THz
FSR: 6GHz
Bandwidth: 100 MHz
Depth: 70 dB
PD Responsivity : 0.65 A/W
MSG Signal amplitude: 1 V

3.1. Optical Spectra Performance

First of all, the optical spectra of each devices in the process of flexible FH signals generation are
extracted and displayed at Figure 2. By setting the frequency of the first comb fo and FSR1 to be 191.1
THz and 5.8 GHz, a five-wavelength OFC is generated as shown in Figure 2 (a). At for the OCF, fi
and FSR2 are setting to be 191.1004 THz and 6 GHz, respectively. A 600 MHz single tone signal
generated by MSGI is sent to DP-MZM1. The resultant spectrum is shown in Figure 2 (b). Due to
limited extinction ratio, the SSR of the generated signal is only 15.71 dB. Thanks to the narrow
bandwidth of the OCF, only the +1-st order sideband of the second wavelength can be remained. As
can be observed in zoomed spectra near the first, second and third wavelength is presented in Figure
2 (), (d) and (e), the +1-st order sideband near the second wavelength falls in the pass band of the
OCF with the else out of it. Thus, the wavelength selection is successfully implemented. On the other
hand, another single-tone signal provided by MSG2 is applied to DP-MZM?2, and the generated
optical spectum is shown in Figure 2 (f). Since the carrier can not be well suppressed, an extra optical
filter is utilized to extract the -1-st order sideband. The filtered spectrum is given in Figure 2 (g). In
Figure 2 (h), the output of OCF and OF2 are combined. After optical to electrical conversion, an wide-
band flexible FH signal can be obtained.

d0i:10.20944/preprints202504.0993.v1
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Figure 2. The optical spectra at the output of (a) OFC generator, and (b) DP-MZM1. The zoomed optical spectra
of DP-MZM1 near the (c) first, (d) second and (e) third optical comb. The optical spectra at the output of DP-
MZM2 (f) before and (g) after optical filtering. (h) The optical spectrum of the signal inputted to PD.

3.2. Demonstration of Wavelength Selection

To investigate the performance of wavelength selection, the driving RF signal provide by MSG1
is tuned from 0.4 GHz to 1.2 GHz with a step of 0.2 GHz as shown in Figure 3 (b). Controlled by the
driving signals, the optical spectra of the selected wavelength are shown in Fig (a). Obviously, the
wavelengths located at 193.1004 THz, 193.1064 THz, 193.1124 THz, 193.1184 THz and 193.1244 THz
are selected with an average SSR higher than 38 dB indicating a high signal quality without
interference of spurious components. Therefore, wavelength selection over a wide range of 30 GHz
controlled by an IF signal under 1.2 GHz is achieved.

T T T T
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Figure 3. (a) The optical spectrum of the selected wavelength and (b) the RF spectrum of the driving signal.

3.3. Demonstration of Flexible FH Signal Generation

The performance of FH signals generation is demonstrated. In this section, a 5-level, a 10-level
and a 25-level stepped frequency signals with a period of 2.5 us are generated. The frequency hopping
intervals of the obtained signals are 6 GHz, 3GHz and 1.2 GHz. After Garbor transformation, the
corresponding time-frequency diagrams are shown in Figure 4 (a), (b) and (c). As can be observed,
the FH signals exhibit concentrated energy at each frequency point, with no additional spurious
frequency components present. In terms of the temporal waveforms of the generated signals shown
in Figure 4 (d), (e) and (f), slight periodic envelope fluctuations exist, particularly in Figure 4 (e) and
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(f). This is because the broadband optical bandpass filter OF2, used to suppress the optical carrier,
has a non-flat passband response. Consequently, when the output signal frequency from MSG2
changes, the amplitude of the generated signal varies.
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Figure 4. The time-frequency diagram of the generated (a) 5-level, (b) 10-level, (c) 25-level stepped frequency

signal and their temporal waveforms (d), (e) and (f).

In order to further investigate the flexibility of the proposed scheme, the generation of FH signals
with random frequency order are implemented. Table 2 describes the parameter settings used to
generate random FH signals. Here we employ Costas sequences with lengths 5, 10, and 25 to control
the frequency order. The time-frequency diagrams of the generated signal is plotted in Figure 5 (a),
(b) and (c), the energy distributions are clear and consistent well with the theoretical analysis: 5, 10
and 25 frequencies with minimum frequency deviation 6GHz, 3GHz and 1.2GHz exist in the
diagrams and their frequency orders are in agreement with the ordering in Table. 2. As can be found
in the corresponding temporal waveforms in Figure 5 (c), (d) and (e), the average amplitude is around
0.05 V. The fluctuations in the waveform envelope are within 20%.

Table 2. Parameters setting for Costas-FH signals generation.

Devices Parameters Frequency deviation
5 021,43 6GHz
10 1,3,7,4,9,8,6,2,5,0 3GHz
1,6,18,2,14,20,11,8,17,24,12,1
25 0/ /6/ 8/ 7 4 OI 181 4 4 2/ 5/23/ 1‘ZGHZ

22,1,5,10,7,16,19,4,3,9,21
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Figure 5. (a)-(c) The time-frequency diagrams of the FH signals controlled by different costas codes and (d-f)

their temporal waveforms.

Moreover, the proposed scheme is capable of generating more complex frequency-agile signals
with large bandwidth. As illustrated in Figure 6 (a), by incrementally increasing the output frequency
of MSG1 from 0.4 GHz to 1.2 GHz in 0.2 GHz steps, and with MSG2 providing a 6 GHz bandwidth
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LFM signal, a wide-band LFM signal with a bandwidth up to 30GHz is successfully generated. In
Figure 6 (b) a 24 GHz non-linearly chirped signal can also be obtained. The chirp shape of the signal
is a smooth sinusoidal waveform with a period of 2.5 us. The auto-correlation calculation results of
the LFM signal and sinusoidal chirped signal are presented in Figure 6 (c) and (d), showing two sharp
and narrow peaks. The full width at half maximum (FWHM) of the two peaks are 0.016 ns and 0.02
ns, respectively, corresponding to pulse compression ratios of 156,250 and 125,000, indicating
excellent pulse compression performance. This suggests that the proposed scheme holds promising
application prospects in high-resolution radar systems.
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Figure 6. Time-frequency diagrams of the generated (a) LFM signal and (b) sinusoidal chirped signal and their

auto-correlation calculation results (c), (d).

3.4. Effect of Frequency Off-Set Between OFC and OCF

In practice, non-ideal factors such as temperature variations and manufacturing limitation can
lead to a time-varying frequency off-set between the OFC and the pass band of OCF, thereby affecting
the quality of the generated FH signals. Setting the output frequency of MSG1 to be 0.4 GHz, then the
+1 order sideband of the first wavelength of the OFC will be selected after the OCF theoretically. As
shown in Figure 7 (a-i), when there is no frequency off-set, the desired sideband are precisely centered
within the pass band of the OCF. At this point, the filtered optical sideband exhibit maximum power,
as illustrated in Figure (b-i), where the resulting spectrum achieves a SSR of 41.82 dB.When the OFC
source has a 100 MHz frequency offset, as shown in Figure (a-ii), the desired optical sideband appear
at the edge of the OCF passband, leading to a reduction in the power of the sideband in the OCF
output signal. As seen in Figure (b-ii), the SSR of the output optical signal decreases to 9.08 dB. To
further investigate the effect of frequency off-set, frequency off-set deviations are added to the
simulation to monitor the SSR variation of the selected sideband. Figure 7 (c) presents the recorded
results. As evident from from the plot, when the frequency offset is less than 40 MHz, the OSSR of
the selected wavelength remains above 40 dB. If the offset exceeds 40 MHz, the OSSR drops
significantly, falling below 10 dB at 100 MHz. This is due to the 100 MHz passband width of the OCF
used in the simulation. When the frequency offset exceeds 40 MHz, the desired wavelength is
positioned at the edge of the passband, resulting in a significant degradation of the OSSR of the
generated signal. To mitigate the effects of frequency offset, a narrow-linewidth stable laser can be
used to provide an OFC source with sufficiently low frequency drift. Additionally, increasing the
passband width of the OCF can enhance tolerance to frequency offsets. In this case, the frequency
difference between FSR1 and FSR2 should at least higher than the bandwith of the pass band of the
OCF. However, this approach may impact the frequency range of the generated signals and impose
higher bandwidth requirements on the MSG. The required operating bandwidth of the RF source in
practical applications and the maximum frequency range of the generated signals by the system will
be investigated in the subsequent sections.
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3.5. Analysis of System Performance Limits and Parameter Selection

In the simulation, the number of optical comb lines N of the OFC was set to 5, with the free FSRs
of the OCF and OFC configured to 6 GHz and 5.8 GHz, respectively. Consequently, the FH signals
generated are confined to a frequency range of 30 GHz. In practical applications, the maximum
frequency-hopping range can be expanded by increasing N, and it is also restricted by the values of
FSR1 and FSR2.

According to the analysis in the principle section, the key to wavelength selection lies in
matching the frequency of the IF signal output by the MSG with the frequency difference between
the OFC comb lines and the center frequency of the OCF passband. Then, the frequency difference
between the n-th OFC comb and the center frequency of the n-th OCF passband fi» can be given as

fow=H=fo+(n=1)Af ©)

When fin exceeds FSR1, the frequency difference between the center frequency of the n-th
passband and the frequency of the (n-1)-th comb line, fin—FSR1, can cause crosstalk with another
frequency difference fi-w. This results in undesired wavelengths appearing within the passband.
Figure 8 gives an example of an undesired wavelength selection results. Here, we set FSR1, FSR2 and
fi-foto be 5.6 GHz, 6 GHz and 0.4 GHz. Mathematically, there is an ambiguity between fi15-FSR1 and
fa1. As can be observed in Figure 8, when the output frequency of MSGI is 0.4 GHz, both the +1-st
order sideband of the first and 15-th comb line exists with high power. The SSR is only 5.42 dB. If
ignore the effect of the 15-th comb line, the SSR is up to 39.97 dB.

0 T
1 15
220 5.42 dBY
% -40) 39.97 dB
5
£ -60 - T
[
-80
ANEENERRI RN
193.1 193.12 193.14 193.16 193.18
Frequency (THz)

Figure 8. The optical spectrum of the undesired wavelength selection result.

Thus, to ensure the effectiveness of wavelength selection, the maximum number of OFC comb
lines N should satisfy:
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Af

As mentioned in the principle section, the frequency tunning range of the signals output by
MSG2 should reach FSR2, meaning that the operational bandwidth of MSG2 should at least be FSR2.
Under this premise, the maximum frequency tunning range Bmax of the proposed generator can be
expressed as

B, =N, -FSR2

:HFSRZJJJ-FSRZ (10)
Af

In practical engineering applications, the signal generation system frequently does not
necessitate a frequency tuning range as extensive as Bmax. Consequently, the number of OFC comb
lines N can be chosen according to the specific requirements. Correspondingly, the operational
bandwidth of MSG1 should be broader than N-Af. To achieve lower costs, it is generally desirable to
minimize the real-time operating bandwidth requirements of the RF signal source for the system.
This implies that, while ensuring the operating frequency range of the flexible FH signal generator
meets the requirements, both FSR2 and N-Af should be minimized. However, a smaller FSR for the
OCF increases the fabrication complexity and cost. Additionally, the value of Af must also meet the
system's tolerance requirements for laser source frequency offset. Therefore, the selection of various
parameters for the proposed scheme can be described by the following optimization problem:

min FSR2
min N-Af
s.t. FSR2 > FSR

manu

N<N (11)

X

N-FSR2=B
Af 2 fprafect

In this optimization problem, the objective is to minimize both FSR2 and N-Af to achieve lower
costs and simpler fabrication. The constraints ensure that:
1. FSR2is not smaller than the minimum feasible FSR, FSRmanu considering fabrication complexity

and cost.
2. Nis at most Nmax, the maximum number of comb lines for effective wavelength selection.

@

N-FSR2 meets the required frequency tuning range B.
4. Afis at least the fprotect, the maximum number of comb lines for effective wavelength selection.

3.6. Comparison with the Related Work

Based on the analysis above, the comparison of this work with other reported multi-level FH
signal generation schemes is shown in Table 3. Hopping level, operational bandwidth, frequency
tunability and limitations are evaluated and summarized. Thanks to the periodic characteristics of
OFC and OCEF, the operational bandwidth of the proposed generator can be easily extended to tens
of GHz. Simultaneously, with the precise combination of electrical frequency hopping signal
generation, it exhibits flexible frequency tuning performance and good frequency accuracy.
Noteworthy, the proposed scheme adopts OCF as a passive element, which demonstrates superior
stability compared to tunable filters. Furthermore, the absence of optical switch components
eliminates the introduction of additional frequency switching time. The design does not require the
use of long optical fiber loops, thereby presenting a more promising prospect for integration. This
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characteristic facilitates a reduction in both volume and power consumption, while simultaneously
improving stability.

Table 3. The comparison of several photonic multi-level FH signal generation schemes.

Hopping Operational Frequency ey
Technology level bandwidth tunability limitations
Polarization+bias Multiplicatively Limited frequency
o 4 12 GHz . .
switching [17] related hopping points
Relatively long
MRR-based tunable . 9GHz Multiplicatively switching time and
o Multi . . . . .
filtering [18] related insufficient filter tuning
stability
MZI.—bas.ed tunable Multi 30 GHz Multiplicatively insufficient fl%ter tuning
filtering [19] related stability
SemICOI‘ldL’lCtOI' laser Multi 10 GHz Flexible tuning Low frequecy hopping
dynamics [20] accuracy
Phase selection + Ll?;;‘?v\zgi;a;fgal
optical switching Multi 6 GHz Flexible tuning )
21] relatively long
switching time
Coupled opto- .
electronic oscillators Multi 16 GHz Flexible tuning Relle t1v.e1y l'ong
switching time
[22]
Optical comb . .
filtering Multi 30 GHz Flexible tuning Frequency shift of light
. source
[This work]

4. Conclusion

A photonic-aid flexible FH signal generator based on optical comb filtering is proposed and
investigated. In the simulation work, 5-level, 10-level and 25-level stepped and Costas sequence
controlled FH signals are obtained. The frequency hopping bandwidth and hopping rate achieve 30
GHz and 0.1 GHz, respectively. The generation of more complex frequency agile signal including a
30 GHz LFM signal and a 24 GHz sinusoidal chirped signal are achieved. Besides, the frequency
hopping bandwidth can be extended by increasing the number of optical comb lines in the OFC. The
effects of laser frequency offset and the selection of system parameters have been analyzed. Methods
to minimize the bandwidth requirements of the RF signal source, while still satisfying application
demands, have been presented. The proposed scheme, offering a wide operational bandwidth,
flexible frequency tuning performance, good stability, and promising integration potential, is
expected to find applications in cognitive radio and modern radar systems.
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