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Abstract: In this paper we present a novel method to measure the free spectral range (FSR) and side-mode suppression
ratio (SMSR) of an optoelectronic oscillator (OEQO) by adjusting the optical fiber length using an optical path selector
and signal source analyzer. We have designed a setup for a single-loop OEO operating around 5 GHz and 10 GHz that
features electrical bandpass filters for side-mode suppression. The proposed approach makes it possible to evaluate the
FSR and SMSR of OEOs with different optical fiber paths without requiring the changing of fiber spools or optical
connectors. This approach could be useful for testbeds that investigate the implementation of an OEO in a 5G radio

access network.
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1. Introduction

The optoelectronic oscillator (OEO) [1, 2| is a high-frequency oscillator capable of generating signals in the
microwave (300 MHz to 30 GHz) and millimeter wave (30 GHz to 300 GHz) ranges. The device consists of
optical and electrical components, as illustrated in Figure 1.
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Figure 1. A basic configuration of the single loop OEO.

One of the main advantages of the OEO is that it generates a high-frequency signal with low phase
noise due to having a high quality factor (Q-factor) based on a long optical delay line. The OEO commonly

features an optical fiber as a delay line; however, there are some configurations featuring alternatives such as
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a whispering-gallery-mode resonator [3] or a spiral shape optical waveguide [4]. Another benefit of the OEO is
that due to the properties of the resonator the level of the phase noise does not change with the frequency of the
oscillation signal. The working principle of the OEO can be explained thus: the optical delay line works as a
resonator and the electrical loop is used as a feedback, and if the Barkhausan conditions are satisfied, the OEO
begins to oscillate at frequencies determined by the filter’s properties. In other words, the filter determines the

oscillation frequency when the other conditions (enough gain and correct phase) are met.

The main drawback of the OEO is the multimode operation of the oscillator. Besides the central oscillator
signal, there are also side modes in the spectrum resulting from cavity multifrequency operation. The cavity
modes appear in the output signal due to the nonideal behavior of the electrical bandpass filter of the single-loop
OEO. The side-mode suppression ratio (SMSR) is defined as the power ratio between the oscillator signal and
the closest side mode. The frequency difference between the main mode and the first side mode, defined as
the free spectral range (FSR), is based on the optical fiber length used in the OEQO’s loop. When the fiber
length is increased, the FSR becomes smaller, meaning that the side modes are closer to the main frequency,
making it difficult to filter out the side modes. For the suppression of the side modes, some techniques to
increase the Q-factor of the OEO’s filtering have been developed; these include the dual-loop [5] or multiloop
OEO [6] configuration. Besides using one or more additional optical loops, solutions such as injection locking
[7], coupled-OEO [8], hybrid filtering [9], or using optical filters [10, 11] have been developed for the purpose of
increasing the Q-factor of filtering of the OEQ. There are also some electrical solutions such as the application of
a quality multiplier [12, 13] to make the bandwidth of the electrical bandpass filter narrower. In general, these
solutions have all been successfully implemented, but they require extra devices or references that increase the
complexity of the single-loop OEO. Moreover, the adoption of photonic filters [14-16] increases the complexity
of the optical part of the OEO.

In this paper we propose a new experimental setup to measure the FSR and SMSR quickly over a different
optical fiber length, using microstrip-based electrical bandpass filters. With this, we will have a useful solution
to design the OEO to use an optimum fiber length with an electrical filter. For design simplicity and cost
effectiveness, we have adopted the microstrip electrical bandpass filter in our experimental study. There are
some traditional analytical approaches for predicting the SMSR and FSR of the OEO signal [17, 18]. These
analytical approaches require parameters such as the laser relative intensity noise and the impedance of the
photodetector to determine the SMSR. These methods for a theoretical prediction require accurate knowledge
of the parameter values of the used components, which are not easy to measure. The simplicity and directness
of the approach proposed here advantageously provide an efficient method to measure the SMSR, and FSR. To
the best of our knowledge, this is the first time the combination of a single-loop OEO with an optical path
selector has been proposed and applied for measuring the FSR and the SMSR for different optical fiber lengths.
This paper is an extended version of the work presented in TELFOR, 2018 [19] with additional measurement

verification.

2. Experimental setup

The OEO uses long fiber lengths to achieve a high Q-factor, which is necessary to decrease the phase noise.
However, there is a trade-off between the side modes and the phase noise of the OEO. In order to have a low

phase noise OEQO, the optical delay line should be longer. On the other hand, when the fiber length is increased
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the modes become closer. The FSR is defined as

FSR = 22

’ (1)

Tg

where ¢q is the speed of light in a vacuum, n, is the refractive index of the optical fiber, and L is the optical
fiber length. From this expression we see that the length of the optical fiber affects the FSR of the OEO signal.
The longer the fiber, the closer the modes, necessitating the introduction of a filter with a very narrowband

performance. This relation is shown in Figure 2.
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Figure 2. Filtering results based on the optical fiber length [19].

The output field of a Mach—Zehnder modulator (MZM) E,,+(t) [20] is given by

B B arm . (BT . ram
Eout(t) = Ey {cos (2 cos (7 cos wRFt) —sin { - | sin (7 coszFt) cos wot, (2)

where wgrp is the modulation angular frequency, « is the normalized amplitude driving the MZM, ( is the
normalized bias, and wy is the angular frequency of the optical carrier. In [18], the signal behavior of the OEO
in the loop and its derivation are given in more detail.

We propose a setup to measure the FSR and SMSR of the OEO signal with different optical fiber lengths.
The main advantage of this setup is that it provides a solution for designers with different results on the FSR,
SMSR, and the phase noise of the OEO signal to select the optimum one in the design. The setup consists
of a continuous-wave (CW) laser, a MZM, an erbium-doped fiber amplifier (EDFA), an optical path selector,
three optical fibers (1.25 km, 2.5 km, and 5 km), a p-i-n photodetector, a phase shifter up to 18 GHz, electrical
isolators, electrical amplifiers working between 4 GHz to 14 GHz, an electrical filter, and a signal source analyzer
(SSA) up to 26.5 GHz. The configuration is shown in Figure 3.

In this setup we have used electrical isolators to avoid reflections and to block self-oscillations in the
electrical loop of the OEO. We put the spectrum analyzer in the system to tune the phase shifter to provide
conditions for oscillation, while the length of the optical fiber is changed by the optical path selector. Electrical
amplifiers and the EDFA are used to compensate for the optical and electrical losses. With this setup we can
easily measure the FSR and SMSR of the different electrical bandpass filters for different optical fiber lengths
without changing the optical connectors. We prefer to use an SSA for measurements of the FSR and SMSR
instead of a spectrum analyzer, because it provides results with an averaging possibility and a full spectrum. In

addition, measuring with the SSA makes it possible to see the phase-noise spectrum of the OEO with a different
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Figure 3. Diagram of the experimental setup to measure the FSR and SMSR. The insertion loss (IL) of the fiber path
selector is around 3 dB (LD: laser diode, MZM: Mach-Zehnder modulator, EDFA: erbium-doped fiber amplifier, PD:
photodiode, EA: electrical amplifier, IS: isolator, PS: phase shifter, BPF: bandpass filter, DC: directional coupler).

fiber length. The relation that describes the spectral density of the OEO [21] is

b
(6/27)2 + (2m)2(rAf)2 (3)

Srr(Af) =

where 7 is the total group delay of the OEQO loop, Af is the frequency offset from the oscillation frequency of
the OEO, and ¢ is the input noise-to-signal ratio. In § all the noise contributions are take into consideration,
i.e. the thermal noise, the shot noise, and the laser relative intensity noise. An exact equation for ¢ is given in
Yao and Maleki [21].

The phase noise obtained with the described measuring setup is shown in Figure 4, with the phase-noise
spectrum directly obtained from the SSA. With this measurement we can easily obtain a phase noise of —94.2
dBc/Hz at a 1-kHz frequency offset from the carrier and —123.9 dBc/Hz at 10 kHz. These offsets are widely
used for a comparison of the phase noise in the literature. In addition, we can also measure the FSR and SMSR
of the OEQO’s signal.

3. The importance of side modes for a 5G radio access network

A possible approach for the implementation of a single-loop OEO in a 5G radio access network (RAN) is defined
in a previous study [22]. In this implementation one of the crucial parameters is the bandwidth of the electrical
bandpass filter, since it affects the SMSR of the OEQ’s signal. Therefore, we experimentally study the electrical
bandpass filter in the single-loop OEO with a measurement of the SMSR and FSR. In our implementation we
have kept the design of the filters as simple as possible to minimize the cost and complexity of the 5G RAN.
As the challenges with side modes are one of the more critical demands of the 5G RAN, since they affect

the spectral efficiency, we think that our approach for the measuring system would be useful in selecting the
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appropriate electrical bandpass filter for the single-loop OEO that will be implemented in the 5G RAN. The

concept is shown in Figure 5.
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Figure 4. Phase-noise spectrum of the OEO with a fiber length of 2.5 km.
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Figure 5. Possible idea for the implementation of a 5G RAN with an OEO in the central office and distributed to a
base station (LD: laser diode, OF: optical fiber, PD: photodiode, MX: mixer, TX ANT: transmitter antenna, RX ANT:
receiver antenna, OEQO: optoelectronic oscillator).

Figure 5 indicates that there is a possibility to implement the OEO in the central station of the 5G RAN
and deliver its signal to base stations of the 5G RAN. In other words, the low-phase-noise OEQ’s signal is
distributed from the central station to the base station via fiber-optic links. The single OEO can provide that

signal to multiple base stations via optical splitters.

4. Measurement results

In the experimental setup we built up the OEO at two different operating frequencies, around 5 GHz and 10
GHz, and measured the FSR and SMSR of the output signal. The experimental setup is shown in Figure 6.
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Figure 6. Photograph of the measurement setup to measure the FSR and SMSR by fiber path selector.

The electrical-bandpass-filter-based microstrip-line configuration generally has a Q-factor below 200,
which is very low for the filtering of a single-loop OEO in the microwave and millimeter wave ranges, where the
FSR of the OEO modes are between 200 kHz and 10 kHz for 1 km to 15 km of optical fiber, respectively. Apart
from the frequency response of the filter, which can be analytically predicted, the Q-factor of the fabricated filter
can also be affected by factors related to design and manufacturing. These factors include the manufacturing
process adopted, i.e. chemical etching or laser production, the quality of the SMA connectors used, the resolution
of the mask used in the manufacturing, etc. In our experimental setup we measured the FSR and SMSR of the
electrical bandpass filters fabricated using different manufacturing processes. We used an RO4350 substrate' for
our microstrip filters. Photographs of the electrical bandpass filters used in the experimental setup are shown
in Figure 7.

Chemically-etched-filter Laser-manufactured-filter
@10 GHz $ @10 GHz

Figure 7. Photograph of the electrical bandpass filters for the measurements.

4.1. Single-loop OEO at 5 GHz
In the first experiment we set up measurements to measure the FSR and SMSR, of the single-loop OEO with a

chemically etched electrical bandpass filter and the OEO with a laser manufactured electrical bandpass filter.

These electrical bandpass filters are designed with the well-known Chebyshev filter characteristics. For each

TRogers Corporation (2019). Datasheet of RO4000 Series High Frequency Circuit Materials [online]. Website
https://rogerscorp.com/-/media/project/rogerscorp/documents/advanced-connectivity-solutions/english/data-sheets/
ro4000-laminates-ro4003c-and-ro4350b---data-sheet.pdf [accessed 03 December 2019)].
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measurement we changed the optical fiber length from 1.25 km to 8.75 km with an increment of 1.25 km. Since
the electrical bandpass filter and the fiber spool insert an additional phase shift into the OEO loop, the biasing

of the MZM and phase shifter has to be tuned for each measurement to provide the oscillation conditions.

4.1.1. Laser-manufactured filter-based single-loop OEO at 5 GHz

For the first measurement we inserted into the OEQO’s loop a filter produced by a fast and accurate laser-
based prototyping system. While the filter was analytically designed to operate at 5 GHz, due to the material
tolerance and the difference between the simulation results and the measurement process, the fabricated device
has a measured central frequency of 4.670 GHz and a 3-dB bandwidth of 160 MHz. Measurements of the FSR
and SMSR using our proposed experimental setup are shown in Table 1. In this case the filter is manufactured
with a LPKF ProtoLaser S4 that operates at a green laser 532-nm wavelength, with a pulse frequency varying

from 25 kHz to 300 kHz and with a manufacturing accuracy of +£1.98 pm .”

4.1.2. Chemically etched filter-based single-loop OEO at 5 GHz

For the second measurement we put a chemically etched filter in the OEQ’s loop. As mentioned previously, the
filter was analytically designed to operate at 5 GHz, but also in this case the manufactured device has a shifted
measured central frequency of 4.675 GHz and a 3-dB bandwidth of 130 MHz due to the material tolerances
and disagreement between the computation and the experimental measurement. Measurements of the FSR and
SMSR are shown in Table 1. The filter is manufactured by traditional chemical etching using ferrite chloride
(FeClsy).

Table 1. Measurement results of the FSR and SMSR for a 5-GHz OEO.

Theoretical calculation | Experimental result | Laser-manufactured | Chemically etched
Fiber length [km] | FSR [kHz] FSR [kHz] SMSR [dB] SMSR [dB]
1.25 163.50 156.24 78.05 75.33
2.5 81.75 79.29 70.42 64.68
3.75 54.50 53.54 67.31 61.65
5 40.88 40.24 65.55 60.59
6.25 32.70 32.48 59.63 58.64
7.5 27.25 27.17 57.05 57.56
8.75 23.36 23.14 51.98 57.21

4.1.3. Evaluation

From the measurement result it is clear that the FSR follows the theoretical calculation obtained with Eq
(1). For the SMSR, the laser-manufactured filter has a better response when the optical fiber length is up
to 6.25 km and the chemically etched filter has a better response when the optical fiber lengths are 7.5 km
and 8.75 km. According to this result, the designer can select the appropriate filtering for the OEO. The
main focus of the present paper is on the new approach of the OEO to the FSR and SMSR measurement;
however, it is worthwhile commenting on the differences in the measured properties of the chemically and laser-
manufactured filter in their 3-dB points and central frequency. These are attributed to the fact that although

laser manufacturing has the advantage of tens-of-microns tolerances, chemical etching is generally limited to

2LPKF Laser & Electronics (2019). Brochure of LPKF ProtoLaser S4 [online]. Website https://wuw.lpkfusa.com/datasheets/
prototyping/FLY_ProtoLaser_S4_EN.PDF [accessed 03 December 2019].
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hundreds of microns, and the laser process causes thermal stress on the PCB, which could change the metal
properties. On the other hand, chemical etching does not significantly alter the metal properties of the PCB
and hence, given the dimensions of the manufactured filters, the less accurate chemical process results are closer

to the design/simulations predictions than the laser process.

4.2. Single-loop OEO at 10 GHz

For measurement at 10 GHz, we again use two different manufacturing processes, but in this case with two
different filter designs. For the purpose of presenting the operation of the single-loop OEO oscillating at 10
GHz, we used microstrip filters with different designs. Even in this case of measurements we have optical fiber
length from 1.25 km to 8.75 km with an increment of 1.25 km. We changed one of the electrical amplifiers from
the 5-GHz setup to provide an oscillation for 10-GHz filters, since they have different insertion losses compared
to the 5-GHz ones. For each measurement we tuned the bias of the MZM and tuned the phase shifter to provide
oscillations.

4.2.1. Laser-manufactured filter-based single-loop OEO at 10 GHz

In the third measurement we put a laser-manufactured filter on the loop of our OEO setup. While the filter
was analytically designed to operate at 10 GHz, due to the material tolerance and the difference between the
simulation results and the measurement process the device has a measured central frequency of 10.68 GHz and
a 3-dB bandwidth of 461 MHz. The filter was manufactured using the same laser printing setup as used for the
5-GHz filter described in 4.1.1. Measurements of the FSR and SMSR are shown in Table 2.

Table 2. Measurement results of the FSR and SMSR for a 10-GHz OEO.

Theoretical calculation | Experimental result | Laser-manufactured | Chemically etched
Fiber length [km] | FSR [kHz] FSR [kHz] SMSR [dB] SMSR [dB]
1.25 163.50 158.49 73.39 78.10
2.5 81.75 79.29 68.79 71.08
3.75 54.50 53.54 58.52 67.22
5 40.88 40.24 53.72 62.50
6.25 32.70 32.48 52.48 48.94
7.5 27.25 27.17 48.79 39.88
8.75 23.36 23.14 47.10 38.21

4.2.2. Chemically etched filter-based single-loop OEO at 10 GHz

For the fourth measurement we put a chemically etched filter on the OEO’s loop. The manufactured filter has a
measured central frequency of 9.63 GHz and a 3-dB bandwidth of 585 MHz, which differs from the designed 10
GHz due to already mentioned tolerances. The filter was manufactured using the same etching process adopted
for the 5-GHz filter described in 4.1.2. Measurements of the FSR and SMSR are shown in Table 2, where they

can be compared with results achieved with measurements using the laser-manufactured filter.

4.2.3. Evaluation
As a result of the measurement in this experimental setup, the FSR is the same for different filters, since the
optical fiber length is the same and the bandwidth of the electrical bandpass filter does not impact on the
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results. However, due to the different designs of the filters, the SMSR should not be compared, since the filters
were designed in different configurations. Nevertheless, from the results obtained in our experiments, we do not
advise the use of OEOs with an optical length of more than 6.25 km for a laser-manufactured filter and 5 km

for a chemically etched filter since it is generally accepted that SMSR should be greater than 50 dB.

5. Conclusion
Motivated by the complexity of current measurement techniques for the FSR and SMSR of the OEO, we
developed a very fast, adjustable method to measure both parameters in a configuration with different optical
fiber lengths. The newly proposed method provides time savings for the experimental setups with different
electrical filters. In addition, this novel technique makes it possible to measure the phase noise of the OEOQ,
which has an inverse relation to the optical delay line length. On the other hand, the longer fiber lengths result
in the side modes becoming closer to the main mode. We think that the proposed setup will be helpful in the
selection of electrical bandpass filters to overcome this trade-off. We also made measurements to see the effects
on the different manufacturing processes for the electrical bandpass filters.

In our future work we would like to implement this idea for a more complicated configuration of the
OEO, such as a multiloop OEO or injection-locked OEO to determine the appropriate lengths of the optical
fiber in the loop to suppress the SMSR efficiently.
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