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Abstract—This paper describes a novel phase-locked loop
(PLL) architecture utilizing an optoelectronic oscillator (OEO)
as a voltage-controlled oscillator (VCQO). The OEO demonstrates
excellent far-out phase-noise performance while the PLL reduces
the close-in phase noise. The nonmonotonic VCO characteristics
of the OEO placed stringent demands on the loop filter elec-
tronics and startup conditions. The crystal reference, prescalar,
frequency synthesizer, and loop filter were all implemented with
discrete high-performance components. The resulting frequency
synthesizer yields a —10-dBm output at 20 GHz with phase noise
of —80 dBc/Hz at 100-Hz offset, and —134 dBc/Hz at 10-kHz
offset. These results are far superior to PLL synthesizers utilizing
only an electronic VCO and illustrate the power of optoelectronic
integration.

Index Terms—Frequency stability, low phase noise, optoelec-
tronic oscillators (OEOs), phase-locked loops (PLLs).

I. INTRODUCTION

-BAND oscillators are essential to a growing number
Kof applications in metrology, wireless communica-
tions, and high-speed sampling [1]-[3]. All these microwave
systems demand a spectrally pure reference for precise
knowledge of frequency and phase information. At such
high frequencies, electronic oscillators suffer from parasitic
losses, decreasing the quality factor and increasing close to
carrier phase noise, which degrades the signal-to-noise ratio.
Direct up-conversion of stable oscillators at low frequencies
suffer from a 20 x log;o(N) increase in phase noise for a
multiplication factor of N. Thus, high-frequency sources with
extremely low phase noise are needed. While low-frequency
quartz oscillators exhibit very low close-in phase noise due
to their high thermal stability, the far out performance is
not on-par with optoelectronic oscillators (OEOs). OEOs
utilize the low loss of optical fibers to achieve microwave
quality factors higher than those achievable in the electrical
domain at high frequencies [4]. This makes OEOs suitable
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for numerous applications including frequency multiplica-
tion, pulse and comb frequency generation, and clock and
carrier recovery [5]. The optimal solution in designing an
ultra-low phase noise frequency synthesizer, operating at
microwave frequencies, should utilize up-conversion for
close-in performance while benefiting from the OEO’s far-out
performance. Previous works have demonstrated locking a
microwave source to a laser in a phase-locked loop (PLL)
configuration for applications in electrooptic sampling [6].
We present a dual-loop OEO operating at 20 GHz stabilized
with multiple techniques in the optical domain. The OEO
was further stabilized by electronically phase locking it to a
low-frequency reference for long-term stability, a region in
which OEOs usually suffer due to fiber drift, by operating the
OEO as a voltage-controlled oscillator (VCO) within a PLL.
Though OEOs operating as VCOs in a PLL configuration
have been shown [7], they do not discuss the challenges or
the solutions to the challenges posed by the nonidealities of
an OEO operating as a VCO. Optical mode-hopping and the
fiber loop delay define both a tight pull-in range and start-up
conditions for phase locking, which is not usually the case
in a conventional PLL loop, requiring additional start-up
circuitry.

This paper is organized as follows. First we describe the
dual-loop OEO and the optimizations made to achieve ultra-low
phase noise. Following this, the PLL design will be discussed.
Next, the experimental results will be presented, and finally, we
will conclude this paper along with a discussion of future work.

II. OEO SYSTEM DESIGN

The OEO generates spectrally pure microwave tones through
the use of an optical resonator with electronic feedback. In the
optical section, the output of a high power fiber laser passes
through an intensity modulator, fiber delay, and is detected on a
high-speed photodetector (PD). The frequency of oscillation of
the electrical signal from the PD is selected with a microwave
filter, and any required amplifiers and phase shifter are added
before closing the microwave loop to the intensity modulator.
The main advantages of the OEO architecture are the tunability
of microwave frequency with a microwave phase shift, and
the long delay times achievable due to low optical propaga-
tion losses (0.2 dB/km). The longest delay of 10 km used in
this study can produce effective microwave quality factors of
10 billion. However, the noise performance is degraded by
flicker noise produced by other components. The free spec-
tral range (FSR) of the loop becomes very narrow (20 kHz)
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Fig. 1. Schematic of the dual-loop OEO (/ef?) utilized as a VCO for PLL feedback (right). The fiber laser output is controlled with a polarization controller (PC)
before being sent to a Mach—Zender modulator (MZM). Tunable optical delay lines (TODLs) control the Vernier effect, and the photodetectors (PDs) generate the
microwave signal sent through the bandpass filter (BPF). After frequency division, the phase frequency detector (PFD) compares the dual-loop OEO noise to an
oven controlled crystal oscillator (OCXO), and sends the feedback signal to the OEO.

with such long lengths requiring additional filtering for mode
selection and spurious tone suppression. The dual-loop OEO,
introduced by Yao et al. [8], is one of the many techniques
[9], [10] to suppress supermode noise generated from the long
optical delay lines in an OEQ. This oscillator provides a narrow
microwave linewidth and good frequency stability without
mode hopping simultaneously. Additionally this oscillator
relaxes the requirement of a 20-GHz microwave filter with
sub-megahertz linewidths.

The dual-loop OEO is shown on the left side of Fig. 1. The
optical source is a 1556-nm fiber laser whose linewidth and
relative intensity noise (RIN) are 120 kHz and —140 dB/Hz,
respectively. The frequency noise of the laser is the dominant
contribution to microwave phase noise due to the dispersion of
fiber, as described in [11]. The OEO is known to be highly sensi-
tive to reflections reaching the laser, and the intracavity optical
power can become limited by fiber scattering [12]. We added
a fiber circulator after the high-power fiber laser to circumvent
the first issue and broaden the fiber linewidth by dithering the
built in piezo frequency tuner to overcome the second problem.
The 20-GHz intensity modulator has a V; of 3.8 V and insertion
loss of 2.5 dB. The dc bias point is placed near quadrature and
optimized for maximum RF power. The maximum optical input
power to the modulator is also limited to 100 mW, rendering the
use of high input powers to lower phase noise infeasible.

The tuning range of this oscillator is dictated by the shorter
of the two fiber delay lines while the tuning resolution is deter-
mined by the longer fiber spool. In our case, we used 100 m and
10 km as the two delay lengths, which correspond to a tuning
range of ~2 MHz and a tuning resolution of ~20 kHz. We
have included two tunable optical delay lines (TODLs) on each
arm to provide continuous tuning between the 20-kHz modes.
This enabled the precise tuning of the microwave oscillation
frequency to within a few hundred hertz of the oven controlled
crystal oscillator (OCXO). The tunable delay lines have a tuning
range of 100 mm and a tuning resolution of 318 um per screw
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Fig. 2. Relative suppression of the nearest spur mode versus short loop length,
corresponding to different powers launched into the long fiber delay. 90%

(dashed), 50% (dotted), and 10% (solid). The tuning range (solid black line)
is also shown.

turn. These numbers correspond to a frequency tuning range and
tuning resolution as dictated by the following expression:
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where f is the microwave oscillation frequency. The enhanced
supermode noise suppression in the dual-loop OEO comes from
the vernier effect of the oscillating modes in each loop. This sup-
pression is important to increase the OEO stability since mode
hopping will not occur for small perturbations to the system.
The choice of the short fiber length is made based on the plot
shown in Fig. 2. The plot shows the compromise in tuning range
of the oscillator for better suppression of the nearest ~20-kHz
mode. For lengths longer than 100 m, the sharp resonances,
which arise when the mode spacing of the short loop is an in-
teger multiple of the mode spacing of the long loop, are avoided.
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The two delay lines are terminated on 50-GHz u2t PDs (Fin-
isar XPDV-2120R) with a responsivity of 0.55 A/W and max-
imum microwave output power of ~5 dBm. Two low-noise mi-
crowave amplifiers with 42 dB of gain are placed directly after
the PDs to keep the open-loop noise figure low. This is followed
by a microwave power combiner with an excess loss of 1 dB
for each arm. A 20-GHz filter with a 400-MHz full width at half
maximum (FWHM) is used to select the oscillating frequency
regime. Finally, a voltage-controlled analog phase shifter is in-
serted for microwave frequency tunability. The phase shifter has
27 phase shift over 7.3 V, and is used as the feedback element
of the PLL circuit, to be described later.

The resulting short-term linewidth of the microwave signal is
in the sub-hertz level, but a major issue with fiber delays is the
dn/dT 1.2 x 103 /°C associated with thermal fluctuations [7].
A change in the optical path length from temperature drift will
cause the 20.05-GHz oscillating frequency to shift, which we
observed to be ~1 kHz/min. We reduced this to ~200 Hz/min
by placing the system in a sealed anechoic enclosure with a sta-
bilization time of 5 h. Further stabilization was performed using
the PLL loop discussed below.

III. PLL SYSTEM DESIGN

To further reduce the long-term linewidth (or close in phase
noise), we have implemented a PLL that utilizes the dual-loop
OEO as a VCO. As shown on the right side of Fig. 1, the PLL
divides the 20.05-GHz output to a digital 12.5-MHz signal. A
phase-frequency detector (PFD) then compares the OEO to an
OCXO, and sends a filtered correction signal to the voltage con-
trolled microwave phase shifter within a 1-kHz bandwidth.

An  oven-controlled dual-frequency module  with
10/100-MHz coupled outputs (NEL Frequency Controls) was
chosen as the reference for its close-in phase-noise perfor-
mance. The 100-MHz output achieves —125 dBc/Hz at 10-Hz
offset and —160 dBc/Hz at 1-kHz offset. Most commercial
frequency synthesizers only accept input frequencies less
than 8 GHz. For this reason, the OEO output is first passed
through a Hittite HMC447 divide-by-4 prescalar. The 5-GHz
output is then sent to an integer-N synthesizer along with the
OCXO reference. The ADF4108 frequency synthesizer was
chosen for its tunable divide ratios in the VCO and reference
paths, precision charge pump output, and low PFD noise floor
of —223 dBc/Hz (normalized). The charge pump current is
converted to the VCO feedback voltage through a passive
first-order loop filter.

The synthesizer requires the VCO to lock to an integer mul-
tiple of the PFD frequency. Since the OCXO only has a tuning
range of +/—50 Hz, this necessitates an optical mode within
10 kHz of a PFD multiple. Once the closest optical mode is
chosen, the TODLs are adjusted to place the output frequency
at the exact multiple, as discussed in the previous section. The
optical loop has slightly higher gain at 20.05 GHz than the rest
of the bandwidth and consequently tends to excite stable modes
nearby, and thus, has been chosen as the mode of choice. Cur-
rently the OCXO has a divide-by-8, leading to a PFD compar-
ison at 12.5 MHz. An integer division of 401 along with the
prescalar divide-by-4 aligns with the desired VCO frequency of
20.05 GHz.
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Fig. 3. PLL open-loop transfer function. This shows a phase margin compar-
ison between an ideal VCO and the OEO VCO with fiber delay.

The nature of the optics in the VCO prevents it from being
treated as an ideal integrator for voltage to phase domain con-
version. The 10-km fiber path gives a 50-us time delay for any
small signal applied on the VCO tuning voltage. A second-order
Padé approximation models this in the frequency domain as

1-Zs4+ g2
2 12

2 .
1+ Zs+ 5582

2)

where 7 is the 50-us time delay [13]. The loop was designed for
a 1-kHz bandwidth and 66.8° phase margin to stay well beneath
that additional pole and provide ample stability. After the fiber
delay was taken into account, the loop bandwidth change was
negligible while the phase margin degraded to 44.6°, as shown
in Fig. 3. This corresponds to a 33% overshoot for a closed-
loop step response, and requires significant consideration when
attempting to lock the loop. A time-to-digital converter (TDC)
and a digital loop filter could be used in the future to account for
this delay, improving our loop bandwidth and further reducing
phase noise [14].

The optical loop has hundreds of stable oscillating modes sur-
rounding 20 GHz. Sweeping the VCO tuning voltage across its
full range leads to several optical mode hoppings, each causing a
large jump in the output RF frequency. A typical operating point
will allow 4 /—0.25-V change before an optical mode hop. The
effect of this limit can be found by analyzing the step response
of the PLL and ensuring the maximum change in the control
voltage is limited to 0.5 V about the operating point. Paired with
the 33% overshoot described earlier, the PLL is limited to an
800-Hz pull-in range. In order to switch on the feedback loop
from a reset state, the integrator must remain discharged while a
stable dc operating point is found. This was accomplished with
a resettable loop filter and noninverting summer, as shown in
Fig. 4.

IV. MEASUREMENT METHODS

Three measurement methods were employed to characterize
the performance of the OEO. Phase noise gives a measurement
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Fig. 5. Schematic of the optical frequency discriminator used to measure the
phase noise of the OEO.

of short-term (<1 s) phase fluctuations at multiple carrier offset
frequencies. The ESA (Rhode & Schwarz FSU50) provides the
most straightforward method of measuring phase noise, as it has
an internal synthesizer, reference oscillator, and tunable filters
for a large measurement of offset frequencies from 1 Hz to the
Nyquist rate. To obtain more sensitive measurements at certain
offset frequencies, a carrier suppressed frequency discriminator
technique is used [15], [16]. Carrier suppression techniques rely
on two identical frequencies entering a mixer in which one input
is biased at /2 phase shift relative to the second input. The
resulting baseband PSD with filtered harmonics is the combi-
nation of the two inputs’ phase noises. The two inputs can be
two noncorrelated oscillators, or the same signal, with one being
time delayed as in the case of the frequency discriminator. As
shown in Fig. 5, we use the optical frequency discriminator to
split the OEQ’s optical output and delay one arm in a 4.2-km
fiber spool. The two arms are detected on high-speed PDs and
amplified by 40 dB to obtain two strong microwave signals to
drive the mixer. Using low noise-figure amplifiers allows for
a similar white phase-noise floor in the discriminator as inside
the OEO. A passive phase shifter is used on one arm to bias
it at a relative /2 phase shift. The two inputs go to the Agi-
lent ES505A system, which includes the mixer, low-frequency
filters and amplifiers, and software analysis. The 4.2-km fre-
quency discriminator provides a reliable measurement up to an
offset frequency of 48 kHz, where a measurement spur will be
located.

The third measurement method to characterize the OEO per-
formance is the Allan deviation (ADEV). A frequency counter
is used to compare the zero crossings of a signal and reference to
obtain the frequency to certain digit accuracy. After recording
a time series of frequency measurements for a given gate time,
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Fig. 6. Normalized reflected optical power reaching the fiber laser, as mea-
sured on the third port of the optical circulator with (green in online version)
and without (blue in online version) 46-kHz dither. The laser output power is
20 dBm and the optical isolation is 50 dB. The resolution bandwidth of the OSA
is 20 MHz.

the frequency deviation from the mean, A f/ f, is plotted for dif-
ferent averaging times to obtain the ADEV. We use a 12-digit
microwave counter (Keysight 53230A) to measure the OEOs
microwave frequency after being divided by 8. An isolated ex-
ternal OCXO is used as the timing reference to the frequency
counter.

V. RESULTS

A. OEO Results

To quantify the amount of reflection reaching the fiber laser,
we measure the optical spectrum on the third port of the circu-
lator. After normalizing the output power of 20 dBm and 50 dB
of optical isolation, Fig. 6 plots the results versus offset from the
laser frequency. As we apply the 46-kHz frequency dither, we
observe a 15-dB decrease in the Rayleigh backscatter at the laser
frequency, from —85 to —100 dB, but no change in the Brillouin
backscatter level at 10.8 GHz, — 140 dB. We have avoided high
optical powers in the fiber delays such that Brillouin nonlinear-
ities would not limit the achievable intracavity power.

The expression for the power spectral density of the mi-
crowave output of the dual-loop OEO is given by [17]

1
T (gl + g2t

P(w)oo 3)

where g1, g2 and 71, 73 are the individual voltage gains and time
delays of the two loops, respectively. The condition for oscilla-
tion is given by |g1] + |g92] = 1 and |g1| = |g2| = 0.5 when the
roundtrip microwave gain in both loops is greater than or equal
to unity. We investigated the situation for cases when one of the
two loops does not have enough gain to sustain oscillations by
itself. The effect is the two loops do not contribute equally in
the expression shown in (3). Using the technique described in
[17], we evaluate the phase noise (¥) of the microwave signal
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Fig. 7. Measured (black) and modeled (red in online version) phase noise of the dual-loop OEO for different powers launched into the longer fiber loop. (a) 10%.
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when loop gain in one of the two loops is less than unity, shown
as follows:

¥ ()|

(QQ)ilnm(w) + Ao 1 Ea(w)

. vJo1(|Ar])e 9971 s Jo1 (2] As|)e 9972
e (1 B { Yo A +r2Ter (214z]) D
4)

where p = AQ/4/1 + (1/2Q)2%, AQt and ) are the FWHM and
the quality factor of the RF filter. w is the offset frequency and
Jo1(x) = Ji(x)/x, where Jq (z) is the first-order Bessel func-
tion. n,, and &, are the multiplicative and additive noise terms,
as described in [18], | Ag|, | A1] and | A3| are the voltage ampli-
tudes of the microwave oscillation at the modulator input and
inputs to the microwave power combiner, respectively. 71, 7
are the time delays and <y;, <2 are the total roundtrip voltage
gain/loss for the two loops.

We measured the phase noise of the OEO for three different
power splitting ratios between the two loops. The measured and
fitted data is shown in Fig. 7. Fig. 7(a)—(c) corresponds to 10%,
50%, and 90% of the output power from the modulator cou-
pled to the longer fiber delay. The model fits well with the data;
however, the noise floor of the ESA prevents a continuous fit.
For smaller powers in the long delay line, the spurs are sig-
nificantly lower and slightly blue shifted in frequency. How-
ever, the close-in phase noise increases by 20 dB because the
linewidth reduction is less pronounced. The noise at the fre-
quency modulation rate of the laser (46 kHz) and its harmonics
also increases with increasing launch power in the long optical
fiber because of increased intensity of the doubly Rayleigh scat-
tered light interfering with the principle laser light. We select
the configuration with 90% of the optical power in the longer
10-km loop to achieve low close in phase noise and reasonable
side-mode suppression.

= |

B. PLL Results

The phase-noise measurements from the ESA and frequency
discriminator are shown in Fig. 8. Using the ESA, the white
phase-noise floor is —138 dBc/Hz, limited by the laser RIN
and thermal noise of our microwave amplifiers. We have mea-
sured an optical link gain (modulator input to detector output) of
—30 dBgr. Using the calculated thermal (—145 dBc/Hz), shot
(—163 dBc/Hz), and RIN (—143 dBc/Hz) noise powers of each
loop after the microwave combiner yields a theoretical white
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Fig. 8. Phase-noise spectrum of the dual-loop OEO as measured by the ESA
and 4.2-km optical frequency discriminator.
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Fig. 9. Overlapping ADEV of the dual-loop OEO, measured at 2.5 GHz.

phase noise floor of —141 dBc/Hz. Theoretically the thermal
noise floor can be further reduced with higher optical powers, re-
quiring low nonlinearity fibers. Using improved lasers, the RIN
noise floor could be further decreased. At 200-MHz offset, spu-
rious tones begin to appear inside the FWHM of the microwave
filter in our system. The rise in phase noise at 1 MHz is due to
the ESA’s internal noise floor. We use the frequency discrimi-
nator measurement to show a phase noise of —134 dBc/Hz at 10
kHz with a 1/ 2 slope. This is currently limited by the residual
noise of our discriminator.

We also used a frequency counter with an OCXO reference to
characterize the stability improvement of our PLL. Fig. 9 plots
the ADEV of the temperature stabilized OEO in the unlocked
and locked states. The unlocked oscillator shows frequency drift
(7) irrespective of averaging time (>>200 ms), while the locked
OEO experiences white frequency modulation (7~'/2) for av-
eraging times less than 5 s, and is limited by the frequency drift
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of the PLL’s OCXO reference beyond this point. The locked os-
cillator exhibits a stability of less than ten parts per trillion up
to 100-s averaging time.

VI. FUTURE WORK

One of the main focuses moving forward will be to develop
a measurement system for recording lower phase noise. One
option is to develop a second OEO as a noncorrelated oscillator
for measuring phase noise on the Agilent ES505A. This would
be similar to the frequency discriminator method, but would
avoid the added flicker noise of the discriminator’s components.

We are also looking into designing a 20-GHz fractional-IN
synthesizer for this loop and similar applications. The divided-
down OEO signal going into the PFD could be used as a sepa-
rate output for measuring phase noise at a lower frequency. This
integrated circuit (IC) would eliminate the need for TODLs and
any stable operating point could be used with a fractional divi-
sion to the PFD frequency. In addition, this would encompass
the prescalar and resettable loop filter, shrinking the size and re-
ducing noise contribution.

An eventual goal will be to co-integrate the electronics and
photonics onto a single chip, using high-¢) resonators as delay
elements. Similar work by Chen et al. has shown this should
provide excellent environmental stability, decreased size, and
lower power consumption [19].

VII. CONCLUSION

We have demonstrated a low phase-noise dual-loop OEO op-
erating in the K-band. To achieve low noise and stable perfor-
mance, multiple tactics have been applied to the basic OEO
architecture. Fiber scattering, spurious tones, and mode-hop-
ping effects have been decreased through linewidth broadening
and adding a second fiber loop. To increase the long-term sta-
bility, we have implemented a PLL to transfer the parts per bil-
lion stability of a low-frequency OCXO to the high-frequency
dual-loop OEO. The challenges in operating the dual-loop OEO
as a VCO were overcome with optical path tuning control and
custom startup circuitry in the feedback path.
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