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Auto-oscillation of a low-noise microwave signal in an optoelectronic
oscillator with passive optical amplification
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A detailed study of an optoelectronic oscillator with passive optical amplification has been carried out. A key
feature of studied oscillator circuit is the absence of any optical or microwave amplifiers. The circuit parameters that
affect the phase noise are determined. A modified Yao-Maleki model is proposed that more adequately describes
the phase noise spectrum of an optoelectronic oscillator without amplifiers. The minimum phase noise obtained
was —135dBc/Hz at a 10kHz offset from a carrier frequency of 3.5 GHz for a fiber length of 600 m. Dependence
of the flicker noise coefficient on the laser power is determined, which makes it possible to characterize more
accurately the phase noise of an optoelectronic oscillator with passive optical amplification.
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Introduction

Currently, very high frequency (VHF) signal oscillators
are used in radar and communication system, navigation
devices and instruments. The main objectives of VHF
oscillator development are to increase the stability of the
generated signal frequency and to reduce phase noise.
Development of optoelectronic VHF oscillators (OEO) is
one of the promising solutions.

To make a low-noise oscillator, a high-Q resonator is
required [1]. It is well known that Q factor is defined as the
ratio energy stored in the system to the energy lost in one
cycle of oscillation. There are currently two main methods
to achieve the maximum Q factor that form the basis for
OEO development. The first method is based on the use of
optical resonators with whispering gallery modes that have
a giant Q factor [2]. The second method is based on the use
of a ring circuit with fiber optic delay line (FODL) [3-5],
that is actually an component for optical radiation energy
storage.

From the point of view of radio engineering, OEO is a
low-noise device due to high steepness of phase-frequency
response characteristic of FODL (due to long delay time
amounting to units—tens of microseconds) with record-
breaking low loss of optical radiation in optical fiber (about
0.04 dB/us). For self-exciting oscillation to occur, a constant
energy source is required to compensate the loss in the
system [6]. In most designed optoelectronic oscillators, loss
compensation is implemented either in the VHF path by
transistor VHF amplifiers [7], or in the optical path by fiber-
optic or semiconductor optical amplifiers [8], and FODL
serves to provide long delay time.

To transmit a radio signal via optical fiber, OEO uses a
fiber-optic transmission line (FOTL) whose key components
are laser, electrooptic modulator, optic fiber itself and
photodetector (Figure 1,a). VHF signal propagates in FOTL
in the form of optical radiation amplitude modulation. VHF
signal loss in FOTL (by power is defined by a standard
expression Hp = 10 - log(Pou/Pin), wherePj, is the VHF
signal power at FOTL input (ie. at the electrooptic
modulator control input), log is the common logarithm, and
Pout is the VHF signal power at the photodetector output
calculated using the following equation [9]:

Pou = R<P|asSJI(ﬂV—\f) sin(”v—\f)>2. (1)

This equation uses the following notations: R —
photodetector load resistance, P|5s —laser power, S —
photodetector sensitivity, J;(.) — first-order Bessel function
of the first kind, Vy — modulating VHF signal amplitude
applied to the electrooptic modulator input, V, — modulator
operating point offset voltage, V,; — electrooptic modulator
half-wave voltage. Equation (1) shows that the FOTL output
power Pq; depends not only on Pj, (in terms of V), but
also on other FOTL parameters such as laser power P
and modulator half-wave voltage V,. Therefore, even a
fixed value of Pj, gives increasing values of Py, due to
a decrease in V,; and an increase in Pgy. Thus, our
recent study [10] has shown experimentally that increasing
optical radiation power and the use of a high-photocurrent
photodetector allows the VHF signal loss in FOTL to
be reduced. At some combination of V, and Pjzs, a
situation may be achieved when the FOTL transmission
coefficient Hp becomes positive. Such technical effect is
hereinafter referred to as ,passive optical amplification®
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Figure 1. FOTL flow chart (a), FOTL amplitude-frequency response (b) and added phase noise spectra at 3.5GHz (¢) measured at

various laser powers.

(as opposed to optical amplification provided by an active
component, e.g. semiconductor or erbium optical amplifier).

When the FOTL output with positive transmission coef-
ficient is connected to the FOTL input, then VHF signal
self-oscillation occurs in the resulting ring system. To chose
the oscillating frequency, a VHF filter shall be used for loss
insertion. VHF signal loss will also occur at the oscillator
output. This loss may be compensated by passive optical
amplification of FOTL. Such self-excited oscillator is be
hereinafter referred to as passive optical amplification OEQ.

In terms of physics, VHF signal self-oscillation in passive
optical amplification OEO will be provided by the optical
radiation energy stored in the optic fiber. Laser and
photodetector power supply is the source of such energy.
VHF signal self-oscillation in passive optical amplification
OEO has been investigated inadequately by now. there are
just a few studies on this topic [11,12] that mainly show a
fundamental possibility of VHF signal self-oscillation in such
systems.

The objective of this study was to investigate in detail the
VHF signal self-oscillation in passive optical amplification
OEO. As a result, this is the first time when correlation
between the added phase noise in FOTL and the OEO
phase noise has been established. This allowed to modify
the Yao-Maleki model describing the OEO phase noise
spectrum. The first section of the paper describes the
FOTL measurements that influence the OEO phase noise,
investigation of which is described in the second and
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third sections herein. The fourth section of the paper
compares the specifications of the given OEO with other
optoelectronic oscillators that use VHF or optical amplifiers
in their circuits. The Summary provides the main findings.

1. Investigation of the fiber-optic

transmission line depending on the
laser power

First, we investigated the FOTL model and determined
the parameters that are necessary to design an optoelec-
tronic oscillator. Diagram of the fiber-optic VHF signal
transmission line is shown in Figure 1,a. This consisted
of 1550 nm laser with an emission power of 1 W, Mach-
Zender modulator with a half-wave voltage of V; ~ 1.6V,
optic fiber and photodetector with a sensitivity of 0.8 A/W
in the frequency range of 0—12 GHz.

Operating principle of FOTL is as follows. Continuous
laser emission functioning as a carrier signal is subjected to
intensity modulation by the monochromatic VHF input sig-
nal sent to the Mach-Zender modulator control port. Then,
the modulated optical radiation propagates in the fiber-optic
cable and is detected by the photodetector. Depending on
the FOTL transmission coefficient, the photodetector input
signal is a VHF signal attenuated or amplified with respect
to the VHF input signal.

As described in the Introduction, the FOTL loss decreases
with the increase in laser power Pj5s. Therefore, we have,



1528

L.Yu. Tatsenko, A.B. Ustinov

first, measured the FOTL amplitude-frequency response
(AFR) at various values of Pjas. The results are shown
in Figure 1,b, where it can be seen that loss in FOTL is
about —13dB at low frequencies when the laser power
is Pjas = 17.8dBm. They grow with growing frequency
due to the decrease in the photodetector sensitivity [10].
The loss in FOTL decreases with increasing laser power.
When the laser power is higher than Pjzs = 26.7dBm,
the FOTL transmission coefficient becomes positive almost
in the full frequency range up to 10GHz. When laser
power is Pjas =28 dBm, the transmission coefficient is
about 7dB at low frequencies and about 3dB at 10 GHz.
Such measurements indicate that VHF signal self-oscillation
can occur in the ring circuit formed by shunting the FOTL
output with input.

Then, the added phase noise in FOTL was measured.
These measurements will be necessary for future analysis
of the OEO phase noise. In addition, FOTL must have low
added phase noise to provide low OEO phase noise.

The FOTL added phase noise spectra Z(f’) measured at
various laser powers are shown in Figure 1,c. The curves
show that flicker-noise (or 1/f noise) prevails below the
flicker-noise cutoff frequency f. Its spectral power density
is described by S/t = b_;f —1 where b_; is the coefficient
of proportionality of the flicker-noise that is determined
phenomenologically. Recall that Z = % -Sp. Analysis of
the findings has shown that, when the laser power is
Plas = 24.8 dBm, the cutoff frequency f. is 8.8 kHz, and
b_; is equal t02.5- 107! rad’/Hz. If the laser power is
increased, then at P|3s = 26.7 dBm these values are equal
to fo =11.11kHz and b~! = 1- 10~ 19 rad®/Hz.

At offset frequencies higher than f., white noise is
prevailing. Its spectral power density is described as follows

S, = bof°. (2)

The graph of this function is a horizontal line. However,
the experimental dependence of the phase noise spectrum
shown in Figure 1,c is horizontal initially and then starts
growing. This may be attributable to non-uniformity of
the laser RIN at higher offset frequencies [13]. The
experimental data review suggests that, when the laser
power isP|as = 24.8 dBm, the white noise level in the wide-
band FOTL is about & = —145.5 dBc/Hz, that corresponds
to S, = —142.5dBrad*/Hz andby = 5.34 - 10~ rad?/Hz,
and when the laser power is Pjas = 26.7 dBm, the white
noise level is about & = —141 dBc/Hz, that corresponds to
S, = —138 dBrad?/Hz and by = 1.59 - 10~ rad?/Hz.

Using the findings for Pjas = 24.8 dBm, we have calcu-
lated the laser RIN Ngjn as follows. General spectral power
density of the FOTL white noise may calculated as follows

Po = PT + Pshat + PRIN, (3)

where pt = 4KT is the spectral power density of the white
noise; Pshot = 29! phR is the spectral power density of the
shot noise; prin = Nrinl %hR is the spectral power density
of the noise induced by the laser RIN contribution; Kk is the

Boltzmann constant; T is the absolute temperature; q is the
electron charge; | ph = @P1asS/2 is the photodetector output
photocurrent; « is the loss of optical radiation power in
the optical path consisting of the loss in the Mach-Zender
modulator (when the working point is at the maximum
transmission ratio) and in the optic fiber, and expressed
in relative units; Ny — laser RIN.

by included in equation (2) is related to po by the
following expression: by = po/Pin, whereP;, is the VHF
signal power at the FOTL input. By applying po from
this expression to equation (3), we derive an equation
where Ngyy is the only value that is unknown. Using
the following parameter values of the experimental FOTL
model: T =293K, R=50%, @ =0.171 (that correspond
to the loss in the Mach-Zender modulator 4.5dB, total
loss in optical fiber 0.18 dB and total loss on three optical
connectors ~ 3dB), S=0.8A/W, Pjas =302mW (that
corresponds to 24.8 dBm); Pi, = 10 dBm; and experimental
value by = 5.34- 103 rad*/Hz for Pjzs = 24.8 dBm, we
find Ngin = —146 dB/Hz.

Then, for the resulting value of Ngyn, equations (2)
and (3) were used to calculate the spectral white
noise density S, at the laser power of Pjzs = 26.7 dBm.
by = 1.12- 10~ rad?/Hz andS, = —139 dBrad®/Hz were
calculated that are in good agreement with the measure-
ments (Figure 1,c¢). This value of Ngn will be further used
to calculate the OEO phase noise spectrum.

2. Investigation of OEO oscillation and
phase noise spectra without amplifiers

The flow chart of OEO on the basis of FOTL with positive
transmission coefficient is shown in Figure 2,a. SMF-28
optical fibers with lengths from 100 m to 2 km were used for
the measurements. The laser power was varied from 24.8 to
27.1 dBm. The lower limit is derived from the self-oscillation
activation threshold in the ring circuit. The upper limits is
due to the fact that, when the laser power is higher than
27.1dBm in OEQ, the quasi-monochromatic oscillation was
transformed into multi-frequency oscillation. To output the
VHF signal from the ring circuit, the VHF directional tapper
with tapping ratio 10 dB was used. The OEO model used
a band-pass filter with a carrier frequency of 3.5 GHz and
a bandwidth of 30 MHz measured at 3 dB. Such frequency
was caused by the local peak of FOTL AFR at 3.5GHz
(Figure 1,b). Therefore, the VHF signal self-oscillation
occurred at 3.5 GHz.

First, we turn our attention to the measurements made
for the optic fiber length of 600 m, because the oscillator
demonstrated the lowest phase noise at such optic fiber
length. Figure 2,b shows the self-oscillation spectrum that
occurred a little higher than the threshold at the laser
power of Pjas = 24.8 dBm. Additional noise harmonic with
power reduced by about 60dB can be seen around the
fundamental harmonic.. In addition, it should be noted that
the fundamental oscillation harmonic power was equal to
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Figure 2. Flow chart of OEO on the basis of FOTL with positive transmission coefficient (a), OEO oscillation spectrum (), OEO phase
noise spectrum (c¢). The measurements were carried out at the laser power of 24.8 dBm.

—1.62dBm. This means that the power entering the Mach-
Zender modulator control port is approximately equal to
10dBm that is similar to the measurement of the FOTL
added phase noise. Thus, FOTL in the OEO circuit
runs in the same mode as during the added phase noise
measurement.

Figure 2,c shows the OEO phase noise spectrum. The
curve sows that, at the offset frequency of 10kHz, the
OEO phase noise was quite low and equal to —135 dBc/Hz.
This spectrum was initially analyzed using the Leeson phe-
nomenological model [14,15]. The spectrum was approx-

0
imated using the following polynomial: S, = 3 by - f',
i=—3
whereby = 3.16 - 10716, b_; = 0 (because there is no f ~!
slope), b_» =3.56-107%, b_3 =0.031. It is shown that
, above the Leeson frequency (is calculated for OEO
as fi =1/a7, where t is the signal delay time in
the ,,open“ ring), the phase noise spectrum has a zero
slope f° and the noise is equal to Z = —155dBc/Hz
(that corresponds to S, = by - f = —152 dBrad?/Hz). This
value agrees quite well with the minimum FOTL phase
noise determined above. For the optic fiber length of
600m, the Leeson frequency is equal to f, = 106kHz,
as shown in Figure 2,c. Below f, the phase noise
spectrum slope changes from f? to f~2 and is described
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by expression S, = b_, - f 72 The phase noise spectrum
slope changes from f~2 to f~3 at the offset frequency
of f. = 8.8kHz, that agrees well with the FOTL flicker-
noise cutoff frequency determined in the previous sec-
tion. Spectrum at such offsets is described by expression
S(p =b_5- f3.

Then numerical calculation of the phase noise spectrum
was calculated. Such calculation is usually performed using
the Yao-Maleki model [9]. This model assumes that only
thermal noise, shot noise and laser RIN are the phase
noise sources in OEOQ, therefore the phase noise spectrum
is calculated as follows

() = d

(2—-68/1)—2y/1T =68/t cos(2nf'r)’

where § = pg - Ga/Posc is the OEO noise-to-signal ratio,
po is calculated using equation (3), Ga is the VHF power
gain of the amplifier (for OEO without VHF amplifiers
Ga = 1), Pgsc is the power of the oscillated VHF signal.
The spectrum of the phase noise simulated using the
standard Yao-Maleki model is shown by the dotted line in
Figure 3. It can be seen that the standard model agrees quite
well with the experimental data at high offset frequencies,
however, the disagreement with the experimental curve is
rather considerable at the offset frequencies below 1kHz.

(4)
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Figure 3. Passive optical amplification OEO phase noise

spectrum (solid line), spectrum of phase noise simulated using the
standard Yao-Maleki model (dotted line), spectrum of phase noise
simulated using the modified Yao-Maleki model (dashed line).

We have modified the Yao-Maleki model by adding the
FOTL flicker-noise. As a result, the noise-to-signal ratio
was written as 8 = pg - Ga/Posc + b_1- =1, b_; is the
coefficient of proportionality of the FOTL flicker-noise that
was determined in the previous section. The phase noise
spectrum simulation using the modified Yao-Maleki model
is shown by the dashed line in Figure 3. The Figure shows
that the modified model describes the phase noise spectrum
much better than the standard model from [9].

3. The effect of OEO design parameters
without amplifiers on the phase noise

First, let’s consider how the laser radiation power
affects the OEO phase noise. Measurements of phase
noise at various offsets from the oscillation frequency
fo =3.501 GHz at various laser powers are marked with
signs in Figure 4,a. The measurements show that the
OEO phase noise increases with the laser power growth.
For example, with when the laser power increases from
24.8 to 27 dBm, the phase noise at offset frequency 10 kHz
increases from —135 to —118dBc/Hz. Such phase noise
behavior is explained by the fact that, when the laser power
Plas grows, noises pshot and prin included in equation (3)
are also growing. As a result, the noise-to-signal ratio
included in equation (4) is growing.

To confirm the obtained experimental data, the OEO
phase noise was calculated using equation (4) taking into
account the introduced modification (ie. considering the
FOTL flicker-noise). moreover, it shall be noted that
the dependence of b_; on the laser power Pjzs was
additionally considered in the calculation. This depen-
dence was derived from the analysis of the FOTL added

phase noise spectra in Figure 1,c on the assumption that
b_; =2.5-10"!"rad’/Hz at the laser power of 24.8 dBm
(302mW), and b_; = 1-10"!°rad?/Hz at the power of
26.4dBm (468 mW). The linear approximation was made by
these two points and functional dependence of b_; on Pj5¢
was derived: b_1(Pjas) = 4.52- 10710 . Pjgs — 1.11 - 10719,
whereP),s is the laser power in watts. Then the derived
dependence of b_;(Pjas) was used to calculate the de-
pendence of the phase noise on the laser power using
equation (4). The calculation data is shown in Figure 4,a
with solid lines. For comparison, the dependence of the
phase noise on the laser power was calculated without
considering the dependence of b_; on Pas, the calculation
data is shown in Figure 4,a with dashed lines. It is
shown that the dependence of b_; on Pjys considered
in the simulation provides better coincidence with the
experimental data. At the offset frequency of 100 Hz, the
agreement of the simulation data with the experimental data
is worse, because the experimental phase noise spectrum at
the offset frequency below 1kHz has a slope that is a bit
steeper than f —3 (Figure 3).

Then the effect of the optic fiber length on the OEO
phase noise was investigated. It should be noted that the
laser power P|5s at which self-oscillation started depended
on the optic fiber length, because the loss in OEO grow
with the growth of the optic fiber length, and the FOTL
transmission coefficient must be increased by increasing the
laser power.

To measure the phase noise, Pjaswas chosen such that to
ensure self-oscillation at all optic fiber lengths from 100 m
to 2km. It was equal to Pjas = 26.4 dBm. The results are
shown in Fig. 4, b. The curves show that the increase in the
optic fiber length results in the decrease in the phase noise
similarly to the standrad OEO with amplifiers [16].

The study uses relatively high laser powers and long optic
fiber lengths, therefore the stimulated Mandelstam-Brillouin
scattering (SMBS) threshold will be estimated. When
Plas = 26.4dBm, the radiation power at the optic fiber
input is Poy = 18.9dBm (77.6 mW). For such power, the
length limit of SMF-28 optic fiber beyond which SMBS may
occur can be easily calculated. It is shown in Figure 4,b
with the dashed line and is equal to Ly = 900 m.

4. Discussion of findings

The obtained minimum values of OEO phase noise for
OEO with the optic fiber length of 600 m were compared
with other literature on OEO. The comparison data is
shown in the Table. The Table shows that OEO without
amplifiers in [11] demonstrated phase noise —133 dBc/Hz
with offset 10kHz from the carrier frequency 1.25GHz
and—130dBc/Hz with the same offset from the carrier
frequency 10 GHz. To reduce the phase noise, 6 km optic
fiber and laser frequency modulation were used. In addition,
this OEO used additional electronic circuit for Lase RIN
suppression. In [12], a double-ring OEO with optical fiber

Technical Physics, 2023, Vol. 68, No. 11



Auto-oscillation of a low-noise microwave signal in an optoelectronic oscillator...

1531

a
’ r ’ r ’ r
= 100 Hz quing bfl (P[as)
=30 1 kH into account
a5k a10 kI—ZIZ — — Without taking b_,

P, ) into account
las/ *§ |

£, dBc/Hz

Plass dBm

b
i I I I s 106 Hz I
—30 i e | kHz |
45} . L, z(|).9 km a 10 kHz. |
- . = | — Modelling
Ny —00F \ 1
=B . -
g [ ' ]
= 90} i
N L
-105 B
—120 B
-135 | ) . ) 7 - -
0 0.5 1.0 1.5 2.0

Optical fiber length, km

Figure 4. a — dependences of the phase noise on the laser power at the optic fiber length of 600 m; b — dependences of the phase

noise on the optic fiber length at the laser power of Pjas = 26.4 dBm.

Phase noise of optoelectronic VHF oscillators

Optic fiber length/Oscillation frequency

Phase noise, dBc/Hz

100 Hz 1 kHz 10 kHz
[11] (6 km)/(1.25 GHz), without amplifiers —80 —105 —133
[11] (6 km)/(10 GHz), without amplifiers =70 —100 —130
[12] (2.3km)/(10 GHz), without amplifiers ~70 ~105 ~120
[17] (2.2km)/(4 GHz), with VHF amplifier - ~100 —143
[17] (600 m)/(4 GHz), with VHF amplifier - =175 —112
[18] (3.2km)/(4 GHz), with optical amplifier - —115 —139
[18] (55m)/(4 GHz), with optical amplifier - —80 —108
This study (600 m)/(3.5 GHz), without amplifiers —65 —101 —135

lengths of 2.3km and 1.4km was designed. The oscillator
demonstrated the phase noise of —120dBc/Hz with offset
10kHz from the carrier frequency 10 GHz. Comparison
of findings shows that the OEO studied herein (the last
line in the table) has lower phase noise with an offset
of 10kHz at simpler design and much shorter optic fiber
length. However, at offset frequencies 100 Hz and 1kHz,
the oscillator phase noise from [10] is a little bit lower due
to the use of longer optic fiber.

According to the data from the review [3], a OEO
with VHF amplifier and the lowest noise level has the
phase noise of —143 dBc/Hz with offset 10kHz from the
carrier frequency 4 GHz [17]. It uses 2.2km optical fiber.
The same study showed that the phase noise with offset
10kHz increases to —112 dBc/Hz when 600 m optical fiber
is used in the same OEO. Comparison of these findings
with the findings of this study obtained for 600 m optical
fiber shows that avoidance of a VHF amplifier in the OEO
circuit reduces the phase noise considerably.

Technical Physics, 2023, Vol. 68, No. 11

For OEO with optical amplifier, the data of [3] suggest
that the most low-noise OEO demonstrates the phase
noise of —139 dBc/Hz with offset 10kHz from the carrier
frequency 4 GHz at the optical fiber length of 3.2km [18].
The oscillator studied herein demonstrates a comparable
phase noise level at a much shorter optic fiber length.

Conclusion

The investigation shows that avoidance of amplifiers from
the OEO circuit, i.e. the use of passive optical amplification
allows you to reduce the OEO phase noise. It is shown
that the laser power shall be reduced and optic fiber length
shall be increased in order to decrease the phase noise.
However, when laser power decreases, the passive optical
amplification effect in FOTL disappears and the VHF signal
self-oscillation in OEO becomes impossible. Therefore,
the laser power and optic fiber length are competing
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parameters, consequently, these parameters shall be selected
correctly to design OEO with low phase noise.

To describe the OEO phase noise spectra, we have
proposed a modified Yao-Maleki model that considers the
FOTL flicker-noise effect and dependence on the laser
power. Such modification provided accurate description of
the OEO phase noise spectrum and the laser power effect
on it.

Thus, OEO with passive optical amplification is a low-
noise device and may be used in radar and communication
systems.
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