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Abstract— We propose and theoretically and experimentally
demonstrate a novel tunable spurious-free single-loop
optoelectronic oscillator (OEO) with low drift and low-phase
noise. In the proposed transposed-frequency OEO (TF-OEO),
a nonreciprocal bias unit and an optical phase modulator in a
fiber Sagnac interferometer function jointly as an intrinsically
drift-free intensity modulator, which improves the long-term
drift. Besides, a transposed-frequency low-noise filtered amplifier
is used which replaces the conventional radio frequency (RF)
bandpass filter (BPF) and RF amplifier with an intermediate
frequency (IF) BPF, an ultralow phase noise IF amplifier, and
a tunable local oscillator, to attain frequency tuning and single-
frequency selection with ultralow phase noise at the same time.
The quality of the generated microwave signals is theoretically
investigated and verified by experiments. Preliminary phase
noise, frequency stability, spurious noise levels, and frequency
tunability of the photonically generated microwave signal are
also investigated. A microwave signal with a frequency tunable
range of 15 MHz around 10.833 GHz is generated with no spurs.
The generated microwave oscillation has a single-sideband phase
noise of −120 dBc/Hz at 10 kHz offset from 10.833 GHz carrier,
with 36 fs RMS timing jitter integrated from 1 kHz to 10 MHz.
Long-term frequency stability measurements show ±0.05 ppm
maximum fractional frequency deviation over 60 h, which is
mainly limited by drift of the fiber delay line. The measured
results show the long-term frequency stability (in terms of

overlapping Allan deviation) within 8.7 × 10−9 at 1000 s
averaging time.

Index Terms— Long-term stability, optoelectronic oscilla-
tors (OEOs), Sagnac loop, spurious free, transposed frequency.

I. INTRODUCTION

U
LTRALOW phase noise microwave oscillators with

high stability are required for many applications such

as high-performance radar systems [1], large-scale high-

precision remote synchronization (such as in free-electron

lasers) [2], [3], navigation, communication, and signal mea-

surement instrumentations. With recent advances, various

types of ultrapure microwave oscillators have been developed,
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Fig. 1. Basic architecture of the conventional OEO. CWL: continuous wave
laser. SMF: single mode fiber.

which culminated in the state-of-the-art ultrapure microwave

oscillators such as sapphire-loaded cavity oscillators [4], [5],

photonic generation of microwave oscillations from stabilized

femtosecond mode-locked lasers [2], [3], [6], and optoelec-

tronic oscillators (OEOs) [7], [8].

An OEO is a delay-line oscillator that utilizes a very

long low-loss optical fiber as a high-Q cavity. The most

basic architecture of an OEO is shown in Fig. 1. The

Q-factor of such a delay-line oscillator is approximately equal

to Q = 2π f τ [7], where f is the frequency of oscillation of

the oscillator and τ is the total time delay in the oscillator

loop. A simple solution to reach ultralow phase noise OEOs

is to use a long fiber loop line. However, the long delay line

causes equally spaced spurious in the output spectrum of the

oscillator. One way to alleviate this unwanted spurs is using

a bandpass filter (BPF) in the microwave section of the loop.

The spacing between these spurs is inversely proportioned to

the length of delay line. As an example, for a 4 Km fiber, this

spacing is 50 kHz and it is too difficult to reject sufficiently the

unwanted spurs. Consider a narrow-band BPF at 10 GHz with

20 MHz bandwidth. There will be 400 spurious oscillating

modes pass through this filter. In many applications, existence

of such huge number of spurs near the main oscillation

mode is unacceptable. Many techniques have been proposed

for reducing the amplitude of the unwanted cavity modes

such as using multiple loops in an OEO [9]–[19], dual

injection-locked OEO [20]–[23], and coupled OEO [24]–[27].

However, by using these configurations not only are the

spurious modes not completely eliminated but also the phase

noise degrades relative to the single-loop OEO with long-fiber

because the overall Q-factor is averaged between the short and

long loops [20].

Besides, most of the previous OEO demonstrations are

based on a Mach–Zehnder modulator (MZM), while the

bias point of the MZM is environmentally sensitive and

drifts during the operation, which is not desired when long-

term stability is required for ultralow phase noise photonic

microwave generation. Hence, for a long-term operation of
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Fig. 2. Schematic illustration of the Sagnac-loop-based TF-OEO. PC: polarization controller.

an OEO with MZM, an automatic feedback bias control and

tracking is necessary so as to lock the selected operating

bias point.

In [28]–[36], a technique to achieve a bias-drift free

OEO based on a phase modulator combined with a

dispersive device was proposed. In the proposed structure, the

dispersive device converts phase-modulation into intensity-

modulation (PM-IM). In this structure, a dispersive device

such as a fiber Bragg grating is required for PM-IM

conversion. This is because a photodetector acts as an

amplitude detector. A signal with phase modulation has a

constant amplitude, so if it is directly put on a photodetector

no modulating signal will be detected except a dc.

In previous work, we proposed and experimentally showed

an architecture for an OEO based on a PM in a fiber Sagnac

interferometer [37]. Because no bias is necessary for a PM,

the bias drifting problems associated with the MZM are

automatically removed so that the Sagnac-loop based OEO

will be intrinsically bias-drift free. A more detailed discussion

of the Sagnac-loop based OEO is found in [37].

It is also well known in the literature that the near-carrier

phase noise of OEOs is determined by the flicker noise of the

radio frequency (RF) amplifiers in the loop [38]–[42]. So in

order to have ultralow phase noise OEO, we have to use RF

amplifiers with low flicker noise.

Although many techniques have been proposed to improve

the frequency stability, phase noise, spur levels, and tunability

of the generated microwave oscillation, to the best of our

knowledge, no methods have been proposed to address all

these problems at the same time. In this paper, a novel

single-loop OEO is introduced in which the conventional

MZM and RF filtered amplifiers are replaced with a PM in a

Sagnac loop and TF-LNFA, respectively, to achieve a tunable,

spurious-free, low-drift, low phase noise OEO.

With the proposed transposed-frequency OEO (TF-OEO),

a microwave oscillation at 10.833 GHz frequency is generated

and its preliminary phase noise, frequency stability, spurs,

and tunability performances are investigated in Section IV.

A theoretical model is also presented in Section III to study the

performance of the proposed TF-OEO, which is also verified

by the experiments.

II. TRANSPOSED-FREQUENCY OEO:

A NOVEL ARCHITECTURE

A block diagram of the proposed Sagnac-loop-based

TF-OEO is shown in Fig. 2. As shown in this figure, the

conventional RF BPF and RF amplifier (as shown in the

dashed-line box in Fig. 1) are replaced with a TF-LNFA

(as shown in the dashed-line box in Fig. 2). Also, the MZM

is replaced with a fiber Sagnac interferometer incorporating a

PM and a nonreciprocal bias unit.

A more detailed discussion on the performance of the

TF-OEO is presented in the following sections.

A. Improving Long-Term Drift

The significant feature of the proposed TF-OEO is that the

modulator does not require a bias, so bias drifting problems

associated with the conventional OEO due to the MZM are

automatically removed. In addition, there is no need of an

automatic feedback bias control and tracking, which greatly

simplifies the implementation. A more detailed discussion is

found in [37].

It is worth mentioning here that the optical fiber length

fluctuations are the other sources of drift in OEOs [43], [44].

Several techniques have already been proposed to compensate

the drift in the fiber lengths [14], [45]–[49].

B. Eliminating Spurs and Improving Phase Noise

As we have already mentioned, the RF amplifier flicker

noise is the limiting factor of the OEO close-to-carrier
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Fig. 3. Illustration of the TF-OEO single mode oscillation.

phase noise. Several techniques have been developed to reduce

the microwave amplifiers flicker noise for use in a microwave

oscillator, such as feedforward amplifiers [50]–[52], feedback

amplifiers [51], [53], parallel amplifiers [54], and transposed-

gain amplifiers (TGA) [53], [55].

Driscoll and Weinert [53] and Everard and Page-Jones [55]

proposed, independently, the TGA as a low flicker noise

amplifier. The TGA uses HF/VHF silicon bipolar junction

transistor (Si BJT) instead of microwave GaAs transistors. It is

well known that HF/VHF Si BJTs and Si-based mixers have

lower flicker noise than microwave GaAs transistors [54], [56].

Flicker noise levels of microwave GaAs amplifiers are typi-

cally 30 dB higher than that of the HF/VHF Si BJTs and 20 dB

higher than that of the silicon-based mixers [57]–[59].

In this amplifier, the amplification is provided at a lower fre-

quency than the oscillator output frequency by downconverting

the microwave frequency to an intermediate frequency (IF)

using an LO and upconverting back to the primary frequency

at the output. Some very low noise microwave oscillators were

built using TGA [53], [55], [60]. The level of phase noise

suppression is of the order of 20–30 dB at offsets around

10 kHz [53], [55], [56], [60]. A more detailed discussion on

the TF-OEO phase noise can be found in Section III-A.

In the conventional TGA [53], [55] there is no IF BPF in

the structure but here, we insert a narrow-band IF BPF (crystal

filter) in the IF part to select one of the downconverted loop

cavity modes and effectively suppress other modes as long as

the IF BPF bandwidth (B is of the order of a few kHz) is

lower than the free-spectral range (FSR of the order of a few

ten kHz), B < FSR. So using this structure the OEO will

operate in a single mode. In addition, the overall Q-factor of

the loop is maintained and the phase noise does not increase

compared to that of the conventional OEO. Besides, it allows

using a longer length fiber loop to reduce further the OEO

phase noise without the need of ultranarrow-band RF BPF in

the loop.

Besides, there is no initial noise-dependent transient selec-

tive mode competition process in the loop because only one

loop cavity mode falls in the passband of the IF BPF that

satisfies the Barkhausen criterion, i.e., the loop gain must be

unity. As a consequence, there is no ambiguity of oscillation

frequency and there is also no need of a slow switch-ON

procedure to obtain a single mode operation that is needed

when an RF BPF (that hundreds of loop cavity modes fall

within its bandwidth) is used [61]. In addition, there is only

one oscillating mode and so the mode-hopping phenomena,

arising from noise and drift in center frequency of the non-

stabilized RF BPF, is prevented which is expected to occur in

the conventional OEO because possible loop cavity modes are

falling within the bandwidth of the RF BPF [42].

Hence, the TF-OEO is a microwave/millimeter-wave oscil-

lator where the signal amplification and mode selecting portion

are operating at an HF/VHF frequency. It is worth mentioning

here that, we know that silicon germanium heterojunction

bipolar transistors (SiGe HBT) are another technology with

high frequency operation and low noise characteristics but we

proposed HF/VHF Si BJT in the TF-LNFA to eliminate spurs

and reduce phase noise simultaneously.

C. Frequency Tunability

The microwave signal is downconverted and upconverted

using the same LO having a frequency fLO = fRF − fIF (as

shown in Fig. 3). The same delay as that of the IF path is used

in the LO path by inserting a delay line (τd) in the LO path,

in order to ensure that the LO phase noise does not degrade

that of the OEO. So there is no need to have an ultrapure LO.

On the other hand, in order to output microwave oscillation

that is not sensitive to the instability of the LO, its frequency

uncertainty (δ fLO) should be less than B/2. Thus as the

frequency of the LO varies, the frequency of the IF portion

of the loop varies inversely so that the microwave output
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frequency of the TF-OEO does not change. So in addition

to the no need of an ultrapure LO, there is also no need of

an ultrastable LO. Hence, it permits the use of a low-cost low

phase noise unstabilized LO.

Finally, the condition on the bandwidth of the IF BPF to

ensure the single mode operation and also the insensitivity of

the microwave oscillation frequency to the instability of the

LO, can be expressed as 2δ fLO < B < FSR.

In general, the output of mixer2 (in Fig. 3) contains two

components fRF = fLO + fIF and fimage = fLO − fIF.

In order to have a sustained oscillation at fRF in the steady

state it must be one of the loop cavity modes so

fRF = m1FSR (1)

where m1 is a nonnegative integer. In addition, to have no

oscillation at the image frequency, it must not be a loop cavity

mode, that is

fimage = fLO − fIF = fRF − 2 fIF �= m2FSR (2)

where m2 is an integer. Using (1) and (2), we find that the cen-

ter frequency of the IF portion of the loop and LO frequency

must satisfy the conditions

fLO �= (m3/2)FSR (3)

fIF �= (m4/2)FSR (4)

where m3 and m4 are integers. We know that the above two

conditions are the same and if one of them satisfies, the other

will satisfy too. Otherwise, if fIF = m4FSR/2 then the image

frequency will fall on a loop cavity mode position and will

oscillate, so in order to suppress it effectively, an RF BPF

whose bandwidth is less than 2 fIF must be used after mixer2.

In this scheme, by tuning the frequency of the LO, the

frequency of the OEO can be tuned, which would not change

continuously but would jump between loop cavity modes. So

the frequency tuning step (tuning resolution) is the FSR of the

OEO loop that is of the order of a few tens of kilohertz for

a few kilometers’ fiber loop length. For smaller tuning steps,

longer fiber loops must be used, which is possible as long as

we use an IF BPF as a selecting mode filter.

For fine-tuning, we can use a phase shifter (PS) after mixer2

in the OEO loop. Thus tuning of the TF-OEO can be either

discrete coarse or continuous fine. Discrete coarse tuning with

tuning resolution of the order of the FSR (a few tens of

kilohertz) can be realized by tuning the frequency of the

LO and continuous fine-tuning can be realized by adjusting

the PS. The tuning range and tuning speed of the TF-OEO is

limited by the RF BPF bandwidth and tuning speed of the PS,

respectively, in the fine-tuning case and by those of the LO in

the coarse tuning case. So using TF-OEO, frequency tuning

with no mode hopping and with fast tuning speed and low

tuning resolution can be obtained.

III. THEORY, RESULTS, AND DISCUSSION

Fig. 3 shows a detailed diagram of the proposed TF-OEO

chosen for analysis. We assume that the microwave signal

around the loop will be a sinusoidal wave with angular

frequency ωRF, amplitude VRF, and phase β which is

vout(t) = VRF cos(ωRFt + β). (5)

That is the input RF voltage applied to the RF input port of

the PM. The electric voltage at the output of the photodetector

(point Y in Fig.3) can be expressed as [37]

vY (t) = Vph[1 − cos(πvout(t − τL)/Vπ,for + �)] (6)

where � is the phase difference between clockwise (CW) and

counterclockwise (CCW) propagating light caused by the bias

unit, Vπ,for is the half-wave voltage of the PM for the CW

(forward) propagating light, Vph is the photodetector voltage

defined as Vph = (1 − L)PinρR/2, where L is the Sagnac loop

loss, Pin is the laser power into the Sagnac loop, R is the load

impedance of the photodetector and ρ is its responsivity and

τL = nL/c is the time delay of the fiber loop, where L is

the length of the optical fiber, n is its refraction index, and

c is the velocity of light in the free space. We assume in our

analysis that all components are working linearly except the

PM which is saturated and limits the amplitude of oscillation.

By substituting (5) into (6) and using the Jacobi-Anger

expansion [62]

eiz cos α =

+∞
∑

n=−∞

in Jn(z)einα (7)

where Jn is the nth order Bessel function of the first kind,

using J−n(z) = (−1)n Jn(z), (6) can be written as

vY (t) = Vph

[

1 − 2

+∞
∑

n=0

(−1)n J2n+1(πVRF/Vπ )

× cos((2n + 1)ωRF(t − τL) + (2n + 1)β)

]

.

(8)

Here we assume that � = π/2 in order to have the highest

small-signal gain (a more detailed discussion is found in [37]).

It is clear from (8) that the output voltage of the photode-

tector consists of the fundamental frequency and its harmonic

components located in different regions of the spectrum, the

so-called zero zone (at low frequencies), first or fundamental

zone (in the vicinity of the input frequency range), and

higher order zones (in the vicinity of the harmonics of the

fundamental) [63].

We assume that the signal of the LO after the equal power

divider is

vLO(t) = VLO cos(ωLOt + ϕLO(t)). (9)

The downconverted signal can be obtained from (8) and (9)

as

vC (t) =
√

Cm VphVLO cos(ωLOt + ϕLO(t))

−
√

Cm VphVLO

+∞
∑

n=0

(−1)n J2n+1(πVRF/Vπ )

× cos((2n + 1)ωRF(t − τL) + (2n + 1)

× β − ϕm − ωLOt − ϕLO(t))

−
√

Cm VphVLO

+∞
∑

n=0

(−1)n J2n+1(πVRF/Vπ )

× cos((2n + 1)ωRF(t − τL) + (2n + 1)

× β − ϕm + ωLOt + ϕLO(t)) (10)
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where Cm is the mixer conversion loss and ϕm is the phase

shift due to the mixer.

The IF BPF is assumed as a general BPF with the following

transfer function:

H (ωIF) = H0/(1 + j Q(ωIF/ωn − ωn/ωIF)) (11)

where ωIF = ωRF − ωLO is the angular frequency of the

IF section, Q is the IF BPF quality factor, and ωn is its

center frequency. If ωIF +ωn ≃ 2ωIF and ωIF −ωn ≪ ωn/2Q

(that is realistic because the center frequency of the IF BPF

needs to be close to the downconverted oscillation frequency),

(11) can be approximated as

H (ωIF) ≃ H0e− jτIF(ωIF−ωn ) (12)

where τIF = 2Q/ωn is the group delay of the IF BPF at

ωIF = ωn . So vC is attenuated by H0 and phase shifted by

τIF(ωIF − ωn). Also, phase transfer function of a general BPF

can be expressed as [54]

B(s) =
1

τIF

s + 1/τIF + �2τIF

(s + 1/τIF − j�)(s + 1/τIF + j�)
(13)

where � = ωIF − ωn . If � ≪ ωn/2Q and ωτIF ≪ 1, (13) can

be approximated as

B(ω) ≃ e− jωτIF . (14)

So the phase of the LO is delayed at the output of the IF BPF

with a value equal to τIF.

At the output of the IF BPF, the fundamental harmonic

is selected and all other harmonics are attenuated due to the

passband behavior of the TF-LNFA around the fundamental

harmonic. So the output signal of the IF BPF is obtained

from (10) as

vD(t) = H0

√

Cm VphVLO J1(πVRF/Vπ )

× cos(ωIFt − ωRFτL − ϕm − τIF(ωIF − ωn)

+ β − ϕLO(t − τIF)). (15)

Transfer function of the IF amplifiers is assumed as

Ha(ω) ≃ Gae− jϕa (16)

where Ga is the amplifier voltage gain, so its output signal

can be expressed as

vE (t) = Ga H0

√

Cm VphVLO J1(πVRF/Vπ )

× cos(ωIFt − ωRFτL − ϕm − τIF(ωIF − ωn)

+ β − ϕa − ϕLO(t − τIF)). (17)

That is upconverted by the mixer2 so voltage at point X in

Fig. 3 is

vX (t) = GL VRF cos(ωRFt − ωRFτL − 2ϕm − ϕa + β

− τIF(ωIF − ωn) − ϕLO(t − τIF)ϕLO(t − τd))

+GL VRF cos((2ωLO − ωRF)t + ωRFτL + 2ϕm + ϕa

−β + τIF(ωIF − ωn) + ϕLO(t − τIF) + ϕLO(t − τd))

(18)

where GL = Ga H0Cm VphVLO J1(πVRF/Vπ )/VRF is the

voltage gain of the fundamental harmonic and where τd is

Fig. 4. Phase-space model for the proposed Sagnac-loop-based TF-OEO.

the time delay in the parallel path from the LO. As already

mentioned, if ωIF satisfies (4), ωimage would not be a possible

loop-cavity mode so it is eliminated, therefore

vX (t) = GL VRF cos(ωRFt − ωRFτL − 2ϕm − ϕa + β

− τIF(ωIF − ωn) − ϕLO(t − τIF) + ϕLO(t − τd)).

(19)

If τd is adjusted such that τd = τIF, then the effect of the

LO phase noise is completely suppressed, so

vX (t) = GL VRF cos(ωRFt − ωRFτL − 2ϕm − ϕa + β

− τIF(ωIF − ωn)). (20)

Hence, to have a sustained oscillation, the Barkhausen

criterion must be satisfied as
⎧

⎪

⎨

⎪

⎩

GL = Ga H0Cm VphVLO J1(πVRF/Vπ)/VRF = 1

ϕ = ωRFτL + 2ϕm + ϕa + τIF(ωIF − ωn)

= 2kπ; k = 0, 1, 2, . . . .

(21)

It is clear from (21) that the frequency of oscillation is

determined by the optical fiber and also by the phase delay due

to the other system components such as IF amplifier, mixers,

and IF BPF.

The frequency fluctuation and consequently the stability of

oscillation frequency is determined by the phase slope of the

loop elements, which here is

dϕ/dωRF = τL + τIF = nL/c + 2Q/ωn . (22)

A. Phase Noise Analysis

In this subsection, the phase noise analysis of the proposed

TF-OEO is presented. Fig. 4 shows a linear time-invariant

phase-space model for the proposed TF-OEO, where �amp(s),

�mix(s), �opt(s) and �LO(s) are the phase noise of the

RF amplifier, RF mixer, microwave photonic link (optical part

of Fig. 2), and LO, respectively.

Phase noise of the output oscillation can be expressed as

a function of the phase noise of the loop components by

applying basic control system theory as

�(s) = H1(s)(�amp(s) + �mix(s))

+ H2(s)(�opt(s) + �mix(s)) + H3(s)�LO(s) (23)
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where H1(s), H2(s), and H3(s) are the phase transfer functions

from the RF amplifier, microwave photonic link, and LO to

the output, respectively,

H1(s) = 1/(1 − B(s)e−sτL ) (24)

H2(s) = B(s)/(1 − B(s)e−sτL ) (25)

H3(s) = (e−sτd − B(s))/(1 − B(s)e−sτL ). (26)

Using (23)–(26), single-sideband (SSB) phase noise at offset

frequency f from the carrier can be expressed as

Lϕ( f ) = |H1( jω)|2Sψamp( f )/2 + |H2( jω)|2Sψopt( f )/2

+ (|H1( jω)|2 + |H2( jω)|2)Sψmix( f )/2

+ |H3( jω)|2SϕLO ( f )/2 (27)

where ω = 2π f is the offset angular frequency. For

ω ≪ 1/τL and ω ≪ 1/τIF (close-to-carrier phase noise)

and assume negligible IF-LO delay mismatch, i.e., τd ≈ τIF,

(27) can be approximated (see the Appendix) as

Lϕ( f ) = (1 + ( fL/ f )2)(Sψamp( f ) + Sψmix( f ))/2

+ ( fL/ f )2(Sψopt( f ) + Sψmix( f ))/2 (28)

where

fL = 1/(2π(τL + τIF)) = fRF/2Qeq. (29)

As it is clear from (28) and (29), this model of phase noise

is reminiscent of the well-known Leeson’s model [63]. Hence,

fL will be the Lesson frequency and the differences are that:

1) here the equivalent quality factor (Qeq) contains the effect

of the optical fiber and the IF BPF simultaneously and 2) the

noise due to the optical part (high-Q cavity) is also considered

in the model.

The noise spectral density of the RF amplifier can be

expressed as

Sψamp( f ) = b0 + b−1/ f (30)

where b0 = FkB T0/PRF is the RF amplifier white noise,

F is its noise factor, kB = 1.38 × 10−23 J/K is Boltzmann’s

constant, T0 = 290 °K is the ambient temperature, PRF is

the oscillation power, and b−1 is a constant coefficient that

represents the phase flickering of the RF amplifier. Noise

spectral density of the RF mixer can also be expressed as (30).

The noise spectral density of the microwave photonic link

contains three dominant noise sources, laser relative intensity

noise (RIN), shot noise, and thermal noise so it can be

expressed as

Sψopt( f ) = (kB T0 + 〈ID〉2 Nrin R + 2q〈ID〉R)/PRF (31)

where 〈ID〉 is the average photocurrent, Nrin is the laser

RIN, and e = 1.6 × 10−19 c is the charge of electron.

Fig. 5 shows the predicted phase noise, for the components

discussed in the following section (amplifier with phase noise

of −110 dBc/Hz at 1 Hz offset frequency, laser with RIN

of −125 dBc/Hz at 100 MHz offset frequency, photodetector

with a responsivity of 0.4 A/W, IF crystal filter with 3 dB

bandwidth of 15 kHz and center frequency of 158.55 MHz

and an a 500 m long single-mode optical fiber). As shown

in this figure the predicted phase noise is compared with the

Fig. 5. Phase noise of the output microwave with 10.833 GHz oscillation.
Measured phase noise (black solid line), analytical prediction (gray solid line),
analytical prediction with the state-of-the-art components (gray dashed line),
and measured LO phase noise (black dashed line).

Fig. 6. Photograph of the developed TF-OEO.

Fig. 7. Photograph of the developed TF-OEO with the measurement
equipment.

measured result and with the predicted ultimate phase noise

using state-of-the-art components. A more detailed discussion

on this figure is found in the following section.
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Fig. 8. Measured output spectrum at 10.833 GHz with OEO (top) and TF-OEO (bottom) with a frequency span of (a) 10 GHz, (b) 2 MHz, and
(c) 500 kHz. RBW: resolution bandwidth.

IV. EXPERIMENT

A setup was performed to measure the performance of the

proposed TF-OEO based on the structure shown in Fig. 2.

A photograph of the developed TF-OEO is shown in Fig. 6.

A continuous-wave light at 1030 nm with 20 dBm power from

a laser diode (TOPTICA PHOTONICS DL pro 1040) is sent

into the fiber Sagnac loop. An optical isolator (FI-1060-5TI

OEM) is used after the laser to avoid back reflections to the

optical source. A 20 GHz bandwidth LiNbO3 electrooptic PM

was put inside the Sagnac interferometer. The nonreciprocal

bias unit is performed in free space using two oppositely

oriented 45° faraday rotators (EOT HP-04-R-1030) on both

sides of a quarter-wave plate (Thorlabs WPQ05M-1030).

The optical delay is provided by a 500 m, single-mode

optical fiber. We used a 15 GHz bandwidth InGaAs

p-i-n photodiode-based detector (EOT ET-3500F) with a

responsivity of approximately 0.4 A/W at 1030 nm. The

narrow-band IF crystal filter (from AXTAL) with center

frequency of 158.55 MHz and 3 dB bandwidth of 15 kHz

has been used. It is worth mentioning here that since we did

not have the components at low loss window of optical fiber

(1550 nm region) at our laboratory, the experiments were

instead performed employing normal components at 1030 nm.

The output electrical spectrum of the TF-OEO is measured

by an Agilent N9030A PXA signal analyzer (with the setup

shown in Fig. 7) with a span of 10 GHz at 10.833 GHz that

is shown in Fig. 8(a) and compared with the output spectrum

of the conventional OEO [37]. A focus of the spectrum with

a span of 2 MHz and 500 kHz is shown in Fig. 8(b) and (c),

respectively. It is clear from these figures that the spurs are

completely eliminated and the linewidth is decreased.

The SSB phase noise of the output oscillation is measured

by an Agilent E5052B signal source analyzer along with

Fig. 9. Phase noise of the output microwave with 10.833 GHz oscillation.
OEO (dashed line). TF-OEO (solid line).

an Agilent E5053A downconverter (with the setup shown

in Fig. 7), with the result shown in Fig. 9. As shown in

this figure, the phase noise is −120 dBc/Hz at 10 kHz

offset frequency from 10.833 GHz carrier. It is clear that

the spurs are completely eliminated. The peak around

270 kHz offset frequency is from LO. The phase noise of

the TF-OEO is also compared with that of the conventional

OEO [37] in this figure. The phase noise is reduced due to

the Q-factor enhancement. From (29) the equivalent Q-factor

is proportional to the total group delay of the loop. So using

(28) and (29) it is obvious that the near-carrier phase noise of a

TF-OEO decreases by 20 log((τL + τIF)/(τL + τRF)), com-

pared to that of a conventional OEO, (where τRF is the group

delay of the RF BPF inside the loop of the conventional OEO).
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Fig. 10. Phase noise of different types of ultrapure microwave oscillators
with an oscillation frequency of 10.5 GHz.

Fig. 11. Measured spectrum of the output microwave at different frequencies
with a tuning step of 1 MHz; RBW is 150 kHz.

The phase noise can be more decreased using a few kilometers

fiber loop at 1550 nm wavelength and using photodetector,

amplifiers, and mixers with lower flicker coefficients and laser

with ultralow RIN, but this was not the objective of this paper.

The measured phase noise is also compared with the

predicted phase noise, predicted ultimate phase noise using

state-of-the-art components, and LO phase noise in Fig. 5.

The predicted phase noise is calculated using (27), datasheets

of the above discussed components, and measured phase noise

of the LO. Below a few kHz offset frequencies, the measured

phase noise is poorer than the predicted one, which may be

caused due to the flicker noise of the photodetector [64] or

AM-to-PM conversion in photodetector [65], and also due

to the random-walk and frequency drift induced by environ-

mental factors such as temperature fluctuations and vibration.

As shown in this figure, there is a flat noise floor at high

offset frequencies (>1 MHz), which is coming from the high

frequency noise of the loop components and laser that contains

three dominant noise sources, laser RIN, shot noise, and

thermal noise. For our TF-OEO, the dominant noise source

at high offsets is the RIN of the laser that limits the noise

floor of the TF-OEO. Far-from-carrier phase noise of the

proposed TF-OEO can be more decreased by employing low

noise components.

Fig. 12. (a) Long-term frequency drift measurement results over 60 h
(±0.05 ppm maximum deviation over 60 hours). (b) Fractional frequency
stability (overlapping Allan deviation) based on the measured result in (a).

The following data have also been used for the prediction

of the ultimate phase noise using state-of-the-art components

(in Fig. 5). Close-to-carrier phase noise of the TF-OEO

is limited by the amplifier flicker noise and photodetector

AM-to-PM conversion. So, using ultralow phase noise

HF/VHF amplifiers (such as API Technologies (formerly

SpectrumMicrowave) amplifiers with phase noise of

−160 dBc/Hz at an offset of 10 Hz), an ultralow RIN laser

(such as Orbits Lightwave Ethernal SlowLight Lasers with

−138 dBc/Hz and −165 dBc/Hz at 1 kHz and 100 MHz offset

frequencies, respectively) and a photodetector with low power-

to-phase conversion factor (such as modified unitraveling

carrier (MUTC) photodiodes with α < 0.1 rad [65]–[67]), the

close-to-carrier phase noise can be reduced tremendously.

It is also clear from (31) that signal-to-noise ratio deter-

mines phase noise floor, which is the ratio of the ther-

mal noise, shot noise, and RIN to the microwave power.

Besides, for high-power photodetectors, RIN is the dominant

source of noise. So, using a high-power photodetector (such

as MUTC photodiodes with RF output power of the order
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of +14 dBm [66], [67]) and an ultralow RIN laser, phase

noise floor can be improved.

The predicted ultimate phase noise using state-of-the-art

components of the proposed TF-OEO is compared with

those of different classes of ultrapure microwave oscillators

in Fig. 10. As shown in this figure, the phase noise of the

proposed TF-OEO is comparable to the ultralow phase noise

of the state-of-the-art microwave oscillators.

Tunability of the oscillation frequency of the proposed

TF-OEO is then investigated. The tuning is realized by tuning

the frequency of the LO. The superimposed spectrum of the

output microwave oscillation with the frequency tuning within

15 MHz range is shown in Fig. 11. The tuning range is almost

the same as the bandwidth of the RF BPF.

The long-term stability is also investigated. To do so, the

system is allowed to operate in a room environment for a

period of 60 h. Fig. 12(a) shows the measured long-term

fractional frequency drift that is ±0.05 ppm maximum frac-

tional frequency deviation over 60 h. The fractional frequency

stability (in terms of overlapping Allan deviation [68]) we also

calculated using the measured frequency drift, which is shown

in Fig. 12(b). This figure shows the drift of 1.6 × 10−9 at 1 s

and 8.7 × 10−9 at 1000 s averaging time. The frequency drift

of the TF-OEO is limited by the temperature sensitivity of

the optical fiber and selection filter which can be improved

using a phase lock loop to dynamically compensate the phase

fluctuations [14], [44]–[49].

It appears that there will be a tradeoff between phase noise

and stability if the fiber length is increased (i.e., phase noise

improved, stability reduced). But, using a phase lock loop to

dynamically compensate the phase fluctuations [14], [44]–[49]

due to the optical fiber length fluctuations, the both phase

noise and frequency drift can be improved if the fiber length

is increased.

V. CONCLUSION

In this paper, a novel structure that can realize a bias-drift

and spurious free tunable OEO with low phase noise has been

presented. It is based on two new structures: 1) a subsystem

comprising a Sagnac fiber interferometer, a traveling-wave

optical phase modulator, and a nonreciprocal bias unit that

function jointly as a bias-drift free amplitude modulator

and 2) a TF-LNFA that replaces the RF filtered amplifier.

The performances of the proposed TF-OEO were studied

by developing a theoretical model. An experiment was

performed. Pure microwave oscillations with no spurs are

generated. Frequency of the generated microwave oscillation

was tuned within 15 MHz range (depends on the bandwidth

of the RF BPF). Phase noise of the generated oscillation

was −120 dBc/Hz at an offset of 10 kHz from 10.833 GHz

carrier, with 36 fs RMS timing jitter integrated from 1 kHz

to 10 MHz. The phase noise can be decreased using a fiber

with longer length and a laser with ultralow linewidth and

RIN. Long-term frequency stability measurement shows

±0.05 ppm maximum deviation over 60 h, which is mostly

limited by the drift of the optical fiber delay. The calculated

fractional frequency stability (in terms of overlapping Allan

deviation) is of the order of 8.7 × 10−9 at 1000 s averaging

time. The frequency drift of the proposed TF-OEO can be

further decreased by thermal stabilization of the optical fiber

delay or using other length stabilization techniques.

APPENDIX

In this Appendix, the expressions for |H1( jω)|2, |H2( jω)|2

and |H3( jω)|2 are derived that are used in Section III-A.

In (13), assuming � = 0 (the oscillation frequency falls on

the center frequency of the IF BPF) and substituting it into

(24) and (25) yields

|H1( f )|2 =
1 + ω2τ 2

IF

2 − 2 cos(ωτL) + ω2τ 2
IF + 2ωτIF sin(ωτL)

(32)

|H2( f )|2 =
1

2 − 2 cos(ωτL) + ω2τ 2
IF + 2ωτIF sin(ωτL)

(33)

where ω = 2π f is the offset angular frequency. For ω ≪ 1/τL

and ω ≪ 1/τIF (close-to-carrier phase noise) the following

approximation can be used:

sin(ωτL) ≃ ωτL, cos(ωτL) ≃ 1 −
ω2τ 2

L

2
. (34)

Substituting (34) into (32) and (33) yields

|H1( f )|2 =

(

1 +

(

fL

f

)2
)

(35)

|H2( f )|2 =

(

fL

f

)2

(36)

where fL is shown in (29). Assuming negligible IF-LO delay

mismatch, i.e., τd ≈ τIF and substituting (14) into (26) yields

|H3( f )|2 ≈ 0. (37)
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