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Abstract—The design of ultra high Q factor fiber ring
resonators is described. The resonators are characterized with a II.  OEOBASED ONFIBER RING RESONATORS

microwave frequency modulation technique, which alows a The fiber ring resonator structure is depicted in Figure 1. It

precise measurement of their performance. Optoelectronic  ,ses one or two optical couplers, preferably two if a filtered

gcs)‘r:r':lzlroéjtgrt‘;éT‘:ulrtiaé';f;h;hﬁit%hﬁ;%s?ang?g;”a‘ir'5 output is needed (resonator used in transmission ndtie

and the relatively high intra-cavity bandwidth nois s discussed, | Parameters which can be optimized to get the desired Q factor
and insertion losses values are the coupling coefficients (and

- I : : B couplers residual losses), the residual losses of all the elements

rwﬁ%?rgsti_cﬁ |f(?[)c;\;\€agﬁ:sp:|nc§i,sgptoelectromc oscillator; optical of the loop (including fiber splices) and the fiber type. Of
course, a trade-off has to be found between high Q factbr an
low insertion losses.

. INTRODUCTION

In the field of low phase noise microwave sources, the
opto-electronic oscillator (OEQ) is now very popular. Since the Input signal 1y
flrs@ dela}y line feedback OEOs in ti®Ds [1,2], pased on a,— K Wym =b, )
optical fiber spools of a few kilometers, the design of these 8 "1 b, Absorpiion
systems has evolved towards more compact oscillators based . eW/’ V
on optical resonators. These resonators can be whispering /
gallery mode resonators, such as mini disk monocrystaline v
resonators [3-5], passive fiber loop resonators [6,7] orectiv Isolator {optional)
fiber loops resonators, i.e. coupled optical and electronic ISL T
oscillator (COEO) [8,9]. l ﬂ‘_' ” U /

A /

Recent work [7] has shown the capability of fiber ring ) L v \“wwe«/
resonators (FRRs) of featuring very high optical quality factors R —T T e w,  "han
(Qop). These FRRs are compact and easy to use. However, _ -
their high guality factor, combined with significant intra-cavity Figure 1 : Fiber ring Resonator topology

power enhancement factor, lead to the generation of nonlinear Tne previously realized ring resonators were in the range of
optical effects inside the resonator, especially Rayleigh anflg m to 100 m length. Because it is the optical resonator
frequency of an optoelectronic oscillator (OEO), thesgne microwave Q factor of the OEO is degraded by the ratio of
nonlinear optical effects degrade the OEQ phase noise. In ordge microwave to optical carrier frequency, which is about
to ellmlnate a great part of these effects, an optical isolator ha$) o0 for a 10 GHz application (optical carrier at 194 THz, or
been inserted inside a 100 m long FRR that featuregh@Q 1550 nm) . Therefore Q must be higher than 1@ order for
210°. The use of this FRR to stabilize the frequency of anis technology to be competitive with the best microwave
10GHz OEO has resulted in a phase noise level as low @gsponators, which means a fiber ring larger than 10 m and a
-52 dBc/Hz at 10 Hz offset frequency [7]he investigations |ow coupling factor, or a fiber ring of 100 m if lossy elements
described in thls paper tried to.extend the performance of sughe included in the loop. With this approach, most of our
a system to higher Q factors, in order to reach a lower phaggsigns were based on 20 m fiber rings, featuring Q factors of
noise level for the OEO. However, even if we have beempout 310°, using either SMF fiber or PM fiber. A 100 m ring
successful in increasing the Q factor of our resonators aboygs also been designed, using PM fiber and including an
1(?10, the resulting phase noise is hig_her than th_e one obtaingg|ator in order to prevent the growing up of Stimulated
with the resonator with £ of 210°. This problem is discussed Byjllouin Scattering (SBS), which appears at relatively low
and some hypothesis on the origin of this noise are given. input power because of the large intra cavity power
enhancement factor inside the resonant loop.



These resonators have been used to stabilize various OE@8. m FRR OEO. The phase noise of this oscillator is only
All the OEOs have the same topology, which is described ifimited by the RF amplifiers phase noise, and the measured
previously published papers [7,10] and depicted in Figure Zpectrum can be described by a Leeson type approach.

The laser is first locked to the resonator frequency thanks to a

Pound Drever Hall (PDH) feedback loop ; the oscillation is . ULTRA HIGH Q RESONATORS DESIGN

started thanks to a second loop which is a microwave loop , ,

including one or two amplifiers, a phase shifter and a dielectric  Our goal was then to increase again the Q factor of our

resonator filter centereat 10.2 GHz. FRR, above 18 (which means an equivalent Q factor at
10 GHz above 500 000). To this purpose, two ways can be

LFloop: PDH followed : realizing a 100 m long FRR without isolator in the
F’"J‘ loop, or realizing a much longer FRR, such as a 1000 m FRR,

Py | and keeping the isolator which prevents some of the optical
) LA ) nonlinear effects (particularly the growing up of SBS).

@ Lam—on MZ.M @Giod o In such a design, a trade-off has to be found between Q
—

factor enhancement and the optical losses through the resonator
(high Q means low coupling, which induces losses). Optical
/\ @ losses higher than 5 dB means RF losses higher than 10 dB,
BRI aseshifter which are added to the losses of the microwave to optical and
V optical to microwave conversion which are generally high. We
have thus chosen to limit optical IL to alo5 dB. The
resonator is modeled either using an equivalent circuit
approach on ADS software, or using a dedicated Matlab
—=24 approach (both give the same results). The resonator
i performance is simulated varying the coupling factors of the
Phase noise measuremer optical couplers (the other parameters being the residual losses

Figure 2 : OEO topology, including a PDH laser stasiion loop and an ~ Of the optical devices provided by the devices manufacturers).
microwave oscillation loop.

Mode selection
Microwave output Fiber only
HF loop : OEO

Spectrum analysis

For the 100 m resonator without isolator, a coupling factor
The phase noise results obtained on 10.2 GHz OEQsose to 1 % meets our requirements in Q and insertion losses
realized using this system are depicted in Figure 3. In eaqliL). In the case of the 1000 m resonator, a coupling factor of
case, the oscillator system is the same and only the opticabout 10 % is necessary to maintain relatively low This
resonator is removed and replaced by another. Three types gfupling factor also corresponds to the maximum intra cavity
resonators are used in the OEOs described in this Figure pawer enhancement factor.
mini-disk of Cak, a 20 m ring resonator (two spectra plotted, ) ) i
for different optical input power in the resonator) and the The resonators have then been realized, and included in

100 m ring resonator which includes an isolator. metallic t_)oxt_es v_vith passive th.erme.xl isolation. The .d_evig:es
characterization is performed still using the PDH stabilization
10 loop : the laser is stabilized on one resonance, and the lateral
ST WG Caf; 5 mm resonator (12.5/GHz) resonances are measured using a microwave vector network
;g ) analyser (VNA), i.e. the green loop in Figure 2 is replaced by
.30 MAq '.h I 20m FRR with optimized coupling (10.2|GHz) the VNA.
< 40 . % \ in the presence of SBS _ _ o _
z o ‘V“EJ M otk — L Figure 4 depicts the transmission curvg;®btained on
L 0. Mand, T, ﬂ‘\‘ #9m PRR with limid SBS|19.3 GH2) the 100 m resonator (actually, more precisely, ia 520 m
g 70 N ;::A'\;l}\\\/ resonator). A @, of 1.25 16° has been measured, with optical
% gg W NN N , IL of 7.5 dB (a bit degraded compared to our simulation).
£ -100 j;\“»\{q\“ \\\ Aw” W Figure 5 depicts the same measurement performed on the
-110 NN W ‘«\\ 1000 m resonator. In this case, gu@f 1.7 18° has been
o il NN N I reached, with optical IL of 4.1 dB, which was perfectly in
o | Oplimised f00M IFRR (102 G | ||| Wiy agreement with our simulated data. The measusgcplsase
150 ¥t curve is also depicted in this figure (it is this parameter which
10 100 1 'gggq uency(ﬁozfoo 100000 10000 stabilizes the oscillator), and the high slope looks very clean

and can be easily measured using our microwave modulation

Figure 3 : Phase noise of previously realized OEOs, igidivith the  technique.
same PDH circuit, including one OEO based on a,@aifi-disk (Q = 16),
one OEO realized with a 20 m FRR (Q = 3.8)2hd one OEO stabilized with o
a100 m FRR which includes an isolator (Q = .10 IV. OEGs WITHQ IN EXCESS OFL0

The best result is obtained with the 100 m FRR QEO These two resonators have then been included in the OEO
featuring 52dBc/Hz at 10 Hz offset, and -128 dBc/Hz at System described in Figure 2. A 10.2 GHz oscillation has been

10kHz. With this resonator, we have been able to remove thebtained, and its phase noise has been measured.
main nonlinear optical effects limiting the performance of the
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200 kHz, which means that the dielectric resonator filter is no
more sufficient to filter only one resonant mode. However, at
low optical power, we still were able to get a single oscillation,
even if the lateral modes can be seen on the spectra every
200 kHz offset.

For this 1000 m FRR OEO, the best phase noise results is
-27dBc/Hz @ 10 Hz and -105 dBc/Hz @ 10 kHz, which is
still far from the best result described in section Il. The reason
may lie in two points : either the 1000 m section between two
isolators is too large to prevent the built up of Rayleigh
scattering noise, or a polarization noise is predominant because
conventional SMF fiber has been used in this design instead of
PM fiber (because of the cost of 1000 m PM fiber).
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Figure 4 : Measurement of the transmission resporesel@e2 GHz of the
120 m resonator, using the PDH lock and a frequencyulatioh approach
(microwave network analyser).
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Figure 5 : Measurement of the transmission responstneofl000 m

Figure 6 : Phase noise of the 10.2 GHz OEO based di2then resonator

(Q = 1.25 16). The two curves correspond to two different loopapeeters.
A large increase of the noise is clearly seen insidedsonator half bandwidth.

resonator, using the PDH lock and a frequency madulapproach (vector
network analyser). The measured Q factor and IL mithis case identical to
the ones simulated. The;Shase response is also depicted imftjure.

The phase noise of the 120 FRR OEO is depicted i
Figure 6. As shown in the figure, a sudden increase of the noi
is observed inside the resonator half bandwidth. We wer
expecting such a phenomenon, because this resonator is
protected against optical nonlinear effects, and the intra cavi
power enhancement factor is huge. We have attempted
reduce its influence by reducing the resonator optical inpd
power, but the best phase noise level we could get with th
PDH locking still going on was -40 dBc/Hz @ 10 Hz, which
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has to be compared to the -52 dBc/Hz @ 10 Hz obtained witr
the preceding 100 m FRR with a Q factor 6 times lower (but
made of PM fiber and including an isolator).

Figure 7 : Phase noise of the 10.2 GHz OEO based oriGb@é m

resonator (Q = 1.7 0. Again, a large increase of the noise is clearnse
inside the resonator half bandwidth, in spite ohttempt of reducing the intra

We were more confident in the 1000 m FRR OEO, becau&l‘@"ity power (the three spectra presented correstuodidferent optical power

of the isolator in the loop, but once again a sudden increase
the noise is observed inside the resonator half bandwidth, has
shown in Figure 7. Also shown in this figure is the effect of a

V.

8¥els at the resonator input).

CONCLUSION

reduction of the resonator input power : the changes observed QOptical resonators with Q factor in excess of tave been

in the carrier to noise ratio outside the resonator bandwidth aggiccessfully designed and realized using the fibeg ri
proportional to this power, but the phase noise improvemenksonator approach. The stabilization of a laser on one
inside the cavity is not (but there is effectively an improvementesonance has been demonstrated, using the Pound Drever Hall
at low power). The FSR for this resonator is also very small :



technique. The measurement of the resonators characteristigs P-H. Merrer, K. Saleh, O. Llopis, S. Berneschi, FsiC. Nunzi

havethus been performed thanks to a microwave modulation
and a vector network analyser. The measured data (Q factor,

insertion losses, out of band rejectiopare very close to the
simulated data for these ultra high Q resonators.

OEOs have then been realized with these two resonators
and an approach based on the PDH laser stabilization on the
resonator. The measured phase noise spectra show a sud

Conti, “Characterization technique of optical whispering gallery mode
resonators in the microwave frequency domain for opttreleic
oscillators”, Applied Optics, Vol. 51, Issue 20, pp. 4742-4748, July
2012.

P. H. Merrer, A. Bouchier, H. Brahimi, O. Llopis, a@d Cibiel, "High-
Q Optical Resonators for Stabilization of High SpalctiPurity
Microwave Oscillators”, proc. of the 2009 IEEE EFTF-IFCB, §66-
869, (2009).
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increase of the noise inside the resonator half bandwidth, which based on fiber ring resonator: overall system optintiratind phase

is the signature of a noise induced by the resonator itself.

Further studies will try to cancel this parasitic noiseg
contribution, and also to improve the performance of the best
OEO realized up to now, which was based onl&’2) factor

resonator.
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