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Arbitrary Spedral Syntless and Wavefan
Generation with HiBi Fiber Loop Mirrors

Haijun He, Li-Yang Shao, Chaoakg, Bin Luo, Xihua Zou, Xinpu Zhang/Vei Pan, and LianginYan

Abstract—An arbitrary spectral synthesis scheme with
parallel-connecting high-birefringence fiber loop mirrors
(HiBi-FLMs) based on Fourier synthesis theory has been
proposed and demonstrated. Three typical spectra of
triangle, rectangle and sawtooth shape have been
synthesized by implementing only four HiBi-FLMs. The
experimental resultsarein good agreement with theoretical
simulations with a goodness of fit of 0.9565. Furthermore,
higher precise optical spectrum with narrower bandwidth
can be obtained by adopting longer polarization-
maintaining fiber and more sectionsof HiBi-FLM s. Besides,
a typical application of arbitrary waveform generation has
been implemented. By incorporating with frequency-to-
time mapping, triangle- and sawtooth-shaped electrical
pulses with repetition rate of 1 GHz and pulse width of

~860 pshave been generated.

Index Terms—Fiber optics, Polarization-maintaining Fibers,
Sagnac effect, Arbitrary spectral synthesis, Arbitrary waveform
gener ation.

|. INTRODUCTION

ptical fiberloop mirror with high-birefringerce fiber has

attractedmuch attention dueo its unique advateges of
simpe designgase of maufacture, low insetionloss and god
compatibility with otler sygems. In the past fewetales,
high-birefringerce fiber loop mirror (HiBi-FLM) has ben
studied itensively and widely pplied in many fields sch as
fiber comb filters [1-B all-optical dgnal processng [4,5,
multi-wavelength fiber lasef$], gain-fattening ebium-doped
fiber amplifier (EDFA) [7], optical fiber sensrs [8,9] and
phaonic generation of arbitrary microwave waveforr§,[L1].
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Especially, theHiBi microfiber and silicon phtonics makeit
tremendougpatential for manufacturing micro phdonic devices
[12,13.

For phdonic arbitrary wavdorm generation, &HiBi-FLM
uswally acts as a spectrum shaper, which idofeed by
frequency-to-time maping (FTTM) in a dispersiorelementto
generate mitrary microwave waveformslp]. Therefore, the
spectrum shagy is a key comonent in FTTM-based photic
arbitrary waveform genetion. Although a mgle-secion
HiBi-FLM [10], cascaded multi-sedion HiBi-FLMs [14,15]
and FLM incoporating a clirpedfiber Bragg grating [16] were
adopted, all of these pproachesare onlycgpalle of geneating
some spdfic spectrum shapes.

In this work, we popose and demonstrate a mbarbitrary
spectral gnthesis method with parallebaonecing HiBi-FLMs
based orFourier g/ntheds theory. Alttough Fourier transfion
syntheds has been explored inarvenrtional optical abitrary
waveform generatiofOAWG) by tailoring the individal
frequency comb liasof ultrashet optical pulses [1], there are
few reports aout directoptical spectrum shaping (espdtja
for arbitrary optical spectrum). Besides, tbgtical spectrum of
the cowvertional OAWG is conposed by many discrete
spectrallines. Different from the anventional OAWG, the
propogd parallel-coinecing HiBi-FLMs can gntheske
continwous optical spectrum wh arbitrary shag. To verify the
feasibility of the poposed technige, four parallel HiBi-A-Ms
have keen constructedto synthesize three typical spectra
including triangle, rectangle and dawoth shapes. The
goodness of it between the testresults and theoretal
simulations reacks up to 0.9565. Besidedemporal abitrary
waveforms can be generated impaating FTTM cawverson.
Triande- and sawooth-shapedemporal waveforms haveden
generatedn experimeh Therefore, the propes methodcan
synthesize &bitrary optical spectra and generatebigrary
tenporal waveformas well. Except for the pheonic arbitrary
waveform generation, éproposed optical spectrum synthés
provides a promising solution for customizegtical filtering,
suchasbardpass filter, edge filter and athelements.

Il.  PRINCIPLE OF THE ARBITRARY SPECTRAL SYNTHESIS

The cawvertional HiBi-FLM includes a broaband light
source, a 3-dBinge mode coupler, golarization cotroller
(PC) and a piece gfolarization-mairtaining fiber (PMF) [§.
The transmgdon function of the HiBi-FLM is
T=A2[1+cos(p)]. ¢=2zBL/). is the phase, B is the
birefringerce of PMF, L is the lengh of the PMF,1 is the
wawvelength, Arepresents the extinction coefficigrmvhich can


mailto:bluo@home.swjtu.edu.cn

be ured from Oto 1 through adjustingPC. Becaise of A=c/f,

the phaseterm can be rewrittenas ¢p=2zBLflc (f is the
frequency of ight, c is the \elocity of light in vacuun.

Therefore, the transsdon function of angularréquency (@,

w=2rf=2rc/A) can be describedas T(w)=A/2[1+cos(tw)], t
equalsto BL/c, BL represets fibers property. Orce the tpe
and length of PMF are determined, is unchangd when the
fiber loop exidsin a constant efmonmern.

Accordingto previous reports, the phase’ canbe deried
from ¢ when BMF is tuned by strain, temperata and torsion
[8,9]. So, the derigd phase caberewritten asp '=¢p+4¢ (¢ is
much larger than 4¢). Replacingy with tw, the transngson
functioncanbe describeds

(1)

Obviously, the trasmission function Tg) is a standard
cosine function. But the viable in T(w) is argular frequencyw

T(®)= ?[1+ cos(t + AQ)]

not time t. Accordingto Fourier syntheis theory, the sinusoidal

functionis the fundamental conditiolo conposean arbitrary

function In time domain an arbitrary sgnal S() can be
generated through integratingysals with basic fequencywo

and different harmda frequencies wo. Similarly, abitrary
frequency spectrum &{ also can be gnthesized with bas
time % and sevel harmoric time ng, which @rrespondo the
basic fequencywo and harmoit frequency o in time donain,

respectively.
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Fig. 1. The schandic diagram © arbitray spectral sythesis \ith
paallel-connecting HiBi-FLMs. A;: the amflitude of transmission furton; &;:
the phase of transmissiomftiion; L;: thelength of PMF.

Accordingto the dove analysis, @itrary spectrum can be
synthesized tilizing seveal parallel-onnecing HiBi-FLMs
(whose trasmission spectra aréepdard cosineunctions) with
assignedampitudesand plases. As shown in left side &ig. 1,
HiBi-FLMs have dfferent free spectrumrange (FSR) of the
transmission spectra due toffefient lagh of PMFs.
According to the equation of t=BL/c, the basic timg) (&nd
harmoric time (nt) canbe cotrolled by adjusng thelength (L)
of PMFs. Besides, #phaseard amgitude of eachHiBi-FLM
canbe independently adjuste@dause of parallel canecton.
The transmission function rof theHiBi-FLMs array can be
describedas

Ts)=A+ zizn:A cos(fo +Ag;) )
Niy

where A=(Ai+...+A+... +A)/2n, 4¢i is the phase variation, A
and 4¢;i can be adjusted ith PCs n is the number of the
HiBi-FLM, i is the sequare number ofHiBi-FLM, t; equalsto
BLi/c. Obvously, the trasmission finction stisfies the Fourier
syntheds theory suh that arbitrary spectrum d can be
adhieved (asillustratedn right side of Fig. L

EXPERMENT AND DISCUSSION

In orderto verify the feawbility of the ppposed schene, four
parallel-onnecing HiBi-FLMs have leenadopted. Figure 2(a)
is our experimental setupo synthesize rbitrary optical
spectrum. A brodband light source BBS) is splt into four
branchesthrough a &4 (25:25:25:25) optical coupler(OC) ard
then & of them are injeced into fou parallel-©onnecing
HiBi-FLMs. TheHiBi-FLM is conposed by a 3-dB OC, a PC

ard a piece & PMF with dfferert length At last all
transmission spectra of differdfiBi-FLMs are irtegrated by a
4x1 OC andobsenedwith anoptical spectrum anaer (OSA,
Yokogawa, AQ6370D).
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Fig. 2. Expemental ®up. @) The schematic of arltrary gotical spedrum
synthesis; lf) thesetup of comerting opticalspedruminto tempoal waveform.

A Optical Spectal Synthesis
Tabe 1. Theampltudeand phase arrapf the HBi-FLMs.

Spectral Shape Triangle Rectangle Sawtooth
Fiber length 1-3-5;7-m 1-3-5;7-m 1-,2-,3;4-m
Amplituderatio 1,1/9,1/25,149 11/3,1/5,1/7 11/2,1/31/4
Assgned phase 0,0,0,0 0,7, 0,7 0, w2, m, w2

In our experiments, three typilcspectra inluding rectangle,
triande and sawooth shapswere implementedo verify the
effediveness of the pposed gpproach. Table 1 presets the
key parameters of the ed HiBi-FLMs, which inclucs the
fiber length of PMF, the amegonding ampitude ratio and the
assigned phase otach HiBi-FLM. Here, the AMF is fabricatd
by YOFC wih precise fibetength ¢0.05 m for each PMF) and
its phase radal birefringerce By is about 6.0x10* It shoud be
noted ttat both the amptude and phase of HiBi-FLMs can be
tuned though adjusting tke state & PCs. To adjus the
amgitude and phase precisely, theoreticaluation hasbeen



implementedto guide the adjustment. Thenuilation is also
exeautedacordingto Talde 1 andit presents the details ofda
transmission spectrum clearly. Thanabe processs are as
follows. Firstly, we dd theaetical simulationsacrdingto the
target spectrum andbtained the corresponding transsdgion
spectra, as illustrated in Fig. 3. Then, weobtained the
maximumtransmsson power of theHiBi-FLM1 by adjusting
PC1 and recoetl the maximum poer (A1) and corresponding
phase ¢1). At last, the amiptudesand phases of anahthree
HiBi-FLMs were tined through adjusing PCacordingto the
phase detaih Fig. 3 and the ratio with/Ashown in Take 1).
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Fig. 3. The theaetical simulations. &) The triangle, b) rectargle and (c)
santoath optical spedrum, respectively.

After elaborately adjusting the amplitude and phaseah
HiBi-FLM acording to above praesss, the experimental

results are illustrateish Fig. 4. Besides, theoretical simulations

(blue-solid lire) have been executedo compare with
experimentatesults (red-solid line). In order to contrast them
adequately, all re$ts shownin Fig. 4 are normalized. Figel
4(a) shows the treamissionspectrum of the basic HiBi{EM

(consistng of 1-m PMF), whthis a standard cosénspectrum.

rectangle-shagd optical spetrum and the passband ofcka
rectangle shapeis ~1.95 nm. TheER of ~5.13 dBis slightly
smaller than the estimatioralue (~5.43 dB) and the GoF
between the experimental rétsand theoretical simulatiois
0.9357. Another sawooth-shajgd optical spectruns depicted
in Fig. 4(d) and thdull bandvidth of eachsawooth-shagd
optical spectrunis ~3.9 nm. TheER and GoF are ~8.01 dB (the
estimatedERis ~8.12dB) and 0.985, respectively.

Although the obtained ERs are lowin rectangle- and
sawooth-shapd spectra, they are extraordinariglose to
theoretical alues. Besides, allysthesized spectra ahe good
ageement with theoretical simulationsapt for the last two
periods (from 4543 nmto 1550 nm), asillustrated in Fig. 4(b)
to Fig. 4(d. Thatis caused by imprecise lagths ofHiBi-FLMs
and can be nitigated by using me acarate HiBi-FLMs or

longer PMF.
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Fig. 4. The compaison of experimental reut (Exp. Res.) ad theaetical
simuation (Thea Sim.). @) The transmissiorspedrum of thebasic HiBi-FLM
(which is camposed by 1-m PMF); b) triangle-, €) rectamle- and ¢)
santooth-shaped optical sgrum, respectively.

B. Arbitrary waveform generation

The estinction ratio (ER, defied by the ratio of the maximum  The pr@osed optical spectrum syntss method has many
and minimum trasmission power) and the FSR of the basicPotential goplications suches bardpass filter, edge filter and
HiBi-FLM are 28.95 dB and ~® nm, respectively. Bire 4(b) abitrary waveform generation (AWGgt al. To verify its
shows the synthesized trigle-shajed optical spectrum and its typical gplication, tenporal AWG have leenimplemented

corresponding numerical simulatidhcanbeobsenedthat the

full bandwdth of the triangle-shagul optical spectrums ~3.9

nm (agreeing wé with the FSRin Fig 4(a)) and theER of the

synthesized spectrum reaches 1p21.01 dB. However, the
bandwdth andER cannot estimate the performe@comgetely.

Therefore, the godness of fit(GoF) between the theoretal

simulation (blue-stid line) and test redu(red-sdid line) was
introducedto evaluate the onformity andit is ~09529. Here,

the GoHis calculatedacordingto the fdlowing equation.

(y-y9°
R=1- Z— (3)
2
where \is the test resuly* is the simulation vale, Ris the Gd-.
Obviously, the test resuis more consisent with the theoretial
estimatiorasR increasing andts maximum valueés 1.
After that, the rectangle- and saath-shagd spectra have

also leensynthesized with same metgh. Figure 4(c) shows the

with the synthesizedhitrary spectra incgrorating withFTTM
technique. Figure 3(b) is our experimental getased on
FTTM process The gnthesizdoptical spectrum from Fig. 3(a)
actsasthelight source. After bing amplified andiktered by
erbium-dopedfiber amplifier (EDFA) andunalde optical filter
(TOF, which § used to select enshag in the peifodic
spectrum) onseautively, the light was intensity-adulated by
an electricaloptical modulator (EOM). The EOM wasrived
by a pul§efatterr68egmr PPRG) ata bt rate of 10 Gbit/s with
code’ of “1100000 . Sothe repetition period and roginal
width of theoptical pulse are 1 ns an@10 ps(includingrising
ard failing edge) respedvely. After that, tle modulated
optical puleswerelaunched into dispersiveelemen. Here, a
10- km dngle mode fiber (SMF) vas usd as the frst-
order linear dispersive element wih total group eélay
dispersion(GDD) value of 170 pgnm. Lastly, theoptical
pulses afterFTTM process were converted into electrical
signal at a
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Fig.5. Thegeneration of hetriangle- and savaath-shaped waveform. (a) The
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triangle-shaped waeform; (c) the opical spectrum after pasngthrough TOF;

(d) thegenerated tempaal sawbath-shaped waeform with negative ranp.

triage-

In AWG experiments,

and sawooth-shaed
tenporal waveforms were generatddgure 5(a) and 5(b) show
the measured triangle-shaga optical spectrum after gssing
through TOF and the generated trige-shagd temporal
waveform, respectaly. As illustrated in Fig. 5(8, the
repetition period and the idth of the triamge pulsesare 1 ns
and 860 ps, respectively. tis in good agreement with the
theoretical computation gie the ful bandwvidth of theoptical
spectrum, thésDD and the dginal pulse wdth are ~39 nm,
170 ps/nm an@10 ps, respectively. Anoghtypical waveform
of sawooth shape has alsebngenerated with same nheid
Figure 5(c) and 5(d) show the essured optical spectrum
befae being injected ito SMF and the satwoth-shaed
electrical pulse series, respectivelg indicatedn theinset of
Fig. 5(d, the sauwooth-shaped waveform with netye ramp
hasbeenobtained, whichis similarto the optical spectrum s

specific spectra (i. e., rectangle- and $aoth-shagd specta)
are low, they agree well with theoretical values. For
synthesized ebitrary optical spectrumiit can be widely wedin

many fields suchas optical filter, edge filter and raitrary
waveform generatio. To verify the gplication of abitrary
waveform generatig triangle- and satgoth-shaged electrcal
pulseswith repetition rate of XI5Hz and pulse wdth of ~860 ps
have keengenerated by incporating FTTM caverson.

(1]

(2]

(31
(4

(5]

(9]

(19

(11

shown in Fig. 5()). The generated waveforms have slight

distortion dueto the ron-ideal lineardispersion distribtion in
wide spectrum. That can be improed with narrow spectrum
(realizing wih longer PMF) andonger SMF.It shoud be noted
that higher repetition rate (>GHz) and narrower pulse widh
(<860ps) also can be aelred by adopting shorter ade lengh
(<10hits) and shorter fibdength (<10km) at the same ib rate

of 10 Ghit/s, respectively.

IV. CONCLUSION

(12

(13

(14

We propose and experimentally demonstrate a atov (19

approach to synthesize arbitraryoptical

spectrum with
parallel-onnecing HiBi-FLMs, which is based orrourier
syntheds theory. In order to validate the feasibility of the
propogd method, both theoretcal simulations and experiment
verifications have been implemgd. By aoping four
HiBi-FLMs with different length of the PMF, three typal
spectra of triangle, rectalegand sawooth shape have den
synthesizedin our experimen Although the ERs of some

(18

(17
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