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Stable Lightwave Synthesized Frequency Sweeper
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Rotator Mirrors
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Abstract—We describe a stable lightwave synthesized frequency each circulation. As a result, we can obtain an optical pulse
sweeper (LSFS) using a Fabry—Perot (FP) cavity composed of two train whose frequency is swept stepwise. The frequencies of
Faraday rotator mirrors (FRM’s). In the former half of this paper, the pulses are precisely determined by that of the master laser

we numerically simulate the behavior of amplified spontaneous . .
emission (ASE) noise accumulations, and show that angular devi- and the frequency shift of the AOS. The fluctuation of the AOS

ations of the FRM’s can cause instability in the frequency sweep frequency shift is very small compared with that of a lightwave
span. We also show that the span is stabilized by placing a polar- frequency, so these pulses can be used as lightwave frequency

izer in one of the FRM'’s because the FP cavity then works as a references. When we distribute these pulses to optical fiber
single-polarization cavity with a small transmittance fluctuation.  hetyorks, the frequency fluctuation due to fiber nonlinearities
Experimental results confirming the stability of this LSFS are pro- hardl ’ b h pulse h inale f d
vided in the latter half of this paper. hardly occurs because each pulse has a single frequency an
o o its time width is relatively large~us). Therefore, we can use
Index Terms—Acoustooptic switches, birefringence, Faraday ef- these pulses for time shared lightwave reference frequency
fect, optical fiber amplifiers, optical fiber communication, polar- o
ization, wavelength-division multiplexing. distribution in WDM networks [8]. ) .
In the LSFS, the frequency sweep span is proportional to the
number of signal pulse circulations in the ring cavity, which is
. INTRODUCTION limited by the accumulation of amplified spontaneous emission

BSOLUTE lightwave frequency synthesis is a very im(ASE) noise from the EDFA. There has already been a problem
A portant consideration in the field of optical measuremefggarding the stability of the frequency sweep span. When the
and many techniques for this purpose have been closely studiigefringence of a ring cavity with a polarization dependent loss
The importance of these techniques is increasing recently ¥BDL) changes, the cross-gain saturation effect occurs between
cause they can be used as lightwave frequency refereﬁa%cwcglatlng signal pulse and the ASE noise componentwhlch
sources for optical path identification in wavelength-divisiof$ Polarized orthogonally to the signal, and it causes a change in
multiplexing (WDM) networks [1]. Optical frequency combthe span [7]. Construction of the ring with polarization main-
generators (OFC) have been studied as one such technii@ing (PM) components seems to eliminate this polarization
[2]-[4]. This technique generates modulation sidebands whifHctuation induced instability. However, the use of costly PM
are used as frequency references. However, it is difficult fper makes the whole system expensive. In addition, it is dif-
distribute these references to optical fiber networks becadiilt to fabricate PM components and the state of polarization
the broad OFC output spectrum can cause reference freque@QP) of circulating lightwave sometimes changes at such com-

fluctuation due to fiber nonlinearities and this limits the inpuonents. _
power of the reference lightwave [5]. We have already reported another effective method for sta-

A lightwave synthesized frequency sweeper (LSFS) Qlizatiqn: an LSFS containing afiper ITyot depolarizer with a
another promising candidate for this application [6]-[8]. Thikrge birefringence [9]. The large birefringence of the depolar-
technique has so far employed a ring cavity containing 4z together with the frequency change of the circulating pulse
optical coupler, an erbium-doped fiber amplifier (EDFA), &auses constant changes in the SOP of the pulse, which pre-
fiber-optic delay line (DL), an optical bandpass filter (Bpp)yents the cross gain saturation effect from arising. Although this
and an acoustooptic frequency shifter (AOS). The continuoethod is more practical than to use a PM ring, this also has a
lightwave from a master laser, whose absolute frequencydg@wback: the SOP’s of output pulses are scrambled by the de-
locked to an external frequency standard, is modulated irglarizer. Therefore, a sophisticated technique such as polariza-
optical pulses and launched into the fiber-optic ring throud#Pn diversity is needed when we use this LSFS, for example,
the coupler. The EDFA compensates for the optical loss Yth & heterodyne detection system.
the ring so that the pulse can circulate around the ring manyAS an alternative stabilization method, a Fabry—Perot (FP)

times. The pulse undergoes a frequency shift with the AOS §RVity composed of two Faraday rotator mirrors (FRM's) has
been applied to the LSFS [10], [11]. The stabilization with this

method is based on the cancellation of PDL in the cavity, by
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cavity was used as a fiber laser [12] and an all-optical gainavity for mode;j (=x, %)). The EDFA gainG is related to the
clamped amplifier [13]. However, the suppression mechanisabove powers by using,, and.L, as follows:
as an LSFS has not been investigated in detail.
. An FP cavity comppsed of FRM’s has a]ready been theoret- Ve (LmPi + LyP,i) —P. @)
ically analyzed as a fiber laser by Takushima et al. [14]. They i Y
assumed_that the c_avity components had no PDL’s exc_ept for%&‘?using (1) and (2), the net gain of the cavity for maelean
polarizer inserted in the cavity and calculated the cavity transg expressed as
mittance for the two polarization modes. However, when an FP
cavity is used as an LSFS, it is essential to take the cavity PDL ‘ 1
into consideration when explaining the decrease in the number L.G'=—r—pr.
of pulse circulations caused by the cross gain saturation effect 1+ L”L—flﬁ
between the polarization modes. We will explain this in detail
in Section Il. Therefore, we require a different analysis of thehe above equation is valid for modgeif we exchange sub-
FP cavity. scriptsz andy. If we assumée., > L,, (3) shows that the net

In this paper, we describe an LSFS using an FP cavity co@gin for moder exceeds 1. At the same time, the net gain for
posed of FRM’s. This LSFS features a very stable frequengjodey falls below one. Equation (3) also shows that the net gain
sweep span and the SOP of the output pulses is consistenfonmodexz becomes larger aB; becomes smaller. Therefore,
Section Il, we analyze this FP cavity as an LSFS and estimdftel is larger thanL,, P; grows increasingly quickly as the
the stability of the frequency sweep span. Here we also shéWise circulates. When the SOP of the signal pulse is in mode
that the span stability is further improved by inserting a polarizércan circulate in the cavity many times. However, a change in
between the Faraday rotator and the mirror in one of FRM’s. fRe cavity birefringence can change the signal SOP into mode
Section I11, we provide experimental results which directly cori- Then the ASE noise component in modegrows and the
firm the high span stability. In Section IV, we describe a methdember of pulse circulations greatly decreases. Thus, the PDL

for enlarging the frequency sweep span and an LSFS system@fghe cavity causes the cross gain saturation effect between the
plication. In Section V, we summarize this paper. polarization modes, which in turn causes the instability of the

number of pulse circulations.
Ideally, an FP cavity composed of FRM’s with rotation an-
Il. THEORY: BEHAVIOR OF PULSE CIRCULATION IN FP GaviTy  gles ofr /4 has no residual PDL even when the cavity contains
COMPOSED OFFRM'’s components with PDL’s, as we will explain later. Therefore, the
use of such a cavity seems to realize stable pulse circulations.
When an optical cavity contains a component with a PDL, However, the FRM rotation angles generally deviate from,
has two polarization eigenmodes with different optical lossesp the FP cavity has a residual PDL, which may induce insta-
Hereafter, we define “PDL" as including the polarization depility.
pendent gain (PDG) of a gain medium in the cavity. If the gain Based on this idea, we analyze the stability of the signal pulse
medium is operated as an optical amplifier in the saturati@frculation in an FP cavity composed of FRM's in this section.
mode, the two modes in the cavity are coupled through the agye first calculate the residual PDL using Jones matrixes. We
plifier gain. In this situation, the cross gain saturation effect oghen provide the results of a numerical calculation which shows
curs between these modes. This effect can seriously affect thgt the residual PDL can cause the cross gain saturation effect
signal pulse circulation. First we explain this effect using simplgetween the polarization modes and cause a considerable deteri-
equations. oration in the number of pulse circulations. Finally we describe
We assume that the lightwave circulating in the cavity has tvmn effective way to stabilize the number by inserting a polarizer
polarization modes andy. These two modes are not exactly orbetween the Faraday rotator and the mirror in one of the FRM’s.
thogonal because the cavity that we are considering has a PDL.
However, the PDL remaining in our cavity is very small as W Residual PDL in FP Cavity Composed of FRM’s
will explain in this section, so the two modes can be approxi- _. ) .
mated as being orthogonal. The validity of this approximation, ~'9- 1 ShO’WS our model for analyzing an FP cavity composed
is discussed in Appendix A. In an optical cavity containing afif W0 FRM's. In this model, the:- andy-axes are fixed even
optical amplifier operated in the saturation mode, it is valid gghen the direction of the lightwave propagation is reversed. The

assume that the power is constant for each circulation when d§atrix for the Faraday rotator with a polarization rotation angle
culating the number of pulse circulations [15]. Therefore, tH¥ © iS expressed as

following relationship exists among,.: the optical power of

modexz, P, that of modey, andF.: total optical power F(O) = < cos© Sin@) @)

®3)

—sin® cos©

Matrix B, which expresses the linear birefringence for the left

direction in the cavity, is generally expressed(a_s%* ;*)
Herei denotes the circulation number. We assume that the cauitging two complex numbersandb. Here, we do not include the
hasaPDL:i.eL, # L, (L;: the round-trip transmittance of theeffect of the cavity loss i3, so the relationshipz|? + [b]> =

P,+ P, =P,



TAKESUE et al: STABLE LIGHTWAVE SYNTHESIZED FREQUENCY SWEEPER 377

P:PDL

1 is satisfied. Thereforef? can be changed into the following B Bircti
. birelringence

expression using three real variabteg\¢; andAd¢s.
B =i 0 cos® sinf
B(6, A, M) = < 0 i ) <—Sin9 COSQ)

_;Bdo 0
e 2
X s Ao . 5
( I ) (5)

The birefringence matrix for the right direction is expressed by
the transpose matrbB. We can realize an arbitrary cavity bire-79- 1. Model for calculating residual PDL.
fringence by changing the variablésA¢, and A¢,. We as-
sume that the sum of the component PDL'&idB. The matrix

for the single-pass PDL in the cavity is expressed using the fol-
lowing matrix P:

P B

Output <«—

1 0
(b ). o
We set the input and output ports as in Fig. 1. Then the matrix
for a round-trip of the cavity can be expressed as Fig. 2. Residual PDL at various states of cavity birefringence. A component

PDL sum of 0.5 dB and angular deviations 6ffar both FRM's are assumed.

U(@b @27 97 Ad)lv Ad)Qv Oé)

= 'BP(a)F(0,)*P() BF(0,)? @) 015
where®; and©, are the rotation angles of the Faraday rota- 5@ a=05dB /
tors on the left and right sides, respectively. The second powers : 0.1 [ e ]
of the absolute values of the eigenvalues for mdtfiare pro- ) r /
portional to the cavity transmittance for the polarization eigen- E

modes, while the arguments of the eigenvalues denote the phase S 0.05 | /

change of the eigenmodes for one round-trip in the cavity. 78 i yd
When the cavity is operated as a fiber laser, the difference be- 5’2 [
tween the two arguments causes a serious effect, namely mode A
hopping between the two eigenmodes [14]. However, when the 0 0 1 5 34
cavity is used as an LSFS, the above difference has no effect on Angular deviation [degrees]

the pulse circulation because the circulating signal pulse does
not oscillate in the cavity. Therefore, we only need to considéig. ? dResidual I?Drl; for ngst cavity birerf]ringencefaﬁ a function of the
: - ular deviation of the Faraday rotators. The sum of the component PDL's
the_ second powers of the e|gen_values. Here we introduce Q’? 'S 4B,
residual PDL of the cavityy,., which corresponds to the PDL

f d-trip of th ity, d as: . .
or a round-trip ot the cavity, expressed as slightly from= /4. Therefore, the PDL effect does not disappear

o, = |20log( A1 /X)) (8) insuch a cavity and a change in the number of pulse circula-
tions is induced by the fluctuation of the cavity birefringence.
where\; and . are the absolute values of the eigenvalues urthermore, the consistency of the SOP’s of an output pulse

U. train will also be lost.
When ideal Faraday rotators are ugéll = 0, = n/4), In the following, we estimate the residual PR, in the FP
matrix I/ is reduced to cavity assuming that the angular deviations frarfi of both
10—5 0 FRM's areé (i.e. ®; = ©; = «/4 — §). In our experimental
U= < 0 10-% ) (9) setup,6 and the sum of the component PDldsare estimated

to be 2 and 0.5 dB, respectively. First we changad; and

In this case, the eigenvalues degenerate, which means dhaf the birefringence matri assumingA¢; = A¢p, and
residual PDL«,. becomes 0 dB. Thus, no cross gain saturatiaralculatedw,. using (7) and (8); Fig. 2 shows the result. This
effect occurs between the polarization modes and the numfigure clearly shows that the residual PDL depends on the bire-
of pulse circulations is stabilized even when the cavity birdringence.
fringence fluctuates. In addition, if the change in the cavity Fig. 3 shows the residual PDL with respect to the angular
birefringence takes much longer than the round-trip time of tlieviations of the Faraday rotators. Here, we assuméal be
cavity, the effect of the birefringence is canceled and the SOPI$ dB and set the birefringence matrix so that the residual
of the output pulse train become consistent. PDL became maximum. The figure shows that the residual

However, since Faraday rotators use the magnetooptic BBL increases almost linearly with the angular deviations of
fect, the rotation angles of Faraday rotators can be perturltbd Faraday rotators. This figure also implies that the maximum
by a change in the magnetic field strength and generally deviatdue of«,. is approximately 0.07 dB in our experimental setup
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with angular deviations of°2 In the next subsection, this result TABLE |
will be used to estimate the impact of the residual PDL on the PARAMETER VALUES FOR NUMERICAL

. . SIMULATIONS
number of pulse circulations.
B. Cross-Gain Saturation Effect in FP Cavity with Residual n,,: spontaneous emission noise factor 1.5
PDL ;
) ) ) B: 3 dB bandwidth of BPF 5 nm
In this subsection, we numerically calculate the number of )
P_: total optical power 0.1 mW

signal pulse circulations using the residual PDL estimated in the

previous section. Af: AOS frequency shift 120 MHz
In Appendix B, we show our simulation procedure. By

solving (14), (17), and (18) numerically, we can calculate the Input pulse wavelength 1550 nm
power of the signal pulse and the ASE noise which are circu- L(fo): single-pass transmittance of o1
lating in the FP cavity. Table | shows the parameter values we cavity at center frequency fc ’
used in the.numencal S|mulat|ons, which are based on.val_ues Initial frequency deviation

measured in our experimental setup. The two polarization from BPF center frequency 20 GHz

eigenmodes of the FP cavity are denoted by subsergtdy.
The transmittance for modeis larger than that of modg
The best and worst signal pulse SOP can be realized by settingg 0.1

Py, = P.andPy, = P, respectively. Heré. denotes the total "
optical power andi?j is the input pulse power in polarization = 0.08 g
modej (j = z,y). In this numerical simulation, we definethe @ 0.06
number of pulse circulations as the number at which the ASE % - -~

2, 0.04 Y. ol

noise level reaches 98% of the total power level. - Wﬂ"
We show the numerical results of the ASE noise output power 'g 0.02 F MM eonnisiensiieimaysimsrpme i
as afunction of the signal pulse circulation numberinFig. 4. The 3, 0
residual PDL was _set at0.07 dB, which |sthg worst-cas'e residual © 0 50 100 150 200 250 300 350
PDL for our experimental setup calculated in the previous sub- Circulation number
section. When the pulse SOP is in madfest SOP), the pulse
can circulate 346 times. However. the number decreases to 2@54. ASE noise power as a function of signal pulse circulation number when
. .. ' . the FP cavity is composed of FRM’s without a polarizer. (a) Best signal SOP
when the signal SOP isin mogdgworst SOP). This change COrand (b) worst signal SOP. Residual PBL0.07 dB.
responds to a change in the frequency sweep span of approxi-

mately 15%. In addition, the ratio of signal pulse power to ASE g 350 ———

noise power deteriorates for the whole pulse train. Thus, it is % \

obvious that a very small residual PDL of 0.07 dB can consid- El I N

erably affect the number of pulse circulations. g 300 ]
We then calculated the number of pulse circulations at the 2 i \ ]

worst SOP as a function of the residual PDL. The result is é 950 NG .

shown in Fig. 5. From this result, for example, if we want to g I \

suppress the fluctuation in the frequency sweep span to 5% ¢ ]

(corresponding to 329 pulse circulations at the worst SOP), the .2 949

residual PDL should be less than approximately 0.03 dB. From 0 0.05 0.1 0.15

Fig. 3, we have to suppress the angular deviations to less than Residual PDL [dB]

a_pproxmately_ 0'8_t0 aChI_eve that small residual PDL. This Iqzig. 5. Numerical result of the number of pulse circulations for the worst SOP
difficult to realize in practice. of the circulating lightwave as a function of residual PDL.

Thus, even when using an FP cavity composed of the FRM’s,
we need to meet very severe demands for small angular deigre is no cross gain saturation effect between the two polar-
tions as regards the FRM’s and a small component PDL to aveiition modes in this cavity. By setting the input pulse SOP so
the instability caused by the cross gain saturation effect betwefat it passes through the polarizer at the first circulation, we can

polarization eigenmodes. realize stable pulse circulations with no cross gain saturation ef-
e . . . fect.

C. St.ab|l|zat|on in Number of Pulse Circulations by Inserting |, this case, the SOP of the pulse changes slightly after one

Polarizer round-trip in the FP cavity because of the angular deviations of

An effective way to avoid the cross gain saturation effect béhe FRM'’s. This leads to an excess loss at the polarizer. The
tween polarization modes is to insert a polarizer between tAmount of SOP change depends on the cavity birefringence, so
Faraday rotator and the mirror of one of the FRM's (for exthe cavity transmittance for the circulating lightwave changes
ample, point A in Fig. 1). This polarizer removes the polaiif the cavity birefringence fluctuates. Therefore, we calculated
ization component which is orthogonal to its axis and the SQRe change in the cavity transmittance and estimated how the
of the circulating lightwave is fixed in one state. Consequentlghange affects the number of pulse circulations.
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When we placed a polarizer at point A in Fig. 1, the matrix E Ol P T T T L '/ ]
for one round-trip of the FP cavity/’ is expressed as £ o008k by g ]
"y [ ]
l]/(®17®2797A¢17A¢27a) g 0.06 L '.o"- /
='BP(a)F(0,)?P(a)BF(0,)D*F(0,), (10) 2 0.04 ] .
Tﬁ [ ,,.\,‘J"’H.r
whereD is the matrix for the polarizer and expressed as follows: .5 0.02 sy
2 1
1 0 S o s —
D= (11) 0 50 100 150 200 250 300 350
00 Circulation number

, . L
U’ has two elgenvalues’ one of which is zgro, and the Sec 9.6. ASE noise power as a function of signal pulse circulation number when
power of the other corresponds to the cavity transmittance {@ing Fp cavities composed of FRM’s with and without a polarizer. (a) FP cavity
the circulating lightwave. We changédA ¢, andAg¢», and cal-  with polarizer, (b) FP cavity without polarizer (worst SOP).

culated the minimum and maximum values of the cavity trans-

mittancg. Hergé - ,20 ande = 0.5 dB are assumed as iNyime and |oss of the cavity are approximately gband 21 dB,
the previous simulation. As a result, the difference between t pectively. We used two types of FRM for FRM1: FRM1a
minimum and maximum values of the cavity transmittance was, FRMlb.. FRM1a and FRM?2 consist of a Faradéy rotator
calculated to be approximately 0.10 dB. _and a mirror, and are coupled with DSF’s. FRM1b consists of a

Using this figure, we numerically calculated the ASE noisg, 5 jay rotator module, a PM fiber-polarizer and a mirror. The
power circulating in the FP cavity when the cavity transmittanqe, , nonents of FRM1b are connected through PANDA fibers.
reached minimum and maximum. By multiplying 0 . in ¢ the Faraday rotators used in these FRM's, we estimated the
(14), (17), and (18) which are shown In Apper!d|x B,.we Can INyeviations of the one-pass Faraday rotation angles fréro4e
clude the effect of the polarizer which transmjtpolarization. approximately 2.0in the 1.55xm wavelength band. The sum
The maximum and minimum values of the cavity transmittane e component PDL's is approximately 0.5 dB. This is mainly
can be realized by setting. at 0 and 0.10, respectively. 4,6 15 the PDL's of the AOS and the BPF, but also includes the

We show the result for the minimum transmittance in Fig. BDG of the gain medium, which is approximately 0.1 dB. In
(curve a). The number of pulse C|rcullat|ons is 351_, which i%he following experiments using FRM1b, we set the SOP of the
almost the same as that for the maximum transmittance. TH, + signal pulse to maximize the power transmitted from the
means the small fluctuation in the cavity transmittance of O'Jp%larizer.

dB ha_rdl_y affects the number of pulse circglati_ons. _CU‘NG The wavelength of the master laser was stabilized at 1550.2
also similar to the curve for the best polarization signal pulsg,, using at3C,H, absorption line as an absolute frequency
in the FP cavity withouta po!arlzer.W|th_346 pulge C'rCU|‘,"‘t'on§eference. The continuous lightwave from the master laser was
Thus, the number of SUIS? cm;ula‘uons is kept ?\'gh anld its flufiodulated into an optical pulse and inputinto the cavity through
tuation is suppressed using the FP_ cavity with a polarizer. Tf?einput port of the coupler. The pulse was reflected and its SOP
S.hOW the improvement in the stability Of. the_ ”“”_‘ber of IOUIS}%tated by 90 with FRM1 before passing through the coupler
C|rculat|ons_, the_ result for the_ worst polar|zat|on_3|g_nal pulse Uy the pL. The pulse then underwent spectral filtering with the
the FP cavity without a polarizer is also shown in Fig. 6 (curngF to reduce the ASE noise, was amplified with the EDFA,
). . . . . . . was frequency shifted by 120 MHz with the AOS, and finally

) In a(_jdmon to providing pulse circulation stability, this CONteached FRM2. The pulse was reflected by FRM2 with the SOP
flgu_ratlon has anothe_zr merlt:_ the SOP’s _Of the output pulses “flated by 90and retraced its path. When the pulse reached the
be fixed by the polarizer. This feature will make the LSFS ea%Y)upIer again, part of the pulse power was output. As a result,

to use for applications which require polarization consistenq(Ne obtained an optical pulse train whose frequency was swept
Thus, an FP cavity composed of FRM'’s with a polarizer ¢ R 240 MHz steps

work as a single-polarization cavity with a small transmittance Fig. 8 shows the typical output pulse train when we used

fIl_Jctuation. With this cav_ity, we can _realize a p_racftical I‘S':?he FP cavity with FRM1b. The upper trace corresponds to the
with stable pulse circulations and a single-polarization OUtpuEignaI pulse power. The width of the input pulse was set a little
shorter than the round-trip time of the FP cavity, and so we were
able to monitor the ASE noise level between successive output
In this section, we describe experiments which proved tisggnal pulses (the lower trace). The maximum number of pulse
good performance of the LSFS with an FP cavity composed cifculations was approximately 35850 ps x 9.2 div./6.5 us),
FRM'’s. We report experimental results that confirmed its higivhich corresponds to a frequency sweep span of 84 GHz. The
stability and which are in accordance with the simulated resuftactuations seen in the signal pulse power levels are assumed
in Section 1. to be interference noise caused by reflections from the connec-
Fig. 7(a) shows the configuration of the LSFS with the FRrs or surfaces of the components in the cavity. Therefore, this
cavity configuration. The cavity is composed of a 9:1 couplenpise may be reduced by splicing those connecting points.
two FRM'’s, a dispersion shifted fiber (DSF) used as a DL, a We estimated the stability of the frequency sweep span when
BPF with a 3 dB bandwidth of 5 nm, a bidirectional EDFAthe birefringence was changed. We inserted a PC in a cavity
and an AOS with a-120 MHz frequency shift. The round-trip and rotated the quarter-wave plate (QWP) of the PC, by which

I1l. EXPERIMENTS
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Fig. 7. Experimental setup: (a) FP cavity composed of FRM'’s and (b) ring cavity.

for the FP cavity with a polarizer (FRM1b). Therefore, we nor-
malized their frequency sweep spans by their maximum values.
The results are shown in Fig. 9. With the ring, the change in the
span was more than 60%. By using the FP cavity with FRM1a,
the fluctuation in the span became smaller. However, the span
still changed by more than 30%. By contrast, when we used the
FP cavity with FRM1b, the fluctuation was considerably sup-
pressed to 9%. This result confirms the good stability of the
Fig. 8. Typical output pulse train when an FP cavity composed of FRM's with VCEPEr USIng an FP cavity composed of FRM's with a po-

a polarizer was used. Upper trace: Total optical power. Lower trace: ASE noléfizer. The fluctuations in the spans for the two FP cavities
power. were larger than the values calculated in Section Il. However,
these results are generally in good agreement with the numer-
we changed the cavity birefringence. Then we plotted the frigal results. The discrepancy between the numerical and exper-
guency sweep span with respect to the rotation angle. For camental values of the spans may be due to errors that occurred
parison, the same experiment was undertaken for three kindswbien counting the numbers of pulse circulations. These errors
optical cavities: the FP cavity with FRM1a, the FP cavity withvere probably caused by interference noise on the output signal
FRM1b, and the ring cavity shown in Fig. 7(b). The ring cavitpulses.
contained the same AOS and BPF as the FP cavities. The maxX/e then confirmed the long-term stability of the pulse
imum values of the frequency sweep spans for each cavity hactulation. We used the FP cavity with FRM1b and monitored
slight variations. The optical losses of these cavities were dé-pulse which underwent a 60.24 GHz frequency shift (corre-
ferent and this resulted in such variations. The maximum spaponding to 251 circulations) for 12 hours in 0.5-hour steps
for each cavity were 92 GHz for the ring cavity, 84 GHz foand plotted the ratio of the signal pulse power to the ASE noise
the FP cavity without a polarizer (using FRM1a), and 90 GHzower. Fig. 10 shows the results. The ratio of the signal pulse

Optical power[A.U.]

Time 250 ps/div.
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—A— Ring cavity nously-tuned BPF to the FP cavity composed of FRM’s, we can
-{-- FP cavity without polarizer expect a stable LSFS with a frequency sweep span of more than
—O-- FP cavity with polarizer 1 THz.
5 An interesting application of this sweeper is as a contin-
o uous-wave (CW) frequency synthesizer based on discrete-time
2 negative frequency feedback [17]. In addition to the stability
g of its frequency sweep span, an LSFS using an FP cavity com-
» ; y ] posed of FRM’s has another merit, namely the consistency of
& E \ / 1 the SOP’s of its output pulse train. Thanks to this characteristic,
g 07 . \‘lj 1 we do not need to use sophisticated (and expensive) techniques
= o6k \ / 1 such as polarization diversity receivers at the heterodyne
é T \ / ] detection part of the CW frequency synthesizer.
T 05 .
N : \ / ; V. CONCLUSION
5 04f ] _ _ _
g b s\,i ] We discussed a stable LSFS using an FP cavity composed
2 0.3 b — - . 3 of FRM’'s. We calculated the residual PDL in the cavity con-
Z 10 degrees / div. taining FRM's with angular deviations and showed that it in-
Rotation angle of quarter-wave plate duces the cross gain saturation effect between the polarization

modes, which leads to a fluctuation in the frequency sweep span.
% also showed that the fluctuation is effectively suppressed by
using a single-polarization FP cavity with a small transmittance
3 e fluctuation, which is realized by inserting a polarizer in one of
' the FRM’s. We then showed experimental results which directly
confirmed the stability of the LSFS. With a further enlargement

Fig. 9. Frequency sweep spans at various QWP settings for the ring cavity,
FP cavity without a polarizer and the FP cavity with a polarizer.

)

B

[=]

=}

& 5 of the span, we can expect that this LSFS will be used as a light-

2 g wave frequency reference source for WDM networks.

= &

£ 3

3] g APPENDIX A

B | VALIDITY OF THE APPROXIMATION OF THE

=2 | POLARIZATION-MODE ORTHOGONALITY

s}

Q . .

mos 0o 2 4 6 8 10 12 The FP cavity described by (7) has a PDL. Therefore, the po-

Time [hour] larization eigenmodes of the cavity are not exactly orthogonal.

However, the residual PDL in the cavity is small (maximum 0.07
Fig. 10. Temporal change in ratio of signal pulse power to ASE noise powdB), so we expect the relationship between the two modes to be
at 251st pulse. nearly orthogonal. In this appendix, we show that the deviation
from polarization-mode orthogonality of our cavity is very small
power to the ASE noise power was 2.0 on average, and #8d so can be disregarded.
change was within:0.3. Therefore, we can use this pulse as a e assume that the eigenvectorsbfre; andws, which
stable lightwave frequency reference for a long period. satisfy; 2 = 12 = 1. The powers of the two modes areand
Finally, we confirmed the consistency of the SOP of thg, respectively. The total power in the cavity is expressed as
output pulse train. We monitored the pulse train after it had
passed through a polarization controller (PC) and a polarizel/p1v; + /p2v3|? = (V/P1roi + /0205) (/P1oi + /D205)"
The monitored waveform of the pulse train almost disappeared =p1 +p2+ 2P REUIRT).  (12)
when we adjusted the PC, and could be regenerated by rotating
the polarizer through 90 This means the SOP’s of the pulsedf the two eigenmodes are orthogona], - > becomes zero.

were fixed in one state. The calculated®e(w7 - v5™) for our cavity expressed by (7) is
0.029 even when we setA¢; andA¢s to maximize the value.
IV. DISCUSSION Thus, the third term of (12) is very small compared with the

The frequency sweep span of our LSFS is currently about ﬂ%al optical power. Therefore, we conclude that it is valid to

GHz. However, this span is not large enough for WDM netWo&pproximate that the two polarization modes are orthogonal.
applications. Therefore, we need to increase the number of pulse
circulations to further enlarge the span. One effective way to
achieve this is to use a synchronously-tuned BPF in an LSFS
We have already employed this method in a ring cavity and
achieved a 1.1-THz span [16]. However, an instability which
is due to the cross gain saturation effect between polarizatiomAn optical pulse circulating in an optical cavity has already
modes was also observed in this LSFS. By applying a synchieen studied through numerical simulations in [15]. However,

APPENDIX B
BAsiC MODEL FORNUMERICAL SIMULATIONS OF CROSS
GAIN SATURATION EFFECT BETWEEN TWO POLARIZATION
EIGENMODES
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Q= Pe . (18)

S5 (L (Fi 4+ 200) Ly (F) Piy (5 + []7 005 LS +200) [Li(H)Gip,; () + nep St | df )

a cavity with only one polarization mode was analyzed in thatMiror
case. In this appendix, we extend this method to an FP cavit

with two polarization modes. We derive propagation equations
for the signal and the ASE noise circulating in the FP cavity. . - - -
Fig. 11 shows the model for the analysis. Here we assume th: Galn_ AOS BPF
the total power circulating in the ring remains constant, as men Medium
tioned in Section Il. We neglect the effect of polarization mode - - -
dispersion, which is almost eliminated after one round-trip in
the cavity thanks to the FRM’s. For the numerical simulations,
we introduce the following notations. Fig. 11. Model for numerical simulation of the cross gain saturation effect
P Total optical power. between polarization modes.
PSOj: Input pulse power in the polarization mogé; =
z,Y). Similarly, the next equation represents the propagation of the
ij: Signal pulse power in polarization mogdeat theith  partial ASE noise power in modg

circulation number.
piw»(f)i Partial ASE noise power density around frequeficy

i+1 — 7. . gt 4
in polarization mode at the:th circulation number. g (F+28F) = Li(f + 28 1)L (F)G prj(HhFill

Pi.;:  Total ASE noise power in polarization moglat the +Lj(f +240)5° (15)
ith circulation number. B
e Saturated gain of an EDFA at th¢h circulation
number. Here,S? is the ASE power generated from the EDFA for each

L;(f): Single-pass optical transmittance of the cavity fopolarization mode. This is defined by [5]
polarization modeg at frequencyyf.
fi Frequency of the signal pulse at tfta circulation

number. S' = ngp (Gk — 1) hvB (16)
Set Center frequency of the BPF.
Af: Frequency shift of the AOS. whereng, is a spontaneous emission noise factor ands the
B: 3 dB bandwidth of the BPF. photon energy. Using (15), the total ASE noise power in mode
If we assume the BPF has Lorentzian characteristics and jnis given by
cludes the effect of the residual PDL;( f) can be written as
fet+B/2
L c i 7
L) = 2D Bi= [ (17)
L+ 575 fo=B/2
_ —a, /20 L(fc) . . . . . .
Ly(f)=10 X LI~k Using (13), (14), and (17), the gain for ttih circulation is
T B2 calculated to be (18) shown at the top of the page.
whereL(f.) is the transmittance at the center frequency of the
BPF for moder anda, is the residual PDL of the cavity in dB ACKNOWLEDGMENT
units. We assume that modehas the larger transmittance. The authors would like to thank Dr. K. Shimizu of NTT Basic
From the assumption of constant power approximation, Vi&search Laboratories for fruitful discussions on lightwave fre-
obtain, guency synthesis techniques and Dr. T. Sugie for his encourage-
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Po=) (Ph+by) =) (P +R). (19)
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