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Modeling of a Double-Pass Backward
Er-Doped Superfluorescent Fiber Source
for Fiber-Optic Gyroscope Applications

Lon A. Wang and C. D. Su

Abstract—The characteristics including mean wavelength sta- earth-doped SFS’s can be a few orders of magnitude better
bility, linewidth, and output power of a double-pass backward than the semiconductor counterparts. However, characteristics
(DPB) Er-doped superfluorescent fiber source (SFS) are theo- of an SFS strongly depend on which arrangement or configu-

retically analyzed in details. The effects of the variations in tion i d d has latelv attracted h attention i d
fiber length, pump wavelength, fiber mirror reflectance, optical ration Is used, and has lately atlracted much attention in order

feedback, and erbium concentration on the characteristics are t0 find an optimal performance for each configuration [3]-[7].
investigated. The analysis results show that an SFS in DPB In general, by configurations the SFS’s can be classified into

configuration may serve as light source for the navigation-grade four basic kinds and their derivatives. The four basic kinds are
fiber-optic gyroscope applications. of single-pass forward and backward, double-pass forward and
Index Terms—Broad-band light sources, Er-doped fiber (EDF), backward SFS’s. As for single-pass forward SFS’s, although
superfluorescent fiber sources (SFS'’s). there are some reports [5], [8] they are of less interest
because of insufficient output power. In contrast, the single-
|. INTRODUCTION pass backwgrd one, denoted. as SP_B, has been most commpnly
_ adopted owing to its ease in design and less susceptibility
T REMENDOUS progress has been made in the past g0 |aging [3]-[6]. The stable mean wavelength operation for
years on fiber-optic gyroscopes (FOG's). The introdu&pg sES's when pumped near 980 nm was first studied by
tioq of new light sources apd continued effortg in improvingvysocki et al. [5], [9], and then experimentally analyzed in
their performance for various FOG applications plays aftails by Hallet al. [4]. Compared to single-pass SFS's, fewer
important role for such progress. It is known the accuragygits have been reported on double-pass SFS’s [5], [10]-[11]
of rotation detection of an FOG is determined by the stability, iy jarly for the double-pass backward one denoted as DPB,
of scale factor, which then depends on the mean wavelengifjce they are more susceptible to the resonant lasing in the

stability of its light source. For an inertial—navig_ation grad?)resence of external feedback. The previous reports on DPB
FOG, a highly stable mean wavelength operation, &d., Sgg's can be summarized as the following.

ppm, is required [1]. In addition, broad bandwidth and high 1.« ppB SES was demonstrated by Dullingétial. [12],

outpgt power are the_other two desiral_ale _charac'_[eristics [&%] who utilized a frequency-independent rigorous analysis
the light sources required for such applications. High outpyl, e calculation of output power and threshold feedback.
power can help in two ways. First, a superfluorescent fibgf,ever, such analysis cannot be applied to the study of mean
source (SFS), is thus excess_—l|m|ted [2], and the S'gnal'to'nowglvelength and linewidth variations that involves frequency-
ratio (SNR) is only determined by the source and detectgEyengent power evolution. Though output [12], [13] and
bandwidths, yvhlch the_n manifests itself the importance &f 4g pandwidth [12] at different pump power were measured,
broad bandwidth of a light source. Second, it helps relax g, or important parameters such as mean wavelength stability,
sensitivity requirement in a measurement system by allowing,|4tion required for feedback reduction to maintain stable
the increase of flber Iength. in a loop. ) . broadband operation, etc., are not included in these work. Note

'Although semmonduptor light sources such as I|ghF—em|tt||}ge term “feedback” used in [4] to describe the signal from
dlodes. and superllu.mlnescent diodes would provide proa.% unpumped fiber end of an SPB SFS is functionally the
bandwidth a_md _suff|C|ent POWET, they_are_ generally not Su'tabgﬁme as mirror reflectance in a DPB SFS. The effect of mirror
for the navigation grade FOG applications because of PQQfiectance on the mean wavelength was briefly mentioned in
spectrum stability, typically of 400 ppf [1]. In contrast, I14] since the focus there was on an SPB SFS. Recently, DPB
temperature stability and output power of diode pumped ralgrg:s have been experimentally shown to have a large output
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length, pump wavelength, mirror reflectance, optical feedback, TABLE |

and erbium concentration on the characteristics of a DPB RELATED MATERIAL PARAMETERS

SFS _mcludmg mean wavelength stability, output power and 9gy ym pump-state lifetime (1) Tus

linewidth. How to reduce the overall thermal effect on the g, 1 upper-state lifetime (x,) lims

mean wavelength stability is also studied. The rest of the . = - —  bleion concentration(N,,) 30

paper is arranged as follows. In Section I, we briefly review Pump-state ESA cross-section 107 om?

the dependence of mean wavglength stability. In Section II.I, Signal background loss () 0.085 m"

the modeling and the simulation results on the three main "
Pump background loss (o) 0.09 m

characteristics are described, then followed by further discus-
sions on how the characteristics would be affected by related
parameters. Finally, we conclude our study in Section IV. can pe divided into three categories: material parameters
(Er*t concentration, codopant concentration, absorption and
Il. DEPENDENCE OFMEAN WAVELENGTH STABILITY emission spectral cross sections, etc.), waveguide parameters
Since the mean wavelength stability determines the accuri, merical aperture, cut-off wavelength, overlapping of optical
of rotation detection, and is therefore regarded as the m d and fiber core areas, etc.), and working parameters (pump
important parameter of an SFS for a navigation-grade Fokﬁ?“’e'engt_h’ pump power, EDF length, mirror reflectanc_e,
The mean wavelength of an SFS is temperature dependent, gﬁ‘fop In this paper, we f(_)cus on the_ study of the cha_lracterlstlcs
has three contributing sources: intrinsic thermal effect, pumfSulted from the variation of working parameters in order to
wavelength related and pump-power related factors. They c ain an optimal performance.

be expressed as the summation of three terms as follows: " Simulation, we assume that the EDF has a numerical
aperture of 0.16, and is single-moded when pumped near 980

Asource  { Osource Nsource \ [ Opump nm. The radial dependence of the optical signals is accounted
ar oT - I pump oT for by the calculation of effective signal and pump areas. The
X ' T spectral cross sections of the ASE described in [3] are utilized
source pump
* <8-Ppmnp ) < aT )

(1) throughout our simulation. The results thus obtained agree well
with the trend of experiment results [14], [15]. The EDF is
It is always desirable to have a temperature independé@gsumed to have 140 mole ppm;&g concentration with 1
(dxsome /dT = 0) or insensitive(dxsource /dT ~ 0) mean mole percent AJO;. Other material parameters used are listed
wavelength operation, which then requires an optimizatidf Table I.
among the parameters associated with these three effects. ThEhe ASE spectrum of an Er-doped SFS is divided into
first term is due to the intrinsic thermal effect, and has &N regions ranging from 1525 to 1566 nm. In each spectral
typical value of less than 10 pph@. The dXump/dT and Tegion there_ are one forwarﬂ’j(z,ygj_i) _and one backward
OPpyump/OT in the second and the third terms depend on tH& (7, 7s.:) signal waves, and one uni-directional pump wave
pump laser diode used, and can only be controlled throudir(z, ). The power evolution for these waves can be ex-
the optimization of laser diode’s characteristics. ConverseRfessed as follows, which is similar to the advanced equations
IMsource/d Apump and IMsource/d Pyump Can be controlled in described by Wysocket al. [3], [19] except for the inclusion
many different ways. For example, it has been reported f8f background losses.
a single-pass SFS th@\.urce/dApump €aN be minimized ~ For ASE signal

by operating the pump wavelength closer to its peak ab- APE (2,1,

sorption wavelength (e.g. near 976 nm) [3], [5], [15]. Since Sdi’” = |75 (2,15,1) PE(2,15;)
Asource/OPpump depends on the configuration employed, o

it has been demonstrated experimentally that pump-power + ’Ves(zv'/s,z‘)?h'/s,z‘<Ayhﬂ 2
independent mean wavelength operation would be obtained n

in SPB [4] and DPB [7] configurations. We will show thatror 980 nm pumping
an optimization among the parameters of EDF length, pump
power and mirror reflectance, etc. can lead a DPB SFS to a dP,(z,v))

stable mean wavelength operation with high output power and dz =~ 1) Bl 1) ®)
broad bandwidth. where
A
I1l. M ODELING AND SIMULATION RESULTS V(2,15 4) = A—0[0€(1/57i)Nu(z) — 04(vs i) Ni(2)
A. Modeling of an Er-Doped DPB SFS = 0a(Vs,i)Nar] = as

A
The spectral power evolution of an Er-doped SFS cames(z,vs,;) :A—O[OE(L’s,i)NIJ,(Z)]
be simulated by the interaction of population densities at AS
various energy levels and optical signals including amplifiedyp(z,vp) = A—O[opa(up)Nl(z) — 0pe(vP)Np(2)
spontaneous emission (ASE) and pump. The characteristics r
of a DPB SFS are determined by many parameters, which + 0esa(VP)NP(2) + 0pa(vr) Nay(2)] + ap
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Fig. 1. Schematic diagram of an SFS in DPB configuration. 1542
1590 | 7
where 1538 L
Ay fiber core area: 0 50 100 150 200 250 300
A,,Ap  effective signal mode and pump mode areas Pump Power (mW)
n number of signal regions divided, (@)
Vs.i signal frequency otth spectral region;
v, pump frequency; A —— / /
Ny density of paired erbium ions acting as ab- r e S0mW / I.’ j
sorbers; IEEEE 100 mW / s
Ni, N, population density of lower and upper states; & —— e 120mW / S
Np population density of pump state; g 140 mW R e
Opes Ope,  PUMP emission and absorption cross section; & ,./ P
Tesa pump excited state absorption cross section; ~ 0
O, Ot signal and pump background loss; Q_i
Ay, ASE signal bandwidth. lg T
. . . e
Loss mechanisms including background losses, pump ex-= I e Apump = 980 nm
cited state absorption (ESA), and unsaturable absorbers such T L R=90%
as erbium paired ions (assuming as a constant ratio throughout L -7
the fiber) are considered to account for the reduction of output  -50 : : : : ‘
power and pump efficiency. 7 9 11 13 15
Fig. 1 schematically shows a DPB SFS. Since the feedback EDF Length (m)

from any succeeding port after the output fiber end will affect b)
the characteristics of the SFS, in general an angled fiber end

: 2. (a) Pump-power dependent mean wavelength variation at various
or an isolator should be u,sed to redu_ce, Such feedb_aCk' lengths and (b) pump-power dependent mean wavelength stability versus
effect of feedback on SFS’s characteristics will be discussegr length at various pump power.

in Section lll. For an EDF with lengthl, the boundary

conditions areP’t =0 atz =0and P, = R+ P atz = L. .

R is the fiber mirror reflectance at the fiber end= L, and B. Pump-Power Dependent Mean Wavelength Variation

is assumed to be 90% in this paper unless where noted. Th&dhe mean wavelength variation as a function of pump
characteristics such as mean wavelength, linewidth, and outpatver for the SFS’s at various EDF lengths is shown in
power are calculated based on the spectral power evolutiéiig. 2(a). It clearly indicates that a DPB SFS can have

The mean wavelength is defined as pump power independent mean wavelength operation, i.e.
NMsource/OPpump = 0, in two pump regions: one in low and

zn: PO - A the other in high pumps. As the EDF length increases, both

- = Yo regions shift toward the high-pump side, indicating that more

A= —— (4)  pump power is needed for such operation. For a given EDF

Z P(\) length, the mean wavelengths in high-pump regions are much

i=1 more stable than those in low-pump ones as evidenced by

comparing both slope variations. Thus plateaus are formed in
the high-pump regions where the slopes are zero or nearly zero.
" 2 The plateau location is a function of EDF length and pump
Z P(z/i)Az/i] power, and can therefore be tuned. Besides, the range of each
P plateau increases with EDF length, also implying an increase

and, the source bandwidth is defined as

6]/ =

n : ®) of pump power tolerance. Fig. 2(b) shows the corresponding
ZPQ(M‘,)AM‘, variation of mean wavelength stability. The optimal EDF
i=1 length, defined as the length at whitource /I Ppump = 0
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Fig. 3. Output power versus EDF lengths. Fig. 4. Output power versus pump power.
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occurs, increases slowly with pump power. The slope around 40 | T
each optimal EDF length denotes the tolerance of EDF length ’
for 8X50urCe/8Ppump ~ 0. The smaller the slope is, the
larger the tolerance becomes. It is seen that the tolerance 0\1\
optimal EDF length increases markedly with pump power.°;
From Fig. 2(a) and (b), it is found that the operation in higher g
pump power is desirable, which results in larger tolerance% 20 .7
in both the optimal EDF length and pump power range form Pt 130
Msource/OPyump ~ 0 Operation. g‘ 15 -

10 + e — Efficiency

(o))
(&=}

W
(=]

Pump Threshold (mW)

~
=)

C. Output Power, Pump Efficiency and Linewidth ST e Threshold 1 10

The output power as a function of EDF length is shown
in Fig. 3 for 80 and 140 mW pumping. The output power L 0
increases rapidly with EDF length, and reaches the maximum 10 15 20 25
value for each pump power. The required EDF lengths to EDF Length (m)
have the maXImum oquut power are ShO_W” .Slmllar' F?—{g. 5. Pump efficiency and pump threshold versus EDF length.
output power consideration, the important thing is to have an
EDF length exceed the maximum value for a given pump
power. Shorter length is an apparent disadvantage becausB@fzontal axis as shown in Fig. 4. Since the pump power
less output power available. Conversely, longer length caudesabsorbed rapidly at its input end, there exists some EDF
output power to gradually decrease to a saturated value. T@@gth where the pump power decays to zero and the backward
decrease of output power is attributed to the diminishifySE signal ceases to increase. The output power and pump
effectiveness of mirror reflectance. efficiency therefore first increase then decrease to reach the

Fig. 4 shows the relationship of output and pump powesaturated values that are in fact the same as the SPB SFS. The
As mentioned previously, there is an optimal EDF length fédhreshold pump power however increases monotonically with
a given high pump power. Two optimal EDF lengths of 1#he EDF length. Also note that when the optimal EDF lengths
and 14 m are chosen, which correspond to 80 and 140 ke chosen, the pump efficiencies are almost at their maxima.
pumps. The slope efficiencies ax87 and~36%, but become A typical linewidth and mean wavelength variation with
50 and 55% when the background losses of signal and pukpF length at 80 mW pump are shown in Fig. 6. As the
are excluded. The pump efficiencies are high partly becausBF length increases, the linewidth repeatedly increases and
the pump is injected closer to the signal output end wheredigcreases before reaching a saturation level. Such behavior
is absorbed more rapidly, and partly because the ASE signed be explained from the evolution of two major bands, one
travel twice in the EDF. It is noteworthy that when the SF$% ~1532 nm and the othex1558 nm, in ASE spectra, and is
is operated at its optimal EDF length, the output power &so manifested itself in the mean wavelength variation. The
large enough that only one single SFS may serve three-ax@ative intensity of these two bands oscillates with the EDF
navigation-grade FOG applications. length. When the intensities of two bands are nearly the same,

The variations of threshold pump power and pump effthe linewidth is at its local maximum, but at its local minimum
ciency with EDF length are shown in Fig. 5. The thresholdhen one of the bands dominates. The first minimum comes
pump power is defined as the intercept of the linear line afdm the 1532-nm band intensity, which then grows more
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Fig. 6. Linewidth and mean wavelength variations with EDF length. @)

1557
slowly than the 1558-nm one until both balance; subsequenty | 77 i;;mh:;‘f;:mw

the 1558-nm band dominates and the second minimum results; S e 13m, Pump=100 mW .
then 1558-nm band decreases faster than 1532-nm one till botg 3¢ [, -
balance again. The final saturation level is the same as that %

an SPB SFS. 5

1555

i
<
D. Effects of Pump Wavelength on Mean Wavelength 35
2

Fig. 7(a) shows the effect of pump wavelength variation.s 1554 |
The EDF length is chosen 12-m long as it is the optimal

for Osource/OPpump ~ 0 at 80 mW pump. It is shown the

minimum mean wavelength variation, i@\source/IApump = 1553 ‘ ‘ S '

0, always occurs at the peak absorption wavelengté nm, 960 965 970 75 %80 o83 990
regardless of pump power. Therefore, the second term in (1) Pump Wavelength (nm)

that in fact constitutes the biggest contribution of mean wave- (b)

length stability as shown later can be eliminated. Unlike puniy. 7. Mean wavelength versus pump wavelength: (a) at various pump
power dependence, described in Section IlI-B that the rangmver and (b) for optimal EDF lengths and pump power.

of 8X50urCe/8Ppump ~ 0 increases with pump power, there
is no plateau region fob\ource /9 pumyp dependence. As the
pumping wavelength deviates from 976 nm, the slope ma
become very large. A tradeoff betwed,qurce /O Pyymp @nd
8X50ume/8)\pump is therefore needed as implied in Fig. 7(a).
For a commercial pumping diode, the uncertainty of lasing
wavelength can be controlled to be withi®.1 nm. Then, take
the most commonly available wavelength 980 nm pumpin
as an example, the mean wavelength variation is expecte
to be ~3 ppm since the slope is-34 ppm/nm. Fig. 7(b)
shows the mean wavelength variation for various optimaf;
EDF lengths pumped at their corresponding power. Note thé& -5
mean wavelength variations are similar, and the DPB SFS
still always has adXsource/OApump = 0 Operation at the -10 : :
wavelength of 976 nm. 0 5 10 15 20 25

EDF Length (m)

20

------ 960 um pump
— 4% - 970 nm pump 7N
= ©= 976 nm pump }6 Y
— 980 nm pump /

(ppmi®C)

10 r

cient

— 83— 990 nm pump

herntal Coeffi

E. Intrinsic Thermal Coefficients ) o o )
Fig. 8. Intrinsic thermal coefficient versus EDF lengths at various pump

The effect of EDF length on intrinsic thermal coefficientvavelengths.
pumped at 80 mW in various wavelengths is shown in Fig. 8.
Note that for each case there exist two EDF lengths, orﬁsome/aﬂm = 0 operations can be obtained. It is also
long and the other is short, where the thermal coefficient $hown that the intrinsic thermal coefficient reaches a saturated
zero. At 980 nm pump, when the long EDF lendtk12.5 value when the EDF length is greater than some value for
m) is used, bottdource /O Ppump ~ 0 (~2.5 ppm/mW) and each pump wavelength.
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Fig. 9. Intrinsic thermal coefficient versus pump power at various optimal (@)

EDF lengths.
1558

1556 &

Fig. 9 shows the effect of pump power on intrinsic thermal 1554
coefficient. The EDF lengths are chosen as 12, 13 and 14 @ 1552
where 8)\50me/8ﬂmmp ~ 0 occurs at the pump power of = ;550
80, 100 and 140 mW respectively as shown in Fig. 2(b). It |S;:
seen that within a total power tolerance of 40 mW centered ag
their optimal pump power that hagxsome/a pump = 0,
the absolute values 09\ouree/9Tin:. are smaller than 2 5
ppmFC. Therefore, if the working temperature variation cang! 1542
be controlled within 0.1°C accuracy, the mean wavelength 1540
variation due to intrinsic thermal effect can be belevd.2 1538
ppm. 1536 e : I B

0 -5 -10 -15 -20 25 -30 -35 -40 -45 -50 -55 -60

Mirror Reflectance (dB)

The overall effects of fiber temperature, pump power, and ()
]E)Olflr: v?/SWi\gteliggtt:k:t; 8 em?/stlg]gac')l Er?FpL?St?O:saeigmr:tE% ; n%gan I\E/\fl“fae\;:etlsegfg tmhlrror reflectance on (a) output power and linewidth and
as an example. The fiber temperature dependencelig
ppmFC, pump power dependence 2.4 ppm/mW, and 34
ppm/nm for pump wavelength dependence. The uncertaumydetermlned by the pump wavelength effect. Therefore, the
assumed 0.EC, 10 W, and 0.1 nm for fiber temperature,

'‘DPB SFS can have zero overall thermal coefficient only when
pump power, and pump wavelength, respectively. Therefore u dat it K ab i lenath.
the overall wavelength stability is-3.4 ppm by taking the pumped at its peak absorption waveleng
square root of the summation of square of the three values.
Note that the major contribution of the mean waveleng
variation comes from the effect of the pump wavelength The effects of mirror reflectance on output power, linewidth,
variation. and mean wavelength are shown in Fig. 10(a) and (b). It is

Since adXsource/IApump = 0 Operation can be obtained atseen as the reflectance becomes smak-40 dB), both output
the peak absorption wavelength (976 nm), the overall thernmwer and linewidth become saturated since the DPB behaves
effect can be minimized if one can minimize the pump powdike the SPB configuration. The output power increases with
and intrinsic thermal effects. At reflectance of 90%, it is foundhirror reflectance. The linewidth is reduced in high and
that if a 13-m-long EDF is pumped at 150 mW, the fibelow reflectance, but has a maximum value in between. This
temperature dependence is ori.1 ppmfC, and the pump linewidth variation can be understood from the evolution of
power dependence is only0.07 ppm/mW. Therefore, underspectra: as mirror reflectance increases fre60 to 0 dB the
such condition, the DPB SFS can have a very stable operatidominant mean wavelength gradually shifts from the 1532-nm
However, as the pump wavelength deviates from 976 nimand to the 1558-nm band. It is interesting to note that, from
although zero intrinsic thermal coefficient and pump poweiig. 10(a), a reflectance of 3—4% can also provide satisfactory
dependence can be obtained by properly choosing the puhigh output power and a broad linewidth, suggesting that a
power and EDF length, the overall thermal effect is essentialtyeaved fiber end may serve as mirror to achieve a stable

1548
1546
1544

F. Minimizing the Overall

. Effects of Mirror Reflectance
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Fig. 11. Pump-power dependent mean wavelength stability versus mirror @)
reflectance in several exemplary conditions. 5
DPB SFS. Simulation and experiment on this regard are being 20 ¢
conducted. =
Since mean wavelength stability is the most important\E/ 15 |
characteristics for FOG applications, we have investigated t&
see if Asource/ I Ppump =~ 0 Operation can also be obtained <
over some mirror reflectance range by adjusting pump poweg, 10 ¢
and EDF length. It is found that over some range of EDF3
length the shifting of mean wavelength of DPB and SPB 5 |
SFS’s are in opposite directions. By this and the fact that
as reflectance becomes less the DPB SFS resembles more
the SPB SFS, one can adjust the mirror reflectance to have -
-60 -50 -40 -30 20 -10

IMsource /9P,ump = 0 over that length range. A rule of thumb
to have source/OPpump ~ 0 Operation over a range of Optical Feedback (dB)
mirror reflectance is thablsource/OPpump at 100% mirror (b)
reflectance should be slightly less than zero. For example, 5575
shown in Fig. 11 is the case for EDF lengths of 12 and 13 m

at different pump power. The value 6ﬁsmme/8Ppump first m T T T S Lo
increases then decreases as the mirror reflectance decreases?tm“ -

12 m long EDF @ Xsource/ I Ppump 1S 1€SS than 1 ppm/mW for £

reflectance betweer —10 and—25 dB. At 13 m long EDF,
it is seen that althougB \source/OPpump ~ 0 exists at both
pump power, only 130 mW-pump ShoWSurce JOPpump =
0 exists over a large range of reflectance. In addition, the usé
of 12 m at 80 mW instead of 13 m at 80 mW is more practical 8
due to its gradual variation with reflectance and double zer
crossing.

no feedback
— —— Feedback =-60 dB
------ Feedback = -50 dB

T

avelength

1555.5 ¢ —--— Feedback = -40 dB

15545

15535 : :
H. Effects of Feedback 960 965 970 975 980 985 990
In all the above discussions, it is assumed that there is Pump Wavelength (nm)
no feedback in the output fiber end. In practice, even when ©

an isolator or an angled fiber end is used for feedba€lg. 12. Effects of optical feedback on (a) mean wavelength and linewidth,

reduction, there still remains some residual feedback. It {3 output power, and (c) pump-wavelength dependent mean wavelength
therefore important to know to what extent the feedback c%llerilna“on'

significantly affect the SFS’s characteristics. Fig. 12(a) argppectrum. For increasing optical feedback, the power ratio
(b) shows the variations of mean wavelength, linewidth araf 1558-nm to 1532-nm bands increases, thus causing the
output power at different feedback levels. The shifting ahean wavelength to shift toward long wavelength side. At

mean wavelength can be explained from the evolution of ASRe same time, a resonance cavity is forming that causes a
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marked decrease in linewidth. When the feedback is estimated 40

larger than—35 dB, the lasing linewidth should have been —— 80 mole ppm ;

much smaller than that shown in Fig. 12(a). This is because 30 Lo 140 mole ppm |

although the wavelength resolution employed in our simulation-. ;9 | ——— 200 mole ppm ; i
/ :

is suitable for modeling SFS’s, it may not be applicable or ever%
invalid as the feedback continues increasing to induce lasingg '°
So is the reason for mean wavelength jump shown in the hig@ 0
feedback regimes. From these results, however, one finds that
an optical feedback of less thar60 dB is required to control 9; -10 -
the feedback induced mean wavelength stability to be less thag
10 ppm/dB. In Fig. 12(b), the output power first increases with
feedback, and then decreases. The feedback ASE is reamplified -30
in the EDF and becomes part of output signal when returned

from the fiber mirror, therefore the output power increases 0 0 s 0 115 -

with optical feedback. However, at an even higher feedback =
level, the feedback ASE also competes the same gain with the EDF Length (m)

backward ASE, resulting a decrease of output power. @

Fig. 12(c) shows the pump-wavelength dependent mean- ,5
wavelength variation at different amount of optical feedbacks
The minimum mean wavelength occurs again at 976 nm pum@ 20
Note the mean wavelength increases with optical feedback fos
different pump wavelength. It is seen at 976 nm pump a shiftg 15
up to ~2.7 nm with optical feedback 6f40 dB as compared
to that without feedback. The mean wavelength difference i
negligibly small 0.1 nm) betweenr-60 dB feedback and no
feedback.

€

10 +

|. Effects of E#* Concentration

trinsic Thermal C&ffici

It has been shown that the concentration of ion pairs aneF
clusters is a function of both erbium and codopant such

as AP* concentrations [20]-[22]. As the Er concentration 0 ° 10 13 20 »
increases or A content decreases, the fraction of ion pairs EDF Length (m)

increases which deteriorates slope efficiency and threshold. ()

Here we emphasize the effects of *Erconcentration on 1557

the mean wavelength variation includi@some/aPpump, —— 80 ppm

Msource/Opump, aNd Isource/ms.. Three concentrations 1556 | e, ——= 140ppm .
namely 80, 140 and 200 mole ppm are considered. As< TNes7or 200ppm et

suming a sizable Af content, the corresponding fractions E/
of unsaturable ion concentration used in the calculation aré&,
1.7, 3.0 and 4.3%, respectively. Without loss of generality,g 1554
the other parameters are assumed to be the same as thase
given in Section llI-A. Shown in Fig. 13(a) is the result of =
DM source/OPpump dependence on the concentration at a fixed§
pump of 80 mW. The results indicate th#X,urce /OPpump =

0 operation can still be obtained by adjusting the EDF length,
and the optimal EDF length decreases with erbium concen-
tration.

1555

1553

1552 -

1551 L L L ( 1

Fig. 13(b) shows the intrinsic thermal coefficient versus the 960 965 o70 o7 280 985 990
EDF lengths for different erbium concentration. The length of Pump Wavelength (nm)
a zero intrinsic thermal coefficient decreases with the erbium ©

concentration. Though there are two lengths for zero intringig. 13. Effects of erbium concentration on (a) pump-power dependent
thermal coefficient. one needs to examine these ﬁguresrrtaan wavelength variation, (b) intrinsic thermal coefficient, and (c)
. . ' . . L ump-wavelength dependent mean wavelength variation based on optimal
determine which length is more suitable for minimizing théonditions of (a).
total results of pump power and temperature effects.
Fig. 13(c) shows the pump-wavelength dependent mefmm these three erbium concentrations. It is shown that the
wavelength variation. The EDF lengths with zero pump poweninimum mean wavelength also occurs at pump wavelength

dependence at 80 mW pump shown in Fig. 13(a) are chos#976 nm for different erbium concentrations.
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IV. CONCLUSION [6]

We have analyzed the characteristics of an Er-doped
SFS pumped near 980 nm in DPB configuration in def?]
tails. The results can be summarized as the following. A
aXsource/a-Ppump = 0 or aXsource/a-Ppump ~ 0 Operation [8]
can be obtained in high-pump regions by properly adjusting9
EDF length and pump power. Such an operation exists eith 2
over a wide pump power range for a suitable EDF length [cf.,
Fig. 2(a)] or over a large mirror reflectance range for a suitabf!
pump (cf., Fig. 11). In addition, the tolerance of optimal EDF
length can be increased by properly increasing pump powiét]
and EDF length [cf., Fig. 2(b)]. Very low intrinsic thermal
coefficients can be obtained with proper pump power angb)
EDF lengths (cf., Fig. 9) and over various pump wavelengths
(cf., Fig. 8). As for pump wavelength dependence, which
the dominant factor, the minimum mean wavelength variation
always occurs at the peak absorption wavelength~8f76
nm, regardless of various optimal conditions [cf., Fig. 7(b)f,14]
feedbacks [cf.,, Fig. 12(c)] and erbium concentrations [cf.,
Fig. 13(c)]. Therefore, the overall thermal effect can bgS!
minimized by first setting the pumping wavelength~a876
nm, and then finding an appropriate condition that leads to bdti6]
minimum pump-power dependence and minimum intrinsic
thermal coefficient. A very stable DPB SFS is numerically7]
shown feasible.

An SFS in DPB configuration is also shown capable cﬁs]
providing high output power, good pump efficiencies and more
than enough linewidth over a large range of EDF length at
various mirror reflectance, indicating the feasibility of serving q
three-axis FOG’s. The study of the effect of optical feedback
on mean wavelength stability shows that the characteristics
remain nearly unchanged as an isolator with isolation greatgg;
than 60 dB is employed. From these results, it is expected that
an SFS in DPB configuration is potentially a desirable Iig%l]
source for the navigation-grade FOG applications.
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