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LASER

a passive ring **cavity” which conlains an acousto-optic frequency shifter. Each cavity pass

shifts the frequency of the wave by 80 MHz. This rcsults in an intensity pattern which is an
repetition rate of 80 MHz Data arc also presented on the output of this device for multimode

Airy lunction in time. For a singlc requency inpul, the output pulse width is 2 ns with a
cw input.

A train of pulses is penerated by coupling the cw output of a single frequency He-Ne laser into

Department of Physics. Colorado School of Mines, Golden, Colorado 30401
{Received 24 October 1986; accepted for publication 21 January 1937)

Pulse generation with an acousto-optic frequency shifter in a passive cavity
F. V. Kowaiski, J. A. Squier,® and J. T. Pinckney

We now calculate the total electric field £ a distance
al. from the AOM, where a < 1. This corresponds, [or in-

stance, to the clectric field at the output coupler. For the
arrangement in Fig. 1 we get

Ey = Egre™ 4 Egrre™ 4 Errie™ + Egrrte™ 4 -
where

Sy = wal /¢ — wyt,

S =w,L/¢c+ [{wy,+ Q)/clal — (w, + Q)1

al,

L
S, = m'; + (w4 .ﬂ.)i + (wy +2Q)
R

— (e, - 280)¢,c1c.

C-

Facloring £,re™ from all the terms and noting that the cav-
ity length was sct so that it satisficd QUL /¢ = 27 we get

DETECTOR

Epo=Egre™[ 4 re® 4 rPe? 4 rle™ 421, (1)

where A == w,L /¢ 4+ QalL /¢ — . Solving for the intensity
we get ‘

== jn T T . 3 1 2

[1 =r) 1 4-4rsinc(A/2)Y/(1 —1r)°
This is standard form for the intensity in a Fabry-Perot in-
terferometer. Flowever our phase A is now time dependent.
The intensity as a function of A is the Airy function.

1

(2)



TEMPORAL-AND SPECTRAL TEMPORAL-AND SPECTRAL
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TEMPORAL-AND SPECTRAL

DEVELOPMENT OF THE SFSL FIELD

INCOHERENT PUMP
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TEMPORAL-AND SPECTRAL ENERGY AND FREQUENCY

DEVELOPMENT OF THE SFSL FIELD EVOLUTIONS
INCOHERENT PUMP With Coherent Seeding
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ENERGY AND FREQUENCY TEMPORAL-AND SPECTRAL

EVOLUTIONS DEVELOPMENT OF THE SFSL FIELD
With Incoherent Seeding PARTIALLY COHERENT PUMP
--- Energy vs Transit Number TRANSIT NUMBER N = 20

--- Average Frequency vs Transit Number
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Sliding-Frequency Soliton Laser .\
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02V — 20,V —ilVIRV ZiagrV = 6V + g0, v
the soliton solution with § = # = 0 reads

V(r, 2} = ysechn(t — &(Z))]explin(Z)r + i(Z))

where § = 0’022/2 + K2, &k = (IE/CIZ, and dy/dZ = (n* — 52)/2.

In order to analyse the effect of the vight h

perturbation method witl, the one soliton ansaty and n = n(Z2).

One obtains

de

¥ = g — 4ﬂ1]2h:/3,

dn
Z = 269 = 28n(y%/3 + i?)

for the soliton frequency k and amplitudle 5

attracting fixed point solution

Ko = day/(4/1*) (ie, & = xg for 2 —, o0)

and 7 =5y =1 for Kg = (8/8 1/3).

and side, we employ the

87V — .;.a,,v — VRV —iaerV = 6V + g0,,V,

by inserting a low intensity radiative field V = f (T)ca:p(iQZ )

one obtains that in the absence of a soliton (or away from it)

f obeys

2
L —ir=00.p)

where 7 = (=2a0)'3(r = Q/ avg).
Without the ﬁlt.-ér., the solution is known as the Air-y function f(#) = Ai(#)
For large |7, and # > 0, f has the asymptotic expression

(=) = BY M U(m) T 25in(287 3 + w/4). ;

The comparison between the Fourier spectrum of f(#) and that of the

soliton clearly shows that the soliton and the radiation tend to separate in

the frequency domain as Z grows larger,
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and introducing dimensional units

ﬁ 7 (27 -10°) Af 7°
= ———— o =
AP Z, B, Z, B,

we determine the pulse duration

2 1
T i = ATCOSH(3) \jg \/n 10°AT a2 |

The pulsewidth is independent from GVD and laser
length.

The soliton frequency detuning at the equilibrium is

Av = l——1—
6217

The experimental values are

Af(MHz) —» AOM frequency shift
AQ(2n THz) — filter bandwidth

T(ps) — soliton width

Za(km) — laser length

Ba(ps2/km) — group-velocity dispersion
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A LIMITATION TO THE MAXIMUM TRANSMISSION
DISTANCE IS GIVEN BY THE COALESCENCE OF ADJACENT
IN-PHASE SOLITONS |

One obtains for the initial separation A (ps) the maximum

distance Ls (km), where 1 is the input pulsewidth (ps) and D is the
Ly

dispersion (ps2/km)

-g—'r In(

A =



Synchronous Amplitude and Phase Modulation

SOLITON STABILIZATION BY P = (o + italoosl@F + ¥t + ifur i
CONTINUOUS WAVE PHASE- | (arr + doxiJcos( Ju + ibu + ifurr

SENTITIVE PUMPING &r(i) i a phase (amplitude)

suppression of soliton modulation coefficient periodic potential
P =(i§+A)u+iS, interactions 6 is the excessgain V(T) =
‘ B is the averaged amplification \acos(QT +7)
bandwidth 100 ey & ]
: : ' oo - {9 ‘ 9 B
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REDUCTION OF SOLITOA INTERACTI ONS WTH RLA -~
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it was pointed out that soliton interactions could be effectively

suppressed by sliding the filters. In order to explain this effect, we employ

1ere a two soliton perturbation approach ( tes. V. T

TNV N

~onsider the two interacting pulses

Vi(2,7) = njsech(n;(r — &))explir;(

(MK 25w, 1333)

one obtains

. L:O“Jﬂhrh

i

whkt vy

T= ‘SJ) + l,l’_,],] = 112

dq b 4, 8
- = 4n°e " cos(0) - A" — 3BKp,
dp
=z = dn’e " sin(o) + 2p{6 — B(n* + &%)} - 4Bnsq,
dx 4
&' = Qg — gﬁhﬂ]’ N
dA
dZ —24

do
A —ﬂmr

d?]

7= 20m — 28n ( 3 + & )

vhere ¢ = (ky — K1)/2 is the frequency difference,
P=(m—m)/2is the amplitude difference
b= (R) + ny)/2, n = (m+m)/2,

0= AQx+T, ¥ =)~y is the phase difference

A=l oS Nietlonea

N
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Normal versus anomalous dispersion SCHEMATIC OF THE SFSL

o | Fiber (a): L = 110 m, By = -20 ps2/km
high dlspersn;n cases: i Fiber (b): L =58 m, B =0 @ 1550 hm
saturable absorber.+ requency shifter Fiber (c): L = 40 m, 5 = +83 psz km
500 T i TTT l T¥ It I 1] . | ' ' Y '
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g 300 é" = @ Polarization
) - 3 asymmetric temporal controller
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a - 3
100 - - ‘ Polarizer
E 3 o~ _
° —40 -20 0 20 40 : Output AOM
Time T coupler frequency shifter
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SCHEMATIC OF THE AOMF
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™ TE
20 — - ) '
l 1 Unidlfectlonal transducer
0 2) Polarization beam splitter
3) Acoustic waveguide
4} Ti indiffused region
/ 5) Acoustic absorber
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Tunability of the SFS laser RoLE OF AVERAG &G\D

AVERAL® m By=—153ps2km . - THEORY (NORMAL DISPERSION)
cAv 'TY ""—, A Bz=—1p52/km@l=1550 nm . ' .ANOMQLOUS
avb o W PB2=+5L5ps?/km - The propagation equation is
| Hu 1 _ 0% R 52

a. o Ty 2 = u= 1 o ; —— . ‘2 . 4
_'laz "3 D 32 +|u‘ u= antu+16u+tﬁat2 +1,7|u| u+10’]u| u

‘ o ‘ D>0 normal dispersion
D average ring disperison

1 [ ———— D<0 anomalous dispersion
: b
,g.: 25§ v, o saturable absorber
= : ] When ag = o = 0 there is an exact solution
= 20 E e
9 E . o ¢ A eyl
= 15 E & & ‘-“ME u(t, z) = A sech (i) e'l*
&J 10: ¢ A.. IA. AA.AEAA . ] ' ’ 7
7] E my ]
E : TR aan = a chirped soliton solution with
e 5 . ' CHIRP
1525 1535 1545 1555 . 1565 | v=-atVAFD | prol o
Wavelength (nm) 5048+ D/2)
8- Dvy/2
Dv!/2~-D/2 - 2Bv
I'= 5 :
‘ T

10. E. Martinez, R. L. Fork, and J. P. Gordon, “Theory of Passively
Mode-Locked Lasers for the Case of a Nonlinear Complex-Propagation
{ _ Constant,” J. Opt. Soc. Am., B2, pp. 753-760, 1985.
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PULSE STABILITY Pulsewidth versus GVD

d>10

- ‘0 positive excess gain (8 > 0)
The low mtenmty background is unstable = the solitary wave de- '
cays owing to its interaction with exponentially growing noise

§<0

It has been shown !
unstable

+

that, also with + # 0 the solitary wave ig

-1 -0.5 0 0.5 1
. => to describe the pulsed laser operation it is essential to introduce '
some stabilizing elements

— Sliding frequency (ay #0)

— Higher order nonlinear 8Rin saluration terms (¢ #0)

Dispersion. D

'C. Pare, L.Gagnon, P, A_ Belanger, Opt. Commun. 74, pp. 228, .

{




Pulse Tim__e Width (5 > 0) Pulse Time Width (5 < 0)
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Normal dispersion SFS laser

Af = 170 MHz — AOM frequency shift Normal dispersion

AQ =2r 0.3 THz (2.3 nm) — filter bandwidth _
ZA =70 m (2 Zg) — laser length ' ~ low dispersion case: B; = +14 ps?km, AOM

B2 = +53 ps2/km — average GVD frequency shift = 820 MHz
T=1.35 ps — time unit (Tz=¢ =5t - Tz - 500= 10.5 1)
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Norimal dispersion SES laser:
Theory-experiment comparison .

Towhm = 12 Ps (eXP

erimenial), 14 ps (numerical)

AVfwhm = 2.2 nm (cxperimental), 2.2nm (numcric_al)

Note : -(.\'thr

Londuiddh =2.3 m™

I;lténsity le

Time

Spectrum (dB)
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1550
Wavelength (mm)
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1560
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(A1p/gP O1) 13mod

Intensity (10 dB/div)

SH Intensity (arb. un.)

COMPRESSION-OF C

HIRPED PULSES

FROM SFSL OPERATING IN THE
NORMAL DISPERSION REGIME

(STASTANED Js

|
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Wavelength (nm)



EFeeCTS OF THIAD - 0RN&Z DiSPERSiON oA
soLIiTon  PRoPAGATION

O —solidsm cases FReouEuCy SKET SOLITON STABILIZATION BY THIRD
. te (10 2 2 ORDER DISPERSION
<oa2fyin, 190 42 - 4t BT o)

P =ibu +ifurr + iyjufPu + 1Baurpr,
where f; = K"/ (6]k"ty).
- SOLITON CAS€E @ TWo DISTINCT FREQUEAUS SARPTS . '
W0~ SoLiTo The most important consequence of TOD is an

intensity dependent shift to the velocity v,

: -1 _ 2
. of the soliton vy = f3A
L
w . . .
5 Radiation velocity v=1 = 203 A2
[ N . .
S where 4 is the soliton amplitude.
o
100
Time Separation A 8o
Kow, Fay K "
S : 0 E
150 |~ - .
N TR ; ® 3
Q - .
:':’ 100 - 7] ' -
s 3 -
O .
S 50 — 3
o C 3

-10 10
Time T
Fa.(23)




EFFECT OF THIRD ORDER
DISPERSION ON SFSL OPERATING
FREQUENCY (;«_ GoroverEIuwd ot io-,

OfT. \eT 86§ )
Positive AOM frequency shift 2
‘ AK = 2(5,“‘
LX) .- v v v v T v /
o5t I‘,_ Wimo ot '-rbb

0.A5F

A1

2] ¢4

oF

008, s s W # %M ®

Negative AOM frequency shift

SOLITON POLARIZATION DIVISION
| MULTIPLEXING

(S.G. Evangelides ‘et al., JLT, 1992)
Othogonally Polarized Solitons  E(Z,T) =
u(Z,T)ey + v(Z,T)ea,

1 |
wz + -Z'UTT + (|u|2 + e|v|2) u = Pylu,u*],

1 | "
vz + SYTT + (o]? + e|ul®) v = Py[v,v"].

In a Sliding Frequency Filtered Transmission
System

(L.F. Mollenauer et al., Opt. Lett, 1994)
1z + %UTT + (Mz + l”lz) u = ibu +ifurr — aolu,

g + -;—’UTT + (|‘v|2 + |u|2)' = 16v + 1Bvpr — aoTv



REDUCTION OF PDM SOLITON INTERACTIONS BY SLIDING
FREQUENCY FILTERING

Without Filters

300

With Filters
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INCREASE OF PDM SOLITON
COALEASCENCE DISTANCE BY
SLIDING FREQUENCY FILTERING

Soliton Separation A versus distance without ---
and with — filtering
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- ZFTF 0 = w (T — NBVEN.._...T_:a..H. wum

salousnbaly
Byl 1B SpUBgapIs M4 dre1auab suoisyoo ‘uoissaiddns pAD INOYNIM 180N

.ANASN — N&v — rﬂﬁﬁﬂa — N3VVN = H3|Nhg," »

aloym

‘LLatgi 4 a%gr = _”c.TmNn*a + a(jn|g + N_a_z (Z)o + h&am + Zavi + Zaz
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ANV) S14IHS AON3IND34H4 NAM TVNAISTH ONITIIONVO

ha

w(Z, Tezp{i(k1 Z — w T)} +
/O(Z, Texp{i(keZ — w,T)}

SOLITON WAVELENGTH DIVISION
MULTIPLEXING

E(Z,T)



COl3ions

one pulse at w;

u(Z,T) = msech(m(T - &))expl—iny(T — &) + |

N-1 pulses at @
v(Z,T)= gp;n,sech(m (T = &Dexpl=iny(T - &) + y;),

- {pj} is a pseudorandom pattern of zeroes and ones

Soliton perturbation theory assuming n=n

dK] - 3 2 N 4
Z = %~ 4na(2) gpjgh(& ~ &) = 3P’
J-
dry = ag + 47%a(2)? 4 2 4
T 7 pig(n(é — &) - 3P, 522
& _
dz -

=R 22,
dn__ 2, .,

9(z) = (3sinh(z)cosh(z) - z(1 + 2c08h*(z)))/sinh!(z)
L. F. Mollenauer et al. JLT 9, 1991 , p. 362

we set (:,(Z =0 =062 =0 < 0, §(Z = 0) -'5}\,:

j 22 amdnZ =0 =1

Sc

FREQUENCY DEVIATIONS IN CHANNEL AT m1
FROM THE COLLISIONS WITH A RANDOM PULSE

STREAM IN CHANNEL AT 2

Without Filtering
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CLOSE TO THE COLLISION LENGTH

2
C
2
4
6
8

(sd) uoneineq esing

AF =125 GHz .
S _/a) no filters and initial temporal

20 [ superposition of the pulses at
7 the two wavelength
s 15} |
Z2 _ b)
3 10f no filters and no initial temporal
S superposition
..................... g st
cE [
=
7]
0 0o 2 4 6
, " Distance (Mm)
c) with filtering (B=38=0.03) and initial
superposition of the pulses at
E the two wavelength
= AF =150 GHz.
@ — :
= &
«
g ~ 173 é
= i ]
e “ g
= B
&
Q2
=4
=
142

Distance (Mm}

Sliding filters do not reduce the time jitter with respect the
"fixed filters", but they limit the soliton instability induced
by the periodical amplification and hence permit the use

FILTERING SUPPRESSES THE TEMPORAL JITTER DUE TO

WDM SOLITON COLLISIONS WITH AMPLIFIER SPACING

Random Walk of Soliton Position

of narrower filters.

ta



DEPENDENCE OF WDM OUTPUT TIME
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