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ABSTRACT

OPTICAL AMPLIFIERS FOR 10 Gb/s RECIRCULATING-LOOP TESTBED

Publication No.

Sravanthi Thotakura, M.S.

The University of Texas at Arlington, 2005

Supervising Professor: Michael Vasilyev

This Master’s thesis deals with building experimental setup for characterization
of novel nonlinear optical devices for fiber communication.

The first part of the thesis deals with the description of the theoretical basis for
operation of a particular type of such nonlinear optical devices, namely a parametric
amplifier. Document includes deriving and solving the equations for parametric
amplification in optical fiber when signal, idler and pump beams are linearly co-
polarized. We consider both non-degenerate and degenerate pump cases for arbitrary
phase mismatch.

In the second part of the thesis we present the design and experimental

implementation of electrical interface between commercial ultra-long-haul-system

v



erbium-doped fiber amplifiers (EDFAs) and the laser diode drivers and thermo electric
coolers used in our lab. We also describe the design and implementation of the
electronic controller for EDFA’s mid-stage variable optical attenuator that allows us to
operate the EDFA at different input signal power levels. The interface and controller
described in this thesis make it possible to use these EDFAs in a recirculating-loop

testbed for characterization of novel nonlinear-optical devices.
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CHAPTER 1

INTRODUCTION

Tremendous progress in lightwave communications over the last decade has been
closely related to the underlying advances in optical amplification technologies.
Erbium-doped fiber amplifiers (EDFAs) have extended the reach of unregenerated
transmission 10-fold and enabled processing of multiple wavelengths simultaneously,
leading to the WDM revolution. The need for reduction of amplification noise below
the noise-figure (NF) quantum limit was answered in late 1990s by progress the
distributed Raman amplifiers which extended the link reach to several thousand
kilometers, enabled higher bit rates and spectral efficiencies. By 2001-2002, Raman
amplifier technology has become finally perfected by reaching the fundamental
quantum limit of ideal distributed phase-insensitive amplifier (PIA) that provides the
optimal trade-off between optical nonlinearity and spontaneous emission noise by
balancing the local gain and loss coefficients at every point within the transmission
span. Such performance, quantified by the product of overall span NF and nonlinear
phase-shift, was shown to be within a fraction of a dB from its fundamental limit by the
experiments using effective-area management in hybrid dispersion-managed fiber spans
[1-3], and using the combination of bi-directional and second-order Raman pumping in
a single-mode-fiber span [4]. Any further reduction in the span NF-nonlinearity product

will require a novel revolutionary technology that is not bound by the quantum-



mechanical restrictions on distributed amplifier noise. Since the fiber capacity has a
hard upper bound due, in part, to nonlinear coupling between the signals and noise [5],

the search for this noise-mitigating technology is imperative for future systems.

Such promising technology is the phase-sensitive amplification. A lumped phase-
sensitive amplifier (PSA) can amplify the signals without adding any noise, i.e. with NF
of 0 dB, as opposed to the 3-dB NF limit of a lumped PIA (e.g. EDFA or Raman) [6].
Such a lumped noiseless fiber amplifier has been demonstrated, using nonlinear optical

loop mirror [7, 8], based on pioneering works [9—11] on bulk-crystal PSAs.

Combining the properties of the distributed and phase-sensitive amplification would
enable reaching the ultimate noise limit of linear amplification (“ideal distributed PSA
limit”) and give a revolutionary 3-dB signal-to-noise ratio advantage over the quantum
limit of an ideal distributed PIA. When the thermal noise of Raman amplifier
(additional 0.5 dB) and double Rayleigh backscattering noise (additional 0 dB to over 3
dB, depending on signal power) are taken into account, the actual advantage of the
distributed PSA increases to 3.5-7 dB. However, because of the required distributed
amplification in the transmission fiber span, the nonlinear optical interferometers,
employed in the lumped case, cannot be used. The alternative approach involves
parametric amplification in transmission fiber (for distributed amplification) or in
highly-nonlinear fiber (for lumped amplification), where the parametric process is
forced into a phase-sensitive regime by excitation of both signal and idler beams at the

input [12].



In the first chapter of this thesis we show that parametric amplifier in optical fiber
can indeed serve as a phase-sensitive amplifier. We derive and find the solution for the
parametric amplification equations when the pumps, signal and idler are linearly co-
polarized. We consider both degenerate and non-degenerate pump cases with arbitrary

phase mismatch.

The second chapter deals with building the experimental infrastructure needed
for characterization of parametric amplifiers and other novel nonlinear optical devices
for optical communications. It describes the outline of the recirculating-loop testbed, as
well as the design and implementation of

e an electrical interface connecting our lab’s EDFAs to the laser diode
drivers and thermo-electric coolers, and
e an clectronic circuit controlling the variable optical attenuator that

enables the EDFA to operate at various input signal power levels.



CHAPTER 2

THEORY OF PARAMETRIC AMPLIFICATION

2.1 Introduction

Parametric gain optical fibers can be used to make fiber-optic amplifiers and
oscillators. Such devices have attracted considerable attention in the context of a
phenomenon known as squeezing of quantum noise [7]. Parametric amplifiers may be
used for signal amplification in fiber-optic communication systems. Parametric
amplifiers have a moderately wide bandwidth (~1 THz) but the frequency shift can be
as large as ~100 THz [13]. This permits considerable flexibility in the choice of a pump
while, at the same time, the bandwidth is large enough for many applications.

When the two pumps have the same frequency, we have a degenerate pump
case, and when they have different frequencies, we have a non-degenerate pump case.
In this chapter, we will show that if only the signal is present at the input, then the
amplifier operates in a phase-insensitive regime; if both signal and idler are present at
the input, phase-sensitive amplification can be obtained.

We will start with Maxwell’s equations and deal with the non-degenerate pump
case in 2.2 and deal with the degenerate pump case in 2.3. Pumps, signal and idler are

considered to be linearly co-polarized.



2.2 Non-Degenerate Pump Case

In the non-degenerate case, two photons at frequencies ®; and w; are annihilated
with simultaneous creation of two photons at frequencies wsand ; such that
Ot 0= 0,1 ;.
We define the electric field as
e=FEe™ +cc.
where E slowly varies with time.
Co-polarized four-wave mixing:
The pumps, signal and idler are linearly co-polarized:
E,=0,
E . =Ee ™ +E,e™ +Ee ™ +Ee™™

Nonlinear polarization of the medium has the form

*E_, where A=6y"), and B=6y),.

P = SO(A + £)|Ex
2

Let ®; and m, be symmetric about w:
o, =—0, and ©, = -,
The condition for four-wave mixing is ®, +®, = ®, + ®,. We are interested in the
polarization at frequency @, . The combinations that can produce o, are
0 -0 +0,,

0, -0, +0,,

0, -0, +0,



0, -0, +0,,
O, +0, —0,.

Therefore the polarization along ® is given by:

P(o)=u4+2f

Similarly, the polarization at frequency o, is given by the following equation

E[ +2(|E1|2 +E, | +|Ei|2)]ES +2E1E2Ej} .

N

(interchanging subscripts s and 7):

P.(o,)= 80(A+§j{[|E[|2 +2(|E1|2 +|E,|’ +|ES|2)]E[ +2E1E2E:} .

X

The combinations that can produce , are
®, -0+,
0, -0, +0,,
0, -0, +o0,,
O, -0, +0,,
O, +0, —0,.

Therefore the polarization along o, is given by:

B 2 2 2 2 .
Px(wl):ao(A+?j{[|El| +2(|E2| +|E|" +|E| )]E1+2ESEiE2}.
Similarly, the polarization at frequency ®, is given by the following equation
(interchanging subscripts 1 and 2):

P(»,)= SO(A—ng{hEzF +2(|E1|2 +|E,| +|Ei|2)]E2 +2ESE1.E1*} .

6



Wave Equation:

P/l = EOX(Q)+(D_/)E/’
Substituting equations (2)—(5) in (1) gives

(0+ )

e—""”z{szj I
C

J
2
J

2 2
n;(0t+o; —i(0+o;
Z[VzEj+¥Ej+uo(co+(oj)2f}”’}e( M yee.=0,
c

J

2 2
s n(0+o,) 5
VI, 4 = B =y (040, P
o> o° 0
2 _ 2 _
where V _8x2+8y2+822 and n; =l+y(0+o,).

We will look for the solution in the form of

E = F(x,y)Aj(z)eiﬁ"z,

J J

where Fj (x,y) is the optical fiber mode profile and f; is its propagation constant.

E, +py(0+0,) [gy(0+o,)E, + P].”’]}e_im/t +cc.=0,

(D)

2

3)

“4)

)

(6)

(7



When there is no nonlinearity:

4; (z) =const,

V2E, =(V2 F,)4,e™ —B2F 4" . ®)

x’)) ]

Substituting (7), (8) in (6) we get

V2 F +

x,y" J

{M_B{IF/:O ] )
c il

Nonlinear case:

A (z) is slowly varying with z:

J

: 0°A, 04, 4
IB/Z . 43,2
V’E, =4,(z)e" V2 F, +Fj( 82; +2if; sz —BiAj]e . (10)
: 04, 04, . 04,
Slowly-Varying-Envelope Approximation: p > <<B; a’ , which means that 3
Z Z Z

changes over the length scale A >>A . Substituting (10) and (7) in (6) and assuming

0’4,
-~=0, we have:
0z
Bz 2 . 6‘4/' 2 n/2‘((0+0)j)2 2 pnl
e AV, +2IBJE_BjA" +c—2Aj F,=—py(o+o,) P", (11)

Substituting result from (9) in (11), we obtain

0A, A
:>21BJF/ aZ] — _HO(O\)"F (0./- )2 P/nle*lﬁ,fz )

Sincewi <<, We can assume v+ o ; ¥ ®.

Therefore



N

2ZBAF; aAb — _MOO\)ZPnle—iBl‘,z .
0z

Substituting the result of Px(o;)s) and (7) in the above, we have the following right-hand

side:

= —powzso(A + gj{[

2

F

s

2[R LIS RIS+ FF 4] )| A

AS

+ ZFIFzE-*Al AZA:ei(ﬁl’“Bz—ﬁ,—ﬁs)z }
Let us multiply both sides with FS* and integrate over dxdy. Then

2

‘A j‘ W ;= power [Watts],

1

”F’ (x,y)‘zdxdy - 280njc

b

1
 (2gn ) [Area]

04, o B 1
ZZB‘YE_ c’ (A+ 2)“FS|2dxdy {[

[ F, ]

— dimension of | F, >, and

*dxdy +

AS

N

"ty |4 |

K

? dxdy )]A (12)
+244.4 EF;E*E*dxdyeiABZ}.

2|47

£

sty o

F

F

Here AB =f, +B, —B, —B, is linear phase mismatch,

[FFFFady |
flefaw |

and A is the effective area of the fiber. Substituting equation (13) in (12) and solving

F,
F

! dxdy 1

: dedy  2ggn,cAy

for o4, , we have
Oz



B
A+—
04, i ( +2)

0z  2nc 2ggn,cAy

{4

Al +2(|A1|2 +]4,|” +|Al.|2)]As +2A1A2A;emﬁz}=

.1
= Zi {[ Al + 2(|A1|2 +af + |A,.|2)]AS + 2A1A2A;‘e"ABZ} ,
eff
where n} = A+ B2/2 . Then
4e,nc
04, . {[ 2 q 2 2 2)] . iABz}
P A +2\A[ +|4| +|4] )4, +24 4,47, (14)
: : : nyw
where y is nonlinear constant given by y =
eff
Similarly,
% = iy{[|Ai|2 + 2(|A1|2 +]a,[ +]4, )]4 + 2A1A2A:eiABZ} : (15)
Z
% = iy{[|Al|2 + 2(|A2|2 +4f* + |A,|2) 4, + 2ASAiA;e"AﬁZ} : (16)
Z
6;2 = iy{[|A2|2 +2(|A1|2 +4,[ +|Ai|2)]A2 +2ASAiAfe‘iAﬁz} . (17)
Z
Undepleted pump approximation:
A, << A5, (18)

hence we can neglect the change in pump power due to parametric interaction.

Substituting the result from (18) in (16) and (17), we have

0A
azl - iy(|A1|2 + 2|A2|2 )’41 ) (19)
04
% {4 2 . 0)

10



2
We have ‘Al,z(ZX =W, ,= const. Substituting this value in (19), (20), (14) and (15), we

have
P2, @n
0z
= 4,(z)= 4,(0)e"" ", (22)
8;2 = iy(W, +2W, )4, (23)
Z
= 4, (Z) =4, (O)eiY(WZJrZWI)Z > (24)

and the signal and idler equations

5/1 . * iABz
—o=iflam v 2w)a, 24440, (25)
% = iy|(2m, +2m,) 4, + 244,46 . (26)
Let 4, = B (z)e*""") (27)
and A4, = B (z)e*"" ") (28)
Then
OB x
Zs — 21'Y VV]VV2 Bl_ e’[AB*Y(Wlerz)]Z , (29)
OB, .
a_t — 2i’Y VVIWZ Bs el[Aﬁ*Y(WﬁrWz)]Z ) (30)
Z

Here we assume 4,(0) =,/W,, , i.e. the initial pump phases are zero.

i[AB—y(+1, )]

Let B,=Ble ° 31)

11



and B, = Ble 2 : (32)

Then

e LA 7, W, )JB. + 200, B (33)
zZ

oB!" . -

P 2ig IV B+ LA, + )8 (34)

Equations (33), (34) can be represented in matrix form as

d {B'} —i[AB—y (W, + )] 2y, {B'}
: .

2 N
. _ + p*
iy W, i[AB Y(;’Vl W)l || B;

(35)

Bl

iR ORI

2
—2’7W l[AB'Y(;’K+VI/z)]

Let M =

To find the eigenvalues of Eq. (35), we need to solve the following algebraic equation:

det(M—AI)=0, or

2 =0
.A _ 2
SN L)
2
Ly )l s bW, =0 . (36)

4

Solving (36) we have

_[ap—yor )
4

Ay = i\/4Y2VV1W2

12



[AB—y(7, +W )]
4

For A, and \,to be real, we need 4y°W,W, >

X
4 b
wherex = AB—y(W, +W,) is the net phase mismatch (linear plus nonlinear).

Substituting (31) in (27), we have

iNpz  3iy(W+ Wy )z

Alz)=Blz)e e > | (37)
The solution of Eq. (35) has the form of

B'(z)= D, coshiz + D, sinh Az, (38)
h=[hs.

No phase mismatch: k=0,

ie. y(W, +W,)=AB and L = 2y,\[W, W, .

B!(z)= 4,(0)coshiz + 4’ (0)sinh Az,

B!(z)= 4,(0)cosh Az + 4 (0)sinh Az .

l

Therefore the equations for signal and idler are given by:

ARz 3iy(W,+W, )z

A(z)=[4.(0)coshrz + 4'(0)sinhrz 2 e 2 | (39)
iNpz  3iy(W,+W,)z
A(z)=[4,(0)coshiz + £(0)sinhAzk 2 e 2 . (40)
. i0 . . % (Z) 2
If input A440)=A(0)=|4ole”, then the  parametric gainG = AS (0) =

=le” coshiz+e™ sinhkz‘2 depends on the input signal phase 6, i.e. G is phase

13



sensitive. When 6 = 0, we have maximum phase-sensitive amplification, i.e. G = &**. If

Az

0 = —, then we have phase-sensitive deamplification: G = e "

r
2
When there is phase mismatch: « # 0.

B!(z)= D, coshiz+ D, sinh Az .

If we put z = 0 in the above equation, we have

D, = B.(0).

Substituting z = 0 in (31), we have

D, = B,(0).

Substituting z = 0 in (27), we have

D, =4,(0). (41)
First derivative of (38) is given by

0B’

oz

= D,Asinh Az + D,AcoshAz . (42)

Finding the derivative of (37) at z = 0 and substituting the value of B! (0) from (38), we

have

04 [AB+3y(W,
S/Z=0:D2}\4+l[ B+ Y( 1+W2)] A?(O) ) (43)
0z 2 ‘
Substituting the value of z =0 in (25) and using 4,4, =/ W,W, , we have,
0A, _ x .
o, | =0 " 2NV, A () + 20, + 1) 4,(0) - (45)
4

From (43) and (45) we find that D, is given by

14



2iy W, A4°(0) - AB’gV+Wﬂ4w)
- .

(46)

D, =

Substituting the results from (41) and (46) in (38) and, in turn, substituting in (37), we

obtain the solution for the signal and idler as

. (AR —y(W, +W.
2%%@4@%45721 2)]AS(O) e W)

A (z)=14,(0)cosh 1z + - sinhizre 2 e 2

(AR — iABz 3y (W47, )z
=As(0){coshkz— i[ap yg;{/' 7)) sinhkz}e 2e 2 4

2 / iABz 3y (W47, )z
+ A4 (0)——> ! 2 sinhAze 2 e 2

. AR —y(W, + W,
20y W W, A4, (0) — l[ B 7(21 2)] A4,(0) Nz 3iy(W W)z

A.(z)=14,(0)cosh Az + . sinhAz re 2 2

. 2 ,WW iNBz  3iy(W,+W,)z
=A, (O)%sinhkz e?e ? +

iABz - 3iy(m+,)z

sinh lz}e 2 e 2

i[AB —y(W, +W,)]
2\

+ A, (O){cosh Az —

Same phase sensitive behavior is also observed here. Phase of idler 4; (0) term

is given by g— 0 and phase of A4 (0) is given by 6 —tan” [AB YgW W ) tanh kz}

We have maximum amplification when both the phases are equal i.e. 0= Opax

15




__r_ tan’l[AB _Y(;}If +WZ)tanh Xz] We have phase-sensitive deamplification at

2.3 Degenerate Case

Four-wave mixing in degenerate pump case (0;= ®,) transfers the energy from
strong pump wave to two waves up-shifted and down-shifted in frequency from the
pump frequency by an amount Q= ;- ©= ©; ©;.

Our electric field definition is

e=FEe™ +cc.

Co-polarized four-wave mixing:

The pumps, signal and idler are linearly co-polarized.
E=0,

E =Ee™ +Ee’™ +Ee ™.

Nonlinear polarization of the medium has the form
P =g, (A + E]
2

The condition for four-wave mixing is2m, =®, +®,. We are interested in the

2

E., where A=6y") and B=6y0) .

X

E

X

polarization at frequency o, . The combinations that can produce o, are

O, -0, +0,,
0, -0, +0,,
O, -0, +0,,

16



O, +0, —o,.

Therefore the polarization along ®, is given by

Po)=o 4+ 2]

Similarly, the polarization at frequency o, is given by the following equation:

E

S

? +2(|E1|2 +|Ei|2)]ES +E12Ej}.

P.(o,)= 80(A+§j{[|Ei|2 +2(|E1|2 +|ES|2)]Ei +E12Ej} :

The combinations that can produce o, are
0, -0+,
0, -0, +0,,
O, -0, +0,,
O, +0, —,.

Therefore the polarization along , is given by
P.(o,)= SO(A +§j{[|El|2 + 2(|E,.|2 + |ES|2)]E1 + 2ESE,.E1*} .

Wave Equation:

vz——cizgf =, aaf’ =u088722(17’ +p"). “7)

e= e_i“”ZEie_im’t +cc., (48)
j

D= e‘iw’ZEe_im-’t +cc. , (49)
j

P-F &

17



P =gy (0+0)E, . (51)

Substituting Egs. (48)—(51) in (47) gives

—im ((’0 +O ‘)2 n —io;
e ’Z{szj+c—2ij+M0(m+mj)2[sox(m+mj)Ej+Pj’] e +ee.=0,

J

2 2
n;(o+o, dora
E[VZEﬁ—J( . ) Ei+u0(c)+0)].)2P/.'”:|e @y ce.=0,
A | ) E

J

2 2
ni(o+o))

V’E, +c—2Ej = —py(0+0,)*P", (52)
2 2 2
where V? = ;CZ + 88);2 +§Z2 and n; =1+y(0+0),).

We will look for the solution in the form of

— iB;z
E, = Fj(x, y)Aj (z)e , (53)
where Fj(x,y) is the optical fiber mode profile and p; is its propagation constant.

When there is no nonlinearity:

4; (z) =const,

iB;z iB;z
VZEJ = (Vi,ij )Aje _BiF./A./e ’ (54)

Substituting (53) and (54) in (52), we get

(o+w,)
v F J{”f(c—zf)—gﬁ F,=0. (55)

Nonlinear case:

A (z) is slowly varying with z:

J

18



. 04, 04, _

iB;z : . : iB;z

VIE, = 4,(z)e" V7 F, +F/( 822/ +2iB, é’z/ —BiA,-Je ; (56)
2

. o 0°A, 0A. _ 04,
Slowly Varying Envelope Approximation: 3 - <<p ja—f . which means that a—’
z z Z

changes over the length scale A >> A .

2

0" A,
Substituting (56) and (53) in (52) and assuming 3 == 0, we have:
4

o4 nj(o+o,)’
2

iz 2 . j 2
e AV, +2iB, 621 B4, +

J XY

Aj ij :_Ho(w"'wj)zpjnl: (57)

Substituting the result from (55) in (57), we obtain

. aA 2 nl —iPiz

Since ® ; <<, we can assume ®+ ®; ~ ® . Therefore

04 A
21[331;; s _MOwZPvnleﬁBSz
0z

N

Substituting the result of Px(cos) and (53) in the above we have the following right hand

side:

= _Mo(’)zgo(A"'gj{[

2

ELIAL + 2B 4L +[E 4] )] Fa, + F2E a2 oo

s

AS

Let us multiply both sides with F, and integrate over dxdy. Then

2
‘ Aj‘ = W, = power [Watts] , (58)
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b

[

2eyn,c
[|F.|"]= ! — dimension of | F, |*, and
! (2g,n,¢) [ Area] !
2
2i[33%=_0)_2(14+§j+{[42 ’ (
z ¢ f|F~| dxd (59)

+Aﬂ£jﬂﬁfawﬂwé“7

Here AP =2, —B, — B, is linear phase mismatch,

[F PR Fdedy  [|F[ dxdy I 0)
N I|Ii|2dxdy - 2e,n,cA ,
and A.¢r 1s the effective area of the fiber.
o . . 04
Substituting (60) in (59) and solving fo =
0A ; (A " g)
S {[AS ’ +2(|A1|2 +|4|2)A5 +A5A,.*e"ABZ}
0z  2nc 2en.cA.
inbo 2 2 2 ;
- 4{[ Al + 2(|A1| +|4] )AS + AfA,.*e'AﬁZ} :
A
where n) = A+—132/2 Then
4enic
oA, _ iy{[ Af +2|af +|4f Ja + 4240 } : (61)

Oz

[

where 7 is nonlinear constant and is given by y= . Similarly,

eff
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A iglllap 2l|af sfaf g+ e, (62
% = iy{[|A1|2 + 2(|AS|2 + |Al.|2) 4+ 2ASAl.Afe‘iAﬁz} . (63)

Note the absence of the factor of 2 in front of the four-wave mixing term AIZA:’ ; in Egs.

(61) and (62) in contrast to the non-degenerate pump case of Egs. (14), (15).

Undepleted pump approximation:

A << A4,, (64)
hence we can neglect the change in pump power due to parametric interaction.

Substituting the result from (64) in (63), we have

o4 .
—al =iy | A 4 . (65)
z

Substituting (58) in (65), (61) and (62), we have

A w4, (66)
iz
= A4(z)=4,0)™" , (67)

and the signal and idler equations

6;; =iy 4, + 424 ), (68)
% =iy(2wa + £ 47™) . (69)
Let 4 =B (z)e*" , (70)
and 4, = B(z)e”""" . (71)
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Then

OB

s = jyW,B ek (72)
z
%:iyVKB:ei[Aﬁ’zywllz : (73)
0z

Here, we have assumed 4,,(0) = /W, , i.e. the initial pump phase is zero.

i(AB=2yW, )z
LetB =Ble * , (74)
i(AB-2yW)z
andB,=Ble ? : (75)
Then
OB!' j .
=L [Ap-2yW, 1B + i W,B] (76)
0z 2 i
OB ' .
= —iyW,B. +—[Ap-2yW B! . (77)
oz 2

Equations (76) and (77) can be represented in matrix form as

—i[AB=2yW ]
d[B 7 S W, B! %)
dz | B” . IAB=2yW] || B |’

i lyle - 12 i
2

—I[AB;ZVWI] i

Let M = . .
W i[AB-2yW ]

2
To find the eigenvalues of Eq. (78), we need to solve the following algebraic equation:

det(M -AI)=0, or
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|—i[AB-2yW]

A

iyw,
=0,

i[AB-2yW]
2

2
A

—iyW,

_ (ap-2ym)y

i +N =y W =0. (79)

Solving (79) we have

N \/ysz_(AB—zvm)z (0, —AB)AB
1,2 - 1 4 4

— 2 2
For A, and A, to be real, we need y*W,> > M = KT’ where k= Ap—2yW, is

the net phase mismatch (linear plus nonlinear). This condition is satisfied for yW;>Ap/4,

AB>0. Substituting (74) in (70), and (75) in (71), we have

iABz

A,(z)=Bi(z)e > ™, (80)
iABz

A(z)=Bl(z)e 2 " . (81)

The solution for Eq. (78) has the form of

B'(z)= D, coshAz + D, sinh Az , (82)
h=[hs.

No phase mismatch: k=0,

re. YW, =A7B and A=yW,.

B'(z)= A,(0)coshiz + 47 (0)sinh Az

N

B!(z)= 4,(0)cosh Az + 4. (0)sinh Az

1
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Therefore the equations for signal and idler are given by:

iABz

A4,(z)=[4,(0)cosh Az + 47 (0)sinh Az]e > & (83)
iABz A
A(z)=[4,(0)cosh Az + 4 (0)sinh Az]e 2 e . (84)
A 2
If input A0)=A4/0)=|4ole®, then the parametric gain G= ﬁ =

=le” coshiz +e™ sinh?»z‘2 depends on the input signal phase 0, i.e. G is phase

sensitive. When 6 = 0, we have maximum phase-sensitive amplification, i.e. G = L If

Az

0 = —, then we have phase-sensitive deamplification: G = e >

r
2
When there is phase mismatch: « = 0.

B!(z)= D, cosh Az + D, sinh Az .

If we put z = 0 in the above equation, we have

D, = B'(0).

Substituting z = 0 in (74) we have

D, = B,(0).

Substituting z = 0 in (70) we have

D, =4,(0). (85)
First derivative of (82) is given by

B!
9B, = D,Asinh Az + D,AcoshAz |, (86)

0z
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Finding the first derivative of (80) at z = 0 and substituting the value of B'(0) from

(82), we have

54./2_0 =D\ +MAS(O)- (87)
1574 2

Substituting the value of z= 0 in (61) and using 4’ =W, , we have

A *
A A O 200,40 (89

From (87) and (88) we find that D, is given by

I(AB — 2YVI/1) A (0)

WA (0) -
= 2 : (89)

D, =

A
Substituting the results from (85) and (89) in (82) and, in turn, substituting in (80), we

obtain the solution for the signal and idler as

o4 0) - TAP=21) 4 (o) .
4,(z)=| 4,(0)cosh 1z + 2 sinhAz e 2 ™ =

iABz iABz

= 4, (O){cosh Az —Msinh kz}eze’wlz + A,.*(O)%sinh Aze? e,

0y~ B =200) o) e
A(z)=| 4.(0)coshrz + . 2 sinhAz e 2 """ =

iABz

. . _ iABz )
= Af(O)msinhkz e 2 ™+ 4(0) coshkz—l(AB—zyW‘)sinhkz e,
’ A ’ 21
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Same phase-sensitive behavior is also observed here. Phase of 4, (0) term is

AB -2y

given by %— 0 and phase of A44(0) term is given by 0 — tan"l( tanh kz) . We

have maximum amplification when both phases are equal, ie. 0= Opa

- T_ ltan‘l (% tanh 7\2} . We have phase-sensitive deamplification at 0=

4 2

Omaxct g

Thus we have derived the solutions for nonlinearly coupled wave equations of
parametric amplifier. We have shown that phase-sensitive amplification can be obtained
in both phase-matched and phase-mismatched cases with either one or two pumps.

If only signal is present at the input, then the parametric amplifier operates in

phase-insensitive regime. Indeed, the gain in that case 1is given by

coshAz —

. 2 2
Z(AB ;—;le)sinth :1+(YTW‘J sinh’Az and does not

depend on 0. Figure 2.1 shows the phase-insensitive-amplification gain for degenerate
pump case when the pump power W, varies from 0 to 1 Watt in the increments of 100

mW, dispersion D = +1 ps/nm/km at the pump wavelength A,=1550 nm, length of the
fiber L = 1 km, and y =10 km 'Watt™ (typical for highly nonlinear fiber). The linear

phase mismatch AB =—B"w®’, where B” and D are related as D = —%B” . The phase-

P

insensitive gain when the signal wavelength is 1550 nm is given by G =1+ (leL)2 .
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Figure 2.1. Phase-insensitive-amplification gain for degenerate pump case.
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CHAPTER 3

DESIGN AND EXPERIMENTAL IMPLEMENTATION OF OPTICAL

AMPLIFIER CONTROLS

3.1 Introduction

Parametric amplifiers and other nonlinear devices to be tested in our lab will be
characterized by experimental recirculating-loop setup. While many of our devices are
targeted for ultra-long-haul applications with transmission over dozens of fiber spans
and thousands of kilometers, the cost and space considerations do not permit us to have
more than several fiber spans in the lab. The recirculating loop allows characterization
of the ultra-long-haul transmission performance with just a few spans of fiber by putting
them in a loop and letting the signals circulate through it for many times before we take
the measurements.

3.2 Experimental Setup

Figure 3.1 shows a schematic diagram of the experimental setup of recirculating
loop to be built in our lab. 36 distributed feedback (DFB) lasers spaced by 100 GHz are
multiplexed with an arrayed-waveguide grating (AWG) and modulated using a 10 Gb/s
electro-optical modulator. To compensate for the losses of modulator and multiplexer
we use an EDFA. The EDFA is followed by a variable optical attenuator and an acousto
optic switch (AOS 1). The optical signal is fed into the recirculating loop via a 3-dB

(50/50) coupler. In the recirculating loop we have 80 km of non-zero
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dispersion shifted fiber (NZDSF) made by Corning Inc. (LEAF®), a variable optical
attenuator and an acousto-optic switch (AOS 2). To compensate the dispersion of the

NZDSF fiber, we use 2.5 km of dispersion-compensating fiber (DCF).

OSA
DFB
|| Modulator 0.2 nm A 0.2 nm
filter filter
Rx
DFB
AWG
Error Detector
Pattern
Generator N
10 Gbls 0s

EDFA/RA '~} 80km LEAF ~..!EDFA/RA

Figure 3.1. Experimental setup.

The acousto optic switches work in counter-phase: when first switch turns on,
the second switch turns off, and vice versa. When AOS 1 is open, the signal goes into
the 3-dB coupler and half of it goes into the recirculating loop. By the time the signal
comes to the end of the loop, AOS 1 closes and AOS 2 opens. The signal circulates in
the loop as long as AOS 2 is open. We can set the timing of the switches using a delay
generator. The variable optical attenuator is designed to balance gain and loss after each
round-trip so that the total signal powers after each round-trip are the same. This
balance operation eliminates the wild transients of EDFAs that can damage the optical

components in the loop.
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We use 0.2-nm-wide optical band pass filter (OBPF) as a demultiplexer to select
the channel to be measured. This channel is pre-amplified by an EDFA which is
followed by another 0.2 nm OBPF which prevents the out-of-band spontaneous
emission noise from entering the 10 Gb/s receiver Rx.

3.3 Erbium-doped fiber amplifiers

The erbium-doped fiber amplifier (EDFA) was first reported in 1987 [14, 15],
and, in the short period since then, its applications have transformed the optical
communication industry. The EDFA 1is an optical amplifier that faithfully amplifies
lightwave signals purely in the optical domain. EDFAs have several functions in optical
fiber transmission systems. They can be used as power amplifiers to boost transmitter
power, as repeaters or in-line amplifiers to increase system reach, or as pre-amplifiers to
enhance receiver sensitivity [16]. Optical amplifiers support the use of wavelength
division multiplexing (WDM), whereby signals of different wavelengths are combined
and transmitted together on the same transmission fiber.  Erbium-doped fiber
amplification is the key technology that enabled the deployment of multichannel WDM
systems. In order to enable this growth in capacity the EDFAs have evolved to provide
a higher performance and greater functionality.

In order to support the growth of channels in WDM transmission systems,
optical amplifiers with wide bandwidth are required. The gain of amplifiers must be
very uniform over the entire WDM transmission bandwidth for the channels to be
transmitted without impairments due to either nonlinear effects in fiber or due to poor

optical signal to noise ratio (OSNR) at the receiver. The power spectrum tilt in
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wideband systems can arise from several reasons, such as EDFA gain tilt, spectral loss
in transmission fiber, dispersion compensation fiber or other passive components,
variation in input signal power due to uneven fiber span loss, and Raman effect.

In transmission system, the wide bandwidth of the amplifiers has to be
maintained while accommodating the variations in the losses of fiber spans deployed in
the field. The mid-stage attenuators provide control of the gain tilt of the amplifier over
a wide range of variations in the span loss. This is achieved by maintaining the average
inversion level of EDFA constant by changing the attenuator loss. The use of the
attenuators, however, raises the concern about the increase of EDFA noise figure
leading to the end—of—system OSNR degradation.

Optical amplifier gain is defined as the ratio of the output signal power to the
input signal power,

600)= P = 0. ). 0

P

and is obtained by integrating the gain coefficient g(ﬂ)over the length L of the erbium-
doped fiber. The gain coefficient, normally expressed in units of decibels per meter, is

the sum of the emission coefficient g’ =TI ,n. c,(A)and the absorption
coefficienta(r) =T n.c, (1) weighed by the fractional populations N, and N,

respectively, of the first excited and ground states of erbium:

1 dP(),z)

T =g'N,(z)-alz)N,(2), 1)

g(k,z)z P(
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where n;, is the maximum concentration of erbium ions in the core, I, is the overlap
integral of the signal mode and the erbium concentration profile, and &,(%) and &, (1)

are, respectively, the emission and absorption cross sections as functions of wavelength.
The gain bandwidth of the EDFA extends from about 1525 to about 1600 nm,
primarily as a result of the Stark splitting experienced by the high angular momentum
ground and first excited states of the erbium ions in the local electric fields in the glass
matrix. The gain spectrum, which is determined by the distribution of the Stark split
sublevels and the thermal distribution of their populations, is not flat, and its shape
changes with the level of inversion. Wysocki has shown that in an amplifier or in an
amplified system the wavelength where the gain peaks can be predicted using average
gain per unit length of the erbium-doped fiber to characterize the average inversion [17,
18]. It can be shown from (90) and (91) that the aggregate gain spectrum for an
amplifier or system of amplifiers is given by the gain coefficient averaged over the
length of erbium-doped fiber in the amplifier or system:
g0 =g N, —a)N, =[g" () + a(VIN, +ad) |
where the overbars indicate taking the average over the length of all the erbium-doped
fiber in the amplifier system.

Figure 3.2 shows the gain coefficient as a function of average excited-state

population N, for a typical aluminum co-doped silica erbium-doped fiber. By setting

N, to zero and then one, we see that g* and o are the gain and absorption per unit

length of an EDFA in the limits of infinite and no pump, respectively. The intermediate
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curves come from the uniparameter family of functions, which represent all gain spectra

available from the erbium-doped fiber itself. Thus, N, or closely related to it average

inversion N, — N,, impact the spectral shape of the EDFA’s gain.

gain per meter of EDF {dB/m)
=

1520 1540 1560 1580 1600
wavelength, nm

Figure 3.2. Gain per unit length of aluminum co-doped silica erbium
doped fiber for relative excited-state population N, ranging from 0 to
1.0 in increments of 0.1[19].

Let us discuss several key blocks of a modern EDFA.

Pre-amplifier Stage:

An optical preamplifier is designed primarily to achieve a low noise figure with about
20-30 dB of small-signal gain. This requires a low input coupling loss. A low-insertion-

loss, high-isolation, polarization-independent isolator must be placed at the input to
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prevent optical feedback from reflections that could result in lasing, with minimum
degradation of the noise figure. It is also important to keep the average inversion level
at the input as high as possible. This can be accomplished in a single stage amplifier by
using a short segment of erbium-doped fiber and reverse pumping to minimize input
coupling losses [16]. Multistage designs are not required to achieve these goals.
However, in WDM systems requiring additional gain to compensate for the
demultiplexer losses following the optical pre-amplifier, multistage pre-amplifier
designs are generally used.

Optical pre-amplifiers are usually pumped at 980 nm because complete
inversion is possible at this pumping wavelength. As long as the amplifier architecture
allows sufficient 980 nm pump light near the input so that inversion is high there,
quantum-limited noise figures approaching 3 dB are possible.

Power amplifier Stage:

A power amplifier is used to launch high-power signals to extend the
transmission distance, or to permit splitting the signal. The erbium-doped fiber in a
power amplifier is designed for the most efficient conversion of pump energy into
signal energy [16]. In a single—stage amplifier, the length of the single erbium—doped
fiber is made as long as possible so that the pump light is converted to signal energy as
completely as possible. Additional pumps may be used to further increase the net output
power. For amplifiers with two or more stages, interstage elements such as filters or
isolators may be used to keep amplified spontaneous emission (ASE) from propagating

and reducing the net inversion in the following or preceding stage. Pump reflectors,
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which transmit the signal wavelengths, may be used to return into the gain medium
unabsorbed pump light that would otherwise be lost.

Amplifiers using a hybrid of 1480 and 980 nm lasers have been designed with
high output powers in the range of +20 dBm. The advantages of hybrid pumping over
pumping at only 1480 nm include the suppression of pump crosstalk and the lowering
of power consumption. The major drawback is the difficulty in providing pump
redundancy.

Variable Optical Attenuator (VOA):

The gain tilt control is very important for the operation of WDM systems and
networks. As we mentioned above, the variations in input signal power of EDFA will
cause gain tilt at output. In addition, the spectrum of WDM channels after transmission
through fiber can acquire positive (versus wavelength) linear tilt due to Raman effect
which transfers power from shorter- to longer-wavelength channels [20]. It may be
desirable to have a negative tilt in the spectrum of channels at the output of the
amplifier in order to compensate for the Raman effect in the transmission fiber. Both of
these conditions can be accommodated by controlling the gain tilt in the EDFA by a
mid-stage VOA. This attenuator changes the power entering the power stage of EDFA
which affects the inversion level and, therefore, the gain tilt. If the amount of VOA loss
is significantly less than the pre-amplifier gain, then the net noise figure of two stage

EDFA is largely determined by the pre-amplifier noise figure.
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3.4 Operation of Erbium-doped fiber amplifiers

In our lab we are fortunate to have four EDFAs that were designed by Corning
Inc. for Nortel (C+L)-band 160-channel Optera”™ system. The amplifiers we have are the

high power (+18 dBm) L-band modules which operate in 1565—-1605 nm region.

EDF Stage 1 EDF Stage 2
(Pre-amplifier) (Power amplifier)
Isolator O Isolator GFF %ﬁ\' Isolator
1480nm 1480nm 1480nm

Figure 3.3. Schematic of two-stage EDFA.

Figure 3.3 shows the operational block diagram of our EDFA. The front stage
(pre-amplifier) stage is in high-inversion regime and the power amplifier stage is in low
inversion regime. The nominal signal power to our EDFA is +5 dBm and the output
power is +18 dBm. The gain curve is flat for these conditions of operation. We have
three pumps operating at 1480 nm, 1480 nm and 1480 nm respectively. The maximum
pump current for pumpl, pumps 2 and 3 is 650 mA. If the input power is less than +5
dBm then the amplifier works in high-inversion regime, and if the input power is
greater than +5 dBm then the amplifier works in low-inversion regime. The pre-
amplifier stage has approximately constant gain and power-amplifier stage has constant
output power.

If the total average input power is +5 dBm, then the output power is +18 dBm,

and the average gain of the system is 13 dB. If we increase the input power to +10 dBm,
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the output power is still +18 dBm, therefore the overall gain is reduced to 8 dB, and
amplifier is forced into lower-inversion regime causing positive gain tilt. In order to
keep the gain curve flat, an extra attenuation is introduced by placing a VOA between
pre-amplifier and power amplifier stages. If the signal power is less than +5 dBm then
the amplifier is in high-inversion regime. We need to reduce the output power by
adjusting the output pump currents so that the 13 dB gain is preserved, then the gain
curve becomes flat. The noise figure is constant in the high-inversion regime (+5 dBm
and lower input powers), but increases rapidly when higher signal power forces EDFA

into a low-inversion regime.
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Figure 3.4. EDFA spectral tilt when the input signal power is 0 dBm,
+5 dBm and +10 dBm.
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3.5 Interface between EDFAs and our lab equipment

EDFAs that we have in our lab are supposed to be placed in Nortel rack which
has a back plane with power supplies and laser diode drivers. Since we do not have

Nortel rack, we need to build an interface between the EDFA and our lab equipment.

Amplifier Box
Newport Controller
N 7 ~ ]
f )‘ Cable
=
= M
: <
\Cable 0)] &
— 2 s
ﬁ\ 8 J w
==
¥ able / \
/ J \ |
V 15 Pin male .3
15 Pin female Connectors \
Connectors 37 pin male

37 pin female

Connector
connector

Figure 3.5. Schematic representing the connections between the
amplifier and Newport controller 8016.

The Newport laser diode/ thermo-electric cooler (LD/TEC) controller 8016 has a
9-pin female interlock connector (pins 1 and 2 are shorted for laser diodes to operate)
and sixteen plug-in boards (with 15-pin female connector on the back), each including
laser diode driver and thermo-electric cooler controller. The 15-pin female connector on
the Newport controller is connected to our home-made cable which on one end has

three 15-pin male connectors and on the other end has a 37-pin female connector. We
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designed the cable interface between Newport controller and EDFA as shown in Figure

3.5. The picture of the cable is shown in Figure 3.6.

- - ‘

Figure 3.6. Cable interface between Newport 8016 LD/TEC controller and EDFAs.

The EDFA has a 50-pin connector for LD/TEC control and a 70- pin connector

for VOA control.
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Output
Input monitor] {

Output monitor

C-band input

50 pin (LD/TEC)

70 pin (VOA)

Figure 3.7.

configuration of 50-pin connector on the EDFA.

Pump1l aserCathode |
PumpiThermistor |
Pump1MonitorAnode |
Pump1MonitorCathode |

Pump1TECPY
PumE1TECP'
Pump1TECM
F’umE‘ITECM s
AGND |

Pump?2l aserCathode |

Pump2MonitorAnode |
Pump2MonitorCathode -

C|
Pump2TECM

Pump2TECP
P

AGND |
AGND
Pump3LaserCathode]
Pump3Thermistor o
—Pump3MonitorAnode {
Bump3NonitorCathode |

PumZSTECP |
Pump3TECM ]
Pi mi ;TE; M
AGND |
AGND ,z
Pumpdl aserGathode|
PumpdThermistor |
Pump4MonitorAnode 'p
Pumpd4MonitorCathode |

PumpaTECP |
PumE4TECF‘
PumpaTECM |
Pum§4TECM

AGND |

VCAHeater1

HeaterCommon(182) £
VCAHeater2 |
VCAHeater3|

HeaterCommon (384 o,
VCAHeater4 |
AGND |
P.
Monitor

Schematic showing the layout of the EDFA and

pin

The 37-pin female connector on our home-made cable is connected to the 37-pin

male connector on the back of the amplifier box. EDFAs are fixed to the base of the

box. The EDFA has a 50-pin connector (J1) and a 70-pin connector (J2). The other end

of the 37- pin male connector on the amplifier box is in turn connected to J1 on the

EDFA. J2 on the EDFA is connected to the Variable Optical Attenuator (VOA) and is

discussed in next section.



The amplifier is fixed on the bottom of the amplifier box which on the front face
has push buttons that control the variable optical attenuator and on the back face has

two 37-pin male connectors connected to the cable interface as shown in Figure 3.8.

07/31/2005

Figure 3.8. Front and back faces of the amplifier box.
The pin connections between pumpl, pump2, pump3 and the 37-pin connector

are shown in Figures 3.9, 3.10 and 3.11, respectively.
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37-pin 37-pin connector
Connector on the  on the amplifier
Cable box "

Pump1l aserCathode
Pump#1 Pump1Thermistor
v

JTE+ Pump1MonitorAnode
Pump 1MonitorCathode

P1 P 3 Pin connections

T
I

3 123

TE- Pumpl1TECP

| Pump #1 "
P2 |_| - i Pump1TECP |PS ump #

Thermistor+ o i Pump1TECM

PPS Thermistor- - " Pump1TECM|P7_ |

4 I—| " E =5

PDAnod AGND

. {£DAnode GND4_ 2 78

PDCathode AGND

Y 1O

LDAnode Pump2l aserCathode 'P

P71 ocathege Pump2Thermistor ';12

Pump2MonitorAnode |
u o 13 4 9

g JLECUSEnsE+
o EECYSense- Pump2MonitorCathode |
—— T eumacrecu]

Pump2TECM|P15 s 3

| NoConnect Pump2TECP

6 4
LDDVSense+ Pump2TECP [P17
B8

JLDDVSense- —AGND]
P15 AoND]”1? 7 10

—Pump3LaserCathede{
Pump3Thermistor ]

—Pump3MonitorAnede §
Pump3MonitorCathode |

Pump3TECP
pi 3TECM P26
Pump3TECM
5

—AGND|
AGND]
PumpdlaserCathode |
PumpdThermistor |
Pump4MonitorAnode |
Pump4MonitorCathode |
PumpdTECP
PumpdTECP [P35
PumpdTECM
PumpaTECM
AGND ;33
VCAHeater1 |
HeaterCommon(1&2)
vcaHeater2 |
VCAreaters]
HeaterCommon(3g) f
veareatera |
aenp} o
VCAQutputMonitor |

Figure 3.9. Pin connections between pump 1 and 50-pin connector on the amplifier.
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37-pin Connector
on the Cable

37-pin Connector on
the amplifier box

Pump1LaserCathode |
Pump1Thermistor |
Pump1MonitorAnode |
Pump1MonitorCathode |

A1
1
2
3
Pumpi1TECP b4
.

Pump1TECP.
Pump1TECM P6 Pin Connections
P7
Pump1TECM
— P~ Pump #2 a
——— P9
Pump#2 AGND
——=1F10 1 17,18
TE+ Pump?l aserCathode
P T i Pump2Thermistor | "
I— Ladul LU 1 2 15,16
TE Pump2MonitorAnode
P T3 T pump2MonitorCathode |+ B
Thermistor+ Ltk Lalisia Pumo2 TECM] P14 3 12
P3 (1 ormistor. P15 1 e 515
P4 PTG 3457 P16 4 19
PDAncde Pump2TECP
P5 T b 0cathode il il Pump2TECP P17
P I DAnede i il AGND]PT8 N "
P7 L) TS ey (]
LDCathode AGND
P8 P20 P20 P20 6 14
i nse+ —Pump3laserCathode |
po fECYSe ode
oot LECYSense- ——PumpsThermistord ) 7 20
P14 Interlocﬁ Pump3MonitorAnode .
Pump3MonitorCathode |
P12l Naconpoct — Pumostece]™ s "
P13] P25
|LDDVSense+ —Pump3TECP/
:; [LDDVSense- P26
Pump3TECM P27
AGND ,zgg
AGND

—=—1P30

—PumpdlaserCathoded
PumpdThermistor |

Pump4MonitorAnode |
PumpdMonitorCathode |
PumpdTECP

PumpaTEGP [P35
PumpdTECM | P36

PumpdTECM

AGND | 738

—AGNDJ
VCAHeater1]

HeaterCommon(182)]

VCaHeater2|”

VCAHeater3]

HeaterCommon(3&4

VCAHeater4 |

Figure 3.10. Pin connections between pump 2 and 50-pin connector on the amplifier.
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37-pin Connector
37-pin Connector on the amplifier
on the Cable box "
PumoiLaserCathode]
Pump1 Thermistor} *
Pumo1Monitoranode -
PumpMonitorCathode {_
Pump1TECP y
um, 5 Pin connections
Pumpi1TECP{™ >
—Pump1TECM/
Bumpt [ECM Pump #3 ”n
Pump1TECM
AGND
AGND P10
Pump2l aserCathode
[P11 2 27,28
Pump2Thermistor
Pump2MonitorAnode ,"13 R 2
Pump2\onitorCathode §

— Pump2TECM

A '

P16
Pung2TECP 1722 R 3

Pump2TECP

P18
AGND P19 6 24

P20
TE+ Pumo3LaserCathode
T 1 T 30

Pumo3Thermistor
Pump: pitorAnode 21
4Pun’\h"M nitorCathode.
Pump3TECP
- > PunosTECR|P2 |
P4 P76 g 726
p5}-E0ACde s 7 Pump3TECM]
PDCathode PumpaTECM P27

LDAnode
P7 LDCathode | P2y m2y AGND

;; TECVSense+ Feu 730 pumpdl aserCathode ,;31
[TEcvsense- Pumpd Thermistor |
P10 nteriock PumpaMonitorAnode |- 02
EumpaMoniiorCathiode | °>

nnect —  PumpdTECPJ
P131| Dovsenser umpatee [P ]
P11 Dovsense- — PumpdTECM

P1s PumpdTECM
AGND [P38

Vcatieater1 ]~
HeaterCommon(182)]
VCAHeater2]
VCAHeater3)

HeaterCommon(3&4)f ~"*
1P44

VCAHeaterd ':,

9 1 25,26

Pump#3
P1

e

AGND 45
VCAOUlpuiMonitor | +8
AGND a7

AGND P48

VCAIn utMDnilor'P49

Figure 3.11. Pin connections between pump 3 and 50-pin connector on the amplifier.

How to turn on the pumps:

After connection, check that all TECs are reporting room temperature correctly,
i.e. ~23C and not -8.3C or +353C or something odd. Then switch on the TECs one at a
time, checking that each TEC is controlled to its set point (25°C). After all the TECs are
successfully controlled you can switch on the laser diodes, in the order from pump 1,
pump 2, pump 3. The pumps should be turned off in the backward order (the pump
turned on last should be turned off first).
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The 1480-nm diodes should not be driven above 650 mA

Table 3.1. 15-Pin Connector Pinouts.

Pin

Description

[

TE+

Can be two

TE-

wires each

Thermistor +

Thermistor-

PD Anode

PD Cathode

LD Anode

LD Cathode

O |0 | N ||| WD

TEC V Sense +

[S—
()

TEC V Sense-

p—
—

Interlock

[
[\

Interlock (GND)

[
(%)

No Connect

—_
AN

LDD V Sense+

[S—
(9]

LDD V Sense-

} Not Used

Shorted inside
Cable’s 15-pin
connector

} Not Used
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Table 3.2. List of hardware

urchased for cable interface.

Stock Number/Description
Mouser

Price

Stock Number/Description
Allied Electronics

Price

523-17D-15P

MFG PN: 17 -DA15P

15P PLUG SOLDER CUP

Amphenol D-Subminiature Connectors

$2.10

216-3727

MFG PN: 9751 CHROME CX/100
BELDEN WIRE AND CABLE
CABLE

$92.18

523-17-1657-15

MFG PN: 17 -1657-15

D-SUB HOOD CAST ZINC

Amphenol D-Subminiature Connectors

$3.05

618-3927

MFG PN: 151250 -8322-TB
3M/INTERCONNECT SOLUTIONS
50 pin Connector

$6.10

523-17D-C375

MFG PN: 17 -DC37S

37P RECPT SOLDER CUP

Amphenol D-Subminiature Connectors

$8.17

708-7251

MFG PIN: FIT221 % 4" BLACK BX/5
ALPHA WIRE

Heat Shrink

$12.25

523-17D-C37P

MFG PN: 17 -DC37P

37P PLUG SOLDER CUP

Amphenol D-Subminiature Connectors

$5.83

523-1731657 -37

MFG PN: 17 -1657-37

D-SUB COMM ACC

Amphenol D-Subminiature Connectors

$5.16

3.6 Variable Optical Attenuator

The Nortel amplifier has VOA inside driven by a stepper motor controlled by
TTL control voltages. To provide this control functionality, we have built the circuit
shown in Figure 3.12.
The controller inputs for the VOA are INCrement and DECrement.

e INC: The INCrement input is used to increment the stepper motor within the
VOA assembly. INCrementing the stepper motor means to INCrease the
attenuation. For each high to low logic transition applied to the INCrement
input, the stepper motor will rotate one step in the CW (clockwise) direction.
The maximum INCrement step rate is limited to 488 Hz. The minimum pulse

width must be >256 s [either in a high (logic “1”) or low (logic “0”) state].
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R1

VOA +5V to
J2-Pin 68

S inp14s
39K INCrement to
R4
: AM

INC J2-Pin36

50

.
02

I_ R7 +5v
AN 5
\4
1.9M ?
8 P7 < 1Npi148
Re 5 2.9M R2 < 39k 14 DECrement to
I— P6 —I r DIT ¢ A o : RS pec J2-pin35

‘ Ground to J2-
pins 34,63

Figure 3.12 Variable Optical Attenuator circuit.

DEC: The DECrement input is used to decrement the stepper motor within the
VOA assembly. DECrementing the stepper motor means to DECrease the
attenuation. For each high to low logic transition applied to the DECrement
input, the stepper motor will rotate one step in the CCW (counterclockwise)
direction. The maximum DECrement step rate is limited to 488 Hz. The
minimum pulse width must be >256 ps [either in a high (logic “1”) or low
(logic “0”) state].

VOA +5V/GND: The input voltage range is +4.57 <V_ < +5.25Volts. Positive
+5V DC is connected to VOA +5V pin 68 of J2 on the amplifier. The GND is
pin 34 or 63 of J2 (34 and 63 are connected on the amplifier board). J2 refers to

the amplifier’s 70-pin connector.
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Table 3.3. Components required for building the VOA circuit.

Devignatior.  Pact Description
BRI | 3%
B2 EX
BA wa
RS 0
K7 RET
BE 2 5MC)
a A
Apf
o4 COlr
DI T 1N4143
D2 1N
PRI " Sigoal Torraase All Push Busbons
. s morentary aad
PE2 Sigoal Decrease e FOGTllY Opeand
PB4 ' Ctcady Lacrease oyt
PBS  Stwaly Dovtnese T
c 355 Thasee Bpis
2  MHCH 149 Johaudt Trgger
Power Supply ) +5Vdc, S00mi.

The pin configuration of 70-pin connector to which the VOA circuit is

connected is shown in Figure 3.13.
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J2

P1
P2

i

TZ1lowGainSel
TZ1PinBiasSwitch
TZ1MEDGainSelect
TZIMED-HighGainSelect
AGND
AGND

TZ1PinBiasVoltage(Cathode

1Z1Qutput
+5VAnode

+5VAnode

TZ21 owGainSelect
TZ2PinZBiasSwitch
TZ2MEDGainSelect
TZ2MED-HighGainSelect

+

4
P5
P6

R
2

8
9
P10
P11
P12
P13

T U

P15
P16
(P17

4
TZ2Pin2BiasVolatge(Cathode) zlg
——TZ20ufput

i

AGND |

!

__TZ3MEDGainSelect]
TZ3MED HighGainSelect

|

TZ3PinBiasVoltage(Cathode
—1230ufput

i

AGND
TZ4AMED-HighGainSelect
TZ4MEDGainSelect
TZ4Pin4BiasSwitch
TZ4lLowGainSelect
AGND
AGND

TZ4PnBiasVoltage(Cathode
TZ4Qutput
+5VAnalog
+5VAnalog

TZ5MED-HighGainSelect
TZ5MEDGainSelect
TZ5Pin5BiasSwitch

TZ5l owGainSelect
AGND

AGND

TZ5PjnBiasVoltage(Cathode
TZ50utput |
P

]

_L

-5V

)

TZ6PinBiasVoltage(Cathode)
P62

%EE%L

Spare }

OMSerialCloc
EEPROMSerialDataAddres:

h

Figure 3.13. Pin configuration of the 70-pin connector on the EDFA.
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3.7 Experimental Results

To demonstrate the operation of the designed interface and the circuit board a
series of measurements have been performed. The first measurement demonstrates the
dependence of the gain tilt on the value of mid-stage attenuation. When the variable
optical attenuator is fully open, we have minimum attenuation, and when the VOA is
closed, we have maximum attenuation. We utilize an input signal from tunable laser to
saturate the amplifier, and use the output amplified spontaneous emission spectrum as

an indicator of the gain shape.

20 I
e 10 — Maximum Attenuation |
% — Flat Gain
= 0 — Minimum Attenuation |
3
a -10 -
5
o
£ .20 - /\
O

-30 - k —~

-40 \ T T T

1560 1570 1580 1590 1600 1610

Wavelength, nm

Figure 3.14. Output responses when the VOA is fully closed, partially
opened, and fully open.

Figure 3.14 shows the EDFA output spectrum curves for maximum attenuation,
minimum attenuation and flat-gain response when the input signal power is +7 dBm,

and the pump currents are 200 mA, 500 mA and 500 mA for pumps 1, 2, and 3,
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respectively. One can see that, for +7 dBm input power, finite VOA attenuation is

needed in order to compensate the positive tilt and achieve flat gain.

The next set of measurements deals with the dependence of gain on input power.

Figure 3.15 shows the output spectra when the input power is +4.5 dBm, +7 dBm, and 0

dBm; VOA is completely open and the pump currents are 250 mA, 600 mA and 600

mA for pumps 1, 2 and 3, respectively. One can easily see that the change from

negative (high inversion) to positive (low inversion) tilt as the input power increases

from 0 to +7 dBm.

Output Power, dBm

20 -
— 0 dBmin

10 —+4.5 dBmin
-10
-20
-30 P T~ ﬂ
'40 I I I [

1560 1570 1580 1590 1600 1610

Wavelength, nm

Figure 3.15. Output response when the input signal power is 0 dBm,
+4.5 dBm, and +7 dBm; VOA is fully opened, and the pump currents
are 250 mA, 600 mA, and 600 mA.

In our amplifier, the flat response was obtained at +4.5 dBm input power which

is slightly different from the nominal power for flat spectrum. A flat response can be
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produced at +5 dBm input power by increasing the pump currents to 650 mA, 650 mA
and 650 mA on pumps 1, 2 and 3, respectively.

The dependence of the gain tilt on VOA attenuation and input power level,
demonstrated by Figures 3.14 and 3.15, is in line with our expectations described in
Section 3.4. Therefore, we can conclude that our interface and control circuitry are

working properly.
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CHAPTER 4
CONCLUSIONS

This work is focused on laying down a better foundation for testing of
parametric amplifiers and other nonlinear devices in our lab.

We have derived the equations of parametric amplification in optical fiber and
found their solutions when signal, idler and pump beams are linearly co-polarized. We
have considered both non-degenerate and degenerate pump cases with arbitrary phase
mismatch and proved that the amplifier can perform phase-sensitive amplification in
both cases.

We have also designed an experimental recirculating-loop setup for testing all
the nonlinear devices to be used in our lab, an interface between telecom-industry
EDFAs and the laser diode drivers and thermo electric coolers used in our lab, and a
control circuit for variable optical attenuator (VOA) which enables the amplifier to
operate at various input power levels.

We have also performed a series of measurements that demonstrate the flawless
operation of the designed interface and VOA circuit board.

Future work

The optical amplifiers designed in this work are the key components of

recirculating-loop testbed described in chapter 3.2. The recirculating-loop testbed will

be used to test the parametric amplifiers and other nonlinear-optical devices.
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