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Abstract—In this paper, we perform analytical characterization
of optical pulses propagating through a polarization-sensitive
semiconductor optical amplifier (SOA). We derive analytical ex-
pressions for the carrier density, gain and phase evolution along the
SOA and show how these expressions prove useful in optical signal
processing applications. The propagation of counter-propagating
pulses as well as pulse streams across SOAs have been analysed and
expressions for energy gain have been derived in all these cases.
We also show that our analytical results reduce to corresponding
results of polarization insensitive SOAs already published. The
analytical results are in excellent agreement with detailed numer-
ical simulations done in MATLAB using the NIMROD portal. The
analytical calculations lead to significant savings with regard to
simulation time and processing capacity requirements. We further
prove that the energy gain difference for counter-propagating pulse
streams is directly proportional to the difference delay between in
them and hence can be used as a measure of the delay difference.
This theoretical result agrees well with experimental results.

Index Terms—Analytical results, polarization sensitivity, semi-
conductor optical amplifier (SOA).

I. INTRODUCTION

PTICAL signal processing based on polarization rota-
tion in strained bulk semiconductor optical amplifiers
(SOAs) has recently attracted a lot of attention from researchers
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[1]-[10]. In such SOAs, the dependence of the polarization
sensitivity on the wavelength and the gain can be varied by
varying the tensile strain [11], [12]. It has been shown that
error-free inverted and noninverted wavelength conversion at
data-rates up to 10 Gb/s can be realized using this phenomenon
[13]. A mode-locking scheme has been proposed in [3] in which
an initially broad pulse is shortened using polarization rota-
tion in SOAs. Self-induced polarization rotation in SOAs has
been used to build an all-optical header processing system, an
all-optical seed pulse generator for packet synchronization, and
an all-optical arbiter that finds application in optical buffering
[4]. Polarization switches based on this phenomenon are of
great use in all-optical logic implementations. An all-optical
XOR gate based on cross-polarization modulation is described
in [5]. In [10], an all-optical flip-flop memory based on two
coupled nonlinear polarization switches has been proposed.
An all-optical label and payload separator based on nonlinear
polarization rotation in a SOA has been demonstrated, in which
the separation is obtained by using the constant power differ-
ential phase-shift keying (DPSK) modulated payload signal as
a pumping light source [6]. This phenomenon can also be used
to erase the intensity modulated label super-imposed on the
high-speed angle modulated payload in optical label switching
packet networks [7] as well as for suppression of waveform
distortion caused when an SOA is used for amplification [8].
Fig. 1(a) shows the polarization sensitive SOA based power
equalizer, which we have analyzed in detail in [9].

In [14], the polarization dependent gain in semiconductor
lasers is numerically studied by solving the equation of motion
for the density matrix in a semi-classical manner. However, this
model has limited practical applications as a design-tool for op-
tical switching configurations. The numerical model used in our
paper is based on the decomposition of the polarized optical
field in a polarization sensitive SOA into a transverse electric
(TE) and transverse magnetic (TM) component [15]. In a SOA
with a rectangular active layer structure, the confinement factor
of the TE polarization is larger than that of TM polarization.
However, this difference, and hence the polarization sensitivity,
is varied by introducing a small tensile-strain into the active
layer [16]. The tensile strain built into the bulk medium causes
TM to be favoured over TE transitions. In [15], this asymmetry
between the two transition types is modeled by introducing a
population imbalance factor f. The TE and TM modes interact
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Fig. 1. a) SOA based power equalizer. High and low level input signals are represented by lines ending with o, A respectively. Line ending with A represents
the output signal. The elliptically polarized output signal from the SOA is linearized by using the polarization controller after the SOA b) Coordinate convention

followed in the paper.

with each other indirectly via the gain saturation but otherwise
propagate independently [15].

Numerical models that are in excellent agreement with ob-
tained experimental results have been developed for polariza-
tion rotation in SOAs [4], [15]. The objective of this paper is
to derive simple analytical expressions for polarization rotation
that can give us a deep insight into the phenomenon without
depending on time-consuming numerical simulations. The ob-
tained expressions for carrier density, gain and phase evolu-
tion will find application in estimating the output power when
a bulk-strained polarization sensitive SOA is used for optical
signal processing applications such as power equalization [9],
wavelength conversion [2] or amplification with reduction in
waveform distortion [8] for optical pulses. In [17], Premaratne
et al. have derived expressions for the longitudinal carrier-den-
sity evolution and the related optical-gain response in a polariza-
tion insensitive optical amplifier. In Section II, we use a similar
approach as in [17] to analyze carrier-density, phase and gain
evolution in a birefringent SOA for optical pulses while clearly
mentioning the approximations involved. We also show how
these equations reduce to the corresponding equations obtained
in [17] for a polarization insensitive SOA. We further demon-
strate how these expressions can be used to emulate polarization
rotation and hence calculate the output power of a polarization
sensitive SOA. These expressions are then extended to the case
when two counter-propagating pulses or pulse streams propa-
gate along the SOA and the energy gain calculated analytically
in all these cases. This analysis is useful when the SOA is used
for synchronization or distance measurement applications.

Numerical simulations in MATLAB using the model in [15]
are performed in Section III. Here, we have shown that the an-
alytical results closely match the values obtained through nu-
merical integration. We further show that the energy gain differ-
ence for counter-propagating identical pulse streams is directly
proportional to the delay difference between them and this re-
sult obtained using analytical expressions is verified by simula-
tion results. In Section IV, we describe an experiment in which
counter-propagating pulse streams were incident on a SOA. It
is observed that the power difference for similar counter-prop-

agating pulse streams is directly proportional to the delay dif-
ference between them when the pulse streams do not overlap.
This observation further confirms the validity of our analytical
expressions. Finally, Section V summarizes the main results of
this paper.

II. APPROXIMATE ANALYSIS

This paper uses the coordinate conventions in Fig. 1(b).
Optical transitions between conduction band and valence band
states in the SOA structure with z, y, and z polarizations can
occur in principle. Since the optical field is propagating in the
z-direction here, transitions with z-polarization do not occur.
The remaining two transitions with z- and y-polarizations cor-
respond to TE and TM polarization eigenmodes, respectively,
and these two transitions define two relevant hole reservoirs
with corresponding numbers N, (z,t) and N,(z,t), respec-
tively [15]. Let us assume that Hr, (¢) is the intensity profile of
a optical pulse linearly polarized at an angle 6 with a full-width
at half maximum (FWHM) of T,,, carrier-recovery lifetime 7,
and energy F,

B, = A / Hor, (£)dt (1

where A is the cross-sectional area of the active region. The
intensity profile Hr,, tr(t), Hr, mv(t) incident on TE and TM
axes is given as

Hr, tr(t) = Hr,(t)cos® 6
Hr, m(t) = Hr, (t) sin® 6.

(@)
(€)

The difference in group velocity v, along TE and TM axes is of
the order of 1% and hence it need not be accounted for in case
of an amplifier that is not too long [19]. From [15], the dynamic
response of the SOA along TE and TM axes is given by

0 10
— I Bz t) + ——T"B(2,t
0z (z.1) + vg 02 (2,)

= gTE(Z7t)ITE(Z7t) - aTEITE(th) 4)
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%Nx(z,t)

e Nmijt) — 9"z, )MTZ(EZ’w 5)
%ITM(Z,t) + %iITM(zJ)

= g™ (2, ) I™ (2, 1) — ™™ (2, ) ©)
2N (z.)

= oy — Ny(z,1) _ gTM(ZJ)M o

Te he

where z is distance measured along the SOA, t is time,
I'E(z,t), I™(z,t) are the intensities for the TE and TM-po-
larized electric field components, aTE and o™ are the loss
coefficients for the TE and TM electric field components, X is
the mean operating wavelength, A is Planck’s constant, and c is
the speed of light in vacuum. Here, N, (z,t) and N,(z,t) de-
note the number of holes involved in the - and ¥ transitions and
Ny is the total number of electronic states involved. Assuming
that total number of holes equal to the number of electrons, we
can write

g (2, t) =T™Ea™8 2N, (2, ) + N,(2,t) — No]  (8)
g™M(z,t) =T™a™ 2N, (2,t) + N.(2,t) — No]  (9)

where I'TF and '™ are the TE and TM confinement factors,
and aT¥ and o™ are the TE and TM gain coefficients. Our
analysis is limited to situations not involving ultrafast dynamics
and so N, (z,t) and N, (z,t) can be assumed to be tightly cou-
pled together [15]. Let equilibrium values of carrier density be
Nz, Ny

N, = [N, (10)

Here f is the population imbalance factor, which is used to
model the asymmetry between TE and TM transitions [15]. This
implies

—N_'T = 7Nf 11

m_T_e_’re(1+f) (11)
N, N

o TR D 2

where N:q—v. (13)

Here I is the input current, ¢ is the electronic charge and V is
the device volume. For ease of analysis, the reference frame is
changed to a moving coordinate system that is moving along
with the forward propagating pulse. The delayed time coordi-
nate 7 is centered on the arrival time of the pulse at each plane
¢ along the amplifier. Hence

£ =z;

z
T=1t— —.
Vg

(14)

Using these transformations, the following two differential op-
erators are obtained for time and spatial derivatives:
g 0 10 0 g

- = _ - = — = —. 1
dz 0¢ w, 0t Ot Ot (15
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Fig.2. Tllustration of model carrier-density evolution in a polarization-sensitive
SOA when T, < 7.

These transformations, when substituted in (4)—(7), result in sig-
nificantly simpler forms of the equations as

E,%IT%T) — gTE(e, T (6 7) — o TEITE (¢ 1)

(16)
0 N, (&, ATTE(E,
57 NVel€,7) = — g - gTE(f,T)%
(17)
aﬁngM(g7 T) :gTM(&T)ITM(f,T) _ OJTMITM(& T)
(18)
4 Ny (€. ATTM(g,
ENU(£7T) =Py — # — ng\/I(f,T)%'
(19)

In this paper, we aim to find analytical solution to this set of
equations. Let us initially limit our analysis to pulses that are
significantly narrower than the carrier-recovery lifetime, i.e.,
T, < .. Later in this section, we look at what happens when
this assumption is relaxed. Here, we assume that stimulated
emission induced carrier depletion by a short pulse can be con-
sidered instantaneous [17], [18], [20]. Thus, when the pulse
arrives, the carrier density N, (z,t), N,(z,t) deplete instantly
with no time for the gain to recover. While this happens, there is
indirect interaction between the TE and TM modes via the car-
riers. After the pulse has passed through influencing stimulated
emission, the depleted carrier density replenishes with a time
constant 7.. As before, there is inter-coupling between TE and
TM modes due to the carriers. We illustrate the whole process
in Fig. 2. Applying this to (17) and (19), we get

1o} _ TE /\ITE(E, T)
5 Va(€m) = —gTEE ) T (20)
0 _ T™ )‘ITM(f; T)
8TNy(£7T) - g (577_) hC . (21)
Differentiating (9) with respect to 7
ﬂ ™ _ nTM TM 3 3
aTg (577—)_F a aTNI(€7T)+2a7_Ny(£7T)
(22)
Substituting (20) and (21) in (22) gives
o ™ _ PTMaTM)\
Eq (67 T) - he
X [gTE(E IR ) + 29" )I™M(E )] (23)
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Solving (16) and (18), we get the following expressions for the
intensities corresponding to TE and TM modes along the SOA:

I"(&,7) = Hr, me(T)GT7(,7) (24)
™, 1) = Hr, ma(m)G™ (€, 1) (25)
where GTE (¢, 7) and GT™ (¢, 7) are given by

£

GTE(¢, ) = exp | T+ [ e | o)
0

£

GINE ) = exp (o™it [ ). @)

0

Physically, GTE(¢, 7) and GT™ (¢, 7) represent the effective in-
tegrated gain corresponding to TE and TM modes at each point
of the pulse profile. By making the coordinate transformation,
we are thus able to represent the output signal from the SOA
corresponding to TE and TM modes as exponentially amplified
versions of the input signal components along TE and TM axis.
However, it should be noted that the output pulse will be delayed
in real time with respect to the input pulse by the time L /v, it
takes to transit through the amplifier. Taking the logarithm of
(26) and (27) and differentiating with respect to 7, we get
9

T ) |
aoiE a0 6T = E/QTM(f,T)dé (28)

0
Substituting (23) in (28) yields

1 0

GT™™(¢, 1) EGTM(Q T) =
3

x / [9E (6, ) ITE(E, 7) + 2™ (€, M) I (E )] dE. (29)

0

FTMaTM)\

he

After substituting (16), (18), (24), and (25) in (29) and inte-
grating with respect to £, we get

a ™ B FTl\/IaTl\/I/\
f-

x| Hr, ve(r) (GTR (€ m)—1) + / o"BITE (€ 1)t
0

£
+2Hr, (1) (G™ (¢, 7)-1) +2 / TMI™ (¢ ) de
0
(30)

In order to evaluate the integral, we make the assumption,
to be relaxed later, that differential gain is uniform along the
SOA [17]. This implies there exists uniform gain coefficients
g E, g™ such that GTF(¢,7) ~ exp(gTE¢ — aTF¢) and
G™(¢,7) =~ exp(gT™¢ — ™). Using (2), (3), (24), and
(25), we obtain the following approximate expressions for the
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pulse intensities corresponding to TE and TM modes along the
SOA:

T G1)

& 2
/ 175, 7) m TS O (e 7 1
0

&

. .2
1™, ) » —H;ﬁ(f)_s;nm(f) (6™, ) —1). (32)
0
Let Ag be the difference between the uniform TE and TM gain
coefficients. We use A« to represent the difference between the
loss coefficients corresponding to TE and TM modes. Now, sub-
stituting (31) and (32) in (30), we get

) ,
5 In (G™(¢, 7))
FTMaTM)\

= e )

—TE 2
x ({;}%ﬂ&? (G™(¢, 7) exp(Agé — Aae) — 1)

2™ sin’(f)
S (G1(67) — 1) (33)
Ag=gTF - ?TM
Aq = oTE _ o™ (34)
Rearranging, this can be written as
aﬁ In (G™ (¢, 7))
-
= P Hr, (1) (GTM(E,7) = RTY(9)) 35)
)
FTMaTM)\ gTE 0082(9) B
= » <§TE —TE exp(AgE — Aag)
2™ sin?(6)
+ ng\/I _ OéTM (36)
RIM(E)
24+ Jratio
— : 37
2+ Jratio eXP(Agf - A()ég) ( )
Gratio
—TE ~TM ™
g "9 —« 2
= T T cot“(h). 38
7IM TE _ 1B cot”(6) (38)
After manipulating algebraically, this becomes
9] G™(¢,T)
~ (1 J — _ fIMARTM e\ T '
o (0 gy ety ) == P HORTO H ()
(39

Now, we integrate this expression with respect to 7. Let us refer

to the gain before the arrival of the pulse as G2 and just after

it influences stimulated emission as G§ M . On rearranging the
result of integration, we get

GE]\/Il(g) _ mTl\{(f)G;II‘lIl\g (f)
n RIM(E)gIN +GEN (€) (1-gn)

(40)
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FTMaTM/\E
93111\3 = 9XP<hc—Ag
7 E cos?(9) 2™ sin%(f
X<g TE —T(E) + gTM —T(M)>> @D
a~"—g a~"—g

Similarly, for the TE component of the optical field, we get

3 n GTE(E,T) _ _¢TE TE .
or (1 GTE(&T) . %TE(E)) - f (5)9:E (g)HTw( )

(42)

The different terms used in this expression have been described
below

FrEE)
FTEaTE)\
T hc
25 F cos?() g™ sin%(h) _
X( GIE_oTE + FIM _ TN xp(Aag—AgE) | (43)
RTE(E)
2gratio+1

(44)

N 2gratio +eXp(Aa§ - Ag&) .
Similar to what was done for the TM mode, we integrate this
expression with respect to 7 and then rearrange the result to get

RTE(EGER ()
GTI];:a f _ init (45)
finat () = 57 ()9 TE 1 7TE (¢) (1_gTE)
FTE TE)\E
G = eXP(Tg

“ 25 E cos?(6) +§TM sin_2(0) 46)
oTE_gTE oTM _gT™
Taking the logarithm of (26) and (27) and substituting (8) and

(9), we can represent the carrier distribution along the SOA due
to GEE | and GEM, as

In (GER () +a™7¢
['TE,TE

(€)) d¢

+ N0§=/ (2Nz,£(€) + Ny, ¢

(47)
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In (GEa(9)) + ™™g
[TM,T™M

£
+ Noé= / (2N, () + No s (€)) de.
0
(48)

Here, N, ¢(€) and N, ¢(£) correspond to the carrier densities
N.(&,7) and N, (&, 7), respectively, just after the arrival of
the pulse and its influence on stimulated emission. Solving the
above given two equations, we get

2 (In (G (§) + ™€) In (Ghi(§)) + TP Nog
3 TM,TM - 3 TE,TE T3

£
- / N, (E)dE (49)
0

Let Nainit(§) and Nyinit(§) represent the carrier densities
N.(&,7) and N, (&, ), respectively, just before the arrival of
the pulse. Differentiating (49) with regard to £ and rearranging
after substituting (40) and (45)

Ny,;(€) = Nyinit(€) — Ni?ﬁ(f) Ndlff(s) (50)
Naitt (€) = Nompor (€) + NE?J(& ) (51)
Ndlﬂ(g) unpol(g) pol (5) (52)

Here, we get (53)—(56), shown at the bottom of the page. It
can be shown that N1V () and Nﬂgol(f ) reduce to the cor-
responding term in a polarization insensitive SOA. Also, in a
polarization insensitive SOA, NTM(¢) = 0 and NIE(¢) = 0.

pol pol
Similarly, it can be proved that

Nzaf(f) = Nuinit(§) — Ndlﬁ(f) Nigl(g) (57)
It should be noted that for pulses of high intensity, aTF and ™
should be corrected for saturation due to carrier heating [15].
However, to make our problem analytically tractable, we have
omitted this in our formulation and so our analytical expressions

are not valid for very high intensity pulses (see [17]).

(2Nyinit (f) + Nzinit (5) NO

QT™
rTMaTM

Nlrxrnkplol(g) = RTM ({)girl.vé (53)
ar©(-ai) T
NEY(E) = (89— Aa) (54)
['TM,TM ( 2 n 1) RO 4 q
gravio XD ((AG—Aa)E) GV (&) (1-g 1)
. (QNminit(f) + Nyinit (§) — No — %)
Nunp01(€> = RTE(¢)gTE B 1 (55)
aE@(-atr)
Ag— A
NIE(E) = - (87— La) (56)

FTECLTE (2gratio €xp ((A§ - Aa)g) + 1) (W * 1)

RTE(E)g
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A. Time-Evolution of SOA Gain

We now return to the laboratory co-ordinate system for ease
of analysis. Since £ = z in (14), (50), and (57) remains un-
changed. From [17], the carriers in the SOA will replenish by
injection, at a rate governed by the carrier recovery life-time,
once carrier depletion has taken place. We can neglect the stim-
ulated recombination terms in (5) and (7) for this gain recovery
period [21]. Thus, we can write

0 _ N.(z,t)
aNz('Z?t) =z — T (58)
0 Ny(z,t
aNy(Z',t) =Py — J’r—e. (59)

We solve these two equations with the inital conditions
N.(2,0) = N, ¢(2) and Ny(z,0) = N, ¢(z) to get

Ni(2,1) =Tepa (1 — exp <—Ti€>> + Na g (2) exp <—Tie>

(60)

t t
Ny(z,t) =Tepy <1 — €xp <_’r_>> + Ny, f(z) exp <_’r—> .
(61)

Now, we evaluate the modal gain of the SOA along TM axes.
Using (60) and (61) in (27) and rearranging, we get

(62)

ref

GE&L@))“"(‘Z)
GIY(2)

aTMz + FTM aTM

G™(2,t) = GTM(2) <

Grt'(z) = exp (-

_FTI\/IaTMNOZ) .

Te(20y + 92)2
(63)

Here, GEM is given by (40). Similarly, in terms of GEE | [given

by (45)], we can express modal gain of the SOA along the TE
axes as

GTE (Z) eXp(_%)
TE _ TE final
6ol =GEE ) (‘o)) (64
Gret (2) = exp (—a""z + T80 1. (20, + )2
—TTEa™ Noz) . (65)
The total gain of the SOA then assumes the form
G(z,t) = G™®(2,t) cos®(0) + GT™(z,t)sin(0). (66)

Thus, we have derived an expression for the modal gain along
the SOA output for a linearly polarized input pulse. This ex-
pression will be used for calculation of output power from the
amplifier in later sections.
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B. Time-Evolution of Phase Difference Between TE and TM
Axes

The nonlinear phase evolution of TE and TM mode can be
expressed as [15]

g(pTE(Z?t) 1 TE

9z = §aphasegTE(z7 t) (67)

0 | 1 ,

gqu\[(z, t) = 50{5};09“\[(2, t). (68)
Here, aghEase and C)‘g}gse are the phase modulation coefficients.

Integrating (67) and (68) with respect to z and substituting (26)
and (27), we can write

OTE(2,t) = %aghEase (In (GT®(z,t)) + a™F2)  (69)
™ (2, t) = %agﬁ\ise (In (G™(2,1)) + a™2) . (70)

Hence, using (69) and (70), the phase difference between TE
and TM modes ®g;s(z, ) can be expressed as

(I)diff(z7 t) = (I)TE(Z7 f) - (I)TM(Zv t)

+TE
phase

T (71)

phase

(GT]\'[(Z7 t) exp(aTMz)) -z

I (GTE(z,t) exp(aTEz))

This expression shows that as the pulse propagates through the
SOA, the phase difference between TE and TM components
changes as a function of the TE and TM gains. Since gain is
a function of position along the SOA, the state of polarization
of the pulse changes significantly as it propagates through the
SOA and the output pulse is no longer linearly polarized.

C. SOA Output Power With Linear Polarizer at Output

The effect of polarization rotation inside the SOA is evident
when a linear polarizer is placed at the SOA output. A combina-
tion of input and output polarizers with an SOA can be used for
power equalization, nonlinear polarization switching or wave-
length conversion. Here we show how the formulae for gain and
phase evolution, as derived above, can be used to calculate the
output power and hence proves useful in all these applications.
Assuming that the input optical field is linearly polarized at an
angle 6, the field components ETF(L, ) and E™™ (L, t) along
the TE and TM axis at the output of an SOA of length L are as
follows:

E"(L.1) = \/GTE(L. 1) Hr, ri(L, 1)

x exp (—j®""(L,t)) (72)
E™(L,t) =/GT™(L, t) Hr, ta(L.t)
x exp (—j®™(L,t)). (73)

The output electric field Fr, oyt corresponding to output polar-
izer placement angle of v is

Epow = ETE(L,t) cos(¢p) + E™ (L, t)sin(¢). (74)
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Hence, the output intensity Hr, out(t) is given as

HTw,out (t) (75)

*
= EL,OUt . EL,out'

From (72), (73), (74), and (75)

= Hy, (t) cos®() cos? (1))
x (GTE(L,) + 2\/GTE(L,)GT™(L, 1)

x tan(6) tan(v)) cos (Paig (L, t))
FE™(L, 1) tan?(9) tan®(1)) ) :

I{TqLU ,out ( )

(76)
For a polarization insensitive SOA, this equation reduces to

Hz, out(t) = Hp, ()G(L,t) (cos®>(§ — 1)) . (77)

Since f —1) = /2 when input and output polarizers are orthog-
onal, the output power will be zero for a polarization insensitive
SOA. However, this is not the case for a polarization sensitive
SOA and one can see from (76) that the output power will de-
pend on the phase difference and SOA gain along TE and TM
axes which in turn depends on the magnitude of input power
and input pump current. If there is a polarization controller just
before the output polarizer, then the total phase difference in
(76) will also include phase difference induced by the polariza-
tion controller. By adjusting input power and input pump cur-
rent, significant power can be obtained at the output even when
the polarizers are orthogonal. Our derived formulae for gain and
phase evolution can be used to determine the value of this output
power.

D. Response to Counter-Propagating Pulses

In this section, we show how our analytical expressions can
be extended to calculate the carrier density and gain evolution
when we have two initially linearly polarized input pulses prop-
agating along the SOA in opposite directions. Let us assume that
the SOA is initially at its steady-state with no light incident on
it. As shown in Fig. 3, the first pulse enters from the left and the
second pulse enters the SOA T seconds later from the right. The
variables corresponding to the first and second pulse are identi-
fied by subscripts 1 and 2, respectively. The initial carrier-den-
sity and gain profiles of the SOA (shown in Fig. 3) for the TE
and TM modes are as follows:

Noinit,1(2) =Te@n,  Nyinit,1(2) = Tepy (78)
Glmt 1(2) = exp (— T, 4 TTELTE
X (Te(202 + py) — No)z) (79
GIM | (2) = exp (—a™ + [TMT™
X (Te(pz + 204) — No) 2) . (80)

Until the second pulse enters the SOA, all calculations proceed
in the same way as for a single pulse propagating through the
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y.init,1

Ny,init,2

first pulse

Fig. 3. TIllustration of model carrier density evolution at an arbitrary point along
a polarization-sensitive SOA when two counter-propagating pulses are incident
on it with a delay 7 between them.

SOA. We represent the carrier density corresponding to the tran-
sitions with  and y polarizations after the first pulse has entered
the SOA as N, 1(z,t) and N, 1(z, t), respectively, and these are
calculated using the equations for N,(z, ¢) and N, (z, t) in (60)
and (61), respectively, as shown

t t
N”L‘,l(z7t) = TePx <1 — €Xp <__>> + N?:,f,l(z) €Xp <__>
Te Te

(81)
t
Ny1(z,t) = Tepy <1 — exp <—T—>> + Ny f1

t
1(z) exp < Te) .
(82)
Ng r1(z) and Ny 71(z) are directly given by the equations for
N, (&) and Ny £(€) in (57) and (50), respectively, where we
substitute z for . Similarly, The TE and TM gains are given by
GTE(z,t) and GTM(z,t) and these are calculated using (64)
and (62), respectively. In this case, ] = and g ™ are given by

FTE TE L
EVII‘E / 2Na: init, 1 + Nl ,init,l(z)d’z) - NO
0
(83)
L
FTM ™
ngM - x / 2Ny init,1(2) + Na,init,1(2)dz) — No.
0
(34)
Also, glnlt , and glmt | are given by
ggliEt,l
— oxp FTE TE/\E —TE cos (0) N g”lfM sin2(0)
hcA aTE —giE o™ — g™
(85)
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T™M
gmlt 1
I™T™)E, | (GTEcos?(f) 25T sin2(6)
= exp — + = )
hcA aTE _ ngE oTM _ ngM

(86)

The second pulse enters the SOA after time 7. For the second
pulse, the initial carrier-density and gain profiles are given by

N, Jinit 2(2) = (ZvT)

y,mn 2(2) = y, 1(2,7) (87)
Gibia(2) =GT (2, 7)

Giia(z) = GTM(z, 7). (88)

The carrier density along the SOA just after the pulse passes
through and influences stimulated emission, is given by

sz2( ) Ng, ,init, 2( ) Ndlﬂ" 2( ) Ndlﬂ 2( ) (39)
Ny g2() = Nyinin2(2) = 3 NENa(2) + 5 NER 2(2) 90)
NcriI;fI\f/IZ(Z) Nunpol 2(5) + N}?;)]\IIZ(f) (91)
Ndlff 2(2’) Nunpol 2(5) Npol 2(6) (92)
Here
NEnlz)Iol 2(5)
(2Ny,init,2(z) + N, init,2(2) — No — 41-{1?:;»1)
= R, &9
GIN 2 (L=2)(1-g1} 5)
Npol2(€)
_ (Ag — Aa)
TM ,TM 2
I"Va (g p(Ag—Aa)(T—2) T 1)
1
X . 94)
RO(LoDglt,
( G (T (1-e1a,) T )
Nunpol 2(5)
aTE
(EN’L’,il’lit,Q(Z) + Ny,lnlt,Q(Z) - NO - W)
= RTE(L _z)ggl?t,z N 1 (95)
G"E%,Q(Liz)(lig;{;liat,j)
N}?o]ijQ(g)
_ (Ag — Aa)
TTEGTE (29, .ti0 €xp ((Ag — Aa)(L — 2)) + 1)
1
X (96)

RTE(L—2)g;;
<G”‘ (L—2)(1— gt2 )+1
init,2 init,2

Once the pulse passes through, the carrier density replenishes at
the carrier-recovery rate and we get
t—T1
Te

t—rT1
Te

Nz,Z(th) =Tefx <1 — €Xp <_

+ N, f(z) exp <— Cn)
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pulse stream in forward direction

Carrier density
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pulse stréam in reverse direction

Time

Fig. 4. Illustration of model carrier density evolution at an arbitrary point along
a SOA when two identical counter-propagating pulse streams are incident on it

with a delay 7 between them.
t -7
v.2(2,1) =Tepy [ 1 —exp
Te

() exp <_t;7>.

Once the carrier density corresponding to x and y polarizations
are known, the gain corresponding to TE and TM modes as well
as the total gain can be easily estimated, as

N,

+ Ny f (98)

GTI];Da (Z) "’Xp(_t:_:)
G3E(z1) = Gri(2 )(%) (99)
, b))
GV (1) = GQ@W)(%) (100)
Go(z,t) = GTE(2,t) cos? () + GIM(2,t)sin®(6). (101)

G 2(2) and GE o (2) can be calculated using (45) and
(40), respectively. Using (63) and (65), respectively, GIF(z)
and G }'(z) can be calculated. g3, g5 ', ik 2> and iy
can be calculated for the second pulse in a similar manner as
shown above for the first pulse, using (83), (84), (85), and (86),
respectively.

‘We have experimentally demonstrated a simple time-of-flight
SOA based rangefinder [22]. This time-of-flight rangefinder has
been analytically characterized by Premaratne et al. in [17] for
polarization-insensitive SOAs. Cross-gain modulation between
counter-propagating pulse streams in an SOA was used for op-
tical clock recovery in [23]. The cost of both these schemes can
be reduced by using a SOA with residual polarization sensitivity
that is cheaper to manufacture. Also, both schemes ideally have
identical pulse trains propagating in opposite directions through
the SOA, as shown in Fig. 4. Hence, it will be useful to analyze
this scenario. Following the same approach as in [17], we show
that our analytical expressions can be applied in this case. Due
to the periodic nature of the pulse trains, the gain and carrier
density are periodic. Let G EFand GEM be the TE and TM SOA
gains just before the incidence of a pulse on the SOA left facet
and let GE;EU and G;ﬁwm be the TE and TM SOA gains after the
pulse influenced stimulated emission. Suppose GEE and G}T{N
are the gain of the SOA, momentarily before a pulse enters from
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the SOA right facet and let Gf g, and G, be the TE and
TM SOA gains after this pulse mﬂuences stimulated emission.
The pulse from the right is incident 7 seconds after the pulse
enters from the left. Since the counter-propagating pulse trains
are periodic, we will obtain the same values of gain after a time
interval equal to T’p, the period of the pulse trains. Here RTM,
RTE gIE gIM and g,.:io have different values corresponding
to Gt and GRy. Using (40), (45), (62), and (64), for pulses in-

cident on the right-hand side of the SOA, we can write

Gri = GRE cos?(0) + GEMsin?(6) (102)
GEEy )™
Gri =Gt ( oTE ) (103)
ref
GT™ exp(— )
GIM = gTM ( ;;N‘;t> (104)
ref
Ginwe =
RTE(Gr)GEF
( (RTE(Gro)gnk (Gre) + GLF (1 - 415 (Gy))) )
(105)

Gﬁn Lt —
R™M(GL)GLY!
(RTM(Gro)gill (Gue) + GEY (1

gE}ﬁ(GLt)))> '
(106)

Similarly, gain momentarily before a pulse enters the SOA
from the left-hand side can be expressed as

Gri = GLE cos®(0) + G M sin?(9) (107)

o farE )
GLt _Grcf GTI;] (108)

o \ )
ap (Tt (109

ref
ngE,Rt =
RTE(Gre) Gy
(RTE(Gro)gii (Gre) + GRE (1 - 985 (GRe)))

(110)

Gﬁn Rt —
mTM(GRt)GTM
(R (Gro)gi () + R (1

gmn (GRt))) )

(111)

Let Gue(Gre, Gre).

g?;llvtI(Ga) are given by

Here GIE, GTM ¢TB(G,), and

ref > ref

Gref

— exp (_aTEL 4+ [TE,TE

7e(20a + py)L —I""aTNo L)

(112)
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GTI}/I
= exp (_OKTML + FTNIU/TN[TE(@I 4 2@3/)-[/ _FTNIGTN[NOL)
(113)
init (Ga)
[T™,TM )\ g oTEL, ,
= exp <_—hcA g ((1 + ey (G;rE)> cos”(6)
aTML )
+ (1 + m) 2sm2(9)>> (114)
9init (Ga)
FTE TE)\E aTEL
—exp< —hA << (GE>2COS
o
+<1+ln(GTM )Sln )) (115)
RIM(G,) and RTE(G,) can be expressed as
§RTM(G ) _ 2+ gratio(Ga>
a) — TE
2+ gratio(Ga)% €xXp ((OZTE — OéTM)L)
(116)
%TE(G ) _ 2grati0(Ga) +1
a) — TM
2Gratio(Ga) + g“ﬁ exp (™ — oTE)L)
(117)
dentio(Ga) = In (GLE) + oL In (GIM) cot?(6)
ratiole ) T (GIV) + o™ Tn (GTF) '
(118)

Simultaneously solving transcendental (102)—(111) gives the
values of Gr; and Gr,;. Once these values are known, the time-
evolution of gain can be estimated through (62) and (64).

E. Pulse Energy Gain Calculations

The efficiency with which a signal pulse extracts the available
energy from a SOA is a very important parameter and has sev-
eral applications. It is extensively used in the performance anal-
ysis of the optical pulse delay discriminator proposed in [17],
which is based on a polarization-insensitive SOA. Let Uj, and
Uout denote the total energy in the input and output pulses. The
total output pulse energy as well as input pulse energy is ob-
tained using (24), (25), (39), and (42) as

_ Sinz(ﬁ)
Vi = R
. (GE%(L) (e %TM(L)))
Ginni(L) (GRN(L) — R™(L))
cos?(f)
RTE(L) fTE(L)
Gii (L) (Gam(L) = RTE(L))
Xl”(GEJ;zl( L) (GIR(L) - WE(L») 4
~ sin®(6) GEM (L) — R™(L)
Vo = oy (GM( L) — ®(L) )
cos’(6) |, (GEE(L) - mTEw)
) (GEJ;%(L) W(L)) (120
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Using (119) and (120), the total energy extracted from the am-
plifier is represented as Ueyt, and is given by [20]

Uextr = Uout — Uin
___ si’(0)
= §RTM(L)fTM(L)
« 1 [ Cinal(E) ( Gna(L) —RT(L) RIM(D)-1
n GTM(L) GTM(L)—éRTM(L)

init init

cos?(f)
T RTE(L) FTR(L)

RTE(L)—1
. (GE,EI(D (GE&(L)—%TE(L)) “ ) |

GTE (L)

init

GTE (L)—RTE(L)

init

(121)

The pulse energy gain is defined as the ratio of the pulse energy
output to pulse energy input [20] and is given by

Uout

G =

(122)

Here, Ui, and U,,,; are given by (119) and (120), respectively.
As seen from the equation above, the maximum energy from the
amplifier is obtained when the residual final gain is minimized.
Similar to the case for a polarization insensitive SOA [18], we
can see from (122) that the energy gain for a polarization sensi-
tive SOA is independent of the pulse shape.

Now, let us examine how these equations can be applied
to counter-propagating periodic pulse trains. The variables
corresponding to left and right incident pulses are identified
by subscripts Lt and Rt, respectively. The total input energy
and output energy for left incident pulse streams is obtained as
shown below using (119) and (120).

U sin?(#)
in,Lt = RTV (G ) fTM(L)
(6T (6R. — R ()
X In ,
Ghnwe (GL = RTM(Gy))
N cos>(f)
REE(Gro) fHE(L)
1 Gre (GEE“ - WE(GLt)) (123)
X In
Ghnee (GLF = RTE(GLy))
U ~ sin®(0) I Gy — R™(Gro)
outkt T TV () GTM — RTV(Gyy)

+ 0052(6) 1 GfTiE,Lt - gceTE(GLt) (124)
n

fTE(L) GLi — RTE(GLy)

These equations are obtained by substituting G} (L) =
GEMand GIE 1, (L) = GLF. Here G Fand GM are given
by (108) and (109), respectively. GEKI;]aLLt(L) = GEKELt,
Giami(L) = Gy, are given by (105) and (106), respec-
tively. The energy gain for left incident pulses G'g 1 can be
calculated using (123) and (124) in (122).
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The energy gain for right incident pulses G g r¢ can be cal-
culated similarly. These expressions can then be used for ana-
lyzing the linearity of the optical pulse delay discriminator, sim-
ilar to [17]. It can also be shown that all our results reduce to
those obtained for a polarization insensitive SOA, given in [17].

F. Relaxing the Assumption T,, < Te

Now let us see what happens when we relax the assumption
Ty < 7. When this is done, (20) and (21) are no longer valid.
Then (23) becomes

9
5.9 (&7)
No ™)
_ pTM, TM 0 g ,
=0t 20y 0. — 7. ITMTM
A v
_E (gTE(f7T)ITE(€7T)+2gTNI(£7T)ITI\I(£7T))

(125)

Integrating this equation as before, we get

3
0 ' T™
a_ g (£7T)
or 0/

— PTM,TM {(2% +opu — ?) 4 _In (G™(¢, 7))

o™¢ e ™ ;M
— ——+ [PM(OHy, (1) (GTM(E,7) = R™M(Q)) .

Te
(126)

Similar to the case for a polarization insensitive SOA [18], it is
not easy to obtain a general solution analytically here. However,
when 7. < Ty, we can neglect the time derivative on the right-
hand side of (126) [18] and this gives the following implicit
relation for TM gain along the SOA

G™(¢, )

= Gt (&) exp (e fTM(E) He, (1) (GT™(E,7) = RTM(€)))

(127)

GTY(€), FTM(€), and RT™(€) are given by (63), (36), and (37),

respectively. Similarly, gain for the TE mode along the SOA can
be expressed as

GTE(ET)
= Gref (&) exp (1. [T Hr, (1) (GTE(€,7) — RTE(€)))
(128)
where GTE(¢), fTE(¢), and RTE(¢) are given by (65), (43),

ref

and (44), respectively.

III. SIMULATION RESULTS AND ANALYTICAL
MODEL LIMITATIONS

In this section, we compare the results obtained using our an-
alytical approximation to that obtained using numerical simula-
tions and show that the results match closely for a wide range of
practically useful values. The numerical simulations were done
by directly integrating the set of equations (1)—(13) in MATLAB
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TABLE 1
SOA PARAMETERS
Parameter Value Units
Active volume:V=LxWxD 300%1.5%02  um?
Confinement factors:I” '”‘;,I‘ M 0.3,0.18
Phase mod. coefﬁcients:a[%w, a[%ﬂ, 4,4
Gain coefficient:a’”, a™ 25,214  107'%cm?
Transparency carrier density:N,, 1018 cm™
Internal absorption:a”"-,aW 50, 50 em™!
Carrier lifetime:7; 350 ps
Group velocity:vg 108 ms~!
Input current:/ 100 mA
Population imbalance factor: f 0.5

numerically using the NIMROD portal.! The parameter values
we used are the same as in [9] and are shown in Table I. While
performing the simulation, the input polarizer placement angle
is set to 45° with respect to the TE axis. In the figures in this
section, dashed lines correspond to the numerical simulation
whereas the solid lines depict the analytical solution. Fig. 5(a)
shows gain in decibels against SOA length for different values
of pump current. The last three plots are at the instant ¢ = 23 ps
when the Gaussian pulse center has just passed through the
SOA. As expected, gain increases with pump current. The ana-
lytical calculations for gain are based on (62), (64), and (66) and
the obtained results are in excellent agreement with numerical
simulations.

Shown in Fig. 5(b) are the numerically simulated and ana-
Iytically calculated [based on (71)] values of phase difference
between TE and TM modes against SOA length, corresponding
to pump current values 70, 90, and 110 mA. As before, the plots
correspond to the instant ¢ = 23 ps when the Gaussian pulse
centre has just passed through the SOA and there is excellent
agreement between the analytical calculations and numerical
simulations.The phase difference between TE and TM polariza-
tion eigenmodes is a function of the SOA gain along the TE and
TM axes and is hence dependent on the SOA length. We can
infer from the plot that since the TE gain of the SOA is higher
than the TM gain, the phase shift of the TE component is larger
than that for the TM component. Fig. 5(c) shows the SOA output
pulse when the input polarizer placement angle corresponds to
45°, for different values of input pump current. The analytical
calculation of output power is based on the expression for gain
evolution in (66).

Now, we numerically simulate the effect of having a linear
polarizer at the SOA output and compare the obtained results
with analytical calculations, for polarization insensitive and sen-
sitive SOAs. We use the same parameters as in Table I to simu-
late a polarization insensitive bulk unstrained SOA. However
weset ' = TTE = TT™™ — (3, ¢ = ¢TE a™
2.5 x 1076 cm~2, f = 1 to make the SOA polarization in-
sensitive. The output polarizer placement angle is varied and
the output polarizer is orthogonal to the input polarizer when
the placement angle is 135°. As can be seen from (77), the
output power should be zero when the polarizers are orthog-
onal. This is confirmed by Fig. 6(a) where we have plotted the

INIMROD can be accessed at http://www.monash.edu.au.
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Fig. 5. (a) Plot of gain against SOA length (b) Plot of phase difference against
SOA length (c) Plot of output power against time. The curves (i), (ii), (iii) cor-
respond to pump current values 70 mA, 90 mA and 110 mA, respectively. Plots
(a) and (b) are at the instant when the Gaussian pulse center has just passed
through the SOA.

output pulse corresponding to different output polarizer place-
ment angle values. In Fig. 6(b), we have plotted the output pulse
corresponding to different values of output polarizer placement
angle, based on (76), for a bulk strained SOA with parameters as
in Table I. We can see that we get significant output power when
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Fig. 6. (a) Plot of output power against time for polarization insensitive SOA
(b) Plot of output power against time for polarization sensitive SOA. The curves
(i), (ii), (iii) correspond to output polarizer placement angles of 45°, 90° and
135°, respectively. Input polarizer placement angle § = 45°.

the output linear polarizer is placed orthogonal to the input po-
larizer at 135° to the TE axis. This happens due to polarization
rotation and the output power is now dependent on the inten-
sity of the input pulse and the SOA pump current, in addition
to output polarizer placement angle. We can also see that the
numerically simulated and analytically calculated values are in
excellent agreement.

We have also plotted model carrier density N, (z,t), Ny(z,t)
against distance along the SOA at different instants of time for
two counter-propagating pulses in MATLAB numerically and
compared the results with those obtained through analytical cal-
culations. The first pulse is incident from the left side of the SOA
and the second pulse is incident from the right side. The distance
axes has been marked to indicate the SOA facet it corresponds
to. In Fig. 7(a) and (b), the delay between the counter-propa-
gating pulses have been set at 5 ps. As time tends to infinity,
the carrier density along the SOA converges to the equilibrium
value determined by the pump current. Since f = 0.5, the car-
rier density N, (z,t) is approximately half that of N, (z,t). The
analytically calculated values, based on (97) and (98) agree well
with the numerically simulated values. In Fig. 8(a), we plot en-
ergy gain of the SOA against different values of input energy
for an input pulse. As expected, the energy gain increases with
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Fig. 7. (a) N.(z,t) against distance along the SOA (b)N,(z,t) against dis-
tance along the SOA when the delay between two counter-propagating pulses
of energy 12.5 pJ is 5 ps. The pulses in (a) and (b) have a FWHM of 5 ps. The
curves (i), (ii), (iii) correspond to 100 ps, 220 ps, 340 ps, respectively, after the
first pulse has completely passed through the SOA.

pump current. We can also see that the energy gain decreases as
the input energy increases. This is due to gain saturation. As be-
fore, the analytical results obtained using (122), closely match
the numerically simulated values.

We have plotted the difference in energy gain for counter-
propagating pulse streams against the delay difference in
Fig. 8(b) when the pulses do not overlap.The delay difference
has been scaled by addition of a constant in order to facilitate
comparison with experimental results. We can see the differ-
ence in energy gain for counter-propagating pulse streams is
directly proportional to the delay difference between them.
This plot is based on (123), (124), and (122) and the result
matches with those obtained through numerical simulations. It
was observed that while the analytical calculation performed
by MATLAB on a single computing node took under 4 minutes
of central processing unit (CPU) time to execute, the numerical
simulation, performed by using the NIMROD portal in a dis-
tributed computing environment using 19 nodes, took 528 CPU
hours for execution. Thus the analytical expression can lead to
significant savings with regard to the processing time. Similar
high savings in processing time can be obtained for all other
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Fig. 8. (a) Plot of energy gain against input energy for an input pulse with
FWHM 5 ps. The curves (i), (ii), (iii) corresponds to the cases when the pump
current is 110 mA, 90 mA and 70 mA, respectively (b) Plot of difference in
energy gain for counter-propagating pulses against delay difference scaled to
facilitate comparison with experimental results. Input pulses have FWHM of 5
ps and pulse repetition rate is 10 GHz.
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analytical calculations done in this section. Please note that the
CPU time mentioned as required for analytical calculation is
an upper bound and may also include the time required for data
transfer to the NIMROD grid and back, and for loading the
simulation on the NIMROD grid.

Our analytical model has some limitations that should be kept
in mind while it is used for signal processing applications. It
does not consider ASE noise. In [17], it has been shown that if
ASE is small, our theory is a very good representation of be-
haviour of the SOA-based distance ranger in case of polariza-
tion insensitive SOAs. In [24], Premaratne et al. have recently
developed an analytical expression for a polarization insensitive
SOA that includes ASE noise and have shown that ASE reduces
the sensitivity of the SOA-based optical pulse delay discrimi-
nator. Since ASE is isotropic, the same approach could be used
for modelling ASE in a polarization-sensitive SOA and hence
would yield similar results. The analytical calculations are valid
only when the pulse width is much less than the carrier-recovery
lifetime. The approach we have used is similar to that used in
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[18] and [20] in developing analytical expressions for polariza-
tion-insensitive SOAs. For the SOA modelled in this session,
our approximation holds well for pulses of width below 50 ps.

The analytically calculated results will be accurate approx-
imations for the numerical results if SOA maximum gain is
below 35 dB. If maximum gain of the SOA is well above 35 dB,
then using the same gain coefficients g*F and g™ across the
SOA length will be inaccurate. For example, if the SOA length
was increased to 1 mm, it will have a small signal gain of around
80 dB and our analytical expressions will not be applicable here.
To improve accuracy of the analytical calculations, it would then
be better to perform the calculations by dividing the SOA length
into subintervals, whose number will depend on the maximum
value of SOA gain, with separate values of g'F and g™ for
each subinterval and then repeat the analytical calculations in
each section. However, in this case, the input light into the sec-
tions after first will not be linear and the algebraic structure of
the final answer will be very complex.

It should be stated that to make the problem analytically
tractable, we have omitted factors like nonlinear gain com-
pression due to carrier heating and spectral-hole burning [25],
Bimolecular recombination [26], Auger process [27]. Hence.
our model is not valid for input pulses of high energy [17] in the
order of pico joules. Our model also does not consider ultrafast
phenomenon such as two-photon absorption [19], Kerr effect
[28] and hence should not be applied for subpicosecond pulses.
It also does not consider gain dispersion [3]. Also, to apply the
model for a pulse stream that represents a pseudo-random bit
sequence (PRBS), the analytical calculations will have to be
repeatedly applied to individual pulses, just like we have shown
for two counter-propagating pulses in Section II-D. However,
the results obtained for identical counter-propagating pulse
streams are based on gain periodicity and cannot be used here.

IV. EXPERIMENTAL RESULTS

We had performed an experiment, shown in Fig. 9(a), in
which counter-propagating pulse streams were made incident
on an SOA [22]. The results obtained from this experiment are
used to verify our analytical calculations. Here, the pulse stream
reflected from the target formed the counter-propagating pulse
stream. The pulses were of width 2 ps and they were generated
using a mode-locked laser at 9.96 GHz at 1540.4 nm with input
power of —14.4 dBm. We used an Alcatel A1901 SOA with
a polarization sensitivity of around 1 dB. The reflected pulse
stream was set to different values of input power. The differ-
ence in power between counter-propagating pulse streams was
measured and plotted in Fig. 9(b) against different values of
delay set on the free-space delay line. As the value of this delay
changes, the delay difference between the counter-propagating
pulse streams changes correspondingly. We can see from the
figure that when the reflected pulse stream incident on the SOA
is approximately the same power as the input pulse stream,
the difference in power between the counter-propagating pulse
streams is directly proportional to the delay difference between
them, when the pulses do not overlap. This fact confirms our
analytical calculation results and also shows that energy gain
difference between counter-propagating pulse streams can be
used as a measure of the delay difference. As delay difference is
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Fig. 9. (a) Experimental setup (b) Plot of difference in power for counter-prop-
agating pulse streams against delay. Input pulses have input power — 14.4 dBm
and FWHM 2 ps. The pulse repetition rate is 9.96 GHz. The curves (i), (ii), (iii)
correspond to the cases when the power of the reflected pulse stream was set as
—13.0 dBm, —14.8 dBm and —16.6 dBm, respectively.

proportional to the difference in distance travelled by the pulse
streams, polarization sensitive SOAs can be used for distance
measurement. It should be noted that when the pulse streams
overlap to various extents, there is very strong gain suppression
and the relationship between power difference and delay is not
linear. These values cannot be used for distance measurement
[22] and are not shown in the figure.

V. SUMMARY

In this paper, we have derived analytical expressions for the
carrier density, gain and phase evolution during optical pulse
propagation for a polarization sensitive SOA. The expressions
have been derived under the assumption that the pulse width
is much shorter than the carrier-recovery lifetime. The expres-
sions for TE and TM gain show that they decay with time ex-
ponentially. For a given SOA length, the phase difference be-
tween TE and TM modes is a logarithmic function of TE and
TM gains and hence, the output signal polarization varies with
SOA length. The pulse energy gain is found to be independent
of the pulse shape. It has also been demonstrated that our an-
alytical expressions will prove useful in estimating the output
power when the SOA is being used for optical signal processing
applications like power equalization, amplification with wave-
form distortion reduction or wavelength conversion. The output
power obtained when the SOA is combined with a output linear
polarizer is found to be a function of phase difference between
TE and TM modes.

We have analysed the SOA response to counter-propagating
pulses as well as pulse trains and have estimated the energy
gain in each of these circumstances. We have also calculated
the values for the SOA parameters involved using a numerical
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model ([15]) and have shown that these values closely match
the results obtained by using the analytical expressions. Simu-
lations using our analytical expressions are much faster than the
corresponding numerical calculations. Further, we have proved
analytically that the difference in energy gain for counter-prop-
agating pulse streams is directly proportional to the delay differ-
ence between them when the pulses do not overlap and hence
acts as a measure of the delay difference. This fact, confirmed
by numerical simulations done using the NIMROD portal in
MATLAB and also observed experimentally, proves that polar-
ization-sensitive SOAs can be used for distance measurement.
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