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Dual Signal Optical Bistability in a Semiconductor

Optical Amplifier

Aiswarya Kannan

Abstract

Future all-optical signal processing applications may require the use of multiple opti-
cal signals passing through a single, optically bistable device. My thesis investigates an
improved model for modeling two optical signals passing through an optically bistable
Fabry-Perot semiconductor optical amplifier (FP-SOA). The optical power and phase of
these signals are both modeled, as well as the optical gain of the FP-SOA. My improved
model is based on an improved model used to study optical bistability of just a single op-
tical signal, in which the internal power is related to the output power with an expression
accounting for the Fabry-Perot structure. Work has been performed to put all models into
a consistent notation. The resulting, improved model for dual-signal operation indicates

lower critical powers to trigger bistable action.
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CHAPTER 1

Light Propagation in a Resonator-Less

Semiconductor Optical Amplifier

My thesis begins with an introduction to light propagation in a semiconductor
optical amplifier (SOA). Chapter 1 deals with the power, phase, gain equations
which govern the light propagation in an SOA. Chapter 2 deals with the optical
bistability of a single light signal within an SOA that is within a resonator. This
chapter studies the behavior of output gain, power and phase for the light signal.
Chapter 3 deals with the same system of Chapter2, but uses a simpler model. The
simpler approach is compared with the results obtained in chapter 2. Chapter 4
also deals with optical bistability, but now using 2 different input signals. Chapter
5 also deals with the 2 signal case but the equations are obtained using the sim-

pler method followed in Chapter 2. We compare and quantify the two different

12



CHAPTER 1: LIGHT PROPAGATION IN A RESONATOR-LESS SEMICONDUCTOR
OPTICAL AMPLIFIER

modeling approaches.

Drive Current

Input Optical
signal

Amplified
Optical signal

>

Active Region

Figure 1.0.1: Semiconductor Optical Amplifier

Semiconductor optical amplifiers are based on the semiconductor gain medium

in the middle called as active region. As shown in Fig.1 , a weak optical signal is

provided as input and it comes out amplified as an amplified optical signal. The

electrical current is applied while the signal travels through the semiconductor

cavity. This injection current creates large number of electron and holes. When the

carrier density exceeds carrier transparency, the material is capable of optical gain,

thus behaving as an amplifier [1].

13



CHAPTER 1: LIGHT PROPAGATION IN A RESONATOR-LESS SEMICONDUCTOR
OPTICAL AMPLIFIER

This chapter introduces semiconductor optical amplifiers and derives equa-
tions for power, gain and phase of an optical pulse inside a semi-conducting optical
amplifier. These quantities and expressions serve as a foundation for the rest of the

chapters in my thesis.

1.1 Carrier density equation

The carrier density in the SOA is given by a rate equation [2]

dt  gd 7T hf ’ o
where N is the carrier density [C#], ] is the current density [C%], q is the electron

charge [C], d is the active layer thickness [um], . is the carrier lifetime [ps], a is
the differential gain factor [cm?], hf is the photon energy[eV], and E is the electric
tield. This rate equation ignores carrier diffusion.

N is the carrier density and Nr is the carrier density at transparency which is
the state when the system experiences no loss. We assume that the carrier den-
sity does not vary much in the transverse dimension across the active region, and
therefore average over the transverse dimension. The carrier density equation is

re-written as [3]

AP, (1.1.2)

where | A|?0 represents the optical power P and T is the confinement factor. More-

14



CHAPTER 1: LIGHT PROPAGATION IN A RESONATOR-LESS SEMICONDUCTOR
OPTICAL AMPLIFIER

over, a saturation energy can be defined as [3]:

hfwd

sat — T o~
all ’

and a saturation power can be defined as

Esat hfZ()d
Psat = = .
T, Toall

Thus, the rate equation for N can be written as:

dN ] N (N-—Np)P

E o q_d TC Esat !
IN_ ] N (N-NpP
at qd Tc TePsat ’
IN_ ] _N_(N-NpP
dt — gd T T, ’
where
— P
P = .
Psat

Further simplification can occur by multiplying throughout by 7. [2] :

AN Jt —
Tcd—t = q_d (N NT)P,
rf;—]j =No— N—(N—Np)P,

where qu = Np and the expression for steady-state can be found below.

15



CHAPTER 1: LIGHT PROPAGATION IN A RESONATOR-LESS SEMICONDUCTOR
OPTICAL AMPLIFIER

1.1.1 Steady state and small signal carrier density

To find the steady state equation, the time derivative is equated to zero.

I NN N
O_qd (N —Nr)P,

_JT NN
N= T (N — Nr)P.

For the small signal case, P, = 0 which yields the steady state small signal carrier

density Np:
T
Ny = el (1.1.3)
Similarly, the carrier density at transparency Nr is given by
e
Nt = s (1.1.4)
Thus [3],
N =Ny— (N —Nr)P,
N + NP = Ny + NrP,
N = Mo+ NrP (1.1.5)
1+P
1.1.2 Steady state and small signal gain
The general expression for the gain coefficient is given by [7]
g =Ta(N — Nr), (1.1.6)

16
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where N7 is the carrier density at transparency and N represents the initial carrier

density. The small signal steady state gain is therefore given by

g = Fa(NO — NT),

_ E_]TTC
g_ra{qd qd }

Re-arranging the equation gives

Tat,
8= qd (]_ ]T)/
lat.Jr |
= ——1).
qd (]T )

Thus we obtain an expression for small-signal steady state gain as

9= l"aNT(i -1).
Jt

At small signal, the gain coefficient is given by
g0 = FQ(NO — NT).

Note that using the expression for g, the carrier density rate equation can be writ-

ten as

- = = 2
it qd T hfwd|A|'

1.1.3 Gain rate equation

Differentiating the gain equation with respect to time yields,

ag dN
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Substituting the carrier density rate equation in the gain equation gives,

dg :DZ(NO—N (N—NT)P>

dt T Tc
dg =
Ty = T'a(Ny — N) —Ta(N — Nt)P.

Note that (Nyp — N) can be expanded as Ng — Nt — (N — Nr). Thus,

Tc‘jl_St’ =Ta(Np — Nr) —al'(N — Np) —al' (N — Nr)P,

dg_ —
T =88 gP,

dg
TCE =g0—g(1+P).

At steady state, [3]

1.2 Optical field

The complex field is given by [5]
E(x,y,z,t) = F(x,y)A(z, t)eP*!,

where F is the transverse distribution [-], A is the slowly varying envelope [v/W],

B is the wavenumber [Rad/m] and w is the angular frequency [Rad/Hz]. The rate

18
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equation for the envelope is [5]

0A 10A —il | _
= 1 — — Zai A
5 + 0 ot 5 (o« +1i)a(N—Nrp)A zocmt ,

where v, is the group velocity [m/s], « is the line-width enhancement factor [-],
and a;y,; is the scattering loss. Using the gain coefficient g, the rate equation be-

comes

d0A 1 0A N 1

E + gg = —l((X —+ 1)7 — ElxmtA/

0A 10A . gA 1

a2 Focar = (105 = Jumd (121
8

1.3 Optical Power

The amplitude A of the electric field can be written in terms of power and phase

as

A = /Pe?. (1.3.1)
Substituting this equation into the rate equation yields

0z Ug ot 2

o(VPe?) | 13(VPe?) gVPel(l—in) 1 5
2 4

_a\/ﬁe@ + \/ﬁaeup + la\/ﬁei‘f’ + l\/ﬁaeup _ VPt L /P — iagvbe? \/ﬁeup,
0z 0z Ug ot Ug ot 2 2 2

. . . ' . — i ip
_8@614, + \/ﬁia—(’be“” + l—a\/ﬁel‘f’ + l\/l_’za—qbe“” _ (g~ i) VPP ingyPe :
0z 0z Ug ot Ug ot 2 2

19
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¢ can be dropped since it is a common term. The expression is then separated

into real and imaginary part as follows. The real part is [5]

WP 1VP  (g— ay)VP

dz vy Oof 2 (13.2)
The equation can be re-written in terms of derivatives of P by noting
oP  3(vPVP)  ~3(vP) 9(VP)
ax= ox  —YPox Tax VP
oP  9VP
5% = 3y 2VP.
To use this equation, multiply the real part equation by 21/P
ovVP  2V/PoVP
2vP oz T vg Ot (8 = int)P,
oP 109P
g + %g = (g - Oéint)P. (1.3.3)
The imaginary part is:
Vi L Lm0 plting),
0z g ot 2
9 19p _ —iag (1.3.4)

9z vy ot 2

20
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1.4 Linewidth enhancement factor

The linewidth enhancement factor was introduced above. This section describes

its origin [4].
n=ny+n,,
where n, is written as
ng, = Re{n,} +ilm{n,}.

The linewidth enhancement factor is defines as

‘e Re{n,}
Im{n,}’

where

IWI{Tla} = %{[30,
27
Po=7

Therefore,

—Re{n
= A{ga}zﬁo'

_ —4non
N )\() Ag’
y = —47121—]\1,
Ag 487

dN

—47 g—ﬁ,

/\0 a’

X =
Quite often, « is introduced to link changes in n to changes in g.

21
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The refractive index n can be written as
n=nr+ (n—nr),

where 7t is the value of n at transparency. The changes 1, from 7, can be repre-
sented by a change in the carrier density N:

dn
Ny = n]/ + FW(NX — Ny)

The refractive index can therefore be given by

d
n— nT+F£(N—NT),

where Nr is the value at transparency.

The equation for n becomes, after replacing j—ﬁ,,

F'xadg(N — N
n=nr-— aa O( T).

47T
We know that
¢ =Ta(N — Nr).
So, the equation for n can be re-written as
_ . aghp
n=mnr 4 ,
agoro | a(go —g)Ao
= — . 14.1
e (14.1)
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(N = Np). (1.4.2)

The second term represents the change in n as Ny varies from Nt due to injection
current. The third term represents the change in n as N varies from Ny due to gain
saturation.

It is instructive to explicitly show the changes in gain from its small-signal
value. When N = Nr, the gain co-efficient ¢ = Ta(N — N7) = 0. When N = N,
the gain co-efficient is § = I'a(Np — Nr) = go, the small signal gain coefficient.
Thus,

g =Ta(N — Nr),
g =Ta(N—No+ No — Nr),
g =Ta(N — Ny)+Ta(Nyp — Nr),
g =Ta(N — Np) + go,
g —go="Ta(N — Np),
20— g=A=Ta(Nyp—N).
Thus, I'a(Ng — N) is the difference A of the gain coefficient from its small-signal

value. In steady state,
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Thus,
8§~ 80 = (1‘??) — 8o,
§780=7 ioﬁ - goiljﬁﬁ)’
§80= 1gfﬁ’
$0787 _1gfﬁ'

Thus, three equivalent expression in steady state are

Using these gain expressions, the refractive index can be understood as

_ Aogo aro(go — 8)

n=mnr
47 47 ’

_ OC)L()g() _ 0()\0 goﬁ

n=n —.
" T4x 4m(1+P)

Above, we derived the following equation for the optical phase:

op 199 iag
0z vgat_ 2

We can now understand the final term in terms of refractive index as follows:

_ . agho
e Ty
47
g = —(n— nT)A_O'
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dp 1dp . 2m
E v—gg = l(n nT) /\O,
op  1d¢p .
oz togar =P

B = i—:(n —nr).

These expressions can be represented in terms of phase ¢ , where
o= /L 2nn(z)dz
0 Ao

For the moment , we will assume n does not vary with z. In this case,

_ 2mnL 2mnrL n 27t(n —nr)L

Ao Ao Ao '
_ 27yl n 27t(ng —nt)L n 27t(n —ng)L
Ao Ao Ao ’
b - 2rtntL 27LTaa(No — Nr)Ao 271(N — No)LTwalAg
Ao A4t A4t ’
o= 2rnpLl LTaa(No — Nr) (N — No)Llaa
Ao 2 2 ’

In terms of gain,

_ 2mnrl algy ol goP

—, 1.4.3
¢ Ao 2 2 (1+P) (1.43)
or similarly
_ 2nntLl  agL
¢= Ao 2

The first term on the right of the equation is the phase at transparency. The second
term is the change in phase due to the small-signal gain current injection. The third

term is the change in the phase due to gain saturation.
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1.5 Summary of SOA Equations

In summary, the basic equations to describe optical pulse propagation in SOAs are

[5]:

and

9g _go—8g 8P
at TC Esat’
op 10p
0z vy ot

(g - lxii’lt)P/

9 199 _ —iag
dz  vgdt 2
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CHAPTER 2: SINGLE OPTICAL INPUT SIGNAL INTO A BISTABLE
SEMICONDUCTOR OPTICAL AMPLIFIER

CHAPTER 2

Single Optical Input Signal into a
Bistable Semiconductor Optical

Amplifier

Inputoptical signal p
—_—

Amplified output
l——

n
Reflectivity R1 Reflectivity R2

Figure 2.0.1: Schematic of a Fabry-Perot SOA
28
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A schematic of a Fabry-Perot SOA is given. It consists of p and n junction. A cur-
rent applied across the junction creates electrons and holes causing an amplifica-
tion of light entering the device. The SOA is surrounded by two reflective surfaces
with reflectivity R1 and R2 producing an optical resonator [6].

A model for optical bistability in Fabry-Perot-Type semiconductor optical am-
plifiers (FP-SOAs) was considered in Reference [2]. We adapt this model in this
chapter to be notationally consistent with the previous chapter. The rate equation

for the carrier density N in the amplifier is [2]
— =L — AP (2.0.1)

where N = carrier density [C#], J= current density [C%], q = electron charge [C],

d = active layer thickness [ym], 7. = carrier lifetime [ps], T = confinement factor

[—], 7| A|> =P =the optical power averaged over the length of the SOA, hf = photon

energy [eV]. Just like as in Chapter 1, this expression can be simplified to

dN ] N (N-—Np)P

dt gd T T, ’

where N is the carrier density at transparency.

29
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2.1 Internal phase

The phase change ¢ experienced by an optical signal after traversing a single pass

along the FP-SOA is given by

27
= —nL
(P )L()n 4
dn
— —— (N = Np)T,
n=mno+ g5l 0)
27T 27w dn
= — —L— (N — Ny)T,
=gkt R ban N~ M)

where n is the refractive index, ny = small-signal refractive index and Ny = carrier

density when the input signal is absent.

¢ =do+ T, (2.1.1)
Ao AN
27
(PO — /\_OHOL,

where ¢y = small-signal change in phase, independent of the optical power [rad],

Ao = free-space wavelength [um]| , and L = amplifier length [ym]. Knowing

_ _dmdnl
/\0 dN a’
. 2nL(N—No)Twarg _ ~ aal'(N—Ny)L
xgL
o

30
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2.2 Internal Phase Rate Equation
Eqn.(1.0.3) can be represented in dynamic version by taking the time derivative of
the phase leading to
dp _ 2L (ANY dn
At Ao \ dt JdAN

The %—lf term is substituted from rate Eqn.(1.0.1)

dp _2nldn[] N _(N-NpP],
dt o AO dN @d TC TC .

Multiplying on either side with 7. ,we get

Tc

d_gb B 271Ld_n ]
ed

=N ——N—(N—NT)P}I”.

Simplitying by substituting L% as Ny the small-signal carrier density,

d¢  27nL dn —
TC% = A—OW |:N0 N (N NT)p:| T,
Ao dgb —
———Tc— = Nop— N— (N —Nr)P,
romLdn Cde — (N = Nr)
Ao dg

_ 20 9 (N—Np)P=N,— N.
2L dt ( r) 0

Note that Eqn.(1.1.1) can be re-written as

Ao ¢ —¢o _
Tan 7y = (N — N). (2.2.1)

Combining these two previous equations yields

A 1 _dpl  (¢o—¢)Ao —
e AN\ N CA O NS N )
D2 dn“df L~ rdifon ( )
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d —dn 2
o = (¢o—¢) — (N = Nr)PICLT.

Adding and subtracting with Ny in the R.H.S,we get

d —dn 21
T = (¢ =) = [(N = No) + (No — N)[PLEL LT,
Expanding the above equation yields
dp —dn 27 —dn 21
Ty = (Po—=9) = (N = No)PToG—L = (No = Np) PG LT
Substituting Eqn.(1.0.5) in the above equation , we get
d = dn 271
T = (90— 9) = (9= 90)P — (No — Nr) G - PT.
dp — dn 27—
T = (po—¢)(1+P)+ (Nr — NO)WA_OPF' (22.2)
The phase rate equation can be expanded as
dp - 2rL —dn
Ty = (Qo—¢)(1+P)— TO(NO = Np)Poo T (22.3)

We can re-write the phase equation in terms of linewidth enhancement factor « as

47 dn

Rearranging the terms yields

—27 dn oa

Ao dN 2
We define the small-signal gain gy to be

go =Ta(No — Nr). (2.2.5)
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Substituing Eqn.(1.0.8) and Eqn.(1.0.9) in the phase equation yields

Wy = (90— ¢)(1+P) + T L(Ny — Nr)PT,

oo = (¢0— ¢)(1+P) + 3g0LP.

2.3 Steady state internal phase
Eqn.(1.2.6) is solved in steady state by assuming %:O
— o —
0= (o~ 9)(1+P) + 5 0LP,

%goLﬁ (¢ —¢o)(1+

T

T:I—I-

’Ul

>
)

Note that in steady state ,

§ _(1+P)go—go _

(2.2.6)

(2.3.1)

80F

A=gy—o=on S_ 0
§0TEZE T ID 1+D

Thus,
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Figure 2.3.1: Phase difference versus normalized internal power

Fig (2.3.1) [2] is plotted using P as given in Eqn. (2.5.1) with ¢ = —7/4 [rad]
and « of 5 [-] and goL of 3.24 [-] with R1=R2=03 [-]. The loss factor a;,,;L is 0.5 [-]
and confinement factor I' is 0.5 [-]. Unless specified otherwise, these parameter
values are used for all graphs in this chapter.

From the figure we can see that ¢ — ¢ has a linear and then saturated increase

with increase in internal power. Since the values are normalized, the value of P=1
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is when the optical power matches the saturated power Ps;;.

2.4 Steady state gain coefficient

In the steady state equation for phase Eqn.(1.3.1)

27tL dn

¢ =¢o+ /\—O(N — NO)WR
2L dn

¢ — o = A_O(N_ NO)WF'

Simplifying the equation using

—2718_71 wa

Ao ON 27

we get

¢~ o =—"2L (N~ No)T.

2(¢0— ) _
— a(N — No)T,

2
T'aN = TaN, — — ).
a a 0+¢xL(‘P° P)

Subtracting either side of the equation by —aNtI’
2
I'aN — TaNt = TaNy — T'aNT + E((PO —¢),
2
T'a(N — Nr) =Ta(Np — NT) + E((P() — (P),
— g0+ (90— 9) (2.4.1)
8 = 80 aL (PO (P . o
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The net modal gain ¢~ is given by

& =8 int. (242)

where «;,; = effective loss coefficient [Cim] The relation between the net gain g~

and small-signal gain gy is given by combining Eqns.(1.4.1) and (1.4.2)

g =80+ (¢o— <P)£ — Qjnt- (2.4.3)
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Figure 2.4.1: Single pass gain versus normalized internal power

36



CHAPTER 2: SINGLE OPTICAL INPUT SIGNAL INTO A BISTABLE
SEMICONDUCTOR OPTICAL AMPLIFIER

Fig (2.4.1) is plotted using equation for P as given in Eqn. (1.4.3). From the fig-
ure we can see that the single pass gain has an exponential decrease with increase

in internal power.

2.5 Output and Input power

The output power P,,; and P are related as [2]

= (14 Rpe8l)(e8L — 1) Pyt
p— (L ReeS)(e . WPout _ . (2.5.1)
(1 —Rp)es8tgL

where R2 is the reflectivity of the second mirror. The input power P;, and P are

related as

Pout = Py, (1—Ry)(1— Ry)es”
T T (RyRy) 2e8T)2 + 4(Ry Ry) 2e8 sin?

= P, X. (2.5.2)

where R; is the reflectivity of the first mirror. Since P is the known, P,,; and P;, are

readily found as

P

Pout — ?I
— P P
Pn= %= xv
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Figure 2.5.1: Normalized output Power versus normalized internal power

Fig (2.5.2) is plotted using equation for P,,; as given in Eqn. (2.5.1) and ma-
nipulating that equation to get the normalized average power. From the figure we
can see internal power increase increases the output power. The internal power
and output power are directly proportional. The SOA increases the input power
producing an amplified output.
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Figure 2.5.2: Normalized input power versus normalized internal power

Fig (2.5.1) is plotted using equation for P as given in Eqn. (2.5.1) and Eqn.(2.5.2).
From the figure we can see that the normalized internal input power varies non-

monotonically with normalized internal power.
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2.6 Interms of P,

Note that we know P;,,, we can recreate the previous graphs as a function of P,

15 T T T T

Fhase change minus detuning ¢ — gip[rad)

0 0.0z 0.04 0.06 0.05 0.1
Mortnalized input peswer T, [-]

Figure 2.6.1: Phase change minus detuning versus normalized input power

Fig. (2.6.1) use the same parameter values as the previous figures. The graph
shows a hysteresis curve with switching to high phase occurring at a value of nor-

malized power of 0.013 and 0.002.
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Figure 2.6.2: Single pass gain versus normalized input power

Fig. (2.6.2) uses the same parameter value as the previous figures. The graph

shows a hysteresis curve with switching occurring at a value of normalized power

of 0.013 and 0.002. The single pass gain is high for a normalized power value of 0.

41



CHAPTER 2: SINGLE OPTICAL INPUT SIGNAL INTO A BISTABLE
SEMICONDUCTOR OPTICAL AMPLIFIER

03t §
Soosl §
5
2
2 nz2} i
=
=
2015t §
E o
i
5 01 )
o
=
0.05 - .
I:I 1 1 1 1
0 0.02 0.04 0.05 0.08 0.1

Morrmalized input power . [-]

Figure 2.6.3: Normalized output power versus normalized input power

Fig. (2.6.3) uses same parameter values as the previous figures. The graph
shows a hysteresis curve with switching occurring at a value of normalized power
of 0.013 and 0.002. The output power is initially 0 for 0 input power. As the power

increases the output also increases and following a hysteresis curve.
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2.7 Output phase

The relation between output phase ¥, and input phase ¥;, is given by [2]

1, (RyRy)Y2e8Lsin2¢
b , 2.7.1
Yout = Pin — ¢ — tan (1 _ (Rle)l/ZegLCOSZ4)) ( :
1.6 T T T T T T ! - I
yr out
— — — ¥ axs
A ]
T 05¢ i
3
=
3 o '
o
=
5
=
E 05F i
i1 |
151 -

1 1 1 1 1 1 | 1 |
0 oot 002 o003 o004 005 00 007 008 009 01

Morrmalized input poswer o, [-]

Figure 2.7.1: Output phase versus normalized input power

Fig. (2.7.4) uses same parameter value as the previous figures. The graph shows
hysteresis curve with switching to high peaks occurring at a value of normalized
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power of 0.013 and 0.002.

2.8 Gain coefficient rate equation

As derived in the previous section, the net gain is given by
8§ =8~ &nt

The rate equation for the net gain is given by

dg— _ dg

dt  dt
dg™ _g0o—g(1+P)
dt T !

§ =& Lints

§ Tlint =g,

d
TC% =g0— (g +ain)(1+P),

d
= = g0 —8(1+ P) — ajp (1 4+ P).

ar

2.9 Phase rate equation revisited

The phase rate equation is given by [2]

27tL on
¢ =¢o+ A_O(N - NO)WF;
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_4moon
)LollaN’
—2718_71 _waa

Ag ON 27

xa

¢ =¢Po— >

(N — Np)LT,

xa

¢ =0~ = (N = Nr—No+ Nr)LI,
xa xa

¢ = o — 5 (N = Np)T + = (No — Nr)LT,

_ 548 agol

¢ = o+ “_(goz—g) L. (2.9.1)

Differentiating the phase equation with respect to time, we get

dp _ _aldg
at 2 dt’
dp _ _«L 8 8. F
a2 (TC TC(1+P)),
dp  «aL —
Ty =~ (80 —g—gP),
dp _ goal  gaLl  gal—
Tcdt - 2 + 2 + 2 PI
d L
w5 = (g~ g0)+ 55°P,
agol  aQL
-t
agl agoL
d agoL
WL =g g0+ (- 0)+ )P,
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ni—‘f = (¢po—¢)(1+P) + %ﬁ. (2.9.2)

This expression matches the one derived earlier.
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CHAPTER 3

Single Optical Input Signal: Simpler

Model

The previous chapter studied optical bistability of a single optical signal injected
into an FP-SOA by using the average internal optical power, which was distin-
guished from both the input power and the output power. In the literature there
was a simple model introduced that used output power as an approximation to
the internal power [8]. This chapter uses this simpler model to study optical bista-
bility of the FP SOA. We again use the technique of parameterization to determine
various quantities like gain, phase, and power. At the end of the chapter, we com-
pare the results of the simple model and the internal power model of the previous

chapter.

47



CHAPTER 3: SINGLE OPTICAL INPUT SIGNAL: SIMPLER MODEL

3.1 Basic equations

The basic equations used in this chapter are given below. These equations are then

modified as per the parameterization requirement to derive various solutions [8].

Pout = TG P; (3.1.1)
7 11— GR)2+4GRsin?¢] ™ -
G = expl(g — am)L], (3.1.2)
80
= —, 3.1.3
§T177 (3.1.3)
¢ = ¢o + ZeoL P (3.1.4)
ERARI .
Pt = P. (3.1.5)
where P,; = Lt P=—L_ R is the reflectivity of the mirror , T=1-R is the transmit-
Psaf Psaf y

tance, a;,; is the loss coefficient, ¢ is the single path phase change, ¢y is the initial
detuning, and L is the length of the cavity. The gain co-efficient g is derived from
the carrier density rate equation. The g and ¢, G and P, equations are familiar
from Chapter 2. This set of equations differs from those of chapter 2 by the equa-

tion for output power interms of internal power P.

3.2 Output optical power parameterization

In this section, P,,;; = 1;‘;;‘

L is parameterized, which allows equations for gain coeffi-

cient g and phase ¢ to be solved. The result obtained is used to calculate the optical

48



CHAPTER 3: SINGLE OPTICAL INPUT SIGNAL: SIMPLER MODEL

gain G. Then the solution for normalized input power P;, is found. The results ob-
tained are used to graphically plot the normalized output power vs normalized
input power.

For the calculations , the same parameters are used as in chapter 2. This would
give us better understanding and comparison of the two techniques. The values
used are reflectivity of 0.3, confinement factor of 0.5, loss coefficient of 0.5, input
phase of 0, phase detuning value of —7t/4 and a single pass unsaturated gain of
3.24 [-]. The same parameters are used throughout the chapter for further calcula-

tions.

3.2.1 Gain coefficient and single-pass phase

Since we define the value for P,,;; and small signal gain go , we can use that to

determine the value of g and ¢ from Eqns.(3.1.3) and (3.1.4).
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Figure 3.2.1: Gain coefficient vs Normalized internal power

The gain coefficient exponentially decreases with the increase in the internal
power. The value is maximum for lower power and decreases as the power in-

creases.
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Figure 3.2.2: Phase difference vs Normalized internal power

The phase difference increases exponentially with the increase in the internal
power. The phase is lower for small input power and increases as the power in-

creases.
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3.2.2 Gain

Since we have calculated the value for g, we can readily find the value for optical
gain G. The optical gain varies exponentially along the length of the semiconductor

L and the expression is given by Eqn.(3.1.2).
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Figure 3.2.3: Single pass gain vs Normalized internal power

The single pass gain follows the same graph as it is an exponential function

of the gain coefficient. The single pass gain also exponentially decreases with the
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increase in the internal power.

3.2.3 Normalized input and output power

In the simplified model of this chapter, the output power Py, is simply equal to the
internal power P. Eqn.(3.1.1) can be re-written in the normalized form by diving

the input and output power terms by Ps;; terms yielding [2]

Pot P G(1—R)?
Pgqt Pst (1- GR)2 +4GR sinng'

The normalized terms can be written in a simplified form as P;, and P,,; as

B _ P G(1 —R)?
T M1~ GR)2 +4GRsin? ¢

From this equation, the solution for normalized input power is determined,

1— GR)? +4GRssin?
Py, = Pout( G)(l — R)2 (P (321)

Alternatively, 77 can be defined as a part of Pj,.
Note that we have calculated the input power in terms of the output power and
now we can graph all quantities (previously graphed in terms of the output power

in terms of input power).
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Figure 3.2.4: Normalized input power vs Normalized output power

The input power increases with the increase in the output power.
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Figure 3.2.5: Normalized output power vs Normalized input power

The output power increases with the increase in the input power.
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Figure 3.2.6: Gain coefficient vs Normalized input power

The gain coefficient decreases with the increase in the input power. The value

is maximum for lower power and decreases as the power increases.
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Figure 3.2.7: Phase difference vs Normalized input power

The phase difference increases with the increase in the internal power. The

phase is lower for small input power and increases as the power increases.
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Figure 3.2.8: Single pass gain vs Normalized input power

The single pass gain follows the same graph as it is an exponential function of
the gain coefficient. The single pass gain also decreases with the increase in the

input power.
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3.3 Output phase

The relation between output phase ¥, and input phase ¥;, is given by [2]

1, (RyRy)Y2Gsin2¢
= h;, — ¢ — tan" ! : 3.3.1
Your = tpin = ¢ —tan (3= (RyR2)72Gcos2p) (3.1
15 1 1 I I
"| - -
T 05 -
Al
S
5 of ]
&,
o
2
2050 -
#q |2 ol
15 1 1 1 1
0 0.02 0.04 0.05 0.08 0.1

Mormalized Input Power B[]

Figure 3.3.1: Output phase versus normalized input power

The output phase decreases with the increase in the input power.
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3.4 Comparison of Models

As explained at the beginning of this chapter, this chapter uses a simpler model
than the Chapter 2. The core difference in the model is that in the simpler model
the output power equals the internal power. The difference is shown in the figures

below. In other words, the simpler model (Chapter 3) uses

P// P,

out —

whereas the more involved approach (Chapter 2) uses

T 14+ RG)(G—1) X

Note that
P//

out __
P

out

P
=%
X

where

(14 RG)(G—1)

x= (1-Ro)GgL

Here is a plot of X vs normalized internal power P. Since X>1, the output power

of the simpler approach is greater than that of the more involved approach.
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Figure 3.4.1: X vs normalized internal power

The X terms decreases with the increase in the internal power.
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Figure 3.4.2: Normalized output power vs normalized internal power

The figure shows that in both the chapters, the function varies linearly in an in-
creasing fashion. Chapter 2 uses a more complicated approach and for the same in-
ternal power, the output power is comparatively more than the approach in Chap-

ter 3.
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Figure 3.4.3: Normalized output power vs normalized input power

The output power in both the cases varies with hysteresis. The output power
is greater in case of the chapter 3 for the same input power range which is demon-
strated in the figure at high values of input power. Note that it takes less input
power to achieve bistability for the Chapter 2 model than for the Chapter 3 model.
This is because a lower input power is related to a lower output power, and the

Chapter 3 model gives a lower output power than the Chapter 2 model for the
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same amount of input power.
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Figure 3.4.4: Phase difference vs normalized input power

The phase difference calculated in both the chapter approach varies with hys-
teresis and they curve is an incresing fashion for the increase in the input power.
The Chapter 2 curve has higher values of the phase difference for the same input

power, and the phase jump from lower and higher stable branches is larger.
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Figure 3.4.5: Phase difference vs normalized input power

The output phase calculated using each approach decreases with the increase
in the input power. The Chapter 2 curve has greater range of the output phase than
the Chapter 3 approach. The maximum and minimum limit of the output phase
is from -1.5 rad to 1.5 rad for the input power varying from 0 to 0.1 whereas the
approach in chapter 3 has output phase only varying within -0.5 to 0.5 for the same

X axis values.

65



CHAPTER 3: SINGLE OPTICAL INPUT SIGNAL: SIMPLER MODEL

0.1
0.09
0.05

|L5 0.07
(T

=
=
fay]

=
=
gl

0.03

WNeormalined Input power
=
=
=

0.02

.01

Chapter 2
=i===Thapler3 |

0

0.02

0.04 0.06 0.08 0.1

Mormalized Internal Power F|[—]

Figure 3.4.6: Normalized input power vs normalized internal power

The input power for the same range of internal power is lesser for the Chapter 2

and more for the simpler model in Chapter 3. This is the reason that all the figures

in chapter 3 has a greater power than the chapter 2 models. But the power required

to achieve bi-stable action is lessor for the more involved approach.



CHAPTER 4

Dual Optical Input Signals:Baseline

Model

Optical bistability, such as studied in the previous two chapters, can be the basis of
optical memory devices and optical signal processing devices. The previous two
chapters considered a single optical signal, but the behavior when more than one
signal is present may open up more applications in optical signal processing. In
this chapter we consider two optical signals. We follow the model proposed in
reference [8], which is similar in its simplicity as the single signal model proposed

by [2]. The schematic of the FP-SOA using two signal is given below.
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—> Signal 1

FP-SOA >Signal 2

Figure 4.0.1: Schematic of FP-SOA using 2 signals

The FP-SOA using two input signals schematic is given. The current is applied

on the SOA and they produce two amplified output signals.

4.1 Output power parameterization

The Fabry-Perot SOA is designed to have two input powers P;,; and Pj,; with
output powers Py,;; and P, respectively. The relation between the input and

output powers is given by [9]

Poutl _ Pinl TzG (4 1 1)
P P; (1 — GR)2 +4GRsin?(¢;)’ o
PoutZ _ pinZ TZG (4 1 2)

P, Ps (1 — GR)? + 4GRsin?(¢,)’
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where P;,;1 is the input power of signal 1, P, is the input power of signal 2, P,
is saturation output power of the amplifier, T=1-R is transmittivity, R is the reflec-
tivity, ¢; is the single path phase change of signal 1 and ¢, is the single path phase
change of signal 2. It is assumed that the saturation power is the same for each sig-
nal. These equations for the two-signal case are just two instance of the equation

given in Chapter 3. These equations further simplify to

Pount = Pin 1, (4.1.3)
Poutz = Pinp b, (4.1.4)
where
F_ T2G
¥ (1= GR)2+4GRsin?(¢y)’
Poutx
P =
outx Psat ’
and
p.
P — mx,
mx Psat

and x values are 1 and 2.
The gain of the amplifier G is assumed to be the same for each signal and is
given as [9]

G = expl(g - minr)L], (415)

where g is the saturated gain coefficient, «a;,; is the loss coefficient and L is cavity
length. The saturated gain coefficient can be expressed in terms of small signal
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gain coefficient as

_ 80
+ Psar

Here, the gain is saturated by the sum of the internal power of both signals, and is a
simple extension of the gain equation used in Chapter 3. Note that it is convenient

to use the normalized internal powers P; = % and P, = %, which yields

e —
1—|—P1—|—P2

The phase change is given by

P+ P,

0

AL TSI > il
o P+ P,

E L L > (19

$2 = $1+ Po2 — Po1-

Again, the sum of power is used. For the simpler model used in this chapter , the

internal power and the output powers are the same

Pout:P.

4.2 Normalized internal power for signal 1 and 2 pa-

rameterization

The equations above are solved by using parameterization. In this method P; + P,
is treated as a single quantity and a vector of values is created for further solving.
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From a parameterized P; + P,, equations for ¢1 , ¢» , g and G are immediately
solved. From the value of g, G is solved. ¢; and G provides F; while ¢, and G
provides F,. By knowing all these values, the input normalized power value can
be determined. The input power P;, can be calculated using the equation (4.1.3)

and (4.1.4). The summed power is

Poutl + Pout2 = Pin1F1 + PinZFZ/

where the left hand side is equal to output parameter. From the known equation
for normalized output power, if we assume that P;,; is a constant value and a

known quantity, then P;,;; can be calculated as follows:

PiiF = Pounn + Pouro — Pip b,

Poutl + Pout2 - PinZFZ

Pinl - Fl

4.2.1)

By knowing the value of P;,;; and Pj,;; we can have a plot with normalized input

power vs normalized output power.

4.2.1 Gain coefficient

Since we define the value of P; + P, and small signal gain gg, we can use them to
tind the gain coefficient g using (4.1.6). The gain coefficient exponentially decreases

with the increase in the total output power.
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Figure 4.2.1: Gain coefficient vs normalized total internal power

Unless otherwise specified, all figures in this chapter are plotted using L=0.03
cm, R=0.35[-], g0=42.75 [1/cm], a;,;;=10 [1/cm], b=4[-], ¢p1=2.3 [rad] and ¢pr=pi

[rad], I'=0.4 and normalized input power of the signal 2 as 0.01 [9].
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4.2.2 Gain

Since we have calculated the value of g, we can find the value for optical gain G.
The optical gain varies exponentially along the length of the semiconductor L and
the expression is given as

G = expl(g — tjur)L]. (422)

EB T T T T T T T T T

=ingle pass gain [1/cm]
. [ k2
(N (! = o
| 1 | 1

—_
[ma]
T
1

—_
o0
T
|

1‘.1 1 1 1 1 1 1 1
0 0.1 02 0.3 0.4 04 R 0.7 0. 04 1

Swrraned internal power F + E[-]

Figure 4.2.2: Single pass gain vs normalized total internal power

The single pass gain is an exponential function of the gain coefficient. Thus
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it follows the same pattern and decreases exponentially with increase in the total

output power.

4.2.3 Single-pass optical phase

Since we define the value of P; + P,, and small signal gain gy, we can use that to

tind the optical phase ¢; and ¢, using equation (4.1.7) and (4.1.8).

45 T T T T

L
it

Optical phase drad]
o

2.5

1 1
o 0.2 0.4 0.6 0.g 1

2 1

Surnmed internal power B, + Fal-]

Figure 4.2.3: Optical phase vs normalized total internal power
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The phase quantities increase as the internal power increases. They are directly

proportional to each other.

4.2.4 Output phase

The output phase for both the signal is given by the equations [2]

RGsin(2
Yout1 = Pin — P1 — tlm_l[l — Rsézgszpzl(;l)]

(4.2.3)

RGsin(2¢,)

1-— RGcos(Zd)z)] (424

Yourr = Pin — ¢2 — tan 1|
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Cutput phase ¥, [rad]

| |
0 0.2 0.4 0.k 0.8 1
surrirned internal power F+ Fﬂ[']

Figure 4.2.4: Output phase vs normalized total internal power

The output phase and power are inversely proportional. Hence the value de-

creases with increase in the internal power.
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4.3 Input power

The sum of the output power is used above to determine g, ¢, G, F; and F,. More-

over, P;,; can be found if we assume a value for P, using Eqn.(4.2.1).

T . . . .

0.5

Input power for signal 1F.;[-]

1| 0.2 0.4 0.5 .4 1

Summed output power By 4 Faoasl]
Figure 4.3.1: Normalized input power for signal 1 vs normalized total output

power

Note that we know the input power, all other quantities can be plotted in terms
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of the input power.

4.3.1 Separated output power

Once the input power for each signal is known, the output power can be found

using

Alternatively, because P,,;1 + Py, is known, either P, or P, can be found if the
other power is found first. The two output powers are plotted in Figure(4.3.2) as
a function of input power. Note that the bistable behavior is evident. Both signals

have the same input power, that triggers bistability.

78



CHAPTER 4: DUAL OPTICAL INPUT SIGNALS:BASELINE MODEL

—

Fout1

-
[2u]
T

—-—-=107% Pout2 T

Mormalized output power F..a[-]
o o o 5 o o O
b L = R o1 o~
s
o
50
i
7
o

o
|

a 0.05 0.1 0.15
Input power for singal 1 Fy [-]

Figure 4.3.2: Normalized output power vs normalized input power of signal 1

4.3.2 Gain and phase

Now that the input power of signal 1 is known, the already calculated gain and
phase can be plotted as a function of it. These graphs clearly show hysteric behav-

ior.
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Figure 4.3.3: Gain coefficient vs normalized input power of signal 1

The gain coefficient decreases with the increase in the input power.
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2.4
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Figure 4.3.4: Gain coefficient vs normalized input power of signal 1

The single pass gain follows a similar pattern to that of the gain coefficient. The

single pass gain decreases with the increase in the input power.
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Figure 4.3.5: Optical phase vs normalized input power of signal 1

The optical phase variers with hysterisis with increase in the input power.
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Figure 4.3.6: Output phase vs normalized input power of the signal 1

4.4 Dependence on Initial Detuning

In this section, varying the quantity ¢o2 by keeping ¢o; as a constant value as
2.3[rad] and varying the ¢p; as 7r, 7/2 and 0 in case 1,2, and 3 respectively, the

output power is varied and plotted as a function of the input power.
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Figure 4.4.1: Output phase vs normalized input power of the signal 1

The output power for signal 1 increases with the increase in input while output
power for signal 2 decreases. This corresponds to the difference in phase applied

to the signals.
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4.4.2 <p01=2.3[rad] and (Poz = 7'[/2
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Figure 4.4.2: Output phase vs normalized input power of the signal 1

The output power of signal 1 increases like the previous case since the value of ¢g;

is kept as a constant. But since ¢, is varied, it remains as a constant value in this

case with the increase in the input power.
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4.4.3 4)01=2.3[rad] and 4)02 =0
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Figure 4.4.3: Output phase vs normalized input power of the signal 1

Since the output power depends on the phase shifts, the output in this case of
signal 2 is similar to the first case because the phase shift in current case is 0 and
it is 7t for the initial case. The input power for signal 2 decreases while signal 1

increases with the increase in the input power.
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CHAPTER 5

Dual Optical Input Signals:Improved

Model

5.1 Introduction

In this chapter, we again consider a Fabry-Perot SOA being injected with two sig-
nals. Unlike the previous chapter, however, we will consider a more accurate rela-
tion between the output power and the average internal power as the parameter-
ized quantity. Doing so is following the lead of the analysis in Chapter 2 in which
the internal power is distinguished from the output power. This work is expected

to improve the accuracy of simulations of the two-signal case.
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5.2 Gain coefficient

The gain coefficient is common to both signals "1" and "2" and is given by
g =Ta(N — Nr),

where the steady state value is given by

g= 230 _
1+P+DP
where P; and P; is the sum of the internal powers and is the parameterized quan-

tity. As in previous chapter, the bar indicates that the power have been normalized

by the saturation power Ps;;:

— P.
Pl - _1/
Psat

S
pP, = .
2 Psat

A graph of the gain coefficient as a function of total internal power is shown in
Fig(x.x.x). Unless otherwise specified , all figures in this chapter are plotted using
L=0.03 cm, R=0.035[-], go=42.75[1/cm], aj,;;=10[1/cm], ¢91=2.3[rad], and ¢ppr=7t[rad],
I'=0.4, and P;;,=0.01. Note that these are the same nominal parameter values used

in Chapter 4 for the simpler model.
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Figure 5.2.1: Gain coefficient vs summed internal power

The gain coefficient is same as that of Chapter 4 and it exponentially decreases

with the increase in the summed internal power.
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53 Gain
The total single pass gain is given by

G = exp[(g — tine )L,
which is equivalent to [2]

G =TgoL 4+ I'(do1 + Poz — (¢1 + <P2))% —aL. (5.3.1)
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Figure 5.3.1: Single pass gain vs summed internal power

The gain value decreases with an increase in the internal power.

5.4 Single-pass optical phase

We know the average optical internal power traveling across the device. Knowing
the power, initial detuning of the signal 1 and 2, we can calculate the optical phase
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as
« P+ D )
= o1 + =goL [ —=——= ),
b1 = Po1 580 (1+P1+P2
and
X P+ P )
= + — L —_— ],
P2 = g2t 580 (1+P1+P2

$2 = $1+ Po2 — Po1-
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Figure 5.4.1: Optical phase vs normalized internal power
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The optical phase exponentially increases with the increase in the internal power.

5.5 Output phase

The relation between output phase 1,1 and input phase ¥;, is given by

(R1R2)'/2eCLsin2¢y
1 — (R1Ry)1/2eCLcos2¢p "

Your1 = YPin — P1 — tan_l(

For simplification, let us assume M; as

(R1R3)Y2eCLsin2¢y
1 — (RyRy)1V/2eCLcos2¢;

My = (
Thus the phase of the signal 1 is given by
Pounn = Pin — ¢ — tan " (M),
Likewise,

(R1R2)2eCLsin2¢,
1 — (RyRy)1/2eCLcos2¢, ™

Youtr = Pi — P2 — tanil(
For simplification, let us assume Mp as

(R1R2)Y2e5Lsin2¢,

M, = .
2 (1 — (R1R2)1/2¢CLcos2¢,

Thus the phase of signal 2 is given by

Your2 = Yin — P2 — tanil(MZ)'
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Figure 5.5.1: Output phase vs normalized internal power

The output phase also decreases with the increase in the internal power for both

the signals.
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5.6 Output Power

In the previous chapter, simpler approach was used in which the internal power
and the output powers were assumed to be the same. The relation between the

averaged internal and output power in this current chapter is made more realistic:
F1 = PoutlH/

where H is given by

(1+ RyG)(G —1)

"= (1—Rp)GgL

and Pj is the averaged internal power and P, is the output power. Hence the

output power is given by

P
Poutl = El

Similarly we have another normalized averaged internal signal P, producing the

output signal of P,,>. The governing equations are

P2 - PoutZH-

Hence the output power of the "2" signal is given by

The internal powers are known in their combined form. Therefore the output

power will be the sum of averaged internal powers:

P1 + Py = Poys1 H + PoursH,
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Taking H as a common factor,
Py + Py = (Pout1 + Poura) H,
The sum of the output power is given by
P+ D

Pout1 + Pouta = T (5.6.1)

This expression gives only the sum of output powers, whereas we seek expressions
for each output powers independently in terms of P; + P,. Note that Eqn.(5.6.1)
reveals the difference between this current model and the simpler model of the
previous chapter is simply the inclusion of H. Thus, H is an important quantity

and is graphed here:
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Figure 5.6.1: H vs summed internal power

The H parameter decreases with the increase in the internal power and it is

common for both the signals.
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5.7 Input power

The normalized output power for signal "1" and the normalized input power are
related by the formula

Poutl - Pianlr

where F is given by

(1-Ry)(1-R2)G
(1-— MG)Z + 4\/R1R2Gsin(¢1) '

F =

Hence the input power is given by

P_' _ Poutl _ ﬁl
lnl Fl FlHI

where we have related the input power to the internal power. Likewise,

Pout2 - PinZFZ/

where F, is given by

(1-Ry)(1-Ry)G
(1 — \/RleG)z + 4\/R1R2G8i1’l(¢2) .

k=

Hence the input power is given by

po, — Pz _ P2
mn2 .FZ FZH'

Working with summed power gives,

Pout1 + Poutz = Piyi Fi + P B,
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The R.H.S can be equated to

Py + P> — —
7= Py Fy + Py B,

We assume that P, is known to us. Thus P;,; can be found as:

— Py +P, —

P Fr = "2 —PoF,,

—  Py+P, ——F

P = —gp -~ Pmp (5.7.1)

This expression gives P;,1 in terms of the P; + P, internal power sum.

Now that the input power is known, the output power can be calculated using

the formula
Pout1 = FiPiny,
Poutz = F2Piny.
The full expression for the output power of signal "1" is

P1+ P,

outl —

— Pyybo. (5.7.2)

After the input power is found, all the other parameters like gain, phase can be

plotted against a function of it.
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Figure 5.7.1: Normalized input power vs normalized internal power

The input power for signal one tends to increase with the increase in the inter-

nal power whereas the input power for signal 2 tend to remain a constant value

denoted by a straight line.
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Figure 5.7.2: Normalized output power vs normalized input power

The output power increases with hysterisis with the increase in the input power.
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Figure 5.7.3: Gain coefficient vs normalized input power

The gain value decreases hysterically with the increase in the input power.
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Figure 5.7.4: Single pass gain vs normalized input power

The gain value decreases with the increase in the input power.
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Figure 5.7.5: Output phase vs normalized input power

0.2

The output phase decreases hysterically with the increase in the input optical

power.
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5.8 Comparison of two models

This section compares the dual-optical signal case using the simplified model of

Chapter 4 and the more detailed model of this chapter.
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Figure 5.8.1: Gain coefficient vs normalized input power

The gain coefficient decreases with the increase in the input power.
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Figure 5.8.2: Single pass gain vs normalized input power

The single pass gain value decreases with the increase in the input power in
both the cases. The gain values are found to be higher in the case of the chapter 4

than in case of the chapter 5 which is an extension of the model proposed by [2].
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Figure 5.8.3: Optical phase for signal 1 vs normalized input power

The output phase calculated in both the chapters are increasing with respect to
the input power. The chapter 5 method has initially lower phase for lower input
power and tends to increase than the phase calculated in chapter 4 as the input

power increases.
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Figure 5.8.4: Optical phase for signal 2 vs normalized input power

The phase 2 in both in chapters are calculated with a initial detuning angle of 7t
which is higher than the initial detuning of signal 1 which is 2.4. Hence the phase
is higher range than the phase of signal 1 but the pattern is follows is similar. The
phase calculated in chapter 5 starts at a lower value for lower range of input power

and it increases as the input power increases.
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Figure 5.8.5: Output phase for signal 1 vs normalized input power

The output phase decreases with the increase in the input power.
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Figure 5.8.6: Output phase for signal 2 vs normalized input power

The output phase decreases with the increase in the input power.
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Figure 5.8.7: Normalized output power for signal 1 vs normalized input power

The output power increases with the increase in the input power.
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Figure 5.8.8: Normalized output power for signal 2 vs normalized input power

The output power increases with the increase in the input power.
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5.9 Strong hysteresis
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Figure 5.9.1: Normalized output power for signal 1 vs normalized input power

for signal 1

This is an example that proves that by varying ¢y, initial detuning angle, we can
produce a strong hysteresis curve even using the approach in Chapter 5. The na-

ture of the depth of the hysteresis curve depends on the detuning angle. In this
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specific case, we use ¢g; as 2 rad. Thus by varying the detuning angle, we can
achieve strong hysteresis pattern in the calculation of output power. This is proved

in the figure plotted against the normalized input power of signal 1.
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CHAPTER 6

Conclusion

This thesis developed an improved model to simulate the performance of two op-
tical signals propagating through a bistable semiconductor optical amplifier. The
improved simulations show that the critical switching powers for bistability are
lower than previously published. In the process of improving the model, we stud-
ied two published models of optical bistability for a single optical signal. These
two models informed our work on the dual-signal model. This result and the
model developed herein may be useful in future optical signal applications requir-

ing multiple signals as input.
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