ULRR

Wideband semiconductor optical
amplifier steady-state numerical model

ltem Type Article

Authors Connelly, Michael J.

Citation IEEE Journal of Quantum Electronics;37/ 3/ pp. 439-447
Download date 2026-03-07 18:45:54

ltem License https://creativecommons.org/licenses/by-nc-sa/1.0/
Link to Item https://hdl.handle.net/10344/1196



https://creativecommons.org/licenses/by-nc-sa/1.0/
https://hdl.handle.net/10344/1196

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 37, NO. 3, MARCH 2001 439

Wideband Semiconductor Optical Amplifier
Steady-State Numerical Model

Michael J. ConnellyMember, IEEE

Abstract—A wideband steady-state model and efficient numer- '"'"’.f"a's H.r“:‘-"“'-h‘““""
ical algorithm for a bulk InP—InGaAsP homogeneous buried ridge 1 implanted InP IniassP
stripe semiconductor optical amplifier is described. The model iS i slecirical BCTVE TEpbofn

applicable over awide range of operating regimes. The relationship  ¢anfinemernt W e and waveguide
between spontaneous emission and material gain is clarified. Simu- il )
lations and comparisons with experiment are given which demon- I n-Inf |,.-’ metallisation
strate the versatility of the model.

Index Terms—Modeling, semiconductor optical amplifier. Fig. 1. Homogenous buried ridge stripe SOA schematic cross-section [6].

senide and Gallium, respectively, in the undoped active region.
. INTR_ODUCT'ON ) Lattice matching is assumed, for whigh= 0.47y. The device
SEMICONDUCTOR optical amplifier (SOA) technology sirycture consists of central active region of withh thickness
hhas matured to the point where commercial devices afeand lengthL... The active region narrows linearly as a lateral
available for use in optical communication systems. Mathesper of widthiV” at the central region to zero width at each end.
matical models are required to aid in the design of SOAs a@ich taper has lengih. The tapers reduce the optical confine-
to predict their operatipnal ch_aracteristics. Many such modelant factor from its maximum valug at the central active re-
have been presented in the literature [1]-[5]. However, magyon to zero at the amplifier ends. This causes the guided mode
of these models make assumptions that restrict the rangegéral profile to expand which improves the input and output
operating conditions over which the SOA can be modelegyp|ing efficiencies to single mode optical fiber. As a first ap-

These assumptions are used either to obtain analytic solutigRgyimation the SOA is modeled as a device of mean ledigth
for the amplifier characteristics, or to aid humerical comput%-lven by

tion. SOAs can be used to simultaneously amplify a number of
signals at different wavelengths. To model such an application, L=L.+L, 0}

a wideband model of the SOA is required. In this paper, a hidentical ical . q ical f
comprehensive wideband model of a bulk INP—InGaAsP Scy)gt identical geometrical properties and an optical confinement

is presented. Through the use of suitable gain models it Cj&q_tor as the central active re_gion. Pertinent_geometrical ar_1d ma-

be extended to SOAs with quantum-well active regions. In tfi@rial parameters for the _dewce under conS|derat|o.n are givenin

model, the relationship between spontaneous and stimula?@t?le l. The InG_aAsP_dlrect pgndgap_blulk—mat_erlal active re-

emission is clarified. This relationship does not require tHHon has a material gain coefficieqt, (m ™) [7], given by

use of a spontaneous emission factor used in many models. 2 Mmomu 3/2

Spontaneous emission within the amplifier is modeled by g (v,n) = 270 <h <= )

traveling-wave power equations, which neglect the phase of 42m/ 2niry

the spontaneous signal. The model can be applied to determine e

the steady-state properties of an SOA over a wide range of x /0

operating regimes. A numerical algorithm is described which

enables efficientimplementation of the model. Simulations and <( ( 2T0( )2> ] v )
1+ vV — v

(me + Mmun

E4(n)

v — T(fc(’//) - f’v(’/))

comparisons with experiment are given which demonstrate the 2n1o)?
versatility of the model.

where
speed of light in a vacuum;

Il. AMPLIFIER STRUCTURE AND BULK MATERIAL MODEL y optical frequency:

The SOA modeled is a 1.55m InP-In _,Ga,As,P;_, ho- ny active region refractive index;
mogeneous buried ridge stripe device with schematic cross-secr radiative carrier recombination lifetime [see (52)];
tion shown in Fig. 1 [6]y andx are the molar fractions of Ar- # Planck’s constanmt divided by2x;

me, myn  conduction band (CB) electron and valence band
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TABLE |
SOA GEOMETRICAL AND MATERIAL PARAMETERS

Symbol | Parameter Value
5% Molar fraction of Arsenide in the active region 0.892 [6]
L, Central active region length 600 pm [6]
L, Tapered active region length 100 pm [6]
d Active region thickness 0.4 um [6]
W Central active region width 0.4 um [6]
r Optical confinement factor 0.45 [6]
K, Bandgap shrinkage coefficient 0.9x 107 evm [9]
n; InGaAsP active region refractive index 3.22 [18]
) InP region refractive index 3.167 [18]
dn, Differential of active region refractive index | -1.8x 10°°m™ [18]
E{ with respect to carrier density
Meg0 Equivalent refractive index at zero carrier|3.22

density (from (29))
dneq Differential of equivalent refractive index with | -1.34 x 10 m>
E‘ respect to carrier density (from (30))
Min Input coupling loss 3.0 dB [6]
Tout Output coupling loss 3.0 dB [6]
R; Input facet reflectivity 5.0x 107°[6]
R, Output facet reflectivity 5.0x 107[6]
K, Carrier independent absorption loss coefficient 6200 m”
K; Carrier dependent absorption loss coefficient 7500 m’
Arad Linear radiative recombination coefficient 1.0x107 7
B,aq Bimolecular radiative recombination coefficient | 5.6 x 107 m’s™
Aprad Linear nonradiative recombination coefficient | 3.5x 10%sT

due to traps
Biyaa Bimolecular nonradiative recombination | 0.0 x 10 m’s™

coefficient
Caug Auger recombination coefficient 3.0x 10T m®T
Diear Leakage recombination coefficient 0.0 x 10%¥ mP3sT
a Bandgap energy quadratic coefficient 1.35 [8]
b Bandgap energy quadratic coefficient -0.775 [8]
c Bandgap energy quadratic coefficient 0.149 [8]
m, Effective mass of electron in the CB 4.10x 107" kg [18]
Min Effective mass of a heavy hole in the VB 4.19x 10° kg [18]
My Effective mass of a light hole in the VB 5.06x 10~ kg [18]

The bandgap energy, can be expressed as

Eq4(n) = Ego — AE4(n).

E,, the bandgap energy with no injected carriers, is given by

the quadratic approximation [8]

Eyo = e(a+ by + i)

wherea, b andc¢ are the quadratic coefficients andhe elec-

lengths.

®) by

tronic charge AE,(n) is the bandgap shrinkage due to the in-

jected carrier density [9] given by

AE,(n) = eKyn'/?

the gain and spontaneous emission spectra toward longer wave-

The Fermi-Dirac distributions in the CB and VB [7] are given

-1
fe(v) = {exp(%) + 1} (6)

-1
@ R = e (B P2 ) 41} %

where
_ o n Mhh
E, = (hv — Ey( ))r "

©) By = —(hv - Eg(”))m- (8)

whereK is the bandgap shrinkage coefficient. The valu&gf 1" is absolute temperature akdthe Boltzmann constant .
used in the model is taken to be slightly less than the value fsrthe quasi-Fermi level of the CB relative to the bottom of the
Ing.15Ga s5As. The main effect o\ E, is to shift the peak of band.£, is the quasi-Fermi level of the VB relative to the top
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of the band. They can be estimated using the Nilsson approxi-
mation [10]
Eje = {In6 + 8[64 + 0.055245(64 + V&)~ 3 }kT 5
Epy = —{lne + e[64 + 0.055 24e(64 + /&) T }kT (9) 2
=]
where i °?E
oh
s="1, =1 (10)
Ne Ny
0
p is the VB hole density. At the carrier density levels usually 1300 1400 1500 1600
Eresent in SOAy, is equal ton. n., andn,, are constants given Wavelength (nm)
y
Fig. 2. Typical InGaAsP bulk semiconductgy, andg!,, spectra. The carrier
mokT 2 mankT 2 density is 2.0x 10%*m—3.
=2 2 5 v =2 D) (11)
27h 2mh

usually only valid for wavelengths near the gain peak. The ma-
where terial loss coefficientr (m 1) is modeled as a linear function
of carrier density [11]

3 3\ 3
may = (mﬁh + mﬁl) - (12) a(n) = Ko + 'K n. (18)
mu, is the effective mass of a light hole in the VB. In (2), wel{o and K are the carrier-independent and carrier-dependent
can make the substitution absorption loss coefficients, respectiveli§, represents the in-
trinsic material lossK; is mainly due to intervalence band ab-
275 sorption.
=6 — 4 13
<(1 + (27T)2 (v — 1/)2)> (=) (13)

I1l. TRAVELING-WAVE EQUATIONS FOR THESIGNAL FIELDS
as this function has a much narrower spectrum than the othe{

terms within the integral [7]. Hence, (2) becomes n the model V, signals are injected with optical frequencies

v, (k = 1to N,) and powet,,, before coupling loss. The sig-

) nals travel through the amplifier, aided by the embedded wave-

3/2
gm(vyn) = c < 2Zmemun ) / guide, and exit at the opposite facet. The SOA model is based
e 4v/273/ 22712 \ A(me + mpy) on a set of coupled differential equations that describe the in-
teraction between the internal variables of the amplifier, i.e., the
XAV — T(fc(l/) — fo(¥))- (14) carrier density and photon rates. The solution of these equations

enables external parameters such as signal fiber-to-fiber gain
gm is composed of two components, a gain coefficigpt >0) and mean noise output to be predicted. In the following anal-
and an absorption coefficiepf, (>0), so ysis, it is assumed that transverse variations in the photon rates
and carrier density are negligible. This assumption is valid for
(15) SOAs with narrow active regions. In the model, the left (input)
and right (output) facets have power reflectivitiBs and Ro,
respectively. Within the amplifier, the spatially varying compo-

1 1
grn - g'rn - g’rn

where
nent of the field due to each input signal can be decomposed
2 Oy 3/2 into two complex traveling-waves;_ + andEg , propagating in
/ 111
Im = 3725 32 < ) the positive and negatlwedlrectmns respecuvely; lies along
V23 2niry? \ h(me + ) the amplifier axis with its origin at the input facet. The mod-
E,(n) ulus squared of the amplitude of a traveling-wave is equal to the
% h ) = () (16) photon rate (st) of the wave in that direction, so
2 3/2
"o C 2memyy, + +12 . . — 2
= NI =\ET|"; N_-=|E_|". 19
m 4\/§7r3/2n%'r)/2 <h(m€ +mhh)> ok | ok Sk | . (19)
E,(n) The lightwave representing the signal must be treated coherently
XAV — T( = fe() fu(). (17)  since its transmission through the amplifier depends on its fre-

quency and phase when reflecting facets are preﬂémtand
Typical spectral plots of,,, andg;, are shown in Fig. 2. To en- E__ obey the complex traveling-wave equations [2]
able fast computations, the net gain coefficient is often approx-
imated by a polynomial that is a function of the photon wave<dE} (2) [ 1 n
length and carrier density. However, such approximations are 4, —iBk+ §(Fg’"(”’“’”) —a(n) | B3 (2) (20)
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dE;, (2) 1 wavelength components. When reflecting facets are present, the
Sk =436 — =(T ke — E_ (2 21 . L . o
<J/’“ (Cgm(7,m) a(n))> w(2) @) spontaneously emitted noise will show the presence of longi-

. _ tudinal cavity modes. For this reason, it may be assumed that

where; = /—1. (20) and (21) are subject to boundary condinpise photons only exist at discrete frequencies corresponding

tions to integer multiples of cavity resonances. These frequencies are
n B given by
Esk (0) = (1 — 7’1)Eink + 7’1E5k (0)
E;(L)= TQE;"k (L) (22) vi=ve+Ave + jKnAvy, j=0...N,—1 (31)
where thek-th input signal field to the left of the input facet is where the cutoff frequency at zero injected carrier density is
given by
77111-Pink
By, = —. 23 E
. i, (23) v, = Tgo (32)
Thek-th output signal field to the right of the output facet is Av, is a frequency offset used to matehto a resonancek,,
Eou, = (1 —72)EF (L). (24) andn,, are positive integers. The valuesif,, andN,,, chosen
g ok depend on the gain bandwidth of the SOA and accuracy required
The k-th output signal power after coupling loss is from the numerical solution of the model equations. The longi-
tudinal mode frequency spacing is
Poutk = hl/knout |E0utk |2 - (25) c
Al/rn = L - (33)
7 @ndmn.y are the input and output coupling efficiencies, re- 2f0 Neq A2

spectively. The amplitude reflectivity coefficients are . . .
P Y P y This technique can be applied to both resonant and near-trav-

o= JE; Py = \/E (26) eling—wave SOAs and g_reatly reduces computation t?me. The
detailed shape of the noise output can then be determined using

The k-th signal propagation coefficient is the method shown in Section VII. It can be shown that averaging
the coherent signal over two adjacent cavity resonances is iden-

B, = 27 NeqVk ) (27) tical to treating the signal coherently in terms of traveling-wave

power (or photon rate) equations. It is sufficient to describe the
neq is the equivalent index of the amplifier waveguide [11] givefPONtaneous emission in terms of power, while signals must be
by treated in terms of waves with definite amplitude and phase.
Nt and N are defined as the spontaneous emission photon
1/2 rates (s*) for a particular polarization [transverse electric (TE)
Neq = |(nf —n3) o—F 43| (28) ort tic (TM)]in a f A
2 5_T or transverse magnetic (TM)] ina requency_spadﬁ,g Vi
centered on frequenay;, traveling in the positive and negative
no is the refractive index of the InP material surrounding the ag-directions, respectivel)Njr andXN; obey the traveling-wave
tive region.neq is modeled as a linear function of carrier densitgquations

[19]
: D) (Ryfiy,) = al)INF + Fonlrzen) (34)
= m(Vi,n) —a(n - splVj, 1
Tleq = Tleq0 + neqn. (29) dz g J J pPATI
dn dN; (2) _
Teqo 1S the equivalent refractive index with no pumping. The dz ~(Cgm(j,n) — a(n))N; + Rep(vj,n) (35)

differential in (29) is given by subject to the boundary conditions

dneq nil dny 30 + 7 _ i
dn " nep(2—T) dn (30) N#(0) = RiN; (0), N, (L)=RyN;j(L). (36)
Numerical values fof,0 anddn.,/dn are given in Table .~ The functionE,(1;, n) represents the spontaneously emitted

noise coupled int(N;r orNj_. An expression fofi,;, can be de-
rived by a comparison between the noise output from an ideal
amplifier obtained using (34) with the quantum mechanically

- _ derived expression [12]. An ideal amplifier has no gain satu-
The amplification of the signal also depends on the amouggiion (which implies a constant carrier density throughout the
of spontaneously emitted noise generated by the amplifier. TRigplifier), material gain coefficiens,, = ¢.,,(>0), and zero
is because the noise power takes part in draining the availapgs coefficient, facet reflectivities, and coupling losses. In this
carrier population and helps saturate the gain. However, itdgse N+ is obtained from the solution to
not necessary to treat the spontaneous emission as a coherent
signal, since it distributes itself continuously over a relatively dNT

wide band of wavelengths with random phases between adjacent p ; =L, (v, )N} + Rep(vj,n). (37)

IV. TRAVELING-WAVE EQUATIONS FOR THESPONTANEOUS
EMISSION
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The solution of (37), in this ideal case, gives an output noise
power at a single polarization in a frequency b&adAv,,, cen-
tered ony; of

V. CARRIER-DENSITY RATE EQUATION
The carrier density at obeys the rate equation
dn(z) I
dt

G-1

Noyp=——"——
T Tl (vy,n)

hij R (v, ) (38)
where G is the amplifier gain ai;. The equivalent quantum

mechanical expression [7] is

Ny —1
2r - _
Nowt = (G = Dhwry Ko Av. (39) — 7 ) Do Im i (DK (N (2) N (2)))
j=0
Equating (38) with (39) gives (48)
Ry, (vj,n) =Tg,, (v, n) K Avy,. (40) wherel is the amplifier bias current. In (48) all of the bias cur-

) ] ] rent is assumed to pass through the active region only and not
The traveling-wave power equations describhi§ andN,” as-  the surrounding InP regions. The bias current s assumed to have
sume that all the spontaneous photons in spa&ipgivy, are 5 yniform distribution across the active region width. The first
at resonance freq_ugnm_es. In a real dewpe the injected spoRtam on the right hand side (RHS) of (48) represents the addi-
neous photons, originating fro,,,, are uniformly spread over yjon, of carriers to the active region from the bias current. These
KmAvy,. The noise is filtered by the amplifier cavity. To acqpjected carriers are then depleted by various mechanisms oc-

count for this,N;L and N, are multiplied by a normalization

curring within the amplifier. The recombination rate tefifin)

factor K; which is derived as follows. If the single-pass gairy given by
is G, atv;, then the signal gain for frequencies within spacing

Avy, aroundr; [2] is
(1 - R1)(1 - Ry)G,

Gv) = 41
(l ) (1 — \/RlRQGS)Q + 4G s/ R1 Ro Sin2¢ ( )

where the single-pass phase shift is

L
6= 2 / Neg(7) 2. (42)
¢ Jo
At resonance, the signal gain is

Gl = T T)C, (@3

(1- VERGs)2.

Let the amplifier have a noise input spectral density (pho-
tons/s/Hz) distributed uniformly oveky,, centered ai;. The
total output noise (photons/s) iy, is then

v=r;+Avy /2
Nout = Uin/

v=r;—Avn /2

G(v)dv

1 ™
:ainAan_ G dg.
- | cwas (@)

If the input noise power were concentrated-at(resonance),
then the output noise photon rate would be
Nresowe = TinAVim G(v;) K. (45)

The factorK; is included in (45) to equat®q,, With Ny,

SO
JyG(p)yde 1 [~ de
L Jo TNV 2 . C— 6
K; TG (v)) ™ /0 1 +~2Sin’(¢) (49)
where
4G (vj)vV R Ry (47)

1T - VRRGs(ry))

K is equal to unity for zero facet reflectivities.

R(TL) = Rrad(n) + Rnrad(n)- (49)

R.aa(n) and Ry,..q(n) are the radiative and nonradiative car-
rier recombination rates, respectively, both of which can be ex-
pressed as polynomial functionswf13], [14]

Rrad(n) = Aradn + Bradn2 (50)
Rnrad(n) = Anradn + -Bnraudn2 + C(auugn3 + Dleakns's- (51)

In (50), A,2q and B,,4 are the linear and bimolecular radia-
tive recombination coefficients. In (514,.,aa iS a linear non-
radiative recombination coefficient due to traps in the semicon-
ductor material [14]By:2q represents nonradiative bimolecular
recombinationCl, is the Auger recombination coefficient and
D\, represents recombination due to leakage effects. Auger
recombination and leakage effects can be significant in SOAs
with high carrier densities. For the particular device considered,
itis assumed that carrier leakage from the active region into sur-
rounding InP regions is negligible [15].

The third and fourth terms on the RHS of (48) represent ra-
diative recombination of carriers due to the amplified signal and
amplified spontaneous emission (ASE)is included as only
this fraction of amplified photons resides in the active region.
The factor of two in (48) accounts for the fact that spontaneously
emitted photons can exist in one of two mutually orthogonal
polarizations (TE or TM). In the model, the SOA is assumed
to be polarization independent. Polarization dependence can be
included by the use of different TE and TM optical confinement
factors.

VI. STEADY-STATE NUMERICAL ALGORITHM

As the SOA model equations cannot be solved analytically, a
numerical solution is required. In the numerical model the am-
plifier is splitinto a number of sections labeled frera- 1 to NV,
as shown in Fig. 3. The signal fields and spontaneous emission
photon rates are estimated at the section interfaces. In evaluating
the RHS of (48)((¢) for thei-th section, the signal and noise
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l i+1
N (i), Es; (i) Nj(i+1), Es;(i+1)
—> . e
n(i)
N; (), Es; (1) N; (i +1), Es; (i +1)
<« <«
L } Z;
T 1 >
z=iAz z=(i+1)Az

Fig. 3. Theith section of the SOA model. Signal fields and spontaneo
emission are estimated at the section boundaries. The carrier density is

estimated at the center of the section.

Start simulation

Define initial conditions
for the carrier density,
signal fields and
spontaneous emission

Begin iteration

Calculate coefficients
of the traveling-wave
equations

Y

Estimate signal
fields using finite
difference technique

Y

Estimate noise
photon rates using
finite difference
technique

Y

>

Evaluate Q(i)

Change in
sign of O(i)?

Wo)=mi2

Yes @ No

Update carrier density

1) 0= 10 1+ WD)

Update carrier density

10,0 = 1D/ (1+ W(i)

Tolerance
not reached

Normalize noise
photon rates

L, |

Tolerance
reached

Estimate output
spontaneous noise
power spectral
density

IOutput resuli""l End simulationl
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all fields set to zero, using the Newton—Raphson technique [16].
The iteration now begins. The coefficients of the traveling-wave
equations are computed. In the gain coefficient calculations, the
radiative carrier recombination lifetime is approximated by

7 =n/Rpa(n) = Arad + Braan. (52)

Next, the signal fields and noise photon densities are estimated
using finite difference solutions of (20)—(21) and (34)—(35). For-
ward differences are used for positive traveling-waves and back-
ward differences for negative traveling-wavesXf- is a for-
ward traveling-wave, then for thigh section, the spatial deriva-
Jlve is approximated by

dXt X - Xi
dz Az ’

Similarly, if X~ is a backward traveling-wave, then for tita
section, the spatial derivative is approximated by

(53)

dX~— Xi-l—l - X;

dz Az

whereAz = L/N. is the length of a single section. The noise
normalization factors are then computed using trapezoidal inte-
gration of (46).Q(%) is then calculated for each section(}f¢)

is positive, then the carrier density is too low, in which case the
new value of carrier density for the section is increased by a
factorl + W(i). W(¢) is a weight less than unity. An initial
value forW (%) of 0.1 was found to give good convergence. If
Q(4) is negative, then the carrier density is too high, in which
case the new value of carrier density for the section is decreased
by afactorl +W (7). If the sign ofQ)(¢) differs from the previous
iteration,WW (¢) is halved. This process enables convergence to-
ward the correct value of carrier density by using smaller carrier
density increments. The iteration continues until the percentage
change in the signal fields, noise photon rates and carrier density
throughout the SOA between successive iterations is less than
the desired tolerance. When the iteration stops, the output spon-
taneous emission power spectral density is computed using the
method of Section VIl and parameters such as signal gain, noise
figure and output spontaneous noise power are calculated. The
algorithm shows good convergence and stability over a wide
range of operating conditions.

(54)

VII. ESTIMATION OF THE OUTPUT SPONTANEOUSEMISSION
POWER SPECTRAL DENSITY

The average output noise photon rate spectral density (pho-

Fig. 4. SOA steady-state model algorithm. The algorithm updates the carjgis/s/Hz) after the coupling loss over both polarizations and
density (n(i)new ) throughout the amplifier cavity s@(;, [the RHS of (48)]

approaches zero.

photon rates used are given by the mean value of those quanti-

ties at the section boundaries. In the steady-sii@ is zero.

To predict the steady-state characteristics, an algorithm is usa¢t average output noise photon rate spectral densityecs ;)
which adjusts the carrier density so the valu€f) throughout  centered on the cavity resonance frequencies; is interpo-
the ampifier approaches zero. A flowchart of the algorithm jgted using a cubic spline fit to the set @ (v;) points [16].

shownin F|g 4. The first Step in the algorithm is to initialize thq’he amp"ﬁer resonant frequencies are given by
signal fields and spontaneous emission photon rates to zero. The

initial carrier density is obtained from the solution of (48), with 145 ; = 1. + Ave + jAvy,,

bandwidth,,, Av,,, centered on; is

on (V) = 2o (1 — Ro)K;N; (L) /(KmAv,),

j=0...N, —1. (55)

j=0...Kn(Ny —1). (56)
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0 30 :
Experiment .
Signal %\ 20
- =10 =
§ '§D 10 4, =20x10"s"
g Model ASE o
= o
= _ 8 -1
£ 20 \<1 % g 0 4, =35x10"s
(0]
= 0,
W W '_9 -
- = -10 \A =50x10°s
Experiment nra
-30
1520 1530 1540 1550 1560 220
Wavelength (nm) 30 60 90 120 150

Fig. 5. SOA output spectrum. Resolution bandwidth is 0.1 nm. The input Bias current (mA)

signal has a wavelength of 1537.7 nm and power of -25.6 dBm. Bias current

is 130 mA. The predicted and experimental fiber-to-fiber signal gains aFég. 7. Predicted and experimental SOA fiber-to-fiber gain versus bias current
both 25.0 dB. The experimental gain ripple of 0.5 dB is identical to thatharacteristics. The input signal has a wavelength of 1537.7 nm and power of
predicted. The difference between the predicted and experimental ASE lex2.6 dBm. The device parameters are as in Table |, except for the nonradiative

is approximately 2.5 dB. recombination coefficienti,,q.
13 30 Experiment

—_

m 20

I =~ B_~3.6x10"m’s"
- [=]
[ 12 ‘= 10
2 & B_=56x10"m’s"

S
X = 0
= L‘T‘ -16 3 -1
2 g S—B =76x10""m’s
1 R rad
S 1 =
Z = -10

p
-20
30 60 90 120 150
10
1525 1530 1535 1540 1545 Bias current (mA)

Wavelength (nm) Fig. 8. Predicted and experimental SOA fiber-to-fiber gain versus bias current

characteristics. The input signal has a wavelength of 1537.7 nm and power of

Fig. 6. Predicted SOA noise figure spectrum. Input parameters are as for Eigs g dgm. The device parameters are as in Table |, except for the nonradiative
5. A noise figure of 11.40.5 dB at 1537.7 nm is predicted compared t0 ahscombination coefficiens

experimental value of 8880.3 dB.

rad-

The anti-resonant frequencies are given by %\ 30 10 é
Z Fiber—tq— \:
Vares,j = Vres,j — Al"rn/2a J =1... Krn(Nrn - 1) (57) £ 20 fiber gain g
;) o 2
The SOA gains at the resonant and anti-resonant frequenciesare 8 10 g
= =
(1= Ry)(1 — Ry)Gy(Vres, ;) g -0 o
Gres(Vies i) = : 58 &
res( res,]) (1 — \/mGS(Vres?j))Q ( ) é 2
_ _ : -10 20 3
Grves (Vi) = S B = o) GoWaren, ) 5 40 30 20 10 o 10 2

(1 + kY4 RIRQGS(I/areS7j))2

. . . L Input power (dBm)
where the single-pass gain at optical frequendy given by

Fig. 9. SOA predicted fiber-to-fiber gain and output ASE power versus input
signal power. Signal wavelength is 1537.7 nm and bias current is 130 mA.

L
G,(v) = exp / Cgm(v,n) — a(n)]dzp.  (60)
’ photon energyir and the ratio of the gain at that frequency
Trapezoidal integration is used to evaluate the integral in (6@)(») to the average gain of the closest longitudinal mgde
The amplifier gain profilel’(r) is obtained by fitting a cubic , i.e.,
spline to the resonant and anti-resonant gain points. The output
spontaneous emission noise power spectral demsity(») oasn(v) = hl’ffVA’(l’res,j)T(l’) ) (61)
(Watts/H3 is determined by multiplyings n (14es ;) by the o Lo T dy

Vares, j
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Fig. 10. SOA carrier density, forward- and backward-propagating total ASE photon rates and signal photon rates spatial distributions. Deanoed$nom
the SOA input facet. (a) and (b) -40 dBm input signal power. (c) and (d) —10 dBm input signal power. Saturation effects due to the amplified signadr@nd ASE
evident. Signal wavelength is 1537.7 nm and the bias current is 130 mA.

The integral in the denominator of (61) is the average gain o$ed in the model is the mean amplifier length taking the ta-
the j-th longitudinal mode. From (61), the output spontaneoyeers into account. This approximation has the effect of overes-
emission power into a frequency (resolution) bandwidth timating the noise relative to the amplified signal. However, the

centered on frequenayis general shape of the predicted noise spectrum and gain ripple
is close to experiment. Discrepancies between the simulation
w4 Av/2 and experimental results are also caused by inaccuracies in esti-
Pasg(v) = / o oase(V)dV. (62) mation of the coupling losses, signal propagation, and loss and
V—Av

recombination coefficients. The signal propagation coefficient

o o ) determines the positions of the ripple in the SOA gain spectrum.
This is the spontaneous emission power that would be displaygsh exact location of the gain ripple is not an important opera-

on an optical spectrum analyzer with a wavelength resolutignal parameter in SOA's with low facet reflectivities. In Fig. 6,

bandwidthAX = cAv/v?. the predicted noise figure spectrum is shown for an unsaturated
SOA. The noise figur®F is calculated using the formula [17]
VIII. SIMULATIONS AND COMPARISONWITH EXPERIMENT

In Figs. 5-10, simulations are presented for the above SOA NF = 10log,, <(Z;STE((:)) + ggg) (dB) (63)
under a variety of operating conditions. The device temperature Y ‘

was 300 K. The loss and recombination coefficients used in thnere the amplifier input signal noise is assumed to be negli-
simulations were those that gave the best fit to the experimergédle. G(v/) is the fiber-to-fiber gain at optical frequeney A

gain versus bias current characteristic of Fig. 7. In the numemise figure ofl1.4 + 0.5 dB at 1537.7 nm is predicted com-
ical simulations, the following settings were used; = 10, pared with the experimental value 88 + 0.3 dB. The dif-

N,, = 40, and K,, = 20. In Fig. 5, the modeled and simu-ference here is due to the overestimation of the ASE noise by
lated SOA output spectra, at a bias current of 130 mA and inghe model. In Fig. 7, predicted and experimental fiber-to-fiber
signal power of—25.6 dBm and signal wavelength of 1537.%ain versus bias current characteristics are shown. The shape
nm, are shown. The predicted gain ripple of 0.5 dB at the sigr@dl this characteristic depends largely on the values of the re-
wavelength is identical to experiment. The predicted and esembination coefficients used in (50)—(51). These coefficients
perimental signal gain is 25.0 dB. The difference between thee usually not known to a high degree of accuracy. The de-
predicted and experimental ASE power levels is approximatggndency om,,..q is also shown in Fig. 7 for values of,,;.q

2.5 dB. This difference is probably because the amplifier lengtii 2.0 x 108 s~ and5.0 x 10® s~!. The dependence is more
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Fig. 11. Predicted SOA output ASE spectra with the input signal power as[ ]

parameter, showing non-linear gain compressioin. Signal wavelength is 1537.7
nm and the bias current is 130 mA. Resolution bandwidth is 0.1 nm. [5]

marked at lower bias currents, as the carrier density is Iower[6]
and A,.q has greater influence on carrier recombination. Fig. 8
shows that the amplifier gain versus bias current characteristic is
particularly sensitive t@,.4. This dependency is marked at all
bias current levels. This is expected as the dominant radiative rep
combination mechanism is bimolecular. In Fig. 9, the predicted|8]
amplifier fiber-to-fiber gain and output ASE power versus input 9
power characteristics are shown. These characteristics can g
explained by reference to Fig. 10. In Fig. 10, the SOA carrier
density, forward- and backward-propagating total ASE photori1 1]
rates, and signal photon rates are shown as a function of dis-
tance for low and high input signal powers. The backward-propt2]
agating signal is negligible due to the low facet reflectivities. At
low input powers, the carrier density has a symmetrical spatigh 3
distribution, peaking at the center of the SOA and tailing off to-
ward the input and output facets as shown in Fig. 10(a). This is
because the ASE peaks in these regions as shown in Fig. 10(lp
At high input powers, the carrier density spatial distribution be-
comes more asymmetrical [Fig. 10(c)], with the peak moving[151
toward the input facet. This is caused by the input signal dom-
inating over ASE, as shown in Fig. 10(d). Analysis of spatial
distributions can be used to aid SOA design. In Fig. 11, simull
lated SOA output ASE spectra are shown with the input signal
power as parameter. The signal wavelength is near the unsata?]
rated gain curve peak. At low signal power the carrier density is
high giving a high signal gain. As the signal power is increasedj; g
the carrier density decreases causing the material gain spectrum
peak to shift to longer wavelengths so reducing the signal gaiHQ]
even further. This is the well-known effect of nonlinear gain
compression.

IX. CONCLUSION
A wideband SOA steady-state model and numerical solution
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