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1 Introduction

Semiconductor optical amplifiers (SOAs) are widely used
in many optical signal-processing applications such as
wavelength conversion and optical switching.!™ In order to
model SOA characteristics accurately for these applica-
tions, it 18 needed to consider longitudinal variations in the
carrier and photon  densities using  multisection rale
cqu:nliunh‘.l For many applications, however, the spatially
integrated SOA rate-equation model is sufficient and has
heen widely used.™ Tn addition, numerical values for pa-
rameters in this SOA model have been determined by sev-
eral methods.*® The carrier lifetime was determined from
the SOA frequency response to modulated bias currents,
two optical input signals closely spaced in wavelength, or a
cross-gain-modulated probe beam.™ However, electrical
parasitics are involved in the first method, and two optical
sources are needed for the second and third methods, The
SDA linewidth enhancement factor was determined from
relative sizes of sidebands in optical spectra of AM and FM
signals observed by the self-heterodyned technique™ or
with & high-resolution optical spectrum analyzer.”

In this puper, we demonstrate o simple method of deter-
mining SOA differential and effective camder lifetimes and
linewidth enhancement factors that are needed in the spa-
tially integrated SOA rate-equation model. In our method,
the frequency response of 30A sell-gain-modulated signals
and the fiber response of SOA output signals are measured
first. Then, fitting the measurement results with the analyti-
cally derived modulation responses, numerical values are
determined,

Abstract. We demonstrate a simple technigue for determining numeri-
cal values of carrier lifetimes and linewidth enhancement factors in a
semiconductar optical amplifier (SOA) for various SOA inpul optical pow-
ers, For this purpose we use SOA self-gain modulations and the conver-
sion of frequency modulation to intensity modulation. © 2004 Scelety of
Phato-Optical Instrmentalion Enginears, [DO%: 10.1117/1,1795816]

Subject lerms: semiconductor optical amplifier; carrler lifetime; linewidth en-
hancemeant factar.

Papar 030584 received MNov, 20, 2003; revisad manuscript recelved Apr. 17,
2004; accepted for publication Apr. 18, 2004,

This paper is organized as follows. In Sec. 2, the theo-
retical analysis of the SOA frequency response 1o optically
modulated input signals and the fiber response of SOA out-
put signals are described. In Sec. 3, the measurement setup
is described and experimental results are given. Finally, in
Sec. 4, we summarize the results and conclude.

2 Analysis of SOA Frequency Response

Our analysis is based on the following spatially integrated
rate-equation SOA madel in which the optical signal inten-
sity inside the SOA, Pir.z), the integrated carrier density
i 1.z}, and the phase of optical field ¢h(r,z). are related in
the following manner"™:

P(1.z)=P(1.0)exp{Talo(t.2)— Nz} (1)
doli,z),  oy—oliz) 1
di - Ty = rﬁ l’.IJn.u"‘J off

iexpflalo(r,z)—Noz]}— 1) P(1,0), (2)
i
dltg)=— —i-l"a[rr[hcb—f\-'..:]. i3)

where o= 7.0/ (eA g and or(t.2)= [Nz )dz'. In these
equations, N(1,z) is the SOA carrier density, P(1,0} is the
input optical signal, a is the differential gain, Ny is the
transparency carrier density, I is the injected current, e is
the electron charge, Ay is the effective area, 7, is the dif-
ferential carrier lifetime, & is the reduced Planck constant,
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g 15 the optical ungular frequency, [ is the confinement
factor, and e is the linewidth enhancement factor.

When harmonically modulated optical signals whose in-
tensity s given  as  Plr0) = Py AP, expl—iwr)
+AP] expliwt) are injected into an SOA having length L,
the SOA output optical power, the integrated carrier den-
sity, and the phase of the output optical feld at z=1. are
also harmonically modulated and can be expressed as
PlrL)=Po,tAP yexpl—iat)+APY expliw), o(1.L)
=, + Ao expl—ia)+Ac® explion, and Hir LY=o,
+ A b expl —iw)+Ad expliar), Inserting these expres-
sions into Egs. (1), (2), and (3), and performing the usual
small-signal analysis, the following expressions can be ob-
tained for AP, A, and A, :

AP =GelAP+aPy Aw), 4)
— (G LTy,
Ao= : .”ﬁ m’. Py, (5)
['er.T+G|.1'.-P[b”"ll‘l.p[[ﬁ fedyy = e
48
Ad= —?ru AT, (6)

where (7., represents the static gain and is defined as
Gcw= P‘,..,,l"F”:E:lip[rrﬂU'_..—N”L'}]. ﬁr]
Assuming G, is much larger than one, which is the

usual case, the small-signal SOA gain T{w) can be ex-
pressed os

T _ﬂf’m,[{w}_ﬁ Vr,—iew
s AP (w) ™M lr.—iw ®
and we have
; ! f[‘“.r“l.l_i‘{uz'l
M@=, —J ©)
NS Ve e o g

where 7,, the effective carrier lifetime indicating how fast
the carrier density can be modulated,” is given by

GuwFlla
el
ﬁm;,ﬁl,"

| 1
== (10

[

From the preceding results, it is possible to fit the mea-
sured response with Eg. (9) and determine the effective
values of 7, and 7,. In addition, if we know the structure
parameter A, we can also estimate the differential pain o
from Eg. (10,

When SOA outpul signals are injecied into a fiber for
propagation. they experience phase changes due to the fi-
ber's chromatic dispersion. Assuming that the fiber loss and
nonlinearities can be ignored, the small-signal fiber output
intensity AP g, is given as’

APl e =cos AP () —2P ,sin - Ad(w), (11)
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where 8= w*7A*DLM4wc; AP, and Adh . are the small-
signal SOA output intensity and the phase of the output
optical field as given in Eqgs. (4) and (6), respectively; and
P o 15 the static SOA optical output power injected into the
fiber. In Eq. (11). the first term on the night side is respon-
sible for IM-IM conversion; and the second term for
FM-IM conversion. TM-IM conversion causes a dip at a
frequency where #= /2 is satisfied, and FM-IM conversion
compensates this dip by an amount depending on Ad,, .

When SOA input signals are chirped, as in the case of
Mach-Zehnder {(MZ) modulator output, there are additional

phase shifts due to this, and Eq. (6) should be modified as
follows:”

A = ﬁPi“ ¥ 5
i 'Jﬁﬂm_qmudz_F”_ Erﬂ f:'ir.T, [l-]

where a5 0% the chirp parameter for the MZ modulator,

Inserting Eqgs. (4) and (12) into (11), we can obtain the
following transfer function for SOA sell-gain modulated
signals transmitted through the fiber, assuming G, 15 much
larger than one;

. "lPriln:rl::w}
Hl[n}}— m
= I':"-l-aln:u'id
O\ A g 1aG o P17, — ey | ]
* sin #, (13

If the dispersion parameter 2 and e, are known and the
value of G PalA ghey is determined from Eq. (10) with
the measured =, and 7., this transfer function can be wsed
[or the measurement of a. Although similar techniques vs-
ing FM-IM conversion have becn used for measuring the
linewidth enhancement factor in laser diodes,”™" no such
treatment has been reporied for the S0A.

3 Experiment and Resulis

Figure | shows the experimental setup used for our inves-
tigation. A commercial InP/InGaAsP bulk SOA is used, and
the S0OA bias current is set at 100 mA, which provides an
unsaturated gain of about 25 dB. The SOA guin is de-
pressed by 3 dB from the unsaturated gain when the input
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Fig. 2 Normallzed cptical modulation response | T (w)|® for vanous
optical input powers to the SOA.

signal is —20 dBm. Optical isolators are connected to input
and output ports of SOA to suppress any optical feedback
effects. The wavelength of the wnable Jaser is set 1o the
SOA pain peak of 1550 nm. First, after injecting MZ-
modulated signals into the SOA, we measure the optical
modulation response of the SOA self-gain-modulated sig-
nals without fiber transmission in the frequency range of
(.15 to 20 GHz. By dividing this by the frequency response
mensured without the SOA, any parmsitic effects can be
eliminated and |7{w)|® is obtained. The resulting fre-
quency responses, normalized to the siatic gain G, de-
noted by |T'(w)|?, are shown in Fig. 2 for several input
POWETS:

As expected from the analysis given in Sec. 2, the small-
signal gain is reduced by the self-gain modulation at low
modulation frequencies but reaches the static gain at high
frequencies. When the input signal is modulated by the low
frequency, the SOA carrier density changes in the opposile
manner to the change in SOA input signal intensity. But if
the input signal is modulated by high frequency, then the
carrier density cannot follow the change of the input signal,
and the input signal undergoes the average static pain, By
fitting measured responses in Fig. 2 to Eqg. (9) with the
method of least squares, numerical values for 7, and 7, are
determined. The results are shown in Table 1. The differen-
tial carrier lifetime increases as the input optical power in-
creases, because it is inversely proportional to the differen-

tial earrier recombination rate and the carrier density is
depleted with increasing input optical power, However, the

Table 1 Measured differential and effective carrier (ifetime and line-
width enhancemant factor,

Input powar Py Gen e 6 7

(dBm) (dB) (p=) (ps) r-
~30 24.4 318 181 1.2
—25 231 74 175 2.4
-20 21.5 401 145 4.4
=15 18.5 479 118 59
—10 15.4 GE8 Ba 6.3

5 Table 2 Estimated differential gain and differential refractive index

E‘ change,
]
g Input powear Py a=dg'd dnfdiN
E g (dBm) {em?) {em®)
]
3 -30 1.67 x 1071 -2.50 x 10°®
i 25 0.83 % 10718 —277% 1070
£ - ~20 0.58 % 10718 — 327 %07
5 o) -15 0.56 > 107 —4.12 % 10~
E -20 -10 055 1071 -4.21 x 107
z

=25

effective carrier lifetime decreases with increasing input
optical power, s reported before,'* Since Ay is not known
for aur SOA, we assume its value to be 1.5 107 B m?
and the resulting differential giin values are shown in Table
2. Because of the increased photon density, the differential
gain is compressed with increasing SOA input power al-
though the carrier density is decreased.

The frequency response H{w), of dispersive fiber when
intensity- and phase-modulated SOA output signals go
through the dispersive fiber is given in Eg. (13) and is
measured by dividing the optical modulation response after
fiber transmission (64 km) by that without the transmission,
as-shown in Fig. 1. The input optical power to the fiber is
maintuined at a level such that fiber nonlinearities are sup-
pressed, and the fiber loss is compensated with an erbium-
doped fiber amplifier. The residual chirp of the MZ modu-
lator, e png. 15 measured to be —0.15 at the quadratore
point, using the method given in Ref. 14, Figure 3 shows
the mensured results and the fit with Eq. (13). The previ-
ously determined values for G FoalA ey are used for
fitting.

The resulting values of linewidth enhancement factors
are listed in Table 1. The value of the linewidth enhance-
ment factor is dependent on the level of a dip and increases
as the input optical power o the SOA increases, This is due
to the compression of the differentinl gain,

From the value of the linewidth enhancement factor and
the differential gain a, we also caleulate the  differential
refractive index change, dn/dN, using the relation'

Fiber Trans. Fune, |H¢'m,!|t {dB)

i i i L i

i L
¢ 2 4 & -8 10 47 14 16 48 20
mem:y{ﬁl-lzi

A 'l

Flg. 3 Fiber response |Hlw)|® of SOA oulput signal for varous op-
fical input powers to SOA,
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dq dnfdN

< 4 dnfdN
 dgldN A

A (e

(14}

and list it in Table 2,

In the low frequency range, discrepancies between the
measured data and the analytic resulls are ohserved. These
are believed to be due to the limitation of the rate-equation
model using the averaged carrier density and/or large non-
lincarity in the low frequency range. but further investiga-
tions are needed. However, these discrepancies do not af-
fect the accuracy of estimated SOA linewidth enhancement
factors, since the values of the linewidth enhancement fac-
tor are mostly dependent on the dip level in the frequency
response. Although our present investigation s limited to
estimating SOA parameters for different input power levels
at @ single input signal wavelength and bias current, it can
be easily ecxtended to determine influence of input signal
wavelengths and bias courrents, which are known 10 cause
changes in linewidth enhancement factors.™'"

4 Conclusion

We have demonsirated a simple measurement method for
the SOA carrier lifetime and linewidth enhancement factor.
We also estimated the effective values of the differential
gain and the differential refractive index change as a func-
tion on the input optical power. Our measurement method
uses a single optical source and simple fiber optic elements,
and is expected to be useful for modeling SOAs in optical
signal-processing applications.
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