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mechanisms are carrier density modulation caused by interband stimulated emission and intraband occupancy modulation
via dynamic carrier heating and spectral hole buming. Owing
to its ultrafast nature (relaxation timescl ps), intraband dynamics can play a dominant role in broadband wavelength
conversion. This has been demonstrated in previous highly
nondegenerate FWM measurements [7]-[ lo].
In this paper, we present a theoretical analysis in which
coupled-amplitude equations are solved and an explicit expression is obtained for the FWM conversion efficiency. We also
present measurements of wavelength conversion efficiency in
I. INTRODUCTION
TWA’s as a function of wavelength shift AA for shifts up to
27
nm.
~ C A wavelength
L
conversion devices are expected to
In the copropagation FWM geometq, guided waves in the
play an important role in future broadband multichanne1 lightwave systems. Several techniques for wavelength TWA are given by Ej(z)exp [ i ( k j z - w j t ) ] , where j =
conversion have been demonstrated. These include optically- p , g, s indicate pump, probe and converted signal, respectively;
triggered multi-electrode DFB lasers [ 11, optical injection- { E j ( z ) }are the field amplitudes; and z is the longitudinal
induced frequency shift in DFB lasers [2], gain saturation in coordinate along the propagation direction. The influence of
semiconductor optical amplifiers [3], as well as nondegenerate interband and intraband mixing of pump and probe waves on
four-wave mixing (FWM) in optical fibers [4], semiconductor the propagation of the three waves can be modeled using
coupled-amplitude equations. Following procedures similar
lasers [5] and traveling-wave amplifiers [6].
Four-wave mixing in traveling-wave amplifiers (TWA’s), to those used in Agrawal’s treatment [ll], we obtain the
when used for wavelength conversion, has several advantages. following set of coupled equations
Owing to their traveling-wave operation, these devices offer
the potential for very high speed operation as well as contin=
(1 - i a ) - CY1 Ep,,(z) (1)
uous tuning of the input and output wavelengths. In addition,
dz
2
l
+
r
since the converted signal is the phase-conjugate replica of the
input signal, the conversion is transparent to the modulation
format, and also provides the possibility for fiber-dispersioncompensation in lightwave communication systems.
x E,(z) - ~ ( z ) E ; ( z ) E , * (exp
z ) ( i A k z ) (2)
In a typical FWM wavelength conversion experiment, pump
and probe (input signal) waves are combined and coupled into
a TWA. The beating of pump and probe fields in the TWA where we have introduced the wave-number mismatch Ak =
active layer induces dynamic gain and index gratings, and the 2kp - k, - IC, and a four-wave mixing coupling coefficient
. addition, go is the unsaturated optical gain per unit
subsequent scattering of the input fields from these gratings ~ ( 2 ) In
generates two sideband signals. The important contributing length, with its wavelength dependence negligible for the
devices tested. P ( z ) is the total optical power at position
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comparison to the power in the pump and probe, themselves.
Abstmct-We present a theoretical analysis and experimental
measurements of broadband optical wavelength conversion by
four-wave mixing in semiconductortraveling-wave amplifiers. In
the theoretical analysis, we obtain an analytical expression for
the conversion efficiency. In the experiments, both up and downconversion emciencies are measured as a function of wavelength
shift for shifts up to 27 MI.The experimental data are well
explained by the theoretical calculation. The observed higher
conversion efficiency for wavelength down-conversion is believed
to be caused by phase interferences that exist between various
mechanisms contributing to the four-wave mixing process.
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The coupling coefficient K ( Z ) is central to this theoretical
analysis. To simplify the analysis, we treat contributing mechanisms to FWM-carrier density modulation, dynamic carrier
heating and spectral hole burning-as independent processes.
This is justified, in part, by noting that damping effects associated with these mechanisms are caused by interactions with
independent baths. By evaluating the polarizations induced by
the above mechanisms at the signal wavelength, ~ ( zis) found
to be
.(Z)

= -1-

90

;
,

2

.-

2 1 + y m = 1

where m=1, 2, 3, for carrier density modulation, dynamic
carrier heating and spectral hole burning, respectively. f is
the detuning frequency, defined as the difference between the
optical frequencies of the pump and probe waves; {r,} and
{P,} are the lifetimes and saturation powers associated with
the mechanisms; and {a,} give the ratio between the real and
the imaginary parts of the refractive index change induced by
the mechanisms.
Using the boundary condition &(O) = 0, we solve Eqs.
(1) and (2) and find that under moderate TWA saturation the
converted signal amplitude at the TWA output (z = 1) can be
expressed by
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Fig. 1. Measured wavelength conversion efficiency relative to 3G ZIP
versus up-conversion (circle), and down-conversion (square) wavelength
shifts, showing theoreticalfit (solid line) and 20 dB/dec line (dashed line).
Device tested is a tensile-strained TWA biased at 100 mA.

in the measurements were compressively and tensile-strained
InGaAsAnGaAsP multiple quantum well devices operating at
1.5 pm. Details on these devices appear in Refs. 1131 and [141.
E; (Z)E,* (l ) K ( i ) Z e i A k l
E&) = (4) Three, single-frequency, tunable, &-doped fiber ring lasers
0.23G iAkl
[15] were used as pump, probe, and local oscillators in the
where G = 4.34Ji(i$L!+
- at)& is the TWA saturated measurement. The converted signal was heterodyne detected
gain in dB. The phase dsmatch term can be expressed as by mixing the signal with the fiber-laser local oscillator
1, where
is the group index output and tuning the local oscillator relative to the signal
AkZ =
dispersion. Using
-0.7 pm-', measured by Hall er al. frequency to provide an IF signal. The IF mixing frequency
[12], and 1 = 0.8 mm for the devices in this study, the phase was maintained at 4.00 GHz throughout the measurements
mismatch for AA = 27 nm is estimated to be -0.27, which is to eliminate the frequency dependence of the detection elecnegligible in comparison to the first term for a typical optical tronics. The detected photocurrent was measured using an
electronic spectrum analyzer, and the input wavelengths and
gain of G
15 dB.
Using @. (4), the conversion efficiency, defined as the ratio the optical powers of pump and probe were measured using
between the converted signal power and the input probe power, an optical spectrum analyzer.
Using this experimental setup, both the up and downis given in dJ3 by
converted signals were measured, and both compressively and
tensile-strained TWA's were tested. The maximum wavelength
conversion spacing measured was as large as 27 nm. The
1 3
I
conversion efficiency relative to 3G 21, was then evaluated
as a function of the wavelength shift. Shown in Fig. 1 are
the data from the tensile-strained device and the theoretical fit
where I, is the input pump power in dBm and where the based on Eq. (5).
complex coupling coefficient, h,is defined as
As can be seen in Fig. 1, IQ. (5) provides an excellent
fit for both up and down-conversion efficiency spectra. The
1 - icu,
901
.c, =
fitting parameters are as follows: 71 = 200 ps, 7 2 = 650
0.46G( 1
pm
fs, 7 3 = 50 fs, C1 = 0.24e-i1.30, C2 = 0.0027ei1.30,
We note that the term 3G is present in Eq. (3,which results, C3 = 0.00048ei1.53.The efficiency asymmetry with respect
physically, from the fact that both the pump and probe waves to up and down-conversion is believed to be caused by
experience an optical gain of G (note that G affects the the phase interferences which occur between the various
pump wave twice due to the form of Eq. (4)). TWA's with contributing mechanisms. The down-conversion shows overall
large optical gain are therefore critical to efficient wavelength higher efficiency because of constructive phase interferences
conversion.
which exist on this detuning side. The compressively-strained
The experimental arrangement for this study was similar device data, shown in Fig. 2, also exhibit similar features. This
to what we have described in Ref. [9]. The TWA's used fit is obtained using the same relaxation time constants as for
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which incorporates the contributions to the conversion process
from carrier density modulation, dynamic carrier heating and
spectral hole burning. The theoretical results and the measured
efficiency spectra presented in this paper should be of practical importance for design and analysis of four-wave mixing
wavelength converters.
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Fig. 2. Measured wavelength conversion efficiency relative to 3G 21,
versus uptonversion (circle), and downtonversion (square) wavelength
shifts, showing theoreticalfit (solid line) and 20 dB/dec line (dashed line).
Device tested is a compressively-strainedTWA biased at 150 mA.

the tensile device, but different complex coupling coefficients:
C1 = 0.24e-i1.30, C2 = 0.0027ei1.42, C, = 0.00023ei3.13.
Interpretation of these fitting parameters can be found in
RefiIO].
The relative efficiency spectra measured in this study should
be useful for the design of four-wave mixing wavelength
converters. They make it possible to quickly estimate the actual
conversion efficiency at any AA-shift provided that the optical
gain and input pump power are known. For example, in the
case of tensile TWA measurements reported here, the saturated
TWA gain was w 15 dB and the input pump power was -9
dBm, giving a conversion efficiency of -30 dB for AA = 10
nm (up-conversion). If the saturated optical gain could be
increased to 25 dB while other parameters remain unchanged,
the efficiency would become 0 dB or 100%.This illustrates the
importance of TWA gain for efficient wavelength conversion.
Additionally, the measured efficiency spectra indicate the
presence of ultrafast intraband processes in the FWM process,
and can provide insight into the ultrafast dynamics of the
semiconductor active layers. We have discussed broadband
FWM wavelength conversion as a spectroscopic tool in a
recent paper [IO] and the FWM mechanism assignments used
here result, in part, from that work.
In conclusion, we have measured the FWM conversion
efficiency versus wavelength shift for shifts up to 27 nm. The
efficiency spectra were well explained by a theoretical analysis
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