There was no problem related to the interface between the
emitter and the embedded p* layers. The technique employed
here favours narrow-base HBTs.
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FABRICATION AND PERFORMANCE OF
1-5um GalnAsP TRAVELLING-WAVE LASER
AMPLIFIERS WITH ANGLED FACETS

Indexing terms: Semiconductor lasers, Optical amplifiers

A broadband 1-5um GalnAsP travelling-wave laser ampli-
fier has been realised with angled facets instead of anti-
reflection coatings. The measured signal gain for the TE
mode is 19dB at the wavelength around 1-49 um with a 2dB
gain ripple over one free spectral range and a 3dB band-
width of 55nm. The estimated residual modal reflectivity is
0-2%.

Introduction: Owing to its wide bandwidth and high satura-
tion output power,' the travelling-wave amplifier (TWA) is
very useful as an optical repeater and a preamplifier, especially
in high-bit-rate and multichannel optical fibre transmission
systems.?> Current travelling-wave laser amplifiers rely on
good antireflection coatings on both facets to prohibit the
Fabry—Perot resonance. For example, to obtain a 30dB inter-
nal gain with less than 3dB gain ripple the facet reflectivity
must be 0-01% or less, which requires extremely tight control
on the refractive index and thickness of dielectric layers and
can only be done one device at a time by a double-layer
coating and in situ monitoring.***

A simpler way to suppress the Fabry—Perot resonance is to
slant the waveguide (gain region) from the cleavage plane so
that the internal light reflected by the cleaved facets does not
couple back into the waveguide and is therefore lost (Fig. 1a).
The reflectivity for the lowest-order TE mode decreases expo-
nentially with the slant angle 8; (the angle between the wave-
guide axis and the normal of the cleaved facet).® High-power
GaAs superluminescent diodes have been made with 5° incli-
nation.”® In this letter we report a broadband 1-5um
GalnAsP travelling-wave laser amplifier with angled facets.

Device fabrication and its far-field pattern: Fig. 1 shows the
TWA in a double-channel ridge-waveguide structure formed

by wet chemical etching’® and oriented ~7° away from the
[011] direction. The devices are fabricated on InP/GalnAsP
double heterostructure wafers grown by LPE. The 1-5um
active layer and the 1-3 um antimeltback layer are 0-26 um
thick in total and the ridge is 3-8-4-8 um wide. The device is
cleaved along the [011] direction into S00 um lengths.

Fig. 2a shows the far-field patterns of a TWA in the junc-
tion plane, at various injection currents. The device with a

a b

Fig. 1 Schematic drawings of travelling-wave laser amplifier with angled
facets

a Top view

b Cross-sectional view

For conciseness, only ridge waveguide is shown in (a)

relative light intensity, arbitrary unit  relative light intensity,arbitrary unit

100mA
50mA  70mA
60 40 20 0 20 40 60 -60 -40 -20 O 20 40 60

radiation parallel to junction deg radiation parallel to junction deg
a b
Fig. 2 Far-field patterns of devices with 7° angled facets in junction
plane at various injection currents

a 3-8 um-wide ridge
b 4-8 ym-wide ridge
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3-8 um-wide ridge does not lase and the peak intensity of the
far-field pattern occurs at 24°, which corresponds to the re-
fractive angle predicted by Snell’s law with 7° incident angle.
However, if the ridge is 4-8 um wide, which is wide enough to
support high-order modes, the device lases with a threshold
current of 85mA and its far-field pattern shows two lobes, as
in Fig. 2b. A detailed explanation of this effect will be present-
ed elsewhere. Therefore, the narrower device is chosen to be
the laser amplifier and its gain performance is described
below.

Gain measurement results: The optical signal is generated from
a DFB laser and modulated by a mechanical chopper. With
synchronous detection including a large-area photodiode and
lock-in amplifier, the amplified optical signal can easily be
distinguished from the spontaneous emission. The input
optical signal is coupled into the TWA along the direction of
peak spontaneous emission intensity through a lensed single-
mode fibre. For the convenience of coupling, a lensed multi-
mode fibre aligned along the same direction is used at the
output. The polarisation of the injected optical signal is con-
trolled by a half-wave plate and a fibre polarisation controller.
The fibre-to-fibre gain is taken as the ratio of lock-in amplifier
outputs with and without the TWA. Since there is no anti-
reflection coating on the facets, the reflection loss from the
angled facet is estimated.'® Table 1 lists measured fibre coup-
ling losses and estimated facet reflection losses for both TE
and TM modes. The measured fibre-to-fibre gain is corrected
by the total loss in Table 1 to obtain the signal gain of the
TWA.

Table 1 FIBRE COUPLING LOSSES TO LASER
AMPLIFIER WITH ANGLED FACETS

TE ™

dB dB
Single-mode fibre coupling loss (input) 6-8 7-4
Multimode fibre coupling loss (output) 33 3-8
Reflection losses at facets 3-8 2-8

Total loss 139 140

Fig. 3 shows the signal gain of the TWA against current.
Under a bias current of 125mA, the signal gain at a wave-
length of 1-49 um reaches 19dB for the TE mode and 15dB
for the TM mode. The gain ripple of the TE mode at the same
bias current is less than 2dB over one free spectral range,
measured by injecting an optical signal with a tunable wave-
length around 1-494 um. The output saturation power is more
than —3dBm, which is beyond our ability to test due to the
available power launched into single-mode fibre from the
DFB laser used in the experiment.

The TE-mode amplified spontaneous emission power spec-
trum at a bias current of 125mA is shown in Fig. 4, and is
normalised to the gain of 19dB at 1-49 um measured by exter-
nal optical injection. The maximum signal gain is about 20dB
at a wavelength of 1-475 um. The residual modal reflectivity is

25
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injection current, mA

Fig. 3 Signal gain of TW A against currents at 1-49 um

about 0-2% as estimated by the 3dB gain ripple at the
maximum gain of 20dB. The 3dB gain bandwidth is 55nm
for the TE mode with a 20dB signal gain, and 70 nm for the
TM mode with a 16 dB signal gain.

25 T T T T T T T T T

signal gain, dB

0 L 1 ' 1 1 1 11 1
143 145 1-47 149 1-51 153
wavelength, pm

Fig. 4 Power spectrum of TE-mode amplified spontaneous emission at
20 dB peak signal gain

Discussion: We have demonstrated a broadband 1-5um
GalnAsP travelling-wave laser amplifier with angled facets
instead of antireflection coatings. The residual modal reflec-
tivity is estimated to be 0-2%, and this could be further
reduced to 0-01% by applying ~1% antireflection coatings
on both facets, which is relatively easy to achieve. With such
antireflection coatings, the fibre-to-fibre gain is expected to
improve by about 4dB for the TE mode and 3 dB for the TM
mode. The signal gain undulation would also be reduced such
that a higher signal gain could be obtained at higher bias
currents. It is expected that a single-mode fibre-to-fibre gain of
10-15dB is achievable. Since the angled facets can be fabri-
cated in a batch process, the travelling-wave laser amplifier
with angled facets is easier to reproduce than the one made
with antireflection coatings alone.
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CHIRP-INDUCED PENALTY IN OPTICAL
FIBRE SYSTEMS

Indexing terms: Optical communications, Laser chirp, Optical
modulation

Using the output light intensity and wavelength chirp wave-
forms obtained with a SPICE2 equivalent circuit laser
model, together with a computer model for chirp-dispersion
interaction, the chirp-induced power penalty is estimated. In
contrast with previously published theoretical estimates, the
results obtained show good agreement with reported experi-
ments.

Introduction: Direct modulation of an injection laser diode
produces fluctuation of the emitted optical wavelength. This
results in data-dependent distortion in long-haul, high-bit-
rate, direct-detection optical communication systems due to
interaction with the generally nonzero chromatic dispersion of
monomode fibres. Theoretical estimates of the resulting
penalty published to date!~® have made use of severe simplify-
ing assumptions concerning laser dynamics and have proved
to be unduly pessimistic, when compared with reported
experimental results.* For example, the results obtained by
Koch and Bowers® were based on Gaussian optical pulses
with a linear chirp, but in practice the optical pulses are far
from being Gaussian and have much sharper leading and
trailing edges. Even the so-called super-Gaussian pulses, pro-
posed by Agrawal and Potasek? as a more realistic model, do
not account for the laser’s relaxation oscillation and for the
use of different biasing conditions.

This letter outlines a simulation strategy which takes into
account laser dynamics, using the common circuit analysis
program SPICE25 to model the laser diode (LD). A numerical
technique is employed to calculate the distorted signal wave-
forms at the input to the receiver filter, considering the inter-
action between chirp and fibre dispersion.

Modelling: The LD model is broadly similar to that outlined
by Tucker,® and is obtained by combining a network rep-
resenting package and chip parasitics with the large-signal
circuit model of the intrinsic laser, obtained from a pair of
single-mode rate equations which incorporate optical field-
dependent gain saturation. The more relevant intrinsic device
parameters and parasitic elements used in the model are pre-
sented in Tables 1 and 2.

The input is the drive current I and the outputs are the
emitted optical power P and wavelength chirp AL The drive
circuit is modelled by a current source with internal resistance
(1kQ in our studies) representative of the output impedance of
FET or bipolar transistor drivers. The model was ‘biased’

Table 1 INTRINSIC LASER PARAMETERS

Parameter Value
Active volume V, 90 x 1078 m?
Spontaneous emission factor f 4x10°*
Optical confinement factor I' 0-44
Optical gain slope constant g, 3x1072m3s™!?
Optical gain compression factor ¢ 3-4 x 10723 m?
Linewidth enhancement factor a 5
Differential quantum efficiency 5 01
Carrier density at g = 0, N, 12 x 10**m~3
Carrier lifetime T, 3ns
Photon lifetime 7, 1ps
Emission wavelength A, 1502 nm
Threshold voltage V, 09V
Space-charge capacitance C,, 0-3pF

slightly above threshold (I, = 1-11,,), with the peak drive
current approximately twice the bias current.

As an illustrative test signal, a pseudorandom maximum-
length NRZ 15-bit sequence was used, and zeros were
appended to this sequence to account for the pulse spreading
due to dispersion and the relatively long turn-off time of the
LD. The resultant optical power and chirp profiles obtained
with SPICE2 for a bit rate (B) of 4 Gbit/s are shown in Fig. 1.
The optical power is normalised and the wavelength shift is
referred to the on-state emission wavelength.

Table 2 PARASITIC ELEMENTS

Parasitic Value
Bond-wire resistance R, 02Q
Bond-wire inductance L, 2nH
Standoff shunt capacitance C, 0-1pF
Total series resistance R, 3Q
Shunt parasitic capacitance C, 11-3pF
Substrate resistance R, 0-5Q

DC leakage I, 10mA

The distorted optical power waveform at the input to the
receiver filter is obtained using the chirp profile to effect a
nonlinear transformation of the time axis, as proposed by
Frisch and Henning,” the time axis ¢ of the emitted waveform
changing to an s-axis, s =t + k AA(t), where k is the time
dispersion for the system of interest.
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Fig. 1 (a) Normalised optical power P/P,, and (b) wavelength chirp
AL = A — /4, obtained with SPICE2 for a pseudorandom sequence at
B = 4 Gbit/s

At the receiver, a raised-cosine filter modified for a rec-
tangular input pulse with duration T = 1/B is assumed. The
filtered eye diagrams obtained without dispersion (k = 0) and
with k = 2ns/nm (approximately 100km of standard mono-
mode fibre) are shown in Fig. 2. The eye closure due to chirp-
dispersion interaction is evident.

Chirp-induced penalty: The chirp-induced dispersion penalty
was calculated from the eye diagrams, using as a reference the
eye opening in the absence of dispersion. Decision sampling
times were optimised to make use of the maximum eye

opening.
a b 54812

Fig. 2 Filtered eye diagrams received (a) without dispersion (k = 0) and
(b) with system dispersion k = 2 nsfnm
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