confirm the strong polarisation suppression of ~30dB within the
singlemode operation regime of device 5_90.
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Fig. 1 Polarisation-resolved LIV-characteristics of four differently etched
5 pm aperture diameter devices
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The spectral behaviour of device 5_90 at a current of 10 mA, well
into the multimode regime, is shown in Fig. 3. Even though higher-
order modes contain various fractions of both polarisations, the funda-
mental mode polarisation is still pinned to the [011] crystal direction
with a similar suppression ratio as before. This indicates that the
polarisation selection mechanism may be strong enough for applica-
tions such as high-speed data transmission.
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Fig. 3 Polarisation-resolved spectra of device 5_90
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Conclusion: We have successfully fabricated for the first time 850 nm
selectively oxidised VCSELs with a self-aligned elliptical shallow
surface relief. Continuous-wave measurements at room temperature
with the bare die sample held by vacuum on a copper block have been
carried out on a large number of devices. These measurements show
deterministic polarisation selection of the fundamental mode with
~30dB suppression ratio over the complete operating range if the
ellipse is aligned along the [011] or [011] crystal axis. By using a
layer structure with lower p-side reflectivity in the future, we expect to
greatly augment the effect, resulting in a much higher singlemode,
single-polarisation current range and optical output power. In addi-
tion, the strength of the polarisation pinning will be evaluated by
applying mechanical strain, elevated temperatures and high-speed
modulation.
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Parallel feed travelling wave distributed pin
photodetectors with integrated MIMI
couplers

S. Murthy, M.C. Wu, D. Sivco and A.Y. Cho

The fabrication and performance of a parallel feed travelling wave
photodetector with pin diodes operating at 1550 nm is presented. A
parallel optical feed using an integrated multimode interference (MMI)
power splitter helps increase the maximum lincar photocurrent
through a more uniform distribution of photocurrent. The maximum
DC linear current measured is 52.2 mA. Maximum lincar RF power at
10 GHz was 9 dBm.

Introduction: High-power, high-speed photodetectors reduce RF
insertion loss and increase spurious-free-dynamic-range and signal-
to-noise ratio of analogue fibre optic links [1, 2]. In digital applica-
tions, high-speed, high-power detectors are important for 40 Gbit/s
systems and beyond, because they enable optical pre-amplification to
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increase the sensitivity of the receiver [3]. Velocity-matched distrib-
uted photodectectors (VMDP) have demonstrated high-bandwidth and
high saturation current by increasing the total absorption volume
while adding the electrical signal from the individual photodiodes in
phase [4, 5]. In these serially-fed VMDPs, however, the device fails
while still in the linear photocurrent regime due to thermal runaway of
the first detector in the array [6]. This is due to the exponentially
decaying distribution of photocurrents in the diodes of the series
array. A uniform distribution of photocurrents will help achieve
higher linear photocurrents. Parallel feed of the individual photo-
diodes achieves uniform photocurrent distribution. In addition, the
peak photocurrent is reduced by the splitting ratio. The maximum
linear photocurrent thus increases with increasing splitting ratio.
Parallel feed of distributed diodes using discrete components has
previously been demonstrated [7].

We have previously demonstrated the first monolithic parallel feed
distributed photodetectors with integrated MMI splitters [8]. These
detectors, fabricated with metal-semiconductor-metal (MSM) diodes,
were limited in bandwidth by carriers generated in the low field regions.
pin diodes have a more uniform electric field distribution in the
absorption region and have been shown to operate at higher tempera-
tures [9] before failure compared to MSM diodes [6]. This is primarily
due to the higher activation energy for dark current in pin diodes. In this
Letter, we report the experimental results of parallel feed travelling
wave photodetectors with pin diodes. Both DC and RF linearity
characteristics are measured.

Design and fabrication: The material system used for the wafer
growth is the InAlGaAs system. The absorbing region is a 0.25 um
thick layer of InGaAs. The 1x4 MMI, designed using the BeamProp
(BPM) method is 0.95mm long and 40 pm wide. Each output
waveguide of the splitter is 6 um wide and the spacing between
output waveguides is 4 pm. The pin diode itself is 80 pm long and the
absorbing region is a 2 pm wide mesa. A 50 Q velocity matched
transmission line is employed to collect the signal from the four
diodes in phase.

The device mesas are patterned using wet etching, and the metal
patterns defined using e-beam evaporation followed by liftoff. A
scanning electron micrograph (SEM) of the fabricated device is
shown in Fig. I. The p-contact is formed on a layer with low doping
concentration because the etch stop layer does not have enough
selectivity. The resulting p-contact specific resistance is
~107* Q/cm’. The bandwidth of our detector is thus limited by the
RC time constant instead of velocity mismatch.

Fig. 1 SEM of fabricated device showing 80 um long pin diode and
portions of MMI splitter and 50  transmission line

Measurement results: The DC photocurrent measurement, made by
coupling light into the detector through a lensed-fibre is shown in
Fig. 2. The responsivity in this measurement is 0.17 A/W. When using
a fibre pickup head consisting of bulk microlenses, the detector shows
a higher responsivity of 0.21 A/W. The two main loss components are
the coupling efficiency into the optical waveguide and the Fresnel
reflection loss at the semiconductor interface. The DC photocurrent is
linear up to 52.2 mA. To our knowledge, this is the highest reported
DC photocurrent for 1.55 um detectors. This current is limited by the
maximum possible output of our erbium-doped fibre amplifier
(EDFA). We believe we can reach even higher linear photocurrents,
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either by increasing the optical input to the detector or by improving
the responsivity of our detector through a spot-size converter and an
anti-reflection coating.
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The frequency response of the detector was measured using a
20 GHz HP Lightwave test set. The 3 dB bandwidth is 9 GHz for
reverse bias voltages greater than 3 V. This bandwidth is limited by the
ohmic contact resistance, as mentioned earlier. The frequency response
is shown in Fig. 3 for various optical input power levels varying in 3 dB
steps. The frequency response shows no saturation up to 15 dBm of
optical input.
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We have also performed an optical heterodyne experiment to measure
the dependence of the generated microwave power on the input optical
power. Two optical wavelengths, separated by 10 GHz, were amplified
by an EDFA and then coupled to a photodetector. An optical attenuator
and polarisation controllers were used to control the input optical power
and the input polarisations. The generated RF signal was collected with
a 40 GHz GGB Industries Picoprobe and measured using an HP8487A
power sensor-power meter. The measured RF power increases quad-
ratically with the input optical power (Fig. 4), indicating the photo-
detector is linear at 10 GHz for the entire optical power range. The
maximum linear RF power of 9 dBm is limited by the available optical
power.

Conclusion: We have successfully fabricated a parallel feed travelling
wave pin photodetctor with an integrated 1x4 MMI power splitter.
The DC photocurrent is linear till 52.2 mA, which is the highest
current reported for detectors operating at 1.55 pm wavelength. The
RF bandwidth measurement from 0.045-20 GHz shows no saturation
for up to 15dBm of input optical power. The optical heterodyne
output of the detector is linear up to 9 dBm of 10 GHz RF power.
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OFDM-CPM signals
L.A. Tasadduq and R.K. Rao

A class of orthogonal frequency division multiplexing—continuous
phase modulation (OFDM-CPM) signals is introduced in which binary
data sequence is mapped to complex symbols using the concept of
correlated phase states of a CPM signal. Various types of signals arc
defined as a function of paramcter A and pulse duration. An investiga-

Introduction: Orthogonal frequency division multiplexing (OFDM) is
a good candidate for wireless communication owing to its excellent
properties in frequency-selective fading environments [1].

While in the literature OFDM-PSK, -QAM, -DPSK and -DAPSK
have been considered [2—4], OFDM-continuous phase modulation
(CPM) signals that use the concept of correlated phase states of a
CPM signal have not been considered to date. One of the advantages of
OFDM-CPM signals is that correlation amongst adjacent OFDM
symbols can be systematically introduced by an appropriate choice of
parameter A (in typical CPM signals /4 is modulation index). Further-
more, this correlation can be exploited to control bit error rate (BER).

serial data a ¢
stream [seri kp Ko
ST, yserialtol R} aom 81 1erT paraliel} .
®) paraltel to serial

Fig. 1 OFDM-CPM transmitter

OFDM-CPM signalling scheme: As shown in Fig. 1, serial bit stream

b;,i=0,1,2, ... with bit duration of 7}, seconds is converted into
blocks of N bits represented by @, k=0,1,2,... and
p=0,1,2, ...,N—1, where N denotes the number of carriers and

ay,,= *1, e.g. ag, , would denote the first block of NV bits and a; , the
second block of N bits, and so on. The CPM mappers transform the
incoming {ay ,} into appropriate complex numbers {c; .}, i.e.

Crp = 08(0; ) +jsin(B; ) (N

with
k=1
Opp = @ puh+mh 3 ayp,+ ¢ )
4=0

where parameter /s defines the CPM mapper and ¢ represents the
initial mapping point. In (2) the angles 0, , depend not only on the
current data but also on the past data. Current value of 0 is determined
by adding +nh (for data ¢ +1) or —nh (for data ¢ —1) to the
previous value of §. The complex numbers from the output of CPM
mappers that lie on a circle are passed through pulse-shaping filters
g(t), modulated by orthogonal carriers and summed to give the
transmitted OFDM symbol, i.e.

x() =33 ¢ gt — kT)e/O0/ TP 0<t<o 3)
k op

where

i
e={v7 0= =Y @

0 elsewhere
In (3), T(=NT,) is the OFDM symbol duration and in (4) L=1 for

full response signalling. The parameters. 7 and L can be chosen in
various ways. Some of the OFDM-CPM signals are described below.

A. Single-h OFDM-CPM signals: In this case, the value of 4 remains
constant for all OFDM symbols. By choosing 4 to be rational and
0<h<1 it is possible to have a finite number of points in the CPM
constellation. Fig. 2 shows the constellation diagram of CPM mapper
for h=1/2 and h=1/4.

Im
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a

Fig. 2 Constellation diagram of CPM mapper

tion of bit error rate and peak-to-average-power ratio performance of ah=1/2
these signals is also presented. bh=1/4
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