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Broadband Variable Optical Attenuator
Based on Acousto-optic Coupling in
Single-Mode Fiber
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Fast tuning variable optical attenuator (VOA) is a
key component for reconfigurable optical net-
works. At present, MEMS and free carrier absorp-
tion-based SOI waveguide p-n junction are two
of the most promising approaches.” In this paper,
we present a novel acousto-optic (AO) based
VOA implemented on a single mode (SM) fiber.
Compared to previous approaches, the all-fiber
AO-based VOA combined the merits of all-
fiber device, (low insertion loss, ease in packaging
etc.) and fast response of AO-device. In addition,
the devices are readily cascadable.

SM fiber acousto-optic tunable filters
(AOTFs) operate on the principle of core-to-
cladding modes coupling and have loss-filter like
spectral characteristics. However, typical AOTFs
have bandwidth of only a few nm and are inade-
quate for VOA application. The -3 dB bandwidth
of AOTFs is determined by the length of the fiber,
L and the difference in group index

(- )
between the core and the cladding modes:?
0.8

£

In this paper, we showed that by reducing
cladding diameter (by means of chemical etch-

ing) and AO interaction length, ultra-broadband
AOTF can be achieved, thus demonstrating the
feasibility of all-fiber AO-based VOA. The in-
crease in filter bandwidth is due to closer match
of the group index between core and cladding
modes when the cladding diameter is reduced.
For common step-index SM fiber, our experi-
ment shows that the group index of core and
LP“CI cladding modes are matched at a fiber di-
ameter ~21 um. Additionally, reducing cladding
diameter increases the AO coupling efficiency,
and hence improves the power efficiency of the
device.

The experimental set up has been described in
detail in Ref. 3. Fig. 1. shows the attenuation spec-
tra of the device at different voltages with an RF
frequency of 840 kHz. The length and diameter of
the etched fiber (Lucent MC) are ~1.3 cm and 21
pwm respectively. The bandwidth of the VOA is be-
yond the measurement range of the LED light
source (200 nm) used in the measurement. A
nearly flat attenuation spectrum over 100 nm can
be maintained and be tuned from 0 to 10 dB con-
tinuously. The filtering spectrum of an unetched
SM fiber is also shown in Fig. 1 for comparison.
Fig. 2 shows the plot of attenuation versus RF
voltage. The polarization dependent losses
(PDLs) of the device at 1550 nm are 0.25 dB and
0.5 dB at an attenuation level of 6 dB and 10 dB,
respectively. The total insertion loss of the device
is less than 0.3 dB. The small signal modulation
bandwidth of the device is greater than 50 kHz,
which is in good agreement with the propagation
time of the aoustic wave in the etched fiber esti-
mated to be ~20 s.

To increase the maximum attenuation, two
identical filters are cascaded together, separated
by a section of SM fiber (with plastic jacket). Fig.
3 shows the attenuation spectrum of the two-sec-
tion device. Maximum attenuation up to 22 dB
can be achieved while still maintaining a flat at-
tenuation spectrum.

In summary, we demonstrated a novel, ultra-
broadband (>100 nm) all-fiber AO-based VOA
that with fast response time (<20 ps), large dy-
namic range (>22 dB) and low insertion loss
(<0.3 dB).
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High Speed and High Power Performances
of LTG-GaAs Based TWPDs in
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Low-temperature-grown GaAs (LTG-GaAs)
based photodetectors (PDs) merit a lot of atten-
tions due to their short response time, high elec-
trical bandwidth, high output saturation current,
and low dark current. However the wide absorp-
tion band gap (~800 nm) of LTG-GaAs restricts
its applications from long wavelength (1300 ~
1550 nm) optical communications. Recently, sev-
eral research groups had demonstrated LTG-
GaAs based p-i-n, MSM PDs'? in this wavelength
regime by utilizing mid-gap defect state to con-
duction band transitions. However, these PDs
usually suffered extremely low quantum effi-
ciency (~0.6 mA/W)2 or serious electrical band-
width degradation due to long device absorption
length for higher saturation power' and quantum
efficiency purpose. In this paper, we demon-
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(a). Impulse response of a 70-pum-long L'TG-GaAs MSM TWPD under 1230 nm exci-

tation. (b) Impulse response of a 70-pum-long LTG-GaAs MSM TWPD under 1230 nm excitation with
best peak-voltage-bandwidth product performance.

strated ultra-high speed and high saturation
power performances of LTG-GaAs based MSM
TWPD in the telecommunication wavelength
regime (~1300 nm). Due to short carrier trap-
ping time of LTG-GaAs layer and superior mi-
crowave guiding structure in MSM TWPD,
record ultra-high peak power bandwidth product
performance has been obtained in long absorp-
tion length devices.

The structures of measured p-i-n and MSM
TWPDs are similar to previously reported
ones.”” We employed a femtosecond Cr*":
forsterite laser operating at 1230 nm, which mim-
ics the telecommunication wavelength of
1300-1550 nm, as the light source for transient
electro-optical (EO) sampling measurements.
Figure 1a shows an example of the measured im-
pulse current response in a 10 um-long LTG-
GaAs based p-i-n TWPD. The measured EO trace
showed an ultra-high speed performance with
0.7 ps FWHM. The measured response time is
limited by carrier trapping time of LTG-GaAs
photo-absorption layer. Its corresponding electri-
cal bandwidth can be obtained by utilizing Fast
Fourier Transform technique, which is about 280
GHz. The efficiency of measured p-i-n device is
about 7 mA/W at 5V bias. In order to increase the
quantum efficiency and output saturation cur-
rent, longer devices were also fabricated and mea-
sured. Figure 1b shows the measured impulse re-
sponse of a 40 um long p-i-n based TWPD. The
response time FWHM is 1.5 ps, corresponding to
a ~200 GHz electrical bandwidth with an effi-
ciency of 11 mA/W at 5V bias. In long absorption
length devices, the response time is dominated by
microwave loss and velocity mismatch of p-i-n

based waveguide instead of carrier trapping time
comparing with short absorption length devices.

With a superior microwave guiding structure
in LTG-GaAs based MSM TWPD, even greater
bandwidth and efficiency performances can be
obtained. Figure 2(a) shows the measured im-
pulse response of a 70um-absorption-length
LTG-GaAs MSM TWPD, which has a 1.28 ps re-
sponse time corresponding to 234 GHz trans-
formed electrical bandwidth. The efficiency of
this measured MSM TWPD was further im-
proved to ~13 mA/W at 18 V bias voltage. The
ultra-high speed performance in long absorption
length MSM TWPDs also implies its ultrahigh
power-bandwidth-product performance. Under
28 pJ/pulse optical excitation energy, 160 GHz
electrical bandwidth with 3.55 V peak output
voltage was obtained under 10 V bias (figure 2b),
corresponding to a record peak-output-voltage-
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CMB6 Fig.3. Frequency response of the im-
pulse response trace in figure 2(b).

bandwidth product of 568 GHz-V.! Figure 3
shows its corresponding frequency response. This
ultrahigh power-bandwidth product perfor-
mances of LITG-GaAs MSM TWPDs in telecom-
munication wavelength promise their applica-
tions in low-cost GaAs based photo-receiver
circuits without electrical pre-amplifiers and high
power photomixer devices which are compatible
with fiber optical communication components.
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1. Introduction

Photodetector nonlinearities can limit the per-
formance of high-dynamic-range analog optical
systems."? For systems that use short optical
pulses to process or transmit analog information,
this limitation is magnified due to the higher
peak intensity at the photodetector input. In this
paper, we examine the trade-off between signal-
to-noise ratio (SNR) and linearity in optically
sampled analog-to-digital converters (ADCs) due
to saturation of the photodetector responsivity.

2. Measurement of photodetector
nonlinear responsivity
The pulsed nonlinear response of a commercial
InGaAs/InP p-i-n photodetector (7-GHz band-
width, 50-um diameter, 8-V bias) was character-
ized using 30-ps optical pulses generated by a
mode-locked fiber ring laser (59.4-MHz rate, A =
1550 nm) and amplified using an erbium-doped
fiber amplifier (EDFA). The photodetector out-
put current was measured using both a 50-GHz
sampling scope and a DC current meter. The nor-
malized data in Fig. 1 illustrate the pulse-width
broadening and long tails that occur as the energy
of the optical pulses increases. This pulse distor-
tion results from reduced carrier velocity due to
space-charge field screening.’

The integrated (R;y7) and peak (Rpg,x) non-
linear responsivity data (Fig. 2) reveal that pulse
distortion occurs at significantly lower pulse en-
ergy Ep than the energy where the quantum effi-
ciency decreases. The integrated responsivity is
well described by the saturation expression

Ry

1+ (EolEsg) W

Riy(Ep) =

where R, = 0.74 A/W is the linear responsivity,
and Eg, = 400 pJ is the saturation pulse energy.
The excellent fit by Eq. (1) indicates that the
source of the Ryy; nonlinearity is saturation of
the InGaAs absorbing material.*
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