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Figure 1(b) shows the wavelength-dependent
time delay under different stretching voltages.
The slope of the curve (i.e., the dispersion) at
the operating laser wavelength can be changed
by varying the PZT voltage. This grating en-
ables compensation of dispersion accumulated
for various distances as well as the dispersion
accumulated in multiple subcarriers.

Figures 2(a) and 2(b) show the effect of
compensation for RF power degradation after
40 and 80 km transmission, respectively. Com-
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CWK2 Fig. 3. (a) RF power versus tuning
voltages on the nonlinearly-chirped FBG. (b) RF
spectum w/ and w/o tunable dispersion compen-
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two subcarrier channels w/ and w/o tunable dis-
persion compensation.
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pensation can be achieved for a continuous
carrier frequency range of 2-14 GHz, but our
technique can generically accommodate much
higher frequencies.

Figure 3(a) shows the received RF power as
a function of applied PZT voltage. The re-
ceived RF power can be tunably compensated
by changing the voltage, and <0.5-dB power
fading can be achieved. Figure 3(b) shows the
RF spectrum of a 6.3-GHz subcarrier with and
without compensation after 40 and 80 km
transmission. The power degradations can be
compensated by tuning the FBG, thereby pro-
viding optical network flexibility and robust-
ness. After 40- and 80-km transmission, a 5.5-
and 14.8-dB degradation, respectively, is gen-
erated and compensated by tuning the grating.
Another significant advantage of our all-
optical technique is that multiple subcarrier
channels can be compensated simultaneously
by a single grating. In Fig. 3(c), the two SCM
channels experience different RF degradation
since they have different subcarrier frequen-
cies. The 6.3-GHz subcarrier experiences a
14.3-dB fading and the 7.5-GHz subcarrier ex-
periences a 6.9-dB degradation. The RF power
of the two channels can be almost completely
compensated simultaneously by tuning the
grating. Note that the degradation of more
than two SCM channels can also be compen-
sated by our grating.
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Noise suppression properties of
distributed balanced photodetectors for
high performance RF photonic links

M. Saiful Islam, Tai Chau, Sagi Mathai,
Tatsuo Itoh, Ming C. Wu, UCLA Electrical
Engineering Department, 63-128 Engineering
1V, 405 Hilgard Avenue, Los Angeles,
California 90095-1594 USA; E-mail:
wu®@ee.ucla.edu

Balanced photodetectors are of great interest
to analog fiber optic links because they can
suppress relative intensity noise (RIN) of lasers
and amplified spontaneous emission noise
(ASE) from erbium-doped fiber amplifiers
(EDFA). When used in conjunction with an
external modulator with complementary out-
puts, shot noise-limited system performance
can be achieved.! In order to fully exploit the
advantages of the balanced systems, balanced
photodetectors with high saturation pho-
tocurrents and broad bandwidth are required.
Monolithically integrated balanced photode-
tectors offer superior performance (broader
bandwidth, better matching of photodiodes)

Mlcmwa}e Output

Velocity-matched
cPW

Optical

Optical input  waveguide

CWK3 Fig. 1. Principle and schematic struc-
ture of the distributed balanced photodetector.
We cascaded multiple balanced photodetector
pairs in series along a coplanar waveguide to in-
crease saturation photocurrent.

and reduced packaging cost. However, most of
the integrated balanced photodetectors re-
ported to date have low saturation photocur-
rents and are not suitable for analog applica-
tions.

Previously, we have reported a novel dis-
tributed balanced photodetector.? It integrates
two velocity matched distributed photodetec-
tors (VMDP) with a microwave coplanar
waveguide (CPW). This new device inherits
the basic advantages of the VMDP, namely,
broad bandwidth and high saturation pho-
tocurrent.? In this paper, we reported on the
noise suppression properties of the monolithic
balanced distributed photodetector. A high
signal-to-noise (SNR) and large suppression of
the laser RIN over a broad range of input pow-
ers has been observed in the RF photonic link
employing the balanced VMDP.

Figure 1 shows the schematic of the balanced
distributed photodetector. It consists of two in-
put optical waveguides, two arrays of high-speed
metal-semiconductor-metal (MSM) photo-
diodes distributed along the optical waveguides,
and a 50§} coplanar waveguide (CPW) output
transmission line. By biasing the photodiodes in
balanced mode, only the difference photocurrents
are collected by the CPW. The balanced VMDP
showed a RIN suppression of more than 17 dB
with a very good common mode rejection ratio
(CMRR) >27 dB.

An RF photonic link with a dual-output
complementary Mach-Zehnder modulator
(MZM) has been set up to characterize the
noise properties of the distributed balanced
receiver. The RF carrier is fixed at 6.5 GHz.
Figure 2 shows the SNR of the link versus the
received optical power for both the distributed
balanced receiver and the reference receiver
with a single detector. The SNR for the single
detector receiver is almost constant with in-
creasing optical power, indicating that the re-
ceiver noise is dominated by the RIN. In con-
trast, the SNR for the balanced receiver
increases monotonically with optical power
upto 15 mW. For optical power greater than
15 mW, the SNR still increases monotonically
with optical power at a smaller rate. This sug-
gests the presence of some residue RIN. Com-
paring the two receivers, it is also noted that
the SNR for balanced receiver is 23 dB higher
than the single detector receiver.

The RF signals detected by the balanced
detector should be exactly at 180° out of phase
for optimum noise suppression. This requires
the lengths of the fiber from the complimen-
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CWK3 Fig.2. Measured signal-to-noise ratio

(SNR) of the balanced receiver. The lower curve

shows the SNR for the receiver in unbalanced
configuration.
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CWK3 Fig.3. Totalamountofnoise suppres-
sion and the deviation of the signal peak versus
phase deviation of the RF signal from 180°. Even
with a phase variation of 100°, the receiver can
suppress more than 9 dB of RIN noise whereas the
signal peak reduction was less than 4 dB.

tary MZM to the detector to be exactly the
same in length. In practical applications, the
optical path length will drift slightly due to
environmental changes and it is important to
understand the impact of phase mismatch.
Figure 3 plots the variation in the signal peak
and the amount of noise suppression when the
phase difference at the RF signal at 6.5 GHz
deviates from 180°. The measured data shows
that even with a phase variation of 100°, our
device can suppress more than 9 dB of RIN
noise whereas the signal peak reduction was
less than 4 dB. As balanced detector amplifies
the RF signal by 6 dB, with a phase deviation of
100°, the signal is still higher than that of an
unbalanced detector. For the RF signal of
6.5 GHz, 100° phase variation between two
fibers corresponds to ~8.5 mm of fiber length.

In conclusion, we measured the SNR and
phase tolerance of the input RF signals of the
high power distributed balanced receiver. This
monolithic balanced receiver has the potential
to dramatically improve the performance of
REF photonic links.

This project is supported in part by ONR
MURI on RF Photonics, National Radio As-
tronomy Observatory, JESP and UC MICRO.
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Recovery dynamics of a PbS quantum
dot doped glass passive mode locker

K. Wundke, .M. Auxier, A. Schiilzgen,

N. Peyghambarian, N.F. Borrelli,* Optical
Sciences Center, University of Arizona, Tucson,
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wundke@u.arizona.edu

Recently we demonstrated that PbS quantum
dot doped glasses, fabricated by thermal treat-
ment of an oxide molten glass,! can be used as
intracavity saturable absorbers to obtain self-
starting mode locking in infrared solid-state
lasers. In particular, using these absorbers in a
Cr:forsterite laser we obtained pulses as short
as 4.6 ps with a time-bandwidth product of
0.35 and pulse energies up to 1 nJ.2 Because of
the large exciton Bohr radius (18 nm) and the
small band gap energy (0.4 meV at RT) these
saturable absorbers are suitable for operation
over a wide spectral range from visible to 3 pm.
However, it was unclear why shorter pulses
then 4.6 ps could not be obtained.

Here we perform degenerate pump-probe
experiments to address this point and deter-
mine the recovery time of the optical nonlin-
earity. The quantum dot doped glass was
pumped with 120 fs pulses from an amplified
Ti:sapphire laser system. Corresponding to the
estimated intracavity power of the Cr:forsterite
laser, the fluence of the pump pulse was varied
from 0.1 up to 40 mJ/cm?. The pulse wave-
length was set near to the operating wavelength
of the Cr:forsterite laser, i.e. near to the lowest
electron-hole pair transition of the quantum
dots [see Fig. 1(a)].

Fig. 1(b) shows the dynamics of the nonlin-
ear absorption for two different pump flu-
ences. In the pump regime above the observed
mode locking threshold of the Cr:forsterite la-
ser (P, =~ 0.1 mJ/cm?) a two-component decay
of the bleaching is observed. With increasing
fluence, both decay constants 7, and 7, de-
crease. However, the relation 7, 7, > 7,,,,, still
applies for pump fluences up to forty times the
threshold P,. Recently, Kirtner et al. showed
that also a slow saturable absorber can generate
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CWL1 Fig.1. (a)Absorbance of the quantum
dot doped glass (d = 2 mm) (solid line) and spec-
trum of the pulses used in the pump-probe ex-
periment (dotted line). The quantum dot size was
estimated to r =~ 5 * 0.05 nm.3 (b) Bleaching
dynamics for pump fluences of (1) 0.5 mJ/cm*
and (2) 4 mJ/cm?, respectively.
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CWL1 Fig. 2. (a) Nonlinear absorption dy-

namics for pump fluences of (1) 4 mJ/cm?, (2) 20
m]J/cm?® and (3) 40 mJ/cm?, respectively. (b) Nor-
malized efficiency of the third harmonic genera-
tion in the glass host.

nearly transform-limited pulses much shorter
than the absorber recovery time.* This theo-
retical result coincides with our experimental
result and we can conclude that the PbS quan-
tum dot doped glass acts as slow saturable
absorber. In this case the modulation depth of
the absorber mainly limits the pulse width.

The shortening of 7,with increasing fluence
down to the time scale of the laser pulse width
suggests a possible transition from a slow to a
fast saturable absorber. Unfortunately, in our
experiments, above a certain pump power the
mode locking becomes unstable, even though
we did not observe oversaturation of the ab-
sorber.

To explain this behavior we show in Fig.
2(a) the nonlinear absorption for highest
pump fluences. A clear departure from the
simple bleaching effect is observed which com-
pletely dominates the nonlinearity at highest
intensities. This effect coincides with the ob-
servation of bright 3™-harmonic generation in
the glass host [see Fig. 2(b)], and limits the
modulation depth of the saturable absorber to
about 50%, thus limiting the pulse width.
Based on this result we believe that the perfor-
mance of the saturable absorber can be im-
proved either by increasing the quantum dot
concentration or by reducing the concentra-
tion of the heavy metal Pb in the glass and
therefore reducing the large x5
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