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Abstract—We report the fabrication and experimental verifica-
tion of a multiwavelength high-speed 2 x 2 silicon photonic switch
for ultrahigh-bandwidth message routing in optical on-chip net-
works. The structure employs only two microring resonators in
order to implement the bar and cross states of the switch. These
states are toggled using an optical pump at 1.5-pm wavelengths in-
plane with the waveguide devices, though electronic, rather than
optical, control schemes are envisioned for more complex systems
built from these devices. Experiments characterize bit-error-rate
performance in the bar and cross states during static and dynamic
operation. The all-optical demonstration exhibits the ability of the
switch to implement ultra-short transition times (<2 ns), high ex-
tinction ratios (>10 dB), and low power penalties (~ dB) atadata
rate of 10 Gb/s. Further performance improvements are expected
by using electronic carrier injection via p-i-n diodes surrounding
the ring waveguides. The 2 x 2 switching functionality facilitates
the design of more complex routing structures, allowing the imple-
mentation of high-functionality integrated optical networks.

Index Terms—Electro-optic switches, multiprocessor intercon-
nection, optical resonators, optical switches, photonic switching
systems, wavelength-division multiplexing (WDM).

I. INTRODUCTION

HE eld of silicon photonics in recent years has pro-
T gressed rapidly, making the vision of applying long-haul
optical networking paradigms to ultrashort-reach applications
possible, such as inter and intrachip interconnects. These ad-
vances have opened the possibilities of exploiting the bene ts
of optical technologies (e.g., the immense bandwidth supported
by wavelength-division multiplexing (WDM), low latencies
corresponding to the optical time-of- ight, and low power
consumption provided by transparent message routing) over
a wider range of interconnect applications. It is envisioned
that ultrashort-haul optical networks, implemented by using
silicon photonics, will provide a practical solution to the ex-
isting power and bandwidth limitations of global electrical
interconnects in future chip multiprocessor (CMP) computing
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systems [1]. As CMPs scale the number of processing cores
to obtain computational performance improvements, they will
require an increasingly ef cient high-bandwidth and low-power
communications infrastructure in order to achieve the desired
level of connectivity. Photonic networks-on-chip (NoCs) offer
a solution while simultaneously supplying enormous offchip
bandwidth as well.

The silicon-on-insulator (SOI) platform is an attractive
material system for realizing integrated photonic networks. Its
inherent high index contrast reduces the necessary footprint
of optical circuits, and its compatibility with the complemen-
tary metal oxide-semiconductor (CMOS) fabrication process
enables low-cost high-quality production of optical devices
in conjunction with sophisticated electrical circuitry [2], [3].
Furthermore, silicon microring resonators have become an
essential building block for these systems and have been em-
ployed in circuits achieving complex tunable Iters [4] [6],

xed multibit delays [7], as well as electro-optic [8] [10] and
all-optical [11] modulators.

Complementing these elements, a high-speed, low-area
switch designed for multiwavelength operation, which can be
implemented by using a low-power switching scheme, will
be required in order to leverage the full bandwidth advantage
of the optical domain for on-chip message routing. Fast mul-
tiwavelength switches have been reported in I11-V material
systems [12] [14], where the direct bandgap can provide more
natural photonic functionalities. However, a lack of integrability
with the CMOS process, and often device size, may prohibit
their implementation within CMPs. Recently, fast multiwave-
length switching devices have also been presented in silicon.
Dong et al. proposed and demonstrated a comb-switching
technique by using a single-ring resonator [15]. This 1 x 2
multiwavelength switch was shown to have low interchannel
crosstalk, and simultaneous switching of 20 wavelengths with
nanosecond-scale transition times has been demonstrated [16],
[17]. Also, a similar 1 x 2 switch, based on a higher order
coupled-resonator system, was reported [18].

In this paper, a rst-order 2 x 2 switch utilizing the same
comb-switching technique of [15] [18] is demonstrated and
characterized, extending on the work performed in [19]. The
device is demonstrated with nanosecond-scale switching times
and extinction ratios of up to 11.5 dB. Bit-error rates (BERs) are
measured at 10-Gb/s data rates for static and dynamic operation
in order to characterize the various sources of power penalty
in the device. In addition to providing network designers with
the imperative 2 x 2 switching functionality, this device, which
is diagramed in Fig. 1(a), can also be an important building
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Fig. 1. (a) Schematic of the 2 2 switch layout. (b) Truth table for the
switching states. (c) Four-port bidirectional multiwavelength routing structure
proposed in [1] requiring two of the 2 2 switches reported here (shaded in
gray). (d) Diagram of multiwavelength switching scheme used in the reported
switch. The solid curves represent the bar state, while the dotted curves
represent the cross state. The blue-shift observed between the curves from
the unpumped state to the pumped state provides an exchange between high
transmission and low transmission for each wavelength.

block in more complex routing structures. For example, the
nonblocking four-port switch [Fig. 1(c)] proposed in [1] and
further evaluated in [20] achieves much higher functionality
than the 2 x 2 switch alone, and yet relies only on a combi-
nation of the previously reported 1 x 2 switch and the 2 x 2
switch described here.

The remainder of this paper is organized as follows. Section |1
discusses the device fabrication, geometry, and operation. The
experimental procedures and techniques are outlined in Sec-
tion I11. Section IV describes static and dynamic measurement
results, and Section V is the conclusion.

Il. SwiTCH DESCRIPTION

The device was fabricated at the Cornell Nanofabrication
Facility on an SOITec SOI substrate with a 3-pm-thick buried
oxide layer, using electron-beam lithography followed by
reactive-ion plasma etching. The resulting structure is cov-
ered by a 3-um-thick SiO, overcladding layer deposited by
plasma-enhanced chemical vapor deposition. The waveguides
have cross sections of 250 nm x 450 nm (height x width), and
inverse-taper-mode converters are used on the waveguides at
each edge of the chip. The switch geometry [Fig. 1(a)] consists
of a crossing between two straight waveguides with two ring
waveguides coupled to vertical angles of the intersection. The
waveguides undergo adiabatic tapers, expanding over a length
of 30 pm to a width of 2 um, before the perpendicular wave-
guide intersection, in order to reduce re ection losses at the
crossing. Presently, the tapers add no area to the device since
the diameters of the rings are 100 pm.

Ideally, the two rings have a series of resonator modes which
coincide in wavelength. Without an applied pump, the input
signal wavelength is set to overlap one of these modes. As the
light enters from port in0 (inl), it is coupled into the upper
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(lower) ring, through the resonator to the alternate waveguide,
where it exits from port outO (outl). Therefore, without an ap-
plied pump, the switch implements the bar state (i.e., in0 to outO
and inl to outl). A control signal is used to change the state
of the switch by shifting the wavelength of the resonator mode
away from the signal s carrier wavelength. (The mechanism for
this is explained in further detail in Section 111-B.) Thus, when
the control, or pump, is applied, the input lightwave from port
in0 (inl), operating at the same wavelength as when no pump is
applied, is no longer affected by either of the two ring resonators
and, as a result, propagates through the waveguide crossing to
port outl (out0). Consequently, when the pump is enabled, the
switch implements the cross state (i.e., in0 to outl and inl to
out0). The switching state truth table is listed in Fig. 1(b).

By using rings with a relatively large diameter (100 pm),
the free-spectral range (FSR) of the resonators is reduced to
1.6 nm. This allows encoding of the input signal over mul-
tiple wavelengths, which utilize many resonator modes of the
ring by aligning a single wavelength channel to each mode,
thus increasing the throughput bandwidth of the switch [Fig.
1(d)]. Furthermore, the switching power remains constant re-
gardless of the number of wavelength channels employed in the
signal spectrum. Therefore, the switching power per message
bandwidth can be drastically decreased, allowing the largest
advantages of the optical domain to be most ef ciently lever-
aged. In this manner, all wavelength channels are routed through
the switch cohesively, propagating from the source to destina-
tion as a single consolidated optical message. Consequently, the
switches are intended to operate in networks which implement
wavelength-parallel packet formatting in order to increase the
message bandwidth, such as in [1], [20], and [21], among others,
rather than networks which route messages on a single variable
wavelength, such as those that employ the wavelength domain
to alleviate packet contentions [22].

The resonator modes have 3-dB bandwidths of 0.1 nm
(12.5 GHz) on average, designed to accommodate 10-Gb/s
optical data. Future systems implementing the same FSR, but
designed to handle 40- or 100-Gb/s data rates, may require
higher order resonator structures, such as coupled-resonator
optical waveguides (CROWS) [23], as implemented in [7] and
[18]. The transfer functions of these systems provide sharper
rolloff and atter passhands than single-ring structures and,
therefore, avoid degrading the extinction ratio of the switch
when the resonator bandwidth is widened. Also, these struc-
tures have the additional advantage of being more robust to
temperature uctuations, such as might be expected in a CMP
environment [18]. The present device may also be designed
with a much smaller footprint by implementing the resonators
in noncircular geometries, because the SOI waveguides permits
very small bending radii [2], [3]. Moreover, the adiabatically
tapered waveguide crossing may be replaced with more com-
pact crossings, such as the one demonstrated in [24].

I1l. EXPERIMENTAL PROCEDURE

A. Thermal Tuning

The ideal assumption is that the resonator modes of the two
rings in the switch overlap in wavelength may not always be re-
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Fig. 2. OSA traces recorded from port outl, while the output from a broad-
band ASE source was injected into port in0. With thermal tuning applied to the
incorrect ring, the resonator modes of the two rings are slightly detuned (solid
curve). Applying the thermal tuning to the correct ring, the modes can be made
to overlap (dashed curve). The extinction ratio depicted above is limited by the
OSA resolution bandwidth of 0.06 nm.

alized due to fabrication tolerances. Improvements may be made
with careful fabrication calibrating techniques [25], and by the
addition of ohmic heaters placed over the ring waveguides to
provide localized thermal tuning as in [5] and [6] at the ex-
pense of additional power consumption. For our experiments,
it is suf cient to shine light from a diode-pumped solid-state
(DPSS) laser over one of the two rings by using an optical ber
that is vertically incident to the chip. In this manner, the appro-
priate ring is heated so that its resonator modes are red-shifted
to overlap those of the unheated ring.

The DPSS laser, with a wavelength of 532 nm, is chosen
based on availability, and because it delivers photon energies
above the bandgap of silicon. The light is guided to the desired
location by a multimode ber (MMF) mounted on a 3-D trans-
lation stage. The cleaved end of the ber is placed just above
the ring that corresponds to the shorter wavelength mode. By
adjusting the output power of the DPSS laser and the placement
of the ber facet, the resonator modes can be well aligned, as
observed in Fig. 2.

B. Pump Configuration

The pump signal leverages the free-carrier plasma dispersion
effect [26] to modulate the effective index of the ring wave-
guide and, hence, shift the wavelengths on which the resonator
modes occur. This effect may be carried out by injecting carriers
into the waveguide optically [11], [15] [18] or electronically
[4], [8] [10]. To simplify the fabrication of the device, optical
carrier injection is chosen for the initial characterization of our
device. Furthermore, carriers are optically injected most ef -
ciently when the pump photons have energies above the bandgap
of silicon. Nevertheless, the process may also be performed by
inducing two-photon absorption (TPA) within the waveguides
with the advantage of being able to utilize components operating
within the telecommunications wavelength band near 1.5 ymin
order to generate the pump. This is the method used in this work;
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Fig. 3. Diagram of the experimental setup. Solid lines represent optical ber,
while dashed lines represent electrical cable.

however, in actual implementations aimed at the intended appli-
cation, electronic carrier injection is required. Not only would
the optical pumping scheme be impractical in structures, such as
the one in Fig. 1(c), but electronic carrier injection is expected to
improve the speed, insertion loss, and power requirements of the
switch [8], while also providing a more stable switching scheme
(see Section 1V-B). The pump must be applied to both rings si-
multaneously for proper operation. Therefore, we employ one
copropagating and one counter-propagating pump signal (with
respect to the probe signal) in order to inject carriers into both
rings simultaneously.

C. Experimental Setup

The experimental setup (Fig. 3) consists of the following four
functions: 1) probe signal generation; 2) pump signal genera-
tion; 3) ber-waveguide coupling; and 4) test and measurement.
The probe signals are generated by distributed-feedback (DFB)
lasers and occupy six ITU C-band channels: C22 (1559.8 nm),
C24 (1558.2 nm), C33 (1550.9 nm), C35 (1549.3 nm), C37
(1547.7 nm), and C43 (1542.9 nm). The outputs are combined
with a 32-channel dense wavelength-division multiplexer
(DWDM) that has 100-GHz channel spacings, and are then
simultaneously encoded with a 10-Gb/s nonreturn-to-zero
(NRZ) signal that carries a 23! — 1 pseudorandom bit sequence
(PRBS) using a LiNbO3 modulator (mod in Fig. 3), which is
driven by a signal from a pulse pattern generator (PPG). The
wavelength channels are decorrelated by 25 km of single-mode

ber (SMF) achieving nearly seven bits of delay between the
most closely spaced wavelength channels.

The pump signals are generated, modulated, and ampli ed
by using tunable lasers, LiNbO3 modulators, and erbium-doped

ber ampli ers (EDFASs), respectively. Pump 1, which co-
propagates with the probe channels, occupies channel C51
(1536.6 nm). It is combined with the probes by using a
single-channel 100-GHz DWDM. Pump 2, located on C18
(1563.1 nm), is injected by using an optical circulator such that
it counterpropagates with the probes. The pump waveforms
are provided by a data-timing generator (DTG) which operates
at 625 MHz. Measured before injection into the tapered ber,
pump 1 has an average power of 18 dBm; moreover, the DWDM
device provides spectral Itering of the ampli ed spontaneous
emission (ASE) from the EDFA. Similarly measured before
injection into the ber-collimating lens, pump 2 exhibits an
average power of 17 dBm; however, no spectral ltering is
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performed, so out of band ASE contributes somewhat to the
average power of pump 2.

The probe signals, along with pump 1, are coupled to the
inverse-tapered waveguides using a tapered ber, and are
extracted using a lens, polarizer (transmitting the quasi-TM po-
larization), and ber-collimating lens. The polarizer extracts the
undesired polarization, which is required due to the polarization
dependencies that result from the rectangular waveguide cross
sections. Polarization controllers (PCs) are used throughout the
setup to enable independent alignment of all probe and pump
polarizations. The chip is mounted on a thermoelectric cooler
(TEC) for global tuning and stabilization of the resonator
modes. A 532-nm DPSS laser is used to provide localized
tuning of one ring with respect to the other.

The multichannel output is monitored by an optical spectrum
analyzer (OSA), while one probe channel propagates through a
tunable grating Iter (A in Fig. 3), an EDFA, a second tunable

Iter, and a variable optical attenuator (VOA), before being re-
ceived by a p-i-n photodiode integrated with a transimpedance
and limiting ampli er pair (Rx in Fig. 3). The output is observed
on a communications signal analyzer (CSA) and analyzed by
using a BER tester (BERT), which is directly synchronized to
the PPG. No clock recovery is performed. For the dynamic BER
measurements only, a semiconductor optical ampli er (SOA)
is used to gate the optical signal into 9.6-ns packets, recurring
every 12.8 ns. When the SOA is used, it is driven by a signal gen-
erated from the DTG, and the DTG sends an additional signal
to gate the BERT over the arrival of the packetized data. A VOA
precedes the SOA to prevent saturation and minimize crosstalk
between the WDM channels.

IV. RESULTS

Initially, the device is tested in the steady state. That is, the
switching state is toggled by manually enabling and disabling
the pump, rather than providing modulated pump signals. Dy-
namic measurements are discussed in Section IV-B. The signif-
icance of the static measurements should not be undervalued,
as many interconnection networks which stand to bene t from
this type of switch operate under a circuit-switched (or fast cir-
cuit-switched) control scheme, where the switching states re-
main constant over the duration of several optical messages.
However, the promising results of the high-speed measurements
indicate that the switch may also be valuable in more dynami-
cally routed interconnection networks.

A. Static Results

The power penalty is measured for the six-channel WDM
signal, which is injected into input port in0 and exits from either
outO [Fig. 4(a)] or outl [Fig. 4(b)]. When the signal exits from
port out0, the pump signal is not activated; therefore, we expect
the power penalty in the static case to be mostly a result of the
insertion loss, spectral Itering, and nonlinear phase induced by
the ring resonator on each wavelength channel. When the signal
exits from port outl, the pump signal is activated. Since the
probe signals do not couple to the blue-shifted resonator modes,
only a simple waveguide crossing is encountered in the optical
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Fig. 4. BER curves depicting the static power penalty of a six-channel WDM
signal in (a) the bar state and (b) the cross state. Each character corresponds
to measurements on an ITU channel as shown in the legend. The back-to-back
measurements are shown by using dashed lines and open characters, while the
switched measurements are shown using solid lines and lled characters.

pathway. We therefore expect the power penalty to result mostly
from the nonlinear effects induced by the pump signals (e.g.,
TPA) in addition to degradation from the ASE noise.

In order to measure the in0-outO path, the input signal wave-
lengths are aligned along the resonator modes so that they exit
port out0 when no pump is applied, and six BER curves are
recorded, one for each channel. The back-to-back curves are ob-
tained by cooling the TEC on which the chip is mounted until the
resonator modes are shifted away from the signal wavelengths
so that the signals no longer pass through the ring. The output is
then gathered from port out1, and six back-to-back BER curves
are recorded. An attenuator is inserted prior to the EDFA for
the back-to-back curves to compensate the ring insertion losses
ensuring consistent power levels entering the EDFA. This is
done because errors resulting from optical signal-to-noise-ratio
(OSNR) degradation, which can occur in the EDFA due to low
input signal powers, are independent from errors incurred by
degradation from the device and, thus, should not factor into the
device power penalty.
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TABLE |
STATIC POWER PENALTIES
Output Port / Power Penalty (dB)
ITU Channel Switch State ata BER of 10
out0 / bar 0.1
€22 outl / cross 0.2
out0 / bar 0.4
c24 outl / cross 0.1
out0/ bar 0.6
€33 outl / cross 0.0
out0 / bar 1.1
€35 outl / cross 0.1
out0 / bar 1.2
€37 outl / cross 0.5
out0 / bar 0.8
C43 outl / cross 0.0

Inputs are injected into port in0 with approximately -6 dBm of average
power per channel (measured before the tapered fiber).

Fig. 5. BER curves depicting the wavelength crosstalk for varying multi-
channel injection powers (shown as different shapes in the legend). Curves are
shown for a six-channel (solid lines, lled symbols) and single-channel (dashed
lines, open symbols) signal propagating from in0 to out0. Measurements are
taken on channel C35 in both cases. The inset plots the points at which the
trend-lines intersect a BER of ~ —9 versus the injection power of C35.

The in0-outl path is measured using the same channels at the
same wavelengths. The pump is activated, shifting the resonator
mode wavelengths, and the signals are collected from port out1.
Six BER curves are recorded. The back-to-back curves are ob-
tained in the same manner as before, by disabling the pumps,
inserting an attenuator, and detuning the TEC controller so that
the signals remain on port outl after the pumps are off. The re-
sulting power penalties are tabulated for the six WDM channels
for both output ports (Table I).

Next, the interchannel crosstalk within the ring is character-
ized as a function of injected power. Since nonlinear effects can
be produced at low powers in ring resonators, we expect that the
paths in0-out0 and inl1-outl will have the strongest opportunity
for interchannel wavelength crosstalk. Therefore, BER curves
are taken for channel C35, both in the presence of the other ve
wavelength channels and alone, as they propagate through the
path in0-outO (Fig. 5).
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Fig. 6. CSA traces showing the switched CW probe through the path in0-out0
(left) and in0-outl (right). The CSA uses a time and amplitude scale of 10 ns/div
and 100 W/div, respectively, with a 16-point average. The zero-power level is
depicted by overlaying a trace that was taken with the input disconnected.

For this measurement, an EDFA and a second VOA replace
the SOA in the experimental setup (Fig. 3). The rst VOA is set
to provide appropriate input-power levels to the EDFA, while
the second is varied over ve settings. A BER curve is recorded
for channel C35 for each of the ve VOA settings. Then, all
channels are disabled except C35, and a BER curve is recorded
for ve new VOA settings which match the ve previous in-
jection powers of channel C35. (The ve VOA settings differ
slightly between the one-channel and six-channel experiments,
because the EDFA provides more gain to C35 when it is alone.)
The power values listed in Fig. 5 represent the average power
over a 50% duty cycle. The independent axis of the inset repre-
sents the power of channel C35 before injection into the tapered

ber, while the values listed in the legend show the sum of the
powers over the six WDM channels, again before injection into
the tapered ber. The inset shows that the receiver sensitivity
curve shifts inconsequentially (about 0.1 dB on average) when
the ve additional channels are disabled, indicating negligible
interchannel crosstalk for injection powers up to 23 mW. The
measurement was limited in maximum injection power by the
saturation output power of the available multichannel EDFA.

B. Dynamic Results

In order to take measurements under dynamic operation of the
switch, the two pump signals are modulated with 12.8-ns square
pulses with a periodicity of 102.4-ns (12.5% duty cycle), and are
synchronized to coincide in time at the switch. By inserting a
single-channel continuous-wave (CW) probe signal into the de-
vice, we may observe the envelope pro le of the switched signal
by using the CSA. The paths in0-out0 and in0-outl are used for
these measurements. (The other two paths may be ignored due
to symmetry.) From the traces (Fig. 6), it can be seen that the
rise and fall times are less than 2 ns each for both switch states.
The ringing in the signal, seen just after the pumps are disabled,
is attributed to undershoot in the waveform of the drive voltage
supplied to the modulator. The ringing observed over the dura-
tion of the state in which the pumps are enabled is caused by
instability in the optical pumping scheme. As the high-power
pump changes the ring waveguide s index of refraction, it pro-
vides switching of the probe signal, but also simultaneously de-
couples itself from the resonator, because the pump isofa xed
wavelength. As a result, the ring index returns to its previous
state when the injected carriers decay, and the pump is again re-
coupled, etc.
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Fig. 7. CSA traces of packetized data encoded on C35 (a) before injection into
port in0, (b) at the output of port out0, and (c) at the output of port outl. The
time scale is 20 ns/div with in nite persistence enabled; no averaging is used.
The apparent eye diagram is a sampling phenomenon of the CSA, and should
be ignored as the data rate of 10 Gb/s is much faster than the displayed packet
rate.

The extinction ratios and relative insertion losses of the
switch are determined from the CSA traces. Extinction ratios
of 11.5 dB (in0-out0) and 7.8 dB (in0-outl) are observed. The
insertion loss of the cross state is about 4 dB higher than that of
the bar state. This occurs mostly because of the TPA-induced
free carrier absorption (FCA) generated by the high-power
pumps, which induce higher losses for the probe section that
coincides with the pump in time. Much of this loss can be
avoided in electronic injection schemes, where the pump and
probes will not propagate through the waveguides together. A
certain amount of FCA will always exist where the carriers
are injected, but it may be possible to match the insertion
loss of the ring (about 1 to 2 dB [16]) to the combination of
losses resulting from FCA and the waveguide crossing, thus
equalizing the insertion loss for all possible pathways.

In addition to affecting the loss uniformity, the nonlinear loss
also degrades the port-to-port crosstalk. Here, we de ne the
port-to-port crosstalk for path in0-out0 (in0-outl) as the ratio of
the oN-state power through path in0-outO (in0O-outl) to the OFF-
state power through the path in0-outl (in0-out0). This metric
is important for characterizing the effect of nite extinction ra-
tios on other messages in the switch. It describes the amount of
leakage power that may adversely affect another message in the
switch. The crosstalk experienced for path in0-outl, which is
the path that is degraded by the nonlinear loss, is 7.0 dB; in the
case of path in0-outO, the crosstalk is 12.3 dB.

Finally, the dynamic power penalty of the switch is measured
by using the same six-channel probe source incident on port in0.
Here, the data are gated into 9.6-ns packets recurring in 12.8-ns
slots by using an SOA. The same pump signal is used to switch
one of every eight packets to port outl, while the rest travel
to port outO (Fig. 7). The back-to-back curves for the power
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Fig. 8. BER curves depicting the dynamic power penalty of a six-channel
WDM signal propagating from in0 to out0 ( ) and to outl M . The
back-to-back measurements, taken with the pumps disabled and the resonator
modes realigned thermally, are shown by using dashed lines and open symbols,
while the switched measurements are shown by using solid lines and lled
symbols.

penalty measurements (Fig. 8) are taken with the pumps dis-
abled and the resonances realigned to the wavelength channels
by using the TEC controller. The BERT is gated over the ar-
rival of the switched packets, separately for each measurement
(in0-out0 and in0-outl). The results show approximately 1.1 dB
of difference between the two back-to-back curves, attributed
mostly to narrowband ltering and consistent with the static re-
sult listed in Table | for C35 on port out0. An additional power
penalty of 1.9 dB for path in0-outO is incurred under dynamic
operation. We believe this is caused by slight power uctuations
imposed on the switched data packets, which exist under dy-
namic operation and result from small thermal variations. Since
the thermal time constant is longer than the pump periodicity,
these variations occur slowly across many pumping cycles, but
affect parameters, such as the optimal receiver threshold setting
over the course of measuring one BER curve.

For path in0-outl, an overall power penalty of 3.5 dB is
measured. The causes of this penalty are divided between the
nonlinear losses, the pump ASE noise, and dynamic operation.
Note that the nonlinear losses and ASE accumulation were also
present during the static BER measurements, which resulted
in power penalties of less than or equal to 0.5 dB. However,
the power uctuations on the switched packet due to dynamic
operation, which are manifest by the declining power observed
across the packet duration [Fig. 7(c)], are now evident over
the duration of a single packet. Therefore, the uctuations
must be attributed to carrier dynamics, as they occur much
too fast for thermal effects. The pump signal is not able to
maintain an adequate level of carrier injection over the entire
length of the 9.6-ns packet. This is validated by the opposite
shape of the suppressed packet in Fig. 7(b), and is clearly an
example of the performance problems which can be mitigated
by using electronic means of carrier injection. As in [8], voltage
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