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Abstract—Silicon micro-resonators have been proposed for
short-distance intracomputer interconnects and recently for
long-distance communications. In this letter, the spectral profile,
chirp, and power penalties are theoretically analyzed, measured,
and compared for a recent silicon microdisk resonator technology.
Theory predicts negative pulse chirping of the transmitted wave
which when combined with the dispersion properties of SMF-28
fiber results in no power penalty at 40 km and less than 1 dB
for 70 km at 5 Gb/s. The measurement at 5 Gb/s agrees with the
theoretically predicted values. Measurement of the modulator at
a bandwidth limited speed of 10 Gb/s results in 2- and 6.5-dB
power penalties at 40 and 70 km, respectively. Comparison with
commercial Mach-Zehnder modulator (MZM) technology at
70 km shows that the silicon microdisk is within 0.5-dB power
penalty of the MZM at 5 Gb/s and within 4 dB of the MZM power
penalty at 10 Gb/s. Theory and experimental results show silicon
photonic modulators can be competitive options for long-distance
communications.

Index Terms—Networks, resonators, silicon-on-insulator tech-
nology, wavelength-division multiplexing.

I. INTRODUCTION

ECENT work in silicon photonics has focused on

creating compact filters, modulators and detectors for
integration on complimentary metal oxide semiconductor
(CMOS) or a photonic chip bonded to CMOS [1]-[4]. Recent
measurements of silicon resonant modulators have shown
potential for geographically separated interconnects which,
among many other applications, could enable long haul/short
haul datacenter communication transparency [5], [6]. Previous
work [6] does not include a physical model that corroborates
with measurements and the short pseudorandom bit sequence
(PRBS) of 27 — 1 is not predictive for the commonly used
G.709 Optical Transport Channel Unit-2 protocols operating at
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Fig. 1. (a) SEM of the disk modulator. The signal line delaminated from the
via during SEM preparation which accounts for its bent appearance. (b) Mod-
ulator side view shows it is a vertical depletion device, side coupled to a bus
waveguide, and designed to run in reverse bias. P-type doping is on top, N-type
on the bottom with highly doped plugs in the center.

10 Gb/s that are approximated more accurately with longer bit
sequences. Thus, the shorter bit sequence can potentially lead
to less dispersion penalties as measured in [6] than would be
achieved in an actual long distance system and less than the
measurements that we report here. Here, we measure the long
distance dispersion characteristics of low power microdisk
technology and in consideration of the application use a more
stringent 23! — 1 PRBS. Results are for the first time substan-
tiated with a resonator model.

The disks are 3.5 ;#m in diameter, using 240 nm thick silicon
on insulator with a 350 nm bus to waveguide separation. Contact
is made using tungsten to highly doped P and N ohmic regions
with PN junction overlap in a vertical depletion region as de-
picted in Figs. 1 and 2(a). The advantage of this design is that
by using reverse bias modulation in a compact design record low
energy/bit is achieved [7] and no pre-emphasis is needed. Fur-
thermore, disks suffer from fewer manufacturing variations than
rings because there is no inner radial dimension or etch-depth
sensitive super-radial contact area [8]. Modulation here is 3.5V
peak-to-peak reverse bias.

II. ANALYSIS

When considering the long distance transmission, a simple
first order phenomenological model for a critically coupled res-
onator [9] is used to describe the transmitted waves:

J (w — wo(t))
i (w = wo(®) + 75

S =

where s, is the source wave amplitude incident at the disk-wave-
guide point, s; is the through-port (transmitted) wave amplitude,
w is the frequency of the continuous wave laser line incident on
the resonator, wy is the resonant frequency of the disk, and 7 is
the photon lifetime. Both wq and 7 are functions of the voltage
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Fig. 2. (a) Top view shows the PN junction covers pi-radians of the disk and
the ohmic contacts are half-moon-shaped mirroring the disk circumference.
(b) Phase response of the modulator for resonant frequencies detuned 20 GHz
from each other. Phase accumulates when moving to lower frequency.
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Fig. 3. (a) Resonances for 0- and 3.5-V reverse bias. The source laser is on the
resonance for a logic “0” (i.e., +20 GHz on the plot above). (b) The time evo-
lution of the pulse and phase at 5 Gb/s. The phase evolution shows the change
from high frequency to low frequency.

across the modulator. Fig. 2(a) shows the incident and trans-
mitted ports, s; and s; respectively. For a modulator with no
drop waveguide, which is the case here, we are only interested
in the transmitted wave. Under modulation this is a pulse with
amplitude given by (1) and phase, ¢, given by the component
analysis of (1):

¢ = tan " {7(t) [w — wo(V)]} )

By inspection of (2) it is clear that when w = wq the phase term
is zero and that the phase changes to higher values as the reso-
nance (wq) moves to lower frequencies away from the laser fre-
quency allowing the laser wave to pass creating a logic “1”. This
action of the phase can be seen in Fig. 2(b) where the phase re-
sponse of the modulator is plotted for two different resonances.
Movement of wg by 20 GHz results in a phase shift of about 1/2
a radian for constant frequency w which is the carrier wave em-
anating from a laser source. Because of the accumulated phase
during this operation, higher frequencies are in the pulse leading
edge.

To quantify this action, the resonances were measured at 0 V,
a logic “0”, and —3.5 V, a logic “1”. Plots of the resonances
of these two states are shown in Fig. 3(a). The 3.5 V reverse
bias point shows a higher () because of the longer photon life-
time possible when carriers are swept out of the disk in reverse
bias. The values of the photon lifetime at the two points are es-
timated using the 3 dB width of the resonance to be 5.2 ps and
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5.9 ps for 0 V and —3.5 V respectively. The resonant frequen-
cies and photon lifetimes at these bias points were then used
as endpoints for the sweep of wg and 7 in (1). To simulate the
forcing between these endpoints a time constant was computed
from the device series resistance and capacitance to emulate the
charge depletion action in the resonator. The pulse and temporal
phase as predicted by (1) is depicted in Fig. 3(b). The model also
predicts a phase evolution with high frequencies at the front and
lower frequencies at the back, which are consistent with the the-
oretical study done in [10]. The change from higher frequency
to lower frequency during the duration of the pulse is evident
and this will cause pulse compression in standard SMF-28 fiber
which has a dispersion factor of ~18 ps/nm-km for 1550 nm
light. This negates some of the group velocity dispersion for an
unchirped Gaussian pulse as will be demonstrated with both the-
oretical and measured results.

To estimate the resulting power penalties, reference is made
to [11] for two equations. (The power penalty in this case refers
to the additional optical power, provided by an erbium doped
fiber amplifier, needed in the receiver in order to keep the bit
error rate constant for an increase in the transmission distance
at a given bit rate.) The first predicts the power penalty based
on pulse spreading of a Gaussian pulse for given bit-rate, B,
dispersion, D, length, I, and laser linewidth, o :

64 = —5logyy [1 — (4BLDay)’] 3)

The model output becomes imaginary when the inner paren-
thesis grows beyond unity so use of this equation is limited to
bit-rates below 6 Gb/s. Equation (4) provides power penalty for
chirp alone which we convert to wavelength for A.:

6. = —10logyo [I — ABLDAN] (4)

The values for B, L and D are known from the experiment and
fiber characteristic given above. ¢ is estimated to be 3/4 of
the bit rate which accounts for the frequency side bands on the
amplitude modulated carrier wave. This leaves the chirp, A.,
which we estimate by integrating the values from Fig. 2(b) over
the length of the pulse to get 70 MHz in the frequency domain
for the pulse at 5 Gb/s and about twice that at 10 Gb/s.

The results of (3) and (4) are added phenomenologically to
account for the two contributors to power penalty. In the regime
where high frequencies lead the pulse (2) predicts compression
in SMF-28 fiber leading to the analytically predicted penalties
in Fig. 4(a) that will be used in comparison to measurement. The
expected group velocity dispersion for an unchirped Gaussian is
mitigated by the small pulse compression from the chirp. This
leads to no power penalty at 40 km for 5 Gb/s and a 1 dB penalty
at 70 km that is also consistent with the theoretical values shown
in [5]. The chosen transmission distance is arbitrary, as actual
systems have widely varying lengths, but typical for tests of this

type.

III. EXPERIMENTAL RESULTS

Before looking at the power penalty measured performance
at 40 km and 70 km it is necessary to understand the bandwidth
limitation of the modulator. Fig. 4(b) shows that no bandwidth
limitation exists up to 5 Gb/s for back-to-back operation of the
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Fig. 4. (a) Predicted power penalties based on (1) bandwidth driven group ve-
locity dispersion alone and (2) chirp, and (3) finally the sum of the two for 40
and 70 km and 5 Gb/s. (b) Probe pad capacitance bandwidth limits the tested
device at 10 Gb/s resulting in a back-to-back power penalty at 10 Gb/s.
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Fig. 5. Experimental setup showing power levels at each stage of the commu-
nication system. The signal is amplified before and after the variable length of
fiber (0, 40, and 70 km).
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Fig. 6. (a) Measured power penalties for 0, 40, and 70 km at 0, 0, and 1 dB,
respectively, at 5 Gb/s are in agreement with theory indicating the modulator
benefits in this regime from negative chirp. (b) Bandwidth limitation at 10 Gb/s
results in penalties of 1 dB at 40 km and 8.5 dB at 70 km.

modulator and detector. At 10 Gb/s the 0 km bandwidth limi-
tation results from the series resistance and capacitance of the
modulator which are 1 £€2 and ~24 fF (3 dB frequency response
~6.63 GHz). The pad capacitance of 50 fF with 50 €2 impedence
has only a small bandwidth impact.

Measurement was done using the setup shown in Fig. 5 with
Centellax TG-1B1A pattern generator, clock and bit-error-rate
tester (BERT) with 22! — 1 PRBS. Light was coupled from an
Agilent 8164B tunable laser into the chip using lensed fibers for
total on/off coupling loss of ~20 dB. The signal was amplified
before and after the intervening fiber to 0 dBm and then attenu-
ated before the receiver to vary the received power.

Fig. 6 shows the 5 Gb/s data consistent with the model with
no power penalty at 40 km. The results at 70 km are also within

0.5 dB of the prediction for a measured penalty of 1 dB. Larger
power penalties are observed for 10 Gb/s modulation yet only
about 1 dB is seen at 40 km with 6.5 dB at 70 km. Numer-
ical modeling has predicted negatively chirped modulators can
achieve <2 dB power penalty at 10 Gb/s and 70 km although
the logarithmic nature of (3) precludes analytical prediction be-
yond about 6 Gb/s [10].

Performance is compared to a lithium niobate Mach—Zehnder
Modulator (MZM). The 5 Gb/s performance is within 0.5 dB of
the MZM out to 70 km. The MZM shows insignificant penalty
at 70 km. The MZM penalty is only 2.5 dB compared to 6.5 dB
for the resonator at 10 Gb/s. The 5 Gb/s data and pulse com-
pression modeling in the disk indicate potential for competitive
performance at 10 Gb/s with contact redesign.

Silicon photonic microdisk resonators have been demon-
strated for long distance applications with a model explaining
the low power penalties in the nonbandwidth limited case
(5 Gb/s) given. The model predicts 70 MHz of negative chirp
in a 200 ps pulse. The negative chirp imposed by the modulator
results in pulse compression in SMF-28 fiber which leads to
no power penalty at 40 km and 0.5 dB penalty at 70 km. The
devices show promise for distributed computing applications
with power penalties comparable to installed long distance
modulation technology at 5 Gb/s and the potential for similar
performance at 10 Gb/s.
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