IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. XXXX, NO. XXXX, MONTH DAY, 2017 1

On-chip OSNR Monitoring with Silicon Photonics
Transparent Detector
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Abstract—Non-invasive integrated detectors, named Contact-
Less Integrated Photonic Probe (CLIPP), are employed to
demonstrate on-chip noise-independent power monitoring of
optical channels and in-band Optical Signal to Noise Ratio
(OSNR) measurement. The proposed technique is based on a
two step lock-in demodulation of optical signals that are suitably
labeled with low-modulation-index labels. We demonstrate OSNR
measurement from 8 up to 27 dB/0.1 nm on 10 Gbps on-off keying
(OOK) signals with a power level ranging from -25 up to -15 dBm.
This approach provides a promising tool for the monitoring of
channels in reconfigurable optical networks with flexible channel
allocation strategy, where the small channel separation makes
the measurement of the in band OSNR challenging.

Index Terms—Silicon Photonics, Optical Signal to Noise Ratio,
Optical Power Monitoring, Photonic Integrated Circuits.

I. INTRODUCTION

N-chip optical power monitors are essential components

for the control and operation of complex photonic inte-
grated circuits (PICs). Integrated detectors allow for diverse
functions on a chip including, but not limited to, routing
and switching of optical channels [1], [2], self configuring
PICs [3], thermal tuning and wavelength locking of filters and
modulators [4], [S]. In practical applications, most of these
functions require the identification, monitoring and manipu-
lation of optical signals regardless of the presence of other
channels and/or optical noise. For applications where optical
noise is propagating together with the signals, e.g. in systems
with optical amplifiers such as Erbium Doped Fiber Amplifiers
(EDFA) or Semiconductor Optical Amplifiers (SOA), the
monitoring of the OSNR of the optical channel also becomes
important. This measurement allows the identification of faults
or defects on the system, permits the monitoring of the aging
of the optical transmission channel and provides information
on the Quality of Transmission (QoT) of the signal, which one
can use to estimate the Bit Error Rate (BER) of the channel.
In this letter, we demonstrate that transparent integrated
detectors, namely CLIPP [6], can measure the power of optical
channels propagating in a silicon photonics (SiP) waveguide
regardless of the optical noise. To this aim, a 10 Gbps OOK
optical channel is suitably labeled through a weak amplitude
modulation that introduces negligible performance degrada-
tion. In addition, we show that the same technique can be used
to measure on-chip the in-band OSNR of the optical channel.
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Fig. 1. a) Schematic of the proposed technique for the on-chip transparent
measurement of optical channel power and the OSNR. b) Micrograph of the
top view of the CLIPP device, and c) cross sectional scheme of the device
showing its equivalent electrical circuit.

II. MEASUREMENT TECHNIQUE

The building blocks of the proposed measurement technique
are shown in Fig. la). The PIC or System on Chip (SoC)
inside the dashed lines can be as general as wished, possibly
including one or more blocks before and/or after the CLIPP
detector. These blocks can include both passive and active
components that might add diverse kinds of optical noise
such as Amplifier Spontaneous Emission (ASE), crosstalk
due to backscatter and/or crosstalk from other propagating
channels. As a basic concept of the proposed techniques, the
signal power P, and the noise power P,, can be discriminated
from the total power (P, = Ps + P,) because the signal is
labeled with a weak modulation label, whereas the noise is not
labeled. After recalling the main concepts of CLIPP detector
in Sec. II-A, the signal labeling and detection techniques
exploited in this work are described in Sec. II-B.

A. Waveguide conductivity and optical power

The CLIPP monitors the light intensity in a waveguide
by measuring the change in the resistance R%,,, of the core
segment between the two metal pads shown in Fig. 1b) [6].
This change is induced by free carrier generation, which in
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turn is due to photon absorption occurring in the semiconduc-
tor waveguide core. The change in the waveguide resistance
versus the optical intensity exhibits different slopes at different
power levels [7], depending on whether the dominant effect
generating free carriers is either Surface State Absorption
(SSA) or Two Photon Absorption (TPA) [8]. The general
relation has a nonlinear dependence on the optical power and
obtaining this relation is the first step to measure the optical
power in the waveguide.

To measure the light dependent waveguide resistance, one
needs an electrical path to access the waveguide resistance
Ryg. As shown in Fig. 1c), the CLIPP device provides a
non-invasive (contactless) access through a capacitive coupling
(C4). The measurement of the device admittance is achieved
via the two electrical signals V. and i. [6]. The relation
between the CLIPP admittance and the waveguide resistance

is given by
1
Yerion(s) = sCy + 1

v (%) Rug 5+ 2/RugCa M

where C., is the parasitic capacitance between the two CLIPP
terminals. To eliminate the dependence on (., which can
be considered light independent, a dark-state reference mea-
surement of Y, is performed without light propagating in
the waveguide. By working with a reading frequency higher
than the natural frequency of the CLIPP, f. = 1/7R,4Ca,
the magnitude of the variation on the complex admittance,
AYyipp, provides directly the variation of the waveguide
conductance AG,,. For mW range optical power in the
waveguide, the conductance change AG,,,4 is tipically in the
nano Siemens scale [6]. To measure such small values, a
standard low noise trans-impedance amplifier (TIA) can be
used and its output is applied to a lock-in demodulator. The
output voltage of this lock-in demodulator, hereforth called the
CLIPP demodulator, when subtracted from the reference dark-
state voltage provides the absolute variation on the waveguide
conductance AG ..

S

B. Channel labeling

To measure channel powers independently of either multiple
optical signals or optical noise propagating simultaneously in
a waveguide, one can combine the use of channel labeling
and CLIPP detectors. To this aim, on the transmitter side,
the channel is intensity modulated with a frequency f, below
the reading frequency of the CLIPP [2]. To not degrade the
performance of the transmitted channel, a low modulation
index p (< 8%) shall be used [8]. This can be achieved with
a Mach-Zehnder (MZ) modulator driven with an amplitude
much smaller than its V., as shown in Fig. 1a). The signal
labeling can be performed either directly on-chip, by using
thermally tuned MZ modulators [2] or with external modula-
tors close to the transmitter.

To obtain the label power measurement one needs to add
a label demodulation stage after the output of the CLIPP
demodulator. The output voltage V,,; 2 of this second lock-
in demodulator is proportional to the change in the waveguide
conductance AGyqpe; Which is due to the labeled signal. Since
the label is simply an amplitude modulation of the signal, the
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Fig. 2. Block diagram of the optical (white) and electrical (grey) setup used
in the experiments.

relation between the signal power, P;, and the label amplitude
is given by the modulation index u. As a result, the relation
between AGiqpers, i-e. the optical power of the signal that was
labeled (F;), and Vi, 2 is given by

Vout,2

AGgpel GriaVo (2)
where G4 the gain of the TIA and - is the slope of the
Optical Power vs. AG relation (Eq. (3)), to be discussed in
Section IV. The slope term appears in this relation since the
label amplitude is proportional to the derivative of Eq. (3).
The bandwidth of the label demodulation stage ultimately
determines the tradeoff between the response time and the

noise level of the signal power detection.

III. EXPERIMENTAL SETUP

In the experiments, each CLIPP pad is made of a
20x50 pum? metal electrode deposited on top of a straight
SiP channel waveguide. The two pads are spaced by 50 pm.
The core has a rectangular cross section of 480x220 nm? and
is buried in 600 nm thick SiOs upper cladding.

The experimental setup is shown in Fig. 2. Since the
addition of the label must not impair the transmitted signals,
a label with a 7% modulation index at f, = 3 kHz is applied
to a 10 Gbps OOK signal, with carrier wavelength 1558.3
nm, by a commercial LiNbO3 MZ modulator biased at 3 dB
transmission. An ASE noise source is coupled to this signal
via a 90/10 fiber coupler, after being filtered by a 2 nm
tunable filter. Two variable optical attenuators (VOAs) are
used to control respectively the off-chip OSNR level between
5 dB/0.1 nm and 24 dB/0.1 nm, and the signal power Py;gnai
from -25 dBm up to -15 dBm. Since the noisy signal is
coupled to the SiP chip through polarization selective grating
couplers, the on-chip OSNR level is 3 dB higher than the off-
chip OSNR. As the ASE signal is not labeled, the second
demodulation of the CLIPP at the label frequency f; can
provide direct information on the signal power. It should also
be noted that to compute the OSNR in dB/0.1 nm the ratio
between total noise power and the noise at 0.1 nm resolution
bandwidth (RBW) should be known. In the experiments the
ratio is 15.4 dB. For systems with several noise sources,
channels and filtering elements, an optical demultiplexer can
be added to extract the channel to be monitored and a flat
spectral portion of the noise.
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Fig. 3. Measurement of the Q factor penalty due to the insertion of a label
on a 10 Gbps OOK signal.

For the CLIPP readout circuit, one electrode of the CLIPP
is driven with a sinusoidal voltage V. = 6 V. at f. =
100 kHz, while the second electrode reads the current signal
i that contains information on the light intensity inside the
waveguide. The current is then converted to voltage via a
low noise TIA and detected with a lock-in amplifier whose
low pass filter has a 3 dB bandwidth of 4.5 kHz. The label
demodulation is then applied to the output of the CLIPP
demodulator, at the label frequency of 3 kHz and filtered with
a lowpass narrow bandwidth filter with a 3 dB bandwidth
of 10 Hz. This narrow bandwidth allows a smaller standard
deviation in the OSNR measurement.

IV. RESULTS

To quantify the penalty induced by the label, the Q factor
of the 10 Gbps OOK signal was measured as a function
of the modulation index p. Figure 3 shows that when the
intensity of the label increases, the penalty in the Q factor
also increases. The two eye diagrams shown in the insets
correspond to the label-free signal (Q = 7.7 dBQ) and to a
label amplitude i 19% (Q = 6.0 dBQ). To keep the Q penalty
below 0.5 dBQ, a modulation index p = 7% is used for the
reported measurements.

The measurements of the total power P, propagating in
the waveguide was carried out by using either a CW source
at a wavelength of 1558.35 nm or ASE noise (1530 nm to
1560 nm). Results in Fig. 4 show that both sources generate the
same conductance variation because of the broadband response
of the CLIPP detector [9]. The accuracy of the measurement
is related to the electrical bandwidth of the lock-in amplifier,
i.e. its low pass filter. As shown in the inset of the figure, the
standard deviation of the measured AG decreases from 1 nS
to 0.01 nS when the bandwidth is narrowed from 100 Hz to
1 Hz.

The measured points were fitted with a power law relation
in the form of

AG = o+ P 3)
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Fig. 4. Measured conductance variation AG as a function of total power P
in the silicon waveguide for CW and ASE signals at the CLIPP demodulator.
The CLIPP is demodulated using two filter bandwidths (10 Hz and 1 kHz)
of the lock-in amplifier. The standard deviation of the measured AG versus
the lock-in bandwidth is shown in the inset.
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Fig. 5. Measured total power P; (solid lines, after CLIPP demodulation) and
signal power Ps (dashed lines, after label demodulation) of a 10 Gbps OOK
signal, for three different optical power levels (-15 dBm green, -20 dBm red,
-25 dBm blue) in the silicon waveguide.

where P, is the power in the monitor in dBm, and AG the
waveguide conductivity variation in nS, with o = 3.7 x 1074,
B = 0.073 and v = 0.87. The blue line in Fig. 4 shows the
fitted curve according to Eq. (3). The sublinear dependence of
the conductance variation versus the optical power (y < 1) re-
sults from a power dependent recombination time of the photo-
generated carriers [6], [8]. At low power, the slope changes
in agreement with other observations on photoconductiity [7].
This change in the AG vs P; slope shall be considered when
computing the ratio between the label and total powers.
Figure 5 shows that the dual demodulation technique can
be used to identify the channel power P amid the total power
P, of a noisy signal. Three signal power levels are considered,
namely -15, -20 dBm and -25 dBm and the OSNR is varied by
changing the ASE level. The solid lines (F;) are the output of
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Fig. 6. Comparison between the OSNR measured on a 10 Gbps OOK channel
with an external OSA and the OSNR measured on-chip with the proposed
technique. The three curves correspond to different values of the signal power
Ps =-15 dBm (blue), -20 dBm (red), and -25 dBm (green).

the CLIPP demodulation at f. = 100 kHz filtered by the low
pass filter with 4.5 kHz bandwidth. The dashed lines (P;) are
the output after the label demodulation at f, = 3 kHz filtered
by the low pass filter with 10 Hz bandwidth, which does not
include the in-band noise component of the signal. The error
bars show the standard deviation of the measurements and
the markers indicate the average values. It should be noted
that the measurement of P; is independent of OSNR, thus
allowing for an accurate measurement of the signal power
regardless of the noise level. Since the power of the label (p =
7%) is more than 10 dB lower than the average power of the
signal, the error bars in the measurement of Py after the label
demodulation are larger than those of Fig. 4 (measured after
CLIPP demodulation only), specially at the lowest power level
of -25 dBm. As expected, at high OSNR values the measured
P, converge to the noise-free value given by Pk.

From the measurement of P, and P,, the OSNR of the
10 Gbps channel can be directly derived. The curves of Fig. 6,
obtained from the data of Fig. 5, show a good agreement be-
tween the OSNR measured with an external optical spectrum
analyzer (OSA) and the signals provided by the CLIPP, in the
measured OSNR range. A small deviation in the measurement
of the OSNR (< + 1 dB) is observed with respect to the
signal power P,. The inset shows the optical spectrum at
0.1 nm of RBW of the measured signal in the low and high
OSNR regions. These results show that the dual demodulation
technique is robust and enables accurate on-chip measurement
of in-band OSNR.

V. CONCLUSIONS

We have proposed a technique to measure the in-band
OSNR of a channel on a SiP chip by using transparent inte-
grated monitor. OSNR values from 8 up to 27 dB/0.1 nm were
measured on a 10 Gbps channel, with less than 1 dB deviation
with respect to the measurement provided by an external OSA.
Low dependence on the signal power, in the range between

-25 and -15 dBm, was observed. The technique exploits the
labeling of the optical signal with a weak modulation label,
which adds a very small system penalty in the quality of the
channel (< 0.4 dBQ for 10 Gbps OOK). In addition to the
OSNR, the technique is able to provide a noise insensitive
measurement of the optical power of noisy signals.

The presented approach, here employed for monitoring a
10 Gbps OOK channel, can be applied to optical signals with
arbitrary bandwidths and amplitude/phase modulation formats,
which can be also multiplexed in space, wavelength, polariza-
tion and/or angular momentum. In addition to the SiP platform
employed in this work, this technique can also be implemented
in III-V platforms, where the CLIPP functionality has been
demonstrated [10], where it could be effectively used for a
local noise level monitoring of integrated optical amplifiers.
The labeling and detection method presented here does not
strictly require the CLIPP detectors and could be implemented
with standard photodiodes, yet requiring a portion of the
optical power to be tapped out of the waveguide, as well as
other non-invasive monitoring devices [11]. Finally, promising
applications are expected for the monitoring of channels in re-
configurable optical networks with flexible channel allocation,
where the small channel separation makes the measurement
of the in-band OSNR challenging.
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