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Optical Phase Conjugation in a Silicon Waveguide

with Lateral p-i-n Diode for Nonlinearity

Compensation
F. Da Ros, Member, IEEE, OSA, A. Gajda, E.P. da Silva, Member, IEEE, A. Pęczek,

A. Mai, K. Petermann, Life Fellow, IEEE, Member, OSA, L. Zimmermann,

L.K. Oxenløwe, Member, OSA, and M. Galili, Member, IEEE

Abstract—In-line optical phase conjugation is a well-known
technique to enhance the received signal quality through
nonlinearity compensation. Being able to implement the con-
jugation in cm-scale highly nonlinear devices, which can be
integrated on a silicon chip could potentially lead to several
benefits in terms of small footprint and co-integration with
linear signal processing functionalities, as well as lower power
consumption. Here, we focus on silicon waveguides to imple-
ment the optical phase conjugation through four-wave mixing.
The challenges in terms of conversion efficiency imposed by
the presence of nonlinear loss are tackled by using a lateral
p-i-n diode along the waveguide. When the diode is reverse
biased, the conversion efficiency can be effectively enhanced by
the decrease in free-carrier absorption. Low-penalty conversion
can therefore be achieved for WDM signals and the high-
quality of the generated idlers is critical in demonstrating a
1-dB Q-factor improvement through optical phase conjugation
in a 5 WDM channel 16-QAM transmission system after 644-
km of dispersion compensated transmission. The performance
improvement enables a performance better than the HD-FEC
threshold for all the transmitted channels.

Index Terms—four-wave mixing, integrated waveguides,
quadrature amplitude modulation, coherent communications.

I. Introduction

SEVERAL nonlinearity compensation techniques havebeen extensively investigated in the recent years to
tackle the challenge of Kerr nonlinearity and the strong
limitation it poses towards increasing the spectral ef-
ficiency and data rates of current communication sys-
tems [1], [2]. The challenge arises from the need to main-
tain a high optical signal-to-noise ratio (OSNR) through-
out the transmission, as required by more advanced
signaling schemes, leading to a higher launched power
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being required and causing the onset of Kerr-induced
nonlinear distortion. Digital [3]–[8] and all-optical [6],
[9]–[17] approaches, as well as preliminary work where
techniques from both fields are combined [18], have been
reported. One key advantage of all-optical approaches is
the operation bandwidth, which enables to process several
WDM channels simultaneously. Additionally, the access to
a broad bandwidth allows for compensation of the intra-
channel nonlinear interaction, which would be challenging
to address at the receiver side when only one channel
is processed. Using optical phase conjugation (OPC),
nonlinear compensation over a record bandwidth up to
2.3 THz has been reported [16], which is well beyond the
capabilities of practical coherent receivers. The majority of
OPC demonstrations so far have relied on implementing
the conjugation through four-wave mixing (FWM) in a
highly nonlinear fiber (HNLF) [6], [9]–[15] or cascaded
second-order effects in periodically-poled lithium niobate
(PPLN) [16].
The choice of fiber and PPLN as material platforms
has been mainly dictated by the good level of matu-
rity reached by the respective fabrication technologies.
However, silicon photonics has experienced a significant
growth over the past few years following a push towards
increased integration, especially in terms of photonics
and electronics, as well as the potential to leverage from
mature fabrication techniques developed within the CMOS
technology [19]–[21]. From a nonlinear signal processing
perspective, silicon has the considerable benefits of a
high nonlinear refractive index and strong light confine-
ment which further enhances the nonlinear interaction.
The stronger nonlinearity requires only cm-scale devices,
similarly to PPLN, and thus several order of magnitude
shorter than HNLFs where usually hundreds of meter
of length are necessary. However, unlike PPLN, silicon
has a strong potential for on-chip monolithic integration,
thus combining linear and nonlinear processing, as well as
optics and electronics, on the same chip. Additionally, as
group velocity dispersion is dominated by the waveguide
dispersion, by tuning the waveguide cross-section, the
dispersion, and thus the conversion bandwidth, can be
optimized. Nevertheless, whereas using silicon for linear
operations has been extremely successful [19]–[21], a num-
ber of challenges has limited the appreciation of silicon for
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nonlinear signal processing. The material bandgap results
in a strong two-photon absorption (TPA) at telecom
wavelengths (1550 nm). Other than introducing additional
loss, TPA leads to the accumulation of free carriers within
the core region of the waveguide. This excess of free
carriers results in even higher loss through free-carrier
absorption (FCA). The combined impact of TPA and FCA
effectively limits the achievable efficiency of four-wave
mixing (FWM) in silicon waveguides. This was in fact
the key limitation preventing performance improvement
in a recent first attempt at providing nonlinearity com-
pensation through OPC in a silicon waveguide [17]. The
successful compensation of nonlinear distortion was indeed
shown, but the poor conversion efficiency (CE) and thus
limited achievable optical signal-to-noise ratio (OSNR) of
the conjugate signal prevented a Q-factor improvement at
optimum launched power, when compared with straight
transmission. Whereas reducing TPA in silicon would
require changingthe material properties, for example by
looking at amorphous structures [22]–[24] or focusing on
silicon-based compound materials [24]–[27], the impact
of FCA can be significantly reduced simply by adding
n- and p-doped regions across the waveguide. When a
reverse bias voltage is applied to these doped regions, the
generated electric field sweeps out the accumulated free
carriers reducing the nonlinear loss due to FCA [28]–[30].
In this work, we adopt this approach by focusing on sil-
icon nano-rib waveguides with a lateral p-i-n diode struc-
ture. The diode structure enables the effective suppression
of FCA [28]–[30], thus yielding higher CE and idler OSNR.
In particular, we extend our recent demonstration in [15]
by providing a thorough characterization of the nonlin-
ear medium and an extensive discussion of the system
demonstration that has lead to a 1-dB Q-factor improve-
ment through nonlinearity compensation for a 5-channel
wavelength division multiplexed (WDM) 16-quadrature
amplitude modulated (QAM) single-polarization system
after 644-km of dispersion compensated transmission.
The paper is structured as follows. In Section II, fabrica-
tion and static FWM characterization of the silicon waveg-
uide is discussed underlining the optimization in terms of
waveguide length, pump power and reverse bias voltage
that enabled to achieve sufficient CE for the following sys-
tem demonstration. In Section III the experimental setup
for the OPC stage based on the silicon waveguide and the
system setup to evaluate its performance are presented,
followed by Section IV where the performance is reported
and discussed by benchmarking the converted idler against
the original signal. In Section V the transmission system
used for the experimental demonstration is presented and
the results of the comparison between straight and mid-
link OPC transmission are discussed. Finally, Section VI
summarizes the key results.

II. Waveguide fabrication and characterization

The silicon waveguide used in this work has been
fabricated in the BiCMOS pilot line of IHP GmbH. The
waveguides are manufactured on a silicon-on-insulator

a) b)

Fig. 1. (a) Waveguide design and (b) SEM image of the fabricated
nano-rib waveguide showing the vertical electrical contact to the
doped region of the p-i-n junction.

(SOI) wafer with a 220-nm top silicon layer and a 2 µm
buffer oxide. A lithographic step with deep UV lithography
patterns the silicon layer, which is subsequently etched
to provide a nano-rib waveguide with a width of 500
nm and a slab thickness of 100 nm. Note that these
cross-section dimensions lead to normal dispersion in the
telecommunication C-band, thus limiting the achievable
FWM bandwidth (as discussed in the following). Pre-
liminary attempts to improve the design and achieve
anomalous dispersion have already lead to promising
results in terms of broader bandwidth (up to 40 nm for a
cross-section of 500 nm × 400 nm), however at the expense
of higher propagation loss and thus lower input-to-output
conversion efficiency [31]. Since the main focus of this
work is the demonstration of nonlinearity compensation
through OPC in a transmission scenario, bandwidth has
been sacrificed in favor of output idler power and the cross-
section leading to normal dispersion has been chosen. The
structure of the waveguide as well as an SEM image of
the fabricated device are shown in Fig. 1. The separation
between p- and n- doped regions has been optimized to
1.2 µm [29].

In order to interface the waveguides with optical fibers,
vertical 1D grating couplers have been used. The simple
design of these couplers makes them strongly polarization-
sensitive, thus limiting the further discussion to single-
polarization signals. This limitation can be overcome by
using a coupling scheme that can accept both TE and
TM polarizations [32] or by using a polarization-diversity
scheme [33]. The insertion loss of the grating coupler is
approx. 4.8 dB/coupler and the linear propagation loss is
optimized to less than 1 dB/cm when a 40-V reverse-bias
voltage is applied to the p-i-n diode. As discussed in [30],
the diode helps also in reducing the linear propagation
loss by decreasing the carrier life-time for surface states.

Several waveguide lengths have been considered, span-
ning from 2 cm to 5 cm, in order to investigate the
optimum waveguide lengths for implementing the optical
phase conjugation stage. In order to characterize the
quality of the conversion, a strong continuous-wave (CW)
pump was coupled into the waveguide together with a
weak CW and the optical spectra at the output of the
waveguide were recorded to extract the power of the newly
generated idler. For all the analysis, given the polarization-
sensitivity of FWM and of the waveguide grating coupler,
the polarization of the two optical waves was manually
matched to the TE mode of the waveguide.
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Fig. 2. Optimization of the waveguide length: output-to-output (a) and input-to-output conversion efficiency spectra for different waveguide
lengths at an input pump power (at the grating coupler) of 26 dBm. (c) Normalized conversion-efficiency as a function of the waveguide
length for a 1543-nm signal showing the optimum when considering the input-to-output efficiency.

The results of the waveguide length optimization are
shown in Fig. 2. In Fig. 2(a), the output-to-output CE,
defined as the power ratio between idler and signal at
the waveguide output, is shown as a function of the
signal wavelength for the waveguide lengths considered.
For all the curves, pump power, pump wavelength and
reverse bias voltage have been kept at 26 dBm, 1545.5 nm
and −40 V, respectively. The measured curves show the
expected increase in CE as the waveguide length increases.
Similarly, the accumulated dispersion increases yielding a
narrowing of the conversion bandwidth for longer waveg-
uides. Whereas this result seems to indicate that longer
waveguides are desirable, considering the input-to-output
CE, i.e. the power ratio between output idler and input
signal, a trade-off between FWM efficiency and insertion
loss is evident. This trade-off is shown in Fig. 2(b) for the
full CE spectra and then clarified in Fig. 2(c) for a single
signal wavelength (1543 nm) chosen close to the pump,
not to be affected by the conversion bandwidth narrowing
with the length. The two figures, clearly show 4 cm to be
the best available waveguide length. Longer waveguides
provide slightly higher CE but at the expense of higher
IL, which leads to an overall decrease of the output idler
power.

In the following characterization and system demon-
stration, a waveguide length of 4 cm was chosen. The
total (fiber-to-fiber) linear insertion loss of the waveguide,
measured at low-power to avoid the impact of TPA and
FCA were 13.4 dB. This led to an available conversion
bandwidth of 10 nm, which, while sufficient for this demon-
stration, would require further dispersion engineering for
practical applications in the context of a fully-loaded
transmission system [31].

The other parameters of the OPC stage that were
optimized are the reverse bias voltage and the pump
power. The input-to-output CE at a fixed pump power
(26 dBm at the input grating coupler) is shown in
Fig. 3(a) for several reverse bias voltages. As can be
seen, by increasing the bias voltage, the FWM efficiency
is significantly improved until it saturates at approx. -30
to −40 V.

The input-to-output CE at −40-V of reverse bias is

shown in Fig 3(b). The CE increases more than linearly
with the input pump power (≈4 dB increase for a 3 dB
pump power increases), approaching the theoretical 6-dB
increase in the absence of all nonlinear loss and pump
depletion. This further confirms the effectiveness of the
diode in reducing the nonlinear loss. The available pump
power was limited by our experimental setup and not by
nonlinear loss nor by the power handling of the device. By
using higher pump power, higher CE values have already
been shown [30].

III. Optical phase conjugation stage

The full experimental setup of the OPC stage is shown
in Fig. 4, together with the 5-channel WDM transmitter
and receiver used to evaluate the performance of the
converted idler and benchmark it against the original
signal.
The transmitter is based on five WDM channels on a 25-
GHz grid. The central channel and the four neighboring
interferers are generated by encoding 16-GBd 16-QAM
signals onto the optical carriers from external cavity
lasers (ECLs, 10-kHz linewidth) by using standard IQ
modulators (one for the central channel and one for the
four neighbors). The modulators are driven by an arbitrary
waveform generator (AWG) loaded with random data
extracted from a pseudo-random bit sequence (PRBS) and
pulse shaped with root-raised cosine with a roll-off factor
of 0.2. After combining the five channels and amplifying
them in an erbium-doped fiber amplifier (EDFA), the
channels are further individually decorrelated by using a
decorrelation stage based on wavelength selective switches
(WSSs) and fiber-based delays for a minimum inter-
channel decorrelation of more than 70 symbols. The
decorrelation stage further enables the separate tuning of
the state-of-polarization of each channel in order to ensure
that they are all polarization aligned at the output of the
transmitter. The output of the transmitter is then injected
into the OPC stage, where the signals are further amplified
and out-of-band noise is removed with optical bandpass
filters (OBPFs). The pump, from another ECL, is also
amplified and band-pass filtered (0.8-nm wide OBPF)
before being combined with the signals and injected into
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Fig. 3. Input-to-output conversion efficiency spectra (a) for different
reverse bias voltages at a fixed input pump power of 26 dBm at the
grating coupler and (b) for different input pump powers at a fixed
reverse bias voltage of −40 V.

the waveguide through the vertical grating couplers. In
order to maximize the output idler power (i.e. the CE),
the polarization of signals and pump are aligned to the
TE mode of the waveguide. At the waveguide output,
a pair of OBPFs interspersed with an EDFA are used
to suppress the original signals and pump and select the
idler wavelengths. An optical spectrum at the output of
the waveguide, prior to filtering, is depicted in the inset of
Fig. 4, showing an output-to-output CE of -6 dB (input-
to-output CE of −19.5 dB). The slightly lower number
is due to the lower pump power of 25 dBm used for the
system demonstration as it was still sufficient to ensure
low OSNR degradation in the conversion.

At the receiver side, a standard pre-amplified single-
polarization coherent receiver is used, consisting mainly of
a 10-kHz linewidth local oscillator (LO) and an 80-GSa/s
sampling oscilloscope providing the analog-to-digital con-
version. After conversion, standard off-line digital signal
processing (DSP) consisting of low-pass filtering, radius-
directed equalization with a multi-modulus algorithm
(MMA), carrier recovery with a digital phase-locked loop
(DPLL) and bit error ratio (BER) counting, is applied. In
order to provide statistically-relevant measurements, more

than 8×10
5 symbols were processed, leading to a reliable

BER above 10−5 (Q-factor ≈ 12.6 dB).

IV. Converter performance

First of all, the input power to the OPC stage has
been optimized according to the trade-off between loss
of OSNR in the conversion (due to the limited CE and
pump noise leakage) and the on-set of nonlinear effects
such as cross and self phase modulation (XPM, SPM) on
the signal. The results of the optimization, carried out
by varying the input signal power into the OPC stage
and measuring the corresponding Q-factor extracted from
the measured BER, are shown in Fig. 5(a). Whereas
the total idler OSNR ratio increases linearly with the
input signal power, the performance peaks at an input
signal power of approx. 13.5 dBm (6.5 dBm/channel).
This input power level corresponds to a received OSNR
of approx. 34 dB. By keeping the signal power into the
converter set to 13.5 dB, the performance of the idler
was benchmarked against the signal at the output of
the transmitter by varying the received OSNR through
noise loading with amplified spontaneous emission (ASE)
noise at the receiver input. The BER as a function of the
receiver OSNR is shown in Fig. 5(b). The curves shown
refer to the central channel with the neighbors having
very similar performance. The penalty from the conversion
is below 0.5 dB throughout most of the OSNR range
considered and specifically at the hard-decision forward
error correction (HD-FEC) threshold of BER = 3.8×10

−3

(7% overhead). Notice that in the specific analysis, no
additional noise loading is performed at the input of the
OPC stage. This can be considered a potential worst case
scenario in terms of signal degradation. As the conversion
will occur in the middle of the transmission link, the
signal will have suffered OSNR degradation throughout
the transmission and therefore the penalty is expected to
be lower than the 0.5 dB measured with a clean signal at
the transmitter output [34].

V. OPC-based transmission

The full transmission testbed used to evaluate the
improvement provided by the OPC stage based on the
Si waveguide is shown in Fig. 6(a) with the transmitter
and receiver already shown in Fig. 4. At the output of
the transmitter, the signals are injected into a recircu-
lating transmission loop based on three fully dispersion-
compensated spans and EDFAs to compensate for the
fiber loss. Each span consists of a first spool of standard
single mode fiber (SMF) followed by a spool of dispersion
compensating fiber (DCF) such that the accumulated
dispersion per span is fully compensated. The linear
loss, nonlinear coefficient and dispersion coefficient was
0.2 dB/km, 1.2 /W/km and 16.5 ps/nm·km for the SMF,
0.58 dB/km, 7.6 /W/km and -120 ps/nm·km for the
DCF. The three spans have slightly different cummulative
lengths of 50 km, 61 km and 50 km, respectively. At
each loop turn, acusto-optical modulators (AOMs, acting
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(w/o OPC) and converted idler (w/ OPC) at the optimum input
signal power of 13.5 dBm.

as shutters) enable to connect either the OPC path
or a straight parallel path consisting of an additional
EDFA compensating for the loss of the additional loop
components and a gain flattening filter (GFF) which also
suppresses out-of-band ASE noise. When going through
the OPC path, the loss of the additional loop components
are compensated for by the EDFA at the waveguide
output (Fig. 4) while the input EDFA is set such that
the optimum signal power is injected into the waveguide.

A total of four recirculations were considered, corre-
sponding to 644 km, before the WDM channels were sent
to the single-polarization receiver. In the case of OPC-
based transmission, the OPC stage was placed in the
middle of the link, i.e. after 322 km. In order to achieve so,
the OPC AOM (AOM #3 in Fig. 6)(a) let light through
only after the second recirculation, whereas during the
other three recirculations (1,3 and 4) the signal band (or
idler band in the case of third and forth recirculation)
passed through the upper branch with the EDFA and
GFF. A scheme of the equivalent in-line setup is shown
in Fig. 6(b).

Remark that the use of a recirculating loop for transmis-
sion of single polarization signals generally require extra
care in considering the polarization evolution within the
loop [35] In this work, the polarization controllers at the
transmitter side (Fig. 4) allowed to both polarization-
align the signal and to optimize the state-of-polarization
(SOP) in the loop such that it was stable over the
propagation [35]. The state-of-polarization of each channel
was further monitored at the OPC stage where any
polarization misalignment would result in a lower CE for
the specific channel. The CE was therefore equalized by
rotating the overall SOP of the full channel band without
affecting the co-polarization of the channels. Additionally,
the impact of polarization-mode dispersion (PMD) was
negligible due to the relatively short transmission distance
and narrow signal band. For more broad-band, longer
reach systems, PMD is a well-known challenge for OPC-
based nonlinearity compensation. As discussed in [36],
multiple OPC spaced less than half of the polarization
correlation length can address the problem, while provid-
ing additional gain from the multiple conjugations.

The improvement provided by OPC through nonlin-
earity compensation is evaluated by comparing the per-
formance of the straight transmission (no OPC) with
the mid-link OPC scenario. The Q-factor of the central
channel is reported in Fig. 7(a) for both transmission
conditions as a function of the launched power per channel
at the input of each span. In the linear transmission
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Fig. 6. (a) Experimental transmission setup to evaluate the improvement provided by mid-link OPC in terms of nonlinearity compensation
compared to straight (no OPC) transmission; (b) functionally equivalent in-line transmission setup.

regime, no appreciable difference can be seen between
straight and mid-link OPC, further confirming the low
penalty introduced by the conversion, consistent with
Fig. 5(b). As the launched power is increased, however,
the impact of nonlinearity starts degrading the signal
performance leading to an optimum launch power of
approx. -8 dBm/channel and -6 dBm/channel for straight
and OPC-based transmission, respectively. The increase
of optimum launched power when the OPC is introduced
confirms the effective nonlinearity compensation which
results from the conversion. Additionally, the presence of
the OPC yields a 1-dB improvement in Q-factor for the
central channel. The signal quality enhancement provided
by the OPC over straight transmission can be clearly seen
in the constellation diagrams in inset of Fig. 7(a). Such an
improvement is maintained for four of the five channels,
as reported in Fig. 7(b) where the maximum Q-factors
for each transmission scenario (i.e. at -8 dBm and -6 dBm
respectively) are shown for all channels. As can be seen,
the OPC stage enables achieving Q-factors above the HD-
FEC (BER=3.8× 10

−3 or Q-factor = 8.53 dB) threshold
for all the channels. This performance was not achievable
in the straight configuration. All the channels are improved
by the OPC, except for the highest frequency channel
(194.66 THz), which is slightly degraded. This is due to the
residual gain tilt in the EDFAs. In straight transmission,
such a channel has the best performance due to higher
OSNR. After conversion the band mirroring effect due to
FWM, positions the channel at the lowest frequency where
noise accumulation is higher. This slight degradation is,
however, balanced by the almost 2.5 dB of improvement
for the lowest frequency channel (194.56 THz) which
undergoes the opposite shift (lowest to highest frequency),
due to the OPC. Therefore, the frequency-mirroring of the
signal band performed by the OPC helps counteracting the
residual gain tilt of the EDFAs.

VI. Conclusion

The use of optical phase conjugation is a well-known
technique to enhance the received signal quality through
nonlinearity compensation. In this work we presented an
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Fig. 7. Improvement provided by the OPC: (a) Q-factor for the
central channel as a function of the input signal power per channel
both in straight (w/o OPC) and OPC-based transmission. The inset
constellation diagrams refer to the straight transmission at -8 dBm
(left), the OPC-based transmission at -6 dBm (middle), and the
straight at -6 dBm (right). (b) Q-factor for all the channels at
optimum launch power with and without OPC.

OPC module based on a silicon nano-rib waveguide. The
reduced free carrier effects, owing to the diode, enabled
significant improvement in CE, thus enabling the low-
penalty conversion, which is fundamental for including the
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OPC stage within a transmission scenario. By overcoming
the limitations imposed by a conversion penalty [17], the
nonlinearity compensation provided by the OPC leads to
a 1-dB Q-factor improvement after 644-km of dispersion
compensated transmission. This Q factor enhancement al-
lowed for receiving all five tested WDM channels with a Q-
factor above the HD-FEC threshold. This demonstration
confirms the potential of silicon as nonlinear platform for
all-optical signal processing within transmission systems,
especially since the current limitations posed by the
relatively narrow conversion bandwidth and high coupling
loss can be expected to significantly improve with further
design and fabrication optimization.
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