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Abstract We present a novel all-optical wavelength converter based on inter-modal FWM in a p-i-n-
diode-assisted SOI integrated waveguide that is capable of converting wavelengths from the entire C
band to the O band. 32 Gbd QPSK converted signals were experimentally transmitted over 100 km.

Introduction
Currently, we see an increasing interest in fully
utilizing the optical bandwidth of a standard
single-mode fiber (SSMF) in multi-band transmis-
sion systems[1]–[3] to keep up with the envisaged
capacity demand. Also, coherent transmission in
the O band becomes more practical in data cen-
ters[4] with the corresponding growth in traffic.

The use of all-optical wavelength converters
(AOWCs) is beneficial in both of these scenar-
ios. In the first one, it acts as a bridge between
long-haul C-band networks and shorter-range O-
band networks. Approaches based on electron-
ics typically suffer from disadvantageous scaling
of power and complexity with respect to channel
count, symbol rate and modulation format, while
the all-optical solution is fully transparent to all
of those parameters. In another application, dif-
ferent parallel AOWCs (each one optimized for a
particular band) can be used with available effi-
cient C-band equipment (not fully available out-
side of the C band) to process multi-band signals
filling the entire spectrum from O to L bands.

In general, AOWCs have been realized in highly
nonlinear fibers[5], silicon[6], silicon nitride[7] and
other integrated platforms[8], and more recently,
using inter-modal four-wave mixing (FWM) in
few-mode fibers[9] and silicon-based multi-mode
waveguides (MMWGs)[10],[11] to enable larger
wavelength translations. Numerical simulations
on novel nonlinear materials even predict con-
version bandwidths up to 750 nm in single-mode
waveguides[12]. However, experimental all-optical
conversion of data signals between C and O
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band has only attracted little attention so far.
The previous implementations either only demon-
strated a single channel[13] or required a change
in pump wavelength to convert multiple chan-
nels[14]. Therefore, to the best of our knowledge,
this is the first system demonstration of an inte-
grated device, capable of all-optically converting
the complete C band into the O band at once.

Wavelength Converter Design
To implement the actual wavelength converter,
we employ a photonic integrated circuit (PIC) de-
sign, as shown in Fig. 1, fabricated using IHP’s
Photonic BiCMOS technology[15]. The MMWG is
connected to an on-chip mode-multiplexing and
-demultiplexing unit at the input and output, re-
spectively. Those contain an O-band grating cou-
pler (GC) optimized for 1310 nm, connected to
a tapered waveguide yielding the fundamental
mode (TE0) of the MMWG. Further, a C-band GC,
optimized for 1550 nm, is connected to a mode
add-drop multiplexer (MADM), designed to cou-
ple the TE0 signal from the GC into the TE1 mode
of the MMWG. For those components, we rely on
previous designs: the GCs are standard building
blocks of the technology, the MADMs are from a
previous PIC[10], with minor modifications. The
MMWG itself was designed as a rib waveguide
to allow for a p-i-n diode, which is used to re-
move free carriers created by two-photon absorp-
tion and subsequent free-carrier absorption. The
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Fig. 1: Structure of proposed PIC and simplified spectra of
FWM process with pump (red), signal (blue) and idler (green).
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Fig. 2: Normalized FWM efficiency for the designed

waveguide (a). Region from Fig. 4a (black dashed) and the
O-band pump (red dotted) are indicated. Simulated power

evolution of signal (blue crosses) and idler (red circles) along
the waveguide for signal at 1548 nm (b). Initial pump and

signal powers include 5 dB input MADM / GC losses.

MMWG’s length is designed to be 11.7 mm and
bends were designed to be adiabatic[16].

Although the batch of chips used here is
from a generation manufactured before exten-
sive phase matching optimizations[17] were per-
formed, we found that for standard slab height
100 nm, the chips with rib width 1672 nm are
very close to the optimum. Fig. 2a shows the
normalized FWM efficiency |η|/max (|η|) for this
particular design, which measures how much
the idler amplitude is reduced due to phase
mismatch. FWM efficiency is defined as[18]

η = (1− exp (−(α+ j∆β)L)) / ((α+ j∆β)L) with
phase mismatch ∆β, waveguide length L and at-
tenuation α. Fig. 2b shows the on-chip idler pow-
er evolution for operating conditions like in the fol-
lowing system experiment, simulated by solving
propagation differential equations with an Adams-
Bashforth-Moulton solver. Therefore, we expect
an input-output conversion efficiency (CE) – de-
fined as ratio of idler power at fiber output to sig-
nal power at fiber input – of about −39 dB (incl.
5 dB MADM / GC losses at both in- and output).

Experimental Setup
Figure 3 shows the setup used for the follow-
ing measurements. It consists of the transmit-
ter, the AOWC stage, the transmission stage
and finally a Kramers-Kronig receiver (KK-Rx).
The transmitter was used to generate a 32 GBd
single-polarization quadrature phase-shift keying
(QPSK) signal. In the AOWC, this signal was
combined with pump 2. This combination was
sent to the TE1 input of the PIC, while pump 1
was connected to TE0. The pumps are ampli-
fied by an Erbium-doped fiber amplifier (EDFA)
/ Praseodymium-doped fiber amplifier (PDFA),
power-controlled by a variable optical attenuator
(VOA) and filtered by a tunable optical band-pass
filter (T-OBPF). The PIC was temperature con-
trolled and reverse biased with 20 V. The output
coupling angle was optimized for flat CE. Then,

pump and signal polarizations and the fiber-to-
chip coupling were optimized for high CE. From
the TE0 output, the idler is either sent through a
noise-loading stage or over a 100 km SSMF link.

Due to unavailability of a coherent O-band re-
ceiver, a KK-Rx was used. It adds a polarization-
aligned offset continuous wave (CW) carrier to the
signal and uses their beating on a photo diode
(PD) to retrieve the complex base band in the dig-
ital domain. Afterwards, it can be processed by
conventional digital signal processing (DSP)[19].
By adjusting the CW carrier PDFA, the carrier-
to-signal power ratio was maintained at 13.5 dB.
The CW carrier wavelength was placed to create
a guard band of 1.8 GHz between the carrier and
the received signal. The T-OBPF in the KK-Rx
was adjusted to minimize the bit error rate (BER).

Experimental Results
For the following experiments, the powers,
measured at the PIC’s input, were 11.3 dBm,
24.0 dBm and 19.3 dBm for signal, pump 1 and
pump 2, respectively. Starting at optimal sim-
ulated values, we iteratively refined the pump
wavelengths for large bandwidth and high CE. Fi-
nally, pump wavelengths of 1540 nm and 1300 nm
for pump 1 and 2, respectively, were used for ef-
ficient broadband operation (i.e. we employ a
wavelength translation by 240 nm – a value sel-
domly achieved in previous experimental works).

In a first CW FWM characterization, the trans-
mitter was replaced by a tunable external-cavity
laser (ECL). Figure 4a shows the measured
CE when this ECL’s wavelength is swept from
1530 nm to 1565 nm and all other conditions stay
the same. From this figure, we measure a peak
CE of −41 dB (close to the simulated value of
−39 dB) and a bandwidth of at least 25 nm in the C
band, while there is no indication of declining effi-
ciency toward higher wavelengths. When a pump
inside the band is acceptable, even the complete
C band’s bandwidth of 35 nm can be converted.
Although our measurement was unfortunately re-
stricted to the C band due to unavailable equip-
ment, our phase matching simulation suggests a
much higher bandwidth of up to almost 100 nm
(see Fig. 2a). However, in the current device this
would be limited by the GC 1 dB-bandwidth of ap-
proximately 30 nm. We assume that the ripple in
the measured CE is due to inter-modal crosstalk.
Based on these results, we performed C-to-O
conversion experiments using data signals with
wavelengths of 1542 nm, 1548 nm and 1562 nm,



Fig. 3: Experimental setup for C-to-O conversion, including transmitter stage (brown box), AOWC stage (red box), noise-loading
or optional transmission stage (blue box) and KK-Rx stage, including optical spectrum at photo diode as inset (yellow box).

Fig. 4: Experimental results of the AOWC pumped by 24.0 dBm at 1540 nm and 19.3 dBm at 1300 nm: Measured CW CE for
signals in C band (a). Spectra at the PIC input and output (b). BER of 32 Gbd single-polarization (SP) QPSK signals, received

after noise-loading stage (c) and after 100 km SSMF using different launch powers for signal at 1548 nm (d). Constellation
diagrams (e) after the transmitter (i), after the AOWC (ii) and after transmission over 100 km SSMF (iii).

with an additional back to back (B2B) experiment
at 1548 nm. In the B2B case, the transmitter was
directly connected to the noise loading stage and
T-OBPF, ECL and PDFA in the KK-Rx were re-
placed by their respective C-band counterparts.
The results are summarized in Fig. 4c, which in-
dicates an optical signal to noise ratio (OSNR)
penalty of less than 0.4 dB at the hard-decision
forward error correction (HDFEC) threshold from
the AOWC with respect to the B2B case. For
this figure, the OSNR was corrected to a noise
bandwidth of 12.5 GHz, to make C-band and O-
band measurements comparable. Finally, for the
1548 nm channel, the noise-loading stage was
replaced by a 100 km SSMF transmission link
(35 dB insertion loss). A VOA was used to change
the launched powers of the converted signals. For
each power, the BER was measured and the re-
sult is shown in Fig. 4d. A launch power of only
−5.5 dBm is sufficient to stay below the HDFEC
threshold after 100 km.

According to Fig. 4b, pump 1 still has significant
power at the output of the AOWC. Even though a
T-OBPF suppressed this pump by about 30 dB, it
still dominated the output of the following PDFA.
Therefore, only limited launch power for the con-

verted signal was feasible in the transmission ex-
periment. For later devices, we plan to integrate
on-chip pump filtering to clean the output.

Additionally, Fig. 4e shows the measured con-
stellations after the transmitter, after the AOWC
and after transmission over 100 km, each at high-
est OSNR achieved. No relevant distortion is vis-
ible after the AOWC. Therefore, we assume that
other modulation formats work as well.

Conclusions
An integrated AOWC, capable of converting the
complete C band into the O band, has been re-
alized for the first time. It employed inter-modal
FWM in a p-i-n-diode-assisted MMWG to achieve
a CE of −41 dB at moderate pump powers. For
all tested channels, the AOWC caused an OSNR
penalty below 0.4 dB, and the performance was
verified by transmission over 100 km SSMF for a
single channel. Using a PIC platform enabled on-
chip integration of MADMs and allows for space-
and cost-efficient extensions, infeasible in fiber-
based approaches.
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