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Abstract: We demonstrate a wavelength domain-mul-
tiplexed (WDM) optical link relying on a single section 
semiconductor mode-locked laser (SS-MLL) with quantum 
dash (Q-Dash) gain material to generate 25 optical carri-
ers spaced by 60.8 GHz, as well as silicon photonics (SiP) 
resonant ring modulators (RRMs) to modulate individual 
optical channels. The link requires optical reamplification 
provided by an erbium-doped fiber amplifier (EDFA) in 
the system experiments reported here. Open eye diagrams 
with signal quality factors (Q-factors) above 7 are measured 
with a commercial receiver (Rx). For higher compactness 
and cost effectiveness, reamplification of the modulated 
channels with a semiconductor optical amplifier (SOA) 
operated in the linear regime is highly desirable. System 
and device characterization indicate compatibility with 
the latter. While we expect channel counts to be primarily 
limited by the saturation output power level of the SOA, 
we estimate a single SOA to support more than eight chan-
nels. Prior to describing the system experiments, com-
ponent design and detailed characterization results are 
reported including design and characterization of RRMs, 
ring-based resonant optical add-drop multiplexers (RR-
OADMs) and thermal tuners, S-parameters resulting from 
the interoperation of RRMs and RR-OADMs, and charac-
terization of Q-Dash SS-MLLs reamplified with a commer-
cial SOA. Particular emphasis is placed on peaking effects 
in the transfer functions of RRMs and RR-OADMs resulting 

from transient effects in the optical domain, as well as on 
the characterization of SS-MLLs in regard to relative inten-
sity noise (RIN), stability of the modes of operation, and 
excess noise after reamplification.
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1  Introduction
Short distance (up to 2 km) wavelength domain multi-
plexed (WDM) electro-optic (E/O) transceiver solutions 
relying on single-mode fiber (SMF) have moved into the 
spotlight for data center applications with the release of 
three independent 100G multi-source agreements (MSAs) 
in 2014 based on 4 × 25 Gbps on-off keying (OOK) signaling, 
CWDM4 [1], CLR4 [2], and Open Optics [3]. With growing 
data center dimensions, a need for longer reach data 
center interconnects has been identified [4, 5], making a 
transition toward SMF-based solutions attractive despite 
more stringent alignment tolerances during assembly. 
With increasing channel count, e.g., with the C-Form-Fac-
tor Pluggable (CFP) roadmap including form factors with 
up to 16 channels and increasing link distances, solutions 
relying on WDM rather than on parallel optics (with mul-
tiple fibers) are also becoming more effective despite the 
additional complexity associated with the implementa-
tion of a WDM system.

Comb sources, i.e., light sources that generate 
multiple mode-locked optical carriers on a fixed grid 
(the comb lines), are very attractive in this context since 
they can be very compact and could reduce cost due to www.degruyter.com/aot
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the small number of required devices (depending on the 
implementation down to a single semiconductor laser). 
Furthermore, the channel spacing is often a static comb 
source characteristic that does not need to be controlled, 
so that it suffices to actively control the wavelength of a 
single comb line to snap the entire comb to a WDM grid [6]. 
Various compact comb sources have been demonstrated, 
including single section semiconductor mode-locked 
lasers (SS-MLLs) [7–10], semiconductor mode-locked 
lasers with saturable absorber [11, 12], integrated optical 
parametric oscillators (OPOs) relying on the Kerr effect in 
integrated microcavities [13–16], and gain switched comb 
sources [17]. Here, we will focus on SS-MLLs in which the 
individual comb lines are mode locked within a Fabry-
Perot semiconductor laser cavity by means of nonlin-
ear optical effects. While the mode locking, itself, is not 
directly leveraged for the OOK systems investigated here, 
it is indirectly an essential property of the lasers, as it 
allows reducing the relative intensity noise (RIN) of indi-
vidual comb lines by suppressing the mode partition noise 
while maintaining a flattop laser spectrum with a homo-
geneous distribution of the optical power among the comb 
lines [6, 18]. SS-MLLs generate the optical comb without 
requiring additional devices, making them both the most 
cost effective and the most compact light source for inte-
grated WDM systems. While their performance in terms 
of RIN and of optical linewidth does not yet reach that of 
the other aforementioned solutions, they have the highest 
wall plug efficiency as the other solutions incur additional 
optical losses or electrical power consumption associated 
with auxiliary devices (optical cavity, auxiliary injection 
locked laser). As shown in the following, the performance 
of current C-band SS-MLLs is sufficient to support multi-
ple 14 Gbps links with integrated SiP modulators and an 
optical amplifier, with the achievable channel count pri-
marily determined by the optical amplifier characteristics.

Rather than routing the individual comb lines to 
several modulators via WDM multiplexers [19–21], they 
can be individually modulated with frequency-selective 
devices such as high-performance RRMs [22] that can 
be simply cascaded along a single bus waveguide [23, 
24]. While RRMs suffer from a requirement to be tightly 
thermally stabilized leading to excess power consump-
tion [25], any type of WDM system requires some form of 
temperature control: at the minimum, the laser(s) need to 
be temperature controlled to spectrally match the WDM 
multiplexers [26]. Local thermal tuning of the RRMs can 
be combined with global temperature stabilization via 
a Peltier element. While the latter also results in excess 
power consumption, splitting it over increased aggregate 
data rates might make the associated power overhead 

economical in the future. Also relying on ring resonators, 
RR-OADMs [27] can be used to split the channels in the Rx 
and route them to individual photodiodes [28, 29]. The E/O 
S-parameter of a RRM cascaded with a RR-OADM is derived 
in Section 4 in order to assess their interoperability.

In the next sections, we first individually describe com-
ponents we have developed (RRMs, RR-OADMs, thermal 
tuners, SS-MLLs) or characterized together with the 
SS-MLLs (off-the-shelf commercial SOA) in view of realiz-
ing the optical link. We then proceed with a description of 
the system level experiments. In particular, obtaining suf-
ficiently low RIN on isolated comb lines and maintaining 
it throughout optical amplification with a SOA has been an 
important focus of this work. While the final link experi-
ments are done with an EDFA, the data indicates a similar 
architecture can be demonstrated with a more cost-effective 
and compact SOA pending the availability of some addi-
tional laboratory equipment or revised SiP system chips 
incorporating customized optical filters. The system experi-
ments shown here enable the evaluation of the link budget 
for a completely integrated SiP transmitter/receiver solution.

2  Resonant ring modulators
In this section, we review the work we have done to optimize 
RRMs in view of their utilization in a comb source based 
transmitter (Tx) system. The embedded high-speed phase 
shifters rely on the free carrier induced plasma disper-
sion effect [30] in horizontal reverse biased p(i)n junctions 
defined by dopant implantation [31] – the most common 
type of high-speed RRMs due to their relative ease of fab-
rication. When designing the RRMs, several codependent 
parameters have to be jointly optimized in order to reach 
a desired data rate with maximized modulation efficiency. 
There is a well-known tradeoff between data rate and mod-
ulation efficiency [32]: higher resonator Q-factors increase 
the modulation efficiency and also the photon lifetime and, 
thus, reduce the optically limited E/O bandwidth. Higher 
dopant concentrations increase the diode capacitance and, 
thus, the phase shift efficiency, but also spoil the Q-factor. 
Carefully adjusting parameters such as waveguide geom-
etry, coupling strength between the ring and the bus wave-
guide [33], dopant concentrations [34] and the width of the 
pin diode’s intrinsic region allowed us to optimize the RRMs 
for several targeted data rates. In order to accurately model 
the RRMs, transient effects in the optical domain [23, 27, 33, 
35–37] have to be taken into account, as we also showed in 
[38] and [39]. Apart from adjusting design parameters, we 
are also optimizing the operation of the RRMs by adjust-
ing the detuning between optical carrier frequency and the 
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resonance frequency of the RRM (the optical carrier detun-
ing), taking optical peaking effects into account to optimize 
the tradeoff between E/O bandwidth and optical modula-
tion amplitude (OMA).

The bandwidth of a RRM is limited by two effects: in 
the electric domain, the RC time constant of the phase 
shifter results from the phase shifter’s diode capacitance 
and series resistance, as well as from the output resistance 
of a lumped element driver or the characteristic impedance 
of a connected transmission line. In the optical domain, 
the photon storage time inside the cavity also limits the 
E/O bandwidth. The optically limited device bandwidth is 
often assumed to be
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Where fph is the -3 dBe E/O bandwidth limitation of the 
RRMs as predicted from the optical domain modeling,  
Q is the loaded Q-factor of the cavity, and fr is the reso-
nance frequency of the ring resonator [40]. An analysis 
of the transient response of the light to an effective index 
change in the cavity has, however, shown that this equa-
tion, while providing a reasonable first order approxima-
tion for a typical RRM operated in OOK modus, is actually 
inaccurate and requires further refinements for best device 
optimization. Here, we will summarize these time dynam-
ics in the small signal limit with the formalism used in [38] 
for RRMs and [39] for RR-OADMs.

We start with the following equations, introduced in 
[27], describing the time dynamics of the optical field in 
ring resonators assuming the round trip time to be small 
compared to other time constants such as the photon 
lifetime, the inverse radio frequency (RF) modulation fre-
quency or the inverse optical carrier detuning

	

1- -r In
a

a i a i E
t

∂
ω µ

∂ τ

 
= +   �

(2)

	
out InE E i aµ= + � (3)

where a is the field amplitude inside the resonator, t is the 
time, ωr is the angular resonance frequency of the resonator, 
τa = 2Q/ωr is the 1/e decay time of the field amplitude (includ-
ing both waveguide and coupling losses), μ is the coupling 
strength between the resonator and the bus waveguide, EIn is 
the amplitude of the bus waveguide mode incoming toward 
the RRM, and EOut is the amplitude of the bus waveguide 
mode outgoing from the RRM. The time-domain coupling 
parameter μ verifies μ2 = κ2vg/L, where κ is the steady-state 
amplitude coupling parameter between waveguides at the 
junction to the resonator [41], vg is the group velocity of the 
waveguide constituting the ring and L its circumference. a 

has the unit of the square root of an energy (the energy stored 
inside the resonator), and EIn has the unit of the square 
root of a power (the incident power), hence, the unit of  
μ is s-0.5. By applying a sinusoidal drive voltage δV·sin(ωmt), 
the resonance frequency is shifted to ωr+δωr·sin(ωmt), 
where the nonlinearity of the transfer function is ignored 
as we are deriving the small signal S-parameter. We do 
assume, however, that δωr is a complex number [38] with 
the imaginary part taking into account the modulation of 
the free carrier-induced losses that necessarily accompany 
the refractive index modulation [30]. As a result, the loss 
modulation enhances the modulation efficiency for optical 
carrier wavelengths smaller than the resonance wave-
length, while it reduces the modulation efficiency for larger 
optical carrier wavelengths [38]. From Eqs. 2 and 3, one can 
then derive the time-varying amplitude of the light inside 
the resonator to be [38]
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where ω0 is the angular frequency of the optical carrier, 
and 0-i tae ω  is the optical field inside the resonator in the 
absence of modulation voltage. The second and third 
terms correspond to the generation of asymmetric side-
bands [38] depending on the optical carrier detuning. This 
was shown to result in the small signal E/O S-parameter
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IE eE ω=  As can be seen from the denominator 
of Eq. 5, this leads to peaking at modulation frequencies 
ωm close to the optical carrier detuning |ω0-ωr|.

We used the multi-physics, finite elements method 
(FEM) modeling software COMSOL (Comsol, Inc., 
Burlington, USA) as well as Synopsys TCAD (Synopsis 
Corporate, Mountain View, USA) to determine the change 
of effective index and optical loss resulting from applying 
a varying reverse bias voltage to the phase shifter. With 
the precise modeling of the time dynamics in the optical 
domain, as given by Eq. 5, and the inclusion of an addi-
tional low-pass filter taking into account the RC time con-
stant, this allowed us to predict experimental results very 
accurately (compare, for example, experimental results 
and models in Figure 1).
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In [39], we reported a systematic experimental 
study of the effect of the ring to waveguide coupling 
strength on the normalized OMA (given by normalized 
OMA = (P1-P0)/Pin, where Pin is the on-chip power enter-
ing the RRM and P1 and P0 are, respectively, the ‘1’ and 
‘0’ signal levels after the RRM) and on the E/O band-
width for two waveguide geometries and fixed waveguide 
dopant concentrations of p- = n- = 1 × 1018 cm-3. The devices 
were fabricated at IMEC via the shuttle service ePIXfab 
in silicon-on-insulator (SOI) wafers with a 220 nm device 
layer thickness and partially etched rib waveguides. One 
set of rings has a radius of 46 μm, a waveguide width of 
550 nm, and a slab height of 150 nm in the cladding region 
(category 1 devices), while the other set has a radius of 
28 μm, a waveguide width of 400 nm, and a reduced slab 
height of only 50 nm resulting in higher confinement of 
the light inside the waveguide core and allowing the 
smaller radius without excessive bending losses at the 
price of a higher series resistance (category 2 devices). The 
dopant concentrations are increased to p+ = n+ = 1020 cm-3, 
respectively, 1.5 μm and 1.1 μm away from the waveguide 
edge for the first and second category. The phase shifters 
of these two categories of devices do not have an intrinsic 
region. A portion of the rings’ circumferences is dedicated 
to a tuning section covering, respectively, 35% and 45% of 
the circumferences for the first and second device catego-
ries resulting in intrinsic Q-factors of 22 100 and 25  500 
(i.e., excluding coupling losses) as obtained from fitting 
the optical transfer function of the rings (in particular, 
linewidth and optical extinction at resonance are suffi-
cient to unambiguously extract the unloaded Q-factor and 
the waveguide to resonator coupling strength as we can 
differentiate over- and undercoupled rings in our design 
of experiment). The free spectral ranges (FSR) of the two 
categories of devices are, respectively, 2.2 nm and 3.4 nm 

and are due to the minimum bending radius as limited by 
bending losses for the first category and by the layout of 
the embedded thermal tuner for the second category. E/O 
S-parameter measurements were done in order to deter-
mine the E/O bandwidth and the normalized OMA. The 
measurements were done with a peak-to-peak voltage of 
2 Vpp and a bias voltage of -0.5 V to keep the diode below 
the turn-on voltage. The results were recorded using an 
Agilent (Agilent Technologies, Santa Clara, USA) 50 GHz 
VNA and a Finisar (Finisar Corporation, Sunnyvale, USA) 
high-speed photoreceiver (40 GHz bandwidth XPRV2021A) 
with an optical carrier detuning maximizing the DC mod-
ulation efficiency. Frequency-dependent signal attenu-
ation occurring in SMA cables and in the photoreceiver 
were calibrated out. Details of the measurement proce-
dure can be found in [38]. It should be noted that even 
at 2 Vpp, the response of the RRMs is close to the small 
signal response, as the response in the -7 to -4 dB normal-
ized OMA range remains in a relatively linear region of the 
transfer function.

Figure 1A shows a comparison of the experimental and 
simulated data for the two families of RRMs at different 
coupling points, defined as the ratio between the actual 
amplitude coupling parameter, κ, and the coupling param-
eter resulting in critical coupling [41], κ0. Coupling points 
above or below one, respectively, correspond to overcou-
pled and undercoupled RRMs. Unless otherwise specified 
(i.e., for Figures 1–3), OMA and E/O bandwidth are simu-
lated and recorded for an optical carrier detuning corre-
sponding to a maximized DC OMA. The effect of varying 
optical carrier detuning is discussed thereafter. The E/O 
bandwidth is always specified as the -3 dBe bandwidth.

As can be seen, the measured and simulated 
data match very well. The simulated effective index 
change Δneff is 7.6 × 10-5 for the 46 μm radius RRM family 

Figure 1: (A) Normalized OMA as a function of coupling point for both families of RRMs and comparison between experimental and 
simulation data. The coupling point is defined as κ/κ0, where κ0 is the bus waveguide to RRM coupling strength resulting in critical 
coupling. (B) Normalized OMA as a function of E/O bandwidth and comparison between experimental and simulation data. The coupling 
point is implicitly varied in this graph.
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(category  1) and 9.45 × 10-5 for the 28  μm radius, deeper 
etched RRMs (category 2). For lower speed devices, the 
difference in performance is due to the better confinement 
of the deeper-etched waveguides resulting in a higher 
overlap with the depletion region and a higher phase shift 
efficiency, as well as to the higher Q-factor of the category 
2 devices. For higher speed devices, the deeper etched 
RRMs are penalized by the increased diode series resist-
ance and a larger RC time constant [39]. This explains why 
the deeper-etched RRMs perform worse than the shal-
lower etched ones in Figure 1B for E/O bandwidths above 
16.4 GHz. The capacitances of the RRMs at 0 and -2  V 
are, respectively, 166 fF and 103 fF for the 46 μm radius 
rings and 85 fF and 53 fF for the 28 μm radius rings. The 
extracted electrical cutoff frequencies of the diode phase 
shifters are, respectively, 30.8 GHz and 23.5 GHz.

Equation 1 is corrected by a prefactor D obtained from 
Eq. 5, which is plotted in Figure 2 as a function of the 
coupling point
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Figure 2: Multiplicative corrective factor applied to the  
E/O bandwidth limitation in Eq. 6 (D), taking optical peaking into 
account according to Eq. 5.

Figure 3: (A) Simulated normalized OMA as a function of coupling point for several dopant concentrations and (B) simulated normalized 
OMA as a function of bandwidth for varying coupling points and dopant concentrations. Each curve corresponds to a different dopant con-
centration color coded according to the legend. Numbers are multiples of 1 × 1018 cm-3. The coupling point is implicitly varied in (B).

Calculating this prefactor for different waveguide 
geometries and dopant concentrations leads to the same 
result so that it can be applied to a wide range of designs 
(there is a slight dependency on the ratio between the 
imaginary and the real part of δωr, which in turn depends 
on the dopant concentrations, but this is a small effect).

A third category of devices was fabricated in a process 
line at Singapore’s Institute for Microelectronics (IME) 
where we could freely choose the implanted dopant 
concentrations, so that we investigated their effect more 
systematically in order to achieve the best possible OMA 
for the targeted cutoff frequency. For this third device 
category, also fabricated in a 220 nm thick silicon device 
layer, the rib waveguides are 400 nm wide, the slab height 
in the cladding region 90 nm, and the radius 10 μm. The 
high-speed phase shifters cover the entire circumference 
of the rings, and the thermal tuners are implemented in 
an independent titanium nitride (TiN) layer located above 
the waveguides (next section). The n+ and p+ regions were 
defined 600 nm from the waveguide edge for contacting.

While the FSR of the first and second device catego-
ries only allowed using a limited portion of the SS-MLLs’ 
spectra (the spectral width of the combs generated by III–V 
Lab’s SS-MLLs is typically 10–12 nm, the laser used for the 
system experiments has a spectral width of 11.6 nm), the 
FSR of this third category is 10 nm and almost covers the 
entire useful spectrum of the SS-MLLs (moving the thermal 
tuner to a separate TiN layer deconstrained the layout and 
allowed sufficient reduction of the ring radius).

First, we compared different dopant concentrations 
ranging from 0.5 × 1018 cm-3 to 4 × 1018 cm-3 while holding p- 
and n- equal and assuming an intrinsic junction width of 
20 nm. The results are summarized in Figure 3. It can be 
seen that a slightly undercoupled ring with the lowest dis-
played dopant concentration achieves the best OMA due 
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to its higher Q-factor. It is, however, apparent in Figure 3B 
that if we take the E/O bandwidth into account, slightly 
overcoupled rings achieve the best tradeoff between OMA 
and bandwidth. The black dashed line represents a con-
stant coupling point of 1.05, which is best for concentra-
tions above 1.15 × 1018 cm-3. For lower concentrations, a little 
less overcoupling appears to be better. All reported simu-
lated E/O bandwidths take into account both the photon 
lifetime and the RC-time constant. The drive voltage was 
assumed to be 2 Vpp with a DC bias of -1 V, which resulted 
in a modeled effective index change of Δneff = 1.4e-4 for the 
implant concentrations of the fabricated device.

Aiming for high-speed, efficient RRMs targeted toward 
32 Gbps, we designed a RRM with dopant concentrations 
of p- = 2.5 × 1018 cm-3 and n- = 2 × 1018 cm-3 and a coupling point 
of 1.05, which resulted in a measured normalized OMA of 
-6.4  dB and a cutoff frequency of 29 GHz using the same 
characterization setup as described above (here, we applied 
2 Vpp with a DC bias of -1 V). The Q-factor is 4890, the capaci-
tance and series resistance of the diode phase shifter are, 
respectively, 39 fF at 0 V (29 fF at 2 V) and 53 Ω. This RRM 
was used for the system measurements reported in Section 7.

Finally, while the optimization made to this point 
assumes an optical carrier detuning that maximizes the 
DC OMA, an additional small performance improvement 
can be obtained by slightly increasing the optical carrier 
detuning [39]. Figure 4 shows the best normalized OMA vs. 
bandwidth extracted from Figure 3B, optimizing the dopant 
concentrations and coupling point for the third category of 
devices, but fixing the optical carrier detuning to obtain 
the maximum DC modulation efficiency (black dashed 
line). The colored curves, on the other hand, show the nor-
malized OMA vs. E/O bandwidth for different dopant con-
centrations (color coded in accordance to the legend) and 
a fixed coupling point of 1.05, but changing optical carrier 
detuning. It can be seen that the colored curves exceed 
very slightly the OMA-bandwidth performance predicted 
by the black dashed curve, indicating that a larger optical 
carrier detuning is indeed beneficial. While the improve-
ment shown here is very slight, it can be larger in other 
cases, for example, as shown in [39] where the dopant con-
centration was fixed and only the coupling point optimized 
for the targeted data rate. The optical carrier detuning can 
also be used to dynamically trade bandwidth for OMA, for 
example, to accommodate higher data rates at the price 
of a link budget penalty. The inset in Figure 4 shows the 
amount by which the RRM can be reconfigured in terms of 
normalized OMA and E/O bandwidth by means of chang-
ing the optical carrier detuning without significantly 
falling below the black curve (in the numerical example 
shown in the inset, ±4 GHz with  < 0.5  dB OMA penalty 
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Figure 4: Simulated normalized OMA versus E/O bandwidth for 
the third category of devices. The black dashed curve shows the 
achievable performance assuming the optical carrier detuning to be 
chosen for maximum DC modulation efficiency. The colored curves 
correspond to a fixed coupling point of 1.05, but with the optical 
carrier detuning implicitly varied. It can be seen that parts of the 
colored curves exceed the performance limit predicted by the black 
dashed curve, indicating that moderately increasing the detun-
ing enhances the performance. The red marker corresponds to an 
optical carrier detuning of 0.35 fr/Q and a slight bandwidth improve-
ment of 5%. The inset shows a detailed view of the RRM perfor-
mance around this set point. It can be seen that the bandwidth can 
be changed by ±4 GHz with  < 0.5 dB OMA penalty relative to a device 
directly optimized for that bandwidth.

relative to a device directly optimized for that bandwidth) 
allowing for some compensation of fabrication tolerances 
and system reconfigurability. In this dataset, the E/O band-
width for curves with peaking is defined as the frequency 
where the E/O S21 drops 3 dBe below its maximum value 
(this is a more conservative metric than 3 dBe below the DC 
S21, the latter not taking peaking-induced phase distortion 
of the S21 transfer function into account [38]).

Figure 5 shows an example of two eye diagrams 
from the same RRM belonging to the second category of 
devices (normalized DC OMA measured as -4  dB for a 2 
Vpp signal with -0.5 V bias; the loaded Q-factor was meas-
ured as 19  400 and the E/O bandwidth as 7.2 GHz). The 
eye diagrams were recorded with 2 Vpp, but with a modi-
fied bias voltage of -1.7 V (increasing the electrical cutoff) 
at a data rate of 20 Gbps and a PRBS-7 pseudorandom bit 
sequence. Figure 5A is measured at a detuning of 5 GHz 
while Figure 5B is measured at a detuning of 16 GHz.

While the DC OMA is much smaller in the second 
case (Figure 5B), the vertical eye opening is larger by 50% 
due to the increased bandwidth. Peaking is also visible 
in the eye diagram of Figure 5B in the form of an under-
shoot below the lower DC level. This is consistent with the 
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optical overshoots predicted in [35, 36, 38, 42] as this eye 
diagram was recorded with an inverting amplifier.

It should be noted that optimizing OMA only, as done 
in this section, rather than also taking signal extinction 
into account, is the right methodology when the noise is 
dominated by additive Rx noise as is the case in a typical 
unamplified datacom link. As the link demonstrator 
described in Section 7 also involves optical reamplifica-
tion with amplified spontaneous emission (ASE), and as 
laser RIN plays a role, the signal quality also depends on 
extinction, and the optical carrier detuning optimized for 
signal Q-factor turns out to be much smaller (resulting in 
a smaller OMA, but also in a higher extinction). Moreover, 
we are targeting a future architecture based on reamplifi-
cation with a SOA operated in the linear regime, for which 
high extinction and low average power are also desirable 
to avoid SOA saturation. The RRM characteristics meas-
ured under these conditions are reported in Section 7.

3  Thermal tuner
Owing to fabrication tolerances in typical foundry 
processes, the resonance wavelength of a RRM is typically 
within a spread on the order of ±2  nm when comparing 
devices within a single wafer [43–45] and on the order of 
±5  nm when comparing devices across several lots [43]. 
While device variability might be improved as technologies 

Figure 5: Eye diagrams recorded with the RRM described in the 
text at 20 Gbps at (A) 5 GHz and (B) 16 GHz optical carrier detuning. 
While the DC modulation levels are reduced in (B), the vertical eye 
opening is increased due to the enhanced bandwidth. Peaking is 
also visible in the form of an undershoot below the lower DC level.

are being ported to 300  mm wafer process lines [46], 
some amount of corrective resonance wavelength tuning 
will remain necessary given the low linewidth of these 
resonant devices (e.g., 0.32 nm for a resonator Q-factor of 
4890). In addition, laser diode fabrication variability, as 
well as drifting laser die and SiP chip temperature need to 
be compensated. Even in the case of global temperature 
control of the SiP chip, e.g., by means of a Peltier element, 
residual temperature gradients created by nearby elec-
tronic or optoelectronic devices need to be locally cor-
rected. In order to maintain the laser detuning in a range of 
±0.028·ω0/Q, corresponding to a detuning error of ∼±10%, 
a local temperature control of ±0.1°C is required, making 
local temperature stabilization a requirement in the field. 
It should also be noted that the mode-locked Fabry-Perot 
lasers used here suffer from imperfect cleaving repeatabil-
ity, leading to FSR variations of a few 100 MHz. While this 
is a big issue for WDM systems relying on devices snapped 
to a fixed carrier frequency grid, such as arrayed wave-
guide gratings, the system architecture explored here, 
based on individually tunable RRMs and RR-OADMs, can 
straightforwardly accommodate this variation.

A commonly used figure of merit (FOM) for thermal 
control of RRMs and RR-OADMs consists in the electrical 
power required to shift the resonance by one FSR. While 
larger rings have a smaller FSR and, thus, require a smaller 
effective index tuning to reach a full FSR shift, they also 
have a larger circumference, so that the total required power 
is approximately independent of the ring radius in the limit 
of large rings where different segments of the ring’s circum-
ference can be considered to be independently tuned. For 
small rings, the power per FSR for thermal tuning depends 
on the ring’s radius, so that different metrics, such as 
electrical power per nm tuning, are also used. In general, 
a thermal tuner needs to compensate for fabrication vari-
ability and a changing thermal environment, the effects of 
both being specified in nm independently of the FSR, so 
that power per nm appears to be the most adequate metric 
for evaluating system level power budgets. Two further con-
siderations enter into the classification of thermal tuning 
mechanisms: Post-processing wafers such as selectively 
removing the SOI substrate below the device [47] or defin-
ing deep trenches and undercutting the device [25] allows 
enhancing the thermal tuning efficiency by more than an 
order of magnitude [48] due to the increased thermal resist-
ance. Moreover, RRMs require RF connectivity in addition 
to the DC electrical connectivity of the heaters themselves. 
As metal interconnects are an important source of heat 
leakage, RRMs tend to require higher power consumption 
than RR-OADMs for tuning, in particular, as the sizing of 
the metal interconnects transporting the RF signals is 
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constrained by RF signal propagation in addition to elec-
tromigration and reliability.

Here, we are considering three types of thermal tuners 
for RRMs that were experimentally investigated in fully 
functional devices. The first type consists in a highly 
n-doped circular region defined in the silicon device layer 
within the RRM, forming a resistive element that heats up 
when current is applied (Figure 6A, D, method used for the 
devices reported in [38]). The second method consists in 
implementing the resistor directly inside the waveguide, 
covering a portion of the ring resonator’s circumference 
(Figure 6B, E, method used for the first and second cat-
egory of devices reported in [39] and discussed in the pre-
vious section). The third type consists in a ring-shaped 
resistor implemented in a TiN layer located directly above 
the ring (Figure 6C, F, method used for the third device 
category discussed in the previous section). While directly 
heating up the waveguide is an efficient method from the 
point of view of the thermal tuner alone, it also reduces 
the portion of the rings’ circumference available for high-
speed modulation, so that it increases the V

π
 of the RRMs 

and can result in a decrease of the RRMs’ Q-factor if exces-
sive dopant concentrations are used. In the literature, we 
can find examples similar to these three device types. In 
[49], a heating element was implemented based on a highly 
n-doped Si strip located at the outer edge of a racetrack 
modulator, with an efficiency of 162 mW/FSR. In [50], an 
efficiency of 66 mW/FSR was reached by covering 25% of 

a RRM circumference with n-doped heating elements with 
a dopant concentration of 3 × 1018 cm-3. Tuning efficiencies 
of 46 mW/FSR have been demonstrated with a ring-shaped 
Ti heater located 1.2 μm above a RRM [51]. The device could 
be tuned by more than one FSR. All of these examples are 
baselines without improvement of the thermal isolation 
via undercut or trenches, as this is also the approach we 
took here.

The first type of thermal tuner, i.e., a doped silicon resis-
tor located inside the circumference of the ring, was fabri-
cated at IME in a 220 nm SOI technology with a waveguide 
width of 400 nm and a slab height of 90 nm in the cladding 
region [38]. The RRM’s radius is 10.3 μm, while the heater’s 
outer radius is 6 μm. The width of the heater is 1 μm, and its 
height is 90 nm, as the rest of the slab in the cladding region. 
The dopant concentration was chosen to be n++ = 1.36 × 1020 
cm-3. The high-speed phase shifter embedded inside the 
waveguide is oriented so that the p-doped part lies toward 
the inside of the ring, which results in a reverse biased junc-
tion isolating the heater from the high-speed phase shifter 
when a positive voltage is applied to the heater. The meas-
ured resistance is 620 Ω, and the efficiency is measured 
to be 130 mW/FSR (13 mW/nm), comparable to the results 
reported in [49]. The applied electrical power is limited to 40 
mW to avoid damage. A disadvantage of this method is that 
metal interconnects contacting the thermal tuner and the 
high-speed phase shifter are located in between the tuner 
and the actual ring, thus syphoning away a substantial 

Figure 6: The 3D renderings of the thermal simulations of the thermal phase tuners for (A) a doped silicon heater located inside the RRM, (B) 
a doped waveguide covering part of the circumference of the RRM, and (C) a TiN heater located above the RRM. (D–F) Corresponding layouts.
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amount of heat before it can reach the latter. Simulations 
indicate that etching away the substrate below the RRM in 
a 0.01  mm2 window would result in an improved thermal 
tuning efficiency of 41 mW/FSR (4.1 mW/nm).

The second method, partial coverage of the ring’s cir-
cumference with a resistor directly implemented inside the 
waveguide, was used in the first two categories of devices 
reported in the previous section and implemented in the IMEC 
process line. The first RRM category with a 46 μm radius has 
35% of its circumference covered by the thermal tuner, while 
the second RRM category with a 28 μm radius has 45% of its 
circumference covered. The heating section is n-doped with 
a dopant concentration of n- = 1 × 1018 cm-3, the same dopant 
concentration as in the high-speed phase shifter. It is electri-
cally isolated from the latter via a small undoped waveguide 
section. The thermal tuner of the first category of RRMs has 
a resistance of 230 Ω, while the thermal tuner of the second 
category has a resistance of 400 Ω. We achieved tuning effi-
ciencies of 80 mW/FSR (36 mW/nm) for the first category and 
60 mW/FSR (17 mW/nm) for the second category. With the 
second category of devices, we were able to tune the RRM 
by more than one FSR. These results are also comparable to 
those reported in the literature [50].

The third type of thermal tuner consists of a 2  μm 
wide and 120 nm high TiN resistor located 2 μm above the 
RRM [52, 53] and is used for the third category of RRMs. 
It has a resistance of 410  Ω. We measured an efficiency 
of 100  mW/FSR (10  mW/nm) and were able to tune the 
ring by 85% of one FSR. Thermal simulations indicate 
that reducing the distance between the TiN layer and 
the silicon waveguide to 1.2 μm and setting the width 
to 1 μm as in [51], but without modifying the rest of the 
design, would have resulted in a thermal efficiency of  
76  mW/FSR (7.6  mW/nm), which is still 60% worse than 
the 46 mW/FSR reported in [51]. However, when measur-
ing the efficiency of the same tuner in combination with 
an RR-OADM (racetrack structure with identical wave-
guide width and circumference as the RRM, but with fully 
etched undoped waveguides resulting in a FSR of 8.6 nm) 
we obtained 47 mW/FSR (5.5 mW/nm), which is close to 

the result reported in [51] for a 12.5 Gbps RRM. In our case, 
the tuning efficiency is reduced by the high-speed metal 
interconnects of the RRM phase shifter that provide a high 
conductivity path for the heat to escape.

4  �Ring-based optical add-drop 
multiplexer and combined 
S-parameter with RRM

In order to implement the Rx subsystem, we developed 
RR-OADMs to drop individual channels from a bus wave-
guide and route them to individual photodetectors. These 
RR-OADMs have the additional function of optical filters 
reducing ASE arising from the optical amplifier. As will be 
described in Section 7, the system level experiments were 
done with a C-band EDFA with a more than three times 
larger gain spectrum than the 10 nm FSR of the rings, so 
that an additional optical filter was placed inside the link 
to limit the overall pass band to a single resonance and 
remove the excess ASE corresponding to other resonances 
within the EDFA gain spectrum. In general, it is desirable 
to choose the Q-factor of the RR-OADMs to be as high as 
possible while still supporting the targeted data rate, as 
this also maximizes the ASE filtering. Figure 7 shows a 
microscope image of a Tx and Rx array fabricated at IMEC.

The response of a RR-OADM to an OOK-modulated 
channel takes a similar form to the RRM E/O response 
described by Eq. 5 in that peaking can be observed depend-
ing on the detuning of the optical carrier relative to the reso-
nance of the RR-OADM. In [39], we derived the RR-OADM 
response to an OOK signal generated by a balanced Mach-
Zehnder modulator (MZM) operated in push-pull configu-
ration, i.e., to an OOK signal with symmetric sidebands, 
and showed excellent agreement with experimental data 
(Figure 8). Assuming an input power Pin, a small signal 
optical modulation of peak-to-peak amplitude 2ε, an input 
E-field amplitude Ein, a (loaded) ring resonator Q-factor Q, 
and the Lorentzian optical amplitude transfer function h(ω)

Figure 7: Micrograph of a Rx RR-OADM array (eight devices, right) and part of a Tx RRM array (four devices, left) fabricated at IMEC.
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Figure 8: Transfer function of a RR-OADM (bus to drop port) as a 
function of the modulation frequency and for several optical carrier 
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where h0 is the on-resonance amplitude transfer func-
tion (and 2

01-h  corresponds to the insertion losses of the 
RR-OADM at zero detuning), we obtain an E-field ampli-
tude at the output of RR-OADM given by
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The RF transfer function S21,RR-OADM defined by
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where Pout is the power outgoing from the RR-OADM, is 
then given by
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where τa is, as previously, the 1/e decay time of the optical 
amplitude inside the cavity due to waveguide and cou-
pling losses. Equation 13 takes a similar form to Eq. 5 in 
that the modulation frequency dependent denominators 
are identical. Figure 8 shows a comparison between exper-
iment and model for a RR-OADM with a Q-factor of 6200. 
The data was obtained by modulating an optical carrier 
with a commercial balanced MZM operated in push-pull 
configuration (and thus generating symmetric sidebands) 
with a single tone and comparing the RF signal gener-
ated by a commercial photoreceiver receiving the modu-
lated carrier before and after interposing the RR-OADM 
in between the MZM and the photoreceiver (MZM con-
nected to the input port, photoreceiver connected to the 
drop port). Fiber-to-chip coupling losses were normalized 
out. As the Q-factor is dominated by coupling losses to 
the bus and add-drop waveguides, insertion losses of the 
critically coupled RR-OADM are low for zero optical carrier 
detuning (0.85 dB).

It can be seen from Eq. 13 that the -3 dBe RF band-
width of the RR-OADM is 1/τa = f/2Q for zero detuning. Both 
insertion losses and RF bandwidth increase with optical 
carrier detuning.

An important aspect of this analysis is that the (linear 
scale) S21 parameters of the RRM and RR-OADM cannot, 
in general, be simply multiplied with each other as would 
be the case in a baseband RF system, as the underlying 
structure of the optical signal plays a significant role. 
Indeed, while the RF transfer function S21,RR-OADM given by 
Eq. 13 is accurate when the incoming optical signal has 
symmetric sidebands generated by a balanced MZM oper-
ated in push-pull configuration, this is not the case for 
the asymmetric sidebands generated by a RRM [38]. In 
this case, the optical amplitude transfer function of the 
RR-OADM, h(ω), has to be individually applied to the side-
bands and the RF signal at the drop port of the RR-OADM 
derived from the result
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where τa = 2Qa/ωa and ωa are, respectively, the 1/e decay 
time of the E-field and the angular resonance frequency of 
the RRM and τb = 2Qb/ωb and ωb are the equivalent quanti-
ties for the RR-OADM.
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In particular, the E/O S21-parameter of the combined 
system looks quite different depending on whether the 
RR-OADM and the RRM are operated with the same or 
opposite carrier detuning. While in the first case peaking 
is very pronounced, as the effects of both devices cumu-
late, in the second case, the peaking effects cancel out. 
Figure 9A shows an example of a RRM cascaded with 
a RR-OADM for the case of equal and opposite detun-
ing, with Qa = Qb = 4887, 0 0 0 /| - | | - | / 3 ,a b a bQω ω ω ω ω= =  
Δneff = 1.4e-4 and Im(δωr)/Re(δωr) = -0.12 (the RRM charac-
teristics correspond to that of the third category device).

In practice, however, we are typically operating the 
RR-OADMs with zero detuning to avoid incurring addi-
tional insertion losses. In that particular instance, the 
S-parameters of both devices can actually be multiplied 
with each other. As an example, in Figure 9B, ω0-ωa was 
reduced to 0 // 2 3 a bQω  (close to the detuning maximizing 
DC OMA) and ω0-ωb set to 0.

In summary, in Sections 2–4, we have described the 
passive and electro-optic devices required for the link. 
An optimized RRM for our link requirements has been 
developed and its interoperability with RR-OADMs investi-
gated. In the following, we will focus on the active devices 
(SS-MLLs, Section 5, and their interoperability with a com-
mercial SOA, Section 6) before moving on to the system 
experiments (Section 7).

5  �Single section mode-locked 
lasers

For the system demonstration described in the following 
sections we selected a Q-Dash SS-MLL from III-V Lab with 

comparatively low RIN and narrow optical linewidth. An 
overview of these lasers’ fabrication and characteristics 
can be found in [7–9]. The buried ridge stripe Fabry-Perot 
laser’s gain material consists of six stacked layers of InAs 
Q-Dashes in an InGaAsP barrier (DBAR) grown on an InP 
wafer. The stripe width is 1.25 μm. The coupling facet fea-
tures a mode matching inverse taper for improved fiber 
coupling. The FSR of the laser is 60.8 GHz, and the center 
wavelength of the emitted comb is λ = 1543 nm at 30°C and 
300  mA injection current (with the exception of the data 
shown in Figure 10, the SS-MLL was operated at 30°C for all 
the data reported in Sections 5–7).

The SS-MLL was eutectically soldered onto a ceramic 
submount that was further placed on a metal base ther-
mally stabilized to better than 10 mK. A box covered the 
assembly on a vibration-damped table to protect it from 
air turbulence and vibrations. Constant current is sup-
plied by shielded needle probes. A parallel capacitor close 
to the laser suppresses current noise. Light is coupled 
from the laser to a lensed polarization maintaining (PM) 
fiber with a 2.5  μm spot diameter. The fiber is outfitted 
with an antireflective coating deposited on the lensed 
fiber tip and is followed by a 60 dB isolator to minimize 
back reflections and prevent optical injection.

A closeup view of the laser die coupled to a lensed 
fiber and the associated spectrum can be seen in Figure 11. 
The lasing threshold is 13 mA at 30°C. At 300 mA, the total 
fiber coupled output power after the isolator is 8.3 dBm, 
and the power of the highest power comb line is -5 dBm. 
As can be seen in Figure 11B, the spectrum is flattop with 
25 lines above half of the peak power per line spanning 
11.6 nm of the spectrum. An important feature of SS-MLLs 
is that flattop power spectra are usually obtained, facilitat-
ing their use for WDM communication systems for which a 

Figure 9: (A) Modeled E/O S21 of a RRM cascaded with a RR-OADM for equal and opposite detuning, with assumed device characteristics 
described in the text. While changing the sign of the RR-OADM detuning does not change its standalone S21, the compound S21 of the 
RRM+RR-OADM system changes. The black dashed line shows the product of the individual device S21 characteristics, for comparison. 
(B) Modeled E/O S21 of a RRM cascaded with a RR-OADM with zero detuning. In this commonly used configuration, the S21 of the individual 
devices can be simply multiplied with each other.
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Figure 10: RF beat note spectrum as a function of injection current at four different temperatures. It is apparent that the current ranges 
resulting in stable mode locking are very sensitive to temperature.

Figure 11: (A) Detailed view of the laser coupling setup and (B) the spectrum of the SS-MLL at 30°C and 300 mA measured with a filter 
bandwidth of 6.4 GHz.

minimum optical power level per channel has to be guar-
anteed. Mode locking in SS-MLLs is generally assumed to 
occur via third-order nonlinear effects [7, 8, 54, 55], and can, 
e.g., also be seen in frequency combs generated via non-
linear effects in microcavities in which octave-spanning 
spectra have been demonstrated [56]. In SS-MLLs, com-
pensation of the linear dispersion is attributed to counter-
acting nonlinear dispersion arising from the gain medium 
and results in the phase offset of comb lines evolving with 
a parabolic dependency as a function of comb line wave-
length [7, 8, 57]. Mode locking between the comb lines sup-
presses partition noise, i.e., exchange of energy between 
the lasing Fabry-Perot resonances due to gain competition 

that gives rise to high RIN when a single line of a conven-
tional Fabry-Perot laser is isolated [58]. Partition noise pre-
vents the utilization of conventional Fabry-Perot lasers as 
WDM light sources. While the RIN of isolated comb lines of 
SS-MLLs remains higher than the RIN of the entire comb, 
partition noise is sufficiently suppressed in order to enable 
a high-speed communication link as described in Section 
7. As will be shown in the following, linewidths as low as 
2.7 MHz full width at half maximum (FWHM) are measured 
in regions of stable operation.

An additional performance metric that is specifically 
related to optical combs is the RF linewidth [59], i.e., the 
linewidth of the beat tone seen on an electrical spectrum 
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analyzer (ESA) (PXA Signal Analyzer, Agilent Technolo-
gies, Santa Clara, USA) when the entire spectrum of the 
SS-MLL is sent to a photoreceiver (the full test method-
ology is described in the appendix). This RF line results 
from the beating between adjacent comb lines and has a 
frequency corresponding to the FSR of the laser. The width 
of the line is a metric for the strength and stability of the 
mode locking: for strong and stable mode locking, the line 
should be a narrowband peak. The actual width is a result 
of the relative phase noise between adjacent optical lines 
(i.e., the noise seen in the difference between the phase of 
adjacent lines) as opposed to the phase noise of the lines, 
themselves, that determines the optical linewidth.

5.1  Operating regimes

We characterized in detail the RIN, optical linewidth, and 
RF linewidth of the selected SS-MLL (Figure 12). The per-
formance of a short distance OOK system is largely influ-
enced by the RIN of the optical carrier. Optical linewidth 
as well as RF linewidth, on the other hand, have a minor 
direct impact (the transmission distance explored in 
Section 7 is too short to be dispersion limited given the 
measured optical linewidths). However, the RF linewidth, 
in particular, is a good indicator for the laser dynamics 
that also impact the RIN. In particular, it has been shown 
that competing supermodes with slightly different FSRs 
can lead to instabilities in SS-MLLs [18, 60]. Possible 

operating regimes can, for example, consist of a stable 
narrow RF line with a linewidth as low as a few tens of kHz 
[7, 8] (indicating a stable supermode with a well-defined 
FSR and strong mode locking), transition regions between 
two dominant supermodes (i.e., the FSR and, thus, the fre-
quency of the RF peak suddenly jump for small environ-
mental changes or due to noise), and even regions where 
two supermodes coexist, as evidenced by the coexistence 
of two RF lines in the RF spectrum (Figure 13).

The dependence on the injection current I of the fre-
quency f0 of a central comb line was fitted with a second-
order polynomial as 195.2 THz – 502.9 MHz/mA × I – 783.2 
kHz/mA2 × I2. This smoothed current dependence was sub-
tracted from the x-axis of Figure 12B before plotting, i.e., 
the x-axis shows the frequency offset from the expected 
frequency based on the global fit. The optical linewidth 
appears to be more broadband than is actually the case 
in regions 7 and 8 due to a fast modulation of the line’s 
frequency as can be seen in the inset. However, a Lor-
entzian fit reveals that the linewidth at a selected point 
is around 30 MHz and is limited by the optical spectrum 
analyzer’s (OSA) resolution. Several instability regions in 
the RF beat note characteristic of the SS-MLL have been 
marked in Figure 12A: in regions 1, 2, and 3, the beat note 
is completely smeared out, and the laser is not stably 
mode locking. Region 5 consists in a transition between 
two stability regions, respectively, corresponding to dif-
ferent dominant supermodes, so that frequent hopping 
between the two modi of operation is expected to occur. In 

Figure 12: (A) RF beat note spectrum as a function of injection current, (B) optical spectrum of an isolated line (located at λ = 1537.5 nm at 
300 mA) measured with a high-resolution OSA as a function of injection current, and (C) the spectrum of the entire comb’s RIN as a function 
of injection current. Data was taken at 30°C. In (B), the x-axis indicates the frequency offset from the expected comb line frequency as pre-
dicted from the global fit described in the text. Six instability regions are marked by red arrows (regions 1–6), and two regions with stable 
mode locking are marked in green (regions 7 and 8).
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Figure 13: RF beat note spectrum at four different operating cur-
rents. Two distinct supermodes with FSR separated by 5.1 MHz 
can be observed at 275 mA; a narrow Lorentzian shape is featured 
at 250 mA and 300 mA, indicating stable mode locking. Data was 
taken at 30°C with a RBW of 20 kHz.

region 6, two supermodes are seen to coexist. It is clearly 
apparent in Figure 12B and C that the RIN of the entire 
comb (i.e., measured without filtering out an individual 
line) as well as the optical linewidth of the investigated 
line significantly worsen in the regions of instability. The 
RIN of the entire comb was measured for Figure 12C to 
circumvent the difficulty of having a tunable optical filter 
track the current dependence of the comb line frequency 
for the large quantity of collected data. RIN data for iso-
lated comb lines as well as optical linewidths character-
ized with a heterodyne measurement will be reported in 
the following.

Figure 13 shows detailed spectra of the RF beat note 
exemplifying the three regimes of operation described 
above. Both at 250 and at 300 mA, a relatively clean RF 
line can be seen (corresponding to stability regions 7 and 
8 in Figure 12A), indicating mode locking, albeit the RF 
linewidth is significantly better at 300 mA. In between, 
at 275 mA, two RF lines coexist with a frequency differ-
ence of 5.1 MHz – the difference in FSR of two coexisting 
supermodes (instability region 6). The 225 mA is chosen 
in a transition region where one supermode transitions to 
another as the current is modified (instability region 5). 
The RF line is correspondingly wide.

While the diagram shown in Figure 12A was remeas-
ured in 3 days interval with repeatable results (compare to 
Figure 10B), it is very temperature sensitive as can be seen 
in Figure 10. Nonetheless, at a stabilized temperature, 

large current ranges can be found for which the RF line 
is narrow, for example, in Figure 12A, between 228 and 
257 mA.

While this data indicates that work remains to be 
done to make these lasers stable over a wider current 
and temperature window, the performance shown for 
well-chosen operating points is promising and is compat-
ible with high data rate OOK WDM systems as shown in 
Section 7. Currently, a detailed and finely resolved study 
of the laser dynamics is necessary to find an appropriate 
operating point. Especially, the observation of the RF tone 
yields significant information.

5.2  Relative intensity noise

We determined the power spectral density (PSD) of the 
RIN for isolated comb lines in the RF frequency range from 
100 kHz to 20 GHz, the result for the line at λ = 1546.7 nm, 
which is also used for the detailed signal Q-factor system 
characterization shown in Section 7, being exemplarily 
shown in Figure 14A and discussed below. The peak in 
the low-frequency RIN between 100 kHz and 7 MHz, with 
a PSD as high as -95 dBc/Hz well above the RIN levels in 
the rest of the spectrum, results from power-dependent 
receiver noise that we were not able to reliably normalize 
out. For this reason, we are primarily reporting aggregate 
RIN numbers integrated starting from 5  MHz upward in 
the following in order to exclude this low-frequency meas-
urement artifact.

Figure 14B shows the cumulative RIN for the same 
comb line starting at 100 kHz and integrated up to the 
frequency indicated on the x-axis. The initial increase 
corresponds to the low-speed RIN, the second increase 
to the more broadband RIN observed up into the few GHz 
range. Above 7 MHz, the RIN stays below -120 dBc/Hz and 
quickly drops below -140 dBc/Hz at frequencies above 
4  GHz. After subtracting the noise floor of the measure-
ment system, the noise above 4 GHz stabilizes close to the 
shot noise limit (shown by the red line), indicating that 
the laser RIN is indeed shot noise limited in this range. 
Integrating the RIN from 100 kHz to 20 GHz yields an 
aggregate RIN of 2e-3, while excluding the low speed RIN 
by integrating from 5 MHz to 20 GHz results in 0.8e-3 (note 
that these numbers still correspond to 2 2

P Pσ 〈 〉  where 〈P〉 
is the average optical power, and σP is the standard devia-
tion of the optical power, i.e., they remain in the electrical 
convention).

Figure 15 shows a summary of the aggregate RIN 
integrated between 5 MHz and 20 GHz for each of the 20 
adjacent comb lines in the flattop region of the spectrum. 
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Figure 15A shows the data as a function of the comb line 
wavelength, and Figure 15B shows the data as a function 
of the optical power of the comb lines (as coupled to the 
lensed fiber). The green circle indicates the comb line that 
was used for the detailed signal Q-factor system char-
acterization reported in Section 7, the SOA excess noise 
characterization shown in Figures 16 and 17, as well as 
the dependence of the isolated comb line RIN on injection 
current shown in Figure 18B.

The RIN for comb lines toward the long wavelength 
side, around 1550  nm and above, is higher, which coin-
cides with the upper limit of the flattop portion of the comb 
spectrum at 1550 nm (see optical spectrum in Figure 11B). 
The same effect applies to the short wavelength end of the 
comb, which is not included in Figure 15.

The red circle indicates an outlier in the dataset, in 
that the measured RIN for this comb line is significantly 
larger than for the rest of the lines in the flattop region 
(by approximately a factor 2 compared to the second worst 

line) and the optical power slightly lower (approximately 
-1 dB compared to the second worst line). Repeated meas-
urements have proven this measurement to be reliable. 
This outlier may too be related to competing supermodes 
[18, 61]. While these datasets were taken with 300 mA at 
30°C, where the RF linewidth is small and indicates strong 
and stable mode locking (Figures 12 and 13), the dominant 
supermode and a parasitic supermode may happen to 
have very close lines at this specific wavelength (Vernier 
effect), facilitating mode hopping and locally enhancing 
the RIN for this specific line. Without further investiga-
tions, this explanation remains, however, speculative.

Finally, we measured the aggregate RIN for a single 
comb line as a function of injection current, as shown in 
Figure 18B. While the RIN changes with current, it remains 
low in a 30  mA wide current window between 233 and 
262 mA and acceptably low up to the highest applied current 
of 300 mA. Assuming the extinction ratio of 12.8 dB from 
the system demonstration in Section 7, the worst measured 

Figure 14: (A) PSD of the RIN of an isolated comb line at λ = 1546.7 nm measured between 100 kHz and 20 GHz and (B) corresponding 
cumulative RIN. The cumulative RIN is integrated between 100 kHz and an upper bound indicated by the x-axis. The measurement was done 
at 30°C and 300 mA.

Figure 15: Aggregate RIN (5 MHz to 20 GHz) for isolated comb lines. In (A), the data is organized by comb line wavelength, in (B) it is plotted 
as a function of the associated optical power. Measurements were taken at 30°C and 300 mA.
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Figure 18: (A) Aggregate RIN of the entire comb, as integrated from 8 to 300 MHz, as a function of injection current. Instability regions 
are labeled according to the numbering from Figure 12. (B) Detailed view of the aggregate RIN of the entire comb as integrated from 8 to 
300 MHz and overlay with the aggregate RIN of an isolated comb line (λ = 1546.7 nm) as integrated from 5 MHz to 20 GHz. Measurements 
were done at 30°C. The data for the isolated comb line appears to be shifted by 5 mA injection current relative to the data for the entire 
comb, which we attribute to a slight temperature drift in between measurements.

Figure 16: (A) Aggregate RIN of a single comb line after amplification of the entire comb by the SOA (green dots) and comparison to a model 
assuming a SOA NF of 6.7 dBe and an aggregate laser RIN of 1.4e-3 (black line). The data is plotted as a function of the entire power entering 
the SOA, and the RIN is integrated from 5 MHz to 20 GHz. The comb line at λ = 1546.7 nm was isolated after the SOA to obtain this dataset. 
The power of the comb line lies 13.6 dB below the power of the entire comb. (B) SOA gain as a function of total input power at λ = 1545.2 nm 
measured with a tunable laser (ASE was filtered out to calculate the gain).

Figure 17: Comparison of SS-MLL RIN before (black curve) and 
after (red curve) SOA reamplification. The latter corresponds to the 
highest input power data point in Figure 16A, where the aggregate 
RIN is very close to its asymptotic value for high SOA input power 
levels and ASE does not play a significant role. The excess RIN gen-
erated by the SOA, obtained as the difference of these two curves, 
is also shown.

aggregate RIN in that current range, 4e-3 as integrated from 
5 MHz to 20 GHz, limits the signal Q-factor to 14 (26 if cor-
rected for the 11 GHz receiver bandwidth used in Section 
7), well above the targeted signal Q-factor of 7. Incidentally, 
the increased RIN around 220 mA and in between 260 and 
290 mA, as well as the reduced RIN region between 233 and 
262 mA coincide with features of the RF beat note spectrum 
as seen in Figures 12 and 13 (instability regions 5 and 6, as 
well as stability region 7). Systematic data recorded for the 
RIN of the entire comb features similar trends (overlay in 
Figure 18B). We also investigated different fiber coupling 
positions in order to investigate the effect on RIN of reflec-
tions from the lensed fiber tip. Both axial as well as trans-
versal displacements (corresponding to reduction of the 
coupling efficiency of, respectively, 1.5 and 0.6 dB) resulted 
in aggregate RIN variations under 10%.
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5.3  Optical linewidth

The optical linewidth was measured with two methods: 
measurement with a high resolution OSA from APEX 
Technologies (AP2441B, Marcoussis, France) with a 
nominal spectral resolution of 20  MHz (Figure 12B), as 
well as measurement with an ESA after heterodyne down 
conversion by mixing with a narrow linewidth tunable 
laser and detection with a broadband photoreceiver. OSA 
measurements (Figure 11B) confirmed a FSR of 60.8 GHz 
and showed that the ASE emission is lower than -143 dBc/
Hz (normalized relative to the power of the closest comb 
lines) in the flattop region of the comb. The lines drift 
with a rate of 7.67 pm/mA at 300 mA due to local heating 
of the laser die when more current is applied. However, 
the spectral resolution of the OSA (20  MHz) was not 
sufficient to resolve the optical linewidth. The comple-
mentary heterodyne linewidth measurements shown in 
Figure 19A revealed a linewidth of 6.2 MHz for a central 
line at λ = 1543.86 nm, 300 mA injection current and 30°C. 
The linewidth at 250 mA and 30°C is nominally 2.7 MHz, 
but shows side lobes. This becomes even more visible at 
a current of 200 mA (instability region 4). For this reason, 
the bias point at 300 mA seems particularly adequate for 
system experiments, as the optical linewidth is not only 
relatively narrow but also features an almost pure Lor-
entzian line shape indicative of the absence of spurious 
mode hops.

Figure 19B summarizes the optical linewidth for 
various operating currents from 50  mA to 300 mA. The 
FWHM differs at some points from the width obtained by 
fitting a Lorentzian model, which is due to the strong side 
lobes occurring at these injection current levels.

Finally, as we have systematic optical linewidth data, 
we can compare it to the RF linewidth. It is apparent that 
the linewidth is very large for the current range between 
250 and 300  mA for which two supermodes coexist, as 

well as below 100 mA for which the RF line is completely 
smeared out and the laser is not stably mode locking. 
This correlation can also be seen in Figure 12 by compar-
ing the optical linewidth measured with the APEX OSA 
(Figure 12B) to the measured RF linewidth (Figure 12A).

Based on the characterization data shown in this 
section, we chose to operate the SS-MLL at 30°C and 
300 mA injection current for the system characterization.

6  Semiconductor optical amplifier
Even though the link demonstrations shown in Section 7 
are based on amplification with an EDFA, we are target-
ing a final architecture using a SOA due to its compactness 
and its potential for lower-cost solutions. Moreover, the 
center wavelength of a SOA gain spectrum is more flexible 
and can more easily be matched to the SS-MLL. However, 
its limited maximum output power, higher noise figure 
(NF) penalized due to higher chip coupling losses, and the 
requirement to operate in the linear regime when ream-
plifying a data stream (due to the short time constants of 
SOA carrier dynamics [62]) create additional challenges. 
An important aspect is the effect of SOA amplification 
on the RIN of a semiconductor mode-locked laser. In 
[20], a single comb line of a SS-MLL was amplified prior 
to modulation by a SOA operated in deep saturation, not 
only maintaining the RIN level, but actually substantially 
improving it. We are, however, targeting joint reamplifica-
tion with a single device of all the WDM communication 
channels after modulation and incurring the insertion 
losses of the RRMs (amplification before the RRMs would 
be less effective due to the output power limitation of the 
SOA), so that neither prefiltering of single comb lines nor 
operating the device in deep saturation are an option. As 
the entire comb is reamplified, this raises the question 

Figure 19: (A) Optical spectrum measured with an ESA after heterodyne down conversion for three different injection currents (power levels 
are not normalized) recorded with a resolution bandwidth of 3 MHz. (B) Optical linewidth extracted from the heterodyne measurements as a 
function of injection current. The line at λ = 1543.86 nm was isolated to measure this dataset. Measurements were done at 30°C.
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whether nonlinear interaction between the comb lines, 
for example, via four-wave mixing (FWM) and cross 
gain modulation (XGM), impacts the RIN. Results relat-
ing to the reamplification with a single SOA of an entire 
InGaAs mode-locked laser spectrum centered on 1310 nm 
have already been reported in [63], where it was shown 
that reamplification of an entire comb with a quantum 
dot SOA was possible without generating excess RIN. 
Here, we systematically investigate the RIN of our C-band 
SS-MLL reamplified with a commercial quantum well SOA 
(Thorlabs S9FC1004P Booster Optical Amplifier, Thorlabs 
Inc., NJ, USA) with a measured saturated output power of 
13.4 dBm at 1545.2 nm after ASE filtering (defined as the 
output power at the 3 dB gain compression point).

Figure 16 shows the measured RIN of an isolated comb 
line after SOA amplification of the entire SS-MLL spectrum. 
The power entering the SOA is controlled by an attenua-
tor. After the SOA (and additional attenuation to prevent 
exceeding the maximum power rating of downstream 
devices), a tunable optical filter with a 40 GHz pass band is 
used to filter out a single comb line, which is then sent to 
a Finisar 40 GHz bandwidth XPRV2021A photoreceiver fol-
lowed by an ESA. The RIN PSD was integrated in the range 
from 5 MHz to 20 GHz to obtain the aggregate RIN.

At low SOA input power levels, the RIN is clearly dom-
inated by ASE, as shown by consistency with the NF speci-
fied for the SOA. A detailed inspection of the RIN spectrum 
also shows that the excess noise generated by transmis-
sion through the SOA is broadband in nature at low SOA 
input powers, as would be expected from ASE. However, 
comb lines isolated after amplification also feature a mod-
erate excess RIN penalty in addition to ASE visible at high 
SOA input power levels: the aggregate RIN of isolated 

comb lines reaches an asymptotic value at high SOA input 
power levels that lies above the RIN measured from the 
same comb line prior to amplification.

The measured RIN is highly dependent on the SOA 
input power and can be described very well by ASE cor-
responding to a fitted SOA NF of 6.7 dBe (very close to the 
7 dBe specified as typical by the manufacturer) in addi-
tion to a power-independent aggregate RIN (5  MHz to 
20 GHz) of 1.4e-3 (the asymptotic value of the curve at high 
SOA input power levels). While this additive term, 1.4e-3 
is higher than the RIN measured directly from the same 
comb line without SOA amplification, 0.8e-3 as reported in 
Section 5, it is expected to still be sufficiently low to allow 
14 Gbps link performance with a signal Q-factor exceeding 
7 (see red curve in Figure 20A).

The spectra of the comb line RIN prior to amplifica-
tion, after amplification in the high SOA input power 
regime (low ASE, but SOA saturation), and the difference 
between the RIN spectra are shown in Figure 17. Figure 16B 
shows that the SOA leaves the linear regime at around 
-10  dBm total input power and reaches 3  dB gain com-
pression at -3 dBm input power. In a separate experiment, 
we were also able to reduce the RIN by amplification of 
a single comb line with the commercial SOA, so that the 
excess RIN observed here is definitely a consequence 
of nonlinear interaction between the comb lines inside 
the SOA. While the excess RIN may be related to SOA 
saturation and increased XGM or FWM, it is not yet clear 
whether it will also be incurred in the linear SOA opera-
tion regime, so that we are including the excess RIN in the 
system analysis of the next section. As already mentioned, 
there are examples in the literature of amplification of a 
quantum dot MLL with a SOA relying on the same gain 

Figure 20: (A) Signal Q-factor as a function of average power reaching the photoreceiver for a single SS-MLL comb line (blue dots) and 
an Agilent bench-top laser (black dots). Measurement results (dots) are compared to a basic noise model (lines). A model incorporating 
the higher NF of the SOA as well as the excess non-ASE RIN generated by the SOA is also included (red line). (B) ‘0’- and ‘1’ level noise as 
extracted from recorded eye diagrams (circles and dots) and as modeled (doted and continuous curves).
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material without increase of the RIN [63], so the excess 
RIN observed here could be related to the quantum well 
gain medium of the commercial SOA.

7  Link demonstrator
In order to demonstrate the suitability of the SS-MLL 
investigated here (Section 5) for high-speed WDM trans-
ceivers, we recorded eye diagrams for multiple comb lines 
at 14 Gbps after modulation with a RRM followed by indi-
vidual reamplification with an EDFA and extracted the 
signal Q-factors. In particular, these measurements show 
that the laser RIN of the selected SS-MLL is adequate for 
high-speed communications.

To evaluate the Tx performance, we used the setup 
shown in Figure 21 consisting in the 60.8 GHz FSR SS-MLL 
described in Section 5, operated at 300 mA and 30°C and 
resulting in -5 dBm coupled into the lensed fiber for the 
best comb line (-5.3 dBm for the comb line at λ = 1546.7 nm 
used for the detailed signal Q-factor analysis shown in 
Figure 20), followed by the third category 10  μm radius 
RRM described in Section 2 (with a FSR of 10  nm). The 
light is coupled from the laser into a lensed fiber, sent 
through an isolator, and then coupled into the SiP chip 
with a grating coupler (the grating couplers have 5.2 dB 
insertion losses and were not particularly carefully opti-
mized in this first generation of demonstrator). After 
modulation, the signal is again grating coupled to a fiber 
adding another 5.2 dB coupling loss. Based on the meas-
ured RRM extinction ratio of 12.8 dB obtained after opti-
mizing the carrier detuning for highest signal Q-factor, we 
estimate with our models P1 and P0, defined as the power 
transmitted through the RRM bus waveguide in the ‘1’ and 
‘0’ states, to be, respectively, -7.4 dB and -20.2 dB below the 
incoming power in the bus waveguide. While the normal-
ized OMA of -7.6  dB is below the -6.4  dB attainable with 

this RRM, the higher extinction resulting from a smaller 
detuning improves tolerance to RIN and ASE. Owing to 
the reduced detuning, the measured E/O bandwidth of the 
device is also reduced from 29 GHz to 19 GHz.

The thermal tuner of the RRM was current driven and 
manually controlled by a Keithley Source Meter (Keithley 
Instruments, Solon, USA), while the data stream was gen-
erated by a programmable pattern generator (PPG) from 
Anritsu (Atsugi, Japan) (MU183020A 28G/32Gbps PPG) 
as a PRBS-7 pseudorandom bit sequence. After the RRM, 
the channel is filtered by a C-band tunable optical filter 
with a 40 GHz pass band and additional 2.1 dB insertion 
losses. The initial goal was to filter out a group of eight 
or 12 channels, but being short of a filter with the neces-
sary pass band, we opted for characterizing the channels 
one by one, demonstrating the basic suitability of the 
SS-MLL in combination with a SiP RRM. The filter is fol-
lowed by a high-power EDFA from Amonics (Hong Kong). 
For the comb line at λ = 1546.7 nm, the signal levels enter-
ing the EDFA are -25.2 dBm for the ‘1’ level and -38.0 dBm 
for the ‘0’ level. The saturated EDFA output power is 
13 dBm average power. After the EDFA, the average power 
is attenuated to 4 dBm (including the insertion losses of 
the following filter), in order to avoid exceeding the power 
rating of downstream devices and again filtered for ASE 
noise reduction, reducing the average power by another 
4.9 dB corresponding to ASE. After reception by a Finisar 
40 GHz photoreceiver, the eye diagram was visualized by 
an Agilent DSA-X 920048 real-time oscilloscope.

The combined -3 dBe cutoff frequency of the RF cables 
and of the photoreceiver is measured to be above 20 GHz, 
so that it does not limit the opening of the measured eye 
diagrams. The analog front end of the oscilloscope record-
ing the eye diagrams was set to 11 GHz for noise reduction.

The SS-MLL outputs 17 lines with power levels 
between -7 dBm and -5 dBm per line as measured in the 
lensed fiber, with said lines adjacent to each other but for 

Figure 21: Diagram of the characterization setup (PPG, programmable pattern generator; PC, polarization controller; VOA, variable optical 
attenuator; Rx, photoreceiver).
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a single outlier in their midst with only -7.8 dBm coupled 
power. This is also the outlier flagged as having high RIN 
in Section 5 (circled in red in Figure 15). We used the same 
RRM to sequentially measure the eye diagram for each of 
these comb lines. As FOM, we use the signal Q-factor of 
the channels defined as:
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Q

σ σ
=

+ �
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where P1-P0 is the vertical eye opening visualized on the 
oscilloscope, and σ1 and σ0 are the standard deviations 
of the noise for the ‘1’ and ‘0’ symbols (the methodology 
for determining the Q-factors is described later in this 
section). The 18 channels achieved signal Q-factors of 
more than 4.7, with half of them achieving signal Q-factors 
of more than 7 corresponding to a bit error rate (BER) of 
better than 1 × 10-12. Figure 22A shows the Q-factor over 
all the 18 adjacent channels (the outlier is the fifth from 
the left). Figure 22B shows an example of a recorded eye 
diagram.

The graph also shows the power per comb line coupled 
into the lensed fiber as well as the wavelength-dependent 
saturation output power of the EDFA. It is apparent that 
the Q-factors strongly correlate to the comb line power 
(not surprisingly based on the data in the next paragraph 
showing that noise is dominated by ASE generated by the 
EDFA) as well as to the saturation power of the EDFA (the 

NF also increases at shorter wavelengths according to the 
datasheet). The lower-signal Q-factors are associated to 
comb lines with low initial power and to the wavelength 
region with reduced EDFA output power and increased NF.

In order to verify the main factors limiting the signal 
Q-factor, we measured it for one line (λ = 1546.7 nm) as 
a function of the power reaching the photoreceiver, by 
varying the attenuation between the EDFA output and 
the photoreceiver. We repeated the measurement with 
an Agilent bench-top tunable laser (Agilent tunable laser 
source 81600B) in order to characterize the excess noise 
generated by the SS-MLL. The Agilent laser power was 
chosen so that the power launched into the fiber matched 
that of the SS-MLL. The recorded Q-factors are plotted as a 
function of the average power reaching the photoreceiver 
in Figure 20A.

To obtain the Q-factors from the recorded eye dia-
grams, we exported the data and applied a more complex 
data processing in order to clearly separate the modula-
tion penalty arising from intersymbol interference (ISI) 
and random noise arising from ASE, Rx noise, and laser 
RIN. We averaged 120 full PRBS-7 sequences to obtain an 
eye diagram with reduced noise allowing a clear identifi-
cation of the reduction of the vertical eye opening due to 
ISI (the ISI penalty). An unprocessed eye diagram and an 
eye diagram averaged over the data pattern are shown in 
Figure 23. We extracted an ISI penalty of 1 dB reduction of 
the vertical eye opening independently of the laser source 

Figure 22: (A) From top to bottom: recorded signal Q-factors, optical power per comb line as coupled into the lensed fiber and EDFA 
saturated output power as a function of wavelength. It can be seen that the signal Q-factors strongly correlate with the latter two. Because 
of the limited tuning range, the points in red were measured with a second RRM corresponding to the same design, but with a different 
resonance wavelength, explaining the local deviation from the global trend. (B) Example of a recorded eye diagram corresponding to the 
comb line at λ = 1546.7 nm.
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and of the power attenuation between the EDFA and 
the photoreceiver. The difference between the recorded 
trace and the average trace was then extracted in order 
to analyze the noise. Noise distributions for both the ‘0’ 
and ‘1’ levels feature the expected Gaussian dependencies 
(Figure 23C and D). The extracted noise standard devia-
tions for both laser sources are summarized in Figure 20B. 
The Q-factors of the eye diagrams were then calculated 
by plugging the vertical opening of the averaged eye dia-
grams as P1-P0 in Eq. 15 and by plugging in the extracted 
noise standard deviations in the denominator.

The data was modeled with the following equation 
in which Rx noise, RIN, and ASE are included in the ‘1’ 
and ‘0’ level noise standard deviations and are added as 
sum-of-squares

Figure 23: (A) Example of unprocessed eye diagram after EDFA amplification (-2.9 dBm average input power to the photoreceiver with 
SS-MLL comb line as a light source). (B) Eye diagram after averaging of 120 PRBS-7 traces. The remaining eye closure is attributed to ISI and 
corresponds to a 1-dB penalty. (C) Histogram of the noise distribution of the ‘0’-level and (D) histogram of the noise distribution of the ‘1’-
level. It should be noted that the electrical eye diagrams (A) and (B) are inverted, as the photoreceiver has an inverting amplifier.

where P1,Rx and P0,Rx are, respectively, the ‘1’ and ‘0’ bit 
power levels at the input of the photoreceiver, Pn,Rx is 
the input referred noise of the photoreceiver in W·Hz-0.5, 
F is the noise factor of the EDFA, F = 10NF/10, h is Planck’s 
constant, f0 is the optical carrier frequency, P1,EDFA and 
P0,EDFA are the ‘1’ and ‘0’ power levels at the input of the 
EDFA, BW = 11  GHz is the equivalent noise bandwidth of 
the Rx including the analog front end of the oscilloscope 
(as the oscilloscope has a steep roll-off, the equivalent 
noise bandwidth is very close to the -3 dBe roll-off), and 
RINt is the aggregate RIN (on a linear scale). G is the total 
gain between the input of the EDFA and the input of the 
photo-receiver and η is the eye closure penalty due to ISI 
occurring after the photo-receiver. The reduction of the 
extinction due to ISI is taken into account in the optical 
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power levels P0,EDFA and P0,Rx in the denominator of Eq. 16 
in order to properly model the ‘0’-level noise (note that the 
effect of ISI on the ASE noise levels is different depend-
ing on whether the signal distortion occurs before or after 
conversion into the electrical domain – here, we lumped 
everything into the optical domain by simply adjusting 
P0,EDFA and P0,Rx, as the discrepancy turned out to be a slight 
one).

The RIN term (RINt = 0.8e-3) is only included in the 
curve modeling the signal Q-factor generated with the 
SS-MLL as a light source, under the assumption that 
RIN is negligible in the eye diagrams recorded with the 
bench-top laser (specified as less than -145 dBc/Hz above 
0.1 GHz). The EDFA NF was independently measured 
as 6 dBe. The input-referred amplifier noise in the Rx is 
set to 40 pA/Hz0.5 in accordance to the datasheet of the 
manufacturer, resulting in 53 pW/Hz0.5 input referred to 
the optical domain assuming a worst-case photodetector 
responsivity of 0.75 A/W also specified by the manufac-
turer. As described above, the penalty to the OMA due to 
ISI was extracted as -1 dB from the eye diagrams, and the 
optical power levels entering the EDFA were estimated as 
-25.2 dBm and -38 dBm for the ‘1’ and ‘0’ levels, respec-
tively. While the ISI distortion is already explicitly taken 
into account by η in the numerator, in the denominator, 
the ISI distortion was taken into account by adjusting the 
optical power levels P0,EDFA and P0,Rx.

The comparison between the data extracted from the 
eye diagram measurements and the model can be seen 
in Figure 20, with quite good agreement given that there 
remain no free parameters in the model. A third curve in 
Figure 20A also shows the Q-factor that would be expected 
after replacing the EDFA with the commercial SOA char-
acterized above, given its increased NF (6.7 dBe) and the 
excess RIN (1.4e-3 vs. 0.8e-3) generated by the SOA.

While the channels were measured one by one by 
retuning the RRM in this first demonstration, in the envi-
sioned system architecture, several RRMs will be simply 
cascaded one after the other along a single bus waveguide. 
As RRMs have very little effect on optical carriers outside 
of their resonance linewidth (with excess losses below our 
current measurement repeatability gauge), small excess 
losses are expected from the latter.

A number of conclusions can be drawn from this 
analysis: most importantly, at equal EDFA input power, 
the SS-MLL comb line performs almost as good as the 
instrument-grade bench-top laser. We can set the Rx noise 
to zero in the model in order to calculate the signal Q-fac-
tor limited by laser noise and ASE only (this corresponds 
to the asymptotic value of the curves at very high Rx input 
power). This results in a maximum signal Q-factor of 8.2 

for the SS-MLL comb line vs. 8.9 for the bench-top laser, 
further indicating that the excess penalty introduced by 
the SS-MLL at equal EDFA input power is very small. This 
asymptotic value is estimated to 7.4 if the SS-MLL was 
reamplified by the SOA rather than by the EDFA. While a 
Q-factor of 7 can still be reached according to this model, 
the margin is very small so that the input power to the 
optical amplifier is close to the minimum required and 
can, thus, be used to derive bounds on required comb line 
power and grating coupler/RRM efficiencies. Given the 
amplifier input power used here, the minimum average Rx 
input power levels to maintain a Q-factor of 7 are, respec-
tively, -10.2 dBm, -9.4 dBm, and -7.2 dBm for the EDFA 
reamplification of the Agilent laser, the EDFA reamplifi-
cation of the SS-MLL line and SOA reamplification of the 
entire comb. This last number can be used to estimate the 
required SOA output saturation power required to sustain 
a given number of WDM channels.

As the RRM is used here at an operating point with a 
-3 dBe O/E bandwidth of 19 GHz, it should, in principle, be 
compatible with 25 Gbps OOK using larger FSR SS-MLLs. 
After increasing the Rx bandwidth (here increasing the 
oscilloscope bandwidth throttling the link), this would, 
however, require a 25/14∼1.8 times increase in the EDFA 
input power per channel to maintain the same ASE limited 
Q-factor. By removing the intermediate fiber between the 
laser and the SiP chip [64, 65], and thus removing an optical 
interface, and by improving the grating coupler losses, 
this power level can be reached. Moreover, SS-MLLs with 
a slightly larger FSR are also expected to emit more power 
per comb line (the optimum in this regard is for a FSR on 
the order of 70–100 GHz, above 100 GHz, the power per 
comb line drops again due to the decreased cavity size). 
Finally, placing the SOA on-chip before the second grating 
coupler would remove one more optical interface prior to 
optical amplification.

The channel count, on the other hand, will be limited 
by the saturation output power of the SOA. Based on the 
analysis done above, a minimum average power of -7.2 dBm 
is required at the Rx (before internal fiber coupling losses) 
for SOA-based 14 Gbps operation. Integrating germanium 
waveguide photodetectors [66] in the same SiP chip as 
the RR-OADMs would remove two optical interfaces in 
the WDM Rx; however, the link budget would still need to 
accommodate an interface between the SOA and the Tx SiP 
chip, a single polarization grating coupler between the Tx 
chip and the fiber, a polarization splitting grating coupler 
between the fiber and the Rx, the insertion losses of the 
RR-OADMs, and excess losses due to on-chip waveguides, 
the total of which is estimated to be on the order of 13 dB 
losses after the SOA. The additional OMA required for 
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compensating the increased noise resulting from increas-
ing the data rate from 14 to 25 Gbps (approximately 1.3 dB 
assuming dethrottling the receiver to a 20-GHz bandwidth) 
can be provided by transitioning to an integrated germa-
nium photodetector without the internal optical coupling 
losses of the fiber-coupled commercial receiver. For eight 
WDM channels, the total internal output power required 
from the SOA chip (-7.2+13+10·log10(8) = 14.8 dBm) is in line 
with the 13-dBm generated after fiber coupling losses by 
the commercial SOA investigated here at the -3  dB gain 
compression point (Figure 16B). Much higher 3  dB com-
pression saturation levels of 19 dBm have been reported 
in the literature [67]. In order to reach the required SOA 
output power of -7.2+13 = 5.8 dBm per comb line, a small 
signal internal SOA gain above 27 dB is required assuming 
a modest 4 dB improvement to the SOA input power com-
pared to the current setup.

A number of challenges remain to be addressed, 
notably developing a temperature-stabilized optical 
module solution with an attractive power budget, devel-
oping a practical laser integration scheme, and obtaining 
high laser to laser device repeatability. Efforts are under 
way to address these.

8  Conclusions
We demonstrated that the comb lines of Q-Dash SS-MLLs 
can support 14 Gbps WDM optical channels with SiP-based 
RRMs and reamplification with an EDFA. System charac-
terization also indicates that the architecture should be 
compatible with SOAs, paving the way for a more compact 
and lower-cost solution. We gave a detailed overview of 
individual component optimization and characteriza-
tion performed to support this architecture. RRMs were 
optimized for targeted data rates by adjusting the phase 
shifter dopant concentrations, the coupling strength to 
the bus waveguide, as well as the frequency detuning 
of the optical carrier relative to the resonance frequency 
trading off bandwidth, OMA, and extinction ratio under 
consideration of RIN and ASE noise. We compared three 
different thermal tuner architectures. The asymmetric 
sidebands generated by RRMs were shown to modify 
the S21 of downstream RR-OADMs in the general case. 
Moreover, we thoroughly characterized the RF linewidth, 
optical linewidth, and RIN of a SS-MLL and identified an 
operation regime conducive to the system demonstra-
tion. The SS-MLL had a FSR of 60.8 GHz and 25 comb 
lines with a power within 3 dB of the highest line power 
of -5 dBm. The RIN of isolated comb lines was on the order 

of -120 dBc/Hz between 10 MHz and 4 GHz, and shot noise 
limited above 4 GHz. We demonstrated 14 Gbps modula-
tion for 18 adjacent comb lines and used detailed signal 
Q-factor characterization to extrapolate link budgets in 
view of higher data rates and SOA integration. Data indi-
cates that more than eight channels should be supported 
with a single SOA.

Appendix: SS-MLL RF linewidth 
measurements
The FSR and, thus, the center frequency of the RF line 
of the SS-MLL used for the experiments was 60.8 GHz, 
which is above the direct measurement capability of our 
50  GHz ESA and our 40  GHz photoreceiver. Therefore, 
the SS-MLL’s output was amplitude modulated with 
a 20  GHz sine wave applied to a commercial MZM. The 
generated sidebands interfere with the neighboring comb 
lines generating a 40.8 GHz RF line and with the neigh-
boring lines’ sidebands generating a 20.8  GHz RF line. 
We recorded the line at 40.8 GHz due to its larger signal 
strength, resulting from the fact that the generated side-
bands are weaker than the carrier in our setup. For lasers 
with even higher FSR, the sideband-to-sideband interfer-
ence (here 20.8 GHz) can be observed instead in order to 
increase the frequency down conversion, or higher-order 
sidebands can be generated by driving the MZM above its 
nominal drive voltage.
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