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Abstract—A receiver for optical frequency modulated signals,
based on colorless demodulation and detection, is presented. An
integrated combination of semiconductor optical amplifier (SOA)
and reflective electroabsorption modulator (REAM) is designed to
obtain a comb-like spectral detection function, replacing the typi-
cally required costly frequency discrimination filter. The spectral
properties of the designed SOA/REAM chip are discussed and the
reception of a 10-Gb/s optical frequency modulated downstream
signal is demonstrated, proving the applicability as receiving op-
tical subsystem in the customer premises equipment of fiber-to-the-
home access networks with wavelength reuse for upstream trans-
mission and no downstream crosstalk.

Index Terms—Optical fiber communication, optical modulation,
optical resonators, optical signal detection.

I. INTRODUCTION

F IBER-TO-THE-HOME networks are a promising solu-
tion for the access segment. Their continuous migration

demands the customer premises equipment to provide high data
rate service delivery, by retaining its cost-efficiency at the same
time. Especially passive optical network (PON) offers low op-
erational and capital expenditures, due to its fully passive fiber
plant and the optical network units (ONUs) that are free of wave-
length-specific components such as filters or light sources [1].
With its mass deployment, the ONU is determining the cost-ef-
ficiency of the access network, and has to be kept, therefore, as
simple as possible. This especially requires integrated solutions
for its receiving and transmitting subsystems.

Since the customer density of PONs depends on the spec-
tral efficiency once wavelength-division-multiplexing (WDM)
techniques are integrated to enhance the capacity of the access
network, full-duplex transmission with wavelength reuse for the
upstream becomes important. Unfortunately, simple modulation
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Fig. 1. (a) Scheme of the integrated colorless FSK demodulator and detector,
and (b) the obtained comb-like ASE spectrum for an EAM voltage from 0 to
�4.5 V, an SOA current of 100 mA, and a temperature of 22 C.

formats, such as amplitude-shift keying (ASK) with reduced ex-
tinction ratio (ER) for the downstream, suffer in their remodula-
tion quality due to severe crosstalk from the downstream to the
upstream. As a result, complex techniques for downstream pat-
tern suppression are required [2]. On the contrary, orthogonal
modulation formats for down- and upstream are advantageous.
However, for a cost-efficient implementation of the ONU, they
are compromised by the complexity of the downstream receiver
for the phase-modulated signal, and the desired colorless design
that prevents the use of a wavelength-specific filter in front of
the photodetector for frequency-shift keying (FSK) [3], [4].

As a solution to this, we propose to use an integrated com-
bination of semiconductor optical amplifier (SOA) and reflec-
tive electroabsorption modulator (REAM) [5] to perform the de-
sired functionalities of FSK demodulation and detection for the
downstream, which in turn, in combination with an additional
reflective modulator, allows to remodulate the constant power
FSK downstream signal with ASK upstream data.

II. COLORLESS FSK DEMODULATION AND DETECTION

Colorless demodulation of FSK signals can be practically per-
formed by a photodetector and a preceding optical filter with a
comb-like transmission function and a controlled spectral pe-
riodicity. Such a comb filter can be obtained with a travelling-
wave SOA that is left without antireflection (AR) coating on
its facets, which leads to a wavelength-specific gain ripple with
Fabry–Pérot spectrum.

Besides, a highly negative biased EAM offers its capability
as detector with large electrooptical bandwidth. Together, SOA
and EAM enable a single SOA/REAM chip to work as an inte-
grated colorless FSK demodulator and detector [6], as sketched
in Fig. 1(a), once the incident signal is adjusted to the comb (or
vice versa).
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Fig. 2. Induced shifts for the comb, measured at 1586 nm, for (a) variation of the temperature for an SOA bias of 100 mA and an EAM bias of�4 V, (b) variation
of the SOA bias at a temperature of 22 C, and (c) variation of the EAM bias at a temperature of 22 C.

The ripple in the transfer function for the detection
inside the folded active Fabry–Pérot cavity, is derived [7] with

(1)
where is the facet reflectivity, and the gain and loss
of the SOA and the EAM section, the light frequency, and
FSR the free spectral range. The latter is given by the lengths
and refractive indices of the SOA and EAM sections, and the
passive waveguide.

The EAM section works as a detector inside the cavity, when
it is operated in a drop-and-continue mode [8]. In this way, a
part of the signal is passed back to the SOA to form the comb.

The input facet of the waveguide that leads to the SOA section
was cleaved without angle and aligned to a tapered fiber that is
used as fiber pigtail. A chip length of 610 m and the difference
in the refractive index between the semiconductor material and
the air leads to an FSR of 0.6 nm and a finesse of 6.3 for typical
operation points, as shown in Fig. 1(b). This is in agreement with
the grid specification used for WDM, since at least one peak of
the comb can be found in each 100-GHz channel.

A spectral shift of the comb derives from variations in the
carrier density, which are in turn caused by changes in the input
signal power, the SOA and EAM bias, and the temperature. This
can be seen in the spectrum of the amplified spontaneous emis-
sion (ASE) in Fig. 1(b) for a variation of the EAM bias voltage.
Fig. 2 shows the induced shifts around a certain operation point,
when different parameters are slightly changed. The relative
shifts are thereby related to small perturbations in the altered
parameter around the point of operation, and the peak centers
of the plots are defined for 24 C, 100 mA, and 4 V, respec-
tively. The operation point itself is given by the temperature and
the SOA and EAM bias.

The shifts can be advantageously used to align the comb to
the incident data signal. As can be seen in Fig. 2(a), the shift
with temperature is 14 GHz C, regardless of the operation
point. Variations of the SOA bias, shown in Fig. 2(b), lead to a
shift in the order of 0.8 GHz/mA at a bias current of 100 mA,
which slightly depends on the operation point. For a change in
the EAM bias, the shift is not linear anymore due to the elec-
trorefractive nature. It strongly depends on the bias point of

Fig. 3. Experimental setup for the proof of FSK downstream detection. The
inset shows the equivalent functional scheme of the FSK detector, and the
measured ASE spectrum of the SOA/REAM with a scale of 10 dB/div and
0.2 nm/div.

the EAM, as can be seen in Fig. 2(c), and varies from 2.5 to
25 GHz/V.
To evaluate the performance of the FSK downstream detec-

tion, two complementary ASK modulated signals were used.
The detected signal was thereby centered at one of the peaks of
the comb, while another, separated from the first by the spacing

, corresponding to the frequency deviation of continuous-
phase FSK signals, is located between two peaks and determines
the crosstalk distortion for the detection. The constant signal
power of this FSK signal provides a possibility for ASK remod-
ulation to embed upstream data onto the incident downstream.

The FSK modulator (Fig. 3), based on two differentially
driven Mach–Zehnder modulators MZM MZM , provided
an ER of 13 dB for each of the two ASK signals, while no
transients were observed at the bit edges after passing the 50/50
coupler that combines the ASK signals. The remaining
ER of the FSK signal was 0.5 dB, giving a good approxima-
tion for a constant power for the downstream. An erbium-doped
fiber amplifier (EDFA) at the output of the optical line terminal
(OLT) compensates for the losses of the FSK modulator. The
signal powers and optical signal-to-noise ratios were 4.4 dBm
and 44 dB after the OLT booster. Although this OLT transmitter
may not be a cost-effective solution and does not provide a
continuous-phase FSK signal, it is suitable for the proof of
concept of the proposed ONU.

The FSK detector was characterized in terms of FSK-to-ASK
conversion penalty and colorless operation. Due to the re-
maining polarization sensitivity of the SOA/REAM chip, a
polarization controller PC was inserted between the OLT
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Fig. 4. BER curves and penalty for FSK demodulation when creating a con-
stant signal power downstream signal.

and the ONU. A variable attenuator is used for measure-
ments of the bit-error ratio (BER). The optimum bias point
for REAM and SOA, operated at a temperature of 22 C, was
found with 4.1 V and 80 mA, respectively. The latter was
kept low to avoid lasing effects that would appear due to the
cleaved chip facet.

The influence of the spacing on the FSK detection is
shown in Fig. 4. For the pure ASK downstream, consisting
of a single signal from laser diode LD1, which is aligned
to a peak of the comb as sketched in the inset in Fig. 4, a
sensitivity of 7.7 dBm is obtained at a BER of for
a 10-Gb/s signal with a pseudorandom bit sequence (PRBS)
of length . For an FSK signal and the optimum case
with FSR nm, meaning a placement of the
second carrier between two peaks, the penalty that is suffered
from applying a constant downstream signal power by adding
the second ASK signal is 1 dB. This low FSK-to-ASK
demodulation penalty confirms a good contrast in the comb
spectrum, which is sufficiently high to provide an FSK-to-ASK
converted signal with a high enough ER. For a smaller sepa-
ration of nm FSR , the penalty increases up
to 6.7 dB. This high penalty is attributed to the low finesse
of the FSK detector. For the implementation in a PON with
deployed fiber, a trade-off would have to be made between
the reception penalty that derives from a reduced contrast due
to a closer spacing , and the dispersion penalty that grows
with larger spectral widths (i.e., wider spacings ) of the FSK
downstream. Alternatively, a redesign of the chip could lead to
a reduced FSR and, therefore, to a smaller required spacing .

Since an EAM is used as signal detector and the SOA section
of the chip is used for establishing a cavity, an additional pream-
plifier would be required at the ONU to increase the sensitivity
further. However, considering full-duplex upstream transmis-
sion, this additional optical amplifier, which might be an SOA,
can be reused for boosting the upstream signal [6].

Fig. 5 shows the proof for a colorless operation of
nm for different operating wavelengths in a range from 1572

to 1592 nm. The sensitivity at a low BER of is quite in-
dependent of the operating wavelength, and deviates by 1.4 dB.
Since the gain spectrum of the SOA/REAM, which was de-
signed for the -band, had a roll-off in its gain around 1595 nm,
longer wavelengths were not evaluated.

Fig. 5. (a) BER curves showing the colorless FSK demodulation. (b) Eye dia-
grams for the transmitted (DS TX) and detected (DS RX) downstream after the
OLT transmitter and after demodulation, for a wavelength of 1572.06 nm, with
an ER of the DS TX of 0.35 dB (the reference is indicated by the arrow). The
scale is 100 mV/div for both eye diagrams.

III. CONCLUSION

An integrated solution for colorless demodulation and detec-
tion of FSK signals, based on an SOA/REAM with a comb-
like transmission function, has been evaluated. The tunability
of the comb, achieved via small deviations in the SOA and
EAM bias, is suitable for compensating temperature drifts and
for aligning the comb to incident data signal, considering wave-
length grids that are considered for next-generation PONs. Re-
ception of 10-Gb/s FSK downstream signals has been shown
to suffer from a penalty of 1 dB when compared to a recep-
tion of an ASK downstream signal, proving the functionality as
FSK-to-ASK converter. No strong dependence on the operating
wavelength was observed inside the spectral gain region of the
SOA/REAM chip. Full-duplex transmission in PONs is left to
be analyzed.
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