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A Wavelength Tunable Multi-Section PIC as an
Upstream Transmitter for TWDM Networks

Ankit Sharma
Aleksandra Maria Kaszubowska-Anandarajah

Abstract—In this paper, we demonstrate a novel multi-section
directly modulated laser transmitter for upstream operation in
the application of time wavelength division multiplexing (TWDM)
architecture. The photonic integrated circuit (PIC) is fabricated
using a regrowth-free process that favors simplified and fast man-
ufacturing. The PIC is based on a master-slave configuration, with
an addition of a variable optical attenuator (VOA) section between
them, and a semiconductor optical amplifier (SOA) at the output.
The VOA enables control of the optical injection from the master
to the directly modulated slave laser improving the transmission
performance. The integrated SOA section at the output is used to
boost or turn off the optical output power of the transmitter, thereby
enabling burst mode operation. Experimental results show that
the PIC can be tuned to four wavelength channels on a 100 GHz
frequency grid. We also demonstrate that each channel achieves
error-free performance (bit error ratio < 10e”), when modulated
with 10 Gbps signal and transmitted over 25 km and 50 km fiber.
The SOA-based output disable feature of the PIC delivers more
than 60 dB attenuation.

Index Terms—And photonic integrated circuits (PICs), chro-
matic dispersion, high-speed transmitters, monolithic integrated
circuits.

I. INTRODUCTION

ASSIVE optical networks (pons) have been evolving over
Pthe past couple of decades, to fulfill the demand for
high data rates in access networks. There has been a sub-
stantial amount of progress since the first PON architecture
was introduced [1], [2], [3]. APON and BPON were the first
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of the PON generations that handled telephone, internet, and
video services. Later, EPON, GPON, XG-PON, XGSPON, and
NGPON-1 have sequentially been introduced with improved
uplink and downlink speed, additional services, greater split
ratio, while maintaining backward compatibility. In the develop-
ment of PONs several multiplexing techniques, including time
division multiplexing (TDM), wavelength division multiplexing
(WDM)), or hybrid time/wavelength division multiplexing were
considered. TDM benefits from a simple architecture [4], but
the channel is divided among all the users. In WDM PON,
theoretically, a dedicated channel is assigned to each user, which
provides a significant increase in the uplink rates. A wavelength
filter could be used to separate the specific WDM signal to be
sent to a user [5], thereby reducing the overall signal splitting
loss of the system. However, the requirement of a wavelength
specific filter complicates the receiver architecture, reduces the
number of users that can be served, and increases the cost of
deployment. Hence, other solutions that could serve a large
number of users whilst delivering a high channel capacity such
as OCDM-WDM [6] and OFDM-WDM [7] were researched.
However, it is important for any such solution to be able to
support backward compatibility/ coexistence on the same fiber
infrastructure at low cost. One such technique entails the use of
time wavelength division multiplexing (TWDM) architecture,
which is standardized by ITU-T G989.2 as the next-generation
passive optical network-2 (NGPON-2) [8].

NGPON-2 exhibits an aggregate capacity of 40 Gbps and
10 Gbps in downstream and upstream directions, respectively.
As any access network technology, the NGPON-2 transceiver
needs to meet the target specifications in an inexpensive man-
ner. Hence, photonic integration is considered as a promising
solution, providing cost effective, energy efficient, compact, and
reliable devices. Photonic integrated directly modulated lasers
(DML) are known to be a simpler and a more cost-efficient
approach in comparison to externally modulated lasers (EMLs)
[9]. Some DML-based integrated transmitters for short reach
applications have been demonstrated in [10], [11], [12], [13].
However, the proposed schemes suffer from a few different
challenges such as sophisticated fabrication, low yield, and a
degraded quality of the transmitted optical signal due to chirp
induced chromatic dispersion.

In this paper, we demonstrate a proof-of-concept device by
expanding previous work carried out in [14] and showing the
detailed characterization of a PIC transmitter demonstrating
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wavelength tunability, low cross channel interference, long
reach, and burst mode transmission. The proposed device con-
sists of a VOA controlled master-slave laser arrangement anal-
ogous to [15] and an integrated semiconductor optical amplifier
(SOA) at the output stage. The master-slave architecture allows
the device to operate in an injection-locked regime. This brings
a suite of benefits, such as an improved dynamic response and
reduced frequency chirp, as previously showed in [16], [17],
[18]. As an improvement over the previously demonstrated
4-section device [19], the chip presented here features precise
and independent control of the injection. This control allows for
the operating wavelength of the master and slave lasers to be
tuned with a negligible change in output power. The integrated
SOA at the output stage facilitates two important features, acting
firstly as an optical amplifier, and secondly as an optical switch
to generate a burst mode signal. This multi-section device can
generate four injection locked (IL) wavelength channels with
each one capable of being directly modulated with an on-off
keyed (OOK) data signal at 10 Gbps. The performance of all
four modulated wavelengths is measured when transmitted over
25 km and 50 km of standard single mode fiber (SSMF). In
addition, we demonstrate that the PIC meets the NGPON-2
power-when-not-enable (PWNE) requirements and features low
adjacent channels interference.

The remainder of paper is organized as follows: Section II
explains the design of the PIC and includes a detailed de-
scription of the integrated sections. Section III consists of the
static characterization of the slave laser and provides details on
achieving injection locking. Section IV contains a discussion
on an algorithm used to find four injection locked wavelengths
on a 100 GHz grid. Section V presents the effect of optical
injection on the transmission performance of the PIC at each
of the four injection locked wavelengths. In Sections VI and VII
the enable/disable and burst mode signaling features of the PIC
are examined. Finally, Section VIII summarizes the paper.

II. DEVICE DESIGN AND FABRICATION

The PIC transmitter is manufactured using an identical epitax-
ial composition and the technology adopted for the fabrication
of the ridge waveguide is also the same as that described in
[20]. The chip is ~2 mm long and it is divided into four main
sections: master laser (ML), VOA, slave laser (SL), and an
SOA (as shown in Fig. 1(a)). The front and back facets are
anti-reflective (AR) and high reflective coated, respectively. The
waveguide at front section is angled at 7° to minimize the optical
feedback [21]. Fig. 1(b) represents the detailed 3-dimensional
architecture of the 8-section PIC. The SL and ML are formed
by introducing gain sections that are sandwiched between two
reflector sections. The length of the ML and SL are 1126 pym
and 485 pum respectively. The reflectors MR1, and MR2 are
formed by making 24 slots of three distinct periods. Multi-period
gratings have been reported to yield a higher SMSR in com-
parison with single period gratings [22]. Similarly, the slave
gain (SG) between the SR1 and SR2 sections forms the SL.
The slave reflectors have a single period order grating structure.
It is important to note that the length of the SG section is
designed to be much shorter than MG section to reduce the
photon lifetime and achieve a high modulation bandwidth. For
the same reason, the contact pad of the SG section is kept
small (150 pm diameter) thereby reducing the RC time constant
(lowering the effect of parasitic capacitance). A short (221 pm)
gain section, introduced between the ML and SL, serves as a
VOA. Finally, the last section close to the output facet, is a
230 pm long semiconductor optical amplifier (SOA) to enable
absorption, amplification and optical gating. The SOA section is
kept short to support fast turn on-off operation. To isolate the flow
of current between adjacent sections, a slot in the p-region with a
depth of 1.35 pm and width of 1.15 pmis introduced. In addition,
a 10 pm gap is also maintained between the all the contact
pads.
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Fig. 2. (a) L-I characteristic of slave laser, (b) Spectra of slave laser at SG = 40 mA, SR1 = 45 mA and, SR2 = 45 mA, (c) Wavelength map, (d) SMSR

map, (e) ML and SL lasing independently, and (f) Spectrum of an injection locked operating point.

III. STATIC CHARACTERIZATION OF SLAVE LASER

To characterize the performance of the device, first a subcar-
rier printed circuit board (PCB) is manufactured containing a
50 ©2 grounded coplanar waveguide-based transmission line and
direct current (DC) contact pads. After that, the chip is mounted,
and each section (except the SG section) is wire bonded with
the gold pads of the subcarrier PCB. The contact pad of the SG
section is wirebonded to a matching resistance (34 () soldered
on a 50 € radio frequency (RF) track [20]. The PCB is then
mounted on a thermo-electric cooler (TEC). The output of the
transmitter is coupled to a conical lens fiber mounted on a 3-axis
auto-aligner, which plays a crucial role in maintaining optimum
coupling of the light to a lensed fiber. Initially, only the SOA,
SR1, SG and SR2 sections are biased to determine the standalone
performance (L-I and spectrum) of the SL.

To measure the L-I curve, the bias currents of the SOA, SR1
and SR2 are set to 21 mA, 45 mA and 45 mA, respectively.
SL exhibits a single mode operation when SR1 and SR2 are
biased above 40 mA. Moreover, SR1 and SR2 act as an active
DBR and require a minimum current of 21 mA. The slot-based
reflectors introduce high loss due to scattering, which can be
compensated by the gain of the active DBR section [23], [24].
The DC current of the SG section is swept, from 0 to 90 mA in
steps of 1 mA, and the output power of the device is recorded
using a wide area photodiode. The L-I characteristic plotted in
Fig. 2(a) shows that the threshold of the SL is ~ 12 mA. A
thorough investigation of the SL is carried out by extracting
heat-maps of the peak wavelength and SMSR. To this effect,

the current in the SG section is swept from 10 mA to 70 mA
(at steps of 1 mA), the biases of the SR1 and SR2 are swept
from 5 mA to 65 mA (with an increment step of 1 mA, same
current applied to both reflectors)) and the SOA section is biased
at 21 mA. The measured peak wavelength and SMSR maps are
showed in Fig. 2(c) and (d) respectively. The plots demonstrate a
wavelength tunability of the SL from 1529.5 nm to 1533 nm at
an SMSR > 30 dB. An optical spectrum (shown in Fig. 2(b)) is
then captured for the following sections biases SR1 = 45 mA,
SR2 = 45 mA,and SG = 40 mA. The main reason for choos-
ing a45 mA bias for SR1 and SR2 is that at these settings the SL
portrays the lowest threshold current and an SMSR > 45 dB.
Subsequently, we proceed to confirm the independent lasing of
the ML and SL. To do this, we apply the following currents to
the device: SR1 = 42 mA, SR2 = 45 mA, SG = 40 mA,
MR1 = 20mA, MR2 = 45mA, MG = 40 mA, VOA =
4 mA. The optical spectrum in Fig. 2(e) shows ML and SL lasing
at 1531 nm and 1532 nm respectively. To obtain the injection
locking point, the currents of MR1, MG, and MR2 are gradually
increased until a single mode optical spectrum with a high
SMSR is achieved. As shown in Fig. 2(f), the injection locked
wavelength portrays an SMSR of 60 dB.

IV. OPTIMIZATION OF INJECTION LOCKING

Fig. 2(f) proves the ability to achieve injection locking of
the SL at a single wavelength. To verify the compatibility of
the transmitter with the NGPON-2 wavelength grid, a more
comprehensive test is performed. The procedure of finding an
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injection locked wavelength is captured as a flowchart and shown
in Fig. 3. It consists of two main steps: a coarse-tuning and
fine-tuning operation of the ML.. The ML can be tuned by varying
effective refractive index by supplying current in each section
as described in [25]. The steps applied to find an IL wavelength
at 1533.46 nm are as follows; first, the SL is tuned to one of
the NGPON-2 wavelengths and a coarse tuning operation is
performed. To initiate this operation, the sections SR1, SG and
SR2 are biased at 37.82 mA, 50 mA, and 46 mA, respectively, at
which point the SL lases at 1533.25 nm (close to the target wave-
length). The SOA section is driven at transparency (21 mA) and
kept unchanged in further measurements. Subsequently, the ML
sections MR 1, MG, and MR2 are biased at 35 mA, 85 mA, and
35 mA. At this bias, the ML wavelength is slightly below the SL
(1532.8 nm). Thereafter, the current in the MG section is swept
from 85 mA to 115 mA in steps of 1 mA, while MR1 and MR2
currents are simultaneously varied from 35 mA to 60 mA in
steps of 1 mA. This two-dimensional scan (MR1 & MR2 current
vs MG current) tunes the ML wavelength towards that of the SL.
As soon as ML enters the injection locking range, the ML pulls
the SL to its wavelength. By measuring the SMSR during this
current sweep and identifying the regions with an SMSR value
exceeding 40 dB, it is possible to identify all IL wavelengths (the
red region in Fig. 3(a)). Fig. 3(a) shows that the SL tends to be
injection locked when the MG section is biased between 90 mA
to 102 mA. In the second step (fine-tuning operation), the same
investigation is carried out by biasing the MG at 100 mA and
carrying out a two-dimensional current sweep of the MR1 and
MR2 sections. Again, the wavelength and SMSR are plotted as
heat-maps which are shown in Fig. 3(b) and (c) respectively. In
Fig. 3(c), the region in red shows all the possible IL wavelengths.

To find the settings for the desired channel (1533.46 nm), all
achievable wavelengths with SMSRs > 45 dB are extracted
and plotted in Fig. 3(d). The red dots in Fig. 3(d) corresponds
to the target IL wavelength, showing that there are several bias
current combinations delivering the target channel. Amongst
these, the operating point providing the highest SMSR is chosen
for further characterization. Firstly, the optical linewidth of the
IL signal is measured using the delayed self-heterodyne method
[26]. The result is then compared with the optical linewidths
of the free running ML and SL. It is well known that the
linewidth of the IL SL follows the linewidth of the ML, thus this
measurement can be used to further verify whether an effective
IL is achieved [27], [28]. The measured linewidth of the SL,
ML, and injection locked SL are ~38.5 MHz, ~6.7 MHz, and
~7.1 MHz with uncertainty of 0.4 MHz, respectively. We
attribute the slight difference in linewidth of IL SL and the
ML to a measurement error. The same procedure is repeated
for the remaining three NGPON-2 wavelengths (1532.68 nm,
1534.25 nm, 1535.02 nm). The overlaid spectrum of all four
wavelengths on the 100 GHz grid, required for the upstream
transmission, measured with the aid of a high resolution (0.16
pm) optical spectrum analyzer, are shown in Fig. 4. The output
power of the PIC at IL1, IL2, IL3, and IL4, when SOA is biased
at 21 mA, is 3.16 dBm, 2.71 dBm, 2.94 dBm, and 2.42 dBm,
respectively. The power can be enhanced to 7.02 dBm, 7.46
dBm, 7.51 dBm, and 7.05 dBm by increasing the SOA current
to 30 mA. The difference in peak power between the wavelength
channels is due to the misalignment of the lens fiber (mounted on
3-axis translation stage) caused by minor thermal variations that
are not compensated by the temperature control arrangement
used.
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V. DATA TRANSMISSION

Having determined the static performance of the device, we
then move to investigate its dynamic operation. Firstly, the
frequency response of the SL in a free running and optical
injection scenario are characterized, to ensure the transmitter can
support a data rate of 10 Gbps. As shown in Fig. 6(a) the 3 dB
bandwidth of the free running SL is measured to be ~ 5.4 GHz,
which is increased to ~ 8.82 GHz, due to the injection locking
[27]. As this is sufficient for the 10 Gbps transmission rate, we
proceed to test the system performance of the directly modulated
transmitter at each of the four wavelengths shown in Fig. 4. The
experimental setup used is shown in Fig. 5. First, all sections
of the PIC are biased using the values identified in the previous
section. A non-return to zero (NRZ) 10 Gbps pseudo random
bit sequence (PRBS) of the order 2'°-1 and a peak-to-peak
level of 2V, is generated by a pulse pattern generator (PPG).
The generated signal is combined with a DC current using a
wideband bias-tee and applied to the RF pad of SG section of the
PIC. The modulated optical signal is then coupled into a 90:10
coupler, with the 10% output connected to the fiber auto-aligner
and the 90% output used for the performance testing.

An optical spectrum of the modulated SL is captured at the
transmitter and compared under two cases: without and with
the injection (see Fig. 6(b)). In the first case, the spectrum
(blue line) is broader because of the presence of frequency
chirp induced by direct modulation. However, we clearly see
areduction in the spectral width in the second case (orange line)
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[18]. The wavelength of the injection locked SL is red-shifted
due the injected/induced change in the effective refractive index
[29]. In addition, we see a clear eye pattern when the SL is
injection locked in comparison to the free running SL. This
can be attributed to the damped relaxation oscillations, and the
reduced amplitude fluctuations [30]. Subsequently, the impact
of the injection level on the spectral width of the SL is further
investigated by varying the bias of the VOA section (higher bias
corresponds to a higher optical injected power / lower optical
attenuation).

The increase in VOA current reduces the optical attenuation
and increases the power injected from the ML, leading to a
reduction of the frequency chirp. Fig. 7 shows the spectra of the
SL for three values of the VOA current. From the plot it can be
seen that the spectral width (chirp) is reduced significantly as the
level of injection is increased. In addition, the appearance of the
“rabbit ears” in the spectrum, indicating the presence of transient
chirp [31], is also reduced. The measured 20-dB spectral width
at VOA bias currents of 1 mA, 2 mA, and 4 mA are ~ 98.7 pm,
~ 94 pm, and ~92 pm, respectively. While the lowest spectral
width is obtained when the VOA bias is set at 4 mA, for the
remainder of the test the VOA current is set at 2 mA, where
there is a balance between the reduction of chirp and extinction
ratio (ER). A high level of optical injection significantly reduces
the chirp, but at the same time reduces the threshold of the laser,
which results in a degraded ER. The ER for I mA, 2 mA, and 4
mA bias current applied to the VOA is ~3.9 dB, ~3.8 dB, and
~3.6 dB, respectively. Hence, the VOA plays an important role
in managing the trade-off between the chirp and ER. Another
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important observation is the fact that the wavelength of the SL
remains almost constant for all three VOA biases, indicating
the ability to optimize the injection level without affecting the
operating point of the SL. This is a significant improvement
in comparison to the previous versions of the chip, which did
not have the VOA section. To determine the ER for each of
the wavelength channel, the output of the transmitter is fed to
a DC-coupled photodiode. The measured ER values, for each
of the injection locked operating points IL1, IL2, IL.3, and 1L4,
and their corresponding average output power levels, are 3.6 dB,
3.8dB, 4.1 dB, 4.8dB and 6.0 dBm, 5.66 dBm, 5.81 dBm,
4.81 dBm, respectively. The measured ER for IL3 and IL4
is 0.1 dB and 0.8 dB higher than the specified limit of 4 dB.
However, IL1 and IL2 require 0.4 dB and 0.2 dB improvement
in ER, respectively. The ER can be improved by shortening the
cavity length of SL to increase the modulation response, and
reducing the mirror losses to enhance the slope efficiency by
optimizing the slot width, slot depth, and period order of slot
grating.

Next, we carry out bit error ratio (BER) measurements for all
channels, by launching the signal into an avalanche photodiode
(APD). The received optical power (ROP) level is controlled and
measured using an external VOA with an inbuilt power meter.
The output of the APD is then connected to an error detector
(ED) and the performance of the individual channels (BER) is
measured in a back-to-back (B2B) scenario and after 25 and 50
km fiber transmission. The resultant plots of the BER versus
the ROP for all four channels are shown in Fig. 8. From the
figure it can be seen that not all channels perform equally. For
the 50 km transmission, IL1 and IL3 show the worst and the
best performance respectively. We would attribute the relatively
poor B2B performance of IL1 to the lower ER (3.6 dB). On
the other hand, the largest transmission penalty is observed
for IL4 (~2 dB at a BER of 1e™®). This could be ascribed to
the lower level of optical injection used leading to the highest
degree of chirp thereby resulting in a larger dispersion penalty.
Nevertheless, for all the IL points a BER better than 5e is
achieved, even after 50 km of uncompensated fiber transmission,
which is a significant result for a directly modulated transmitter.
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It stems from the reduction of the frequency chirp introduced
by the external, which enables an extension of the transmission
distance.

VI. POWER WHEN NOT ENABLE (PWNE)

An acceptable transmitter for NGPON-2 must comply with
the limit of PWNE, which limits the maximum output optical
power spectral density (PSD) when the burst is not being trans-
mitted to —62.6 dBm [8]. To meet the PWNE in the fabricated
transmitter, an SOA is integrated at the output of the device,
to allow disabling the output of the transmitter when no data is
being sent (blanking the output power without the need to turn off
the laser). This is achieved by toggling the SOA section between
transparency or amplification (bias current > 18 mA) and
absorption (bias current = 0 mA). Fig. 9 shows the comparison
of the measured output optical spectrum, when the SOA is biased
at 21 mA (blue trace) and 0 mA (orange trace), resulting in the
change in the peak output power of the transmitter from 0 dBm
to —60.77 dBm. To meet the specified power level for PWNE,
the VOA is turned also off to attenuate the optical power from the
ML and the SOA is reverse biased to increase the absorption of
the light. This way the output power of the PIC drops below
—62.6 dBm, which meets the specified PWNE limit for the
NGPON-2 transmitter. In a future design, an additional SOA
section at the output can be integrated, which can provide high
optical absorption when it is turned-off. In the updated design
the desired PWNE can be obtained without turning off other
sections of the PIC.

VII. OUT-OF-CHANNEL (OOC) POWER MEASUREMENT IN
BURST-MODE TRANSMISSION

Another requirement of the NGPON-2 standard that we
tested on the proposed transmitter is the out-of-channel power-
spectral-density (OOC-PSD). This requirement aims to mini-
mize the cross-channel interference within the network. The
OOC-PSD sets the maximum level of the PSD that a transmitter
can generate outside of the operational channel. To verify the
compliance with the OOC-PSD, the spectrum of the transmitter
in burst mode is measured and compared with the standard
described in [8]. For this test, the SOA is turned on and off during
the burst mode operation. We generate a 62.5 pis, 50% duty cycle,
2V pk-pk square wave (transmitter enable signal) and apply it
to the SOA to enable/disable the output of the transmitter. The
data modulation is applied to the SL, while the SOA is enabled.
As the SOA settling time is 50 ns, the modulating signal to
the SL is applied after delay of 50 ns. The optical output is
detected using a PIN diode and analyzed using a high-speed
sampling oscilloscope. Fig. 10(a) shows the received burst data
signal after the PIN photodetector and the corresponding eye
pattern (inset). The optical spectrum of the burst mode signal
(Fig. 10(b)) is observed using an optical spectrum analyzer set
in the maximum hold mode. The OSA resolution is set to 0.02
nm and spectrum is swept until no change in the spectral shape
is detected.

Then, post processing is performed to calculate the OOC-PSD
at a resolution of 15 GHz. The PSD values are calculated as
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Fig. 9.  Output optical spectrum at forward biased (blue) and reversed biased
(orange) SOA.

—44.07 dBm (cyan), —38.29 dBm (green), —41.52 dBm (red),
and —46.46 dBm (magenta) at different distances from the
operational channel (blue). According to the specification, the
maximum OOC-PSD must not exceed —40.5 dBm in case of
a 100 GHz channel spacing. All the OOC PSDs are within the
limit specified in [8] except channel B that is 1.8 dB higher than
the specification. The primary cause of higher PSD in channel
B is the side mode of SL falling within the spectral slot of the
neighbouring channel, the power of which is further increased
when the SOA is directly modulated.
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VIII. CONCLUSION

We have reported on the design, fabrication and detailed
characterization of a novel 8-section directly modulated PIC
transmitter device suitable for employment in TWDM access
networks. A master-slave configuration-based PIC can be tuned
to generate four injection-locked, 100 GHz spaced channels.
Each of these channels can be modulated at 10 Gbps and the
transmission distance can be extended by controlling frequency
chirp using an on-chip VOA. We see a significant reduction in the
frequency chirp when the ML is turned on and the SL is injection
locked. The BER performance at each of the IL wavelengths,
when transmitted over 50 km SMEF, is well below the forward-
error-correction (FEC) limit and always below 5e™®. Further-
more, the integrated SOA at the output of the device enables
the optical channel power on-off feature (output optical power
below or equal to -62.6 dBm). This PIC also exhibits low level
of interference (< —38.29 dBm) to the other equally spaced
operational channels. In conclusion, the features of PIC such as
ease of fabrication, tunability, error free transmission, low cross
channel interference has a potential to be uses as NGPON-2
transmitter with possible improvement in ER and modulation
response.
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