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VCSEL polarization modulation for pulse-per-second clock
signal transfer in optical frequency distribution systems
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In this paper, a novel vertical cavity surface emitting laser (VCSEL) polarization modulation technique based on po-
larization switching due to thermal heating in a single transverse mode class 10 G VCSEL at 1 310 nm is demonstrated
experimentally. The inherent orthogonal polarization switching of the VCSEL carrier with changing bias is exploited
in the transmission of pulse-per-second (PPS) timing clock signal. Experimental results show that PPS pulse widths of
9.97 ps and 9.98 ps are measured for back-to-back analysis and over 3.21 km of G 652 urban fibre transmission, re-
spectively. This work provides a novel alternative for adoption in optical frequency and time transfer applications.
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Optical time and frequency (TFR) transfer has recently
become a major topic of research**l. Among the tech-
nologies for time and frequency distribution, optical fibre
based TFR links employing vertical cavity surface emit-
ting laser (VCSEL) transmitters offer alternative solution
in decreasing network cost, energy consumption and
complexity. VCSELs have attracted much attention over
years*6l, This is due to their promising applications in
optical communication, optical signal processing and
optical interconnect("l,

VCSEL polarization modulation is a relatively simple,
low complexity alternative modulation approach.
VCSELSs usually emit linearly polarized light, oriented in
a specific crystallographic direction®. This is mainly due
to their cylindrical symmetry, direction of lasing, and
carrier injection. The carrier injection is always perpen-
dicular to the active layer and along the axis of cylindri-
cal symmetry!10.111,

However, during VCSEL’s manufacturing process,
some inherent birefringence caused by stresses uninten-
tionally induced my lead to polarization switching of the
VCSEL device®. The linearly polarized light emitted
from VCSEL lasers has therefore been reported to switch
between two orthogonal states™?. The output light of
VCSELSs can exist in two orthogonal modes along <011
The crystal mode directions are denoted as Pj and Pd,
respectively. Current heating of the VCSEL active region
changes the transverse refractive index profile by ther-
mo-optic effect and leads to a creation of waveguide. As
a result, the modal gain (Gn) for the fundamental Gauss-
ian transverse mode is given ast*

L= 0Dy, @

where g is the gain in the center of the active region with
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a circular symmetry, Ag and An are the gain and the re-
fractive index differences between the center and the
edge of the effective contact respectively, due to carrier
spreading and effective contact!*4l. S is the radius of the
effective contact, 7o is the effective refractive index, and
ko=2mn/Ao Where A is the wavelength in free space.

Considering that at resonance 7L=N(10/2), where L is
the cavity length and N is an integer, Eq.(1) can be
transformed into
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where AT=APg4is, and Pgis is the power dissipated in
VCSEL. The terms in parenthesis in Eq.(2) describe the
effect of the thermal wave guiding which is more effec-
tive for smaller wavelengths and larger temperature dif-
ference AT.

Pulse-per-second (PPS) clock signals have attracted
vast interests in timing applications such as coordinated
universal time (UTC) and global positioning systems
(GPS). This is mainly due to its low jitter, high accuracy
and precision®®, Fibre based communication networks
also play an increasingly important role in dissemination
of present and future time and frequency standards, for
emerging optical frequency standards and clocks.
Through intelligent network design and active correction
mechanisms to compensate for fibre induced propagation
mitigation and its resultant impact on reference clock
instability, optical fibres are ideal alternative for optical
frequency standards transfert®16-18],
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This work reports a novel VCSEL polarization modu-
lation exploiting the VCSEL polarization switching
mechanism due to thermal lensing. A PPS timing clock
signal is modulated onto the polarization states of a sin-
gle mode VCSEL carrier at 1 310 nm, by exploiting the
inherent orthogonal polarization switching of a VCSEL
carrier with changing bias. Our modulation approach
requires polarization switching when injection levels into
two superimposed polarization maintaining waveguides
change magnitude. This also implies that the polarization
maintaining waveguides must have strong polarization
selectivity. With our proposed VCSEL polarization
modulation technique, it is possible to achieve a higher
extinction ratio between the two digital states (the 1's and
0's) without high peak-to-peak voltage (Vyp). This is due
to the orthogonality of the polarization states (such as
horizontal and vertical polarization).

Fig.1 shows the experimental setup used to demon-
strate VCSEL polarization dynamics, by investigating
the polarization-resolved light-current characteristics of
the VCSEL carrier.
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Fig.1 VCSEL polarization dynamic experimental setup

A single transverse-mode commercial class 10 G
VCSEL designed for high-speed performance (10 GHz
bandwidth) is considered for analysis. Polariza-
tion-independent parameters of a similar device have
been reported in Ref.[19]. This laser has an emission
wavelength of 1 307.05 nm at 1=7.01 mA and a threshold
current of 1.53 mA. As shown in Fig.1, the optical light
output from the VCSEL under test was connected with
the input port of a polarization beam splitter. The polari-
zation beam splitter was used to separate the incoming
VCSEL light into its respective orthogonal states. A po-
larization controller was used to align the states of polar-
ization (SOP) orientation of the incoming VCSEL light
wave to ensure that the SOP of the incoming light wave
is a resultant of the two orthogonal states of polarization.
This was enabled by monitoring the output power of the
two optical power meters while turning the polarization
controller up until the two power meters' reading was at
the same level.

The light launched along the slow axis of input port T
will be transmitted along the slow axis of output port 1
and measured using power meter 1 as shown in Fig.1.
Consequently, the light launched along the fast axis of
input port T will be transmitted along the slow axis of
output port 2 and measured with power meter 2. Polariza-
tion maintaining fibres were used to connect output 1 and
2 with their respective power meters to maintain their
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SOPs. The VCSEL polarization-resolved light-current
measurements were taken by varying the bias current from
1 mA to 9.97 mA while recording the respective output
power of the two meters.

The experimentally measured VCSEL polarization re-
solved light currents are shown in Fig.2. A polarization
switching from the high frequency (Y-mode) to the low
frequency (X-mode) polarization mode was observed near
4.68 mA bias current. The X-mode and the Y-mode were
orthogonal to each other. No appreciable hysteresis was
observed. At this polarization switching point (4.68 mA),
no drop of the total output power was observed.
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Fig.2 Polarization resolved light-current characteris-
tics of a free running VCSEL

Results in Fig.2 prove a key polarization dynamic
ability of VCSEL transmitters. From these polariza-
tion-resolved light-current measurements, VCSEL po-
larization switching between two orthogonal states of
polarization was achieved at 4.68 mA bias current. In
this experimental demonstration, the external tempera-
ture of the VCSEL was maintained at room temperature
(about 25 °C) using a thermal electric cooler (TEC) cir-
cuit so that temperature effects could not come into play.

To further demonstrate VCSEL polarization switching
between two orthogonal states of polarization for the
realization of VCSEL polarization modulation, the
VCSEL was biased at 4.68 mA as demonstrated in our
previous contributions®2, This biased point was care-
fully selected so that any slight increase or decrease in
current could result in a switching in states of polariza-
tion of the VCSEL from polarization region “A” to po-
larization region “B” and vice-versa as shown in Fig.3.
At a bias current of exactly 4.68 mA, the VCSEL was
noted to be lasing at polarization state “A”. However, a
0.2 mA increase in bias current was noted for a polariza-
tion switching from polarization state “A” to polarization
state “B” as shown in Fig.4, therefore achieving VCSEL
polarization switching. A polarization analyzer was used
to monitor the polarization characteristics of the VCSEL
under test thus collecting polarization results used in
Fig.4. This mechanism was therefore adopted to realize
the VCSEL polarization modulation using a PPS clock
signal as our previous contribution in Ref.[20]. A rubid-
ium frequency standard model FS725 was adopted to
generate 1 PPS electrical signal with pulse width of



* 0378

10 ps used in this contribution. The electrical 1 PPS sig-
nal voltage was attenuated by 42 dBm.
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Fig.3 VCSEL bias characteristic curve
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Fig.4 Poincaré sphere showing the two orthogonal po-
larization states of a VCSEL due to polarization switching
after being modulated with a pulse per second signal

Due to the unavailability of a polarization-sensitive
photodiode in our laboratory, it was important to develop
a reliable technique that could recover the polariza-
tion-based PPS clock signal to intensity attribute, for its
direct detection with an intensity-sensitive PIN photo
receiver can be realized. To achieve this, a linear optical
polarizer was used as shown in Fig.5.
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Fig.5 Experimental setup used to recover polariza-
tion-based PPS clock signal

Firstly, it is important to note that optical fibres are ex-
pected to maintain the same state of polarization of the
input light wave throughout their transmission lengths.
However, due to birefringence and mode coupling arising
from different affecting conditions within the optical fibre
link, the polarization stability of the optical light is altered.
Polarization controllers were therefore used to realign po-
larization states of the VCSEL light wave to match with
that of the linear polarizer. A 3.21 km transmission over
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ITU-T G.652 single mode urban fibre was experimentally
achieved. This optical fibre has zero dispersion perfor-
mance at 1310 nm transmission window. The received
PPS electrical signal was then captured using an Agilent
sampling scope for offline statistical analysis.

The statistical PPS pulse width results of the received
polarization based PPS clock signal after its transmission
over 3.21 km of G.652 optical fibre are presented in
Fig.6. These measurements were conducted by taking the
time difference between the rising edge and falling edge
of individual received PPS pulse signals at full width at
half maximum (FWHM). PPS pulse widths of 9.97 us
and 9.98 us were attained for back-to-back (B2B) and
3.21 km fibre transmission, respectively, corresponding
to deviations of —0.03 us and —0.02 us respectively from
the 1 PPS actual pulse width of 10.00 ps as stated in
Ref.[21]. These deviations were contributed by the cu-
mulative equipment error. It is noted that the PPS pulse
peak presents slight distortion upon its detection. This is
due to chirping property of the VCSEL laser source.
However, this did not affect the integrity of the rising
and falling edges of the PPS clock signal as seen in Fig.6.
This is the key requirement for timing clock signals in
time and frequency reference application systems.
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Fig.6 PPS measured pulse widths for (a) back-to-back
and (b) 3.21 km of G.652 fibre transmission

A frequency count distribution of the measured time
between successive pulses is presented in Fig.7. The re-
sults were obtained by taking the time difference be-
tween the rising edge of the first pulse and that of each
successive pulse.



ISOE et al.

EmB2B
Gaussian fitting

25F B
Data:Bin2_Count 61-
Modet Gauss
=] 201 corpor -7.89643 7
3 R'2 -0.944
8 y0 2.41826 +1.31133
> 15 xc 0.00642 =0.00054 i
5 w o 0.00642  +0.00098
5 A 0.20321 0.03432
=]
S 10k
51 10
=
S5t

09970 0.9750.980 0.985 0.990 0.995 1.000 1.005 1.010
Measured PPS time interval (s)

(@

T T T

0 [ EE321km ]
—— Gaussian fitting

25 || Data:Bin4_Count61 T

Modet Gauss

Cnr2/DoF  -4.363 74 B
R'2 -0.9741

y0 2.07781 0.95993
xc 0.99737 +0.00037 4
W 0.0062  +0.00056
A 021667 +0.02471

[
(=]
T

Frequency count
9
T

—

(=)
T
1

5 F 4

0
0.9700.975 0.980 0.985 0.990 0.995 1.000 1.005 1.010
Measured PPS time interval (s)

(b)

Fig.7 Time frequency count measurement for (a)
back-to-back and (b) 3.21 km of G. 652 fibre transmission

In our analysis, 60 pulses were considered in total. From
the results in Fig.6, a maximum count was seen at 1 s for
all experimental scenarios considered. This implies that
the PPS clock signal retained its timing property (a pulse
every second) even after a fibre transmission.

Optical communication plays an extremely important
role in both telecommunication networks and time and
frequency reference systems. Clock and reference fre-
quency signal distribution is of great importance in UTC,
GPS, banks and big data science projects. We have
shown the VCSEL polarization modulation based on
VCSEL polarization switching mechanism due to ther-
mal lensing. A PPS has been modulated successfully into
the polarization states of a single mode VCSEL and a
fibre transmission of 3.21 km was achieved. The 3.21 km
SMF transmission length suits timing application in the
optical access network. Our proposed VCSEL polariza-
tion modulation technique complies with strict power
consumption, cost and size limitations, thus allows for
integration within an already existing optical fibre net-
work. The VCSEL polarization modulation technology is
demonstrated using a PPS timing clock signal with pulse
width of 10 ps due to its availability in our laboratory.
However, higher reference clock frequencies can still be
supported in the same network system where splitting
ratio and reach capacity can be traded off against one
another to enhance the system performance. In addition,
innovative network design aiming at reducing the overall
network cost and complexity through shared infrastruc-
ture is an ideal alternative to address connectivity issues
in optical frequency distribution systems.
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