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Polarization Mode Dispersion Monitoring by Measuring the
Amplitude of the Pulses Produced by Combining the Two
Orthogonal Polarization Components

Dr Haidara Abdulrahman Abdalla®

Abstract

In this paper, a new polarization mode dispersion (PMD) monitoring technique is proposed in optical
fiber networks. It is based on converting the two orthogonal polarization modes of the monitored signal to
the same state of polarization and then they are coupled together with a phase difference of (180°). The
amplitude of resulting pulses is measured which is proportional to the differential group delay (DGD) of
the fiber link which describes the PMD of the optical fiber link.

The proposed technique is characterized, compared with other monitoring techniques, by good
monitoring range, high sensitivity, no modification of the transmitter, simple scheme, not affected by
chromatic dispersion (CD), fast response time and the ability to work with different bit rates without
requiring any hardware modification,

VPIphotonics simulator was used to demonstrate the validity of the proposed monitoring technique
and to analyze its performance.

Keywords: Optical fiber communication, optical performance monitoring, polarization
mode dispersion monitoring, differential group delay.
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1.INTRODUCTION:

Polarization mode dispersion (PMD) is a
form of  modal dispersion where  two
different polarizations of light in awaveguide
travel at different speeds due to random
imperfections and asymmetries, creating a
differential group delay (DGD) between the two
modes that results in pulse spreading and inter-
symbol interference (ISI). PMD is a crucial
limitation in high-speed wavelength-division
multiplexed (WDM) systems due to either high-
PMD legacy fiber or PMD of many in-line
components. PMD accumulates in the fiber link
and many in-line components. It is time varying,
temperature dependent and may change with the
network reconfigurations. Therefore, real-time
PMD monitoring is required in order to
dynamically tune a compensator or for network
control and management [1].

Several PMD monitoring techniques have
been demonstrated for dynamic optical networks
in recent years. However, many current
techniques suffer from a number of potential
disadvantages. One method has been suggested
based on the stimulated Brillouin scattering
(SBS) in optical fher [2]. A fixed analyzer
method with deep neural network for (PMD)
measurement was proposed [3]. In [4] singular
value decomposition (SVD) denoising algorithm
is applied to monitor PMD. Other method was
reported to measure DGD by monitoring the
degree-of-polarization (DOP) of received signal
[5]. This method is dependent on the pulse width
of the signal and the DGD monitoring range is
small for short pulses. Besides, it is also
dependent on modulation formats.  Another
technique was proposed to measure PMD by
observing the fading of added RF tones [6]. This
method requires transmitter modification and it
needs high-speed devices. Moreover, the tone
could interfere with data and cause deleterious
effects. It is also affected by chromatic
dispersion (CD) which causes ambiguity in
PMD monitoring. Eye diagrams and delay-tap
sampling (DTS) plots reveal the effect of PMD
[7,8]. However, the PMD monitoring results are
still degraded by both optical signal-to-noise
ratio(OSNR) variations and CD effects. Another
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major disadvantage of asynchronous DTS is that
the delay value between the taps is a function of
data rate and hence needs to be precisely
adjusted for various data rates. This would
require a high precision tunable electrical delay
line with large tuning range depending upon the
range of data rates being monitored. It has been
shown in [9] that a slight mis-adjustment in the
tap- delay value may lead to very large
monitoring errors. Furthermore, DTS technique
has slow response time.

In this paper, a new PMD monitoring
technique is proposed. It is based on measuring
the DGD by converting the two orthogonal
polarization modes (EsE,) of the monitored
signal to the same state of polarization and
frequency band and then they are coupled
together with a phase difference of 180°. After
that, the amplitude of resulting pulses is
measured which is proportional to the DGD.
This technique has the following advantages: (1)

good PMD monitoring range. (2) high
sensitivity. (3) no modification of the
transmitter. (4) simple scheme and cost

effective. (5) not affected by CD. (6) fast
response time. (7) the ability to work with
different bit rates without requiring any
hardware modification

The remainder of this paper is organized as
follows: In Section (2), the operation principle of
the proposed PMD technique is explained.
Section (3) displays the simulation model of the
proposed technique which is prepared by VPI
photonics simulator. Section (4) shows the
results of the simulator that demonstrate the
validity of the proposed technigue. The effect of
the CD and amplified spontaneous emission
(ASE) noise on the PMD and the ability to work
with different bit rates are also investigated in
this section. Finally, Section (5) summarizes the

paper.
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2. Operation principle of the

proposed PMD monitoring
technique
Optical signal propagating in optical

transmission links is split into two orthogonal
polarization modes (Transverse Electric(TE),
Transverse Magnetic(TM)). Due to the effect of
PMD, each component travels along the fiber at
different speeds, creating a differential group
delay (DGD) between the two modes which
describes the PMD of the optical fiber link [10],
as shown in Fig. 1.
Fast
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Fig. 1. Polarization-mode dispersion.

Fig. 2 shows the schematic diagram of the
proposed PMD monitoring technique which
measures the DGD as follows. First, the received
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optical signal is passed to polarization beam
splitter (PBS) which gives the two orthogonal
polarization modes (X, Y). They carry the same
data information. Suppose that the (X)
component is E(t), then the (YY) component is
E(t-DGD). After that, both signals are coupled
with low power continuous wave (CW) at a
frequency away from the optical carrier
(f-+250GHz). The coupled signals are passed to
semiconductor optical amplifier (SOA) which
works as an optical wavelength converter based
on cross-gain modulation (XGM) [11]. An
optical band-pass filter is used after SOA to pass
(CW) signal only. Therefore, the resulting
signals in the two paths are now at the same state
of polarization and frequency band. The phase of
upper path signal is shifted (180°) and then the
two paths are combined by a coupler.
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shift 1
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meter
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Fig. 2. Schematic diagram of the proposed
PMD monitoring technique

Finally, the resulting optical pulses are
detected by a photodiode (PD) and the amplitude
of resulting electrical pulses is measured. If
DGD=0, the (X)

and () signals are synchronized (matched in
time), so they interfere destructively (cancel
each other out completely), and hence there is no
pulses (after the coupler) as shown in Fig. 3(a).
On the other hand, if DGD+#0, the (X) and (Y)
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signals are not synchronized. So, they do not
cancel each other out completely and hence there
are some pulses at the output of coupler as
shown in Fig. 3(b). The amplitude of the pulses
is proportional to the unknown DGD value
which can be exploited to monitor DGD.
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Fig. 3. X and Y components after the SOA
with the output signal after the coupler for
(2)DGD=0, (b) DGD#0.
3. Simulation setup
The simulation model of the proposed
monitoring technique was prepared by VPI
photonics simulator as shown in Fig. 4 in order

to demonstrate the validity of the proposed
technique. It consists of the following parts:

1- RZ-OOK transmitter module:

In this
section, a laser light is modulated externally
by 50% return to Zero (RZ) data bit sequence
at 10Gb/s using mach-zehnder intensity
modulator to generate RZ-OOK (on-off
keying) signal.

LaserCW element to generate laser light. PRPS

element to generate bit sequences. RZ-coder
to convert bits into RZ coding. Rise time to
set the rise time of the bits. ModulatorMZ is
mach-zehnder modulator.
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Fig. 4. Simulation setup for the proposed PMD monitoring.

2-CD,PMD and OSNR emulation: In this
section, the transmitted signal is passed to an
optical fiber which adds CD to study the
effect of the CD on the PMD measurement.
Then, a polarizer and PMD emulator is used
to change DGD of the two polarization
component. The added DGD represents the
unknown value, which should be measured
by the proposed monitoring unit. After that,
ASE noise is inserted to the transmitted
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signal using (OSNR) element for testing the
work of the technique with ASE noise.

3-PMD monitoring module: In this section, the

received signal is firstly sent to AGC
(automatic gain control) element to set the
same power for the optical pulses, then it
passes to PBS element to extract (X) and ()
signals which after that they are coupled with
the same CW signal at frequency
(193.1THz+0.25THz) and are inserted to
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SOAs. Optical band pass filter is used to pass
the CW signal only. Therefore, we obtain the
same frequency and state of polarization in
the two branches. The phase of (X)
component is shifted (180°) and then it is
combined with the other signal by a
multiplexer. Finally, the resulting optical
pulses are detected by (PD) and the amplitude
of the electrical pulses is measured which can
be used to monitor unknown DGD. Table 1
shows the most significant simulation model
parameters.

PBS element is polarization beam splitter.
FilterOpt represents optical filter. Multiplexer is
used to combine multiple optical signals. SOA
represents semiconductor optical amplifier. PD
is photo detector. Power meter element and
Reciprocal(1/x) are used to calculate the
amplitude of the electrical pulses. F(x) is used
to calculate the amplitude in dB. Analyzer2D to
display results in 2D.

Table 1 : Simulation model parameters.

Parameter Value
Bit rate (Ry) 10Gb/s
Average power of transmitted 5 mW
signal
Frequency of the laser light (f.) 193.1 THz
DGD range [0,50] ps
CD range [0,400] ps/nm
OSNR range [20,40] dB
SOA bias current 500 mA
SOA length 500 pm
CW source power 0.5 mwW
193.1 THz
CW source frequency +250GHz
Responsivity of the PD 1AW
500 - 600 500
X component Xcomponent ¥ component
— Y component Y component — Y component
Ed,[][] output signal E 400 outputsignal EJ,U[] outputsignal
E £ E
R W 2T
8200 Ezou Ezuu et
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Fig. 5. The data bits of (X) component and

(YY) component signals resulting from PBS with

the output pulses for (a) DGD=0ps, (b) DGD=25ps, (b) DGD=50ps.
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4.Simulation results and

discussion

4.1. The relationship between the
amplitude of the output pulses and the
DGD

The two orthogonal polarization modes carry
the same data information but with relative delay
resulting from PMD of the fiber. Fig. 5 shows
data bits of the (X) component and (Y)
component with the output optical pulses for
DGD=0ps, DGD=25ps and DGD=50ps.

For DGD=0, there are no output pulses as the
result of destructive interference completely
between the two components. For DGD=25ps
and DGD=50ps, there is some misalignment
between the two components, so optical pulses
appear. It is clear that the higher the DGD is, the
higher the energies of the output optical pulses.

Fig. 6 shows the amplitude of resulting
electrical pulses (after PD) as a function of the
DGD for different cases of the data bit
sequences(one sequences, alternate sequences
and random sequences) with different powers of
the monitored signal. As expected from the
previous results shown in Fig. 5, the amplitude
of output pulses grows with DGD and thereby
this amplitude can be used for DGD monitoring.
It is clear also that the amplitude of output pulses
does not related with the data bit pattern and the
power of monitored signal.

The DGD monitoring range is [0,Ty/2]
because when the DGD is above (Tp/2), the
amplitude of output pulses will almost not
change with the DGD. For R,=10Gb/s, the DGD
monitoring range is [0,50] ps. Sensitivity is
defined as the amplitude change of the output
pulses per unit dispersion. The higher sensitivity
gives higher monitoring accuracy. Sensitivity is
meaningful at near zero DGD assuming a
feedback control to minimize dispersion penalty
[12]. So, we measure the sensitivity at near zero
DGD and it is equal to 4.8 dB/ps. This indicates
that the sensitivity of the proposed technique is
high.
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Fig. 6. The amplitude of output pulses
versus the DGD value for different cases of
the data bit pattern and power of monitored
signal.

It should be noted that the results have been
reached in this section under the assumption that
there are no noise with the monitoring signal and
in the absence of CD. In the next two paragraphs
the impact of each on the DGD measurement is
examined.

4.2. The effect of CD on DGD
measurement

Various frequency components of an optical
signal experience a slightly different index of
refraction as they travel through the fiber. So,
these various components travel at different
speeds. The result is that a given pulse of light
spreads out as the pulse propagates, giving rise
to what is normally called chromatic dispersion
[13]. Most of the proposed PMD monitoring
techniques are affected by CD which cause
errors in PMD estimation. In this section, we
investigate the effect of CD on PMD
measurement. Fig. 7 shows the amplitude of
output pulses as a function of the DGD at
different values of CD (0,100,200,300,400)
ps/nm. It is obvious that the measured DGD is
not almost affected by CD because CD does not
affect the relative delay between the two
orthogonal polarization modes of the monitored
signal. As a result, the proposed technique is
more suitable to use in optical fiber networks.
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Fig. 7. The effect of CD on the PMD
monitoring.

4.3. The effect of ASE noise on DGD
measurement

Optical amplifiers that are used in long-haul
networks provide an important and dominant
noise known as amplified spontaneous emission
(ASE) which is generated as a result of
spontaneous emission process within the
amplifier gap. This noise is uniformly distributed
in frequency, phase and polarization, and is
described by the term optical signal-to-noise
ratio (OSNR) [13]. In this paragraph, the work
of the proposed technique in presence of the
ASE noise has been tested. Fig. 8 shows the
amplitude of output pulses as a function of the
DGD at different wvalues of OSNR
(20,25,30,35,40)dB. It is clear that when OSNR
is above 30dB, the ASE noise does not almost
affect the DGD measurement. Therefore, the
proposed technique is affected by ASE noise and
should work in OSNR above 30dB.

B

—a— OSMR=20dE ||
—#— OSMR=25dB |
—4%— DSMNR=30dE ||
—+— OSMR=35dE ||

amplitude of output pulses (dB)

-60 —s— OSHR=40dB [
66—
0 10 20 30 40 50
DGD (ps)
Fig. 8. The effect of ASE noise on the PMD
monitoring.
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4.4. The ability to work with different

bit rates and modulation schemes
Since the envisaged future optical networks
will probably incorporate multiple data rates,
there is a considerable interest in the
development of monitoring techniques which
could accommodate different data rates. Such
beneficial feature may significantly reduce the
monitoring costs. Fig. 9 shows the relationship
between the amplitude of output pulses and
DGD for different bit rates (R,=10Gb/s,
Rp=15Gb/s, Ry=20Gb/s). As it is clearly, the
proposed technique can be used with different
bit rates without any modification of the
monitoring hardware. The clock tone power
detection and DTS techniques are function of
data bit rate, so they need modification of the
monitoring unit for measuring multiple bit rates.
The measurement range of the proposed
technique will differ as a function of bit rate. It is
equal to the half of bit period (T,/2) because
when the DGD is above (Ty/2), the amplitude of
the pulses is not change almost with the DGD
variation (sensitivity will be very low). For
Rp=10Gb/s the measured DGD range is [0,50] ps
and for R,=20Gb/s the measured DGD range is
[0,25]ps.
-5

—e— Rb=10GHz

—#— Rb=15GHz

amplitude of output pulses (dB)

-60 / —— Rb=20GHz
S-S S S S —
0 10 20 30 40 50
DGD (ps)

Fig. 9. The amplitude of output pulses
versus the DGD value at bit rates
(10Gb/s,15Gb/s,20Gb/s).
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5. Conclusion

In this paper, a new PMD monitoring
technique for optical fiber systems is proposed
and analyzed. It is based on detecting the DGD
by converting the two orthogonal polarization
modes to the same state of polarization and
frequency by using (SOA) based on XGM,
which then the phase of one of them is shifted
(180°) and are coupled together. The amplitude

of resulting electrical signal is measured which
is proportional to the DGD. The technique offers
a robust and effective solution to realize in-line
PMD monitoring for future high-speed flexible
optical network. Table 2  summarizes
comparison of proposed technique with some of
the existing PMD monitoring techniques.

Table 2 : Comparison of proposed technigue with other PMD monitoring technique

PSS AA.H DT.S Pilot tone | Clock tone DOP Propqsed
technique | technique technique
It depends | It depends It depends on It depends |1t depends on
on bit rate | on bit rate ilgt tone It depends | on bitrate | bit rate and
and bits and bits fFr)e Lenc on bit rate and bit bit coding .
coding. For | coding. For qFor Y For coding. For | [0, +T,/2] .
o R,=10Gb/s, | Rp=10Gb/s, | . _ R,=10Gb/s, | R,=10Gbh/s, | R,=10Gb/s,
DGD Monitoring range | "o i | Tpzpir. | 7H0GHZ 1 hitoring | 500 RZ bit. | 500 RZ bit,
o L monitoring . o -
Monitoring | Monitoring ranae is range is | Monitoring | Monitoring
range is range is [0 58] s [0,50] ps. range is range is
[0,50] ps. | [0,50] ps. 051 PS. [050] ps. | [0,50] ps.
Linear and
sensitivity Quasi-linear|Quasi-linear| Non-linear | Non-linear Linear. high at near
zero DGD
Effect of CD Yes Yes Yes Yes Independent | Independent.
Effect of ASE noise Yes Yes Yes Yes Yes Yes
Response time slow slow fast Fast fast fast
. simple,
Simple but without
Complexity and cost simple medium need Simple simple | requiring any
Modification
: hardware
of transmitter e
modification.

83




......... S pan o Al il Juae (uld JNA (e PMD Gaiind) Jaad ¢l 485 ) a8 Gaa)l) e haa .3

References

[1] C. Yu, "Polarization mode dispersion
monitoring," in Optical Performance Monitoring
Advanced Techniques for Next-Generation
Photonic Networks, C-K Chan, Ed. ELSEVIER
Inc, 2010, 101-126.

[2] YueDeng, XinanYe, Zhen Guo,
Changjian Ke, Haoyu Wang,
Chen Xing ,Yibo Zhong  ,Deming Liu  High

wavelength-resolved state  of polarization
monitoring  method based  on stimulated
Brillouin scattering effect. Optical and Quantum
Electronics (2020) 52:494.

[3] Xueguang Yuan, Yangan Zhang, Cuicui
Wang, Gong Chen, Jinnan Zhang

Polarization mode dispersion measurement
using fixed analyzer method with deep neural
network. Optical Fiber Technology 55 (2020).

[4] Yalei Chu; Yang’an Zhang; Xueguang
Yuan; Xiaomin Ren. Research on polarization
mode dispersion measurement system based on
singular value decomposition denoising. (2018)
Asia Communications and Photonics Conference

(ACP)
[5] Yan Wang, Song Hu, Lianshan Yan,
Jeng-Yuan Yang, and Alan E. Willner,

"Chromatic dispersion and polarization mode
dispersion monitoring for multi-level intensity
and phase modulation systems,” Optics Express,
vol. 15, no. 21, 2007, 14038-14043.

[6] Kazi. A. Taher, S. P. Majumder, B. M. A.
Rahman, Y. Yu, and Changyuan Yu, "
Simultaneous Monitoring of CD and PMD

Using RF Tone Power,” 8th International
Conference on Materials for Advanced
Technologies. 2016, 209-116.

[7] Xichan Zhang, Yunfeng

Peng, and Tonghui Ji "PMD monitoring with the
interference of CD and OSNR using delay-tap
sampling”, Proc. SPIE 10244, International
Conference on Optoelectronics and
Microelectronics Technology and Application,
1024406 (5 January 2017);

[8] Xichan Zhang, Yunfeng Peng, Yumin
Liu, and Tonghui Ji "Monitoring PMD in two-
dimensional phase diagram for NRZ-DPSK

84

systems using 0.25 bit period delay-tap sampling
technique”, Proc. SPIE 9684, 8th International

Symposium on Advanced Optical
Manufacturing and Testing Technologies:
Optical Test, Measurement Technology, and
Equipment, 96840N (27 September 2016);

[9] B. Kozicki, A. Maruta and K. Kitayama,
"Transparent performance monitoring of RZ-
DQPSK  systems  employing  delay-tap
sampling,” J. Opt. Netw., vol. 6, no. 11,
November 2007, 1257-1269.

[10] M. Azadeh, Fiber Optics Engineering,
New York: Springer Science, 2009, ch. 5.

[11] V. Thakur, G. Pandove and T. Gupta,
"Optical Wavelength Converters Based On
Cross Gain Modulation and Cross Phase
Modulation in SOA," International Journal of
Electronics and Computer Science Engineering,
vol. 1, no. 3, 2012, pages 1274-1280.

[12] S. M. Kim and J.-Y. Park, "Chromatic
Dispersion Monitoring of CSRZ Signal for
Optimum Compensation Using Extracted Clock-
Frequency Component”, ETRI Journal, Vol. 30,
No. 3, June 2008, 461-468.

[13] R. Hui and M. O’Sullivan, Fiber optic
measurement techniques, New York: Elsevier
Inc, 2009, ch. 3

Received 2020/12/15 | &agdl gl
'S‘ngpted for 2021/5/19 | &ill dag) Js8



https://ieeexplore.ieee.org/author/37086569157
https://ieeexplore.ieee.org/author/37086570937
https://ieeexplore.ieee.org/author/37403854100
https://ieeexplore.ieee.org/author/37403854100
https://ieeexplore.ieee.org/author/37085568789
https://www.spiedigitallibrary.org/profile/Xichan.Zhang-267996
https://www.spiedigitallibrary.org/profile/notfound?author=Yunfeng_Peng
https://www.spiedigitallibrary.org/profile/notfound?author=Yunfeng_Peng
https://www.spiedigitallibrary.org/profile/notfound?author=Tonghui_Ji
https://www.spiedigitallibrary.org/profile/Xichan.Zhang-267996
https://www.spiedigitallibrary.org/profile/notfound?author=Yunfeng_Peng
https://www.spiedigitallibrary.org/profile/notfound?author=Yumin_Liu
https://www.spiedigitallibrary.org/profile/notfound?author=Yumin_Liu
https://www.spiedigitallibrary.org/profile/notfound?author=Tonghui_Ji

