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ABSTRACT

Optical performance monitoring (OPM) becomes an attractive topic as the rapid growth of data rate in optical
communication networks. It provides improved operation of the high capacity optical transmission systems. Among the
various impairments, chromatic dispersion (CD) is one of major factors limiting the transmission distance in high-speed
communication systems. Polarization-mode dispersion (PMD) also becomes a degrading effect in the system with data
rate larger than 40 Gbit/s. In this paper, we summarize several CD and PMD monitoring methods based on RF spectrum
analysis and delay-tap sampling. By using a narrow band fiber Bragg grating (FBG) notch filter, centered at 10 GHz
away from the optical carrier, 10-GHz RF power can be used as a CD-insensitive PMD monitoring signal. By taking the
10-GHz RF power ratio of non-filtered and filtered signal, PMD-insensitive CD monitoring can be achieved. If the FBG
notch filter is placed at optical carrier, the RF clock power ratio between non-filtered and filtered signal is also a PMD-
insensitive CD monitoring parameter, which has larger RF power dynamic range and better measurement resolution.
Both simulation and experiment results show that the proposed methods are efficient on measuring CD and PMD values
in 57-Gbit/s DSPSK systems. Delay-tap sampling is another efficient method of measuring residual CD. Amplitude ratio
of asynchronous delay-tap sampling plot decreases with CD monotonously, and the amplitude ratio can be obtained by
using low bandwidth balanced receiver. The simulated results show that our method is efficient on residual CD
measurement in 50-Gbit/s 50% RZ DQPSK systems with a 12-GHz balanced receiver. Since no modification on the
transmitter or receiver is required, the proposed scheme is simple and cost effective.

Keywords: Chromatic dispersion (CD), fiber Bragg grating (FBG), optical communications, optical performance
monitoring (OPM), polarization-mode dispersion (PMD)

1. INTRODUCTION

Optical performance monitoring (OPM) becomes an attractive topic as the rapid growth of data rate in optical
communication networks. It provides improved operation of the high capacity optical transmission systems. Among the
various impairments, chromatic dispersion (CD) is one of major factors limiting the transmission distance in high-speed
dense wavelength division multiplexing (DWDM) systems. It may change with network reconfigurations and many
environmental conditions such as temperature. Hence, real-time CD monitoring has attracted a lot of interests. The pilot
tone method [1, 2] was proposed to monitor CD value by measuring phase difference between the upper and lower
sidebands of the subcarrier signal. However, the pilot tone could interfere with data and cause power penalty in the
system. CD induced radio-frequency (RF) clock fading was proposed to monitor CD for return-to-zero (RZ) and non-
return-to-zero (NRZ) signals [3, 4]. However, the measurement results are affected by the polarization mode dispersion
(PMD) effect. Another method based on power ratio of two RF tone powers was proposed in [5]. It requires modification
of the transmitter, and the added RF tones may introduce degradation on data quality. Eye diagrams have been
considered as a useful tool for monitoring CD, PMD, signal-to-noise ratio (SNR) and other impairments in optical
transmission systems [6]. However, clock synchronization is required so that the sampling can be synchronized to the
signal. Many monitoring techniques have been proposed based on asynchronous sampling method [7-9], which can
operate without clock extraction. However, it is still challenge to identify a particular impairment in the present of other
impairments. Recently, asynchronous delay-tap sampling was reported [10, 11]. This method uses a delay-tap line and a
pair of data could be obtained in one sampling. Multiple impairment measurements as well as signal quality are extracted
from the two dimensional histogram of signal. CD monitoring for differential phase shift keying (DPSK) signal by
utilizing asynchronous delay-tap sampling was proposed, while a phase shift of n/4 should be added in one arm of
conventional DPSK receiver [12]. Asymmetry ratio of delay-tap sampling is proposed on residual CD monitoring for

Photonics and Optoelectronics Meetings (POEM) 2011: Optical Communication Systems and Networking, edited by
Zisen Zhao, Richard Penty, Chester Shu, Tao Jiang, Proc. of SPIE Vol. 8331, 833102 - © 2012 SPIE - CCC code:
0277-786X/12/$18 - doi: 10.1117/12.916938

Proc. of SPIE Vol. 8331 833102-1



differential quadrature phase shift keying (DQPSK) signal [13]. However, for the reported asynchronous delay-tap
sampling methods, the measurement resolution is not high when the residual CD is small.

PMD becomes a degrading effect in high-speed, long haul optical fiber transmission systems. Various methods have
been reported to monitor and compensate PMD in the optical network systems. One method is measuring the difference
between the two optical frequency components for the two orthogonal principal states of polarization (PSPs) [14].
However, polarization tracking is required in the system. Another method was reported to measure the differential group
delay (DGD) by monitoring the degree-of-polarization (DOP) of received signal [15, 16]. This method depends on the
pulse width of the signal and the DGD monitoring range is small for short pulses. RF tone power can be used to monitor
PMD, but the effects of CD on RF tone may introduce measurement errors [17, 18]. Eye diagrams and delay-tap plots
reveal the effect of PMD [19, 20], while it is still challenging to measure the value of PMD in the presence of other
impairments.

In this paper, we summarize several CD and PMD monitoring methods based on RF spectrum analysis and delay-tap
sampling plot in high-speed transmission systems (> 40Gbit/s). In method 1, by using a fiber Bragg grating (FBG) notch
filter centered at 10 GHz away from the optical carrier, PMD value can be measured by 10 GHz RF power of filtered
branch [21-23] and CD value can be monitored by 10GHz RF power ratio [24]. In method 2, a narrow band FBG filter is
centered at optical carrier wavelength, and the RF clock power ratio can be used as a PMD-insensitive CD monitoring
signal, which has larger dynamic range compared with method 1[25]. Once CD value is determined, DGD value can be
traced by RF clock power in the branch without filtering. However, CD and PMD measurement ranges are limited
compared with that of method 1. Both simulation and experiment results show that the proposed methods are efficient on
measuring CD and PMD values in 57-Gbit/s differential 8-level phase-shift keying (D8PSK) systems. In method 3,
amplitude ratio of asynchronous delay-tap sampling is used as CD monitoring signal. By using a balanced receiver with
a bandwidth of 12-GHz, the CD measurement range is increased in a 50-Gbit/s RZ-DQPSK system.

2. PERFORMANCE MONITORING BASED ON RF SPECTRUM ANALYSIS

The principle of PMD and CD effects on RF power of NRZ signal is shown in Fig.1. Chromatic dispersion through the
fiber link changes the phase of the sidebands compared with the carrier, and the RF clock power increase with CD. First-
order PMD effect, DGD, changes the phase difference of signal at two PSPs. If DGD value equals to half period time of
a certain frequency, the optical components at the two orthogonal polarization states have a phase shift of = and there is
no beating component at corresponding RF frequency. For NRZ signal, RF power increases with CD and decreases with
DGD. If one sideband is filtered out, CD results in phase shift to the RF tone while the amplitude of RF tone keeps
constant. PMD induces RF tone power fading and the fading effect is the same regardless of whether the notch filter is
present or not. Therefore, CD-insensitive PMD measurement can be achieved by monitoring the RF tone power of
filtered signal. PMD-insensitive CD values can be measured by using the RF tone power ratio of the non-filtered and
filtered signal. The frequency of RF tone determines the measurement range and sensitivity. We introduce two CD and
PMD monitoring methods based on RF spectrum analysis. In method 1, a narrow band FBG notch filter is placed at 10-
GHz away from the carrier in a 57-Gbit/s D8PSK systems. The 10-GHz RF tone power keeps constant as CD increases
and decreases as PMD increases, which is a CD-insensitive PMD monitoring signal. By taking the 10-GHz RF power
ratio of non-filtered and filtered signal, PMD effects on RF power can be eliminated and PMD-insensitive CD
measurement can be achieved. Compared with the method using RF clock tone as monitoring signal, the CD
measurement range is increased and the required bandwidth of the photodetector is lower.

In method 2, the optical carrier is filtered out by a narrow band FBG filter, and the RF clock power can be regenerated in
back-to-back case. The reason is that the carrier as well as the optical components around carrier is filtered out by FBG.
The components around carrier are related to the low RF frequency tones, which have long period in time domain.
Therefore, the waveform at clock frequency is dominant by filtering out these components. After propagation through
fiber link, the accumulated CD induces distortion on the signals. For the NRZ signal filtered by FBG, the RF clock
power decreases with CD, which is opposite to that without filter. Therefore, the RF power ratio between the non-filtered
and filtered signal increases with CD and has large dynamic range, which results in better measurement resolution
compared with method 1. On the other hand, PMD induces RF tone power fading through the transmission and the
fading effect is the same regardless the notch filter is present or not. By taking the RF clock power ratio of non-filtered
and filtered signal, PMD effects on RF clock power can be eliminated. Compared with method 1, measurement
resolution is improved; while, the CD measurement range is decreased from 500ps/nm to 200ps/nm. Once CD value is
determined, DGD value can be traced by RF clock power in the branch without filtering.
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Figure 1. Principle of PMD and CD effects on the RF power of NRZ signal. U, (L,): signal of one PSP in upper
(lower) sideband; UL (L1): signal of the other PSP in upper (lower) sideband.

Fig. 2 shows the experimental setup of CD monitoring scheme in a NRZ D8PSK system based on RF spectrum analysis.
57-Gbit/s D8PSK signal was generated by using one in-phase/quadrature (I/Q) modulator and one phase modulator
(PM). Several spans of dispersion compensation fiber (DCF) were used to provide different CD values. First-order PMD
was emulated by utilizing two polarization beam splitters (PBSs) and a tuneable optical delay line. At one of monitoring
branch, an FBG notch filter with bandwidth of 0.06 nm and reflection of 15 dB is used to filter out part of optical
component. The other monitoring branch is detected by a photodetector directly. RF spectrum analyzers are used to
monitoring the RF power at various frequencies. The RF spectrum analyzers can be replaced by electrical bandpass
filters and power meters, which are more cost effective.

1st-order PMD
emulator

BPF Power
meter

Figure 2. System setup of CD and PMD monitoring utilizing FBG notch filter in D8PSK system. PM: phase
modulator; Rx: receiver; BPF: bandpass filter.

2.1 PMD and CD Monitoring by Placing FBG filter at 10GHz Away From Carrier

CD-insensitive PMD measurement can be realized by placing a FBG filter at 10GHz away from the carrier and
monitoring the 10GHz RF tone power. Fig. 3(a) shows the measured optical spectrum (with resolution of 0.01nm) of a
57-Gbit/s D8PSK signal filtered by a narrow band FBG notch filter (with bandwidth of 0.06 nm and reflection of 15 dB).
The optical component at 10 GHz away from the carrier was filtered out; therefore, the 10 GHz RF tone power is
equivalent to that of single sideband (SSB) signal detected by photodetector (PD). Fig. 3(b) shows the 10 GHz RF tone
power as a function of DGD in 57-Gbit/s D8PSK system. The power splitting ratio between the two principle-
polarization-states is 0.5. Different CD values (0, -166 and -330-ps/nm) were introduced by several spans of DCF. The
intensity of 10 GHz RF tone reaches its minimum value when the DGD equals to 50-ps. This is due to the fact that the
10GHz components of the two orthogonally polarized signals have a phase shift of = and hence cancel out each other
under DGD of 50-ps. The 10-GHz RF power varies as a function of DGD and the measurement range is increased to 50
ps, while it is only 26.3 ps if one of optical clocks is filtered out and 19-GHz RF tone is used as monitoring signal. It is
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observed that the 10-GHz RF tone power is not affect by CD values. The FBG notch filter can be placed closer to the
carrier, and the DGD measurement range will be increased further. However, the bandwidth of the FBG should be much
narrow to avoid the filtering of carrier.
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Figure 3. (a) Optical spectrum of a 57-Gbit/s D8PSK signal filtered by an FBG notch filter placed at 10-GHz away
from the carrier wavelength; (b) RF power at 10-GHz as a function of DGD for different CD values for a 57-

Gbit/s D8PSK system.
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Figure 4. Relative RF powers as a function of DGD for 38-Gbit/s DQPSK signal when 10-GHz RF tone and 19-
GHz clock are monitoring signals.

The numerical simulation is calculated in the simulation tool VPItransmission 7.0. Fig. 4 shows the simulation results of
relative 19 GHz RF clock and 10 GHz RF tone power as a function of DGD in 38-Gbit/s DQPSK system. The power
splitting ratio between the two principle-polarization-states is 0.5. An FBG notch filter (with a rejection of 15 dB and 3
dB bandwidth of 0.06 nm) was centered at clock and 10 GHz away from the carrier, respectively. The DGD
measurement range is only 0~26.3 ps when the FBG filter is centered at one of optical clock and 19-GHz RF clock is
used as monitoring signal, while the DGD measurement range is increased to 0~50 ps by using the 10-GHz RF tone as a
monitoring signal. In the proposed method, the DGD measurement range is increased; however, the accuracy of DGD
measurement decreases, especially in the small DGD region. There is a trade-off between resolution and measurement
range when RF tone is utilized as monitoring signal.

Fig. 5(a) shows the effects of optical signal-to-noise ratio (OSNR) on the PMD measurement results. It is observed that
the dynamic range of RF power increases with OSNR. This is because the 10-GHz RF power reaches its minimum value
when DGD equals to (NT+1)/2. T is period time of 10 GHz RF tone and N is an integer. In these cases, the noise power
is comparable to the 10-GHz RF power, and the measurement results are affected much by the noise. Therefore, the
OSNR affects the measurement results when RF power is small, where DGD is close to 50 ps. If the OSNR is less than
20 dB, the detected RF power has fluctuations and calibration is required.
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Figure 5. (a) OSNR effects on the DGD measurement results; and (b) relative 10-GHz RF power as a function of
DGD under FBG filter frequency detuning in 38-Gbit/s DQPSK system.
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Figure 6. Relative 10-GHz RF power/ratio as function of CD for (a) 57-Gbit/s D8PSK signal; (b) 38-Gbit/s
DQPSK signal (lines for simulation; stars for experiment).

The center wavelength of FBG filter may shift from the original value under various environment effects, which may
introduce RF power fluctuations and measurement errors. Fig. 5(b) shows the effects of FBG frequency detuning on the
10GHz RF power in 38-Gbit/s DQPSK system. The 10-GHz RF power change is less than 2 dB when the FBG
frequency detuning is smaller than 1 GHz.

As PMD induced RF tone power fading is the same regardless the notch filter is present or not, the 10-GHz RF power
ratio of the non-filtered and filtered signal can be used on PMD-insensitive CD monitoring. Fig. 6(a) shows simulation
and experimental results of I0GHz RF tone power and power ratio as a function of CD in 57-Gb/s NRZ-D8PSK system.
Several DGD values (0, 20 and 40 ps) were introduced by a first-order PMD emulator. It is observed that DGD affects
the RF tone power much at absent of FBG filter, which may result in CD measurement errors. If one of the sidebands is
filtered out, the DGD effect can be eliminated and accurate CD monitoring can be achieved.

The proposed CD monitoring method is applicable on other modulation formats such as OOK and NRZ-DQPSK. Fig.
6(b) shows the simulation and experimental results of the 10-GHz RF tone power and power ratio versus CD in NRZ-
DQPSK transmission system. It is observed that the RF power ratio increases with CD and is almost not affected by
PMD effects. Compared with that using 19-GHz RF clock as monitoring signal, the CD measurement range is increased
by 3.6 times and the required bandwidth of the photodetector is much lower. Moreover, as the power ratio is used as
monitoring signal, the measurement results are independent on the optical power of received signal. It is noted that the
monitoring branch, which is filtered by FBG, can be used to achieve CD-insensitive PMD monitoring. Therefore, CD
and PMD can be measured simultaneously and independently using our proposed method.
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2.2 CD Monitoring by Filtering out Optical Carrier

It is found that the RF clock power of NRZ signal decreases with CD if the optical carrier component is filtered out. On
the other hand, the RF clock power increases with CD in the absent of filter. In both cases, RF clock tone power
decreases with PMD. Therefore, by taking the ratio of RF clock tone power in the two cases, PMD-insensitive CD
measurement can be achieved. Besides, the dynamic range of RF power is improved, which result in better measurement
resolution. Fig. 7(a) shows the optical spectrum of 38-Gbit/s DQPSK signal, whose carrier is filtered out by an FBG
notch filter. The FBG notch filter has a bandwidth of 0.06 nm and a reflection of 20 dB. The filtering induces distortion
to the original signal. By choosing an FBG with suitable bandwidth and reflection, the RF clock tone can be regenerated
in the back-to-back case and decreases with CD when transmitting through fiber links and optical components. Fig. 7(b)
shows experimental results of relative RF clock tone power as a function of CD in 38-Gbit/s NRZ-DQPSK system in the
absence of filter as well as under FBG filtering. Different DGD values (0, 10 and 20 ps) were introduced by a first-order
PMD emulator. When there is no filtering, RF clock power increases with CD, which is due to the chromatic dispersion
induces phase difference between the sidebands and the beating term is regenerated. It is observed that DGD affects the
clock tone power and may introduce errors on CD measurement. When the signal is filtered by an FBG notch filter
placed at the carrier wavelength, the received clock power decreases with both CD and DGD values. It is noted that the
PMD-induced RF power fading for the filtered and non-filtered signals are the same. Therefore, by taking the power
ratio of the two RF clocks, the DGD effects can be eliminated. Fig. 7(c) shows the RF clock tone power ratio of non-
filtered and filtered NRZ-DQPSK signal as a function of CD under different DGD values. The RF clock power ratio
increases with CD and is almost not affected by DGD. Compared with the methods using RF clock tone as monitoring
signal, PMD effect is eliminated and measurement sensitivity is improved. Measurement sensitivity is calculated as the
dynamic range of RF power ratio over CD measurement range. Moreover, as the ratio of RF power is used as monitoring
signal, the measurement results are not affected by fluctuation of received optical power. However, if the signal power is
decreased to a small value (e.g.,-20 dBm), the dynamic range of RF power ratio will be limited by the sensitivity of
power meter. Fig. 7(d) shows simulated RF power ratio as a function of CD under different optical signal-to-noise ratio
(OSNR) levels in 38-Gbit/s DQPSK system. It is observed that OSNR level does not affect the measurement results as
long as the signal OSNR is larger than 15 dB.
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Figure 7. (a) Optical spectrum of DQPSK signal filtered by FBG filter placed at optical carrier wavelength; RF
clock power as a function of CD (b) relative RF clock power as a function of CD without filter (solid lines) and
with filter (dash lines) under different DGD values; (c) relative RF clock power ratio as a function of CD under
different DGD values; (d) simulation of OSNR on measurement results. 38-Gbit/s DQPSK system.
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Figure 8. (a) RF clock power ratio change as a function of frequency detuning of FBG filter centered on the
optical carrier; (b) RF clock power ratio as a function of CD under different OSNR values.

Fig. 8(a) shows simulation results of RF clock power ratio as a function of CD under different DGD values in 38-Gbit/s
NRZ-DQPSK and 57-Gbit/s NRZ-D8PSK systems. It is observed that the CD monitoring range is 0~250 ps/nm in both
systems. Besides, DGD does not affect the amplitude of RF power ratio, and the curves under different DGDs (0, 10, and
20 ps) are merged together. In the monitoring window, a dynamic range of more than 20 dB and average sensitivity of
>0.1 dB/(ps/nm) can be achieved. The center wavelength of FBG filter may shift from the original value under various
environment effects, which may induce RF power ratio changes and CD measurement errors in monitoring scheme.
Fig.8 (b) shows the simulated RF clock power ratio change as a function of FBG frequency detuning. CD values may
affect RF power ratio fluctuations due to FBG frequency detuning. However, RF clock power ratio change is less than
1.6 dB when the frequency detuning in the range of -2 GHz~2 GHz. If the frequency detuning is less than 1 GHz, the
power ratio change is smaller than 0.9 dB.

In proposed method, RF power ratio of two branches is used to eliminate DGD effect. Once CD value is determined,
DGD value can be traced by RF clock power in the branch without filtering. However, the absolute RF clock power is
affected by received optical power. Fluctuation of optical power will induce DGD measurement errors.

3. CHROMATIC DISPERSION MONITORING BASED ON DELAY-TAP SAMPLING

Asynchronous delay-tap sampling is a technique that provides the information of waveform. Compared with eye
diagram, which also express the waveform information of signals, delay-tap sampling has two advantages, which are low
sampling rate and no synchronization requirement. Fig. 9(a) shows the schematic graph for generating delay-tap
sampling pairs in a demodulated RZ-DQPSK signal. Each point in the delay-tap sampling plot comprises two parameters
(x and y). The time delay between x and y is a constant, At. It is found that the sensitivities of impairments are different
when time delay is changed. The sampling time, Ts, can be many orders of bit period. Therefore, the sampling rate is
decreased dramatically and the CD monitoring scheme will be simple and cost effective. Fig. 9(b) shows the
demodulated eye diagram of 50% RZ DQPSK signal. Fig. 9(c) shows the asynchronous delay-tap sampling plot at a time
delay of half symbol period (B/2). Both graphs are in back-to-back case and no distortion is induced.
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Figure 9. (a) RF clock power ratio change as a function of frequency detuning of FBG filter centered on the
optical carrier; (b) RF clock power ratio as a function of CD under different OSNR values.
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Figure 10. System setup of CD monitoring scheme of 50-Gbit/s RZ-QPSK signal.

In this section, a low bandwidth balanced received (12 GHz) is used to detect the signal and obtain the delay-tap
sampling plot in a 50-Gbit/s RZ DQPSK system. The simulation results show that CD measurement range is increased
and the residual CD can be measured accurately by proposed technique. The system setup of residual CD monitoring in
a 50-Gbit/s RZ DQPSK system is shown in Fig. 10. Several pieces of single mode fibers (SMFs) introduce different
values of CD. Mach-Zehnder interferometer and balanced receiver are used to demodulate the signal. After that a low
bandpass filter, with a 3-dB bandwidth of 12 GHz, is applied to realize our proposed method: using balanced receiver
with low bandwidth to plot delay-tap sampling plot and measure the residual CD values in the system with high bit-rate.
The shape of the band-pass filter is 4™ order Bessel function. The detected electrical signal is split into two branches,
while one branch has a time delay (half of the symbol period time, which is 20 ps in 50-Gbit/s DQPSK system) with the
other. The obtained sample pairs are delay-tap sampling signals, which reflect the waveform information signal and the
distortions induced by various impairments along transmission.
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Figure 11. System setup of CD monitoring scheme of 50-Gbit/s RZ-QPSK signal.

Fig. 11 shows the delay-tap sampling plot of demodulated RZ-QPSK signal under different dispersion values, 0-ps/nm,
46.768-ps/nm, 84.416-ps/nm, and 118.869-ps/nm. It is found that the plot is symmetric to the line y=x and y=-x, when
there is residual dispersion. Moreover, the radius ratio of the outer ring to the inner ring increases monotonously as the
increase of the residual CD. Therefore, the radius ratio can be used as a CD monitoring signal. In order to quantify the
relationship of this amplitude ratio to the residual CD, amplitude ratio is defined in the delay tap plot.

Fig. 12(a) shows the definition of amplitude ratio. The radius of the inner ring along the line y = x is L, and the radius of
the outer ring along y=-x is L,. The amplitude ratio of delay tap plot can be defined as:
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Amplitude ratio= L,/L, (1

As amplitude ratio is the CD monitoring signal, the measurement results are not affected by received optical power. As
shown in Fig. 12(b), the amplitude ratio of delay-tap plot ranges from 0.4 to 0.62 as the residual CD changes from 0-
ps/nm to 120-ps/nm. By using a balanced receiver followed by a 12-GHz low band-pass filter, CD measurement range is
extended to 130-ps/nm in a 50% RZ DQPSK system. Besides, the residual CD values in the low CD region can also be
measured accurately by using this scheme. In the practical systems, the receiver followed by a low band-pass filter can
be replaced by a balanced receiver with bandwidth of 12-GHz. Therefore, large CD measurement range can be achieved
by using the cost effective low bandwidth balanced receiver in our proposed method.

0.65 ' T " T ' . , .
[1e-6] XY
8 . -
I 8 Simulation results
Setno. 1+
—— Linear Fit of Amplitude ratio
As 0.60 4 -
af ¥ .
LY ; * - »
. )
'. “"’.g.% 7 o) ]
e M =)
o k:
g
o 3
2 050 4
L1 L2 'i
20f 5
f‘) S 0.454 -
4ot ‘#‘fx}f N N
P AN N
55 I | | B 040 T T T T T T T
55 20 20 a 20 20 55 0 20 40 60 80 100 120
[1e-6] CD (ps/am)
(a) (b)

Figure 12. (a) Define amplitude ratio in delay-tap sampling plot; (b) amplitude ratio as a function of residual CD.

4. CONCLUSIONS

CD and PMD monitoring techniques based on RF spectrum analysis with FBG filtering and delay-tap sampling plot are
presented. By placing an FBG filter at 10GHz away from the carrier, CD and PMD measurement can be achieved
simultaneously. It is shown that the DGD measurement results are not affected by CD and the measurement range is
increased to 50-ps in systems with a symbol rate of 19-GSym/s. The CD measurement range is increased to 500ps/nm.
Besides, cost effective low-bandwidth photodetector (10GHz) is used in proposed PMD monitoring method. By placing
an FBG filter at the carrier wavelength, PMD-insensitive CD measurement with a monitoring range of 0~200-ps/nm, and
a dynamic range of more than 25dB can be achieved. Compared with the method using RF clock power as CD
monitoring signal, PMD effect is eliminated and better measurement resolution is achieved. Residual CD can also be
measured through amplitude ratio in delay-tap sampling plot. By using the cost effective low bandwidth balanced
receiver, the CD monitoring scheme has large CD measurement range (0~130-ps/nm) in 50% RZ DQPSK system.
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