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OSNR Monitoring for RZ-DQPSK Systems Using
Half-Symbol Delay-Tap Sampling Technique

F. N. Khan, Alan Pak Tao Lau, Zhaohui Li, Chao Lu, and P. K. A. Wai

Abstract—We propose and experimentally demonstrate an asyn-
chronous half-symbol delay-tap sampling technique for in-band
optical signal-to-noise ratio (OSNR) monitoring in 38-Gb/s re-
turn-to-zero differential quadrature phase-shift-keying systems.
The proposed technique enables simple analytical models for
the statistics of a signal pulse which avoids system calibration
prior to OSNR monitoring. A monitoring range of 11–23 dB has
been demonstrated experimentally. Furthermore, the proposed
technique also extends the range of calibration-based OSNR
monitoring techniques to 5–34 dB.

Index Terms—Delay-tap sampling, optical performance moni-
toring, optical signal-to-noise ratio (OSNR) monitoring.

I. INTRODUCTION

O PTICAL performance monitoring (OPM) is gaining
recognition as an indispensable element for the control

and management of emerging dynamic fiber-optic commu-
nication networks. In particular, optical signal-to-noise ratio
(OSNR) is an important parameter to be monitored as it pro-
vides critical information about the quality of transmission
link and facilitates link fault localization and diagnosis. The
advent of the reconfigurable optical add–drop multiplexer
(ROADM) further necessitates the need for in-band OSNR
monitoring of each individual wavelength-division-multiplexed
(WDM) channel since each channel may traverse different paths
and optical amplifiers [1]. Recently, asynchronous delay-tap
sampling-based techniques have been proposed for OSNR
monitoring with the advantages being that they are transparent
to data rates and modulation formats and do not require clock
recovery [2]. Anderson et al. [3] have proposed the use of
pattern recognition techniques coupled with delay-tap sampling
for OSNR monitoring. This technique relies on computing
the degree of correlation of the delay-tap phase portrait with
a large set of training phase portraits obtained prior to actual
monitoring. However, the monitoring accuracy in this case
is dependent on the size of training set as well as the actual
transmitter used for the acquisition of training sets. On the other
hand, by defining and calibrating a parameter having one-to-one
relationship with OSNR for each system setup, Kozicki et al.
[4] have experimentally demonstrated an OSNR monitoring
technique using delay-tap sampling for 20-Gb/s return-to-zero
differential quadrature phase-shift-keying (RZ-DQPSK) sys-
tems. One disadvantage of this technique is that the calibration
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curve is dependent on various setup parameters like delay value
between the taps and input power to the monitor, which in
turn needs to be tracked for accurate OSNR monitoring [4],
[5]. In this letter, we propose and experimentally demonstrate
half-symbol delay-tap sampling which enables calibration-free
as well as calibration-based OSNR monitoring with extended
range. We observe that half-symbol delay-tap plot exploits the
fact that the number of occurrences of sample pairs along any
radial direction from the origin form a unimodal distribution
as compared to typical bimodal distributions obtained using
other delay values. Therefore, if the statistical parameters of a
specific location on signal pulse are required they can easily
be obtained from the unimodal distribution of samples present
at a distinct location on the half-symbol delay-tap plot. In
addition, for calibration-based OSNR monitoring techniques,
the unimodal feature avoids the need for separation of distri-
butions of two modes which is difficult at low OSNR values.
Therefore, half-symbol delay-tap plots allow extension of the
OSNR monitoring range.

II. OPERATING PRINCIPLE

The operating principle of OSNR monitoring using
half-symbol delay-tap sampling is shown in Fig. 1(a). The
electrical signal after optical-to-electronic (O/E) conversion
with period is asynchronously sampled in pairs with a time
delay between the two samples. The symbol rate is
assumed to be known or can be extracted using the techniques
proposed in [6]. Plotting the set of sampled pairs produces a
delay-tap plot such as the one shown in Fig. 1(b). One distinct
feature of half-symbol delay-tap plot is that or compo-
nents of sample pairs located at various angular positions with
respect to the origin correspond to distinct pulse amplitudes.
Consider for example the sample pairs ( ) located
along -axis in Fig. 1(b) which correspond to the case when
the first sample is located on the waveform peak. Let be
the received electric field and be additive white Gaussian
noise (AWGN) process originating from amplified spontaneous
emission (ASE) from optical amplifiers. Neglecting thermal
and shot noise at the receiver, the amplitude of electrical signal

at the photodetector output is given by

(1)

where is the photodiode responsivity and denotes the
real part. Now, the average of the components of the sam-
ples located along the -axis will be equivalent to the time
average of

(2)
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Fig. 1. (a) Generation of sample pairs with � � � ��. (b) Typical delay-tap
plot for � � � �� and extraction of samples at waveform peak. (c) Empirical
distribution of samples at waveform peak for � � � ��. (d) Typical delay-tap
plot for � � � ���. (e) Empirical bimodal distribution of samples at the diag-
onal of delay-tap plot for � � � ���.

where and are the required optical signal and noise
powers, respectively, and denotes expectation. Now the
mean of samples obtained from the pulse peak, which is
actually the mean of samples located along the -axis of
half-symbol delay-tap plot as shown in Fig. 1(c) is given by

(3)

where is the peak optical signal power. Neglecting the re-
ceiver thermal and shot noise, the variance of samples lo-
cated along the -axis of half-symbol delay-tap plot is given
by [7], [8]

(4)

where is the variance of the signal–spontaneous
beating noise at the pulse peak, is the variance of

spontaneous–spontaneous beating noise,
is the power of the ASE noise copolarized with the signal,
and , are the constants whose values depend upon the
properties of optical and electrical filters used in the monitor
and can be obtained analytically for given filter shapes [7], [8].
In our analysis, we have assumed Gaussian filter shapes for
obtaining and rather than ideal rectangular filters which
do not exist in practice. Note that the statistical parameters of

the samples from pulse peak are extracted simply from the uni-
modal distribution of sample pairs located along the -axis of
half-symbol delay-tap plot, as shown in Fig. 1(c), thus avoiding
the need for separation of distributions which may be required
for other delay values. Using (2)–(4), we obtain

(5)

(6)

and hence and can be solved. OSNR can then be
calculated by

(7)

where is the noise equivalent bandwidth determined by the
passband of optical filter and is the measurement resolution
bandwidth (typically 0.1 nm).

Half-symbol delay-tap sampling also enables calibra-
tion-based OSNR monitoring with larger dynamic range. In [5],
a calibration-based OSNR monitoring technique was proposed
using and a corresponding delay-tap plot is shown
in Fig. 1(d). Let , be the means and , be the
standard deviations of the bimodal distribution obtained from
sample points along the diagonal , as shown in Fig. 1(e).
OSNR is monitored by calculating and calibrating a parameter

(8)

against OSNR. One drawback of this technique is that the
delay-tap plot closes down at low OSNR values resulting in an
overlap of distributions of waveform peak and valley as shown
in Fig. 1(e), thus limiting the monitoring range. However, for
half-symbol delay, an open shape delay-tap plot such as shown
in Fig. 1(b) is always produced. We can define a parameter

(9)

and calibrate against OSNR. In this case, is the mean and
is the standard deviation of the distribution of samples lo-

cated along the -axis, as shown in Fig. 1(c). Since distribution
overlap does not occur in half-symbol delay-tap plots, the cal-
ibration-based technique discussed above can accurately mea-
sure even at very low OSNR values, resulting in larger
monitoring range.

III. EXPERIMENTAL SETUP AND RESULTS

The experimental setup for the demonstration of the pro-
posed OSNR monitoring technique is shown in Fig. 2. A
38-Gb/s RZ-DQPSK signal with 50% duty cycle and power of

1.4 dBm is transmitted over a short single-mode fiber (SMF).
An erbium-doped fiber amplifier (EDFA) is used to add ASE
noise to the signal and a variable optical attenuator (VOA) is
used to change OSNR in the range of 0–45 dB. A 3-dB coupler
is used to tap 50% of the signal and ASE noise into an optical
spectrum analyzer (OSA) for reference measurements. The
remaining 50% of the signal and ASE noise is sent to the OSNR
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Fig. 2. Experimental setup for OSNR monitoring using half-symbol delay-tap
sampling.

Fig. 3. True versus estimated OSNR and corresponding estimation errors for
38-Gb/s RZ-DQPSK system using calibration-free OSNR monitoring with � �
� ��.

monitoring module. After O/E conversion, the electrical signal
is split into two parts and a variable delay is introduced in one
path so as to set the delay value to half of the symbol period.
Two channels of an oscilloscope are used to asynchronously
sample and store 20 000 sample pairs which are then processed
for calibration-free as well as calibration-based OSNR mon-
itoring. The experimental results of calibration-free OSNR
monitoring using (5)–(7) are shown in Fig. 3. It is evident
from the figure that OSNR estimates are quite accurate and the
estimation error remains less than 1 dB in the OSNR range
of 11–23 dB. The upper OSNR monitoring limit is determined
by the receiver noise. For large OSNR values, the receiver
thermal and shot noise are not negligible when compared with
the signal–spontaneous and spontaneous–spontaneous beating
noise terms and hence (4) is no longer valid, thus resulting in
estimation errors. Experimental results of calibration-based
OSNR monitoring using (9) are shown in Fig. 4. It is clear from
the figure that the noise parameter is sensitive to OSNR
values as low as 5 dB (0.1-nm resolution bandwidth) while in
[4], an OSNR monitoring value of 6.7 dB has been reported
for 20-Gb/s RZ-DQPSK systems. Furthermore, note that this
is the OSNR value measured with 0.1-nm noise bandwidth
which means that the actual OSNR value when the noise power
is measured within the whole signal bandwidth (0.6 nm) is
actually dB compared with dB
of [4]. This increase in monitoring range is a result of the
fact that unlike bimodal distributions obtained for other delay
values, the unimodal distribution of samples in the half-symbol
delay-tap plot does not encounter distribution overlaps at low
OSNR values. The upper OSNR monitoring limit in this case

Fig. 4. Noise parameter � versus true OSNR for 38-Gb/s RZ-DQPSK
system using calibration-based OSNR monitoring with � � � ��.

is also determined by the receiver noise. In addition, we have
investigated the effect of chromatic dispersion (CD) and polar-
ization-mode dispersion (PMD) on the monitoring accuracy of
this technique through numerical simulations and the interested
readers are referred to [9] for more information.

IV. CONCLUSION

In this letter, we proposed the use of half-symbol delay-tap
sampling for low-cost in-band OSNR monitoring in 38-Gb/s
RZ-DQPSK systems. Experimental results demonstrate that the
proposed technique is capable of calibration-free OSNR mon-
itoring with reasonable monitoring range. In addition, for cal-
ibration-based techniques, half-symbol delay-tap plots enable
wide dynamic range OSNR monitoring. OSNR monitoring for
RZ differential phase-shift-keying (RZ-DPSK) and coherent RZ
phase-modulated systems can also be performed using this tech-
nique.

REFERENCES

[1] D. Kilper, R. Bach, D. Blumenthal, D. Einstein, T. Landolsi, L. Ostar,
M. Preiss, and A. Willner, “Optical performance monitoring,” J.
Lightw. Technol., vol. 22, no. 1, pp. 294–304, Jan. 2004.

[2] S. D. Dods and T. B. Anderson, “Optical performance monitoring tech-
nique using delay tap asynchronous waveform sampling,” in Proc. Op-
tical Fiber Comm. Conf. (OFC), Anaheim, CA, 2006, Paper OThP5.

[3] T. Anderson, J. C. Li, D. Hewitt, and O. Jerphagnon, “Optical perfor-
mance monitoring for intelligent networks,” in Proc. European Conf.
on Optical Comm. (ECOC), Vienna, Austria, 2009, Paper 9.3.3.

[4] B. Kozicki, A. Maruta, and K. Kitayama, “Experimental Investigation
of delay-tap sampling technique for online monitoring of RZ-DQPSK
signals,” IEEE Photon. Technol. Lett., vol. 21, no. 3, pp. 179–181, Feb.
1, 2009.

[5] B. Kozicki, A. Maruta, and K. Kitayama, “Experimental demon-
stration of optical performance monitoring for RZ-DPSK signals
using delay-tap sampling method,” Opt. Express, vol. 16, no. 6, pp.
3566–3576, Mar. 2008.

[6] Y. Zhou, T. B. Anderson, K. Clarke, A. Nirmalathas, and K. L. Lee,
“Bit-rate identification using asynchronous delayed sampling,” IEEE
Photon. Technol. Lett., vol. 21, no. 13, pp. 893–895, Jul. 1, 2009.

[7] G. Kweon, “Optical-amplifier noise figure measurement by �-factor
analysis,” J. Korean Phys. Soc., vol. 43, no. 5, pp. 714–721, Nov. 2003.

[8] J. Bromage, P. J. Winzer, and R.-J. Essiambre, “Multiple-path interfer-
ence and its impact on system design,” in Raman Amplifiers and Oscil-
lators in Telecommunications, M.N. Islam, Ed. New York: Springer-
Verlag, 2003.

[9] F. N. Khan, A. P. T. Lau, L. Chao, and P. K. A. Wai, “Wide dynamic
range OSNR monitoring for RZ-DQPSK systems using delay-tap sam-
pling technique,” in Proc. OFC, San Diego, CA, 2010, Paper OMK7.


