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Statistical Analysis of Optical Signal-to-Noise Ratio
Monitoring Using Delay-Tap Sampling

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

Abstract—We derive analytical expressions for the optical
signal-to-noise ratio (OSNR) monitoring using delay-tap sampling
for intensity-modulated direct-detection (IM/DD) systems. We
demonstrate through our theoretical analysis and experimental
results that modeling of noise correlation due to low-pass filtering
between delay-tap samples enables accurate monitoring of OSNR,
without recalibration for each system setup. Effects of chromatic
dispersion (CD) and polarization-mode dispersion on the proposed
technique are investigated through numerical simulations. The
monitoring error remains within 1 dB for CD up to 400 ps/nm
and differential group delay up to 45 ps.

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

I. INTRODUCTION

O PTICAL performance monitoring (OPM) is becoming
critical for the reliable and stable operation of emerging

dynamic fiber optic communication networks [1]. In particular,
monitoring optical signal-to-noise ratio (OSNR) provides
vital information about the transmission link quality since
the bit-error ratio (BER) is strongly dependent on OSNR.
Signal -factor, which is essentially the measure of electrical
signal-to-noise ratio (ESNR), can be used for the estimation
of OSNR provided that other impairments like dispersion and
nonlinearities are not significant. Recently, delay-tap sam-
pling-based monitoring techniques have received considerable
attention since they do not require clock recovery and are a
modulation format as well as data-rate-independent [2]. The
parameters obtained from information-rich delay-tap plots
can be used to monitor OSNR effectively. However, previous
works on OSNR monitoring using delay-tap sampling have
been mainly experimental and through simulations in which
parameters having a one-to-one relationship with OSNR are
used to monitor OSNR without knowing the exact relationships
between them [3], [4]. Therefore, a calibration of the whole
system setup is required for each delay value between the
samples as well as measurement bandwidth. In this letter,
we analytically study the statistical properties of delay-tap
sampling and highlight the noise correlation between delay-tap
pairs. Incorporating such correlation properties enables us to
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Fig. 1. Setup for OSNR monitoring using delay-tap sampling.

derive an accurate OSNR estimate from the delay-tap sample
pairs irrespective of the delay between samples, thus elimi-
nating the need for recalibration for each system setup.

II. OPERATING PRINCIPLE

Consider a transmission system as shown in Fig. 1 where data
signals are corrupted by a noise source. For simplicity, other
transmission impairments such as chromatic dispersion (CD)
and/or polarization-mode dispersion (PMD) are assumed to be
either negligible or compensated. In this case, the overall re-
ceived signal before the optical bandpass filter is given by

(1)

where are the information symbols, is the
pulse shape, and is additive white Gaussian noise (AWGN)
process originating from amplified spontaneous emission (ASE)
noise from optical amplifiers. Let and be the op-
tical filter outputs of and , respectively, then neglecting
the thermal and shot noise generated by the photodetector, the
signal at the photodetector output is given by

(2)

The -factor is then defined as

(3)

where and are the means while and are the stan-
dard deviations of the low and high signal levels, respectively.
Note that , since noise is mostly contributed by the
signal-ASE beating. Let be the time delay between the two
samples in delay-tap sampling and denote the set of sampled
pairs as which are typically displayed as a scatter plot
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Fig. 2. Experimental delay-tap plot of 1350 sample pairs for 10-Gb/s
NRZ-OOK system. The delay is 10.1 ps and the OSNR is 12.3 dB.

Fig. 3. Histogram plot of sample pairs along the diagonal � of Fig. 2. The
means and variances of this bimodal distribution are used to estimate the
�-factor and OSNR.

shown in Fig. 2. Traversing along the diagonal of the plot allows
the separation of points sampled from waveform peak and wave-
form valley and can therefore be used to monitor the -factor.
Fig. 3 shows the empirical distribution of these points, which
resembles a bimodal distribution with means and vari-
ances . Kozicki [3] proposed to use a parameter

(4)

as a measure of OSNR. However, it has been noted that is
not intended to be an estimate of OSNR and the one-to-one
relationship between and OSNR needs to be calibrated for
each system setup. To be able to estimate -factor and hence
OSNR without calibration, consider the points centered around

which originates from the sample pairs taken from the wave-
form peak. Assume that a particular sample pair can be
expressed as and , where is the
signal component and and are the noise components with
variances . The joint probability density function (pdf) of the
Gaussian random variables is then given by

(5)

where the correlation coefficient

originates from the fact that white Gaussian noise process
passing through an ideal low-pass filter with bandwidth in-
duces a sinc auto-correlation function. From (5), one can see that
the low-pass filtering introduces correlation between the noise

components of the delay-tap samples. Now, the pdf describing
the distribution of these points can be obtained by

(6)

Comparing the terms in (6), it can be deduced that

(7)

Similarly, considering the points centered around which
originates from the sample pairs taken from waveform valley,
we obtain

(8)

Equations (7) and (8) show that the variances and ob-
tained from the bimodal distributions along the diagonal are
not the same as and due to the noise correlation. Further-
more, the means and of the bimodal distributions along
the diagonal are different from the means and of the
distributions of the individual samples or . Therefore, to
accurately monitor the -factor, correction factors given by (7)
and (8) must be included. An estimate of the -factor can then
be obtained by

(9)
By comparing (4) and (9), it is clear that if the correlation of

the noise samples (which is dependent on the filter bandwidth
and time delay between the two samples) is not considered, the

-factor will be underestimated and hence the estimated value
of OSNR will also be erroneous. Once we have an accurate esti-
mate of the -factor, the OSNR estimate can be obtained
using the relation [5]

(10)

where is the optical and is the electrical bandwidth of
the receiver. For OSNR values larger than 10 dB, (10) can be
approximated as

(11)

III. EXPERIMENTAL RESULTS

The experimental setup is shown in Fig. 1. A 10-Gb/s non-
return-to-zero on–off keying (NRZ-OOK) signal is transmitted
over a short SMF and an EDFA is used to add variable ASE
noise to the signal to vary the OSNR. At the photodetector
output, the electrical signal is split into two parts and a variable
delay is introduced in one path. Two channels of an oscilloscope
are used to asynchronously sample and display the sample pairs
as a delay-tap plot as shown in Fig. 2. The -factor estimates
are obtained by processing the delay-tap plot according to (9)
from which the OSNR values are calculated using (11). Fig. 4
shows the estimation error, defined as the difference between
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Fig. 4. Estimation error versus actual OSNR for 10-Gb/s NRZ-OOK system.
The delay � between the two samples is 10.1 ps.

Fig. 5. RMS estimation error versus � for 10-Gb/s NRZ-OOK system.

the actual OSNR and the estimated OSNR, as a function of ac-
tual OSNR for ps. It is clear that the estimated OSNR
(taking into account the noise correlation between sample pairs)
are quite accurate with a maximum estimation error of 1 dB.
On the other hand, the error can be up to 3 dB depending on

when the noise correlation is not modeled. Fig. 5 shows
the root-mean-square (rms) of estimation errors for all delay
values. Without considering noise correlation, the estimation
error is around 2.8 dB for ps and it decreases as the
delay value increases since the correlation amongst the noise
samples decreases for larger delay values. On the other hand,
when taking noise correlation into account, the estimation error
is small for smaller while it is relatively large for ps
but is still significantly smaller than the case without modeling
the noise correlation. This is due to the fact that the filtering
causes the signal waveform to be nonflat and when is large,
the samples corresponding to the waveform peak and valley can
not be translated to the points lying on the diagonal . Rather,
the samples from the rising and falling edges will be located
on the diagonal of the delay-tap plot. This results in an under
estimation of signal amplitude and hence OSNR. Thus, smaller

values will result in better estimations. This behavior has also
been reported in [4].

IV. EFFECT OF CD AND PMD ON MONITORING RESULTS

To investigate the effect of CD and first-order PMD on
the proposed monitoring method, numerical simulations are
performed using commercial software [6]. A reference OSNR
value of 20 dB is used and OSNR estimation error is calculated
for various values of CD and differential group delay (DGD)
using different delay values between the samples. The results
are shown in Figs. 6 and 7. It is clear from the figures that
the measurement error increases with an increase in CD or
PMD. For CD, the estimation error remains within 1 dB for

Fig. 6. Effect of CD on OSNR monitoring using delay-tap sampling and incor-
porating noise correlation. The OSNR is 20 dB.

Fig. 7. Effect of PMD on OSNR monitoring using delay-tap sampling and in-
corporating noise correlation. The OSNR is 20 dB.

accumulated CD up to 400 ps/nm while for PMD the estimation
error is less than 1 dB for DGD values up to 45 ps. The
reason for these estimation errors is that the dispersion causes
intersymbol-interference which results in multiple sampled
levels of waveform peaks and valleys depending upon the data
sequence. This causes the variance of the samples along the
diagonal of the delay-tap plot to increase and hence results in
OSNR estimation error.

V. CONCLUSION

In this letter, we presented statistical analysis of OSNR mon-
itoring using delay-tap sampling for IM/DD systems. Analyt-
ical derivations as well as experimental results show that appro-
priately modeling the noise correlation between delay-tap sam-
pling pairs can lead to accurate -factor and OSNR estimates
without the need for system recalibration. Analytical studies
of performance monitoring using delay-tap sampling for phase
modulation systems as well as other transmission impairments
will be investigated in future.
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