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Abstract
The phase jitter enables to assess quality of signals transmitted in a bi-directional, long-distance fibre optic link dedicated for dissemination of the time and frequency signals. In the paper, we are considering
measurements of jitter using a phase detector the detected frequency signal and the reference signal are
supplied to. To cover the wideband jitter spectrum the detected signal frequency is divided and – because of
the aliasing process – higher spectral components are shifted down. We are also examining the influence of
a residual jitter that occurs in the reference signal generated by filtering the jitter occurring in the same signal, whose phase fluctuations we intend to measure. Then, we are discussing the evaluation results, which
were obtained by using the target fibre optic time and frequency transfer system.
Keywords: jitter measurement, phase comparison, fibre optics, time and frequency transfer, bidirectional
optical amplifier.
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1. Introduction
Fibre optic transfer of time and frequency (T&F) signals is nowadays considered as a technique offering the highest potential concerning accuracy and stability [1–4]. This is because the
bi-directional transmission in a single fibre, thanks to the inherent symmetry of propagation conditions in opposite directions, enables efficient elimination of noise generated in the fibre due to
temperature fluctuations and mechanical vibration [5–6]. When it has become apparent that satellite signals might be easily jammed or spoofed, the fibre optic distribution is also acknowledged
to be a real alternative to ubiquitous satellite transfer techniques [7].
The transfer system considered in the paper is assumed to transmit time and frequency signals
via a fibre optic link to a remote location. A general block diagram of the system with its main
components marked on is shown in Fig. 1.
A very stable electrical frequency signal, derived from a caesium source or a hydrogen maser
with a typical frequency of 5 MHz or 10 MHz, is supplied to the local module where it is converted into a square wave with a rise/fall time of ~100 ps. The optional timestamp (e.g. 1 pulse
per second – PPS) is superimposed as violation of the duty cycle. Such a signal is used to modulate the intensity of a semiconductor laser using external electro-absorption modulator (EAM)
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Fig. 1. A block diagram of the T&F transfer system.

and then it is transferred via the fibre optic link. In the remote module the optical signal is directly
detected by comparing the photodiode output with a threshold value.
The transmission distance of an unamplified bi-directional fibre optic T&F transfer system
depends on many factors. Some of them, such as fibre losses, weaken the optical signal, while the
others (e.g. Rayleigh backscattering or conversion of the laser phase noise into an intensity noise
through the chromatic dispersion of the fibre) increase noise in the link [8–10]. The distance may
be extended using special single-path bidirectional amplifiers (SPBA) based on an erbium-doped
fibre, which compensate the losses and do not disturb the link forward-backward symmetry.
However, the optical amplifiers generate additional noise, resulting from amplified spontaneous
emission (ASE). Because of the link bi-directionality, they amplify the backscattered signals as
well. Thus, the gains of SPBAs need to be judiciously adjusted to compensate losses, and also to
minimize undesirable effects [11].
A gain optimization procedure may be performed manually, where gains of the amplifiers are
pre-set basing on the simulation results [12]. This procedure is only an approximation. It is impossible to determine all the parameters describing the fibre optic link and predict the influence
of the environmental factors that would enable to model the accurate operating conditions [13].
It is also cumbersome to verify in practice whether the settings of the SPBAs are really optimal.
Thus, to provide continuous optimum performance, the real-time monitoring of the link performance is necessary. Measurements of the phase fluctuations (jitter) of the transmitted frequency
signal enable to estimate its quality and observe the influence of a potential SPBA’s gain correction. This correction can increase or reduce noise in the link, causing corresponding changes of
the jitter. Moreover, it is not necessary to find out the particular sources of the noise that degrades
the transmitted signal’s quality for the SPBA gain optimization procedure.
The jitter occurring in the discussed T&F transfer system can be measured as the phase
changes of the transmitted signal related to the jitter-free reference signal. To make the measurements possible at any point of a long-distance link (e.g. in the remote module), the reference
need to be locally generated. It is done using a phase locked loop (PLL) that filters out the
jitter occurring in transmitted frequency signal (the same signal whose jitter we intend to measure). However, such a reference contains a residual jitter, as it is impossible to filter out all the
phase fluctuations. This residual jitter is expected to be much lower than the jitter we intend to
measure.
The jitter may be directly visualized using e.g. a high-speed oscilloscope triggered with the
reference signal and fed with the detected transmitted signal. The oscilloscope enables to observe
the phase difference between its input signals. However, this measurement method is unpractical
for the continuous operation in a real long-distance link. Another approach, adopted in the work,
is to use a frequency mixer operating as the phase detector. As in the case of the oscilloscope
488

Metrol. Meas. Syst.,Vol. 25 (2018), No. 3, pp. 487–497.

measurements, the phase detector is supplied with the jittered signal and the reference signal.
The root-mean-square (RMS) value of its output voltage is proportional to the jitter [14] and is
sufficient for the SPBA gain optimization.
In this paper we present the general idea of jitter measurement (Section 2) and its practical
implementation (Section 3). The jitter measurement unit (JMU) has been widely tested including
its evaluation in the target bi-directional fibre optic T&F transfer system. The results of these
measurements are presented in Section 4.
2. Jitter measurement using phase detector
The considered jitter measurement method uses a frequency mixer followed by a low-pass
filter (LPF) operating as the phase detector [15–16]. The mixer is fed with a jitter-corrupted
signal and a reference with a residual jitter. Both signals need to be in quadrature. The jitter
may be described as instantaneous phase fluctuations of the supplied signals – φ1 (t) and φ2 (t),
respectively [17]. The magnitude of LPF output is linearly proportional to the jitter:
OLPF (t) ∝ φ1 (t) − φ2 (t).

(1)

φ1 (t) is expected to have the dominant influence on the RMS value of LPF output voltage. However, as the jitter is relatively small (with a value of picoseconds), OLPF (t) is very small, providing an additional level of difficulty for its measurement. One possible method for increasing
this voltage is multiplication of the frequency of the signals supplied to the phase detector [18].
This operation does not change the jitter in the time domain (it is still a few picoseconds), but
multiplies it in radians (i.e. in relation to the signal period). For a typical frequency signal (e.g.
10 MHz derived from the caesium time/frequency standard) the proportion of the jitter to the
signal period is like a few picoseconds to 100 ns. After the multiplication up to 1 GHz, this proportion is like a few picoseconds to 1 ns. As a result of that, the RMS value of LPF output voltage
is higher.
3. Jitter measurement unit
A general scheme of the proposed measurement solution is shown in Fig. 2. The JMU consists
of four main functional blocks – the jitter cleaner, the jitter tracker (both constructed using PLL
circuits), the phase detector (the frequency mixer and the LPF) and the RMS voltmeter.

Fig. 2. A general block diagram of the proposed measurement solution. See description in the text.

489
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3.1. Functional blocks
The jitter cleaner PLL produces the reference signal for the jitter measurements. The PLL is
fed with the detected frequency signal transmitted through the fibre optic link and filters out its
jitter (the loop bandwidth is narrow). As it is desirable to measure the jitter in a high-frequency
signal (see Section 2 for details), the jitter cleaner PLL provides also the frequency multiplication.
The jitter tracker PLL also multiplies its input frequency, but does not affect the jitter occurring in this signal. For this reason the loop filter bandwidth needs to correspond to the jitter
spectrum. This spectrum is expected to be wide, as the jitter results from the wide-band noise
generated in the fibre. To avoid the situation that the bandwidth of the PLL does not cover the
whole jitter spectrum (e.g. because of hardware limitations), the frequency of the tracker input
signal is divided. As this process is synchronous with the signal affected by jitter, the phase fluctuations are transferred to the divided signal. If we also notice that some jitter-corrupted slopes
are discarded, we may consider it as sampling of the jitter [19]. Thus, its spectrum is limited
to half of the divided signal frequency, above which the aliasing occurs, moving higher spectral
components down.
On the other hand, the dividing process of the jitter-corrupted signal and its influence on
the jitter measurements may be explained using statistical reasoning. If we would take the noise
as a random process, the RMS value (by the same token – the jitter) may be interpreted as its
standard deviation [20]. Using only the samples of this random process, it is possible to estimate
its standard deviation [21].
The signals from both the jitter tracker and the jitter cleaner are supplied to the doublebalanced mixer that operates as a phase detector. For the proper operation, the signals need to be
in quadrature (the phase shift between them is 1/4 of the signal period), thus the delay is provided
by the “Time delay” block. After the phase detection (multiplication in the mixer and filtration
in the LPF), the obtained voltage is supplied to the RMS meter (in principle an RMS-to-DC
converter). The AC-coupling is used to cut-off the DC component of OLPF (t) which occurs if
the mixer input signals are not exactly in quadrature. Such a component contains no information
about the jitter, and has to be removed. The RMS voltage is proportional to the jitter and can be
used in further processing (particularly for optimizing the T&F link performance by minimizing
the jitter).
3.2. Practical implementation
In practical implementation, we decided to use Texas Instruments LMK03033C PLL integrated circuits for both – jitter cleaner and jitter tracker – applications. These circuits provide
low additional phase noise (jitter below 1 ps) and contain all necessary components (except for
a complete loop filter) in a single chip.
The jitter cleaner is expected to filter out the wide-band jitter to obtain the reference signal
for the measurements, thus its bandwidth needs to be narrow. In general, limiting the bandwidth
of the PLL too much increases the influence of the internal phase noise of the voltage control
oscillator (VCO) on the output jitter [22], so a compromise is necessary. A loop bandwidth of
5 kHz has been obtained based on simulations of the LMK03033C PLL.
When considering the jitter tracker, hardware limitations of the LMK03033C PLL circuit do
not enable to implement the loop filter with a bandwidth greater than a few tens of kilohertz,
which is insufficient for the proposed application. For the proper operation, the PLL input signal
is divided down to 100 kHz and thus the jitter spectrum (and the required loop bandwidth) is
limited to 50 kHz (see Subsection 3.1 for details).
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4. Experimental results
The device has been evaluated in the laboratory to verify correctness of the measurement
idea. The tests were divided into two parts, which included characterization (i.e. assessment of
the basic circuit parameters) and measurements of the JMU in the T&F transfer system, where
the JMU is expected to operate. First, we checked whether the RMS value of the jitter was not
changed because of the processes occurring in the JMU (particularly in the jitter tracker), as we
assumed during the development. The assumption of the linear dependence of the RMS value of
the jitter on the voltage retrieved from these phase fluctuations was also examined.
4.1. Transfer and frequency characteristics
The device characterization was done using signals with the known parameters (including
parameters of generated noise). The signal with jitter was obtained as a combination of a square
waveform and a jitter-generating signal (a sine wave or amplitude noise with a flat spectrum
extending up to the frequency of around 100 MHz). This jitter-corrupted signal was supplied
to the JMU and at the same time to a high-speed Agilent Infiniium 5855A oscilloscope, which
enabled to visualize the jitter and verify the JMU measurement results. A general block diagram
of the test-bench for this part of tests is shown in Fig. 3.

Fig. 3. A general block diagram of the test-bench.

First, the relationship between the signal phase jitter and the mixer output RMS voltage
was examined. The transfer characteristic was measured for the jitter generated by both sine
signal and noise. By changing the level of these signals, we were able to control the phase jitter
occurring in the square waveform. The obtained transfer characteristics are shown in Fig. 4.
The tests were started with the minimum value of the signals generating jitter and were continued until the 50 ps jitter was obtained. The lowest jitter observed on the oscilloscope was
about 2 ps, but because of the hardware limitations of the Analog Devices AD8361 RMS-to-DC
converter used in the JMU, the minimal jitter that could be measured was 5 ps.
For either character of the jitter (jitter resulted from the sine signal or noise) the linear conversion was observed in the range of 5 ps to 50 ps. However, if the jitter results from the sine signal
(Fig. 4a), the increase in the JMU output value is higher, than in the case of the jitter resulted
from noise (Fig. 4b). This behaviour may be explained using the frequency characteristic of the
JMU, measured in the next part of evaluation.
The frequency characteristic was obtained using the signal affected by jitter resulting from
the sine voltage with a constant amplitude and a variable frequency. The response of the JMU
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a)

b)

Fig. 4. JMU transfer characteristics – the JMU output voltage corresponding to the RMS jitter generated by
a 9 kHz sine signal (a) and noise (b).

was measured in the range of 1 Hz to 5 MHz. The most important part of the obtained frequency
characteristic is shown in Fig. 5, divided into two plots for a better visualization of the observed
JMU response.
a)

b)

Fig. 5. The JMU frequency characteristic – divided into two plots for a better visualization of results. The JMU
response observed in the range 50 kHz – 150 kHz repeats periodically up to 5 MHz.

The frequency characteristic shows that the JMU is unable to measure the jitter at some
points. Thus, an effective slope of the transfer characteristic is influenced by the spectrum of the
measured signal. A sinusoidal signal has the spectral power concentrated at a single frequency
peak. Particularly, for the 9 kHz sine signal (used in measurements of the transfer characteristic
shown in Fig. 4a) this peak is located in the range of frequencies where sensitivity is not reduced
(Fig. 5a). On the other hand, the noise spectrum is spread and some of its components are omitted
while measured by the JMU. For this reason, there is a difference between the slopes of the
transfer characteristic measured for the jitter generated by the 9 kHz sine signal (Fig. 4a) and for
the jitter generated by noise (Fig. 4b).
In order to explain the frequency characteristic, it is necessary to consider the impact of both
PLL circuits that operate in parallel on the same signal supplied to the JMU. The bandwidth of
the jitter cleaner is 5 kHz and thus the jitter spectral components in this range are passed. It is
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particularly noticeable for the lowest frequencies (up to 1 kHz), where the phase fluctuations
φ2 (t) at the jitter cleaner output are not filtered out and are subtracted from the phase fluctuations
φ1 (t) passed by the jitter tracker (1). As a result, we observe reduction of the JMU sensitivity in
the range of lowest frequencies.
For the frequencies above the bandwidth of the jitter cleaner, the phase fluctuations are filtered out and have no influence on the frequency response of the JMU. The deep peaks at 50 kHz,
100 kHz, 150 kHz, etc. result from the processes occurring in the jitter tracker PLL. We have
taken these processes as the jitter sampling with a rate of 100 kHz (which results from dividing
the tracker input signal frequency), thus the jitter tracker loop bandwidth is 50 kHz, above which
the aliasing occurs. This feature creates the copies of the spectrum occurring around each integer
multiple of the sampling frequency and – as a result – the high frequency components of the
jitter spectrum are copied to the tracker bandwidth. However, the signals close to the bandwidth
limit (50 kHz) are close to their aliased copy as well, and interfere with it. As a result, the JMU
sensitivity is reduced at frequencies of 50 kHz, 150 kHz, etc.
The other effect, resulted from the aliasing, reduces sensitivity at 100 kHz, 200 kHz, etc.
The spectral components close to these particular points are copied to the tracker baseband and
occur near 0 Hz (DC). However, the RMS-to-DC converter is AC-coupled with the LPF output
and it is unable to measure the RMS voltage in this range.
4.2. Measurements in target time and frequency transfer system
The second part of evaluation was performed in the target T&F transfer system, transmitting
the frequency signal along a 300 km long fibre optic link with two bi-directional SPBAs installed
every 100 km. It provided operating conditions close to the real ones for the JMU as the jitter
resulted from the phenomena occurring in the link.
A block diagram of the measurement setup is shown in Fig. 6. A very stable frequency signal
was supplied to the local module, and then transferred through a fibre optic link. By modifying
gains of the SPBAs we were able to affect the link performance and thus to impose various jitter.
After its detection in the remote module, the jitter-corrupted signal was supplied to the JMU and
to the oscilloscope.

Fig. 6. JMU tests in T&F transfer systems – a simplified block diagram.

The total jitter in the transferred frequency signal comes from wide-band noise (resulted
from the phenomena listed in Section 1) and low-pass narrowband noise (e.g. flicker noise). To
examine the influence of the low-pass jitter, the outputs of jitter cleaner and the jitter tracker were
observed separately on the oscilloscope. The gain of SPBA1 was held constant at 17.5 dB, while
the gain of SPBA2 was swept in the range from 13 dB to 20 dB.
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As it may be noted from the diagram presented in Fig. 7, the jitter measured at the cleaner
PLL output is at least 10 ps lower than the jitter at the tracker PLL output. The changes of the
amplifier gain have the minimal influence on the jitter-cleaner output signal. Thus we conclude
that the low-pass narrowband components will not significantly affect the JMU performance in
the considered application.

Fig. 7. The RMS jitter measured at the outputs of jitter cleaner and jitter
tracker. The gain of SPBA1 was held constant at 17.5 dB.

In the next step, the jitter occurring in the transferred signal was measured by the JMU and
visualized at the same time on the oscilloscope. The data collected during the test enabled to
draw the characteristics (Fig. 8) of the RMS jitter as functions of gains of the optical amplifiers.
a)

b)

Fig. 8. T&F 300 km link performance – the RMS jitter measured by the oscilloscope (a) and by the JMU (b).

The results of the measurements performed with the JMU (Fig. 8b) are in agreement with the
oscilloscope ones (Fig. 8a). Additionally, the characteristics were compared with the simulation
results of an equivalent link. The simulator calculated the signal to noise ratio (SNR), which is
inversely proportional to the jitter. The characteristic of SNR as a function of gains is shown in
Fig. 9. It is difficult to calculate the jitter from SNR as the model does not include degradation
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of the transferred signal, resulted from other factors than noise (e.g. chromatic dispersion) that
occurs in a real fibre-optic link.

Fig. 9. The signal-to-noise ratio obtained from simulation of
a 300 km long fibre optic link.

All of the characteristics clearly specify the area of optimal T&F system performance and
the general trend of the parameter (jitter or SNR) changes is preserved. The JMU sensitivity is
sufficient to indicate whether the gains of SPBAs need to be modified and what is the possible
direction of such changes.

5. Conclusions
In the paper we presented the complete solution for monitoring of the phase jitter in a longdistance fibre optic T&F transfer system. Measurements of the phase fluctuations occurring in
the transmitted frequency signal provide sufficient information to estimate the link performance.
Based on this data, the real-time optimization by changing the setup of optical amplifiers can be
performed.
The JMU compares phases of the jitter-corrupted signal and the reference signal. Such a reference could be the frequency signal from an atomic clock, supplied to the local module of T&F
system. However, it would enable to measure the jitter at the link beginning only. To make the
measurements possible at any point of the link (in principle in the remote module), the device
contains the jitter-cleaner PLL circuit that filters out the jitter from the signal transferred through
the link. Therefore, the JMU generates the reference with residual jitter, using the same signal
whose phase fluctuations we intend to measure. In the proposed application, this minimal jitter
has no significant influence on the measurement results.
The RMS value of the voltage (in fact the noise) obtained from the phase detector corresponds
directly to the jitter. For typical frequency signals from an atomic source (e.g. 10 MHz) the jitter
value of picoseconds is small compared with the signal period and thus the RMS voltage is small.
The method for its amplification adopted in the work is the frequency multiplication. It reduces
the proportion of the jitter to the signal period and – as a result – increases the RMS voltage at
the phase detector output.
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The frequency multiplication is performed using the PLL circuits with the loop bandwidth
judiciously chosen to the application. The bandwidth of jitter cleaner needs to be narrow to
filter out the jitter, while that of jitter tracker should cover a wide jitter spectrum. As widely
available PLL circuits (e.g. Texas Instruments LMK03033C used in the work) may have the
bandwidth insufficient for the jitter-tracker application (because of hardware limitations), the
frequency of the supplied signal is divided. As a result, the tracker discards some jitter-corrupted
edges. It can be interpreted as sampling of the jitter and thus its spectrum (and also the required
tracker bandwidth) may be estimated based on the frequency of the divided signal. Because of
the aliasing effect, the high frequency components are shifted down to the tracker bandwidth.
The evaluation of the developed measurement device proved correctness of the theoretical
assumptions. The RMS voltage from the phase comparator is linearly proportional to the jitter
occurring in the signal supplied to the JMU. The obtained sensitivity and the measurement range
from 5 ps up to 50 ps are satisfactory for optimizing the T&F fibre optic link performance.
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[12] Śliwczyński, Ł., Kołodziej, J. (2013). Bidirectional Optical Amplification in Long-Distance Two-Way
Fiber-Optic Time and Frequency Transfer Systems. IEEE Trans. Instrum. Meas., 62(1), 253–262.
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