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Abstract—Optical transfer delay (OTD) measurement is vital
in many applications, such as time-frequency transmission, fiber-
based distributed coherent systems, and optical sensing systems,
where high accuracy and fast speed are the key parameters for OTD
measurement. However, existing high-accuracy OTD measurement
methods have to make a trade-off between the measurement range
and the speed. In this paper, an ambiguity-free OTD measurement
method based on the time-domain Vernier (TDV) effect is proposed
to enhance the measurement speed. Two pulse trains with different
repetition cycles are multiplexed in the time domain. When the
measurement time is restricted, two pulse trains will obtain folded
OTDs. Based on the TDV effect, the ambiguity-free OTD can be
calculated by solving an indefinite equation composed of the folded
OTDs. In verification experiments, the refresh rate is improved to
200 kHz when the OTD measurement range is extended to 100 µs.
Additionally, a 2.5 GHz carrier signal is modulated in the pulse
to further enhance accuracy. By extracting the phase shift of the
carrier signal, an accuracy of ±0.5 ps is achieved.

Index Terms—Optical transfer delay measurement, pulse
modulation, Vernier effect.

I. INTRODUCTION

FAST and accurate measurement and control of optical
transfer delay (OTD) play a pivotal role in various do-

mains, including optical communications [1], [2], quantum
networks [3], optical neural networks [4], and optical sensing
systems [5], [6]. For example, in the phase-array antenna [7], [8],
compromised OTD accuracy would lead to the degradation of
beamforming. In a distributed global navigation satellite system,
achieving real-time compensation with sub-picosecond accu-
racy for OTD compensation can improve the baseline accuracy
in the vertical direction 2-3 times [9]. Furthermore, distributed
coherent aperture radar systems require stringent phase synchro-
nization to achieve coherent synthesis of echoes [10], [11], [12].
This requires the elimination of OTD fluctuations during signal
transmission across the various distributed sites. In the bistatic
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distributed radar, a loss of 0.5 dB in gain is associated with a
phase error of 18 deg [12], equivalent to an OTD deviation of
5 ps in the X band. Additionally, mobile sites could construct
free-space laser links for signal transmission [13], [14]. It is
imperative for the system to rapidly adjust the OTD before the
sites exceed the coherence length [12], which requires both high
accuracy and speed in measurement. For relative velocities of the
order of meters per second, ensuring synchronization accuracy
at the picosecond level requires measurement speeds in the tens
of kilohertz range.

The OTD to be measured can typically be demodulated in the
time domain [15], [16], the frequency domain [17], [18], or the
phase domain [19], [20]. In the time domain, OTD is measured
directly by calculating the time interval between the probe and
the reference signals. Time-domain methods require the use of
a broadband receiver, which leads to a lower signal-to-noise
ratio (SNR). Using a 10-Gbit/s pseudorandom bit sequence to
modulate the probe pulse, the measurement accuracy of the
time domain method can achieve ±3.9 ps [16]. However, these
methods usually operate offline due to complex signal processes
such as averaging, correlation, and filtering. In the frequency do-
main, optical frequency-modulated continuous-wave (FMCW)
provides a fast way for OTD measurement because the dechirp
pulse compression can be realized in the analog domain. In [17],
researchers employ a pair of complementary FMCW signals
to compensate for phase noise, achieving a speed of 33.3 kHz
and a range of 5 μs. In the phase domain, the OTD is derived
from the phase shift between the probe signal and the local
signal. Phase-based methods offer higher accuracy because they
allow for the extraction of the phase shift of the signal using a
narrow receiver. However, the unambiguous range is restricted
to the wavelength of the single-frequency signal, necessitating
a phase unwrapping process to broaden the measurement range.
Li et al. [19] proposed a phase-derived ranging method based
on microwave frequency sweeping. To reduce the number of
frequency points required for the absolute measurement of OTD,
they proposed a nonlinear frequency sweep method with a
refresh rate of 20.8 Hz [20]. The primary limitation of these
methods lies in the switching time of the microwave signal.

The above methods based on single-domain measurement
generally have limited performance and difficulty in achieving
high accuracy, speed, and range simultaneously. Various multi-
domain measurement methods have been recently proposed for
enhancing the measurement performance. These methods focus
on optimizing the design and characteristics of the probe signal,
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Fig. 1. (a) Schematic configuration of the TDV-based OTD measurement sys-
tem. (b) Waveform of the signal. LD, laser diode. PC, polarization controller. IQ,
in-phase and quadrature. RF, radio-frequency. TTL, transistor-transistor logic
signal. OC, optical coupler. OLUT, optical link under test. PD, photodetector.
ADC, analog-to-digital converter. DSP, digital signal processor.

utilizing both high-accuracy phase detection and rapid phase
unwrapping. In [21], an optical frequency comb with a nonlinear
frequency interval is generated for OTD measurement. Although
it allows for the parallel extraction of the phase change of each
frequency component, this method requires a long accumulation
time to separate the frequency components. Other methods,
including time-multiplexed [22] and frequency-multiplexed [23]
approaches, bypass the microwave frequency sweeping process
in phase-derived ranging by using resources from other domains.
However, the measurement speed of these methods remains
limited to the order of kHz.

This article demonstrates a novel measurement system based
on the time-domain Vernier (TDV) effect that offers both a wide
range and high speed. The TDV effect is realized by multiplexing
two pulse trains with different repetition frequencies in the
time domain. Each pulse train generates a folded OTD mea-
surement result when the measurement time is restricted. The
ambiguity-free OTD is then resolved by solving the indefinite
equation composed of the folded OTDs. To further enhance
accuracy, the carrier phase of the pulse train is extracted for
OTD measurement. Due to multiplexing the two pulse trains in
the time domain, the measurable range is extended to a hundred
times compared to the traditional method. In the experiments, the
TDV-based measurement system realizes a measurement range
of 100 μs, an accuracy of ±0.5 ps, and a refresh rate of 200 kHz.

II. PRINCIPLE

A. System Configuration

Fig. 1(a) shows the schematic configuration of the TDV-based
OTD measurement system. In this system, a laser diode (LD)
generates a single-frequency continuous-wave light. The light is
then introduced into an in-phase and quadrature (IQ) modulator.
To achieve the TDV effect, it is necessary to generate two
pulse trains with different repetition cycles. For this purpose,
the modulation signal in the IQ modulator is produced using

two pulse sources. These sources consist of a radio-frequency
(RF) source, which is modulated by an RF switch. The specific
mathematical formulation of these required pulse trains is as
follows:

s(t)=

2∑
m=1

+∞∑
k=−∞

rect

(
t− kTpr,m

Tpw,m

)
·cos(2πf(t− kTpr,m)),

(1)
where k is the index number of the pulse train, Tpr,m and
Tpw,m are the repetition cycle and pulse width of the mth pulse
train, respectively, f is the frequency of RF, and rect(t) is the
rectangular function to describe the shape of the pulse. This
function is defined in such a way that rect(|t| ≤ 0.5) = 1 and
rect(|t| ≥ 0.5) = 1. The output signal of MZM, which is biased
at the quadrature point, can be expressed as follows:

Eo(t) = Eo(1 +M · s(t))exp(−j2πfct), (2)

where Eo is the amplitude of the optical signal, fc is the optical
carrier frequency, M is the modulation index. With small signal
modulation, M << 1 is expected. In fact, a dual-driven Mach-
Zehnder modulator (DDMZM) can also achieve this function.
The DDMZM has a lower optical power insertion loss but
exhibits poorer modulation linearity because it does not operate
in a push-pull state, compared to an IQ modulator.

After the electro-optical modulation, the modulated optical
signal is divided into two parts by a 50:50 optical coupler (OC).
The optical signal in the upper branch is considered the reference
pulse signal, while the signal in the lower branch is the probe
signal. The probe signal is transmitted through the optical link
under test (OLUT). The probe and reference signal are detected
by two photodetectors (PDs). Considering M << 1, the second
and higher harmonics in the photocurrent can be ignored. Finally,
we can obtain the probe photocurrent ipb(t) and the reference
photocurrent iref(t) in an analog-to-digital converter (ADC):

ipb(t) = ηα2E2
oM · s(t− τpb), (3)

iref(t) = ηE2
oM · s(t− τref), (4)

where η is the responsivity of the photodetector, α is the trans-
mission loss of the OLUT, τpb and τref represent the OLUT of
the probe link and the reference link, respectively.

Assuming the OLUT is a linear transmission system, the RF
signal is also sampled by the ADC for phase detection:

sRF(t) = Es · cos(2πft). (5)

From (3)∼(5), the measured OTD τ = τpb − τref is mapped
to the time difference between the pulse trains. In addition, the
OTD τ is converted into the phase difference in the RF signal,
which can be written as 2πfτ . However, the accuracy of the
time difference between the two pulses is influenced by the
pulse width and sampling rate. The detected phase difference
ϕ between the two photocurrents has a limited range from −π
to π, that is,

ϕ = −2π

(
fτ −

⌊
fτ +

1

2

⌋)
± δϕ, (6)

where δϕ is the error that originates from the phase detector, and
�. . .� is the floor function.
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Fig. 2. (a) Principle and (b) Flow chart of the TDV-based OTD measurement method. Tpr,m is the repetition cycle of themth pulse train. τmea,m is the measured
OTD by applying the mth pulse train. ϕ is the phase difference between the RF and the probe signal. τunamb is the absolute OTD without ambiguity. τrough is
the resolved OTD based on TDV. τmea is the measured OTD based on TDV and phase unwrapping.

The proposed measurement method is based on an incoher-
ent optical system, which experiences negligible optical phase
noise and polarization drift compared to coherent measurement
systems [24]. Consequently, it can achieve large-range measure-
ments with relatively low system complexity.

In the next part, we will illustrate the principle of the TDV ef-
fect to realize high speed and unambiguous range measurement
in a limited acquisition duration.

B. TDV-Based OTD Measurement

Fig. 2(a) shows the principle of the TDV-based OTD mea-
surement method. The first step is to solve the ambiguity of
the OTD using the Vernier effect. The time difference between
the probe and reference photocurrent can be directly extracted
using the cross-correlation algorithm. However, the measured
time delay range is limited by the pulse repetition cycle, which
can be written as τmea,m:

τmea,m = τ ± δτ −
⌊

τ

Tpr,m

⌋
· Tpr,m, (7)

where δτ represents the measurement error induced by ADC
and time difference extraction algorithm, and �. . .� is the floor
function used to ensure that the τmea,m is confined within the
range of the Tpr,m. To obtain the unambiguous OTD, the integer
ambiguity �τ/Tpr,m� should be resolved. An indefinite equation
is constructed as:

τrough = τmea,1 + a · Tpr,1 = τmea,2 + b · Tpr,2, (8)

where τrough is the resolved OTD measured based on the Vernier
effect. If 2|δτ | < |Tpr,1 − Tpr,2| and 0.5 < Tpr,1/Tpr,2 < 2 are
valid, the minimum positive integer pair {a, b} is the solution

of {�τ/Tpr,1�, �τ/Tpr,2�}. By utilizing the Vernier effect, the
measurement range is broadened from MAX{Tpr,1, Tpr,2} to
LCM{Tpr,1, Tpr,2}, whereLCM{. . .} is the least common mul-
tiply operator. When the unambiguous OTD is obtained, a phase
unwrapping process can be performed:

τmea =
1

f

⌊
1

2
+ fτrough +

ϕ

2π

⌋
− ϕ

2πf
. (9)

In order to validate the effectiveness of the proposed phase
unwrapping method, we can substitute (6) and τrough = τ ± δτ
into (9):

τmea = τ ± ϕ

2πf
− 1

f

(⌊
fτ +

1

2

⌋

−
⌊⌊

fτ +
1

2

⌋
+

1

2
± fδτ ± δϕ

2π

⌋)
. (10)

From (10), the measured OTD achieves both a broad un-
ambiguous range and high accuracy. For digital signals after
sampling, the minimum time interval is the reciprocal of the
sampling rate, typically ranging from hundreds of picoseconds
to nanoseconds. By performing phase detection on a carrier
signal, it is possible to overcome the limitations of the sampling
rate and enhance the accuracy of delay measurements to the
picosecond or even sub-picosecond level [19].

In addition, τmea = τ ± δϕ/2πf is established if and only if
the time difference error δτ satisfies:∣∣∣∣fδτ +

δϕ

2π

∣∣∣∣ ≤ 1

2
. (11)

Above all, the whole flow chart of the TDV-based OTD
measurement method is given in Fig. 2(b).
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III. EXPERIMENTS AND DISCUSSIONS

An experiment was performed based on the configuration
shown in Fig. 1(a) to investigate the feasibility and performance
of the proposed TDV-based OTD measurement method. A con-
tinuous wave laser source (Teraxion PS-NLL) generated the
optical signal, which was modulated by an IQ modulator (Fujistu
FTM7961). The driven signal, i.e., two electrical pulse trains,
of the IQ modulator was generated by an arbitrary waveform
generator (AWG, Keysight M8195 A). Two pulse trains shared
the same pulse width of 10 ns. The frequencies of the RF signals
in the pulse train were 2.5 GHz and 3 GHz, respectively. The
repetition cycles of the two pulse trains were 1 μs and 1.012 μs.
The AWG also generated a continuous RF signal, which had
the same frequency and phase as the carrier of the first pulse.
Two 20 GHz PDs (Picometrix P-18A) were applied to convert
the optical signals into photocurrents. A 4-port oscilloscope
(Agilent DSO9404A) with a sampling rate of 10 GSa/s served as
an ADC. Thus, the time deviation was calculated to be less than
(1 Sa)/(10 GSa/s) = 0.1 ns. The phase detection process was
executed using the fast Fourier transform (FFT) algorithm in the
digital domain. The time difference between the pulse trains was
extracted by calculating the cross-correlation between the probe
and the reference photocurrent.

A. System Accuracy and Stability

In the proposed TDV-based OTD measurement system, the
time duration of phase detection is limited to one pulse width. To
determine the choice of pulse width, we tested the relationship
between the measured phase variance and the window size in
FFT. The frequency of the RF signal, designated for phase
detection, is set at 2.5 GHz. According to (11), the phase error
is required to be less than 0.5π . Fig. 3(a) shows the results
obtained from a measurement repeated 500 times. By using a
larger window size in the FFT, more data points are included in
the phase detection, allowing for a better estimation of the phase
and reducing the impact of quantization noise and white noise.
However, a large pulse width could lead to the overlap of the two
pulse sequences in the time domain, resulting in the invalidation
of the TDV-based time difference extraction. When the window
size of FFT is 10 ns, the phase variance is 0.079 deg2.

In the proposed system, the measurement error of the OTD is
solely determined by phase detection when (11) is effective. To
assess the stability and accuracy of the system, the performance
of the phase detection is verified. The fluctuation of the system
over a period of 1000 seconds, depicted in Fig. 3(b), follows
a normal distribution. The standard deviation of the OTD fluc-
tuation is measured at 0.299 ps, which is equivalent to 0.0724
deg2 in phase variance (σ2

ϕ = 4π2f2σ2
τ ). This value is aligned

with the value of 0.079 deg2 in Fig. 3(a). In addition, an elec-
trically controlled optical delay line (ODL, General Photonics
MDL-002) is inserted into the OLUT. Fig. 3(c) and (d) show the
measured delay and deviation when the ODL sweeps from 0 ps
to 20 ps at 2 ps intervals, showing that the measured error is less
than ±0.5 ps.

Fig. 3. (a) Measured phase variance corresponds to the window size in FFT.
(b) The fluctuation and histogram of the system over a period of 1000 seconds.
(c) Measured OTD and (d) the deviation when the optical delay line sweeps
from 0 ps to 20 ps at intervals of 2 ps.

B. High Accuracy OTD Measurement Based on Phase
Unwrapping

To access the effectiveness of phase unwrapping, an elec-
trically controlled ODL and an optical fiber of a fixed 3.5-
meter length were employed as the OLUT in the experiments.
Fig. 4(a) shows the time-domain waveform of photocurrents
and RF signal collected from the 4-port oscilloscope, the pho-
tocurrents in Fig. 4(a) contain only the first pulse train. Since
the measured OTD is within the range of pulse repetition
periods Tpr,1 and Tpr,2, the solution for the pair of integers
{�τ/Tpr,1�, �τ/Tpr,2�}, which represents the index number of
the pulse train, is {0, 0}. This indicates that complete pulse
periods of Tpr,1 or Tpr,2 are not within the measured OTD
duration. In this case, to obtain an unambiguous OTD, we should
only extract the phase difference between the photocurrents and
the time difference between the two pulses.

By comparing the phase differences between the photocur-
rents and the RF signal, the phase difference can be extracted,
which are Δϕ1 = 0.3892 rad and Δϕ2 = −1.715 rad. The
phase difference between ipb and iref can be obtained by
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Fig. 4. (a) Time-domain waveform of the photocurrents and RF. Δϕ1 is the
detected phase difference between probe photocurrent and RF; Δϕ2 is the de-
tected phase difference between reference photocurrent and RF. (b) Normalized
cross-correlation between the probe and reference photocurrent.

calculating ϕ = Δϕ2 −Δϕ1 = −1.715 rad− 0.3892 rad =
−2.1042 rad.

According to (11), if we neglect the phase error, the time
difference error should be less than 1/2f = 0.2 ns . Here, the
time difference between the two pulses is calculated using the
cross-correlation algorithm, which is shown in Fig. 4(b). As
can be seen, the maximum value of cross-correlation is between
18.1 and 18.2 ns. Therefore, the value of τrough can be regarded
as 18.1 ns. Substituting these results into (9), the measured
OTD can be obtained by τ = (�18.1 ns× 2.5 GHz + 0.5−
2.1042/2π�+ 2.1042/2π)/2.5 GHz = 18.13396 ns.

To validate the effectiveness of the phase unwrapping algo-
rithm, the ODL is swept from 0 ps to 300 ps at intervals of 1 ps.
The measured time difference τrough and the detected phase
difference ϕ are shown in Fig. 5(a). Since the sampling rate
is 10 GHz, the minimum measurable time difference is 0.1 ns
(1/10 GHz). The variable delay line with a range of 300 ps
would introduce three jumps in time difference. The modulation
frequency is 2.5 GHz, which means that the phase difference ϕ
would be phase shifted by 1.5π rad (2π × 300 ps× 2.5 GHz).
Fig. 5(b) shows the result of the OTD calculation using (9). The
figure demonstrates high linearity with a slope of 1.00056 ps/ps
and an R-square value of 0.999923. These results indicate that
the phase unwrapping method is valid for each OTD over a
change range of 300 ps.

The proposed method obtains the pulse time difference
through a cross-correlation algorithm. It should be noted that
the cross-correlation operation can also be performed in the
frequency domain by calculating the cross-power spectrum.
Therefore, the actual demodulation process can be carried out
by performing FFT operations on the sampled signals for

Fig. 5. (a) Measured time difference τrough, detected phase difference ϕ, and
(b) measured OTD when the ODL is swept from 0 ps to 300 ps at intervals of
1 ps.

convenience. This is followed by frequency domain cross-
correlation and phase detection, which directly obtain the mea-
sured delay.

C. Large OTD Measurement Based on Time-Domain Vernier
Effect

In the proposed method, the two pulse trains are generated
simultaneously. Which means that the specific index pulses
would overlap. The overlapped pulses result in interference
for time difference measurement, as illustrated in Fig. 6(a).
In the system, the total period of the pulse train is the least
common multiple between the two pulse repetition cycles, that
is, LCM(1 μs, 1.012 μs) = 253 μs. Fig. 6(b) shows the time-
domain waveform of the two photocurrents when the OLUT is
a 10-km optical fiber. In the whole period of the pulse train,
the two pulse trains would overlap 5 times. For the pulse train
with a repetition cycle of 1.012 μs, the overlapped pulse indexes
are 1, 83, 84, 166, and 167. To avoid the pulse overlapping, the
sampling time length of the TDV-based method is set as 5 μs,
which contains at least four pulses.

We performed individual measurements on optical fibers
with lengths of 20 km, 10 km, and 8 km. The corresponding
time-domain waveforms are depicted in Fig. 7(a) to (c), where
the two pulse trains are labeled s1 and s2. These pulse trains
can be easily distinguished in the time-domain waveform
owing to their different frequencies. The cross-correlation
results between the two photocurrents are presented in
Fig. 7(d) to (f). The four peaks in the cross-correlation
result indicate the delay differences among the various pulses.
The rough delay of the pulse train can be extracted from the
cross-correlation due to the presence of a specific lead-lag
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Fig. 6. (a) Illustration of the time-domain waveform of the photocurrents. (b) Time-domain waveform of the photocurrents within 300 μs when the OLUT is a
10-km optical fiber. The green rectangle represents the overlapped portion of the pulse trains. The blue line is the probe photocurrent and red line is the reference
photocurrent. The period of the pulse train is 253 μs.

Fig. 7. (a)∼(c) Time-domain waveforms of the probe and reference photocurrent within a 1 μs interval when using optical fibers of 20 km, 10 km, and 8 km
lengths as the DUT. s1 and s2 belong to two different pulse trains. (d)∼ (f) Normalized cross-correlation between the probe and reference photocurrent when using
optical fibers of 20 km, 10 km, and 8 km lengths as the DUT.

relationship in the time domain. For example, in Fig. 7(d),
the measured values of τmea,1 and τmea,2 are −107.9 ns and
−307.9 ns, respectively. Then, we can form an indefinite
equation: τrough = −0.1079 + 1× a = −0.3079 + 1.012× b.
Upon solving this, the minimum integer pair for {a, b}
is calculated to be {101, 100}, resulting in a value τrough

of 100.8921μs. The measured OTD can be calculated
as τ = (�100.8921μs× 2.5 GHz + 0.5− 2.9677/2π�+
2.9677/2π)/2.5 GHz = 100.89218893μs. Similarly, for
Fig. 7(e) and (f), the integer pairs for {a, b} are determined to
be {51, 50} and {39, 38}, resulting in final measured OTDs of
50.46025644 μs and 39.10082599 μs, respectively.

Authorized licensed use limited to: NANJING UNIVERSITY OF AERONAUTICS AND ASTRONAUTICS. Downloaded on August 19,2025 at 09:04:14 UTC from IEEE Xplore.  Restrictions apply. 



4544 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 43, NO. 10, MAY 15, 2025

TABLE I
COMPARISION OF FAST OTD MEASUREMENT METHODS [16], [17], [20], [21], [22], [23]

In real-time implementation, the TDV-based OTD measure-
ment can be achieved without the need for high-speed ADCs
or digital signal processors. For instance, the time difference
between two pulses can be directly obtained using a commer-
cial FPGA with trigger and counter functionality. Additionally,
phase detection can be efficiently performed through down-
conversion and IQ demodulation at the baseband.

IV. CONCLUSION

The performance of fast OTD measurement methods is com-
pared in Table I. Among these, methods based on single-domain
measurement exhibit limited performance. The time domain
method is capable of large-range measurement, but enhancing its
accuracy requires extensive time accumulation. Conversely, the
frequency domain method is constrained by a limited range due
to its unbalanced response within its bandwidth. The phase do-
main method offers both a large range and high accuracy. How-
ever, the frequency sweep process is time-consuming. Methods
employing multi-domain measurement address this problem,
marking the first demonstration of a refresh rate in the hundred
kilohertz and a range in the hundred microsecond domain, while
maintaining sub-picosecond accuracy. The ambiguity-free OTD
is resolved by solving the indefinite equation composed of the
two pulse trains. The carrier phase shift of the pulse train is
extracted to improve the OTD accuracy. In verification experi-
ments, the measurement range is extended to 100 μs when the
accumulation time is 5μs . Additionally, a 2.5 GHz carrier signal
is modulated in the pulse to further enhance accuracy. By extract-
ing the phase shift of the carrier signal, an accuracy of ±0.5 ps
is achieved. In addition, the performance enhancement offered
by the proposed OTD measurement method does not require
a significant increase in system complexity. In the system, we
replaced the linear frequency modulated (LFM) signal sources or
broadband vector network analyzers (VNA) typically required
in traditional measurement with two 10-ns level electrical pulse
generators. The demodulation process in the proposed method
only requires performing a FFT operation, which is compati-
ble with existing typical measurement methods. The proposed

TDV-based OTD measurement method enables accurate and
reliable OTD measurements, especially valuable in fiber-based
networks where high-speed and large-range measurements are
essential.
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