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Periodic-Error-Free All-Fiber Distance
Measurement Method With Photonic Microwave

Modulation Toward On-Chip-Based Devices
Yoon-Soo Jang , Jungjae Park , and Jonghan Jin

Abstract— High-accuracy distance measurements with com-
pact configurations and robust operations are necessary in areas
ranging from precision engineering to scientific missions. Here,
we report a precise and accurate amplitude-modulation-based
all-fiber distance measurement method without periodic errors.
To realize an all-fiber configuration toward on-chip devices in the
future, certain selective components for easy fabrication on the
chip scale were employed. Despite this constraint, sub-100 nm
precision was demonstrated with the help of the all-photonic
microwave mixing technique introduced in our previous work.
In this article, accuracy as another important factor for mea-
suring distances was investigated to ensure better performance
than in previous studies with an optical amplitude-modulation
technique. By performing theoretical and experimental analyses
of the periodic error while blocking electrical crosstalk signals
and optimizing signal processing, accuracy of 2.6 μm (1 σ )
was achieved in terms of measurement linearity according to
a comparison with a laser displacement interferometer. With
the best capabilities of precision and accuracy, the proposed
all-fiber distance measurement method is expected to be utilized
in diverse long-distance applications, such as large-machine axis
tool work and formation flying by multiple satellites. Further, this
study demonstrates the possibility of developing an on-chip-based
distance-measuring device for the fourth industrial revolution.

Index Terms— Absolute distance measurement, amplitude
modulated continuous wave (AMCW) light detection and rang-
ing (LIDAR), microwave photonics, periodic error, photonic
microwave mixing.

I. INTRODUCTION

PHOTONIC-BASED microwave frequency mixing is
a well-established technique to down-convert high-

frequency signals in the field of optical communications [1].
During photonic-based microwave frequency mixing in this
application, precision control or monitoring of the phase of
the down-converted signal has yet to be studied, as a rough
estimation of the phase is sufficient for an analysis of optical
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communication signals [2], [3]. However, it has started to be
considered for dimensional metrology due to the stability and
simplicity of the photonics-based microwave frequency mixing
technique [4].

In dimensional metrology, a laser displacement interferom-
eter is a representative method to the precise length mea-
surements [5]. However, due to the 2π ambiguity problem,
displacements below one-half of the wavelength in use should
be continuously sampled and accumulated to determine the
length during the entire measurement process. Such an intrin-
sic limitation means that the laser interferometer cannot be
widely exploited for newly emerging applications, especially
for long distances. As a counterpart to laser displacement
interferometry, absolute distance measurements have been
proposed and realized by various approaches [6], [7], includ-
ing the time-of-flight method [8], [9], amplitude modulation
ranging [10]–[14], frequency modulation ranging [15]–[17],
spectral resolved interferometry [18]–[20], multi-wavelength
interferometry [21]–[23], dual-comb ranging [24]–[26], and
microcomb ranging [27]–[29]. One of these examples is light
detection and ranging (LIDAR), which works with the time-
of-flight method [30].

Given the recent advent of smart factories, autonomous
vehicles, outer-space missions, and on-machine metrology,
compact sensors capable of determining absolute distances
at sub-micrometer precision level are expected to be nec-
essary. To meet this need, the authors reported a 50-nm
precision all-fiber absolute distance measuring method [4].
The method was proposed and realized for compact absolute
distance measurements based on the amplitude-modulation
technique due to its compactness and the simplicity of the
system layout. Moreover, with consideration of commercial-
ized fabrication techniques for an on-chip device, only optical
fiber components realized by the complementary metal–oxide–
semiconductor (CMOS) process were carefully selected. When
processing high-frequency microwave signals, the well-known
method of photonics-based microwave frequency mixing was
adopted as it is known to be immune to the phase conversion
amplitude, which otherwise may cause considerable errors.
Most amplitude-modulated distance measuring methods are
intended to work with electronics-based microwave frequency
mixing, which can cause major positioning errors [31]. Despite
all of these efforts, photonics-based microwave frequency
mixing can cause systematic errors, though this was not
studied at that time.
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Fig. 1. Configuration of intensity modulation-based distance measurement.
IM: intensity modulator, PD: photodiode.

In this article, we investigate the systematic error associ-
ated with a method proposed in our previous work. To do
that, we have conducted a linearity test compared with a
laser displacement interferometry. First, when measuring the
displacement, the amount of systematic error that occurs
should be assessed. The systematic error typically appears
as a periodic pattern. Second, the causes of the systematic
error are estimated and verified by a mathematical model.
In this case, we observed linearity error of 2.6 μm (1 ρ )
over 27 mm (2.7 times the ambiguity range), and a periodic
pattern was not observed without a post-process. We then
artificially create unmeasurable small electrical crosstalk to
observe the periodic error, which is a bottleneck in the
linearity measurement process. We observed periodic error of
±20 μm under artificial conditions. We numerically simulated
the correlation between the periodic error and the electrical
crosstalk and revealed that this level of periodic error can arise
due to a small amount of electrical crosstalk of −54 dB. Given
its capability of high precision and accuracy during distance
measurements and its simple configuration, we believe that
the proposed method can be used in calibration of electronic
distance measurement (EDM) and will be a powerful candidate
for use in conjunction with high-precision chip-scale distance
sensors in the future.

II. AMCW-BASED DISTANCE MEASUREMENTS BY

MEANS OF ALL-FIBER PHOTONIC

MICROWAVE MIXING

The target distance is basically determined by the phase
delay (θ ) between two amplitude-modulated signals from ref-
erence and measurement paths. The amplitude frequency ( fIM)
determines the ambiguity range (LNAR = c/2nair fIM), where
c is the speed of light in a vacuum and nair is the refractive
index of air. Note that the refractive index of air is assumed
as a constant during the measurement, as its variation is low
enough to be ignored [29]. The target distance (L) is simply
determined by the relationship L = (M+ θ /2π)×LNAR, where
M is an integer number.

Fig. 1 describes the optical layout of the all-fiber pho-
tonic microwave modulation-based absolute distance mea-
surement. All systems except for the free space path to
be measured consisted of fiber components. A fiber laser

diode (FRL15DCWB-A81-19580, Furukawa Electric) at a
center wavelength of 1.53 μm with optical power of 10 mW
was used as a light source in this study. It was modulated
by an intensity modulator (LN05S-FC, Thorlabs) (IM #1)
driven at 15 GHz, corresponding to an ambiguity distance of
9.993 mm. A microwave synthesizer (SynthHD PRO, Wind-
freak Technologies, LLC) to drive the intensity modulator
was referenced to a cesium atomic clock with a frequency
uncertainty of 10−13, [30] which gave direct traceability to a
length standard. The modulated beam was divided into the
reference and measurement beams by a fiber coupler with
a 9:1 split ratio. The reference beam, which was 10% of
the modulated beam, goes directly to a secondary intensity
modulator (IM#2) for down-conversion of the microwave
frequency. The measurement beam, which was 90% of the
modulated beam, was initially sent to a target mirror. The
reflected beam from the target mirror is directed to an optical
circulator and then to another secondary modulator (IM#3)
for down-conversion of the microwave frequency. These sec-
ondary modulators were driven at 14.99991 GHz ( fIM −� fIM)
and both the frequency of the reference and the measurement
signals were down-converted to 90 kHz (� fIM), where the
phase delay (θ ) can be precisely measured. Additionally, 15
GHz modulated signals were down-converted to 90 kHz, while
the phase information was maintained. These down-converted
signals were detected by photodiodes. Note that photodiodes
do not necessarily have to be high-speed photodiodes. We used
photodiodes with a bandwidth of 300 kHz. The phase delay
between the reference and measurement signal was measured
by a phase meter (Moku: Laboratory, Liquid Instruments)
with a sampling rate of 488 Hz to determine the absolute
value of the target distance. A target distance beyond the
ambiguity range can be determined by a frequency sweeping
method [4].

III. EXPERIMENTAL RESULTS OF THE ALL-FIBER AMCW
ABSOLUTE DISTANCE MEASUREMENT METHOD

A. All-Fiber Photonic Microwave Conversion
Fig. 2 describes the all-fiber photonic-based microwave

frequency conversion method, which has the advantages of
wide frequency coverage, low conversion loss, and immunity
to electromagnetic interference compared to an electronic
microwave mixer [1]. Cascaded intensity modulators were
used for microwave frequency down-conversion, as shown
in Fig. 2(a). High-frequency radio frequency (RF) modu-
lated by the intensity modulator (IM#1) was directed to
secondary intensity modulators (IM#2 and 3) modulated at
a lower frequency which acted as a local oscillator (LO).
After secondary intensity modulation (IM#2 and 3), low-
frequency intermediated-frequency (IF) signals were generated
while the phase delay was maintained. This type of all-
photonic-based frequency down-conversion is a powerful tool
for frequency down-conversion of microwaves and can replace
an electronic microwave mixer in for many applications. It is
functionally identical to an electronic microwave mixer. How-
ever, microwave components operating at high frequencies
are sensitive to the environmental conditions of the input
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Fig. 2. (a) Simplified configuration of all-fiber microwave down conversion.
(b) Time domain signals of reference and measurement signal over 50 μs.
(c) PSD of down-converted microwave signal from 84 to 92 kHz. Both
reference and measurement signals show >60 dB signal to noise ratio. Inset
shows the PSD for broad range.

signal [32], [34]. To overcome this limitation of an electronic
microwave mixer, we utilized all-photonic microwave fre-
quency conversion instead of an electronic microwave mixer.

The amplitudes of both the reference and measurement
signal were adjusted to be nearly identical by an adjustment
of the bias voltage of the individual intensity modulators,
as shown in Fig. 2(b). In the time domain, clear sinusoidal
waveforms with amplitudes exceeding 150 mV for both the
reference and measurement signals with a phase delay were
observed, as shown in Fig. 2(b). A dual-channel microwave
spectrum analyzer (Moku: Lab, Liquid Instruments) was used
to measure and monitor simultaneously the power spectral
density (PSD) of the down-converted microwave signals.
As shown in Fig. 2(c), both signal-to-noise ratios (SNR) of
the reference and measurement signals exceeded 60 dB when
the resolution bandwidth (RBW) and video bandwidth (VBW)
were 68.43 Hz. From dc to 200 kHz with the RBW and
VBW were both 1.96 kHz, both the reference signal and
measurement signal were 60 dB larger than their second
harmonic components, as shown in the inset of Fig. 2(c). This
all-photonics-based frequency down-conversion technique has
many advantages when applied to amplitude-modulation-based
distance measurements. First, it is immune to the amplitude-
to-phase conversion process, as demonstrated in our previous
study [4]. Second, it does not require a high-speed photodiode.

Fig. 3. Typical repeatability by measuring fixed target. (a) Time-dependent
variation of the measured distance for short distance (0.3 m) and long distance
(8 m). (b) Their Allan deviation from 2 ms to 100 s. Note that blue curves
denote the repeatability of selective window for 50 s.

Third, it has high conversion efficiency comparable to that of
an electronic microwave mixer.

B. Evaluation of the All-Fiber Photonic-Based Amplitude
Modulation Distance Measurement Method

The measurement repeatability was evaluated by measuring
fixed distances of about 0.3 m (short distance) and 8 m (long
distance). Note that the distance of 8 m relied on the use of
a fiber spool. In fact, sub-100 nm measurement repeatability
was reported in earlier work ([4]) by the authors together with
primary measurement results.

Fig. 3(a) shows the typical time-dependent variation for
short (green) and long distances (orange) over 500 s. For
long distances, the measured distance varied much more than
in the case of a short distance on a long-term scale. This
can be explained by the thermal drift of the fiber spool
when simulating a long distance. As shown in Fig. 3(b),
the measurement repeatability at 2 ms (without averaging)
was found to be approximately 700 nm for both short and
long distances. The measurement repeatability in these cases
gradually improved to 200 nm with a measurement-fitted
relationship of 40 nm ×τ−0.5

avg , where τavg is the averaging time.
For longer averaging times exceeding 0.1 s, the measurement
repeatability for short distances remained at about 200 nm;
however, the measurement repeatability of long distances
diverged in the form of a random walk, being proportional
to τ 0.5

avg. For a selected window of 150–180 s, the measurement
repeatability can be gradually improved to 60 nm at an
averaging time of 5 s.

As shown in Fig. 4, we evaluated the measurement linearity
through a comparison with a commercial homodyne laser
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Fig. 4. Linearity test with laser displacement interferometry over 10 mm
(ambiguity range) with 10 μm steps. Upper panel is measurement difference
between our method and laser displacement interferometry. Gray curve shows
measured periodic error without shielding for comparison. Right panel shows
histogram of the residual error after shielding. Lower panel is measured
displacement from our method and laser displacement interferometry.

displacement interferometer with less than 10 nm linear-
ity error as a reference. We repeatedly measured distances
over 27 mm in 10 μm steps to measure the periodic error
within a single period. The measurement results showed that
the measurement difference between our method of absolute
distance measurement and the commercial homodyne laser
displacement interferometer was ±2.6 μm (1 ρ ), and there
were no notable periodic patterns of measurement errors. The
equivalent phase error was 1.63 mrad (0.094◦), which corre-
sponded to the phase accuracy of typical phase measurement
devices. The corresponding histogram was well-fitted to a
Gaussian distribution, as shown in the right panel of Fig. 4.

C. Periodic Error of the All-Fiber Photonic-Based Amplitude
Modulation Distance Measurement Method

The periodic error is generally main contributor to the
inaccuracy of measurement instruments and generally known
to be generated by crosstalk from interferometric optics or
electronic circuitry to the measurement signal [35]–[40]. This
crosstalk signal is on the same frequency as the measurement
signal, but its phase is independent of the target distance. Our
interferometric part was well designed to minimize any back
reflection beams that acted as optical crosstalk. To minimize
electrical crosstalk, all microwave cables were shielded with
aluminum foil. However, our goal with this configuration was
an on-chip platform, where the electrical crosstalk should be
considered.

As shown in Fig. 5(a) and (b), the periodic error caused by
the crosstalk can be expressed as (1) and the crosstalk signal
is commonly determined from the reference signal

Am cos θm = Ai cos θi + εc cos θc. (1)

Fig. 5. Modeling of periodic error. (a) Phasor diagram for periodic
error modeling. (b) Simplified phasor diagram for periodic error calculation.
(c) Modeled periodic error from (3).

Here, Am is the amplitude of the measured signal, θm is the
measured phase, Ai is the amplitude of an ideal signal, θi is the
ideal phase delay, εc is the amplitude of the crosstalk signal,
and θc is a phase of the crosstalk signal, which is independent
of the target distance. To simplify the periodic error, a phasor
diagram can be used, as shown in Fig. 5(b). An analytical
solution for the periodic error (θe) can be expressed as:

tan θe = εc sin(θc − θi)

{Ai + εc cos(θc − θi)} . (2)

If εc is small enough to be negligible, (2) can be re-
expressed as follows:

tan θe ≈ θe ≈ εc sin(θc − θi)

Ai
. (3)

From (3), the amplitude of the periodic error (θe_amp)
is linearly proportional to the amplitude of the crosstalk
(θe_amp = εc /Ai ).

To observe the periodic error, we removed the aluminum
jacket used as EMI shielding to artificially create electrical
crosstalk. The gray line in Fig. 4 shows a typical periodic
error over displacement of 10 mm, which corresponds to the
ambiguity range. The minimum measurement error appeared
at a measured phase close to 0 and π rad (180◦), while
the measurement error reached its maximum at the measured
phase of nearly π /2 rad (90◦) and 3/2π rad (270◦). This
type of periodic error is generally known to be generated by
crosstalk from interferometric optics or electronic circuitry to
the measurement signal [35]–[40]. The periodic error appeared
as a sinusoidal pattern, which has a minimum value when
θc − θi is at 0 or π rad and a maximum value when θc − θi is
at ±π /2 rad. If assume that the magnitude and direction of εc

changed, the periodic error (θe) can be changed, as shown
in Fig. 5(c). The fringe-like pattern of the periodic error,
as observed here, can be explained by the random variation
of the magnitude and direction of εc. In our measurement,
the peak value of the periodic error was 20 μm, which
corresponded to phase error of 12.6 mrad (0.72◦). Based
on (3), the amplitude ratio between an ideal signal (Ai) and the
crosstalk signal (εc) was estimated to be 0.002, corresponding
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TABLE I

UNCERTAINTY BUDGET FOR AMCW DISTANCE MEASUREMENT

to a PSD level of −54 dB. Even a small crosstalk signal close
to noise floor can lead to significant measurement errors. This
may be a critical issue in relation to the use of an integrated
on-chip platform, where the electric wiring is highly dense,
and highly insulating materials, which can be integrated into
an on-chip platform, are required to suppress the electrical
crosstalk [41].

D. Uncertainty Evaluation

Table I shows the uncertainty evaluation done to estimate
the measurement performance. The uncertainty u(L) of the
measured distance can be categorized into three major terms
as shown below

u(L) =
[
{u( fIM)L}2 + {u(nair)L}2 +

{
u(θ)

2π
LNAR

}2
]1/2

.

(4)

The first term, u( fIM), represents the modulation frequency
uncertainty of the light sources and can be expressed by the
following equation:

u( fIM) = {
u2( fCesium) + u2

(
fstability

)}1/2
. (5)

TABLE II

PERFORMANCE SUMMARY

The uncertainty of the cesium atomic clock, u( fcesium), used
for the reference frequency is 10−13. The stability relative
to the reference frequency of the RF synthesizer, u( fstability),
is measured by a RF heterodyning technique for high preci-
sion; it was found to be 0.69 mHz, corresponding to 4.7·10−14

at a 15 GHz modulation frequency. The total contribution of
the modulation frequency uncertainty is 10−13. The second
term, u(nair), represents the uncertainty of the refractive index
of air and can be expressed by the following equation:

u(nair) = {
u2(nEdlen) + u2(nT ) + u2(nP ) + u2(nH )

+u2(nCO2)
}1/2

. (6)

The Edlen equation was used for compensation of the
refractive index of air, offering uncertainty in this case of 10−8.
Given the air temperature uncertainty of 0.2 K, air pressure
uncertainty of 50 Pa, humidity uncertainty of 1% and carbon
dioxide concentration uncertainty of 15 ppm, the refractive
index of air contributed 2.0 · 10−7 of uncertainty during the
measurements under our laboratory conditions [33]. The third
term, u(θ ), represents the phase detection from the optical
and electronic parts and can be expressed by the following
equation:

u(θ) = {
u2(θrepeatability

) + u2(θdrift) + u2(θoffset)
}1/2

. (7)

The repeatability, long-term drift, and offset of the phase
detection were calculated back to repeatability, long-term drift,
and linearity of the distance measurement, respectively. The
long-term drift appears to originate from the slowly varying
fiber delay of the intensity modulator and was estimated
from the short-distance repeatability at 100 s. Here, the offset
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included the effects of heterodyned signal distortion, the
amplitude-to-phase conversion, and back reflection in both
the optical and electrical paths. The repeatability, long-term
drift, and offset of the phase detection contributed 5.2 · 10−5,
2.5 · 10−4, and 1.6 · 10−3 rad, respectively. The uncertainty
of the phase detection was estimated to be 2.57 μm; these
values are not affected by an increase in L and are mainly
limited by the phase offset. The combined standard uncertainty
(k = 1) of the measured distance was evaluated to u(L) =
{(2.57 μm)2+ (2.0 ·10−7 · L)2}0.5. For example, the combined
standard uncertainties were corresponded to 2.57 and 3.03 μm
for 0.3 and 8 m, respectively.

IV. CONCLUSION AND PERSPECTIVES

In summary, we evaluated the measurement accuracy of
an all-fiber photonic microwave modulation-based absolute
distance measurement method, of which the repeatability was
evaluated based on our previous study. Our configuration as
described in this study has direct traceability to the length
standard of a cesium atomic clock with frequency uncertainty
of 10−13. The measurement linearity was mainly limited
for two reasons: the amplitude-to-phase conversion and the
periodic error. In our previous work [4], we resolved the
amplitude-to-phase conversion issue, which can cause mea-
surement linearity errors of hundreds of micrometers during
the electronics-based microwave frequency down-conversion
process [32], by means of photonic-microwave-mixing-based
microwave frequency down-conversion. Here, we evaluated
the measurement linearity of our method. We found that
our method has measurement linearity error of ±2.6 μm
(1 ρ ) over 27 mm, with notable periodic error levels not
observed. In addition, the periodic error was theoretically
derived and experimentally verified by adding an artificial
electrical crosstalk signal.

Table II summarizes the measurement repeatability and
linearity with a comparison with a state-of-the-art amplitude
modulated continuous wave (AMCW) distance-measurement
system. Because our system has a simple and all-fiber structure
and excellent measurement performance, as shown in Table II,
we believe that the configuration proposed here can be used
in real world and not merely in laboratories, and it can be
fabricated on fully integrated photonic chips with the help of
silicon photonics, which will be a powerful tool in the era of
the fourth industrial revolution.
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