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1. INTRODUCTION 

Phase measurement is crucial important information for 
characterising a sinewave signal. According to [1], ‘the phase is 
the time (instant) for a given signal value on a waveform cycle’. 
Usually, the phase is an expression of the relative time difference 
between two corresponding features (peaks or zero crossings) of 
two waveforms with the same frequency [1]. In the case of a 
comparison between two waveforms, the phase difference or 
phase angle is typically expressed in degrees as a number greater 
than -180 ° and is less than or equal to +180 ° [1]. Moreover, 
phase can be sometimes expressed in radians, where one radian 
of a phase equals approximately 57.3 ° [1]. 

Phase measurements are carried out in several applications for 
indirectly measuring strain, acceleration, and power quality as 
well as for characterising circuits and components in the 
frequency domain. 

For example, in the case of optical interferometry, the desired 
measurand (e.g. strain, temperature, and surface deformation) is 
usually encoded in the phase of the signal obtained from the 
interference of two optical waves at the same frequency [2]. In 
radar applications, instead, the distance and the direction of a 

target, relative to the antenna, is estimated based on the phase of 
the electromagnetic wave reflected by the target itself [3]. In 
those and other indirect measurements, the uncertainty of the 
phase measurement has a crucial role in determining the 
measurement uncertainty of the derived quantities (e.g. strain and 
temperature). 

Several electric and electronic instrumentation applications 
are particularly interested in the phase spectrum as the target 
measurand. For example, for monitoring the state of an electric 
power transmission network, the most widely used instrument is 
the Phasor Measurement Unit (PMU). An important task of a 
PMU is measuring the phase of each harmonic component of 
the voltage signal from the power supply network [4]. 

The phase spectrum is needed also for the estimation of the 
frequency response of a generic electrical circuit (Device Under 
Test [DUT]). In this case, the phase delay between a sinewave 
signal that is output by the DUT and the same sinewave that is 
input into the DUT is measured, [6]. 

A DUT that is particularly interesting from a research point 
of view is the waveform recorder (e.g. digital oscilloscope) for 
which the frequency response is essential in compensating for 
the systematic effects of the instrument on the voltage 

ABSTRACT 
The phase measurement of sinewave signals is important in  several applications, such as electric and electronic instrumentation; 
telecommunications; and optical interferometry. The uncertainty of the phase measurement has an essential role in ensuring the 
suitable performance of the devices and systems used by the relevant application. Some highly accurate phase measurement methods 
have been developed and implemented in different instrument types that are currently available on the market or have been proposed 
in the scientific literature, each capable of covering very different frequency ranges. This article presents an overview of these methods 
and instruments in order to highlight the characteristics in terms of the measurement uncertainty of the main methods and instruments 
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measurements [6]-[11]. The two main reasons for such interest 
are (i) the fact that it is a one-port DUT with an analog input and 
a digital output that cannot be easily and accurately compared to 
the input and (ii) the increasingly wide bandwidth of such DUTs, 
which makes it difficult to scan the whole phase spectrum. In 
[14], the authors proposed a method for phase delay 
measurement between the digitised output and the analog input 
of a waveform recorder, working up to 20 kHz. The authors 
declared that the method can be used for calibrating PMUs and 
digital low-power instrument transformers. However, the 
proposed method [6] is not designed for calibrating the current 
oscilloscopes available on the market working above 100 GHz in 
of analog bandwidth. Although for the measurement of the 
frequency response of a high-frequency oscilloscope, the most 
commonly used technique is based on the evaluation of the pulse 
response of the oscilloscope under test, when moving to high 
frequencies, this technique does not maintain high accuracy. In 
that case, the most suitable technique is the sinewave sweep [8]. 
Knowing the phase of sinewave input into the waveform 
recorder, it is possible to estimate the phase response of the 
instrument for each input sinewave frequency [8], thereby 
providing the phase spectrum response of the waveform 
recorder. 

To that end, it is necessary to measure the phase of the 
sinewave output by the source generator relative to a reference 
signal that is used for synchronising the clocks of the waveform 
recorder and the generator. 

In all the cases mentioned above, the role of the measurement 
uncertainty associated with the phase measurement is essential 
for assuring the target uncertainty of the whole measurement 
system. 

As quoted above, the methods and instruments developed to 
carry out high-accuracy phase measurements differ – in the 
output domain (time or frequency), the measurement frequency 
range, and the type of signal considered (electric or optical). The 
phase measurement methods and instruments are sometimes 
compared in terms of their capability of satisfying a specific 
application requirement, like the bandwidth of analysis, the 
measurement resolution, or the waveform shape. A comparison 
based on uncertainty, independent from the application, is 
currently missing. 

In this article, therefore, a review of the main methods and 
instruments currently available on the market or described in the 
literature dealing with the phase measurement of sinusoidal 
signals is given, focusing on their measurement uncertainty 
performance and the covered frequency range. The presented 
analysis can be useful for helping researchers to find the method 
or the instrument they need by looking at the uncertainty and to 
pave the way to the design of a phase measurement method that 

is capable of covering a wide frequency range, maintaining low 
measurement uncertainty requirements. 

This article is organised as follows. Firstly, the main phase 
measurement methods are described along with the instruments 
implementing them that are available on the market. Second, a 
comparison of the instruments previously described is carried 
out in terms of the expanded uncertainty for the phase 
measurement of the sinewave signals. Finally, conclusions are 
drawn. 

2. PHASE MEASUREMENT METHODS AND INSTRUMENTS 

Currently, different methods exist for measuring the phase 
delay of a sinusoidal signal relative to a reference signal. Most of 
the methods that have been proposed in the literature or in the 
instrumentation market as providing highly accurate phase 
measurements can be grouped into three main classes (see Table 
1): (i) the event-counting-based method, (ii) the modulation-
based method, and (iii) the sampling-based method. The first 
class provides the phase measurement as the time delay between 
two signals with the same frequency carried out by means of an 
event-counting technique. The instrument implementing this 
method is the universal counter, and the operating frequency 
order of magnitude usually ranges from 10-3 Hz to 108 Hz. 

The modulation-based methods provide the phase delay 
introduced by a DUT, using a frequency mixer to multiply the 
sinewave under test with a signal from a reference oscillator. This 
method is used by three different kinds of instruments: the 
Vector Signal Analyser (VNA), the Phase-to-Voltage Converter 
(PVC), and the interferometer. Both the VNA and PVC operate 
on electric signals, while the interferometer on optical signals. 
Their output domain is the frequency one. The frequency ranges 
covered by the three instruments are different; for example, from 
103 Hz to 1011 Hz for the VNA, from 10 Hz to 103 Hz for the 
PVC, and from 1011 Hz to 1012 Hz for the interferometer. 

Finally, the sampling-based methods are based on sampling 
the input sinewave using a reference clock, digitising it and 
processing it with algorithms that estimate the unknown phase 
from the sample record. A typical instrument implementing a 
sampling-based method is the PMU. The operating frequency 
range, in this case, is from 10 Hz to 102 Hz . 

In the following subsections, the three classes of phase 
measurement methods along with the typical instruments 
implementing them are described, highlighting their main 
advantages and limitations. Although in time and frequency 
metrology, the phase difference is usually stated in units of time 
[1], in this article, its value and measurement uncertainty are 
expressed in degrees, since this is the way they are expressed in 
the datasheets and in the considered scientific articles. However, 

Table 1. Classification of the main phase measurement methods belonging to the event-counting-based, modulation-based, and sampling-based method class 
available in the literature and commercial instruments. 

Method Instrument 
Frequency range 

in Hz 
Type of measurement Type of signal Output domain 

  Min. Max.    

Event-counting-based Universal counter  10−3  108 
Phase delay between two 

isofrequential signals 
Electric Time 

Modulation-based 

Vector network analyser (VNA)  103  1011 
Phase delay introduced by a 
device under test (DUT) 

Electric 
Frequency Phase-to-voltage converter (PVC)  10  103 

Interferometer  1011  1012 Optical 

Sampling-based Phasor measurement unit (PMU)  10  102 
Phase of a sinewave signal 

according to a reference clock 
Electric Time 
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the degrees can be easily converted in units of time, considering 
that the time interval for 1 ° of the phase is inversely proportional 
to the frequency. Therefore, if the frequency of a signal is given 
by f, then the time tdeg (in seconds) corresponding to 1 ° of the 

phase is 𝑡deg = 1 (360 𝑓) = 𝑇 360⁄⁄ , [1] where T is the period 

of the signal. 

2.1. Event-counting-based methods 

The methods based on event counting provide phase delay 
measurements between two isofrequential electrical signals. 

In particular, the two signals are converted into square waves 
using a Schmitt trigger circuit. 

The first positive-going or negative-going transition of one 
square wave is used as a start signal of a counter. The stop signal 
is generated at the first positive-going or negative-going 
transition of the other square wave. The counter measures the 
number of transitions of an internal clock signal between the 
start and the stop events (see Figure 1). Based on the number of 
clock signal transitions and the period of the internal clock, the 
time delay is measured. Then, by measuring the frequency of the 
signals under test, the phase delay is estimated. 

An example of a time interval counter for measuring phase 
delay between two atomic clocks is proposed in [12]. This 
counter has an internal clock frequency of 400 MHz, which 
corresponds to an absolute time resolution of 2.5 ns. 

An example of high-performance universal counter that is 
available on the market [13] has a frequency range from 1 mHz 

 up to 350 MHz with a time resolution of 20 ps, and an 
uncertainty value in the order of 0.1 ° from 1 mHz up to 
100 kHz. For frequency values between 100 kHz and 350 MHz, 
the uncertainty value as a quadratic function of frequency varies 
[13]. 

The main disadvantages of the counting-based method are (i) 
that the noise on the input signals causes time-varying transition 
occurrence instants of the square waves generated by the Schmitt 
trigger circuits and (ii) that the measurement accuracy is mainly 
affected by the time resolution and stability of the reference 
internal clock. 

2.2. Modulation-based methods 

The modulation-based methods for phase measurement use 
a frequency mixer to multiply the sinewave under test with a 
signal from a reference oscillator. The mixer output is filtered by 

a low-pass or band-pass filter and is subsequently acquired with 
an Analog-to-Digital Converter (ADC). 

The following instruments exploit this method: (i) the VNA, 
(ii) the PVC circuit, and (iii) interferometers. 

The VNA is the most widely used instrument for 
characterising the frequency response of circuits or systems in 
terms of phase and magnitude spectrum. In the VNA 
measurements, a sinewave signal generated internally stimulates 
the DUT, and two or more receivers are used for measuring the 
phase and amplitude of the incident and reflected waves at the 
DUT input and output ports. The VNA has, as a reference 
oscillator, one Local Oscillator (LO) per port. Each receiver 
typically has two mixers, one to multiply the LO output with the 
incident signal and the other to multiply the LO output with the 
received (reflected or transmitted) signal. An ADC acquires the 
incident, reflected, or transmitted wave amplitude. The ADCs are 
synchronised, and the acquired samples are used for estimating 
the phase delays between the reflected and incident waves. 

This instrument can be used for measuring the phase delay of 
a DUT with at least one input and one output port, which is not 
the case for signal generators or waveform recorders, which have 
only one input port. VNAs, however, can be used to measure the 
complex input impedance of a waveform recorder input port. 

In [14], the measurement specifications of a commercial VNA 
are reported. This instrument exhibits an uncertainty value in the 
order of 0.01 ° for a frequency range of 900 Hz to 120 GHz. 

The PVC is based on the multiplication of the sinewave under 
test with a sinewave of the same frequency. The resultant signal 
has a DC component that is proportional to the phase delay 
between the sinewaves. In the case of a phase delay that is equal 

to 90 °, the output DC component is ideally equal to zero. It can 
be used for measuring the phase delay between two sinewave 
signals or the phase delay introduced by a system with at least 
two ports. 

In [15], the authors present a high-performance automatic 
fully-analog PVC circuit for the phase shift measurements of 
periodic waveforms based on that method, working in a 
frequency range of around 100 Hz. In particular, the PVC has 
been tested for measuring the phase of electrical signals, and the 
authors assessed the measurement uncertainty to be in the order 
of 0.001 °. 

Apart from the narrow frequency range, the main drawback 
of PVCs is that the amplitude of the DC component is affected 
by the difference between the frequencies of both signals used as 
mixer inputs. For this reason, a Phased-Locked-Loop (PLL) 
circuit is used to control the frequency of the reference source 
signal so that it is nominally equal to the frequency of the 
sinewave under test. Of course, the measurement accuracy 
depends on the PLL stability [16]. 

At terahertz frequencies, the modulation-based method is 
often implemented by means of interference between optical and 
electrical signals [17]. In this case, the aim can be to measure the 
delay introduced by a sample material on a reference signal. The 
systems used for performing these measurements (Figure 2) are 
(i) the conventional self-heterodyne system and (ii) the balanced 
self-heterodyne system. For both systems, a continuous electrical 
THz wave is generated by means of an optical-to-electrical 
conversion, also referred to as photomixing [18]. 
In particular, two frequency-detuned free-running lasers 
operating at two different frequencies, f1 and f2, are combined to 
produce a beat note at the frequency f2-f1. The frequency of 
Laser1 is coherently shifted (by fs) with an optical Frequency 
Shifter (FS) so that the Radio-Frequency (RF) and optical LO 

 

Figure 1. The principle of operation of the event-counting-based method, 
considering the positive-going transition to define the start and stop signals 
of the count. 
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signals have the same frequency/phase noise at the different 
average frequencies, realising the self-heterodyne detection 
[18][19] (Figure 2a). The RF frequency can be tuned by tuning 
the frequency of one of the lasers – without changing the IF 
frequency (fs) [19]. 

The RF signal is transmitted to the sample under test and the 
provided output mixed with the reference optical beat signal, 
LO. 

The phase and the amplitude of the output signal provided by 
the mixer can be measured simultaneously by means of a two-
phase lock-in amplifier [20]. In the self-heterodyne system, the 
frequency fluctuation of the RF signal and that of the optical LO 
signal has the same property; thus, the frequency fluctuations of 
the free-running lasers are cancelled out by means of the mixing 
operation [21]. However, the conventional self-heterodyne 
system is affected by phase instabilities or phase drift due to the 
optical phase fluctuations imposed in the optical fibers. In the 
balanced self-heterodyne system, this problem is resolved by 

dividing the THz wave into two paths (Figure 2b). Each 
amplitude and phase detected by two mixers is measured by a 
two-channel dual-phase lock-in amplifier. After the detection, 
the common phase noises are subtracted [17][21]. 

In this case, the authors of [17] identified an uncertainty in the 
phase measurements in the order of 1 ° at 300 GHz. 

2.3. Sampling-based methods 

The phase measurement methods based on sampling 
techniques have in common the direct digitisation of the signal 
from the source under test without modulating it. Digital signal 
processing algorithms are then used to estimate the unknown 
phase from the sample record. In particular, for estimating the 
phase of a sinewave signal, a sine fit can be performed on the 
acquired samples. To that end, the ADC used for sampling and 
digitisation must have sufficient amplitude resolution, such that 
the quantisation noise is lower than the noise from the 
measurement circuit. 

An example of an instrument based on the sampling method 
is the PMU. In [4], the authors present a PMU for the 
measurement of phasors in three-phase power distribution 
networks. The proposed PMU consists of an ADC for acquiring 
four analog signals, the three monitored electrical inputs 
(voltages or currents) and the synchronisation signal provided by 
a GPS receiver. Then, the measurements of the amplitude and 
phase of the harmonic components in the three-phase system are 

provided by means of a Fourier analysis of the acquired samples. 
Such a method requires a significant number of samples to be 
acquired, in the order of 103, to achieve accurate (less than 
0.01 % of actual) amplitude and phase measurements. For this 
reason, this method is useful for the accurate measurement of 
the phase of sinewaves at low frequencies (order of 100 Hz). In 
[22], the authors report uncertainty in the order of 0.0001 ° at 
50 Hz. 

A small number of samples can be used by applying 
interpolation methods for pure sinewave signals. For example, if 
the sinewave frequency is known, it is possible to use a three-
parameter sine fit [23] to estimate the phase of the signal. 
Conversely, if the frequency is unknown, a four-parameter least-
squares sine fit can be used. In all the above cases, the 
measurement uncertainty is affected by (i) the noise on the signal 
under test, (ii) the aperture uncertainty of the sampling circuit, 
and (iii) the jitter on the sampling clock. 

The equivalent-time sampling techniques, which are used in 
some high bandwidth oscilloscopes, acquire each sample of a 
periodic waveform at a given delay (instant) after a trigger signal. 
A sample is acquired by the oscilloscope if the trigger signal 
exceeds a user-defined threshold. One sample per waveform 
instant is acquired per trigger event, and many samples per 
instant and many instants per waveform are necessary to capture 
a waveform. As reported in [8], the jitter in the time-base circuitry 
and between the trigger event and each acquired sample (i.e. 
trigger jitter [24]) can affect the timing and shape of the displayed 
waveform. The jitter trigger effectively acts to impose a low-pass 
filter on the acquired waveform. Furthermore, if the input signal, 
which is used for generating the trigger event, has a slow slew 
rate (low frequency signal) or a low Signal-to-Noise Ratio (SNR), 
the trigger jitter increases [27]. 

2.4. Application limits of the event-counting-, modulation-, and 
sampling-based methods 

The main limitations of the described phase measurement 
methods can be summarised as follows: (i) the phase 
measurement is obtained using a reference signal that has the 
same frequency of the sinewave signal (the event-counting-based 
and modulation-based methods), and/or (ii) the phase 
measurement is provided for a limited frequency range 
(interferometric and sampling methods), and/or a huge number 
of signal samples per period is required (sampling methods) 
[4][22]. 

 

Figure 2. Configurations of the (a) conventional and (b) balanced self-heterodyne system. FS = optical frequency shifter and O/E = optical-to-electrical converter 
[17]. Nodes 1 and 3 are optical splitters, and nodes 2, 4 and 5 are optical combiners. 
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3. PHASE MEASUREMENT UNCERTAINTY COMPARISON 

In this section, a comparison of the instruments described in 
the previous section in terms of the expanded uncertainty for the 
phase measurement of the sinewave signal is proposed. In the 
following section, the analysis of the data from the comparison 
is described first, and a discussion on the obtained results is then 
provided. 

3.1. Data analysis 

Whenever a commercial instrument is available to measure 
phase, the comparison is carried out using the instrument 
characteristics that are stated by the manufacturer. When the 
references are technical papers, the standard deviations of the 
published results are used. 

Five instruments or methods are compared: one, a universal 
counter, belongs to the event-counting-based methods; three, a 
PVC, an interferometric technique, and a VNA, belong to the 
modulation-based methods; and one, an ADC-based technique, 
belongs to the sampling-based methods. 

In particular, the instruments or methods considered are: (i) a 
universal counter [13] with a frequency range of 1 mHz to 
350 MHz, (ii) the PVC, working at very low frequencies, 7 Hz to 
770 Hz [15], (iii) an interferometric technique at frequencies in 
the order of THz [15], (iv) the technique based on ADC and 
three-parameter sine-fit [22], used at very low frequencies (order 
of Hz), and (v) a VNA, working in the frequency range of 500 Hz 
to 125 GHz [14]. 

For the expression of the Type B combined standard 

uncertainty values, 𝑢Φ, related to the universal counter, the 
following formula provided by the manufacturer has been used 
[13]: 

𝑢Φ = [3 ⋅ √2(𝑇SS
2 + 𝑇E

2) + 𝑇LTE + 𝑠𝑘𝑒𝑤 + 2

⋅ 𝑇accuracy] ⋅ 𝑓src ⋅ 360 [°], 

(1) 

Where TSS is the timing resolution of a start/stop measurement 
event, TE is the threshold error due to the input signal random 

jitter, TLTE is the timing error due to the threshold level, 𝑠𝑘𝑒𝑤 is 
the additional time error if two channels are used for a 
measurement, Taccuracy is the measurement error between two 
points in time, and fsrc is the frequency of the signal under test, 
which is a sinewave. According to the Keysight 53200A Series 
RF/universal frequency counter/timers datasheet [12], the 
following values have been associated with each component of 
the uncertainty equation: TSS = 20 ps, TE = 0 ps, skew = 50 ps, 
Taccuracy = 100 ps. Furthermore, TLTE has been evaluated 
according to the equation: 

𝑇LTE =
𝑇LSE−start

𝑆𝑅−𝑠𝑡𝑎𝑟𝑡

+
𝑇LSE−stop

𝑆𝑅−𝑠𝑡𝑜𝑝

, (2) 

where TLSE-x is the threshold setting error given by: 

𝑇LSE−x = 0.002 ⋅ 𝑠𝑒𝑡𝑡𝑖𝑛𝑔 + 0.001 ⋅ 𝑟𝑎𝑛𝑔𝑒, (3) 

where, setting = 0 V and range = 5 V, and 𝑆𝑅−𝑥 = 2 ⋅ 𝜋 ⋅ 𝑓𝑠𝑟𝑐 ⋅
𝑉0−to−PK, with 𝑉0−to−PK = 2 V. The uncertainties have been 
evaluated in the measurement frequency range of the universal 
counter, from 1 mHz up to 350 MHz and have been plotted in 
orange in Figure 3. 

The PVC system considered in the comparison, described in 
[15], has been designed for working in the frequency range of a 
few mHz to  100 kHz. Furthermore, the experimental results, in 
terms of standard uncertainty on phase measurements of 0.01 °, 

 

Figure 3. Performance comparison in terms of the expanded uncertainty of the instruments available on the market for the measurement of the phase of 
sinewave signals. 
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0.001 °, and 0.0001 °, at the frequency values of 7.7 Hz, 77 Hz, 
and 770 Hz, respectively, are reported and plotted in yellow in 
Figure 3. 

The modulation method based on the interferometric 
technique at THz frequencies for characterising sample 
materials, described in [15], is aimed at measuring the phase delay 
introduced by the sample material, which is driven by an 
electrical signal. The proposed prototype exhibits an expanded 
uncertainty on phase measurements of 0.37 ° at 300 GHz [15], 
reported with the purple dot in Figure 3. 

The technique based on sine fitting for phase measurements, 
described in [22], has an expanded uncertainty value of 0.0001 °  
at 52.1 Hz, considering 38 acquired samples and a SNR of 75 dB, 
resulting from the Monte Carlo Analysis carried out by the 
authors of [22] (green dot in Figure 3). 

The VNA operating over the frequency range of 500 Hz up 
to 125 GHz, according to the datasheet, and considering a power 
at the input port that minimises the phase uncertainty, provides 
an expanded phase uncertainty from 900 Hz to 120 GHz of 
about 0.03 ° [14], as plotted in cyan in Figure 3. 

3.2. Discussion 

By looking at Figure 3 and Table 2, the universal counter 
keeps the same amount of measurement uncertainty, higher than 
the other methods, until the frequency does not exceed the 
105 Hz, from which a rapid increase of the uncertainty values can 
be observed. This trend is due to the limitations of the universal 
counter performance at high frequencies caused by the time 
resolution of 100 ps of the internal clock, and at low frequencies 
by the trigger jitter due to the low slope of the sinewave signal 
affected by noise. 

The VNA exhibits a lower measurement uncertainty 
amplitude than the universal counter, maintaining the same 
uncertainty value at the higher frequencies. Moreover, the 
frequency range is higher than the universal counter one. 

The PVC works in a frequency range that is smaller than the 
two previous instruments. It can be seen, however, that the 
uncertainty amplitude quickly decreases approaching the upper 
end of the frequency range to values lower than the previous 
instruments. 

The interferometer operates at a higher frequency than the 
other instruments; however, the proposed prototype considered 
in the comparison can work within a narrow frequency range [17] 
and provides an uncertainty that is much higher than the VNA 
one. The implementation of an interferometer operating on a 
wide range of frequency represents, in fact, is still an unsolved 
problem. 

The three-parameter sine fitting for phase measurement 
reaches the lower uncertainty amplitude of this comparison; 
however, this result is obtained at the unique frequency of 
52.1 Hz. 

In general, it must be noted that the instruments working 
within narrow frequency ranges or at a specific frequency exhibit 
the lowest measurement uncertainty (such as the ADC three-
parameter sine fit, PVC, and interferometry). On the other hand, 
the universal counter and the VNA work within wide frequency 
ranges (lower and higher frequencies, respectively), but they 
exhibit higher uncertainties than narrow-band instruments. A 
single method that is able to work from few MHz to a few gHz 
with low uncertainty has not been published yet. 

4. CONCLUSIONS 

Several current applications require the measurement of the 
phase of sinewave signals, assuring high accuracy. Various 
methods and instruments have been developed for this purpose. 
However, it is not possible to find a method that is capable of 
covering a wide range of frequencies while also maintaining a low 
value of measurement uncertainty that can be used to develop a 
universal and highly accurate phase measurement instrument. In 
this article, an overview of the main methods used to measure 
the phase of a sinusoidal signal aimed at assuring high accuracy 
among the results is presented. Three main classes of methods 
have been identified, together with examples of their 
implementation in instruments available on the market as well as 
the scientific literature’s proposals and prototypes. Then, a 
comparison of the instruments described in terms of the 
expanded uncertainty for the phase measurement of sinewave 
signal has been carried out. 

Each of the considered cases requires an individual approach 
and to take into account the available features based on the 
technical data of the instrumentation used and the relevant 
measurement conditions for evaluation purposes. To that end, 
some useful information can be found in the comparison results 
reported in the paper. 

This information can help in (i) finding the right method or 
instrument for a specific application by looking at the target 
uncertainty, (ii) designing new methods to improve phase 
measurement accuracy, and (iii) improving the existing ones in 
the covered frequency range while overcoming drawbacks as the 
requirement of isofrequential signals or the huge number of 
signal samples. 

Table 2. Performance comparison in terms of expanded uncertainty of the instruments available on the literature for the measurement of the phase of 
sinewave signals. 

Method or instrument Frequency range Expanded uncertainty Phase measurement method class 

Keysight 53200A Series RF/universal frequency 
counter/timers 

1 mHz – 350 MHz 0.3° from 1 mHz to 100 kHz 
1.5° at 10 MHz 

12.3° at 100 MHz 

Event-counting-based 
 
 
 

PVC 7 Hz – 770 Hz 0.01° at 7.7 Hz 
0.001° at 77 Hz, 

0.0001° at 770 Hz 

Modulation-based 
 
 
 

Interferometric Technique 300 GHz 0.37°  Modulation-based 
 

VNA 900 Hz – 120 GHz 0.03° Modulation-based 
 

ADC 3-parameter sine fit 52.1 Hz 0.0001°  Sampled-based 
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