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Abstract: Photonic-assisted receivers for instantaneous microwave frequency measurement are de-
vices used to measure the instantaneous frequency and amplitude of one or more microwave signals
in the optical range, typically used in radar systems. Increasingly higher demands are placed on
frequency range, accuracy and resolution during the development of instantaneous microwave
frequency measurement applications, and these demands can be satisfied by the creation of new
devices and operating principles. To permit further development in this area, it is necessary to gener-
alize the experience gained during the development of devices based on frequency and amplitude
discriminators of resonance type, including advanced ones with the best performances. Thus, in
this report, we provide an overview of all the basic types of approaches used for the realization of
photonic-assisted receivers based on fiber Bragg gratings, integrated Fano and optical ring resonators,
Brillouin gain spectrum, and so on. The principles of their operation, as well as their associated
advantages, disadvantages, and existing solutions to identified problems, are examined in detail.
The presented approaches could be of value and interest to those working in the field of microwave
photonics and radar systems, as we propose an original method for choosing photonic-assisted
receivers appropriate for the characterization of multiple frequency measurements.

Keywords: microwave photonics; instantaneous frequency measurement; frequency and amplitude
discrimination; measurement devices

1. Introduction

The development of optical technologies and the corresponding component base has
led to significant progress in methods and means for the instantaneous frequency measure-
ment (IFM) of microwave signals based on photonic technology, which was previously
carried out using the classical electronic component base [1]. Electronic instantaneous
frequency measurement devices are now widely used in both military and civilian areas,
for example, in electronic warfare systems, assessment of the electromagnetic environment
for device compatibility, etc. However, their use is limited to frequency ranges up to
approximately 20 GHz due to the limitations of electronic circuits [2]. The use of photonic
systems allowed for significant expansion of the measurement frequency range, accuracy
and resolution of the receivers [3]. For example, the use of a parallel link based on stimu-
lated Brillouin scattering (SBS) allows for measurement in a range from 0.5 to 28 GHz with
a measurement error of 20 MHz [4].

Instantaneous frequency measurement of single or multiple signals involves measure-
ment of the frequency and amplitude of the laser radiation modulated by the received
microwave signal. One of the most commonly used principles for the instantaneous fre-
quency determination of a microwave signal is frequency–amplitude discrimination of the
resonance type, which involves passing the measured frequency components of the signal
through a dispersion medium [5–8]. The previously measured frequency components
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change their amplitude depending on the frequency response of the dispersion medium.
Information regarding the frequency response of the dispersion medium allows for evalua-
tion of the change in the amplitude of the measured frequency components, depending on
the frequency response in the dispersion medium of the measured component, and makes
it possible to build the so-called amplitude comparison function (ACF) [9–11].

In recent years, a fairly large number of reviews have been published in which ex-
isting methods, means and implementations were observed. However, these reviews
considered only general issues related to the application of photonics in microwave mea-
surements [12,13], reviewed implementation methods based on frequency-to-amplitude,
frequency-to-time and frequency-to-space conversions, and covered only general issues
related to the principles of operation and implementation of certain solutions without
conducting a comparative analysis of technical implementation that could indicate the per-
formance requirements of described systems [14,15]. The reviews did not discuss selective
amplitude type discriminators, which leads to a need to review systems based on such
discriminators and prepare a comparative analysis of their implementation methods and
achieved characteristics as well as ways to improve the metrological performance of the
considered systems.

Earlier works on photonic IFM, establishing the methods that were applied in the
development of methods and means of IFM based on frequency and amplitude discrimi-
nators of resonance type, were based on the optical power measurement of a laser carrier
signal modulated by a microwave signal [16–21]. The idea behind this method is to use
two laser sources with different wavelengths from each other and an optical filter with a
sinusoidal spectral response (for example, a Sagnac loop filter (SLF)) and apply modulated
laser radiation from both laser sources. An MZM (Mach–Zehnder modulator) operating in
carrier suppressed double sideband mode (CS-DSB) was used as an electro-optical mod-
ulator, and the two two-frequency signals generated at its output were fed to an optical
filter in such a way that the carrier frequency of the first laser was tuned to the peak of the
spectral response of the sinusoidal filter and the carrier frequency of the second laser to the
middle of its base, so that the harmonic amplitudes of the two-frequency signals changed
depending on the spectral response of the filter. At the output of the optical filter, the signals
were demultiplexed to isolate the desired pair of harmonics of the two-frequency signal
and fed to the corresponding photodetector of the demultiplexer channel, at the output of
which the beat signal power was measured and an amplitude comparison function was
built, where each measured frequency had its own power value.

A block diagram of an IFM method based on optical power monitoring is shown in
Figure 1a and the principle of measurement based on an optical filter with a sinusoidal
spectral response is shown in Figure 1b.

The use of two photodetectors makes it possible to reduce the influence of power
fluctuations and instability in the laser radiation source, although it requires the same
characteristics in the photodetectors. In [16], the measured frequency range was 0–25 GHz,
and the measurement error was ±0.2 GHz.

Further improvement to this method was made by using a pair of optical filters
with a single laser source [17,18]. This implementation made it possible to simplify the
structure of the IFM system, reduce the measurement error, and improve the low-frequency
measurement accuracy in the range near the top and bottom of the filter’s spectral response.
Alternative implementation methods have been demonstrated, for example, based on two
cascaded MZMs and a tunable delay line [19], a polarization-domain interferometer [20] or
two quadrature optical filters [21].

It should be noted that conducting a complete and comprehensive review of principles
of measurement and existing and promising methods and means implemented on their
basis, with an analysis of system performance conditions, achieved technical characteristics
and ways to improve, is a very difficult task that would require a lot of time for analysis,
processing and writing a report, and such a report would require constant supplementation
based on new research and publications.
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Figure 1. Schematic IFM method with optical power monitoring on an optical filter: (a) Schematic
diagram; (b) operation principle. MUX—Multiplexor; MZM—Mach–Zehnder modulator; DE-MUX—
Demultiplexor; PD—Photodiode (Adapted with permission from Ref [16]. Copyright 2008, IEEE).

The first work on the development of a fully photonics-based coherent radar system
was presented in 2014 with proposals for further development of the described system
in terms of measured frequency range expansion and improved resolution [22]. The
requirements for photonic IFM transmitters and receivers described in [22] are presented in
Table 1.

Table 1. Performance requirements of a photonics-based radar transceiver (Adapted with permis-sion
from Ref [22]. Copyright 2014, Springer Nature).

Parameter Photonics-Based Transceiver

Transmitter

Carrier frequency Flexible direct generation from 0.04 to 40 GHz
Signal-to-noise ratio >73 dB MHz

Spurious-free dynamic range >70 dBc
Instantaneous bandwidth 200 MHz, easily extendable with MLL at a higher repetition rate

Receiver

Input carrier frequency Up to 40 GHz, with direct RF under sampling
Instantaneous bandwidth 200 MHz, easily extendable with MLL at a higher repetition rate

Spurious-free dynamic range 50 dB
Effective number of bits >7 for carrier frequencies up to 40 GHz

The key differences between implementation methods lie in the choice of the physical
effect and the resonance type discriminator, which are the basis of IFM implementation.
According to the measurement method, there are systems based on a fiber Bragg grating
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(FBG) [23–27], FBG with a phase shift (PS-FBG) [28–31], an optical microring resonator
(MRR) [32–36], stimulated Brillouin scattering (SBS) [4,37–40] and Fano resonance [41].

Due to the extensive list of methods and means for implementing IFM systems based
on frequency–amplitude resonance type discriminators, it became necessary to conduct a
comprehensive analysis of all the main approaches used to implement photonic receivers,
their measurement methods, their advantages and disadvantages and ways of minimizing
or eliminating the latter, as well as the achieved characteristics of current technologies.

2. IFM Based on a Fiber Bragg Grating

An FBG-based IFM as a frequency discriminator was proposed in various publications,
and is theoretically capable of obtaining a wide frequency range with an accuracy of tens of
MHz. For example, in [25] the achieved accuracy of the simulation model was 80 kHz with a
frequency range from 0 to 10 GHz. IFM devices based on FBGs have a fairly wide frequency
band [42,43], which is usually limited by the bandwidth of the photodetector and the cutoff
frequency of the electro-optical modulator used, which, based on the requirements, should
reach approximately 40 GHz for IFM applications. One of the key problems in such systems
affecting the measurement accuracy, apart from possible issues associated with the central
wavelength of the laser and the FBG shift, the operating point shift in the electro-optical
modulators, and incomplete suppression of higher-order harmonics after modulation, is
the presence of monotonic areas in the central region of the wavelength of the FBG in the
frequency band of ±0.3 GHz from the Bragg wavelength and the presence of non-linear
areas at the borders of the FBG, both of which complicate the construction of a linear ACF.

Possible hardware problems in the form of shifts in the central wavelength of the laser
and FBG, drift of the operating point of the electro-optical modulators, and incomplete sup-
pression of higher-order harmonics after modulation were not overlooked by researchers;
to solve them, several methods were proposed to minimize their influence or completely
eliminate them [44–46].

2.1. Principles of Operation

The principles of operation for an IFM device based on an FBG are shown in Figure 2
in the form of a generalized block diagram [25].
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Figure 2. Schematic diagram of an IFM system based on a fiber Bragg grating for microwave
frequency measurement. LD—Laser diode; MZM—Mach–Zehnder modulator; Circ.—Circulator;
FBG—Fiber Bragg grating; PD—Photodiode (Adapted with permission from Ref [25]. Copyright
2010, Elsevier).

Single-frequency laser radiation passes to an electro-optical Mach–Zehnder modulator
(MZM), where the laser radiation is modulated by a measured microwave signal that enters
the RF port of the modulator. The MZM operates at the zero operating point to suppress
the optical carrier; therefore, the output spectrum of the signal consists of two-frequency
radiation with the carrier suppressed, the harmonics of which are equidistant from the
carrier by a frequency equal to the frequency of the modulating microwave signal. The
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modulated two-frequency signal passes through the circulator to the FBG, where the signals
transmitted and reflected from the FBG are formed (Figure 3a) [25].

Figure 3. Simulation results of a Gaussian-shaped FBG example: (a) Dependence of the detected
optical power and power ratio on the input microwave frequency; (b) Normalized frequency response
of the FBG (Adapted with permission from Ref [25]. Copyright 2010, Elsevier).

The wavelength of the laser radiation is adjusted in such a way as to correspond to the
Bragg wavelength of the FBG; as a result, the two-frequency signal falls on the slopes of
the FBG, where a multiplicative change in the amplitudes of the signal harmonics occurs
depending on the frequency response of the FBG (Figure 3b) [25]. The two-frequency
signals transmitted and reflected from the FBG pass to the corresponding photodetectors
of each channel, where a beat signal is formed, containing the magnitude of the constant
component and the frequency of the signal to be measured. The power of the signal from
the photodetector outputs will be proportional to the optical power of the transmitted and
reflected signals from the FBG. In the processing unit, their power values are digitized and
measured, and then the ratio of these values is taken to construct an amplitude comparison
function, which makes it possible to unambiguously determine the value of the measured
frequency (Figure 4).

Figure 4. Estimated frequency based on measured power ratio function (Adapted with permission
from Ref [25]. Copyright 2010, Elsevier).

In earlier works dedicated to IFM based on FBGs, the ACF was constructed by taking
the ratio of the transmission or reflection channel power to the laser radiation power;
however, this method of implementation had its drawbacks in the form of a dependence
of the measured power on the power of the laser and microwave signals, which led to
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additional measurement errors, due to fluctuations in their power. In the implementation
method described above with the transmission and reflection channels, this disadvantage
is eliminated.

2.2. Analysis of the Causes of Measurement Errors and Improvement in Measurement Accuracy

Analysis of publications on IFM based on FBG made it possible to identify and analyze
the main causes of measurement errors. These include instability in the laser wavelength,
shifts in the modulator operating points leading to a change in the operating mode, a
shift in the FBG’s central wavelength, and a difference between the photodetectors in the
transmission and reflection channels of the system. Instabilities in the laser wavelength,
operating point, and central wavelength of the FBG are related to temperature fluctuations,
and the problem of differences in characteristics can be eliminated by switching to solutions
using only one photodetector. The spectral characteristics of the laser radiation and FBG
have a key influence on measurement accuracy, since shifts in both the laser and the
FBG central wavelength lead to a distorted FBG and an incorrect measurement result
compared with the ACF. A typical shift in the wavelength of a DFB laser due to the
influence of temperature is on the order of 12.5 GHz/◦K, or 0.1 nm/◦K. Existing methods
of temperature stabilization that are commonly used in laser–FBG pairs make it possible to
reduce the temperature shift to 0.25 GHz/◦K, which, as a rule, is insufficient without the
use of additional means of temperature control. For an FBG, temperature stabilization will
also require additional solutions, as for example noted in [44–47]. To solve this problem,
the amplitude modulation coefficient can be used as an additional parameter. When using
an MZM at the zero operating point with a suppressed carrier, the modulation coefficient
of the beat of a two-frequency signal in the absence of temperature shifts in the laser and
the FBG is equal to one with equal amplitudes of the components. In the presence of a
frequency shift in both the laser and the FBG, the amplitudes of the two-frequency signal
components are unequal to each other; therefore, the amplitude modulation coefficient
is less than one. Determination of the shifts in the amplitude modulation coefficient and
the sign of the frequency, and of the phase difference in the envelopes at photodetectors
one and two for both channels, can be performed in the processing unit to compensate
for the temperature shift. For an MZM, the temperature shift is on the order of 0.02 V/◦K,
and leads to a shift in the operating point and the appearance of an additional harmonic
at frequency f 0 in the output spectrum, due to an incompletely suppressed carrier. That
leads to a decrease in the amplitude of the two-frequency radiation at the modulator output
and to the appearance of an additional beating in the two-frequency components with
an unsuppressed carrier at the output of the photodetector at frequency f RF; this beat is
the difference between f 0 − f RF and f 0 + f RF. This affects the signal-to-noise ratio and the
amplitude of the detected signal. This feature is key for radar systems, since, as a rule, the
power of the measured signal is small (at the border of the system sensitivity range) and
affects the maximum detection distance to the target. The solution to the problem of MZM
operating point control lies in monitoring the beat power of the incompletely suppressed
carrier and the components of the two-frequency signal at frequency f RF as well as the beat
of the measured signal of the two-frequency components at a frequency of 2f RF. The ratio
of their power makes it possible to determine the value of the temperature shift and take
measures to eliminate it.

As mentioned above, one of the key problems with such systems, which depends
on the FBG itself, is the monotonicity area in the region of the FBG’s central wavelength,
which affects the accuracy of the frequency-to-power conversion and the construction of
the ACF (Figure 3b). To solve this problem, it was proposed to use an FBG with a special
concave profile shape, which significantly improves measurement accuracy in the “low”
frequency range near the central wavelength due to very steep slopes of the amplitude–
frequency characteristic (Figure 5) [23]. The disadvantage of this solution is a decrease in
measurement accuracy in the “high” frequency region.
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Figure 5. Calculated results for a concave FBG: (a) Dependence of the detected optical power and the
power ratio on the microwave frequency; (b) Frequency response of the special FBG with two slopes
that are inversely proportional to the optical frequency (Reprinted with permission from Ref [23].
Copyright 2011, IEEE).

Detection in the “high” frequency region at the border of the FBG frequency range also
leads to an increase in measurement error due to the nonlinear change in the frequency-to-
power conversion and low signal power in the reflection channel. To solve this problem, it
was proposed to detect the beat signal of the two-frequency components of the measured
signal at an intermediate frequency by using an additional modulator with a fixed frequency
to split each of the two-frequency radiation components to a difference frequency of
100 MHz [26]. Detection in this case is determined by the beat envelope of the two-
frequency components relative to the intermediate frequency of 100 MHz (Figure 6).

Figure 6. IFM method with increased resolution at “high” frequencies: explanation of the operation
principle (adapted from [26]).

This solution, in comparison with solutions based on direct photodetection, makes it
possible to reduce the effects of photodetection noise, namely, thermal, shot, and flicker
noise, which are inherently low-frequency by nature, and in turn can increase the signal-to-
noise ratio (Figure 7) [26].

As another solution to the measurement accuracy problem in the “low” frequency
region, this paper presents the concept of separation of the measured frequencies at the
center of the FBG slopes (linear section). This solution is realized by pre-modulating the
laser radiation in the MZM at the zero operating point with a signal at a fixed frequency
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equal to the FBG frequency response at half of its amplitude. A block diagram describing
the implementation of the proposed solution and a visual representation of the measured
position of the signal harmonics is shown in Figure 8.
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Figure 8. IFM method with additional frequency separation: (a) Explanation of the operation
principle; (b) block diagram of the transmitting part. LD—Laser diode; MZM—Mach–Zehnder
modulator; PM—Phase modulator; MB—Modulator block (adapted from [26]).

The proposed solution allows for complete elimination of several disadvantages: the
monotonic section of the FBG frequency response, the low-frequency measurement limit of
100–200 MHz, and the transfer of measurement of the low-frequency signals to the center
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of the FBG linear slope. This increases the frequency-to-power conversion accuracy and the
measurement accuracy, although similarly to the previous solution, it requires an additional
modulator and a band pass filter with a bandwidth equal to half of the FBG bandwidth. As
a side effect, for a fixed operating frequency range, the bandwidth of the FBG must be two
times higher. For example, if the measurement range is 20 GHz, the FBG must have a total
width of 40 GHz. To minimize the filter bandwidth, two detection mechanisms are used
depending on the amplitude modulation coefficient, where m ∈ [0; 1] defines a frequency
range from 0 to 20 GHz and m = 1 a frequency range from 20 to 30 GHz, which also shows
the possibility of measuring frequencies higher than the photodetectors’ bandwidth.

As a way to improve measurement accuracy over the entire frequency range, in [45] it
was proposed to use a specially designed triangular FBG as a V-shaped filter instead of the
classical Gaussian FBG. The characteristics of the V-shaped filter and the spectral response of
the manufactured FBG in the reflection channel are shown in Figures 9a and 9b, respectively.

Figure 9. IFM method using a triangular V–shaped filter: (a) Characteristics of the V–shape filter;
(b) Transmission spectrum of the fabricated fiber Bragg grating (Reprinted with permission from
Ref [45]. Copyright 2010, IEEE).

This type of grating allows for the building of a linear ACF for both the “low” and
“high” frequency ranges. The measured frequency range and measurement accuracy in
this case are determined by the slope factor of the V-shaped filter. In the case of [45],
the measured frequency range was 2.5–8 GHz with a FBG slope of 1.12 dB/GHz and a
measurement accuracy of ±0.25 GHz. As stated by the authors, measurements above
8 GHz were not carried out due to a high dispersion effect experienced by their fabricated
FBG under their experimental conditions, and the measurement accuracy was mainly
determined by temperature fluctuations, which could be stabilized by using an athermal
isolated FBG. Further expansion of the operating frequency range can be achieved by using
a wider FBG.

An alternative way to implement a system with improved measurement accuracy,
in comparison to systems in which the laser wavelength is tuned to the FBG’s central
wavelength, is presented in [27] where measurements were carried out on only one FBG
slope, which was used as a tilt filter. In this work, a tunable laser source with phase
modulation was used, and a tilt filter was used to set a phase mismatch after modulation to
implement phase-modulation-to-intensity-modulation conversion. A tunable laser source
was used to obtain two power ratios at different slope areas of the FBG frequency response.
The principles of operation for the tilt filter and the spectrum in the transmission channel
with dispersion characteristics are shown in Figures 10a and 10b, respectively.
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Figure 10. IFM method using an FBG as a tilt filter: (a) Block diagram of the characteristics of an
external tilt filter; (b) transmission spectrum and dispersion characteristics of the chosen fiber Bragg
grating (Reprinted with permission from Ref [27]. Copyright 2011, Taylor & Francis).

The main feature of this method is the possibility of measurement at different parts
of the slope with different steepness values, which improves measurement accuracy. It is
also worth noting that the system works only in the transmission channel, and therefore
requires only one photodetector. The use of a phase modulator eliminates the need to
maintain a bias voltage compared to the solutions based on MZM. By taking the power ratio
from two points of the FBG frequency response, the system becomes insensitive to laser
power fluctuations. The range of measured frequencies can be extended and measurement
accuracy can be improved by using an FBG with a special form of frequency response.

2.3. Discussion of Analysis Results

The performance of IFM techniques based on FBG and the achieved characteristics are
summarized in Table 2.

Table 2. Performance of IFM techniques based on FBG.

Reference Technology/Method Frequency
Range, GHz

Measurement
Error, GHz

[23] FBG with concave profile 1–10 ±0.2
[24] Polarization maintaining FBG 0–17.2 ±0.12
[25] Gaussian FBG 0–10 ±0.08
[26] Gaussian FBG 0.04–20 n/a
[27] Gaussian FBG 3–18 ±0.22

Analysis of publications covering IFM systems based on FBG allows for the conclusion
that the shape of the FBG frequency response is the main source of system measurement
errors when stable operational conditions are ensured: namely, errors in the “low” fre-
quency range due to the presence of monotonicity conversion and errors in the “high”
frequency range due to the non-linear nature of the conversion and low power levels in
the reflection channel. These problems can be solved using the methods discussed in
the measurement accuracy improvement section. In the considered works, the operating
frequency range did not exceed 20 GHz, which does not satisfy the requirements for IFM
systems presented in the introduction section. At the output of the MZM at the zero
operating point with the carrier suppressed, the difference between the components of
the two-frequency signal is twice the modulation frequency, so in order to detect such a
signal, we need twice the bandwidth of the FBG and the corresponding photodetectors.
According to the requirements given in the introduction section, the required operating
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range of the measured frequencies should be 40 GHz; hence, the operating frequency range
of the MZM should be up to 40 GHz, and the bandwidth of the FBG and photodetector
should be at least 80 GHz. It is possible to use MZMs and photodetectors with operating
frequency ranges up to 80 GHz; however, expansion of the frequency bandwidth of the
FBG up to 80 GHz will increase the monotonicity area in the “low” frequency range and
the conversion nonlinearity in the “high” frequency region for both the classical Gaussian
FBG and an FBG with a concave profile. Therefore, it is concluded that for this type of
system, the optimal solution in terms of frequency-to-power conversion accuracy and ACF
construction accuracy would be a solution with a triangular frequency response, which,
however, presents some manufacturing difficulties, for example, requiring a special phase
mask for its manufacturing process [48,49].

3. IFM Based on Phase-Shifted FBG

IFM based on an FBG with a phase shift is implemented by creating an ultra-narrow-
band selective microwave reflection filter [50,51] based on the conversion of phase modula-
tion into amplitude modulation. A phase-shifted FBG is created by recording a conventional
FBG with a gap of one period [52–54], or by creating two near-Bragg wavelength FBGs,
which create a narrow-band frequency response window in the reflection channel that can
be used for instantaneous frequency determination of the microwave signal. The frequency
band of such an ultra-narrow-band filter is determined by the number of periods in the FBG
(for a homogeneous FBG) or the difference in the Bragg frequency (for two FBGs with near
identical central wavelengths). The transformation of phase modulation into amplitude
modulation occurs when one of the sidebands modulated by the measured microwave
signal falls into a filter frequency band where the phase and amplitude relationship between
the two sidebands changes. The tuning of this microwave photonic filter is carried out by
shifting the frequency of the optical carrier and, as a result, of the sidebands modulated by
the measured microwave signal at the output of the modulator. To measure the frequency
of an unknown signal and construct the ACF for the frequency range of the phase shift,
the power ratios of the beat signals in the transmission and the reflection channels of the
PS-FBG are used. Research achieved an operating bandwidth for the IFM of 0.6 nm, which
corresponds to 75.65 GHz with a filter bandwidth of 0.026 nm (3.25 GHz) [55], and at 5.5
and 15 GHz with 120 and 60 MHz filter bandwidths, respectively (Figure 11) [56].

Figure 11. Illustration of the operation of a microwave photonics filter based on PS-FBG: (a) Reflection
spectrum (dashed line) and phase response (solid line) of the PS-FBG; (b) frequency response of the
MPF (Adapted with permission from Ref [56]. Copyright 2012, IEEE).
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3.1. Principles of Operation

The principles of operation for an IFM device based on PS-FBG are shown in Figure 12
in the form of a generalized block diagram [56].

Figure 12. Schematic of a microwave photonics filter based on PS-FBG. TLS—Tunable laser source;
PC—Polarization controller; OC—Optical circulator; PS-FBG—Phase-shifted FBG; EDFA—Erbium
doped fiber amplifier; PD—Photodiode; VNA—Vector network analyzer (Adapted with permission
from Ref [56]. Copyright 2012, IEEE).

A tunable laser radiation source generates a narrowband signal with a frequency
f 0, which passes to the phase modulator through a polarization controller to minimize
polarization losses. The electrical port of the phase modulator receives a microwave signal
to be measured with the frequency f RF, which modulates the laser signal. When the phase-
modulated signal is detected by a photodetector, it is a constant component without a
beat signal component, because the side components add up out of phase with each other.
To detect such a signal, the phase-modulated signal can be converted and modulated in
intensity by changing the ratio of the amplitude or phase of the side components, which
is performed in an ultra-narrow-band PS-FBG filter created in a homogeneous FBG. The
modulated signal from the phase modulator output passes to the PS-FBG, which is used
to change the amplitude and phase of one of the side components in the passband of the
ultra-narrow-band filter and change the phase synchronization of the two side components
that allows for the detection of the beat signal.

3.2. Analysis of the Causes of Measurement Errors and Improvement in Measurement Accuracy

To minimize measurement errors in IFM systems based on PS-FBGs, methods similar
to those used for IFM systems based on normal FBGs are used to minimize measurement
errors, namely, methods for laser radiation stabilization in terms of wavelength and power
and methods for operating modes of modulators and compensating for temperature, since
the causes of measurement errors are identical and lead to similar effects. Another way to
improve measurement accuracy is to use a PS-FBG bandwidth that is as narrow as possible
with a high quality factor. The optimal condition for this is equality of the geometric
lengths of the FBG sections on the sides of the phase shift of the PS-FBG, i.e., L1 = L2,
which creates an ultra-narrow-band filter with a fast phase shift. Publication [56] presents a
mathematical analysis of the mismatch condition for the geometric lengths of FBG sections.
As shown in [57], the bandwidth of such a phase shift can be in units of megahertz, which
determines the measurement error in the IFM system. Accordingly, during development of
a system, it is possible to design an ultra-narrow-band PS-FBG with a flat top and steep
slopes to create a uniform FBG frequency response in the PS-FBG frequency range to filter
out and determine the harmonics of the measured signals with high accuracy. An ultra-
compact waveguide FBG with a phase shift (PS-WBG) based on a silicon photonic chip was
implemented as presented in Figure 13, with a splitter for simultaneous transmission and
reflection channel monitoring [29].
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Figure 13. Schematic of a silicon WBG (PS-WBG) employed as a linear optic frequency discriminator.
TX port, transmission port; RX port, reflection port [29].

Research presented in [29] shows a possibility for integrated implementation and a
way to minimize measurement errors, particularly the influence of temperature fluctuations,
and allows for reduction of system losses to increase the signal-to-noise ratio. In this work,
further integration of the optoelectronic component base on a single chip, including the
integration of RF and digital electronics along with active and passive photonic components
with ultra-low signal delay and increased performance, was proposed as the next step
in development.

3.3. Discussion of Analysis Results

The performance of IFM techniques based on PS-FBG and the achieved characteristics
are summarized in Table 3.

Table 3. Performance of IFM techniques based on PS-FBG.

Reference Technology/Method Frequency
Range, GHz

Measurement
Error, GHz

[28] Suppressed carrier double
sideband modulation 0.3–30 n/a

[29] Based on two-port MZM,
optical single sideband 0–32 ±0.755

[30] Double sideband modulation 2–18 n/a

[31]
Based on dual-parallel

Mach–Zehnder modulator,
double sideband modulation

0–50 ±0.618

At the present time, the methods and means for PS-FBG-based IFM are represented
by several publications, and most of the works on PS-FBGs describe them as a means of
filtering optical signals, but not as amplitude–frequency discriminators.

In [30], the narrow-band nature of the PS-FBG was used to cover the measured
frequency range with an array of PS-FBGs, which created a channelized receiver, and
in [31] a reconfigurable multifunctional narrow-band filter based on fractional Hilbert
transformers (FrHTs) and optical phase adjustment was presented, although there are two
works describing a different application of PS-FBG [28,29].
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The first work in the Table 3 was based on a classical FBG with a π-phase shift [28], and
the second one was based on a waveguide PS-FBG [29]. In the first publication, based on
the classical FBG, the phase shift was introduced to eliminate the area of monotonic change
in the FBG frequency response (this method can also be used to improve the measurement
accuracy for a classical FBG) (Figure 14).

Figure 14. Estimated frequencies based on measured power ratio function: R01—Reflection index for
the first subrange (adapted from [28]).

This method of implementation introduces a V-shaped narrowband window in the
FBG central wavelength region. This splits the measured frequency range into two sub-
bands, where the “low” frequencies of 0.3–3 GHz are measured in the first sub-band in the
FBG transmission channel on the slopes of the phase shift and the “high” frequencies of
3–30 GHz are measured on the slopes of the FBG in the reflection channel. The amplitude
comparison function for the two sub-bands is shown in Figure 15.

Figure 15. Dependence of ACF on f RF (adapted from [28]).

The phase shift allows the setting of a narrowband window in the FBG frequency
response with a high slope steepness, which significantly improves the frequency-to-
power conversion and measurement accuracy and also eliminates the influence of the
FBG monotonicity region near the central wavelength. In this case, the upper limit of the
measured frequency range is determined by the FBG bandwidth.
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In the second publication in Table 3, the phase shift in the waveguide Bragg grating
was used to create a window of 100 GHz width in the reflection range of the PS-WBG, a
section of which was used for amplitude–frequency discrimination and ACF construction
depending on the power levels in the transmission and reflection channels (Figure 16).

Figure 16. Optical and RF responses. Simulated (dashed line) and measured (solid line) (a) linear
optical transmission of the PS-WBG; (b) reflection spectral response of the PS-WBG; (c,d) zoomed
view of overlapped optical single sideband with carrier (OSSB + C) spectrum; (e) RF response of TX
and RX ports; (f) amplitude comparison function [29].

The achieved measurement accuracy in the second article was ~755 MHz, a rather
large measurement error for IFM systems, which in this case was determined by the wide
phase shift band of 100 GHz and the small number of FBG periods. In the same work,
the possibility of integrated implementation of a PS-WBG based on a silicon chip was
shown and the physical performance of the system was demonstrated using a dynamically
changing measured frequency of an unknown signal with a low delay of up to 10 ps.
The possibility of implementation using complete integration, including a modulator and
photodetectors, makes it possible to exclude additional amplifiers from the system, improve
performance and reduce the influence of external and internal factors. The influence of these
factors described above for the classical FBG is the same, since the nature and influence are
similar for methods and means of IFM based on PS-FBG.

4. IFM Based on an Optical Microring Resonator

The next technique for IFM implementation is the use of an optical ring resonator [58,59]
as a frequency discriminator. This technique was proposed in a number of papers and,
as its main advantage, it has the possibility of frequency reconfiguration by controlling
the temperature, coupling and resonance frequency of the ring, which in turn allows for
the construction of a fully customizable ACF [60–63]. Devices based on optical microring
resonators can somewhat provide the above-described requirements for the frequency
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range and measurement accuracy. An example of that was presented in [32] as a practical
implementation of an IFM system based on a ring resonator with input–output ports made
on a silicon chip, where the measurement system was operated on two rings with high
(Q = 25833) and low (Q = 3974) quality factors to cover the frequency ranges of 0.1–5 GHz
and 0.5–35 GHz, respectively. The achieved minimum measurement accuracy was 63 MHz
for the frequency range of 0.1–5 GHz and 240 MHz for the frequency range of 0.5–35 GHz,
respectively. As an advantage of implementing such a system, the ring is created in an
integral form, which makes it resistant to the influence of the external environment and
improves system performance.

4.1. Principles of Operation

The principles of operation of an IFM device based on an optical microring resonator
are shown in Figure 17 in the form of a generalized block diagram [32].

Figure 17. Schematic diagram of an IFM system based on a silicon microring resonator. TL—
Tunable laser; PC—Polarization controller; DSBSC—Double sideband suppressed carrier modulation;
DUT—Device under test; PD—Photodiode (Adapted with permission from Ref [32]. Copyright
2017, Elsevier).

The single-frequency narrow-band radiation generated by the laser, with a wavelength
equal to the resonant wavelength of the ring resonator, passes to the MZM input, which
operates at the zero operating point to suppress the carrier and higher order harmonics, the
RF port of which receives an unknown RF signal from, for example, the external antenna.
The modulated signal enters the waveguide and is combined with the ring resonator, with
the transmission spectrum presented in Figure 18a,c, such that part of the power passes to
the resonator and is received by the photodetector from the resonator output port. The other
part of the signal power passes through the waveguide to the corresponding photodetector
(Figure 18b,d).

The power of the beat signals from the waveguide and MRR is measured afterwards,
which makes it possible to construct an amplitude comparison function for two resonators
(Figure 19a,b) [32].
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Figure 18. Measured transmission spectra and output power from the through and drop ports of the
ring: (a,b) for a 0.5–35 GHz frequency range IFM system; (c,d) for a 0.1–5 GHz frequency range IFM
system (Adapted with permission from Ref [32]. Copyright 2017, Elsevier).

Figure 19. The reference ACF versus the input signal’s frequency: (a) for a 0.5–35 GHz frequency
range IFM system; (b) for a 0.1–5 GHz frequency range IFM system respectively (Adapted with
permission from Ref [32]. Copyright 2017, Elsevier).

4.2. Analysis of the Causes of Measurement Errors and Improvement in Measurement Accuracy

In addition to the already considered sources of errors such as frequency instability in
the laser radiation, instability at the modulator operating point (MZM) and differences in
photodetector characteristics, measurement error is mainly affected by asymmetry in the
slopes of the resonator frequency response. This results in uneven changes in the amplitude
of the harmonics for each slope, as shown, for example, in Figure 20.

This problem can be solved by changing the width and diameter of the ring and the
length of the coupling region depending on the distance from the waveguide to the ring,
which allows for adjustment of the coupling coefficient and positive and negative slope
characteristics of the microring resonator. This operation requires physical realignment of
the ring via micromanipulation using a microscope. In addition, IFM based on a microring
resonator is not without problems, similar to those experienced with FBGs: namely, the
presence of areas of monotonic change in the frequency response in the “low”-frequency
region. This problem, however, can be solved by the already mentioned use of parallel
rings to cover individual sub-bands with high-quality microring resonators.
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Figure 20. Normalized transmission spectrum of a MRR (Adapted with permission from Ref [36].
Copyright 2011, IEEE).

As a way to improve measurement accuracy, the authors considered ways to reduce the
influence of system noise, namely, limiting chip insertion losses. Another proposed method
is to use simultaneously several parallel or cascaded ring resonators covering certain
parts of the measured frequency range for simultaneous coverage of a wide bandwidth
with high measurement accuracy. Two ring resonators with different gaps between the
waveguide and the ring were used in [32] to control the coupling coefficient and Q-factor of
the resonator and, consequently, the operational frequency range. For example, a ring with
a gap of 300 nm had a Q-factor of 3974 and covered the frequency range of 0.5–35 GHz, and
a second ring with a gap of 700 nm had a Q-factor of 25833 and covered the frequency range
of 0.1–5 GHz. An additional improvement to system performance in terms of measurement
accuracy can be achieved by integrating a laser, an electro-optical modulator, a microring
resonator, and photodetectors into a single monolithic photonic chip, as demonstrated in
Figure 21 [33].

Figure 21. Photonic–electronic fully chip-integrated IFM system: (a) Illustration and principles of
operation of the system; (b) top-view micrograph of the hybrid-integrated InP DFB laser and SiPh PIC;
(c) photograph of the implemented fully on-chip MWP IFM system. DFB laser—Distributed feedback
laser; MZ modulator—Mach–Zehnder modulator; High-Q MRR—High quality factor microring
resonator; MMI—Multi-mode interference splitter; AMZI—Asymmetrical MZ interferometer; PD—
Photodiode [33].
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4.3. Discussion of Analysis Results

The performance of IFM techniques based on microring resonators and the achieved
characteristics are summarized in Table 4.

Table 4. Performance of IFM techniques based on microring resonators.

Reference Technology/Method Frequency
Range, GHz

Measurement
Error, GHz

[32] Double sideband suppressed
carrier modulation 0.5–35 ±0.024

[33] Double sideband suppressed
carrier modulation 2–34 ±0.0185

[34] Double sideband modulation Up to 32.5 n/a
[35] Phase modulation 0.5–4 ±0.0936
[36] Phase modulation 0.5–12 ±0.4

The best results in terms of measurement error were shown in [33] with full integration
of the photonic–electronic part on the chip. There are also proposals for improving the
efficiency of optical connections [64], heterogeneous integration to increase the compactness
and scalability of the system [65], and reducing production costs by integrating low-noise
transimpedance amplifiers with a photonic part on a monolithic platform [66].

5. IFM Based on Stimulated Brillouin Scattering

IFM methods based on stimulated Brillouin scattering [67–69] use the selective am-
plification and absorption of the side components of an optical carrier modulated by a
target microwave signal in the amplification/absorption of selective contours created by
stimulated Brillouin scattering, using an additional pump laser source. In this case, the
stimulated Brillouin frequency shift and the frequency of the amplification/absorption
bands are unique and fixed for each of the condensed dispersion media [70,71]. Since in
SBS-based IFM these media are predominantly quartz optical fibers, the frequency of the
contours is approximately ~±11 GHz from the pump laser frequency [72]. The width of
the SBS amplification/absorption contours is 20–100 MHz, which determines the error in
measurement of an unknown microwave signal frequency in such systems. The pump
laser’s tunable frequency range determines the measurement frequency range. For example,
research presented in [37] demonstrated the implementation of an IFM system based on
SBS in the frequency range of 9–38 GHz with a measurement error of 1 MHz, which was
the best-achieving result presently available.

5.1. Principles of Operation

The principles of operation for an IFM device based on stimulated Brillouin scattering
are shown in Figure 22 in the form of a generalized block diagram [73].

Figure 22. Basic structure for an IFM based on SBS. LD—Laser diode; SUT—Signal under test;
MZM—Mach–Zehnder modulator; ISO—Isolator; HNLF—Highly nonlinear fiber; CIR—Circulator;
PD—Photodetector; ADC—Analog-to-digital converter; DSP—Digital signal processor (Adapted
with permission from Ref [73]. Copyright 2022, Elsevier).
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Narrow-band optical radiation with a frequency f 0 generated by a laser source passes
to the MZM, which operates at the zero operating point to suppress the carrier, where
it is modulated by an RF signal with unknown frequency, which passes to the electrical
port of the MZM. The signal at the output of the MZM is a two-frequency signal with a
suppressed carrier and two components f 0 − f RF and f 0 + f RF that pass through the isolator
and enter a section of nonlinear fiber. An optical signal from the pump laser with frequency
f P arrives at a section of nonlinear fiber from the opposite side and initiates the SBS effect
upon reaching the necessary power threshold. Given a fixed pump laser frequency f P, SBS
amplification/absorption contours are formed at the frequencies f P + f SBS and f P − f SBS.
The pump frequency determines the range of measured frequencies and is chosen in such
a way that the measured components f 0 − f RF and f 0 + f RF pass into the passband of the
amplification/absorption contours. By changing the pump frequency, the entire measured
range is scanned. Since the width of the Brillouin amplification/absorption contours is
20–100 MHz, to scan the entire measured frequency range, the frequency of the pump
laser that initiates the SBS is tuned discretely with a step equal to the frequency range
corresponding to half the amplitude of the width of the amplification/absorption contours.
This ensures that the harmonics of the measured frequencies pass to the linear section of the
amplification/absorption contours and uniformly overlap the measured frequency range.
Each subsequent sub-band partially overlaps the previous one to build multiple ACFs for
each sub-band. A visual representation of this principle is shown in Figure 23.

Figure 23. (a) Conceptual diagram of a SBS-based IFM system; (b) analytical relationship between
the unknown RF and the RF power change in each channel and the resulting mapping between the
ACF and the unknown RF [37].

As a result, if the sideband positions coincide with the amplification and absorption
contour, their power is respectively amplified or attenuated. The change in f P allows for
scanning with the gain and loss contours of the harmonics of the measured frequencies
positioned between the lowest and highest values of the pump laser tuning frequency,
which determines the operational frequency range. After amplification/absorption, the
signal power is received at the photodetector and its frequency is determined through the
ACF of the corresponding sub-band, though the slope of the ACF curve is roughly the same
for each channel [40].

5.2. Analysis of the Causes of Measurement Errors and Improvement in Measurement Accuracy

The main causes of measurement errors in IFM systems based on SBS, in addition
to the already-described sources of error such as frequency instability at the laser source
or the operating point of the electro-optical modulator, are the temperature and spectral
instability of the pump laser and temperature fluctuations in the fiber section, where the
SBS amplification/absorption contours are initiated. Instability in the temperature, in terms
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of laser radiation frequency, leads to a change in the position of the central frequency of the
contour in a given sub-band, and fluctuations in the width of the laser spectrum lead to
a change in the width of the SBS amplification/absorption contours, which accordingly
changes the nature of the overlap order of the sub-bands when the pump laser frequency is
tuned, since the width of the Stokes components of the SBS is less than 104 times narrower
than the laser radiation bandwidth [74]. Additional errors can occur due to spontaneous
emissions as a result of random perturbations in the amplitude and phase of the pump
laser, which leads to spontaneous perturbations in the backpropagating acoustic wave,
similar to the phase of the pump laser. A change in the temperature of the system results
in tension/compression of the fiber, which in turn results in a shift in Brillouin frequency.
It is possible to directly increase measurement accuracy by narrowing the linewidth of
the pump laser, which narrows the width of the amplification/absorption contours. That
allows for increasing the slope steepness of the contour frequency response and the slope
of the ACF; however, the side effect of such a decision is a larger number of laser tuning
steps necessary to scan the operational frequency range, causing an increase in scan time.

5.3. Discussion of Analysis Results

The performance of IFM techniques based on SBS and the achieved characteristics are
summarized in Table 5.

Table 5. Performance of IFM techniques based on SBS.

Reference Technology/Method Frequency
Range, GHz

Measurement
Error, GHz

[4] Single sideband modulation 0.5–28 ±0.02

[37] Double sideband suppressed
carrier modulation 9–38 ±0.001

[38] Double sideband suppressed
carrier modulation 0.47–23 ±0.008

[39] Double sideband suppressed
carrier modulation 1–9 ±0.03

[40] Single sideband suppressed
carrier modulation Up to 40 ±0.001

Compared to similar methods of amplitude–frequency discrimination, methods based
on SBS show among the best characteristics in terms of measurement accuracy. The
frequency range of the tuning pump laser, frequency band of the EO modulator, and band-
width of the photodetector determine the operational frequency range in this case, as well
as the speed of the ADC, which digitizes the signal received from the photodetector. As
stated by the authors in [37], a system based on SBS on a chip showed a 75-fold increase in
performance compared to previously proposed systems. Further improvement could be
achieved by hybrid integration of electronics and photonics on a single chip to minimize
losses, improve the signal-to-noise ratio, increase dynamic range and improve the overall
stability of the operating modes of the components on the chip. The possibility of tuning
the width of the SBS amplification/absorption contours allows for tuning according to the
required measurement accuracy, resolution and sub-band frequency width during system-
atic scanning. Unlike other solutions based on a single amplitude–frequency discriminator,
the accuracy and resolution of which are determined by the bandwidth of the discriminator,
the accuracy of systems based on SBS is determined by the slope steepness of the contour
frequency response. The disadvantage of such an implementation is the need to scan the
entire measured range, and the tuning time of the pump laser must be less than the lifetime
of phonons in the material (~20 ns) [15].

6. IFM Based on Fano Resonance

IFM methods based on Fano resonance [75,76] are usually implemented using a
microring resonator through the interference of two resonant waves in the resonator, which
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leads to the appearance of a Fano resonance—an ultra-narrow asymmetric profile gain
circuit around the center frequency (compared to a Gaussian or Lorentzian profile). Such
an effect can be used for selective amplification of the harmonics of the measured signal
on the slope of the resonance curve for construction of an amplitude comparison function
by measuring the signal power from the output ports of the resonator and the waveguide,
which allows for determination of the unknown signal frequency [77,78]. The contour
shape of this resonance can be tuned by precise phase control of the two interfering waves
propagating in the microring resonator and the waveguide, for example, by heating the
ring. The width of the Fano resonance frequency profile is up to 1–5 MHz [76], which
makes it possible to carry out ultra-precise measurements (Figure 24).

Figure 24. Fano resonance phenomenon in photonics (Adapted with permission from Ref [76].
Copyright 2017, Springer Nature).

Recent works experimentally showed the possibility of instantaneous frequency mea-
surement of a microwave signal in the 15 GHz band with a measurement accuracy of
±0.5 GHz [33].

6.1. Principles of Operation

The principles of operation for an IFM device based on Fano resonance are shown in
Figure 25 in the form of a generalized block diagram [41].

The principles of operation are essentially similar to those of IFM based on a ring
resonator. The tunable laser source generates narrow-band radiation at a frequency of f 0,
which pass to an electro-optical Mach–Zehnder modulator operating at the zero operating
point of the modulation characteristic for carrier suppression, where it is modulated by an
RF signal with an unknown frequency incoming from the RF port of the modulator. The
output radiation is a two-frequency signal with a suppressed carrier, which is then amplified
in an erbium-doped fiber amplifier before passing through an optical bandpass filter, where
the left sideband is extracted and fed into the microring resonator chip. Since the Fano
resonance changes its spectral response as the temperature changes, the temperature must
remain stable, which requires external temperature control with high accuracy. The ring
resonator itself consists of a transmission waveguide with a built-in Fabry–Perot waveguide
resonator, a ring and a waveguide with input–output ports. The passing waveguide, in
addition to the Fabry–Perot resonator, contains side Bragg gratings on both sides of it that
serve as reflectors. The choice of grating period and the length of the resonator cavity
determine the resonant modes of the microring resonator, and by selecting the phase, the
shape of the asymmetric Fano resonance profile is determined. The frequency response
section of the profile is used to measure the signal power in the passing and output ports
to construct the amplitude comparison function.
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Figure 25. Schematic diagram of a Fano-based IFM system. TLS—Tunable laser source; PC—
Polarization controller; MZM—Mach–Zehnder modulator; EDFA—Erbium doped fiber amplifier;
OBPF—Optical bandpass filter; OC—Optical circulator (Adapted with permission from Ref [41].
Copyright 2019, IEEE).

6.2. Analysis of the Causes of Measurement Errors and Improvement in Measurement Accuracy

Fano resonance, according to the work described in the principles of operation section,
is created by the interference of two waves propagating in a grating waveguide with a
Fabry–Perot interferometer and in a microring resonator with input/output ports, where
the resonant mode of the Fabry–Perot interferometer interferes with the resonant mode
of the microring resonator [41]. This implies the conclusion that any external influence or
change in the operating mode of the components included in the measurement system
leads to a change in the parameters and conditions for the generation and propagation of
resonant modes, and therefore a change in the spectral parameters of the Fano resonance
and a distortion of the measurement results. The main external influence that can affect the
measurement system is a change in the operational temperature, which leads to changes
in the operating modes of the laser and EO modulator, the geometric dimensions of the
grating waveguide with the Fabry–Perot interferometer (the distance between the walls of
the interferometer and the period of the grating waveguide) and the microring resonator
(diameter and width of the ring), and the distance between the waveguide and the microring
resonator, which in turn lead to changes in the coupling coefficient. An analysis of the
influence of temperature on the parameters of the laser and the modulator is described
in Section 2.2. In [41], the experiments required temperature control in the range of less
than 0.01 ◦C, which determined a need for strict temperature control using stabilization
mechanisms or additional equipment. Regarding internal influences, the main one is the
power of the laser radiation and the amplifier coefficient; an increase in these values leads
to an increase in the signal-to-noise ratio and a decrease in measurement error. Since the
measurement accuracy is determined by the operational bandwidth, which depends on the
slope steepness of the envelope of the Fano resonance spectral characteristics, it is affected
by the coupling coefficient between the waveguide with the Fabry–Perot interferometer
and the microring resonator [79].

6.3. Discussion of Analysis Results

The performance of IFM techniques based on Fano resonance and the achieved char-
acteristics are summarized in Table 6.
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Table 6. Performance of IFM techniques based on Fano resonance.

Reference Technology/Method Frequency
Range, GHz

Measurement
Error, GHz

[41] Double sideband suppressed
carrier modulation 0–15 ±0.5

So far, IFM methods based on the Fano resonance are represented by only one publi-
cation, where one of the slopes of the asymmetric Fano resonance shape was used as an
inclined filter with a linear frequency response covering a measured frequency range of
15 GHz. This was realized by the generation of a two-frequency component at the MZM
output with a suppressed carrier operating at the zero operating point of the modulation
characteristic, followed by the modulation of the optical carrier with an unknown RF signal,
filtration of the left side band passing into the Fano resonance amplification band and
detection of the optical power in the transmission and reflection channels (Figure 26) [41].

Figure 26. (a) Transmission spectral response of the device; (b) reflection spectral response of the
device; (c,d) zoomed-in views of the region around the Fano resonance; (e) amplitude comparison
function; (f) zoomed-in view of the linear region of the ACF with linear fitting (Adapted with
permission from Ref [41]. Copyright 2019, IEEE).

In this work, the achieved measurement error, as shown in the table, was ±0.5 GHz,
which was almost three times higher than the required measurement accuracy for IFM
systems and suggests that the method must be improved. An alternative way to implement
an IFM based on Fano resonance is to create an ultra-narrow-band resonance with a high
quality factor and high out-of-band suppression with symmetrical slopes, which would
work as a selective frequency filter and make it possible to scan the operational frequency
range. As mentioned above, implementation and maintenance of the Fano resonance
frequency response shape imposes strict requirements for temperature control, which
could present some design difficulties for implementations based on discrete photonics
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components. However, as shown in [41], integrated implementation greatly simplifies the
maintenance of the required temperature range and increases the overall performance of the
system due to easier control of the component base operating modes and low power loss.

7. Conclusions

Within the framework of this article, a review of existing and promising methods
and means for creating photonic systems for the instantaneous frequency measurement of
microwave signals based on frequency and amplitude discriminators of resonance type
was carried out, namely, fiber Bragg gratings, phase shifted fiber Bragg gratings, optical
microring resonators, stimulated Brillouin scattering and integrated Fano resonators, the
comparative characteristics of which are given in Tables 2–6. For simplicity of comparison,
the best IFM techniques for each of the considered methods and their metrological charac-
teristics, such as operational frequency range and measurement accuracy, are summarized
in Table 7.

Table 7. Performance of techniques with the best characteristics presented in the considered
IFM papers.

Reference IFM
Technique Technology/Method Frequency

Range, GHz
Measurement
Error, GHz

[24] FBG Single sideband modulation 0.5–28 ±0.02

[31] PS-FBG Double sideband suppressed
carrier modulation 9–38 ±0.001

[33] MRR Double sideband suppressed
carrier modulation 0.47–23 ±0.008

[40] SBS Double sideband suppressed
carrier modulation 1–9 ±0.03

[41] Fano Single sideband suppressed
carrier modulation Up to 40 ±0.001

As shown in Table 7, none of the considered works satisfies the requirements presented
in Table 1 either in terms of operational frequency range or in terms of measurement
accuracy, except for the method based on SBS, which establishes the need for further
research in each of the considered IFM techniques.

For IFM based on an FBG, the review showed that simultaneous expansion of the
frequency range and increase in the measurement accuracy could be achieved by using an
FBG with a triangular frequency response and/or channelization of the receiver, which,
however, complicates design due to the many reception channels and requires the channel
components to possess the same characteristics or to undergo calibration. This decision
also raises issues such as tradeoffs between the number of channels, measured bandwidth,
and measurement accuracy; the need for methods of measuring signals that fall into the
interchannel frequency range; etc.

For PS-FBG, which has a narrow-band frequency response, measurement accuracy can
be achieved by tuning the bandwidth and the operational frequency range can be provided
both by receiver channelization, as proposed in [30], and by adjusting the temperature [31].
An alternative to adjusting the temperature could be mechanical stretching/compression
of the FBG with a phase shift; however, this would require precise control of the applied
mechanical force.

IFM based on a microring resonator significantly exceeded the accuracy requirements,
and the measured frequency range, as indicated in [33], could be extended by optimization
of the EO bandwidth of silicon modulator (potentially >50 GHz). The required mea-
surement accuracy could be ensured by the use of stabilization methods for operational
conditions and temperature stabilization of the component base.

IFM based on SBS showed significant measurement accuracy superiority compared
with other measurement methods, due to the ultra-narrow-band nature of the SBS am-
plification/absorption contours, and provided the required frequency range, which is
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determined by the tuning frequency range of the pump laser and the OE modulator’s
frequency range. The principle of IFM implementation based on SBS is that the scanning
time of the receiver is determined by the tuning time of the pump laser.

IFM based on Fano resonance makes it possible to set completely controllable and
tunable parameters of both narrowband [76] and broadband resonance [41], with the
frequency response of such resonance depending on the parameters of the interfering
signals. With this method of IFM implementation, strict requirements on the operating
modes for the sources of interfering signals are imposed, since a change in the signal
parameters leads to a change in the bandwidth or the resonance frequency response shape.

This review makes it possible to single out the following areas of applicability and
directions for further development:

(1) The review of works on each type of frequency and amplitude discriminator of
resonance type made it possible to analyze the principles of their operation, the main
causes of measurement errors and the ways to minimize and/or eliminate these
errors. Based on the analysis, a comparative table of metrological characteristics such
as frequency range and measurement accuracy was compiled, and further prospects
for their development were discussed. That allows the developer to choose ways to
solve specific problems during the development of an IFM system.

(2) The analysis shows the possibilities and prospects for wider application of integrated
technologies. This is confirmed by the materials presented in this review and was
determined by a large amount of recent publications devoted to integrated implemen-
tations of photonic systems [80–83].

(3) An overview of existing works on IFM systems shows that they also cover the is-
sues of the instantaneous frequency measurement of multiple microwave signals
simultaneously [4,37,39,49,84,85], linear frequency-modulated signals [86–88], pulse
signals [89,90] and other special types of signals [87,88,90] that use frequency and am-
plitude discriminators of resonance type. Such issues are among the most important
areas for research into the construction of a fully functional photonic radar.

(4) Further development of the reviewed methods would make it possible to compre-
hensively solve the problems in the design and development of an all-photonic radar,
which, together with angle of arrival estimation [91–93], Doppler frequency shift mea-
surement [94,95], and optical filter design [96–99] based on the reviewed methods and
means, would make it possible to create a prototype of a multifunctional information
processing block for an IFM device on a single component base.

The interest of the authors was mainly related to works based on fiber Bragg grat-
ings and phase shifted fiber Bragg gratings; therefore, these sections were presented
in a more detailed manner than sections related to innovative technologies based on
integrated technologies.
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