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Photonics-Based Broadband Microwave
Instantaneous Frequency Measurement
by Frequency-to-Phase-Slope Mapping

Jingzhan Shi , Fangzheng Zhang, Member, IEEE, De Ben, and Shilong Pan , Senior Member, IEEE

Abstract— A photonics-based broadband microwave
instantaneous frequency measurement (IFM) method is proposed
by monotonously mapping the frequency to the slope of the
time-varying phase of the microwave signal under test. This
frequency-to-phase-slope mapping approach is realized utilizing a
variable photonic delay line and a microwave photonic in-phase/
quadrature (I/Q) mixer, where the I/Q mixer is composed of
two phase modulators connected tail to tail within a fiber
loop, an optical 90° hybrid, and a pair of low-speed balanced
photodiodes. Thanks to the monotonous frequency-to-phase-
slope mapping property, as well as the use of photonic delay
line and microwave photonic I/Q mixing, the IFM system can
achieve a wide-range frequency measurement without ambiguity.
An experiment is performed. The established IFM system is able
to operate from 5 to 67 GHz with a measurement error of less
than 500 MHz, which achieves the widest frequency measurement
range ever recorded by photonics-based IFM systems. In addi-
tion, the influences of the I/Q phase mismatch and the amplitude
noise on the performance of the IFM system are also discussed.
We believe that this photonics-based IFM system is a promising
solution for wideband microwave frequency measurements.

Index Terms— Balanced photodetection, frequency measure-
ment, microwave photonics, photonic in-phase/quadrature (I/Q)
mixing, variable delay line (VDL).

I. INTRODUCTION

INSTANTANEOUS frequency measurement (IFM) of an
unknown microwave signal is critically important in radar,

communication, and electronic warfare applications [1], [2].
Due to the broad spectral range in modern electronic applica-
tions, e.g., radars that carry out different functions typically
operate within different frequency ranges, which can cover a
bandwidth of tens of gigahertz [3], [4], an IFM system is
required to estimate the frequency of unknown microwave
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signals over a large bandwidth. Currently, IFM is generally
realized using electronic techniques [5], such as electrical
delay-line-based IFM, digital IFM, and electrical filter-based
IFM, which can achieve a high resolution but suffer from
narrow operation bandwidth, high power consumption, and
vulnerability to electromagnetic interference (EMI). In order
to break the limitations confronted by electronic techniques,
a variety of photonics-based approaches have been proposed
for IFM, taking the advantage of photonic technologies such as
broad bandwidth, low loss, and immunity to EMI [6]. Gener-
ally, the photonic-based IFM approaches can be classified into
three categories, i.e., frequency-to-time mapping, frequency-
to-space mapping, and frequency-to-power mapping [7], [8].

The frequency-to-time mapping can be realized into two
schemes. In the first scheme, the frequency is mapped to a
certain time delay utilizing a dispersive medium [9]. In this
scheme, the frequency measurement range and resolution are
limited by the speed of the optical ON–OFF switching and
the sampling rate of the oscilloscope. In the second scheme,
the frequency-to-time mapping is implemented by a frequency
shifting recirculating delay line loop and a narrowband optical
filter realized by in-fiber stimulated Brillouin scattering (SBS)
effect [10]. With a large number of circulations, a broad
frequency measurement range can be achieved. However,
it also leads to a significant latency.

The frequency-to-space mapping method maps different
frequencies into different space channels by an optical
upconversion-and-split topology, i.e., the microwave signal
under test (SUT) is modulated on an optical carrier and then
split into multiple channels by an optical channelizer. The
frequency of the microwave signal can be figured out based
on the output of each channel. The optical channelizer can be
implemented by a Fabry–Perot etalon [11], [12], an arrayed-
waveguide grating [13] or a diffraction grating [14]. The main
drawback of this scheme is the poor measurement resolution
originated from the optical channelizer. In addition, the system
usually has a high cost and a high complexity, considering a
large photodiode (PD) array is required.

The main idea of frequency-to-power mapping approach
is to construct a relationship between the frequency of the
SUT and the ratio of two different optical or microwave
power functions, named as amplitude comparison function
(ACF) [15]. A disadvantage of this kind of system is that it
is hard to achieve a high-resolution measurement due to the
small slope of the ACF at a certain frequency range. To solve
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this problem, IFMs with tunable measurement range and
resolution have been reported by varying the wavelength of
the laser sources [16]–[18] or using SBS effect [19]. Another
possible solution to this problem is to generate an ACF with
a large slope over a wide frequency range by comparing
two complimentary frequency-to-power functions [20]–[24].
Despite all these efforts, a common problem severely limits the
unambiguous frequency measurement range of the frequency-
to-power mapping-based IFM method, i.e., the nonmonotonic
ACF results in the frequency measurement ambiguity, which
limits the upper bound of unambiguous frequency measure-
ment range to the position of the first notch of the ACF.

Therefore, it remains a hot topic to explore methods that
can achieve accurate frequency measurement in a broad band-
width. In this paper, for the first time to the best of our
knowledge, we propose an IFM method by monotonously
mapping the frequency to the slope of a time-varying phase of
the SUT, i.e., the frequency-to-phase-slope mapping method.
In this method, the phase of the SUT is acquired by introduc-
ing a uniformly varying time delay between two replicas of
the SUT and then performing a digital in-phase/quadrature
(I/Q) phase demodulation. This IFM method is free from
measurement ambiguity, and the operation bandwidth is only
limited by the bandwidth of the devices applied in the system.
To overcome the electronic bandwidth limitation and achieve
a large frequency measurement range, a photonics-based
IFM system is proposed based on the frequency-to-phase-
slope mapping method, in which a variable photonic delay
line and a microwave photonic I/Q mixer are incorporated.
Previously, we have proposed several microwave photonic I/Q
mixers by cascading a polarization modulator (PolM) with
a phase modulator (PM) [25], cascading a Mach–Zehnder
modulator (MZM) with a PolM [26], or cascading a PM
with a parallel installed PM and MZM [27], which can
realize wideband I/Q mixing. However, precise polarization
control or MZM bias control is needed in these systems. In this
paper, the microwave photonic I/Q mixer is realized based on
an optical 90° hybrid followed by balanced photodetection,
which is free from complex polarization control and bias
control [28]. This paper is organized as follows. In Section II,
the principle of the proposed IFM method and the photonics-
based IFM system are described. In Section III, a proof-of-
concept experiment is conducted. The frequency measurement
resolution and bandwidth are demonstrated. In Section IV,
the influences of the phase mismatch and the amplitude noise
in the I/Q signals are discussed. In Section V, the conclusion
is drawn.

II. PRINCIPLE

A. Basic Principle

Fig. 1 shows the schematic of the proposed IFM method
based on the frequency-to-phase-slope mapping. The SUT can
be written as

vs (t) = V0 cos (2π fst) (1)

where V0 is the amplitude and fs is the frequency to be
measured. The SUT is divided into two branches through a

Fig. 1. Schematic of the proposed IFM method. SUT: signal under test,
VDL: variable delay line, LPF: low-pass filter, ADC: analog-to-digital
converter, and DSP: digital signal processing.

power divider. In the upper branch, a uniformly time-varying
delay is introduced by adjusting a variable delay line (VDL)
with a constant speed. The signal after the VDL can be
expressed as

vup (t) = V0√
2

cos [2π fs (t − vt)] (2)

where v is the varying speed of the time delay. The signal in
the lower branch is

vlow(t) = V0√
2

cos(2π fst). (3)

Then, the signals in (2) and (3) are sent to an I/Q mixer, which
consists of a power divider, a 90° hybrid, two mixers, and two
low-pass filters. The voltages at the output of the I/Q mixer
are written as

I (t) = V 2
0

8
cos(2π fsvt)

Q(t) = V 2
0

8
sin(2π fsvt). (4)

An analog-to-digital converter (ADC) is used to digitalize
the output signals of the I/Q mixer. Here, the sampling rate
of the ADC needs to be larger than 2 fsv, which can be very
small by choosing a low varying speed of the time delay. The
digitalized signals are, then, sent to a computer for digital
signal processing (DSP), where the following procedures are
proceeded:

φ (t) = 2π fsvt = arctan

(
Q (t)

I (t)

)

fs = k[φ(t)]
2πv

(5)

where k[φ(t)] denotes the slope of φ(t) with respect to time.
It can be seen that the frequency to be measured is monotoni-
cally mapped to the slope of a calculated phase, which means
that the frequency can be measured without ambiguity. As a
result, the bandwidth limitation due to the ambiguity can be
eliminated. However, the bandwidth is still limited by the
electrical VDL and I/Q mixer in Fig. 1. In order to solve this
problem, a photonic-assisted realization of the proposed IFM
method is proposed, as demonstrated in Section III-B.
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Fig. 2. IFM system based on VODL and photonic-assisted microwave I/Q mixer. LD: laser diode, OC: optical coupler, PM: phase modulator, VODL: variable
optical delay line, EDFA: erbium-doped fiber amplifier, OBPF: optical bandpass filter, and BPD: balanced PD.

B. Photonics-Based IFM System

In order to overcome the possible bandwidth limitation due
to the electrical components, a photonics-based IFM system
based on the frequency-to-phase-slope mapping is proposed,
where the electrical VDL and I/Q mixer are replaced by a
variable optical delay line (VODL) and a microwave pho-
tonic I/Q mixer, respectively. The microwave photonic I/Q
mixer is constructed applying two PMs, an optical 90° hybrid,
and two low-speed balanced PDs (BPDs), as shown in Fig. 2,
where the two PMs are connected tail to tail in a fiber
loop. Compared with the schemes in [25]–[27], no special
polarization control or bias control is needed, and better
stability can be achieved.

In Fig. 2, the electrical field of the optical carrier generated
by the laser diode can be written as

Ec (t) = E0e j (2π fct+ϕc(t)) (6)

where E0, fc, and ϕc(t) are the amplitude, frequency, and
phase noise of the optical carrier, respectively. This optical
carrier is injected into a loop comprising an optical cou-
pler (OC), two circulators, a VODL, and two PMs, where
the output port of PM1 is connected to the output port of
PM2, and the two PMs are driven by two replicas of the SUT.
The optical carrier is equally split into two branches by the
OC. In one branch, the optical signal goes through the loop in
the anticlockwise direction, as shown by the blue dashed line
in Fig. 2. It should be noted that the PM is a traveling-wave
modulator. When it is used in a reverse direction, the weak
phase modulation can be ignored [29]. The optical carrier is
phase modulated by PM2 and then delayed by the VODL.
In this case, the time delay is introduced to both the optical
carrier and the SUT. The electrical field of the optical signal
at the third port of Circulator1 is

E1 (t) ∝ Ec (t − vt) e jβ2 cos[2π fs(t−v t)]

= E0e j {2π fc(t−v t)+ϕc(t−v t)+β2 cos[2π fs(t−v t)]}

≈ E0 J0 (β2) e j [2π fc(t−v t)+ϕc(t−v t)]

+ E0 J1 (β2) e j
[
2π( fc+ fs)(t−v t)+ϕc(t−v t)+ π

2

]

+ E0 J1 (β2) e j
[
2π( fc− fs)(t−v t)+ϕc(t−v t)+ π

2

]
(7)

where β2 is the modulation index of PM2. In the other branch,
the optical signal goes through the loop in the clockwise
direction, as indicated by the green solid line. The optical
signal is delayed by the VODL first and then phase modulated

by PM1, which indicates that the time delay is only introduced
into the optical carrier. The electrical field of the optical signal
at the third port of Circulator2 is

E2(t) ∝ Ec(t − vt)e jβ1 cos(2π fst)

= E0e j [2π fc(t−v t)+ϕc(t−v t)+β1 cos(2π fst)]

≈ E0 J0(β1)e
j [2π fc(t−v t)+ϕc(t−v t)]

+ E0 J1(β1)e
j [2π( fc+ fs)t−2π fcv t+ϕc(t−v t)+ π

2 ]

+ E0 J1(β1)e
j
[
2π( fc− fs)t−2π fcv t+ϕc(t−v t)+ π

2

]
(8)

where β1 is the modulation index of PM1.
Then, two erbium-doped fiber amplifiers (EDFAs) are

applied to boost the power of the optical signals in (7) and (8).
Two optical bandpass filters (OBPFs) are followed to select out
one of the first-order modulation sidebands, respectively, and
suppress the amplified spontaneous emission noise. When the
negative first-order sidebands are selected, the obtained optical
signals after the two OBPFs are

E3(t) ∝ G1 E0 J1(β2)e
j
[
2π( fc− fs)(t−v t)+ϕc(t−v t)+ π

2

]
(9)

E4(t) ∝ G2 E0 J1(β1)e
j
[
2π( fc− fs)t−2π fcv t+ϕc(t−v t)+ π

2

]
(10)

where G1 and G2 are the gains of the two EDFAs. By compar-
ing (9) and (10), it is found that the phase difference between
E3(t) and E4(t) is “2π fsvt”.

The optical signals in (9) and (10) are mixed in an opti-
cal 90° hybrid, followed by two BPDs to realize optical-to-
electrical conversion. The voltages at the output of BPD1 and
BPD2 are written as

vI(t) ∝ R1 Z L(‖E3(t) + E4(t)‖2 − ‖E3(t) − E4(t)‖2)

= 4ZLG1G2 J1(β1)J1(β2)E2
0 R1 cos(2π fsvt)

vQ(t) ∝ R2 Z L(‖E3(t) + j E4(t)‖2 − ‖E3(t) − j E4(t)‖2)

= 4ZLG1G2 J1(β1)J1(β2)E2
0 R2 sin(2π fsvt) (11)

where R1 and R2 are the responsivities of BPD1 and BPD2,
respectively, and Z L is the input impendence.

The electrical signals of vI(t) and vQ(t) are digitalized by a
two-channel ADC, and the obtained digital signals are applied
to calculate the frequency of the SUT by

ϕ(t) = 2π fsvt = arctan

( R1
R2

vQ(t)

vI(t)

)
(12)

fs = k[ϕ(t)]
2πv

. (13)
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Fig. 3. Photograph of the experimental setup.

Fig. 4. Measured spectra of the optical signals E1(t), E2(t), E3(t), and
E4(t), and responses of OBPF1 and OBPF2.

In (12), the ratio between the responsivities of the two BPDs
(R1/R2) should be known before calculating the phase ϕ(t).
Based on (11), the maximum values of vI(t) and vQ(t)
are proportional to R1 and R2, respectively, with the same
coefficient. Thus, R1/R2 can be derived by

R1

R2
= max[vI(t)]

max[vQ(t)] . (14)

Equation (14) indicates that the calculation of R1/R2 can be
implemented during the frequency measurement process using
the same digital data, which can greatly simplify the frequency
measurement procedure. It should be noted that the ratio R1/R2
can be treated as a constant for different frequencies under test,
because the frequency of the electrical voltages output from the
BPDs ( fsv) changes a little compared with the bandwidth of
the BPDs, even though the frequency under test ( fs) changes
a lot.

III. EXPERIMENTAL DEMONSTRATION

To verify the feasibility of the proposed photonics-based
IFM system, an experiment is conducted with the photograph
of the setup shown in Fig. 3. Table I lists the main devices
that are used in the experiment and their parameters. In the
experiment, the sampling rate of the ADC is set to 20.48 kSa/s,
and the varying speed of the VODL is set to 128 ps/s.

First of all, the frequency of the SUT is tuned to
30 GHz. Fig. 4 shows the spectra of the optical signals of

TABLE I

MAIN DEVICES IN THE EXPERIMENTAL SETUP

E1(t) and E2(t), measured at the output of the fiber loop.
In Fig. 4, spectra of the optical signals of E3(t) and E4(t)
measured after the two OBPFs are also included. As can
be seen, the undesired optical carriers and sidebands are
suppressed by over 25 dB. At the output of the BPDs, a pair
of I/Q voltages are acquired by the ADC. The waveforms of
the two signals are plotted in Fig. 5(a). The I/Q waveforms
are with almost equal amplitudes and a quadrature phase
difference, indicating that the I/Q mixing is realized. Based
on (12) and (14), a time-related phase term ϕ(t) is calculated,
as shown in Fig. 5(b).

To estimate the slope of the calculated phase with respect
to time, a linear fitting based on the least-squares method is
applied. Specifically, if the phases at time t1, t2, . . . , tN are
ϕ1, ϕ1, . . . , ϕN , respectively, the phase slope with respect to
time is estimated by

k =
1
N

∑N
i=1 tiϕi − 1

N

∑N
i=1 ti × 1

N

∑N
i=1 ϕi

1
N

∑N
i=1 t2

i −
(

1
N

∑N
i=1 ti

)2 . (15)

Fig. 6(a) shows the results for 100 consecutive estimations
of the phase slope when the input frequency is set to 30 GHz.
In obtaining these results, the value of N in (15) is chosen
to be 10. According to (13), the frequency of the SUT can
be derived. Fig. 6(b) shows the measured frequencies corre-
sponding to the phase slope in Fig. 6(a). The average value
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Fig. 5. (a) Waveforms of the signals corresponding to I and Q channels.
(b) Calculated time-varying phase.

Fig. 6. 100 consecutive estimation results of (a) slope of the calculated phase
with respect to time (Inset: example of estimating the slope from 10 phase
points using linear fitting algorithm) and (b) estimated frequency according
to the estimated slope.

of the 100 estimated frequencies in Fig. 6(b) is 29.955 GHz,
and the average measurement error is 45 MHz.

It should be noted that the time for a single measurement is
Ts = N/Fs, where Fs is the sampling rate of the ADC. In this
experiment, N = 10 and Fs = 20.48 kSa/s, the time for a
single measurement is approximately 0.49 ms. This measure-
ment time corresponds to an updating rate larger than 2 kHz,

Fig. 7. (a) Measured frequencies and (b) measurement errors versus input
frequencies from 5 to 67 GHz. Insets: measured frequencies and errors versus
input frequency tuned from 30 to 31 GHz with different steps.

indicating a very fast frequency measurement is achieved.
Here, the frequency measurement time can be further reduced
by increasing the sampling rate of the ADC and/or choosing
a smaller N . The time required for obtaining the averaged
frequency estimation is related to the sampling rate (Fs),
the value of N , and the times of measurements (Num) by
Tm = (Num + N − 1)/Fs, where Num + N − 1 represents the
length of time sequence required for Num times consecutive
measurements. In the experiment, the total measurement time
for 100× consecutive measurements is approximately 5 ms.

Then, to demonstrate the wide frequency measurement
range of the proposed IFM system, the frequency of the
SUT is tuned from 5 to 67 GHz with a step of 1 GHz.
The measurement process is the same with the processing
in obtaining the results in Fig. 6, i.e., the averaged value
of 100 consecutive frequency estimations is used as the output
of the IFM system. Fig. 7(a) shows the measured frequencies
corresponding to different input frequencies from 5 to 67 GHz
with a step of 1 GHz. The measurement errors at different
frequencies are plotted in Fig. 7(b), which are kept within
±500 MHz in the whole frequency range from 5 to 67 GHz.
It should be noted that, when a smaller frequency step is
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TABLE II

PERFORMANCE COMPARISON BETWEEN THE PROPOSED IFM SYSTEM
AND THE PREVIOUSLY REPORTED SYSTEMS

chosen, the measurement errors are at the same level. The
insets of Fig. 7 show the measurement results with a step
of 1, 10, and 100 MHz for the frequency ranges of 30–30.01,
30.01–30.1, and 30.1–31 GHz, respectively, where the
measurement errors are also kept within ±500 MHz. In this
demonstration, the lower limit of the frequency measurement
range is limited to 5 GHz due to the edge slope of the
tunable OBPFs, which should be sharp enough to separate
the first-order sideband from the optical carrier [30].

Compared with the previously reported IFM systems,
the proposed IFM system has several advantages. First,
the systems in [9] and [10] that make use of frequency-to-time
mapping suffer from bandwidth limitation by the speed of the
optical ON–OFF switching and the sampling rate of the oscil-
loscope [9], or the measurement time [10], while the proposed
IFM system is free from high-speed electrical components
and high-sampling-rate oscillators (ADC), which helps to
achieve a broad operating bandwidth. Second, compared with
the systems in [11] and [12] that apply frequency-to-space
mapping, the proposed system is significantly simplified and
economical. Finally, a common problem for the frequency-
to-power mapping-based systems [15]–[24] is the frequency
measurement ambiguity due to the nonmonotonic mapping,
which limits the unambiguous frequency measurement range.
Another disadvantage of the frequency-to-power mapping-
based systems is difficult to perform high-resolution measure-
ment for some frequencies due to the small slope of ACF
at these frequencies. Different from the frequency-to-power
mapping, the proposed frequency-to-phase-slope mapping is
monotonic and linear, indicating the proposed system is free
from measurement ambiguity and imprecise measurements
for some specific frequencies. Table II lists a comparison
between the proposed IFM system and previously reported
photonics-based IFM systems, where the measurement range,
the measurement error, and the applicability to multitone
signals are considered. It can be seen from the results
in Table II, the proposed IFM system has a recorded frequency
measurement range that can be achieved by photonics-based

Fig. 8. Diagram for analyzing the influence of phase mismatch between I/Q
voltages.

IFM systems. However, the proposed frequency-to-phase-slope
mapping method is not suitable for measuring multitone
microwave signals.

IV. DISCUSSION

In the description of the operation principle, the I/Q mixer is
assumed to have an ideal quadrature phase difference between
I and Q channels. In practice, the nonideal performance of the
devices could easily cause phase mismatch between I and Q
channels, which would result in the frequency measurement
errors. In addition, the amplitude noise in the acquired I/Q
voltages due to the active devices (such as the BPDs and the
ADC) would also affect the frequency measurement accuracy.
In this section, the effects of the I/Q phase mismatch and the
amplitude noise on the IFM system are analyzed.

A. I/Q Phase Mismatch Analysis

Assuming that the phase mismatch between I and Q chan-
nels is �ϕ, the I/Q voltages acquired by the ADC can be
written as

vI (t) ∝ A cos (ϕ (t))

vQ (t) ∝ A sin (ϕ (t) + �ϕ) (16)

where ϕ(t) = 2π fs vt. Due to the phase mismatch, the calcu-
lated phase is not equal to ϕ(t) anymore. According to Fig. 8,
the phase when the phase mismatch exists can be calculated
by

ϕm (t) = ϕ (t) + ϕe (t)

≈ ϕ (t) + A sin (ϕ (t) + �ϕ) − A sin (ϕ (t))

A
≈ ϕ (t) + �ϕ cos (ϕ (t)) . (17)

Accordingly, the slope of ϕm(t) with respect to time is

km(t) = dϕm(t)

dt
= 2π fsv − �ϕ2π fsv sin(2π fsvt). (18)

As a result, the measured frequency is

fm = km(t)

2πv
= fs − �ϕ fs sin(2π fsvt). (19)
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Fig. 9. Simulation results of the frequency measurement error corresponding
to different phase mismatches and frequencies.

It can be seen that the frequency measurement error is related
to the phase mismatch (�ϕ) and the frequency to be mea-
sured ( fs). With the increase of phase mismatch or frequency
to be measured, the error increases.

In the proposed photonics-based IFM system, the phase mis-
match is mainly due to the nonideal quadrature phase property
of the optical 90° hybrid and the path length difference of
between I and Q channels. In fact, the phase mismatch can be
easily compensated in the DSP unit, as demonstrated in [31].
Although the phase mismatch problem is not the main concern
in our experiment, a simulation is carried out to show the
influence of the phase mismatch clearly. In the simulation,
the parameters are chosen according to the previous experi-
mental demonstration, i.e., the varying speed of the time delay
is 128 ps/s, and the time sequence with 109 points starts from 0
with a sampling rate of 20.48 kSa/s. Fig. 9 shows the frequency
measurement error when the phase mismatch changes from
−5° to 5° with a step of 1°, and the frequency to be measured
changes from 5 to 67 GHz with a step of 1 GHz. It can be
seen that a larger measurement error occurs as the increase of
the phase mismatch and/or the frequency of the SUT, which
agrees well with (19).

B. Amplitude Noise Analysis

Assuming that the amplitude noises in I and Q channels
[nI(t) and nQ(t)] are unrelated additive noise with the same
distribution. The effect of the amplitude noise is depicted
in Fig. 10, where the additive noise introduces a phase
fluctuation ϕn(t) to phase ϕ(t). When n(t) is far less than A,
the calculated phase can be written as

ϕo(t) = ϕ(t) + ϕn(t) (20)

≈ ϕ(t) +
√|nI(t)|2 + |nQ(t)|2

A

= ϕ(t) + n(t)

A
(21)

n(t) � A. (22)

The slope of ϕo(t) with respect to time is

ko (t) = dϕo (t)

dt
= 2π fsv + dn (t)

Adt
. (23)

Fig. 10. Diagram for analyzing the influence of amplitude noise in I/Q
voltages.

Fig. 11. Frequency measurement error versus input frequency when the
varying speeds are set to 32 and 128 ps/s, respectively.

Accordingly, the estimated frequency is

fo = ko (t)

2πv
= fs + 1

2πv A

dn (t)

dt
. (24)

It can be seen that the measurement error is not only dependent
on the noise but also related to the varying speed of the time
delay introduced by the VODL.

According to (22), a larger varying speed of the time delay
can help to archive a smaller measurement error. To show this
property, an experiment is performed, in which the frequency
of the SUT is tuned from 5 to 67 GHz with a step of
1 GHz. Fig. 11 shows the frequency measurement errors
when the varying speed of the time delay is set to 32 and
128 ps/s, respectively. In Fig. 11, the measurement errors are
significantly reduced by choosing a large varying speed of the
time delay. Thus, it is highly desirable to employ a fast varying
time delay in this method. However, this would put forward
higher requirement of the VDL.
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V. CONCLUSION

We have proposed a new IFM method based on the
frequency-to-phase-slope mapping, in which the frequency is
monotonously mapped to the phase slope of the SUT. Thanks
to the monotony of the frequency-to-phase-slope mapping,
the frequency measurement is free from measurement
ambiguity. Based on this principle, a photonics-based IFM
system utilizing a VODL and a microwave photonic I/Q
mixer is proposed and experimentally demonstrated. Thanks
to the unambiguous frequency measurement property, this
photonics-based IFM system can achieve a large operation
bandwidth by applying a broadband VODL and microwave
photonic I/Q mixer. In the experiment, a record frequency
measurement range from 5 to 67 GHz is demonstrated with
an average measurement error of less than 500 MHz. At last,
the effects of the I/Q phase mismatch and the amplitude noise
on the frequency measurement performance are investigated.
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