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A novel photonic-assisted approach to microwave frequency measurement is proposed and experimentally
demonstrated. The proposed scheme is based on the frequency-to-power mapping with different transmis-
sion responses. A polarizer is used in one output branch of a phase modulator to simultaneously implement
phase modulation and intensity modulation. Owing to the complementary nature of the transmission re-
sponses and the Mach-Zehnder interferometers (MZIs), this scheme theoretically provides high resolution
and tunable measurement range. The measurement errors in the experimental results can be kept within
0.2 GHz over a frequency range from 0.1 to 5.3 GHz.
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Photonic-assisted microwave signal processing system
is considered as one of the most important technolo-
gies in telecommunication and military applications.
Considering the capability of such a system to process
large-bandwidth microwave signals even up to 100GHz,
photonic-assisted microwave processing techniques are
important factors in modern electronic radar systems.
Instantaneous frequency measurement (IFM) is a key
component in electronic radar receivers. Information on
the adversary can be captured promptly with the aid
of the IFM module, thus determining incoming signal
frequency nearly in real time. However, the traditional
implementations of IFM systems are usually limited by
bandwidth, as microwave frequency is unknown and
usually varies within about tens of a GHz. A wide-
band electronic radar receiver entails increasing cost,
size, and power consumption. To overcome these limita-
tions, several photonic-assisted approaches were recently
proposed[1−11]. These approaches provide inherent ad-
vantages such as broadband, low cost, small size, low
power consumption, immunity to electromagnetic inter-
ference, etc.[12]. The photonic approach for IFMs is at-
tracting increasing interest from researchers worldwide.

Most of previous studies utilized the frequency-to-
power mapping relationship of the microwave signal.
Such studies derived amplitude comparison functions
(ACFs) by comparing different power fading functions.
However, the use of long chromatic dispersive medium
will introduce great time delay into the system[1−7]. The
intensity modulation links used in many works usually
need a rigorous electrical direct current bias control cir-
cuit to stabilize the modulators operating at the quadra-
ture or null point[8−10]. Furthermore, the IFM systems
that use a pair of laser sources or more[8,11] will be
subject to measurement errors attributed to the optical
power variation in the two optical sources.

In this letter, we propose and experimentally demon-
strate a novel photonic-assisted microwave frequency

measurement scheme using Mach–Zehnder interferome-
ters (MZIs). The proposed scheme is based on simulta-
neous phase modulation (PM) and intensity modulation
(IM) links and requires a single optical source and mod-
ulator. This scheme is free from extra-electrical direct
current bias, because no intensity modulator is used. An
improved measurement range and resolution is provided
because of the complementary nature of the transmission
responses. The microwave frequency to be measured can
be easily estimated by using ACF, which was established
by comparing the transmission responses of the two chan-
nels. The measurement range can also be adjusted by
tuning the differential time delay of MZI. We experimen-
tally demonstrated the scheme over a frequency range
from 0.1 to 5.3 G. The measurement errors were within
0.2 GHz, over this frequency range.

The schematic diagram of the proposed scheme is
shown in Fig. 1. A continuous-wave (CW) light from
a laser diode (LD) with a wavelength of 1 550.38 nm is
injected into a PM driven by a microwave signal. The
modulated light is divided into two parts. One part is di-
rectly sent to a MZI, whereas the other is adjusted using
a polarizer before sending to another MZI. The direction
of transmission polarization of the polarizer is aligned
at π/4 relative to the principal axes of the PM. The
differential time delays of the two MZIs are the same.
The output of the optical signals from the MZIs is sent
to the two identical photodetectors (PD), respectively.
The ACF is then obtained by comparing the detected mi-
crowave power of the two channels. Electrical frequency
can be obtained from the unique relationship between

Fig. 1. Schematic diagram of the proposed IFM system.
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the frequency and the ACF value. Finally, the informa-
tion carried by the microwave frequency can be calculated
through digital signal processing techniques.

In Fig. 1, when the polarization orientation of the light
is aligned at an angle of π/4 relative to one of the princi-
pal axes of the PM using a polarization controller (PC),
the upper branch (denoted as IM) becomes an intensity
modulation link with interferometric detection. The out-
put radio-frequency (RF) powers under small signal con-
ditions can be expressed as

PoutIM ≈ 2α2
polπ

2I2
DCV 2

rf/V 2
π

cos2(πfτ)Zout, (1)

where αpol = 0.5 is the insertion loss of the polar-
izer; IDC = RαMZIαLINKαPMP0/2 is the DC current per
diode, with R as the diode responsivity, P0 is the optical
power, and αMZI, αLINK, and αPM are the MZI insertion
loss, link loss, and PM insertion loss, respectively; Vrf

is the voltage amplitude; Vπ is the voltage required to
produce a phase shift of π radians; f is the frequency of
the unknown microwave signal; τ is the differential time
delay of MZI; Zout is the load impedance.

As a typical phase modulated interferometric detection
link, the output of the lower branch denoted as PM under
small signal conditions can be expressed as

PoutPM ≈ 2π2I2
DCV 2

rf/V 2
π

sin2(πfτ)Zout. (2)

From Eqs. (1) and (2), we can obtain ACF for mea-
suring the instantaneous microwave frequency:

ACF =
PoutIM

PoutPM
= α2

pol(tan2(πfτ))−1. (3)

In Eq. (3), the ACF is an optical-wavelength-
independence function. The relationship between ACF
and the microwave frequency is unique in every mono-
tonic region of the power ratio function. Thus, we can
obtain the frequency of the input microwave signal from
the inverse function of ACF.

A proof-of-concept experiment was performed by using
a network analyzer by which the frequency responses of
the two branches are measured, as shown in Fig. 2. The
CW lightwave from the laser source with a wavelength of

Fig. 2. Experimental setup for the proof of concept. VNA:
vector network analyzer.

Fig. 3. Measurement results of the proposed IFM system. (a)
Measured frequency responses of the photonic IFM link; (b)
measured and theoretical ACF curves.

Fig. 4. (a) Measured RF frequency and (b) measured fre-
quency errors.

Fig. 5. (a) Measured ACFs for different differential time
delays and (b) measured frequency errors for different
differential time delays.

1 550 nm was first injected into the 20-GHz phase mod-
ulators driven by the network analyzer. After passing
through a MZI, with or without a polarizer, the optical
signals are converted into electrical signals by the PD.
The differential time delays of the MZIs were both 94ps.
The electrical signals were eventually measured by the
network analyzer.

The measured ACF and the transfer functions of the
two branches are shown in Fig. 3. The measured ACF of
the IM branch agrees well with the calculated ACF with
a notch at 5.3 GHz. The first notch of the PM branch is
complementary to the IM branch as predicted by Eq. (3).

Microwave frequency was estimated using the measured
ACF. Figures 4(a) and (b) show the measured frequency,
the theoretical frequency, and the measurement errors,
respectively. The measurement range was limited to
5.3GHz by the notch of the ACF functions, as shown in
Fig. 3(b). The transmission response of the PM branch
monotonously increased, whereas one of the IM branches
monotonously decreased, and vice versa. The ACF was
steep in each monotonic interval for the complemen-
tary nature of the two branches, which reveals a more
discernible power variation and a higher measurement
resolution compared with the reported scheme[13]. The
measurement errors of the proposed scheme were limited
to within 0.2 GHz, when the microwave frequency varied
from 0 to 5 GHz; whereas in Ref. [13], the errors reach
0.5 GHz in the same frequency range.

The frequency measurement range was limited only by
the bandwidth of the PM and the MZIs. The measure-
ment range can be extended much more than the range
that this letter demonstrated by using high speed MZIs
that provide large differential time delays. However,
wide measurement ranges result in more measurement
errors. Therefore, a trade-off between broad band and
high measurement accuracy must be considered.

This scheme is unambiguous based on entirely different
two branches that provide a pair of complementary trans-
mission responses, as the principle of IM signal realiza-
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tion is well interpreted. We used passive MZIs with fixed
differential time delays that provide short response time
and stabilized performance.

The tunability in the measurement range from 5.3 to
2.7 GHz was also demonstrated by tuning the differential
time delay with the MZI. The measured ACFs of the two
differential time delays are plotted in Fig. 5. The upper
measurement limits were constrained by the differential
time delay.

In conclusion, we propose and experimentally demon-
strate a novel photonic scheme of instantaneous fre-
quency measurement based on simultaneous phase and
intensity modulations. A polarizer is used to imple-
ment the simultaneous phase and intensity modulations.
Apart from the benefits of assisted photonic technology,
the proposed scheme also provides improved measure-
ment range and resolution because of the complementary
nature of the transmission responses. The measurement
errors can be kept within 0.2 GHz over a frequency range
from 0.1 to 5.3 GHz.
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