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Instantaneous Microwave Frequency Measurement
Using a Photonic Microwave Filter Pair
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Abstract—Photonics-assisted instantaneous microwave fre-
quency measurement (IFM) has been a topic of interest recently.
To perform IFM, an amplitude comparison function (ACF) that
relates the microwave frequency to the microwave powers by
which the microwave frequency can be estimated by measuring
the microwave powers should be established. In this letter, a
two-tap photonic microwave filter pair with complementary
frequency responses is employed for achieving IFM. Thanks to
the complementary nature of the transfer functions of the filter
pair, a quasi-linear monotonically decreasing ACF over a large
frequency band is obtained, which ensures an improved mea-
surement range and accuracy. An experiment is performed. A
microwave frequency measurement range as large as 36 GHz with
a measurement accuracy better than 0.2 GHz is experimentally
demonstrated.

Index Terms—Electronic warfare, instantaneous microwave
frequency measurement (IMF), microwave photonics, optical
microwave signal processing, polarization modulator.

I. INTRODUCTION

I N the field of electronic warfare, it is important to analyze
intercepted radio frequency (RF) signals from radars and

communications systems. Typically, the frequency of a radar or
communication system can be varied from hundreds of mega-
Hertz to hundreds of gigaHertz. A microwave receiver, however,
usually operates in a very narrow frequency band. For a broad-
band system, an instantaneous frequency measurement (IFM)
module is thus required to instantaneously identify the carrier
frequency of an unknown RF signal before passing it to a spe-
cialized receiver for further processing [1]. Thanks to the ad-
vantageous features such as near real-time measurement, large
measurement range, low loss, and small size, photonics-assisted
IFM is considered a promising solution.

Several photonics methods have been proposed for mi-
crowave frequency measurement. For example, a microwave
frequency can be measured using an optical channelizer [2],
but the implementation requires the use of a specially designed
diffraction grating and a photodetector (PD) array, making the
system bulky and costly. In addition, the measurement range
is usually limited ( 20 GHz) and the measurement accuracy
is also low ( 1 GHz). The frequency of a microwave signal
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can also be measured based on frequency-to-time mapping
[3]. The advantage of the approach is that different frequency
components in the signal can be simultaneously measured. The
major limitations of the technique are the poor measurement
accuracy and high cost. Recently, techniques to measure the
frequency of a microwave signal based on frequency-to-power
mapping have been demonstrated [3]–[14]. By passing the
microwave signal that is carried by two optical carriers through
a dispersive device, a unique relationship between the op-
tical or microwave power ratio and the microwave frequency
is established due to the different power penalty functions.
The microwave frequency is simply estimated by measuring
the optical [3]–[7] or microwave powers [8]–[14]. The key
advantage of the approaches in [3]–[14] is that IFM with a
large frequency measurement range ( 20 GHz) and a high
measurement accuracy ( 200 MHz) is achievable.

In this letter, a novel technique to implement IFM based on
a simple microwave photonic system consisting of a two-tap
photonic microwave filter pair with complementary frequency
responses is proposed and experimentally demonstrated. The
photonic microwave filter pair, one is a low-pass filter and the
other is a bandpass filter, is achieved using a polarization modu-
lator (PolM) and two sections of polarization maintaining fiber
(PMF). Thanks to the complementary nature of the frequency
responses of the photonic microwave filter pair, we obtain an
amplitude comparison function (ACF), a ratio between the
two transfer functions of the filter pair, which is quasi-linear
and monotonically decreasing over a large frequency band.
The measurement of the microwave frequency can be done
by simply measuring the microwave powers from the two
outputs of the photonic microwave filter pair. The accuracy of
measurement is independent of the laser wavelength, which
would eliminate the requirement for a highly wavelength-stable
laser source, and hence, significantly decrease the cost and
complexity of the entire system. An experiment is performed.
A microwave frequency measurement range as large as 36 GHz
with a measurement accuracy better than 0.2 GHz is exper-
imentally demonstrated.

II. PRINCIPLE

Photonic microwave filters are usually implemented based on
a delay-line structure, in which a microwave signal is modulated
on one or multiple optical carriers at an optical modulator; the
modulated light waves are then sent to a time-delay device to in-
troduce different time delays; the time delayed microwave sig-
nals are then recovered and summed at a PD [15]. There are two
parameters that uniquely determine the frequency response of a
photonic microwave filter: the time delay difference and the tap
coefficients. The time delay difference determines the free spec-
tral range (FSR) and the tap coefficients determine the shape of
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the frequency response. Mathematically, the frequency response
of an -tap microwave delay-line filter is given by [15]

(1)

where is the time delay difference and is the tap coefficient.
For a two-tap filter with coefficients of (1, 1) or (1, 1), the
power frequency response is given by

(2)

or

(3)

As can be seen from (2) and (3), the two power frequency
responses are complementary, corresponding to a low-pass and
a bandpass filter. The ratio between the two power spectral re-
sponses, which is referred to as the ACF, is given by

(4)

From (4), the ACF is monotonically decreasing over a fre-
quency band from dc to . Therefore, based on the value of
the ACF, we can estimate the frequency of the input microwave
signal by the following expression:

(5)

The maximum measurement range is determined by . To
have a larger measurement range, we may design the filter pair
to have a greater FSR. Since the photonic microwave filter pair
is implemented in the incoherent regime using an incoherent
source [15], the IFM scheme would have a low requirement for
the quality of the laser source. The system would also have im-
proved system stability because the poor stability of the laser
source would not affect the performance of the filter pair due to
the incoherent operation of the filter pair. This feature is highly
desirable in defense systems.

If the photonic microwave filter pair is implemented using
two independent sets of light sources, modulators and PDs, the
independent variations of the laser output powers, the optical
path losses, the phase modulation indices, and the responsivities
of the PDs would be transferred to the ACF, leading to poor mea-
surement accuracy. For IFM, however, we expect that the ACF
is independent of these variations. If the photonic microwave
filter pair is implemented using a single laser source and a single
modulator, the variations transferred to the ACF would be com-
pletely cancelled out. In addition, the difference of the respon-
sivities of the PDs can be compensated by adjusting the path
losses.

Fig. 1 shows the photonic microwave filter pair that is im-
plemented using a single laser source and a single modulator.
The key component in the filter pair is the modulator which is a
polarization modulator (PolM). A PolM is a special phase mod-
ulator that supports both TE and TM modes, with complemen-
tary phase modulation indexes. A linearly polarized CW light
wave from a laser diode (LD) is fiber coupled to the PolM with
its polarization direction oriented at an angle of 45 to one prin-
cipal axis of the PolM by a polarization controller (PC). The mi-
crowave signal with its frequency to be measured is applied to

Fig. 1. Schematic of the proposed microwave frequency measurement system.
Pol: polarizer.

the PolM via its RF port. The incident light waves would experi-
ence complementary phase modulations along the two principal
axes ( and ). The signal at the output of the PolM is then split
into two channels by a polarization maintaining optical coupler
(OC). In the upper channel, an optical polarizer with its trans-
mission axis oriented at an angle of 45 to one principal axis of
the PolM is incorporated to convert the phase-modulated signal
to an intensity-modulated signal. A section of PMF (PMF1) with
its fast axis aligned to one principal axis of the PolM is con-
nected after the polarizer. The intensity-modulated signal after
the polarizer is thus split equally along the fast and slow axes of
PMF1. Due to the differential group delay (DGD) of the PMF,
a time delay difference determined by the birefringence and the
length of the PMF is produced between the two signals along
the two principal axes. The time-delayed signals are then de-
tected by a PD. The entire operation corresponds to a two-tap
photonic microwave delay-line filter with two coefficients of (1,
1). In the lower channel, the phase-modulated signals are di-
rectly sent to a second section of PMF (PMF2) with its fast axis
oriented at an angle of 45 to one principal axis of the PolM.
The phase-modulated signals are then converted to two com-
plementary intensity-modulated signals along the fast and slow
axes. After undergoing a time delay difference in PMF2, the two
signals are detected at a second PD. Due to the complementary
nature of the two time delayed signals, a two-tap photonic mi-
crowave filter with coefficients of (1, ) is implemented [15].

III. MEASUREMENT RESULTS AND DISCUSSION

A proof-of-concept experiment based on the setup shown in
Fig. 1 is carried out. The parameters of the main devices used in
the experiment are as follows: the PolM (Versawave Technolo-
gies) has a bandwidth of 40 GHz; the DGD of the PMF sections
is 14 ps; the PDs have a 3-dB bandwidth of 45 GHz and a
responsivity of 0.4 A/W. The frequency responses of the two
microwave filters are measured by a vector network analyzer
(VNA) (Agilent E8364A).

Fig. 2 shows the measured results. The measurement is made
when the input microwave power is set at 0 dBm. As expected,
the two photonic microwave filters have complementary fre-
quency responses. The ACF is then calculated. Thanks to the
complementary nature of the frequency responses, a monoton-
ically decreasing ACF in a range from 0.5 to 36 GHz is ob-
tained. A theoretically calculated ACF is also shown in Fig. 2,
and an excellent agreement is observed. Since the frequency re-
sponse of the microwave filter with coefficients of (1, 1) in the
low-frequency regime (0–0.5 GHz) is very small, the obtained
microwave power in the lower branch has a poor signal-to-noise
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Fig. 2. Measured and calculated power frequency responses of photonic mi-
crowave filter pair and ACF based on measured frequency responses. Inset gives
zoom-in view of segment of ACF.

Fig. 3. Measurement errors for two input microwave power levels at (a) 0 dBm,
(b) �15 dBm.

ratio. As a result, the system cannot be employed to measure a
RF signal with a frequency below 0.5 GHz.

Fig. 3(a) shows the measurement error for the input mi-
crowave power of 0 dBm, which is obtained by retrieving the
frequencies from the measured ACF based on (5) and com-
paring them with the actual values. In the frequency range from
0.5 to 36 GHz, the measurement error is within 0.2 GHz ex-
cept for that at around 16 GHz. A relatively large measurement
error observed at around 16 GHz is mainly resulted from the
imperfections of the electrical devices used in the experiment. If
the input microwave power is decreased to 15 dBm, the mea-
surement error is slightly increased, which is still kept within

0.3 GHz. The measurement error is reduced to 0.14 GHz
for an input signal with a greater power of 5 dBm. It should be
noted that the distribution of the measurement error is similar
to the spectrum of the system noise, indicating that the mea-
surement error is primarily a result of the system noise, such as
the shot noise from the PDs. To reduce the measurement error,
a solution is to use high-performance PDs. In addition, the link
losses can be optimized to obtain high system accuracy.

To validate the wavelength-independent feature of the
scheme, the wavelength of the light wave from the LD is tuned
from 1535 to 1570 nm. No significant increase of the mea-
surement error is observed. The stability of the system is also
evaluated. To do so, we allow the system to operate in a room
environment for a period of 20 minutes; no evident changes in
the frequency responses are observed.

IV. DISCUSSION AND CONCLUSION

For the proposed IFM, if multiple signals are received with
one signal that has a much higher power, the measurement
would give an estimated frequency corresponding to the highest

power signal. This feature makes the scheme be potentially
used in an adaptive anti-jamming receiver, where the jamming
signal has always a much higher power compared with other
signals. If the frequency information of the jamming signal is
measured by the IFM technique, a tunable notch filter could be
used to remove the jamming frequency.

It should be noted that the required power level of the received
microwave signal to ensure an acceptable measurement accu-
racy is still high for practical applications. A possible solution
is to use a low-noise microwave amplifier to increase the sensi-
tivity of the system.

In conclusion, a novel technique for IFM using a photonic
microwave filter pair with complementary frequency responses
was proposed and demonstrated. Thanks to the complementary
nature of the frequency responses, a monotonically decreasing
ACF extending from 0 to 36 GHz was obtained. Since the filter
pair was implemented using a single wavelength, the ACF was
independent of the optical wavelength and power, therefore the
variations of the wavelength and the power of the LD would
have no impact on the measurement accuracy.
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