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Abstract.  A functional flexible photonics-assisted frequency mea-
surement (PFM) is proposed. Owing to polarisation multiplexing, 
the electro-optic (O/E) conversion can be performed in a single 
optical path, which endows the system high stability and concise 
configuration. Moreover, using a specially designed functional 
coarse/accurate frequency measurement (C/AFM) module, a large 
covering range, moderate accuracy, and fast response frequency 
measurement results can be ensured in a radar warning receiver 
(RWR), whereas high accurate results can be used in an electronic 
countermeasures receiver (ECMR). The simulation results show 
that a strict monotonous amplitude comparison function (ACF) can 
be constructed based on the structure of a Mach – Zehnder interfer-
ometer (MZI) to map the signal frequency, with a measurement 
error of less than 0.2 GHz in the range of 1 – 31 GHz. This coarse 
measurement results can be used to perform radar warning. Based 
on this result, a highly accurate frequency measurement result is 
achieved through stimulated Brillouin scattering (SBS). The results 
reveal that the accuracy is improved to better than 20 MHz. 
Noteworthy, the C/AFM module consists of purely passive devices, 
which makes this system meet the potential of integration.

Keywords: microwave frequency measurement, microwave photon-
ics, Mach – Zehnder interferometer, stimulated Brillouin scattering.

1. Introduction

In modern radar warning (RW) and electronic countermea-
sures (ECM) systems, frequency measurement is an essential 
task to identify intercepted microwave signals, which is often 
performed by a specially designed receiver. In an ideal case, it 
is desirable to possess a wide frequency measurement range, 
high accuracy and a fast response speed. However, it is very 
hard to simultaneously satisfy the requirements based on cur-
rent technology. Therefore, a compromise based on different 
applications is needed. Usually, a radar warning receiver 
(RWR) is employed to detect an enemy weapon radar and to 
provide real-time early warning. In this case, a wide frequency 
range is required to cover all threats and rapid measurement 
response, while precious measurement accuracy is not neces-
sary. Differently, an electronic countermeasures receiver 
(ECMR) is needed to interfere or anti-interfere with specific 

frequencies, and therefore a higher measurement accuracy is 
preferred, while the response speed can be relatively low. It 
should be mentioned that in traditional electronic warfare 
system, RWRs and ECMRs are two independent sections, 
which support required frequency measurement results for 
different applications. However, when considering the 
requirements of a miniaturised and integrated cognitive 
detection system in a complicated electromagnetic environ-
ment, separate frequency measurement sections would lead to 
complex structures, serious electromagnetic interference, and 
high costs. Therefore, an ultracompact reconfigurable fre-
quency measurement system that can provide real-time coarse 
frequency measurement results for a RWR and accurate fre-
quency information for an ECMR in a wideband range 
(above 18 GHz) is highly desired. However, for the electrical 
frequency measurement (EFM), it is hard to satisfy these 
requirements because of the electronic bottlenecks. 
Fortunately, microwave photonics technology (MWP) that 
combines the advantages of electronic and photonic technol-
ogies has been proved to be a good method to circumvent the 
limitations of EFM system.

In recent years, many photonics-assisted frequency mea-
surement (PFM) approaches based on MWP have been 
reported, whose core principle is to convert the frequency 
information into another easy-to-observe parameter. These 
approaches can mainly be divided into several categories, that 
is, frequency-to-power mapping [1 – 3], frequency-to-space 
mapping [4, 5], frequency-to-time mapping [6, 7] and stimu-
lated Brillouin scattering (SBS) [8 – 13]. The frequency-to-
power mapping techniques usually connect the changes in 
frequency and power through the amplitude comparison 
function (ACF) established by the characteristics of fibre dis-
persion elements or filters. However, due to the fundamental 
tradeoff between the measurement range and accuracy, it can 
hardly realise wide range and accurate frequency measure-
ment simultaneously. Frequency-to-space mapping and fre-
quency-to-time mapping are two efficient frequency measure-
ment approaches. However, they still face the challenges of 
instantaneous requirements and concise configuration. As an 
interesting alternative, the schemes based on SBS have been 
intensively studied in recent years. The narrow-band filtering 
obtained by SBS can provide high frequency resolution for 
photonics-assisted frequency measurement (PFM) applica-
tions. In Ref. [12], SBS is utilised to selectively amplify and 
attenuate sidebands to achieve the conversion from phase 
modulation (PM) to amplitude modulation (AM), and a mea-
surement range of 9 GHz with a maximum measurement 
error of 30 MHz is obtained. In Refs [14, 15], the multi-fre-
quency measurement range can be broadened to four times 
the Brillouin frequency shift by extending the scheme from 
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one pump to two pumps. Additionally, the application of 
ACF [16] and frequency-phase slope mapping method [17] to 
further analyse the frequency information in the gain spec-
trum of SBS can achieve a high precision frequency measure-
ment with the accuracy less than 8 MHz. SBS-based schemes 
are imperfect, because to identify a proper frequency, they 
should scan the whole measurement range, resulting in the 
sacrifice of the measurement response speed. Meanwhile, in 
these schemes, multiple modulators and multiple optical 
paths are used in the electro-optic (E/O) conversion sections. 
It increases the system cost and downgrades the stability. 
Especially, large modulator array is not easy to be integrated, 
which will significantly influence the future applications on 
limited payload platforms such as space-based, air-based, and 
sea-based ones.

In this paper, a functional flexible PFM scheme based on 
the combination of stimulated Brillouin scattering and a 
Mach – Zehnder interferometer (MZI) is proposed and dem-
onstrated. This scheme makes it possible to implement the 
frequency measurement functions in RWRs and ECMRs 
through the same configuration. The frequency measurement 
is carried out in two steps: (i) a fast-coarse frequency estima-
tion for the RWR function and (ii)an accurate measurement 
for the ECMR function. Meanwhile, a single polarisation 
multiplexed modulator is employed to replace the dual 
optical path and paralleled modulation section, which can 
simplify the system structure and improve the stability. In 
addition, the coarse and accurate frequency measurement 
(C/AFM) module is composed of passive components. It is 
easily integrable and can provide concise, stable and efficient 
frequency measurement results for the future compact elec-
tronic warfare system.

2. Operation principle and theory

A schematic of the proposed PFM scheme is shown in Fig. 1. 
The key components of the scheme are a dual-polarisation 

dual-drive Mach – Zehnder modulator (DPol-DMZM), and a 
C/AFM module. The modulator is used to simultaneously 
introduce the unknown RF signal and a frequency sweep sig-
nal into the optical domain, while the RWR and ECMR func-
tions are implemented by the C/AFM. The coarse frequency 
measurement (CFM) for the RWR is performed based on the 
interference of an MZI, which can instantaneously estimate 
the unknown RF signal in a wide range. After that, the accu-
rate frequency measurement (AFM) for the ECMR is imple-
mented based on the narrow-band filtering of SBS to improve 
the measurement accuracy in a narrower range, which makes 
it possible to shorten the time of scanning and to achieve 
more accurate frequency information. In this scheme, the 
DPol-DMZM is an integrated modulator; therefore, the sys-
tem structure can be simplified and the modulation stability 
can be improved. Meanwhile, the C/AFM is composed of 
passive devices and can be integrated into a chip to further 
simplify the system. The specific operation steps of C/AFM 
are presented below (where the CFM is implemented from 
step1 to step3, and the AFM, in the remaining three steps):

1. The unknown RF signal fx is modulated and sent to the 
MZI to perform CFM; 

2. The optical output power is monitored from the two 
arms of the MZI.

3. The ACF response is calculated to complete the CFM.
4. The scanning range is determined based on the estima-

tion result of CFM.
5. The optical power is monitored from port 3 of the OC 

and its mapping with the sweep signal fs is recorded.
6. The frequency fs at the power peak and the formula fx = 

fs + fB are used to calculate fx in order to complete AFM.
A continuous wavelength laser diode (LD) is used to pro-

vide an optical carrier [Ein(t) = E0e j2pfc(t)] with the amplitude 
E0 and frequency fc. The laser light is sent into the integrated 
DPol-DMZM modulator, consisting of two parallel DMZMs 
(DMZM1 and DMZM2), a 3-dB Y branch coupler, a polari-
sation beam combiner (PBC) and a 90° polarisation rotator 

C/AFM module Processing

CFM
processing

AFM
processing

CFM results

Pump

Probe OA ISO

Amplifier

fx

fx

fs

fs

LD

EPS
180°

PR 
90°

PBC

PC

PC

EDFA

MZI

t

OC

SMF

1             3       

2
PBS

DMZM1

DMZM2
PM

CS-DSB

P1

P2

DPol-DMZM

DPol-MZM

Figure 1.  Schematic of the proposed PFM system and the structure of DPol-DMZM: (LD) laser diode; (EPS) electric phase shifter; (PR) polarisa-
tion rotator; (PBC) polarisation beam combiner; (EDFA) erbium-doped fibre amplifier; (PBS) polarisation beam splitter; (PC) polarisation control-
ler; (MZI) Mach – Zehnder interferometer; (OA) optical attenuator; (ISO) optical isolator; (SMF) single mode fibre; (OC) optical circulator. 
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(PR) (see Fig. 1). Due to optical polarisation multiplexing, 
the DPol-DMZM can simultaneously and separately process 
the unknown RF signal and frequency sweeping signal in two 
polarisation states with high isolation. Therefore, it can 
replace the discrete dual path structure, which is complex and 
unstable. Here, DMZM1 is biased at the minimum transmis-
sion bias point (MITB) of the transfer function. The unknown 

RF signal is first amplified and then equally divided into two 
paths. The upper path is directly sent into one RF port of 
DMZM1, while the lower path is sent into the other RF port 
after passing through a 180° electric phase shifter (EPS). 

Therefore, the carrier-suppressed double sideband 
(CS-DSB) modulation can be performed. On the other hand, 
the sweep signal fs is applied to one RF port of DMZM2, 
while another port is null. The dc bias voltage of the DMZM2 
is set to the quadrature transmission point (QTP) to perform 
phase modulation. Then the polarisation direction of the 
DMZM2 output is rotated by the 90° PR. As a result, the 
modulated signals from DMZM1 and DMZM2 are orthogo-
nally polarised. Finally, these two optical signals are com-
bined by the PBC. To make it more intuitively, we define that 
the CS-DSB modulated signal from DMZM1 is polarised 
along the x axis, while the phase modulated signal from 
DMZM2 is polarised along the y axis.

For convenience, the unknown RF signals can be simply 
expressed as VRF(t) = Vsin(2pfxt), where V and fx are the 
amplitude and frequency of the unknown RF signal. Ignoring 
the insertion loss of the modulator, the output signal after 
DMZM1 and DMZM2 can be expressed as
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where J0(m), J1(m) are the zero- and first-order Bessel func-
tion of the first kind; and m is the modulation index. It should 
be noted that the optical sidebands with orders higher than 2 
are ignored because of their low power.

The orthogonally polarised multiplexed signal output 
from DPol-DMZM is first amplified by EDFA and then sent 
into the C/AFM module to perform coarse and accurate fre-
quency measurements. Noteworthy, the two optical polarisa-
tion states should be firstly controlled to align to the two prin-
cipal axes of the polarisation beam splitter (PBS) in the mod-
ule. As is shown in Fig. 1, the optical signal from DPol-DMZM 
is polarisation de-multiplexed into two paths (x- and y-polar-
isations) by the PBS. Then, the CS-DSB signal with x-polari-
sation is further divided into EA(t) and EB(t) by an optical 
power splitter.

2.1. Coarse frequency measurement

After passing a 3-dB power splitter, the optical signal can be 
expressed as EA(t) = EB(t) = /2 2EDMZM1(t). Assuming that 
the loss of each MZI arm is negligible, the transfer matrixes of 
the optical signals at two output branches can be written in 
the form [3] 

Here Fi  = –2pfi nLi /c (i = 1, 2) is the phase shift induced by the 
optical paths’ lengths (L1 and L2) in the two arms of MZI; and 
n and c are the refractive index and the speed of light in a 
vacuum, respectively. The time delay t induced by the path 
length difference of the MZI is expressed as t = n(L1 – L2)/c. 
As a result, the optical powers at the two output ports of the 
MZI can be expressed as
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Finally, the amplitude comparison function (ACF) can be 
constructed as
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Equation (5) indicates that the value of ACF depends on 
the optical carrier frequency fc, the time delay t, and the 
unknown RF signal frequency fx. Since the value of ACF is 
the ratio of the power of the two branches, the influence of 
power fluctuation (including RF power and optical power) in 
this link can be eliminated. Meanwhile, due to the comple-
mentary characteristics of the two optical powers of ACF, a 
monotonic frequency to ACF mapping is 1/2t. It means that 
in this range, the frequency-ACF look-up table can be estab-
lished so as to achieve the RF signal frequency by measuring 
ACF. Additionally, since long fibre is not required, the 
response speed of the system based on the MZI structure is 
much faster than that of the schemes utilising an optical fibre 
dispersion medium. Therefore, the system can provide a fast 
frequency estimation with moderate accuracy for the RWR.

2.2. Accurate frequency measurement

In fact, ECMR requires accurate frequency measurement 
results, because the coarse measurement result is not suffi-
cient. To improve the measurement accuracy, the C/AFM 
module should be functionally switched to AFM. Then, by 
sweeping fs we find the exact frequency. It should be empha-
sised that thanks to the CFM results, the sweeping range can 
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be greatly compressed. This means we can scan a much nar-
rower band to quickly extract out the fine measurement 
result. For example, an unknown RF with the frequency of fx 
is intercepted by the antenna. Then, the CFM can directly 
estimate the approximate frequency fcoarse. Here, the coarse 
measurement error is Derr = ± |  fcoarse – fx |, that is fx lies in the 
range of [  fcoarse – Derr, fcoarse + Derr]. Therefore, to scan this 
range is enough, which may greatly shorten the fine measure-
ment delay.

The CS-DSB signal EB(t) is selected as the pump light, and 
its polarisation state is adjusted by the PC to align to the 
y-polarisation to maximise the intensity of the gain spectrum 
that is excited by SBS. The phase modulated optical signal 
with y-polarisation plays the role of the probe signal after 
passing through the optical attenuator (OA), where the func-
tion of the OA is to attenuate the power of the probe light so 
as to meet the SBS conditions. When the probe signal falls 
into the pump-induced gain spectrum, the pump power is 
transferred to the selected sideband, which sharply changes 
the output optical power from port 3 of the OC. Finally, the 
mapping relationship between fs and the output power is col-
lected by the OPM to accurately measure the frequency of the 
unknown RF signal. 

SBS is a nonlinear effect produced by the interaction of 
two counterpropagating light waves (pump light and Stokes 
light) via an acoustic wave in the fibre [15]. When the response 
power threshold of SBS is reached, part of the power of the 
pump light is transferred to the probe light if a particular fre-
quency matching condition is satisfied, that is, the probe fre-
quency is lower than the pump frequency by a stimulated 
Brillouin frequency shift (  fprobe = fpump – fB). Therefore, as 
shown in Fig. 2, SBS can generate a narrowband gain spec-

trum around the frequency fpump – fB, which leads to an expo-
nential growth for the probe light, and produce a narrowband 
loss spectrum at fpump + fB.

In this paper, the two sidebands of the CS-DSB signal are 
used as the pump light, and the phase modulated signal is 
selected to be processed by SBS (PM, see Fig. 1). Under small-
signal condition, only the optical carrier and the two first-
order sidebands are considered. After SBS, the output signal 
from port 3 of the OC is expressed as 
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where  and  denote the Brillouin gain and loss respectively, 
which are defined as [18]
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Here g(  f  ) is the line-centre gain factor; DnB is the Brillouin 
linewidth; f is the frequency offset to the centre of Brillouin 
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Figure 2.  SBS spectrum processing.



1139Functional flexible photonics-assisted frequency measurement

linewidth of gain [for g(  f  )] or loss [for a(  f  ))]; and Ip is the 
pump signal power [16].

Omitting the high order optical sidebands, the optical 
power entering the OPM can be expressed approximately as

where, according to Eqns (7) and (8), G(  f  ) = exp{Re [g(  f  )]}, 
A(  f  ) = exp{Re [a(  f  )]}, jg(  f  ) = Im [g(  f  )] and ja(  f  ) = 
Im [a(  f  )]. Therefore, by monitoring the optical power 
detected by the OPM and recording its mapping relationship 
with fs, the unknown RF signal frequency can be accurately 
determined for EMCR.

3. Simulation demonstration

To verify the proposed PFM approach, the structure shown 
in Fig. 1 was simulated using the OptiSystem software. The 
frequency, power and linewidth of the optical carrier emitted 
from the LD are set to 193.1 THz, 16 dBm and 0.1 MHz, 
respectively. The half-wavelength voltage of the DPol-
DMZM is 4 V, and the extinction ratio is 50 dB. The power of 
the unknown RF signal is –13 dBm; the gains of the electric 
amplifier and EDFA are 20 dB and 35 dB, respectively. The 
time delay t of the MZI is set to 15 ps, and the length of the 
SMF is 5 km. 

Figure 3 shows the simulation results of the proposed 
CFM. The measured transmission response from the two out-
put ports of the MZI are shown in Fig. 3a. It can be seen that 
the two signals have complementary characteristics, which is 
consistent with the theoretical prediction. The related ACF 
response and the frequency measurement error between the 
estimated frequency and the actual input frequency are shown 
in Fig. 3b. A monotonous interval of ACF, with the maxi-
mum frequency measurement range, is near 1/(2t). Therefore, 
in this range, the estimated frequency can be obtained from 
the measured ACF value. As the results show (Fig. 3b), in the 

range of 1 – 31 GHz, the measured values of ACF agree well 
with the theoretical values, and the frequency measurement 
error between the estimated frequency and the actual input 
frequency is less than 200 MHz.

According to the above coarse frequency measurement 
results, we can conclude that the exact frequency may locate 
in a range, whose centre frequency is the coarsely estimated 
result (fcoarse), and restricted by ±200 MHz. After that, AFM 
can be performed within this spectral range based on SBS. 

In the AFM, the unknown RF signal frequency can be 
accurately determined by monitoring the optical power of 
port 3 of the OC. Assuming that the frequency of unknown 
RF signal is 15 GHz, the mapping relationship between the 
optical power and the sweep signal fs is shown in Fig. 4. It can 
be seen that the narrowband gain spectrum generated by SBS 
can selectively affect output optical power of port 3 of the 
OC. Since the probe light is a sweep signal, a frequency can be 
obtained according to the output peak of the OC when the 
sweep signal frequency fs makes the sidebands that stimulated 
by the unknown signal fall into the gain spectrum of SBS. In 
this case, the unknown frequency can be calculated by using 
the formula fx = fs + fB. In addition, when the ambient tem-
perature is controlled and the strain of the optical fibre is kept 
constant, the influence of the surrounding fluctuation on the 
Brillouin frequency shift fB can be ignored in the range of 
0  GHz – 40 GHz [13]. In this simulation, the Brillouin fre-
quency shift is measured at 10 GHz.

The measured results of AFM are shown in Fig. 5a. It can 
be seen that the measured frequencies are consistent with the 
input RF frequencies in the frequency range of 1 – 31 GHz. 
According to the measurement result and the input frequency, 
the absolute measurement error and relative measurement 
error can be obtained. As follows from Fig. 5b, the absolute 
frequency measurement error is less than 20 MHz, and the 
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relative measurement error is calculated to be less than 1 %. 
Compared to the measurement results from CFM, the accu-
racy is improved. It should be noted that the AFM accuracy 
is determined by the SBS gain spectrum. In general, the 3-dB 
gain bandwidth of SBS is usually about 30 MHz, but when 
the pump power reaches 15 dBm, the gain bandwidth can be 
reduced to 10 MHz [19].

4. Analysis and discussion

The simulation revealed that the CFM accuracy is signifi-
cantly affected by the sideband-to-carrier ratio (SCR) of the 
CS-DSB signal EA(t) that injects into MZI. Under ideal con-
ditions, the carrier of EA(t) is completely suppressed, and 
the power of the optical signal is mainly concentrated in the 
first-order sidebands. However, for practical environment, a 

residual carrier may exist due to the finite extinction ratio of 
the modulator. Therefore, the SCR of EA(t) is set between 10 
and 25 dB to study the influence of SCR deterioration on the 
CFM accuracy. The results are shown in Fig. 6. It can be 
seen that when SCR is sufficiently large (>20 dB), the mea-
surement results agree well with the theoretical analysis. 
However, when it is too low, the measured results would 
deviate gradually at high frequencies. The reason is analysed 
below. 

The transmission responses of the two arms (T1 and T2) 
of MZI are shown in Fig. 7a. The optical carrier is completely 
suppressed in T2 but reserved in T1, and the first-order side-
bands intensity of the CS-DSB signal in T1 is gradually atten-
uated as fx increases. Therefore, the influence caused by the 
optical carrier is mainly from T1. Here, we concentrate on the 
output result from T1 to investigate how the optical carrier 
affects the system performance. As can be seen from Fig. 7b, 
in the case of fx = 5 GHz, the SCR of the CS-DSB signal in T1 
is 14.02 dB; when fx increases to 31 GHz, the SCR is –12.37 dB. 
It can be figured out that as fx increases, the SCR gets lower. 
The residual carrier occupies the major power of the output 
signal, which can be hardly ignored. In this case, the sym-
metrical relationship between T1 and T2 that is shown in 
Fig.  7a is no longer guaranteed. Therefore, the measured 
ACF gradually deviates from the theoretical ACF curve in 
the high frequency range. The power responses of the two 
output ports of the MZI versus different SCRs are shown in 
Fig. 7c. It can be seen that the transmission of the T2 branch 
is almost unchanged. In contrary, the power response of the 
T1 branch is greatly affected by the SCR. As the SCR 
increases, the output optical power at the high-frequency 
range matches better with the theoretical response. Therefore, 
in practical applications, due to the finite extinction ratio of 
modulator, it is necessary to connect a fibre Bragg grating 
(FBG) to exclude the carrier component to ensure well-per-
formed high frequency (>30 GHz) measurement. 

Polarisation multiplexing is a significant part of process-
ing in this structure. Therefore, when considering the AFM 
processing, it is necessary to control the polarisation state to 
make the optical signals from the two orthogonal polarisa-
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Figure 4.  (Colour online) Dependence of the detected optical power on 
the sweep frequency fs at fx = 15 GHz.
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tions align to each other, so as to maximise the intensity of the 
gain spectrum excited by SBS. In practical applications, the 
influence of the environment and the devices will cause polar-
isation deviation in the system. Therefore, in order to study 
how the polarisation deviation influences the AFM accuracy, 
a tiny polarisation disturbance is introduced between EB(t) 
and the probe light. The effects of polarisation deviation of 
the pump light and the probe light on the frequency measure-
ment results are measured when the polarisation deviation 
varies from 0 to 20°.

As shown in Fig. 8a, when the polarisation deviation is 
within 10°, the measured frequency is highly consistent with 
the input RF frequency in the range of 1 – 31 GHz. Moreover, 
it can be found that the fluctuation range of the frequency 
measurement result increases with increasing polarisation 
deviation, which can be seen more clearly in Fig. 8b. When 
the polarisation deviation is within 5°, the measured maxi-
mum error is still less than 20 MHz, the influence on the 
frequency measurement accuracy can be almost ignored. 
However, when the polarisation deviation is 10° and 20°, 
respectively, the maximum measurement error deteriorates 
to 30 MHz and 50 MHz. Fortunately, when the C/AFM 
module is integrated into a chip, the polarisation direction 
can be aligned and fixed before packaging to ensure higher 
polarisation stability, which can effectively solve the prob-
lem of polarisation drift when implemented with discrete 
devices.

5. Conclusions

A functional flexible PFM scheme based on polarisation 
multiplexing and coarse/accurate (C/A) compensation is 
proposed. Under the same system configuration, it can 
support fast frequency measuring with moderate accuracy 
and wideband range for the RWR. Moreover, based on the 
coarse measurement result, the system can perform a more 
accurate frequency measurement for the ECMR. The fre-
quency measurement for the RWR is performed by MZI-

based fast frequency estimation. The determining range 
can be significantly expanded by utilising strictly monoto-
nous ACF, with a measurement error of less than 0.2 GHz 
in the range of 1 – 31 GHz. According to the MZI-based 
coarse frequency measurement result, the related frequency 
measurement is also implemented for the ECMR. It is 
realised by the SBS-based accurate frequency measure-
ment. The measurement result reveals that the accuracy is 
improved to 20 MHz, and the relative error is less than 1 %. 
Specifically, the E/O modulation section is performed with 
the assistance of polarisation multiplexing, which improves 
the stability and simplifies the system. Last but not least, 
the passive C/AFM module can be integrated into a chip to 
further simplify the system. The proposed scheme has 
potential applications in future miniaturised reconnais-
sance and detection systems.
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