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Abstract  Electronic warfare was of great importance 
mainly in the second world war. Radar was one of the greatest 
inventions in the area at that time, reinventing the way war was 
viewed until then. Today, modern combat aircraft have 
sophisticated warfare systems, one of which is known as the 
Radar Warning Receiver (RWR), responsible for alert pilots to 
possible radar detection and guiding the direction in which it is 
being radiated. Technological innovations allowed the 
interaction of the Microwave and optoelectronics area, thus 
emerging an area known as Microwave Photonics (MWP). This 
article presents a photonic link to replace the copper cables 
used by RWR systems, thus applying photonic technology in 
order to improve performance and benefit from the intrinsic 
characteristics that optical fiber offers to the system, offering a 
totally passive remote system, where only one phase modulator 
is connected to the RWR antenna. 

  Key words  Electronic warfare, Microwave Photonics, Radar 

Warning Receiver. 

 

I. INTRODUCTION 

 
The concept of electronic warfare (EW) started with 

technological developments in the area of communication 
and detection, mainly during and after the second world war 
[1].  

By definition, electronic warfare is divided in three areas: 
electronic attack, electronic protection and electronic 
support. Electronic attack basically involves deceiving and 
obstructing enemy communication radars. Electronic 
protection consists of limit electromagnetic signatures and 
protect military equipment from enemy electronic attacks. 
The electronic support has the function of detect radar 
emissions, locate and classify them as friend or enemy and 
supply those information to other EW systems, aircraft crew, 
as well as command and control and intelligence services [1, 
2].  

One system used as EW support in modern fighters is the 
Radar Warning Receiver (RWR). It is responsible to detect 
and characterize radar emissions and alerting the pilot when 
the aircraft is under detection [3,4]. This system has a set of 
antennas placed at strategic positions around the aircraft to 
get a wide coverage and to perform direction finding of the 
emission. EW systems usually operate at frequency 
bandwidth from 0.5 to 40 GHz, to detect radar pulses 
normally used in weaponry systems [4]. However, to achieve 
those functionalities, the antennas are often placed at 
positions where is difficult to launch coaxial cables and 
waveguides, as well as electric power supply wires.  

Microwave Photonics (MWP) appear as a good solution 
to overcame those limitations, bringing the advantages of 
low electromagnetic propagations losses, low weight, small 
size and easily handle characteristics of fiber optic systems. 

 

The Microwave photonics brings together two areas of 
knowledge: the microwave engineering and the 
optoelectronics. Initially, MWP was driven by 
telecommunications companies, reaching such levels of 
performance sufficient to draw the attention of military 
applications [5]. Microwave Photonics incorporates a series 
of photonic techniques into microwave engineering [6], 
improving the performance of communication systems and 
networks. MWP system can delivers relevant improvements 
in dynamic range, signal-to-noise ratio and bandwidth, 
among other advantages like electromagnetic immunity 
[7,8]. The use of this promising technology to transmit and 
to process RF signal over fiber have been gained attention on 
civil and military application, such as EW systems. 

The main objective of this article is, through mathematic 
analysis and experiments, to demonstrate the concept of use 
MWP into airborne RWR system, proposing an all fiber 
optic solution for the receiving antennas system, in 
substitution to the coaxial cables transmission lines. The 
principle of operation of a phase-to-intensity RF over fiber 
link is presented in Section II. The proof of concept is 
experimentally demonstrated in Section III. An EW 
application experiment is introduced in Section IV. In 
Section V we conclude with the discussions and the 
conclusion.  

II.  PRINCIPLE OF OPERATION 

 

A. Phase-to-intensity modulation conversion microwave 

photonic link 

 
Fig. 1 shows the schematic diagram of the photonic link. 

The part called central station unit is where most photonic 
devices are located, leaving only the phase modulator (PM) 
isolated at the remote antenna probe area, that is, only the 
modulator and the RWR antenna will be positioned outside 
the controlled area. 

Fig. 1. Architecture of the proposed photonic link. 

 
A Distributed Feedback Laser (DFBL) with a 

wavelength of 1551 nm is used, providing light as an optical 
carrier at the input of the phase modulator (PM), where the 
RF signal received by the antenna is then modulated. A 
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polarization controller (PC) is used between the laser and the 
modulator, ensuring greater efficiency, since the phase 
modulator is sensitive to polarization. 

  The modulated signal then passes through an optical 
circulator (OC) where the signal is directed to the Phase 
Shift Fiber Bragg Grating (PS-FBG), where it undergoes the 
process of converting phase to intensity modulation (PM-
IM). In addition, this PS-FBG can be used as a tunable 
microwave photonic filter (MPF) Fig. 2 (b) with ultra-fast 
tuning [8, 9]. 

The PM-IM conversion process is necessary since the 
photodetectors are only sensitive to variation in optical 
intensity. In the phase modulation, the beats between the 
sideband and carrier are canceled because they are out of 
phase [10]. When one of the first order sidebands enters the 
region known as notch of the PS-FBG, the amplitude and 
phase of this sideband is changed and the PM-IM conversion 
happens [11]. 

After the PM-IM conversion, the signal reflected by the 
PS-FBG passes through the OC again and is received by the 
photodetector (PD) and converted from an optical signal to 
an electrical signal. A low noise amplifier (LNA) is used to 
compensate the link losses. 

The reflectivity spectrum of the Phase Shift Fiber Bragg 
Gratting (PS-FBG) is depicted in Fig. 2 (a), where it is 
possible to observe the notch of the grid and its lateral arms 
with their respective losses. The characterization of the used 
PS-FBG was carried out at the Laboratório de Guerra 
Eletrônica (LabGE) of Instituto Tecnológico de Aeronáutica 
and shows that it operates as a microwave photonic filter 
(MPF) with a bandwidth of 154MHz [8,12].  

Fig. 2. Operating principle of the PS-FBG used for PM-IM conversion and 

used as a photonic filter. 

 

In Fig.2 (a), 𝛤𝑐  and 𝛤0, are the reflectivity values given in 

dB, 𝛤𝑐  being the notch value and 𝛤0 filter arms and also 

represent optical losses, in this case by reflection, as part of 

the light is still transmitted. 

 

B. Link performance, gain, noise figure and frequency 

response. 

 
First, we must consider the carrier's optical signal, 

provided by the laser as expressed by [13]: 

 

𝐸(𝑡) = 𝐸0𝑒𝑗(𝜔0𝑡) ,  (1) 

 
where 𝐸0 is the optical carrier amplitude, 𝜔0 is its angular 
frequency. 

The modulating RF signal provided by the antenna is 
injected into the modulator, expressed as [13]: 

𝑣𝑟𝑓(𝑡) = 𝑉𝑟𝑓cos (𝜔𝑟𝑓𝑡) ,  (2) 

where 𝜔𝑟𝑓 and 𝑉𝑟𝑓  are respectively the angular frequency 

and the amplitude of the RF modulating signal. 

After the phase modulation is performed, assuming that 
the optical carrier with an angular frequency 𝜔0 enters the 
phase modulator, where the RF modulating signal expressed 
by (2) modulates the light, the electric field at the output of 
the modulator is given by [13]: 

𝐸𝑂𝑈𝑇(𝑡) = 𝐾0𝐸0𝑒𝑗(𝜔0𝑡+∅𝑏) ∑ (𝑗)𝑛𝐽𝑛 (𝑚)𝑛=∞
𝑛=−∞ 𝑒−𝑗𝑛(𝜔𝑟𝑓𝑡),

  (3) 

where 𝐾0 are the optical losses up to the modulator output, 
∅𝑏 is the phase shift of modulated signal, 𝑚 is the 
modulation index and  𝐽𝑛  it is the Bessel function of the first 
kind of order 𝑛. In (4), m is defined by [13]: 

𝑚 =
𝜋𝑉𝑚

𝑉𝜋
 .   (4) 

The PM output signal is injected into the PS-FBG where 
the spectrum symmetry breaks and the PM-IM conversion 
process occurs. The resulting IM modulated optical signal is 
then injected into the photodetector. Then the electric field at 
the input of the photodetector is given by: 

𝐸𝑝𝑑(𝑡) = 𝐾𝑡𝐸0𝑒𝑗(𝜔0𝑡+∅𝑏) ∑ (𝑗)𝑛𝐽𝑛 (𝑚)𝑛=∞
𝑛=−∞ Г(𝜔)𝑒−𝑗𝑛(𝜔𝑟𝑓𝑡), 

(5) 

where 𝐾𝑡 represents all optical losses of the link and Г(𝜔) is 
the frequency response in amplitude of the PS-FBG photonic 
filter (MPF) described in Fig.2 (b). 

We can then determine the optical intensity in the 
photodetector given by the following expression [8]: 

𝐼𝑑 ∝ 𝐸𝑝𝑑𝐸𝑝𝑑
∗ .   (6) 

The photodetector current 𝐼𝑑  is proportional to the optic 
intensity. So, the microwave output signal can be recovered 
at this point. Considering a small signal condition, where 
m<<1, the PM-IM photonic link power intrinsic gain G is 
expressed by [8,14]: 

𝐺 = 𝑃𝑜𝑑
2 (

𝜋𝜂

𝑉𝜋
)

2

𝐹𝑐
2 (

𝑍𝑑

𝑍𝑑+𝑍𝑙
)

2

𝑍𝑚𝑍𝑙,   (7) 

where 𝑃𝑜𝑑  is the optical power in the photodetector already 
considering all the optical losses of the link, η is the 
responsivity of the photodetector, 𝑉𝜋 is the half-wave 
voltage of the modulator, 𝑍𝑑 the photodetector impedance, 
 𝑍𝑙 its load impedance and 𝑍𝑚 is the impedance of the 
modulator. 

We define 𝐹𝑐 as the phase to intensity modulation 
conversion factor (PM-IM), given by: 

𝐹𝑐 = (1 −
√𝛤0𝛤𝑐

𝛤0
).  (8) 

Substituting (8) into (7), and considering GLNA as the 
gain of the LNA placed after the photodetector, we can then 
calculate the total gain Gt of the system as: 

𝐺𝑡 = 𝐺𝐿𝑁𝐴𝑃𝑜𝑑
2 (

𝜋𝜂

𝑉𝜋
)

2

(1 −
√𝛤0𝛤𝑐

𝛤0
)

2

(
𝑍𝑑

𝑍𝑑+𝑍𝑙
)

2

𝑍𝑚𝑍𝑙.         (9) 
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  Another important parameter to consider in order to 
measure the performance of a photonic link is its Noise 
Figure [14-16]: 

𝑁𝐹𝐿 = 10log [𝑃𝑟𝑒 +
2|𝑒|𝑃𝑜𝑑𝜂

𝐾𝑏𝑇𝐺
+

𝜂2𝑃𝑜𝑑
2 𝑟𝑖𝑛

𝐾𝑏𝑇𝐺
+

1

𝐺
],    (10) 

where 𝐾𝑏 is the Boltzmann constant, 𝑇 is the temperature in 
Kelvin, 𝑒 is the electron charge, 𝑃𝑜𝑑 incident optical power 
in the photodetector, 𝜂 is responsivity of the 
photodetector, 𝑟𝑖𝑛  its laser relative intensity noise and G is 
the gain of the link without amplification, expressed in (7). 

The total NF of the link with post amplification is given 
by: 

            𝑁𝐹 = 𝑁𝐹𝐿 + 10𝑙𝑜𝑔 [(
𝐹𝑎−1

𝐺
)],     (11)        

where 𝐹𝑎 is the amplifier noise factor and G is the photonic 
link gain in decimal. 

III.  EXPERIMENT 

The experiment was carried out at the Laboratório de 
Guerra Eletrônica (Electronic Warfare Laboratory - LAB-
GE) of the Instituto Tecnológico de Aeronáutica 
(Technologic Institute of aeronautics – ITA).  All 
components used in the experiments were experimentally 
characterized at the laboratory. Fig. 3 shows all the devices 
used in the experiment. 

 
 

Fig. 3. Experimental Optical Link. 

 
The DFB laser delivers a maximum optical power of 

100mW and was characterized using an optical spectrum 
analyzer . The used phase modulator is from Covega Inc. 

 The Vπ measurement of the PM was obtained adjusting 
the RF signal amplitude, 𝑉𝑚,  to obtain  𝐽0 =
 𝐽1 approximately 1.42. This value can be acquired directly 
through the graph of the Bessel functions [17]. The RF 
power at the modulator output was then measured and thus 
obtaining a modulation voltage 𝑉𝑚 of 3V using Eq. 1 it is 
possible to obtain the voltage 𝑉𝜋 of the phase modulator, the 
measured Vπ is 6.67V. The equipment used to carry out the 
measurement were an Agilent Technologies E8257D RF 
generator (bandwidth 250kHz to 20GHz) and a E4407B 
ESA-E Spectrum Analyzer (bandwidth 9kHz to 26.5GHz). 

The used photodetector is from New Focus Inc 
(bandwidth 25GHz) and its maximum incident power is 
4.3mW, with a measured responsivity of 0.56A/W. 

The schematic diagram of the link and the decomposition 
of the corresponding optical losses are shown in Fig. 4. 

Losses were measured point to point, obtaining a total 
value of 6.87dB, 0.3dB losses come from each PC to PC and 
APC to APC connectors. 
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Fig. 4. Schematic diagram and losses. 

 
The components shown in Fig. 5 are basically the same 

as those presented in section II, Fig. 1, adding just three 
essential equipments for measurement: the Thorlabs model 
ITC 510 laser driver, the Agilent PSG Analog Signal 
Generator 250kHz- 20GHz and the Agilent MXA Signal 
Analyzer 20Hz-26.5Hz.  

Fig. 5 shows the theoretical results disregarding the 
performances of the microwave photonics link (NF and G) 
depending on the received optical power at the input of the 
photodetector.  

 
Fig. 5. Calculated Gain and Noise Figure. 

 
However, the experiment was performed in the 500MHz-

3GHz band, the performances of the system were very close 
to those calculated in session II. The measured Gain showed 
a maximum variation of 0.2dB in relation to the calculated 
one. 

The Noise Figure presented variations of up to 1.5 dB, 
mainly due to difficulties with the sensitivity of the 
equipment for this type of measurement. 

The results of the characterization can be seen in Fig. 6, 

considering the values disregarding the LNA. Fig. 7 

demonstrates the enhanced gain obtained for the total 

link 𝐺𝑡, using a LNA with a gain of 42dB, with respect to the 

intrinsic gain of the link. 
The maximum value is obtained for 4.3mW of incident 

optical power on the photodetector and is around -35dB of 
gain, reaching 7dB with the use of the LNA. 

The system also responded well in frequency. Fig. 8 
shows the gain in frequency (S21) and reflectivity (S11), 
considering the amplification of 42 dB of the LNA too; the 
measurements were performed between 500 MHz and 
3GHz. 
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Fig. 6. Measured Noise Figure and Gain. 

 

 
Fig. 7. Gain with and without LNA. 

 

 
Fig. 8. Link Frequency Response. 

 
IV. APPLICATION 

Fig. 9 shows an example of the distribution of RWR 
antennas on the aircraft. Once the signal is detected by the 
RWR antenna, it is transmitted to the Central Station Unit 
(CSU) to be processed, identifying and giving the exact 
direction of emission [3]. 

The antennas of the RWR system are positioned in 
strategic places on the aircraft, playing an essential part of 
the system [3]. Usually coaxial cables are used to transport 
the radar signals from the RWR Antennas to the CSU. 
However, coaxial cables are susceptible to electromagnetic 
interference, which is also one of the major problems faced 
by RWR systems [3]. 

Central 

Station Unit

Remote 

Antenna 

Probe

Remote 

Antenna Probe

Remote 

Antenna Probe

Optical 

Fibers

 

Fig. 9. Simplified RWR system. 

  So, the opportunity to benefit from one of the main 
intrinsic characteristics of optical fiber systems which is 
their electromagnetic immunity, is of great importance here. 

   Some tests were carried out in an appropriate 
environment at the LabGE-ITA, to verify the possibility of 
using this system in a real application of an airborne RWR 
antenna.  

The proposed experiment is the replacement of coaxial 
cables by optical fibers and the positioning of the phase 
modulator directly at the output of the RWR antenna. Thus, 
this creates a totally photonic transmission medium, with the 
additional interest to be a fully passive system, not requiring 
feeding power in this case. Fig. 10 shows the experiment 
configuration of the transmitting and receiving antennas. 

 

 
 

Fig. 10. Photonic remote RWR antenna experiment. 

 

The antenna and the phase modulator set correspond to 

one of the positions of the aircraft's RWR remote antenna 

probe. Where the antenna connection with the CSU is totally 

photonic, the rest of the link remains the same as in Fig. 4. 

The antennas are positioned one meter from each other in 

a suitable place. A pulsed signal with a width of 1µs and a 

period rate of 1ms are transmitted by the signal generator. 

Fig. 11 illustrates the pulse with its respective period. 
For a pulsed signal with input power of 16 dBm at 3GHz, 

it was possible to detect an output signal close to -38 dBm as 
shown in Fig. 12 by using a 42 dB gain LNA post amplifier. 
It is a weak signal compared to that presented in session 3. It 
is important to emphasize that both links have the same 
parameters and this drop is due to irradiation loss. 

Due to the loss, the signal-to-noise ratio is around 10 dB, 
that is, the link is operating near its detection limit it is 
possible to observe this in the frequency spectrum in Fig. 13.  

It is important to emphasize that the Gain of the 
microwave photonics link can be optimized by increasing 
the optical power, but the limitation is mainly in the allowed 
maximum optical input power of the photodetector. 
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Fig. 11. Zero span signal with 1ms of period. 

Fig. 11 illustrates the pulse with its respective width. 

 
 

Fig. 12. Zero Span signal with 1µs width. 

 

 
 

Fig. 13. Maximum output power on the spectrum analyzer. 
 

V. DISCUSSIONS AND CONCLUSION 

 
The results presented in this paper demonstrate the 

efficiency of the microwave photonics link to transmit with 
good performances the RWR signal, offering satisfactory 
results in relation to signal noise and system gain, reaching 
values close to 10dB for the gain of the link with post-
amplification, and with less than 50% of the photodetector's 
optical capacity.  
The result of the practical test in section 4, in spite of the 

losses due to irradiation, the link presented a expected result, 

confirming that it is totally possible to use a photonic link to 

replace the coaxial cables used today in RWR systems, 

providing the intrinsic advantages when using this 

technology. 
The low noise amplifier was used in a post-amplification 

configuration in order to avoid the need of electric power 
supply at the remote antenna probe. So, it only compensates 
the link gain, but not the noise figure. To solve this problem 
and to reduce the NF, we consider now to have a remote 
LNA at the RWR antenna, and to use the Power Over Fiber 
technology to feed it [18]. This ongoing research is carried 
out in cooperation between the microwave photonics 
research group at the Technologic Institute of aeronautics 
(ITA, Brasil) and the photonics research group at the École 
Nationale d'Ingénieurs de Brest (ENIB, France).    
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