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Abstract—Necessities of newer radar systems are becoming 
even more demanding in modern electronic warfare ECM 
(Electronic Countermeasures) scenarios; therefore, ECCM 
(Electronic counter-countermeasure) technology has become one 
of the essential functions of the radar system evaluation. This 
paper provides an outline of the current research status, 
developments, achievements of frequency diverse array (FDA) 
radar, and it is appropriate to ECCM demands. We address 
some issues concerning FDA radar design, concepts, and key 
features that making the FDA protects itself from all types of 
jamming, with a plan to look for further investigations on the 
FDA ECCM aspects. Furthermore, in this review, several 
perspectives relevant to FDA opportunities to ECCM processing 
are pointed out, and numerical simulations verify the available 
results. 

Index Terms—Frequency diverse array (FDA) Radar, 
electronic counter-countermeasure (ECCM), ECM, range 
dependent. 

I. INTRODUCTION 

 Generally, the original function of a radar system is to 
detect the existence of the desired objects (targets) and to 
measure their positions by using radio waves [1],[2]. Radars can 
detect objects by emitting out and receiving radio waves. They 
decide the range position by measuring the transmission and 
receiving time of radio waves. They can measure the target 
velocity and differentiate between moving and stationary 
targets by using the property of the Doppler Effect. Also, 
radars can estimate both the angle and elevation of the targets 
by setting the reference point, and then measuring the direction 
in which the antenna is pointing when the echo is received. The 
goal, of course, is to search the desired area rapidly, yet with 
some level of reliability, which leads to mechanical motion of 
the antennas to steer the radiation beam. 

It is, therefore, desirable that the radar can be able to steer 
the beam with high efficiency electronically. Electronic 
scanning is the most attractive feature of highly developed 
radar systems. Since, with electronic scanning, it is viable to 
steer the main beam of an array antenna instantaneously into a 
preferred direction where no mechanical mechanism is 
occupied in the scanning process. An extensive amount of 
effort has been expended in the research of the methods for 
electronic scanning of antenna systems. Techniques that have 
been studied in this connection include frequency variation, 
phase shift scan and in a minor way, the ideas of space-time 

equivalence [3]. Phased-array radars (PAR) are known for their 
capability to steer a beam with high effectiveness 
electronically. The directional gain offered by a PAR is useful 
for detecting/tracking weak targets and nulling interferences 
from other directions [4]-[8]. However, a limitation of a PAR is 
that the beam steering is independent of the range, and 
therefore, fixed at an angle for all the range cells. As results, 
PARs cannot effectively suppress the interferences and 
jamming signals that have the same direction angle but a 
different range of the targets. Moreover, PARs need high phase 
shifters for beam steering. To overcome these disadvantages, a 
flexible array called frequency diverse array (FDA) is proposed 
in recent years [9]-[12]. FDA radar introduces frequency 
increment across each antenna element to provide the 
electronic beam steering capability in angle as well as range 
dimension. This enables the array beam to scan without the 
need of phase shifters or mechanical steering. The idea of FDA 
radar was presented recently to show that it has the capability 
of range dependent beamforming [13]. It is observed that the 
beam change as a function of the range, angle and time.  

With the ability of all-day and all-weather surveillance, 
radar has got a wide variety of applications and plays a 
significant role in Earth observation, environment monitor, and 
military reconnaissance fields. However, in a hostile 
environment radar is likely to be subjected to the electronic 
countermeasures (ECM) to avoid target detection and 
classification. ECM techniques[14]-[16] are aimed at denying 
information (detection, position, track initiation, etc., of one or 
more targets) that the victim radar seeks, or at surrounding 
desired radar echoes with so many false targets that the true 
information cannot be extracted. Therefore ECM techniques 
have been widely used in modern electronic warfare. On the 
other hand, nowadays radar systems are equipped with the so-
called electronic counter-countermeasures (ECCM) which are 
aimed at countering the effects of the enemy’s ECM and 
eventually succeeding in the intended mission [17],[18]. 

FDA radar has received increasing attention in recent years; 
however, limited paper on the subject of FDA in ECM 
scenarios has been published. 

This paper aims to study and outline the current research 
status, developments, and achievements of FDA radar. 
Moreover, we introduce why FDA radar could be appropriated 
for ECCM demands with brief explanations of ECM and 
ECCM types, with an objective to call for more investigations. 
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This paper can be a roadmap in understanding the basic 
concepts of FDA radar, properties, and their contributions to 
guarantee better ECCM electronic warfare capabilities than 
existing radars, at the price of system and computation 
complexity. The remainder of this paper is organized as 
follows. Section 2 summarizes the research achievements in 
the field of ECM and ECCM. Section 3 introduces the basic 
FDA scheme, and describes the FDA beampattern 
characteristics, with the advantages of FDA radar over PAR. 
Next, Section 4 discusses the new opportunities that provided 
by the FDA radar to yield a robust ECM signals counteracting 
ability. Finally, the conclusion is made in Section 5, with an 
objective to call for more considerations. 

 

II. ECM AND ECCM OVERVIEW 

In the modern warfare of achieving mastery of the sky, to 
destroy enemy’s weapon system, and make sure own weapons 
work well, combat aircraft often use multiple ECM, including 
suppressive jamming and deceptive jamming [19]. Suppressive 
jamming is generally generated by noise jammers which 
transmit high-energy noise-like waveforms to the radar to mask 
the signal of interest. False target generator (FTG) is usually 
utilized to create the deceptive jamming. The FTG senses 
incoming radar signals and regenerates replicas that simulate 
target echoes to confuse radar, hindering it from classifying 
true targets from false ones.  

ECM techniques against radars are often improved by using 
digital radio frequency memory (DRFM) systems [20]-[[24]. The 
DRFM is a tool in which high-speed sampling digital memory 
is exploited for storage and regeneration of radio frequency 
signals to mislead hostile radar systems. In a DRFM system, 
the input RF signals are commonly first downshifted in 
frequency and then sampled with a high-speed analog-to-
digital converter (ADC). The samples are stored in a memory 
and then manipulated in amplitude, frequency, and phase to 
generate a broad range of deception signals. The stored 
samples are recalled, processed by the digital-to-analog 
converter (DAC), up-converted and transmitted back to the 
victim radar. As results, different kinds of jamming may 
degrade the radar operation performance. Based on the 
concepts above, we can see that jamming radar systems are 
possible, resulting in a great challenge to the survival and 
operation performance of radar systems in electronic warfare.   

Under these circumstances, if one wants its  radar work 
normally, some ECCM should be taken. Since radar without 
ECCM is regarded as valueless and incapable of deploying in 
the hazard zones. The primary purpose of radar ECCM is to 
counter the jamming signals and protect the desired signals, 
therefore, it is necessary to evaluate the effect of ECCM 
techniques to weaken the jamming-signal-ratio (JSR) output of 
the radar receiver after adding anti-jamming techniques and 
measure the enhancement of the overall system. 

Generally speaking, ECCM techniques can be classified as 
antenna-based, transmitter-based, receiver-based, and signal-
processing- based according to the main radar subsystem 
where they take place [25]. The research of radar’s ECCM 

focused on spatial domain, time domain, frequency domain, 
modulation domain, energy domain and joined multiple 
domains. The essence of ECCM techniques against deception 
jamming is to discriminate false targets from actual targets 
based on their differences. Predominately, the deceptive 
jamming signals are difficult to be suppressed or identified as 
compared to the suppressive jamming. To combat deceptive 
jamming signals, several ECCM approaches have been 
proposed. For example, pulse diversity[26]-[30], polarization 
character [31]-[34], motion feature [35],[36] , clustering analysis [37], 
and DRFM quantization error [38],[39]. 

Recently, the idea of adaptive detection and discrimination 
(data fusion-based) between the target signals and ECM signal 
has been addressed in [40]-[42]. The discrimination is attained by 
deriving a class of detectors resorting to a generalized 
likelihood ratio test (GLRT) based implementation of a 
generalized Neyman- Pearson rule. Adaptive beamformer 
orthogonal rejection test (ABORT) like detection strategies to 
combat deceptive ECM Signals in a network of radars have 
been addressed in [43]-[45]. Whatever the used technique, the 
response of the radar must be instant to prevent the ECM 
action. 

It is worth remarking that, developing ECCM should 
consider several aspects. These include not only ECCM 
techniques themselves, but the identification of specific 
ECCMs for use against specific ECMs, and assessment of the 
effectiveness of ECCMs. 

III. BASIC FDA RADAR SCHEME 

      FDA radar has recently gained increasing attention among 
radar engineers due to its unique range–angle- dependent beam 
pattern, in contrast to angle-dependent beam pattern of PARs. 
The pioneering work of Antonik et al.[46]-[48] opened the door of 
this challenging research field. Since then, several papers, 
based on different design criteria and assumptions have been 
proposed and assessed. 

 
Fig. 1. ULA FDA with frequency increment fΔ  

 
Fig.1 demonstrates a uniform linear array (ULA) FDA. 

Each FDA element radiates an incremental carrier frequency. 
Thus, the monochromatic signal transmitted by the m-th 
element is expressed as[49]  

( ) exp ( 2 )m ms t j f tπ= −                              (1) 

where radiation frequency mf is 

 0 , 0,1,..., 1mf f m f m M= + Δ = −          (2) 
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where 0f is the carrier frequency (also the radiation frequency 

of the first element), fΔ is the frequency increment and M is 

the number of array elements. The signal arriving at a given 
far-field point target ( , )R θ ( R and θ  denote the slant range 

and the azimuth angle of the first element, respectively) can 
then be expressed as 

0 0

( ) exp ( 2 ( )m m
m m

R R
s t j f t

c c
π

 
− = − − 

 
                (3) 

Where 0c denotes the speed of light. The distance between the 

mth element and the target is 
sin , 1,2,..., 1mR R md m Mθ= − = −                 (4) 

with d being the element spacing. It is worth remarking that, to 
prevent aliasing effects uniform array spacing is maintained as 
a function of the maximum transmit frequency and therefore 
d is 

       0
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     Since 0f fΔ  , if the amplitude weights are all equal to one, 

the array factor is seen at the target position ( , )R θ , 
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where the phase term 0Φ has the form  

      
0 0

0

2
R

f t
c

π
 

Φ = − − 
 

                                  (7) 
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where 1Φ is 
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                                        (a) 

 
                                         (b) 
Fig. 2. The transmitted beam pattern comparisons between FDA 

radar and PAR. (a) FDA radar. (b) PAR. 
 
 

   According to the derived transmit beampattern of [51], it is 
worth pointing out the following characteristics   

• If the frequency increment fΔ is fixed, the FDA 

beampattern demonstrates range-angle-dependent peak gain. 
As shown in Fig. 2a. 

• If the frequency increment across the array is not 
concerned (i.e., fΔ =0), the FDA radar reduces to a ULA 

PAR as shown in Fig. 2b. 
The difference in the transmitted beampatterns of the 

conventional PAR and FDA radar are shown in Fig. 2, where 
10 element uniform linear FDA with inter-element spacing 
denoted d = λ/2 with λ being the signal wavelength and the 

carrier frequency 0f =1 G Hz. fΔ = 0 and 350 Hz for PAR 

and FDA respectively. 
As per the simulation result from Fig. 2, the transmit 

beampattern of the traditional PAR is angle dependent whilst 
that of the FDA radar is range-angle-dependent, and hence the 
FDA provides better control over modulation and beam 
synthesis when compared to the conventional phased array. 
More precisely, PAR beam is fixed at one angle for all the 
ranges and hence there is no range information, while is 
unfixed and changeable in FDA ranges. As results, FDA with 
uniform inter-element frequency increment (Fig.1) generates 
an S-shaped beam pattern (Fig 2a), which generates maxima at 
multiple ranges and angle values [50]. 

Basically, space time adaptive processing (STAP) is a basic 
technique to detect slowly moving targets in strong clutter 
background in PAR [52]-[58]. However, the range ambiguity and 
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range dependence will lead to severe performance degradation 
of the traditional STAP methods. Therefore, FDA moves 
further step to circumvent the range ambiguity problem in 
STAP radar. 

IV. WHY FDA RADAR IS THE FUTURE OF ECCM 

Several investigations have been carried out on FDA 
radars. FDA was investigated in [59],[60] as a range dependent 
beam with applications in suppressing range ambiguous 
clutter. The time and angle periodicity of FDA beampattern 
were described by Secmen et al. in [61]. A linear FDA is 
tackled in[62],[63] for forward-looking radar ground moving 
target indication. Pioneering studies to exploit FDA range-
dependent beampattern characteristics were reported in [64]-[66]. 
Wen-Qin proposed new phased- multiple-input and multiple-
output (MIMO) radar with frequency diversity for range-
dependent beamforming in [67]. Then, several papers in FDA-
MIMO radar have been published [68]-[72]. It is worth 
highlighting that, FDA structures can either use same 
waveform [60] or different waveforms [73]. This provides 
several new potential radar and navigation applications [74]-[81]. 

Accordingly, FDA can be quite useful in ECCM 
applications. In ECM scenario the jammer needs to precisely 
simulate the jamming signals in order to mislead the victim 
radars. Thus, FDA radar with frequency diversity across the 
elements will remarkably confuse the jammer. Furthermore, 
by combining the range and angle information the FDA radar 
can distinguish the true and false targets. If multiple waves 
impinge on a linear array from the same direction, but 
different ranges than it is not feasible for a PAR to 
discriminate the targets and suppress the unwanted signals. To 
show the FDA advantages over PAR, we consider the case 
with one target and two interferences. The target and 
interferences have the same angle but different ranges. The 
target is assumed to replicate a plane-wave that impinges on 
the array from the direction angle of tθ = 00 and slant range of 

tR =10km. The two interferences are positioned at the 

direction angle of 1θ = 2θ =0 and the slant ranges of 1R =9 km 

and 2R =12 km. The target power is fixed to 0 dB while the 

interference power is fixed to 30dB and SNR is fixed to 10 
dB. Fig. 3(a) illustrates the overall transmit receive 
beampattern profile cut at the target’s range. It can be 
observed that the FDA and conventional PAR have similar 
overall transmit-receive beampattern profile in the angle 
dimension; nevertheless, they have different beampattern 
profile in the range dimension, as shown in Fig. 3(b). The 
PAR has no resolution ability in the range dimension. On the 
contrary, the FDA has resolution ability in the range 
dimension. Since FDA was first developed to provide the 
range-angle-dependent beampattern [82], it has seen many 
versions, developed to overcome the shortcomings of the 
original version due to the range-angle coupling response of 

the received target signals. 

  
                                           (a) 

    
                                              (b) 

Fig. 3. Comparative transmit-receive beampatterns in one 
dimension. (a) Angle profile at the target’s range. (b) Range profile at 

the target’s angle. 
 
In [83] nonuniform FDA as the transmitter and the uniform 

phased array as the receiver is used to achieve high-resolution 
range-angle imaging of targets. Huaizong et.al[84] proposed a 
symmetrical FDA using multi-carrier frequency increments 
and convex optimization, named convex multi-log-FDA, to 
achieve dot-shaped transmit beampatterns. In [85] two non-
linearly increasing frequency offsets, namely, square increasing 
and cubic increasing, to decouple FDA transmit beampattern 
for range–angle localization of targets is proposed. To estimate 
the angle and range of targets directly from the beamforming 
output peaks, Wen-Qin and Huaizong [86] explored double-
pulse FDA radar which transmits two pulses with zero and 
non-zero frequency increments, respectively. In [87] a novel 
framework of STAP radar which applies frequency diversity in 
the vertical of a planar array, named as vertical-FDA STAP 
radar has been described and analyzed. Waseem et.at[88]  
proposed FDA with logarithmically increasing frequency offset 
to accomplish a beampattern with a single maximum at the 
target location. In [89], instead of transmitting the signals with 
the same frequency increment, the frequency increment can 
adaptively adjust to control the transmit beam direction. With 
the plan to localize the target in the range-angle domain, Wen-
Qin proposed subarray-based FDA radar in [90]. The essence is 
to divide the FDA array into multiple subarrays, which employ 
different frequency increments. As results, the target’s range 
and angle are estimated directly from the transmit-receive 
beamforming output peak with high accurateness. 
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TABLE I.  COMPARISONS BETWEEN THE METHODS 

Methods 
The frequency offset 

(Δf) style 
Computational 

complexity 

More robustness against 
which ECM and 

interference  types 
Main advantages and discussions  

Pawan et.al[5] 0fΔ =  (PAR) Low Clutter. Simple, Angle-dependent. But Range independent. 

Wen-Qin [82]  0mf f m f= + Δ  Standard Clutter, weak interference. 

 
Range-Angle is dependent, But fΔ is fixed and thus 

difficult to decouple the range and angle. Also, high 
technology DRFM can recognize the frequency fΔ and 

blind the victim radar. 

Wen-Qin et.al 
[83] Non-uniform Medium  

Clutter, Strong interference 
Suppressive jamming. 

Simple because the transmitter is non-uniform FDA, but 
the receiver is uniform PAR. Only stationary targets are 

considered. 

Huaizong et.al 
[88] 

Logarithmic High 
Clutter, Strong interference 

Suppressive jamming. 

Allowing focusing multiple targets present at different 
ranges. Used different subarrays. But, the receiver has 

not yet investigated. 
 

Huaizong et.al 
[84] 

Symmetrical (positive 
and negative ) 

High 
Clutter, Strong interference 

Suppressive jamming. 

Generating both single dot and multi-dot shaped 
beampatterns at the desired locations outperforms the 

existing log-FDA significantly in suppressing undesired 
sidelobe interferences and focusing range-angle 

resolution. 
 

Kuandong et.al 
[85] 

non-linearly (Square 
increasing and cubic 

increasing) 
Very High 

Clutter, Strong interference 
Suppressive jamming, 

deceptive jamming. 

This approach suggested two new non-linearly 
increasing frequency offsets decouple the range– angle-

dependent beampattern response for a uniform linear 
FDA. Thus, it achieves excellent performance in both 

focusing the transmit energy to the desired target 
position and efficient range–angle localization of 

targets. 
 

Wen-Qin and 
Huaizong [86] 

double-pulse 
(zero and non-zero Δf, 

respectively) 
Very High 

Clutter, Strong interference 
Suppressive jamming, 

deceptive jamming. 

This approach can be interpreted as detecting the targets 
in angle dimension and then localizing them in range 
dimension by appropriately choosing the frequency 

increment. Thus, it is excellent for anti-jamming 
applications. 

 

Jingwei et.al [87] 
Vertical 

Frequency in a planer 
array  

Very High 
Clutter, Strong interference 

Suppressive jamming, 
deceptive jamming. 

In this approach, both problems of range ambiguity and 
range dependence are solved. Thus, it is good for anti-

jamming applications. 
 

Wen-Qin [90] 
different frequency 
increments at each 

subarray 
Very High 

Clutter, Strong interference 
Suppressive jamming, 

deceptive jamming. 

The range and angle of the target are jointly estimated 
from the transmit-receive beamforming output peak. 
Therefore, this method is suitable for anti-jamming 

applications. 
 

Huaizong et.al 
[89] 

adaptively Very High 
Clutter, Strong interference 

Suppressive jamming, 
deceptive jamming. 

This method can adaptively adjust the beam direction to 
match the current target angle and range sector. In 

addition, this approach achieves better performances 
with an optimal beampattern in a few pulse repetition 

intervals. Therefore, enables a better anti-jamming 
capability. 

 

 
        In order to compare the aforementioned methods, identify 
their ECCM capability, and analyze their advantages, we will 
exploit different properties in the form of a table. Table I shows 
the comparison between the schemes where the basic FDA 
computational complexity is taken as reference (standard). 
Also, we will consider the clutter as one division of ECM 
signals. 

From table1 it is evident that there is an unavoidable 
relationship between computational complexity and higher 
performance. However, good ECCM scheme needs to perform 
better than others in making this tradeoff. Since, the method 
with greater capability and reliability require higher system 
complexity and more additional equipment, which leads to 
huge cost and is time-consuming. 
         The main principle of radar ECCM is to counter the 
jamming signals and protect the desired signals, therefore, it is 
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necessary to evaluate the effect of ECCM techniques to 
weaken the jamming-signal-ratio (JSR), the output of the radar 
receiver after adding anti-jamming techniques and measure the 
enhancement of the overall system. 
         FDA provides promising ECCM application potentials. 
The important FDA feature is that actually every point in space 
can be scanned in a discrete way by altering the carrier 
frequency and frequency increment. The scanning properties 
can be effectively adapted for a new scenario by applying a 
different frequency regime. Focusing in space is also feasible 
by choosing unique frequency intervals. Through increasing 
the total frequency increments, some points in space can be 
scanned with more than one frequency component and this 
diversity enhances the resistance to multi-path 
jamming/interferences.  
      The advantages of cognitive radar with situational 
awareness due to closed-loop control and FDA [91] can be quite 
helpful for mitigating the ECM influences. 
In summary, FDA with different design concept has drawn 
much attention in the antenna array and radar signal processing 
societies as it provides promising application potentials. 
However, more investigations should be carried out to exploit 
FDA ECCM perception in radar for improved its performance. 
In another hand, several remaining technical challenges need to 
be solved. 
     There is a different way for the frequency increments. 
However, the best solution for ECCM applications is not 
described yet. The impacts of frequency increment errors in 
FDA radar and FDA-MIMO radar are analyzed in [92],[93], 
respectively. Nevertheless, more investigations should be 
carried out to optimally design FDA frequency increments. 
Moreover, most of current FDA concept is focusing in 
transmitting FDA, therefore receiving FDA remains a severe 
dilemma and requires further awareness. Furthermore, it is 
essential to decrease the computation complexity in FDA 
receiver by optimal array signal processing. Thus, 
implementation of perfect signal processing ability, artificial 
intelligence, adaptive signal processing and neural network 
which are meaningful in an FDA responsibility are noteworthy. 

V.  CONCLUSION 

In this paper, we describe some aspects of the FDA radar. 
Jamming techniques have been seriously developed in the past 
years, and they formed threats for normal work of radar 
systems. Thus, to suit today and future electronic warfare 
combat environment, the radar systems must develop their 
ECCM ability on several aspects. From the investigations in 
this paper, we concluded that FDA might be the future 
direction of ECCM of radar systems.  

It may be observed that no matter how the development of 
the ECM techniques, the FDA radar can always seek a fitting 
ECCM due to the different style of the frequency increments. 
The competition between ECCM and ECM lies in who will 
concern the newest technique on the electronic skill first for the 
means of protecting itself and attacking the other party 
effectively, who will get the active situation in electronic 
warfare. 

Out of all, radar ECCM is a technology involving different 
fields, so it requires further consideration and awareness while 
considering reliability. 
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