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Abstract 

Tropospheric over-the-horizon (OTH) propagation is a prominent research hotspot in the field of 
radar countermeasure and reconnaissance. Clarifying the variation law of its impacts on radar emiĴer 
signatures is the critical prerequisite for over-the-horizon radar emiĴer recognition (RER) in complex 
electromagnetic environments. In recent years, the relevant theories and practical applications of 
tropospheric OTH propagation mechanism and RER have been continuously improved. However, 
existing studies have not yet achieved in-depth integration of the two fields, nor systematically sorted 
out the influence mechanism and variation law of OTH propagation on radar emiĴer signatures. On 
this basis, this paper starts from the mechanism and models of tropospheric OTH propagation, 
conducts the analysis of emiĴer signal characteristics through the channel characteristics of 
propagation, and systematically reviews the research achievements in this field. Finally, this paper 
summarizes the technical boĴlenecks and improvement strategies for RER in OTH scenarios, and 
aims to provide a theoretical and technical reference for promoting the integration of OTH 
transmission and RER technologies. 

Keywords: troposphere; over-the-horizon propagation; signal characteristics; radar emiĴer 
recognition  
 

1. Introduction 

Modern warfare has undergone a comprehensive shift from platform-centric warfare to 
information-centric warfare, where electromagnetic spectrum dominance has emerged as the core 
strategic supremacy determining the outcome of baĴlefield engagements, with its priority even 
surpassing that of air superiority and maritime superiority. Radar countermeasure reconnaissance, 
especially passive Radar EmiĴer Recognition (RER) technology, serves as the core capability 
underpinning Electronic Support Measures (ESM) and Electronic Intelligence (ELINT) systems. 
Unlike active detection systems, passive RER systems do not actively emit electromagnetic waves, 
and thus feature exceptional covertness, anti-jamming capability, and baĴlefield survivability. 

Over-the-Horizon (OTH) propagation refers to non-line-of-sight propagation of electromagnetic 
waves achieved through effects such as diffraction, refraction, scaĴering, and reflection by the Earth’s 
surface, atmosphere, or other propagation media, under the condition that no direct line-of-sight 
propagation path exists between the transmiĴer and the receiver. According to the dominant 
propagation mechanism and medium, OTH propagation is generally categorized into ground wave 
diffraction propagation, ionospheric propagation, tropospheric propagation, and relay propagation 
via space relay platforms. Among these, tropospheric OTH propagation mainly relies on refraction, 
scaĴering, and anomalous atmospheric refraction structures in the troposphere, enabling 
electromagnetic waves to break through the constraints of the Earth’s curvature and radar line-of-
sight limits. It can realize signal transmission and target detection over long distances, and boasts the 
advantages of low probability of interception (LPI), large transmission capacity, excellent 
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confidentiality, and strong anti-jamming capability, thus holding significant military application 
value in fields including long-range radar detection, maritime target surveillance, passive detection, 
and electronic reconnaissance [1]. 

Radar signals serve as the physical carrier of radar emiĴer characteristics, carrying all valuable 
information including the model characteristics and individual unintentional modulation 
characteristics of the radar emiĴer. Through intercepted radar signals, core tasks such as emiĴer 
sorting, model identification, individual fingerprint extraction, and threat level assessment can be 
accomplished. The vast majority of research on traditional RER technologies is based on the ideal 
channel assumption of “line-of-sight distortion-free transmission”, which presupposes that the 
characteristics of the radar signal intercepted by the receiver are consistent with those of the signal 
transmiĴed by the transmiĴer, and only extracts inter-pulse and intra-pulse features from the 
intercepted signal with the sole consideration of noise influence. However, in tropospheric OTH 
transmission scenarios, electromagnetic waves will undergo severe channel distortion after 
tropospheric turbulent scaĴering or multipath refraction in atmospheric ducts. This distortion 
directly causes the core signal features relied on by RER technologies to suffer distortion or even 
complete failure, resulting in a sharp degradation in the recognition accuracy of RER algorithms in 
OTH scenarios, which renders them completely unable to meet the practical combat application 
requirements in highly adversarial baĴlefield environments. Therefore, systematically investigating 
the influence mechanism and distortion law of tropospheric OTH transmission on radar signal 
characteristics, and exploring robust radar emiĴer features in OTH channels, are of extremely 
important theoretical value and engineering guidance significance for subsequent RER tasks in OTH 
scenarios. 

With the changes in baĴlefield environments and the increasing demand for radar 
countermeasure and reconnaissance, numerous experts and scholars have devoted themselves to the 
research on tropospheric over-the-horizon propagation and carried out various experiments, mainly 
including tests on propagation loss and fading characteristics, and various diversity reception 
experiments. Reference[1]focuses on reviewing the experiments and achievements of tropospheric 
radio wave propagation; Reference [2] focuses on summarizing the research history and application 
of atmospheric duct; Reference [3] expounds the influence of atmospheric refraction on radar 
accuracy and puts forward ideas for correcting atmospheric refraction errors, which was published 
in 2016; Reference [4] summarizes the latest research progress related to atmospheric refraction, 
focusing on the measurement and calculation of atmospheric refraction itself with methods mostly 
applied in the optical field; Reference [5] focuses on the achievements of artificial intelligence in 
atmospheric duct, covering all elements including atmospheric duct inversion. Radar emiĴer 
recognition technology is also a research hotspot in the field of electronic countermeasures, and its 
integration with deep learning has provided new ideas for research in this field. Reference [6] 
elaborates on the mechanism and new methods of RER in detail; Reference [7] focuses on the 
combination of Specific EmiĴer Identification (SEI) and artificial intelligence; Reference [8] places 
more emphasis on the extraction methods of SEI features.  

It can be found from review literatures in recent years that there are abundant research results 
on the channel characteristics of tropospheric propagation, and the application of radar emiĴer 
recognition is developing rapidly. However, the integration of the two fields is not close, the relevant 
achievements are scaĴered, and there is still a lack of corresponding review papers.  

The main contributions of this paper are summarized as follows: 
1) This paper systematically reviews, for the first time, the influence mechanisms and research 

progress concerning the effects of tropospheric over-the-horizon propagation on signal features 
related to radar emiĴer recognition. It thereby fills a gap in existing review studies at the intersection 
of tropospheric over-the-horizon propagation and radar emiĴer recognition. 

2) Following a full-chain logic from propagation mechanisms to recognition applications, this 
paper establishes a comprehensive research framework for radar emiĴer recognition in over-the-
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horizon scenarios, clarifying the research context and intrinsic connections between these two 
intersecting fields. 

3) This paper systematically summarizes the key research challenges in radar emiĴer recognition 
under over-the-horizon scenarios and proposes corresponding improvement strategies and future 
research directions, providing theoretical references and technical guidance for engineering 
applications in this field. 

The structure of this paper is arranged as follows: Section 1 expounds the mechanism of 
tropospheric over-the-horizon propagation for radar emiĴers; Section 2 summarizes the tropospheric 
over-the-horizon propagation models; Section 3 analyzes the characteristics of over-the-horizon 
propagation; Section 4 summarizes and analyzes the signatures required for radar emiĴer 
recognition; Section 5 points out the research dilemmas and improvement ideas, hoping to promote 
the further integration of tropospheric over-the-horizon propagation theory and radar emiĴer 
research. 

2. Mechanism of Tropospheric Over-the-Horizon Propagation for Radar EmiĴers 

Radio waves with frequency greater than or equal to the VHF band can interact with 
atmospheric inhomogeneities and gradual stratification during tropospheric propagation, resulting 
in two special propagation phenomena: one is the re-radiation phenomenon of radio waves, and the 
other is the super-refraction phenomenon. Among them, tropospheric re-radiation is defined as 
tropospheric scaĴering, while tropospheric atmospheric super-refraction can form atmospheric ducts 
under specific meteorological conditions, trapping radio waves in the “duct” for propagation. The 
composite propagation mechanism of tropospheric OTH propagation is shown in Figure 1. 
Tropospheric scaĴering and atmospheric duct are the main physical mechanisms and basic 
conditions for realizing tropospheric OTH propagation [2]. Reference [9] analyzes the mechanism of 
offshore microwave OTH propagation and summarizes the OTH propagation experiments. 

 

Figure 1. Composite Propagation Mechanism of Tropospheric Over-the-Horizon Propagation. 

In the actual baĴlefield environment, the passive detection party cannot distinguish whether the 
received data is specifically transmiĴed through scaĴering or a certain type of atmospheric duct, 
which can be considered as the result of the combined effect of the two. The mechanism of 
tropospheric OTH propagation is the basis for studying the changes of radar signal characteristics 
after tropospheric OTH propagation, and provides theoretical support for RER with OTH systems. 
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2.1. Mechanism of Tropospheric ScaĴering 

Affected by the comprehensive effect of the ground and the atmosphere, the troposphere 
contains a large number of inhomogeneities or irregular air fluids. The shape, density, velocity, 
motion direction and other characteristics of these scaĴerers undergo random temporal and spatial 
changes, and their refractive index is different from that of the surrounding medium [10]. When radio 
waves irradiate the scaĴerers, induced charges are excited on the surface of the scaĴerers to generate 
secondary radiation, which forms tropospheric scaĴering and enables all-weather and uninterrupted 
OTH propagation. At present, the mechanism of tropospheric scaĴering is still based on the 
generalized scaĴering theoretical model proposed by Academician Zhang Minggao. This model 
divides scaĴering into three categories: turbulent incoherent scaĴering, incoherent reflection from 
irregular layers, and coherent reflection from stable layers. 

1) The turbulent incoherent scaĴering theory** holds that troposcaĴer over-the-horizon 
propagation originates from atmospheric turbulence in the troposphere. The multiscale eddy 
structures generated by turbulent motion form a large number of local inhomogeneities with 
randomly distributed dielectric constants. The scaĴerers located within the “common volume” of the 
transmiĴing and receiving antenna beams interact with the incident radio waves and can be 
equivalently regarded as dipoles, which reradiate part of the electromagnetic energy into regions 
beyond the line of sight. Since the scaĴerers formed by turbulence move randomly and are mutually 
independent, the scaĴered components are superimposed incoherently at the receiving end. 

2) The incoherent reflection theory of irregular layers** suggests that, at the boundaries of 
meteorological transition zones, abrupt changes in atmospheric temperature, humidity, and pressure 
lead to the formation of sharp-gradient layers, or irregular layers, in the atmospheric refractive index. 
These layers differ in shape and intensity, are highly irregular, and vary continuously with 
meteorological conditions. Such stratified structures do not possess stable spatial forms and may 
change rapidly as atmospheric conditions evolve. They can produce incoherent reflections of incident 
radio waves, thereby providing additional energy components for over-the-horizon propagation. 
This theory can explain the occasional enhancement of scaĴering signal levels in meteorologically 
complex regions at middle and low latitudes. 

3) The coherent reflection theory of stable layers** argues that when persistent and smooth stable 
stratifications, such as inversion layers, occur in the troposphere, thin-layer structures with dielectric 
constants varying nonlinearly with height may be formed. Multiple thin layers within the common 
volume coherently reflect radio waves, and the received field for over-the-horizon propagation is 
formed through coherent superposition, including both the amplitude and phase relationships 
among different components. This theory can explain the persistent and significant enhancement of 
signal levels observed in long-distance over-the-horizon scaĴering links. 

In actual measurement and simulation experiments, the atmospheric refractive index structure 
constant, modified atmospheric refractivity, vertical gradient of refractivity, and atmospheric 
refractive index are the key parameters to be focused on. The specific symbols used in different 
literatures may vary, which will not be elaborated here. Existing studies hold that tropospheric 
scaĴering OTH propagation is mainly based on the turbulent incoherent scaĴering theory [11], which 
is also the most complete in current research. However, a single theory is difficult to cover all 
tropospheric scaĴering propagation phenomena and experimental data. It can be considered that the 
actual propagation is the result of the combined effect of the above three mechanisms. 

Limited by the uncertainty of tropospheric atmospheric turbulence, the difficulty in tropospheric 
scaĴering research lies in that the dynamic changes of the tropospheric atmospheric space 
environment will alter the radio wave propagation characteristics, resulting in different propagation 
phenomena and effects. There are not only many random disturbance factors and unpredictable 
atmospheric parameters, but also the problem that extreme weather may lead to the inapplicability 
of physical models. These uncertainties will affect the long-term stability and reliability of measured 
data and restrict the generalization ability of the model [12]. 
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Therefore, since Reynolds initiated modern turbulence research in 1883, the academic 
community has still mainly stayed at the stage of discussing the basic characteristics of turbulence, 
and has not established a universal theoretical system for turbulence. In mainstream research, 
turbulence is only used as the physical cause to explain phenomena such as tropospheric scaĴering 
OTH propagation and amplitude flicker of received signals, and the relevant analysis is still limited 
to the statistical law fiĴing of observation results. There is still a lack of quantitative analysis of the 
necessary and sufficient conditions for the occurrence of turbulence, and it is also impossible to 
accurately characterize the influence degree of turbulence on radar propagation characteristics when 
it is modeled as a “refractive index irregular continuous/discontinuous distribution structure” [10]. 
In addition, the essence of turbulent motion is anisotropy, and it presents macroscopic isotropic 
characteristics only under the random superposition effect of clustered turbulence. The quantitative 
identification method for anisotropic and isotropic models of tropospheric turbulence is a problem 
to be solved in further research. 

2.2. Mechanism of Tropospheric Atmospheric Duct 

Tropospheric atmospheric duct is a special super-refraction atmospheric layered structure 
formed in the troposphere, especially in the tropospheric atmospheric boundary layer. 
Electromagnetic waves can propagate beyond the line of sight with low loss by being trapped in the 
duct layer [13,14]. 

Atmospheric ducts have different classification methods according to different mechanisms. For 
example, according to the formation mechanism, they can be divided into evaporation duct, 
advection duct, subsidence duct, radiation cooling duct and other types; according to the duct height, 
they can be classified into evaporation duct, surface duct, and elevated duct [5], and the laĴer 
classification is adopted in most studies.  

Evaporation ducts are tropospheric atmospheric ducts formed by the sharp decrease in 
atmospheric humidity with height caused by water vapor evaporation over large water surfaces. 
They exhibit pronounced diurnal variation. Air temperature, relative humidity, and wind speed are 
the key factors influencing variations in evaporation duct height (EDH). Meteorological conditions 
characterized by low relative humidity and high wind speed are favorable for seawater evaporation. 
However, the influence of air temperature on EDH depends on wind speed conditions: under high 
wind speed, air temperature is positively correlated with EDH, whereas under low wind speed, the 
two are negatively correlated. 

Surface ducts and elevated ducts are both special atmospheric stratification structures formed 
by temperature inversion, or by the combined effects of temperature inversion and a sharp decrease 
in humidity with height. The main difference between them lies in their altitude: elevated ducts 
generally occur at higher altitudes than surface ducts.The main characteristic parameters of duct 
research focus on the atmospheric duct height, atmospheric duct thickness and atmospheric duct 
strength, which are the basis for a series of studies such as judging the ability to constrain 
electromagnetic waves and the changes of various characteristics of electromagnetic waves. The 
formation mechanism of the duct is elaborated in detail in References [2,5] and [15], which will not 
be expanded here. 

Compared with surface duct and elevated duct, evaporation duct has the highest occurrence 
probability and relatively highest application value. Therefore, the research on ducts mainly focuses 
on evaporation duct, and there are many classical models for evaporation duct. The classical models 
of evaporation duct are listed in Table 1.  
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Table 1. Classical Models of Evaporation Duct. 

Model References 

Jeskes model, Rothera model, Fairall model,  
LKB model, PJ model, MGB model,  

BYC model, NPS model,  
pseudo-refractive index model, NWA model,  multi-

parameter model,RSHMU model, etc. 

1973:[16];1974:[17];1985:[18]; 
1979:[19];1985:[20];1992:[20]; 

1997:[21];2002:[22]; 

2001:[23];1984:[24]; 
2003:[24];2007:[25]; 

Tropospheric refractivity is a key indicator of atmospheric duct, and its distribution 
characteristics with atmospheric height are usually represented by the tropospheric refractivity 
profile. The surface refractivity and tropospheric refractivity profile data are mostly obtained by 
converting meteorological sounding data and ground observation data from meteorological stations 
[16]. The range of atmospheric refraction gradient is given in Table 2, and the schematic diagram is 
shown in Figure 2. The tropospheric refractivity profile is often used to analyze the change of 
refractivity in different heights or layers in the troposphere. However, due to the complexity of the 
tropospheric state, the refractive index structure of the evaporation duct in the actual marine 
environment usually shows extremely strong inhomogeneity. Reference [26] analyzes the 
disturbance effect of anisotropic turbulence on atmospheric refractivity, and the obtained model has 
higher accuracy. It is a necessary item to improve the accuracy by incorporating the anisotropic 
turbulence effect into the consideration factors. 

Table 2. Atmospheric Refraction Gradient. 

Layer Type N1 Gradient (N unit/km) M2 Gradient (M unit/km) 

Duct N/dz≤-157 M/dz≤0 

Super-refraction -157＜dN/dz≤-79 0＜dM/dz≤78 

Standard Refraction -79＜dN/dz≤0 78＜dM/dz≤157 

Sub-refraction dN/dz＞0 dM/dz＞157 

1 N is the refractive index. 2 M is the modified refractive index. 

 
Figure 2. Tropospheric Atmospheric Refraction. 

In terms of empirical models, the main tropospheric refractivity profile models in engineering 
applications include: linear model, exponential model, piecewise model and Hopfield model, etc. 
[27,28]. For different radio wave frequencies, the influence degree of refractivity is different, and there 
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are absorption peaks in the atmospheric medium. The higher the frequency, the greater the 
atmospheric absorption aĴenuation. Therefore, in the quantitative calculation and theoretical 
analysis of tropospheric radio wave propagation characteristics, it is necessary to introduce the 
atmospheric complex refractive index to fully describe the dual effects of refraction and absorption 
of the atmospheric medium on electromagnetic waves. 

3. Over-the-Horizon Propagation Models for Radar EmiĴers 

The propagation path of radar signals is the basis for analyzing the meteorological environment 
of signal propagation and the influence of OTH propagation. Tropospheric propagation models 
mainly include Parabolic Equation (PE) model, Ray Tracing (RT) model, and empirical and semi-
empirical models.  

Empirical and semi-empirical models are not derived from the first-principles solution of 
Maxwell’s equations. Instead, they are built upon a large body of field-measured propagation loss 
data, and establish the regression relationship between propagation loss and its influencing factors 
(including propagation distance, operating frequency, meteorological parameters, and antenna 
height) via mathematical statistical fiĴing. 

Specifically, pure empirical models adopt black-box fiĴing and rely entirely on the statistical 
laws of measured data. By contrast, semi-empirical models introduce partial constraints from 
propagation mechanisms into the fiĴing framework, and implement decoupled modeling for the loss 
terms corresponding to physical mechanisms such as atmospheric duct trapping and tropospheric 
scaĴering. This design preserves the ease of implementation in engineering applications while 
improving the generalization ability of the models. 

The core underlying assumption of this category of models is the statistical stationarity of the 
atmospheric propagation environment. That is, the fiĴing parameters of the models are calibrated 
based on long-term, large-scale field measurements of meteorological and propagation 
characteristics, and the models can only yield predictions of the probability distribution of 
propagation loss in a statistical sense (e.g., annual mean and monthly mean transmission loss). 

Accordingly, in conventional marine environments with high data coverage and strong scenario 
consistency, empirical and semi-empirical models enable rapid and cost-effective propagation loss 
prediction without the need for complex numerical calculations and real-time meteorological inputs. 
However, for sudden, non-stationary atmospheric duct events, as well as scenarios not covered by 
the training data (such as extreme meteorological conditions and special sea areas), the prediction 
accuracy of the models will deteriorate significantly. 

To address the issue of insufficient generalization ability of pure empirical models, Reference 
[29] proposes a new semi-empirical annual mean transmission loss prediction model, and provides 
a prediction method for path loss including tropospheric scaĴering and atmospheric duct. Reference 
[30] presents a semi-empirical tropospheric scaĴering loss prediction model, and the measured data 
show that the model has good stability. 

RT model is established on the basis of Geometrical Optics theory and Fermat’s principle under 
the high-frequency approximation. When the wavelength of the radar electromagnetic wave is far 
smaller than the characteristic scale of the propagation environment, Maxwell’s equations can be 
simplified to the geometrical optics approximation. Under this approximation, the propagation of the 
electric wave can be equivalent to the transmission behavior of numerous independent rays, whose 
propagation trajectories strictly follow Fermat’s principle — that is, a ray always propagates along 
the path where the optical path takes the extremum. 

Based on Fermat’s principle, the Eikonal equation that describes the ray trajectory can be 
derived. Through the numerical solution of the Eikonal equation, complete parameters of each ray, 
including propagation path, amplitude, phase, time delay and incident angle, can be obtained, which 
constitutes the core modeling logic of the RT model. Accordingly, the RT model is mostly applied in 
scenarios where parameters such as channel delay spread and propagation angle need to be 
estimated. 
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Reference [31] models the radio wave propagation path using a ray tracing algorithm based on 
Taylor series approximation, and quantitatively analyzes the delay characteristics of different ducts. 
Reference [32] points out that based on the Hamiltonian canonical form, the ray tracing problem can 
also be transformed into the numerical solution of the extended Hamiltonian equations in phase 
space. 

PE model is derived from the Helmholĵ equation under time-harmonic field conditions, and 
achieves dimension reduction of the second-order partial differential equation via the parabolic 
approximation. 

The key to its solution lies in the forward parabolic approximation: under the assumption that 
the radar electromagnetic wave propagates primarily in the forward horizontal direction, and the 
variation of the field in the vertical direction is far slighter than that in the horizontal direction, the 
Helmholĵ equation can be decomposed into forward and backward propagation operators. By 
neglecting the backward scaĴering component, the original second-order elliptic partial differential 
equation is transformed into a first-order parabolic partial differential equation, enabling the stepwise 
iterative solution of the propagation field. 

This mechanistic feature enables the PE model to effectively simulate arbitrary inhomogeneous 
variations of atmospheric refraction in both horizontal and vertical directions, calculate the impacts 
of complex atmospheric environments on the amplitude and phase of radio wave propagation, and 
be well suited for the numerical simulation of atmospheric duct and tropospheric scaĴering 
propagation, while achieving an optimal balance between computational accuracy and 
computational efficiency. The PE model can be applied to solve radio wave propagation problems in 
large-scale complex environments, and is currently the mainstream model for tropospheric radio 
wave propagation [11]. 

 With the in-depth research on the parabolic equation model, the two-way parabolic equation 
[33], three-dimensional parabolic equation algorithm [34], and parabolic equation algorithm 
integrated with wavelet transform have been proposed [35], which can achieve higher accuracy in 
path prediction. Reference [36] models the radio wave propagation under inhomogeneous 
evaporation duct conditions using the odd-even split Fourier transform algorithm based on the three-
dimensional parabolic equation, which greatly improves the performance evaluation of OTH radar. 
Reference [37] derives the forward parabolic equation in cylindrical coordinates, and predicts the 
propagation characteristics of radio waves in space through orthogonal mode excitation and split-
step Fourier transform. This method can effectively evaluate the effective detection range and 
detection performance of marine environment radar. 

In addition, a variety of innovative methods have emerged in the research field: odd-even 
decomposition method, three-dimensional high-order parabolic equation method [38], PE-PO hybrid 
method [39], Alternating Direction Implicit (ADI) method, bending coefficient improved ADI-PE 
method [40], Alternating Direction Decomposition (ADD) split-step Fourier algorithm [41,42], etc. 
These algorithms can only approximate the propagation path as much as possible, and cannot achieve 
absolutely accurate prediction. The atmospheric refractivity distortion caused by the temporal and 
spatial changes of the marine environment is also an important condition restricting the reliability of 
the parabolic equation prediction model. 

Reference [43] introduces an improved fractal sea surface model into marine propagation 
prediction, and establishes a propagation model through the two-way PE method, which can be used 
to characterize the influence of atmospheric duct effect on radio wave propagation. Reference [44] 
constructs a new radio wave propagation model combining the parabolic equation and an adaptive 
absorption window with angular spectrum regulation, which can be used to solve the radio wave 
propagation problem in a three-dimensional atmospheric duct environment. Reference [45] derives 
the three-dimensional two-way parabolic approximate solution of the wave equation. Reference [46] 
proposes a new Greene approximate wide-angle parabolic equation (WAPE) radio wave prediction 
model based on non-local boundary condition (NLBC), which is suitable for the prediction of 
electromagnetic wave propagation characteristics in long-distance complex tropospheric 
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environments. Reference [47] constructs a radar echo signal simulation model based on the Semi-
Deterministic Facet ScaĴering Model-Shooting and Bouncing Ray (SDFSM-SBR) method. Among 
them, the simulation and analysis process of forward propagation also has reference significance for 
analyzing the changes of radar signal characteristics. 

4. Research on Propagation Channel Characteristics of Radar EmiĴers 

OTH propagation will introduce large transmission loss due to its long propagation distance. 
Reference [48] analyzes the total transmission loss of radar OTH reconnaissance based on 
tropospheric scaĴering. Reference [49] constructs a Weather Forecast-Enabled tropospheric 
ScaĴering Path Loss Channel Model (WPE) with the parabolic equation (PE) as the core, which can 
characterize the influence of turbulence on tropospheric scaĴered radio wave propagation and 
predict tropospheric transmission loss more accurately. Reference [50] proposes an improved 
Advanced Propagation Model considering Free-Space propagation (IAPMFS), which achieves more 
accurate prediction of path loss. 

OTH propagation will introduce significant propagation delay, resulting in the destruction of 
the coherence of the inter-pulse echo phase, the damage to the consistency of intra-pulse modulation 
characteristics, and the contamination of the inherent intra-pulse characteristics of the transmiĴer. 
Tropospheric delay cannot be eliminated by multi-frequency combination, and is usually 
compensated by empirical models [51]. Reference [52] compares various existing tropospheric delay 
models. Reference [53] establishes a time-varying envelope model of tropospheric delay residual 
error using extreme value analysis based on the geographical and seasonal variation characteristics 
of the residual error after model correction. Reference [12] calculates tropospheric time delay by 
combining tropospheric ray tracing and numerical weather model, and verifies the influence of 
troposphere on signal propagation. Reference [54] improves the estimation algorithm for 
tropospheric scaĴering slant delay. Existing compensation methods can only compensate for large-
scale and slow-varying delay components, and have very limited compensation effect on small-scale, 
intra-pulse and fast-varying turbulent components. 

When the same signal arrives at the receiving end through different paths, the received signal is 
the superposition of multiple copies in the time domain [5], resulting in fading characteristics of 
amplitude/power, phase offset and delay dispersion. The multipath effect of tropospheric scaĴering 
has a more serious impact than that of atmospheric duct effect. In addition, the random motion of 
tropospheric turbulent scaĴerers and the dynamic changes of the duct layer atmosphere will lead to 
Doppler shift and spectrum broadening of the radar received signal. The interference caused by the 
superposition of multiple signals puts forward very high requirements for the signal processing 
module. Therefore, in engineering, it is necessary to use high-sensitivity receivers and perform signal 
processing such as diversity reception. 

Relatively speaking, atmospheric duct is more stable than tropospheric scaĴering, and the 
characteristics such as polarization, inter-pulse and intra-pulse modulation basically remain stable, 
while tropospheric scaĴering has a significant impact on these characteristics, showing randomness, 
time-varying and frequency selectivity. The changes of radar signal characteristics, whether 
conventional characteristics, inter-pulse and intra-pulse characteristics, intentional modulation or 
unintentional modulation, have a very significant impact on radar emiĴer recognition. 

The difficulty in atmospheric duct research lies in analyzing the influence of trapped refraction 
on radar signal propagation. The boundary conditions involved in this type of refraction are 
relatively complex, requiring the use of sophisticated numerical methods and modeling techniques. 
Atmospheric duct height and transmission distance are important factors for the change of radar 
signal characteristics. Reference [55] analyzes the influence of rough sea surface on electromagnetic 
wave propagation loss in evaporation duct environment. Reference [56] deeply studies the influence 
of inhomogeneous evaporation duct conditions on electromagnetic wave propagation characteristics. 
Reference [57] analyzes the relationship between signal strength and evaporation duct height. 
Reference [58] gives the modified radar equation under evaporation duct, and analyzes the radar 
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detection performance based on measured data. Reference [59] studies the influence of evaporation 
duct on radar OTH jamming, which has high reference value for the field of radar countermeasures. 
Reference [60] analyzes the influence of atmospheric duct on radar detection area according to the 
aĴenuation of radar electromagnetic wave propagation. Reference [61] analyzes the detection 
characteristics of radar from the perspective of the influence of atmospheric duct on electromagnetic 
wave propagation. Reference [62] analyzes the abnormal sea surface echo of weather radar during an 
atmospheric duct process, which has reference value for studying the influence of atmospheric duct 
on radar sea surface echo. 

Tropospheric scaĴering is more complex than atmospheric duct. The non-stationary and non-
laminar complex atmospheric structure in the troposphere is usually aĴributed to turbulent fluid, 
and statistical characteristic analysis is carried out using the structure function or spectral function in 
the random field theory, which can beĴer evaluate the overall statistical characteristics of the 
scaĴering link. However, this method ignores the discontinuous characteristics of the “junction area” 
between randomly moving fluids, as well as the continuous change characteristics inside the 
randomly flowing fluids. 

Optimization can be carried out from two aspects: one is to incorporate the interlayer reflection 
of the turbulent interface and the continuous gradient scaĴering inside the turbulence into a unified 
engineering model; the other is to combine deep learning technology, use the measured link data and 
meteorological sounding data to fit the nonlinear correction term of the multi-mode coupling effect, 
replacing the traditional linear empirical correction term. To explore the omnidirectional propagation 
characteristics of radar waves on the sea surface, Reference [63] introduces the turbulent scaĴering 
cross section, refractive turbulence structure constant and radar equation based on the PE equation, 
and simulates the detection performance of radar. At present, there are few published literatures on 
the analysis of radar OTH propagation signal characteristics based on tropospheric scaĴering, which 
is an aspect that needs in-depth research in the follow-up. 

5. Analysis of Radar EmiĴer Signal Signatures 

Radar EmiĴer Recognition (RER), referred to as emiĴer recognition, originated in the 1940s. It 
identifies the radar model, signal waveform, radar individual and working state by intercepting radar 
signals, extracting characteristic parameters [64], database comparison and classification recognition. 
It is a key technology in the field of electronic countermeasures, and can provide strong support for 
threat analysis and warning of electronic countermeasure systems in complex environments. 

A research hotspot in RER includes radar specific emiĴer identification (SEI), which needs to 
solve the problem that emiĴers can still be correctly distinguished when they have the same type and 
parameters. RER focuses on the conventional characteristics, inter-pulse characteristics and 
intentional intra-pulse modulation of radar, such as LFM, NLFM, BPSK, FSK, etc. In contrast, SEI 
focuses more on Unintentional Modulation On Pulse (UMOP) [25]. Although current RER research 
is no longer limited to conventional characteristics [65], the studies are all based on reconnaissance 
within the line-of-sight range, assuming that the radar signatures remain basically unchanged during 
transmission. 

The framework of emiĴer recognition is relatively mature, as shown in Figure 3. First, after the 
passive reconnaissance party receives the radar radio frequency (RF) signal, it performs 
preprocessing such as denoising and screening to purify the data. Second, feature extraction is 
performed on the pulse data, which is divided into conventional features, inter-pulse features and 
intra-pulse features. Among them, intra-pulse features can be further divided into intentional 
modulation and unintentional modulation, and intra-pulse unintentional modulation is the 
individual signature [66,67], which is only related to the physical layer characteristics of the 
equipment. Finally, the required feature data is compared with the database, and different 
recognition methods are adopted for identification. 
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Figure 3. EmiĴer Recognition Framework. 

Conventional Features, Inter-Pulse Features and Intra-Pulse Features focus on different 
indicators, and several representative indicators are listed in Table 3. With the increasing complexity 
of radar systems and modulation methods, more and more corresponding recognition technologies 
have emerged, developing towards multi-dimensional and multi-domain directions [8]. Polarization, 
as one of the basic aĴributes of pulses, is usually classified into conventional features; if there is inter-
pulse polarization coding or agility, it is further classified into inter-pulse features. It should be noted 
that tropospheric scaĴering will lead to depolarization effect, which requires the introduction of 
channel polarization compensation and other technologies. 

Table 3. Classification of Radar Signatures. 

Classification Indicators 

Conventional 

Features 
RF, PW, PRF, PA, DOA, TOA, etc 

Inter-Pulse Features Fixed PRI, Staggered PRI, Jittered PRI, Sliding PRI, Grouped PRI, etc. [68] 

Intra-Pulse Features 

Intentional modulation: LFM, NLFM, FSK, PSK, composite modulation, etc. [67,69] 

Unintentional modulation: local oscillator phase noise, transmitter switching 

transient characteristics, amplitude-phase characteristics of filters, etc. [7] 

Current research mainly focuses on the impacts of tropospheric OTH propagation: multipath 
effect, Doppler spread, and fading effect, which will greatly change various signatures of radar 
emiĴers and reduce the accuracy and efficiency of recognition. Therefore, studying the distortion law 
of radar emiĴer signatures and retaining the features with high stability is extremely important for 
RER. The comments on the influence of tropospheric OTH propagation on various signatures are as 
follows: 

1) Conventional Features 
The influence of tropospheric OTH propagation on conventional features is reflected in the 

deviation of measured values at the receiving end [70], decreased estimation accuracy [71], fading 
phenomenon [72] and broadening phenomenon [73], etc. The influence of atmospheric duct is usually 
systematic deviation, which can be corrected by modeling [74], while the scaĴered signal is non-
stationary with low signal-to-noise ratio (SNR) [70], and can only be analyzed qualitatively [75]. 
Reference [72] constructs the fading model of received signals in tropospheric scaĴering scenarios 
based on the analytical method of scaĴering transfer function, which can be used in the tropospheric 
scaĴering passive sensing scenario of non-cooperative emiĴers, and the experimental results have 
confirmed its effectiveness for the performance of OTH passive detection. 

2) Inter-Pulse Features 
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Inter-Pulse FeaturesPulse Repetition Interval (PRI) [76]is an important inter-pulse feature [77], 
and the PRI paĴern contains richer and more condensed structural information of radar pulse trains 
[78]. With the increasing complexity of radar models, the PRI modulation types of radar signals are 
also more diversified [68]. The timing law of PRI sequence is greatly affected by pulse missing and 
false pulses [79]. The multipath effect leads to serious damage to the timing law of PRI sequence and 
the failure of sequence integrity, and the modulation law of complex PRI is more difficult to recover 
after being disturbed [78], which is the core influence of OTH propagation on inter-pulse features. In 
OTH scenarios, the noise and interference are severe with extremely low SNR, making it difficult to 
extract PRI features. The interval characteristics of staggered and sliding PRI are covered by random 
errors, and the non-stationary characteristics of the intercepted signal further aggravate the difficulty 
of inter-pulse feature extraction [70]. 

3) Intra-Pulse Features 
Intra-Pulse FeaturesIntra-pulse features are extremely sensitive to channel distortion. 

Specifically, for pulse signals with phase coding system, multipath time delay and time-varying 
channel will cause random disturbance of the intra-pulse phase of the received signal [70], destroying 
its inherent correlation structure. This mismatch will further lead to the broadening of correlation 
peaks, the rise of side lobes and the reduction of processing gain, thereby reducing the discrimination 
of intra-pulse features and recognition accuracy, and weakening the separability of individual 
difference features of emiĴers. 

For frequency-modulated pulse signals, time-varying multipath and frequency selective fading 
will lead to uneven amplitude-frequency response and nonlinear phase-frequency response of the 
channel, thereby reducing the reliability of instantaneous frequency trajectory estimation and 
frequency point decision. At the same time, Doppler spread will not only reduce the pulse 
compression performance, but also cause spectrum expansion and decreased time-frequency 
focusing, further raising the requirements for intra-pulse feature extraction. 

Compared with the above single modulation, the recognition of composite modulation has 
higher requirements for the channel. It relies on the stable maintenance and joint decision of multiple 
modulation dimensions at the same time, and the failure of the modulation law in any dimension 
will greatly reduce the recognition accuracy. It is worth noting that the negative impact of channel 
distortion will be further amplified in extremely low SNR scenarios. At this time, the fine features of 
intra-pulse modulation themselves are submerged by additive noise, and the random distortion 
introduced by the OTH propagation channel will further destroy the inherent law of the features, 
eventually making it difficult to extract intra-pulse features accurately and stably. 

Reference [67] proposes a clustering algorithm combining inter-pulse parameters and intra-
pulse bispectrum features, which is verified by real data to initially reduce the impact of multipath 
effect. Reference [80] proposes an evaluation method for intra-pulse features in complex 
electromagnetic environments, which can provide a reference for how to select different features for 
recognition in different environments. 

Since the amplitude of unintentional modulation features is weaker and they are more sensitive 
to hardware details and channel disturbances, it is usually more difficult to extract them stably under 
OTH low SNR conditions. According to the manifestation of the signal, they can be divided into 
transient features and steady-state features [8]. Under line-of-sight conditions, the difficulties faced 
by SEI itself are: the duration of the transient process is short, while the steady-state fingerprint 
features are “hidden” deeper between the data and noise, making it more difficult to extract [8]. 

The OTH condition is harsher than the line-of-sight condition, and radar reconnaissance 
receivers usually adopt wideband receivers, which makes the intercepted signal have serious defects 
due to the inclusion of a large amount of out-of-band noise, seriously affecting subsequent signal 
recognition and parameter estimation [69]. The features are more susceptible to non-ideal complex 
channel conditions with greater noise impact. Under extremely low SNR, the inherent fingerprint 
features are basically covered by channel noise, making extraction difficult [73]. For the passive 
reconnaissance receiver, the unintentional modulation features of the radar may come from the 
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changes of the transmiĴer itself with device aging, or be affected by the OTH channel. At present, it 
is impossible to distinguish the influence of the two only by the received radar signal, and the internal 
mechanism still needs further research. 

Under the OTH system, the phenomena such as multipath effect, Doppler spread, fading and 
random phase shift are more serious than those under line-of-sight. To meet the recognizable 
requirements for target recognition of non-cooperative radar emiĴers, long-term signal accumulation 
must be carried out [71]. In engineering, since tropospheric scaĴering occurs more stably than 
atmospheric duct, tropospheric scaĴered signals are more practical to realize passive detection of 
OTH targets (such as non-cooperative radars) [72]. Current research mostly focuses on signal aliasing 
and low SNR scenarios, studying how to perform signal sorting and parameter estimation, and still 
needs in-depth research on the internal mechanism of channel influence on intra-pulse features. 

6. Conclusions 

At present, the research on atmospheric ducts, especially evaporation ducts, is relatively mature, 
and the influence of evaporation ducts on radar signal signatures can be corrected by systematic 
modeling. Next, the research focus of OTH radar emiĴer recognition should be expanded from a 
single evaporation duct scenario to a complex tropospheric propagation environment. However, 
there are still the following problems: 1) The academic community has not thoroughly studied the 
influence of tropospheric scaĴering on radar signatures; 2) For the signal samples received by passive 
reconnaissance, it is currently impossible to distinguish the action interval of scaĴering and 
atmospheric duct or the corresponding distortion effect, and an integrated theoretical system has not 
yet been formed; 3) The laboratory environment cannot meet the simulation conditions of OTH 
propagation, and field experiments have high requirements for weather and other factors, with 
uncontrollable meteorological conditions, great difficulty in multi-variable isolation, poor 
experimental repeatability, and lack of sufficient, high-confidence labeled measured data support. 

Therefore, it requires the common development and interdisciplinary integration of multiple 
professional research fields such as meteorology, oceanography, remote sensing, electromagnetic 
wave theory and technology [2], as well as more field experiments to promote development with 
measured data. After unifying the theoretical system of tropospheric OTH propagation, if a software 
system can be developed to interface with the meteorological system, real-time input of 
corresponding tropospheric meteorological parameters, such as turbulent volume, atmospheric duct 
height and thickness, can be converted into real-time channel conditions. The propagation 
aĴenuation and characteristic changes of radar signals can be calculated through the radar signal 
propagation model, which can greatly solve the experimental and simulation problems, and also 
greatly promote the research work of tropospheric OTH propagation. 

For the passive reconnaissance party without prior information of the transmiĴer, the 
improvement ideas are as follows: 1) Upgrade the hardware of the receiving end, such as adopting a 
wide-band, low noise figure multi-channel digital array receiver; 2) Construction and optimization 
of parameter signature database; 3) Detection of tropospheric propagation environment, real-time 
measurement of atmospheric refractivity profile, meteorological parameters and duct characteristic 
parameters around the site, and accurate construction of tropospheric propagation model; 4) 
Transformation of research path. The traditional research subject is the transmiĴer. The structure of 
the transmiĴer is simplified first, and it is assumed that each device does not interfere with each other. 
Simplified modeling is carried out, and individual differences are verified by experimental results. 
However, it cannot be fully proved that the differences come from the constructed model, and it is 
difficult to apply to OTH scenarios. Therefore, the research subject can be transformed. Since the 
individual differences are all contained in the signal, the transmiĴer can be regarded as a “black box”, 
and the individual differences of the transmiĴer can be inversely deduced from the signal itself. From 
current experiments, it has been proved that this method can further improve the individual 
recognition performance [1]; 5) Technical level, such as adopting diversity technology, anti-fading, 
anti-depolarization, etc. The correction ideas for tropospheric scaĴering are anti-random distortion, 
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SNR improvement and fast fading suppression; the correction ideas for atmospheric duct are 
modeling correction, systematic deviation removal and multi-mode effect separation. There are 
corresponding optimal algorithms for specific problems, and the research on algorithms with both 
adaptability and optimality for the above specific problems is still in the initial stage as a whole. 

It is worth mentioning that the integration and application of artificial intelligence has become 
the development mode of various fields. Tropospheric atmospheric turbulence is difficult to observe 
with severe temporal and spatial changes, and academic research is still in the stage of statistical 
analysis of data using statistics and optimization of various algorithms under simulation conditions. 
Therefore, intelligent optimization algorithms such as deep learning can well fit the research on radar 
emiĴer signal characteristics of OTH systems, and great breakthroughs have been made in the back-
end radar emiĴer recognition research in terms of effect. How to migrate the algorithm models in the 
field of artificial intelligence to the field of OTH propagation, with good interpretability, and then 
establish the relationship between interpretability and signal characteristics, is worthy of in-depth 
research and exploration. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

ADI Alternating Direction Implicit 
ADD Alternating Direction Decomposition 
BPSK Binary Phase Shift Keying 
DOA Direction Of Arrival 
ESM 
ELINT 
FSK 

Electronic Support Measures 
Electronic Intelligence  
Frequency Shift Keying 

IAPMFS Improved Advanced Propagation Model considering Free-Space propagation 
LFM Linear Frequency Modulation 
NLBC Non-Local Boundary Condition 
NLFM Non-Linear Frequency Modulation 
OTH Over-the-Horizon 
PA Power Amplitude 
PE Parabolic Equation 
PRF Pulse Repetition Frequency 
PRI Pulse Repetition Interval 
PSK Phase Shift Keying 
PW Pulse Width 
RF Radio Frequency 
RER Radar EmiĴer Recognition 
RT Ray Tracing 
SDFSM-SBR Semi-Deterministic Facet ScaĴering Model-Shooting and Bouncing Ray 
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SEI Specific EmiĴer Identification 
SNR Signal-to-Noise Ratio 
TOA Time Of Arrival 
UMOP Unintentional Modulation On Pulse 
VHF Very High Frequency 
WAPE Wide-Angle Parabolic Equation 
WPE Weather Forecast-Enabled tropospheric ScaĴering Path Loss Channel Model 
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