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Abstract: One of the most important elements of monitoring 2I1st-century radio
communication technologies is determining the direction of transmission of sources and, in
more specific cases, their exact geographical location, which is based on direction-finding
capabilities. Direction finding in the RF (radio frequency) range plays a critical role in
several technical and security applications, including monitoring communication systems,
detecting interference sources, electronic warfare, and civil and military navigation. With
the spread of mobile networks, the development of drone technology, and the deployment of
smart city infrastructures, there is a growing demand for fast, reliable, and accurate
direction-finding solutions. While prizing radio direction finding (RDF) for navigation
alone is declining due to the spread of satellite positioning systems (GPS), there is a
growing demand for accurate positioning of individual communication devices in both
civilian and military applications. Radio direction finding, carried out under the guidelines
of the International Telecommunication Union (ITU), has an impact not only on
interference source identification and the detection of unauthorized transmitters, but also
on scientific research areas such as radio astronomy and remote sensing. In
telecommunications, spatial multiplexing (SDMA) in communication networks using
modern wireless multiple-antenna (MIMO) systems also requires the precise direction of
incoming radio waves to be determined. In military applications, such as signals
intelligence (SIGINT) and electronic support measures (ESM), determining the line of
beam (LOB) of electromagnetic radiation is essential for mapping the enemy's battle order
(EOB) and establishing information superiority. [1] [1] The technical principles behind the
various direction-finding methods differ depending on the type of information used: this
can be the phase, amplitude, arrival time, or a combination of these factors. The
technology always tailors to the specific application environment, considering factors such
as accuracy, response time, system configuration size, cost, and even field applicability.
This article provides a comparative overview of the most widely used direction-finding
methods in the RF range, including their operating principles, advantages and
disadvantages, and practical applications. The text also aims to comprehensively describe
how to determine the spatial direction of a radio signal source using various engineering
approaches and the criteria users should consider when selecting a method for a specific
task.

Keywords: radio direction finding, phase measurement, amplitude-based DF, TDOA,
MUSIC, ESPRIT, interferometry, electronic detection
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1 Introduction

Direction finding (DF), the process of estimating the direction or bearing of
electromagnetic wave propagation, is one of the fundamental capabilities of
modern radio frequency (RF) systems. From the earliest radio communication
systems to today's complex, software-defined and intelligent networks, DF has
played an indispensable role in signal intelligence, spectrum management, and
wireless infrastructure optimization.

In essence, DF aims to determine the Direction of Arrival (DOA) of an
electromagnetic signal at one or more receiving antennas. This information is
critical in various applications: locating emitters in electronic warfare (ELINT),
detecting interference in cellular networks, supporting navigation and SAR
search-and-rescue operations, and optimizing the performance of multi-antenna
communication systems. As wireless technologies evolve towards higher
frequencies and broader bandwidths — from HF and VHF systems up to
millimetre-wave and satellite bands — the accuracy, speed, and robustness of
direction finding have become increasingly important. [1]

Historically, DF techniques date back to the early 20th century, when mechanical
goniometers and rotating antennas were used for naval and aviation navigation.
Early systems relied on comparing received signal amplitudes across directional
antennas to infer the bearing of a transmitter. While effective, these analogue
systems were limited by low resolution, mechanical complexity, and slow
response times. The introduction of phase-measuring interferometers in the mid-
20th century significantly improved precision, paving the way for electronic
direction finding (E-DF) systems capable of sub-degree accuracy without moving
parts.

In contemporary RF environments, signals are often wideband, intermittent, and
affected by multipath propagation, where reflections and scattering cause multiple
signal components to arrive at slightly different angles and times. These
conditions challenge traditional DF systems, which assume ideal, line-of-sight
propagation. To address this, modern DF systems employ digital signal processing
(DSP), array -calibration, and super-resolution algorithms such as MUSIC
(Multiple Signal Classification), ESPRIT (Estimation of Signal Parameters via
Rotational Invariance Techniques), and Capon or MVDR (Minimum Variance
Distortionless Response) beamformers. These techniques exploit the statistical
structure of the received signal covariance matrix to achieve angular resolutions
far beyond classical beamforming limits. [2]

Moreover, the rise of massive MIMO (Multiple-Input Multiple-Output) systems,
radar sensor networks, and RF situational awareness platforms has transformed
DF from a specialized military tool into a core enabler of modern wireless
engineering. In 5G and 6G communications, for instance, DOA estimation is
integral to beamforming, spatial multiplexing, and localization. The synergy
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among DF, localization and adaptive beam control results in significant
improvements in spectral efficiency and interference management.

In recent years, the integration of machine learning (ML) and artificial intelligence
(AD has further advanced DF technology. Hybrid model-based and data-driven
approaches combine the interpretability of physical array models with the
robustness of learning systems that can adapt to calibration errors, hardware
imperfections, or non-ideal propagation conditions. These trends mark a paradigm
shift — from purely analytical estimation methods to adaptive, intelligent RF
sensing systems. (Figure 1)
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Figure 1 Principle of radio direction finding
Source:https://www.stratign.com/direction-finding-system/( Accessed:19.11.2025)

Consequently, direction finding remains a vibrant and evolving field that bridges
classical electromagnetics, array signal processing, and artificial intelligence. The
following sections of this paper provide a structured overview of the primary DF
methodologies — amplitude-based, phase-based, and time-based (TDOA) —
followed by an examination of super-resolution and learning-enhanced algorithms,
practical implementations, and current research directions. [3]
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2 Requirements

The requirements for radio direction finding methods can be grouped according to
several criteria. One possible way is to organize the categories using the most
general criteria as a system. [4], [5] (Figure 2)
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Figure 2
Requirements for radio direction finding methods
Source: Edited by the author

Accuracy requirements

In terms of accuracy requirements, the most important characteristic is the
direction-finding system's direction-determination accuracy. The direction finder
must determine the proper incoming direction with a slight angular deviation
(typically £1-3° e.g. in aviation applications; however, there are areas of use
where significantly stricter requirements must be imposed (e.g. £0.5° in military
systems). In terms of stability, the measurement accuracy does not deteriorate with
changes in environmental conditions, frequency, or signal level. Another
requirement is the ability to be calibrated, which means the system must ensure
error compensation (e.g., antenna phase deviation, multipath effects).

Sensitivity and signal power

The minimum input signal level determines the receiver sensitivity. In addition, it
is expected that the receiver will still be able to determine direction even at low
signal levels. The direction finder needs to provide this reliably, even at low
signal-to-noise ratio (SNR). At the same time, it is required that the system handle
both weak and strong signals without distorting the sensitivity parameters, i.e., it
should have an adequate dynamic range.

Frequency and bandwidth
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The operating frequency range defines the frequency band or bands for which the
system is designated (e.g., 100 kHz to 3 GHz, depending on the application). The
receiver's operating bandwidth must match the type of source signal (e.g., AM,
FM, or digital modulation). Modern radio direction-finding systems can perform
parallel direction finding across multiple frequencies through multi-channel
operation.

Time requirements

Increasing the measurement speed allows you to determine the direction quickly
(in the order of ms—s). In multi-station (networked) systems, accurate time
synchronization is required for location determination (e.g. in the TDOA method),
which is determined by the time synchronization capability.

Environmental and mechanical requirements

Operating temperature range. In terms of environmental protection, the device
must operate reliably over a range of -40 °C to +60 °C, which can be wider in
some cases, such as military applications. Its mechanical resistance should be
vibration-, shock-, and weather-resistant (mobile or field systems). It is also
important that the direction-finding system does not interfere with or be sensitive
to interference from other systems, in terms of Electromagnetic Compatibility
(EMC).

System integration and management requirements

Automatic direction finders require as little operator intervention as possible, and
their measurement results are transmitted via a network to a central processing
unit (Data communication). The User Interface must have a clearly understandable
display, direction, signal strength, and time stamp display capability. In addition to
all this, maintainability can be ensured through the modular structure and the
ability to perform remote diagnostics.

Special requirements

There are other application-dependent Gyed expectations, such as:

Air/aviation application: Compliance with ICAO and EASA regulations (e.g.
VDF systems).

Military applications: interference protection, hidden operation, encrypted data
transmission.

Civil telecommunications/shipping: compliance with international standards (ITU,
IMO)

Application environment: fixed, mobile, land/airborn
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3 Radio direction finding methods

Direction Finding (DF) is the set of procedures used to determine the direction of
radio signals. Its purpose is to identify the direction and position of the radiating
transmitter (source).

Application areas:
- navigation
- reconnaissance
- radiolocation
- interference control

3.1 Amplitude-based direction finding

The antenna's directional characteristics cause the amplitude of the incoming
signal to vary with the direction of radiation. Rotating antenna systems
mechanically rotate the antenna to find the maximum signal strength, which
indicates the direction. The Adcock system measures the differential voltage
between two vertically polarised antennas, reducing the effects of horizontal
noise. The advantages of the method are simple construction, low power
consumption, and low implementation cost. However, it is associated with limited
accuracy (3-10°), slow response time, and high sensitivity to multipath

propagation. [6], [7](Figure 3)
DOA 1 DOA 2

Amplitude 2

Figure 3
Amplitude-based direction finding principle with directional antenna characteristic weighting.
Source:https://www.emsopedia.org/entries/passive-direction-finding-df-techniques-amplitude-

comparison/(Accessed:19.11.2025)
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3.2 Phase-based direction finding

Phase-interferometric systems can determine direction from the phase difference
measured between two or more antennas. The following relationship exists

between the :A¢@ phase difference and the :8 angle of incidence:
Ap = i—ﬁ - d - sin(8) (1)

where d is the distance between the antennas, and A is the wavelength.

Angle error Angle error

" 1k

Better accuracy requires larger base length (from d to N x d)

Figure 4
Phase comparison technique concept
Source:https://www.emsopedia.org/entries/passive-direction-finding-df-techniques-phase-
comparison/(Accessed:19.11.2025)

The advantage of this method is its high accuracy and fast response time, but the
disadvantages are complicated calibration and expensive electronics. It is the most
widely used technique in military and civilian applications (such as flight
navigation or spectrum reconnaissance). [8], [9]

3.3 Time difference-of-arrival (TDOA) direction finding

The TDOA'“Radio direction finding is a radio engineering procedure that
determines the position of a transmitter by measuring the differences in the arrival
times of the signal at several remote receiving stations. The signal emitted by a
radio transmitter at an unknown location is detected by several receiving stations
at known positions at a given time, and the receivers compare the signal's arrival
times. Hyperbolas can be written from the differences (At), the intersection of
which gives the position of the transmitter.

4TDOA: Time Difference of Arrival
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If the signal arrives between two receivers with a time difference At, then the
location of the transmitter can be at points where the distance difference is
constant:

| S, —S, |=c-ATOA 2)

where S1 and S2 are the distances of the transmitter from each station, B is the
distance of the receiving antennas and c is the speed of light (=3-108 m/s).(Figure
5)

4 Emitter N
9,
B x sin(DOA)
ATOA = —————
Va
o
o e X ATOA
DOA = sin B
Antenna 1 Antenna 2
—p
B
\ J

Figure 5
TDOA comparison technique concept
Source:https://www.emsopedia.org/entries/passive-direction-finding-df-techniques-dtoa-difference-
time-of-arrival-comparison/(Accessed:19.11.2025)

For a given | §; — S, | distance difference, the set of geometric locations that

could be potential radiation sources can be plotted. (Figure 6)
TDOA hyperbola (time difference of arrival)
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Figure 6
Possible TDOA hyperbola locations in case of two receivers
Source: Edited by the author

In the case of two direction-finding receivers in two dimensions, this results in an
infinite number of solutions along a hyperbolic curve; therefore, for accurate
2D/3D positioning, at least three direction-finding receivers with known positions
must be used simultaneously. With appropriate time synchronization and a
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network, the passive TDAO method can achieve high accuracy. The disadvantage
is that exact time measurement is required on the receiver side (e.g., GPS time),
and multipath propagation (reflections) can cause errors in the measurement. [10],

(11]
The widespread direction finding method is used in many areas, such as:

- mobile phone network location

- military radio reconnaissance, electronic warfare
- measuring drones and radar-protected devices

- aviation and maritime navigation systems

- search and rescue services (e.g. missing beacons)

3.4 Digital/hybrid methods

Technical breakthroughs in digital signal processing fundamentally drive the
development of modern radio direction-finding systems. While classical amplitude
and phase measurement methods rely on analogue principles, modern systems
generate the necessary direction information from digitally sampled, spatially
correlated antenna-array signals. The essence of digital/hybrid direction-finding
methods is that the statistical properties of the measured radio-frequency signals
— such as their covariance matrix — are analyzed using mathematical models,
from which the direction of the incoming wavefront can be determined with high
accuracy. [12]

The best known Super Resolution DOA algorithms are MUSIC (Multiple Signal
Classification) and ESPRIT (Estimation of Signal Parameters via Rotational
Invariance). The MUSIC technique determines the possible directions of arrival
by spectral resolution of the signal and noise spaces, thereby distinguishing
between multiple radiation sources close to each other. Its disadvantage is that it is
computationally intensive, thus requiring high processing capacity. The ESPRIT
technique achieves the same goal by using mathematical matrix invariance, which
is why it is faster while also operating robustly in multipath environments — thus
it is often used in military and urban radio reconnaissance, passive radars, and
base station sector inspection of 5G/6G networks. [13] (Figure 7)
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Figure 7
ULA hybrid beamforming sub-connected architecture
Source:https://arxiv.org/pdf/1712.02085(Accessed:19.11.2025)

ML/AI-based hybrid DF systems have also emerged, combining physical antenna
models with machine learning. Deep neural networks (DNNs), convolutional
networks (CNNs), or autoencoders can learn antenna-array errors, distortions, and
urban multipath propagation, thereby providing more accurate results than
classical algorithms in many cases. They are mainly used for mobile network
location, drone reconnaissance, electronic warfare (EW/ESM) systems and RF
spectrum surveillance. [14]

4 Summary

Radio direction-finding methods offer different levels of accuracy, response time,
and system complexity, so their selection is always application-dependent.
Classical amplitude-based techniques are a simple and cost-effective solution, but
their accuracy is limited (3—10°), especially in noisy or multipath environments.
Phase-based interferometric systems are significantly more accurate (0.5-2°) and
fast, and therefore play a prominent role in military, jamming control and civil
navigation applications, although they require calibration. (Table 1)

Table 1
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Radio direction finding methods
Source: Edited by the author

Disadvantage

Amplitude-
based

Phase-based

TDOA

MUSIC/ESPRIT
(digital)

Theoretical Accuracy (°) Reaction Technical Multipath Typical Preference
basis time i sensitivit application
Field strength 3-10 Slow Low High Navigation, Simple,
difference education cheap
Phase difference 0.5-2 Fast Medium— Medium Military DF, High
high jamming accuracy
control
Time difference 1-5 (in Medium Large Medium Broadband Great
position: <100 positioning coverage
m)
Spatial <0.5 Very fast Very high Low Modern Multiple
correlation radar, source
passive handling,
reconnaiss noise
ance tolerance

TDOA methods are primarily used for large-area, broadband location
determination. Their advantage is that they are also suitable for position
determination, but their disadvantage is the need for precise time synchronization.
Modern digital, super-resolution methods (e.g., MUSIC, ESPRIT) achieve
accuracies of even less than 0.5°, with separation of multiple simultaneous sources
and good multipath tolerance, but they require substantial computing and
equipment.

Overall, the comparison of methods (Table 1) shows that future direction-finding
systems are based on a combination of analogue and digital solutions, as well as
on procedures supported by high-precision, broadband, and intelligent data
processing.

Conclusions

The development of radio direction-finding methods has reached a new level
today, where digital, multi-antenna, and intelligent signal analysis solutions are
gradually taking over the role of classic analogue and mechanical systems. The
requirements of the modern RF environment — such as broadband signal
handling, real-time evaluation, compensation for multipath propagation errors, and
increasingly smaller systems integrated into mobile platforms — create challenges
that traditional amplitude, phase, or TDOA technologies alone can no longer fully
address. Advanced stochastic and super-resolution algorithms (MUSIC, ESPRIT,
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Capon/MVDR) as well as newly emerging artificial intelligence-supported hybrid
solutions enable direction-finding accuracy to reach or exceed the tenth-degree
range, while identifying multiple simultaneous emitters even in noisy, reflected
environments.

The integration of artificial intelligence is an auspicious direction. Using data-
driven models, not only can multipath effects be reduced, but calibration errors,
antenna geometry distortions and channel changes can also be compensated for.
This makes radio direction finding not just an instrumentation task but a complex,
networked information-processing and decision-support system. Application areas
such as spectrum reconnaissance, drone direction detection, smart city device
localization, and 5G/6G MIMO-based beamforming and localization are given a
prominent role in the development.

Overall, the future of radio direction finding lies in the integrated application of
analogue and digital methods, the adaptive operation of intelligent algorithms, and
network-based, cooperative, and broadband systems. The most important design
considerations remain accuracy, robustness, time synchronisation, multi-source
handling, and data processing capacity. Direction-finding systems of the future
will not only detect radio presence but also support intelligent interpretation of
activities in the communication space.
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