Direction Finding and Radiolocation
Basics
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Radio direction-finders at a glance

Purpose of radio direction-finders (DF)

I Determination of the line of bearing (LOB) to a
source of electromagnetic radiation

I In most cases multiple LOB are used to locate
this source

Main DF engineering features
DF accuracy

DF sensitivity

Minimum signal duration
Immunity to reflections
Immunity to strong signals

I
I
I
I
I
I DF scan speed

DF methods used

I Correlative interferometer
I Watson-Watt

I Doppler
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Components of a DF system

Processing Display

DF antenna Receiver(s) unit and control

DF antenna Receiver(s) and processing unit User interface

I Typically 5-9 I  One or more receive channels with I  Software for
antenna analog-to-digital conversion display and
elements in a I Integrated or separate digital signal control
circular array processing I Position fix and

1 Integrated map display
antenna switch software
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Site selection for direction-finding antennas

DF and multipath propagation (reflections)
I In general DF are sensitive to reflections

I The immunity to reflections depends mostly on the DF
antenna aperture (diameter divided by wavelength)

~ Stationary DF systems
I Typically the DF antenna is installed on the top of a mast
I Integrated lightning protection is of vital importance

Mobile DF systems

@ _ I Inurban environments many
Target Tx | reflections arrive at the DF
antenna due to multipath

I Most radiolocation missions take
place in urban environments

I  Automatic running fix software
can help to separate real
bearings from reflections

Mobile DF
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Triangulation Running fix

I The DF results fromtwo 1| DF results from different
or more fixed DF locations are collected
stations are super- and combined using a
imposed on a map. mobile direction-finder.

Radiolocation with direction-finders

Homing

A directional antenna is
rotated to find the
direction with maximum
signal level.
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TDOA and Triangulation
at a Glance

/" TboA N\ [/ DF N\

Receiver 3

DF 3

Receiver 1
DF 1

k ReceiverZ/ \\ N /

Two methods for radiolocation are commonly used: Time Difference
of Arrival (TDOA) and triangulation based on direction-finders. Both
methods have pros and cons and may compliment each other in
hybrid systems.
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DE’s in Radiomonitoring

Number of receive channels

Pl

Number of receive channels
—
Single-channel direction finder
—e
» Measurement of phase angle differences
t between all antenna elements and the
| reference element, also referred to as
I interferometer or multiplexed
DL R single-channel DF.
00
e
o—— 180° |—=O |
i 270° | + » Receiver » A/D + DSP
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DE’s in Radiomonitoring

Number of receive channels

Number of receive channels
Two- and three channel direction finders

Two-channel direction finder Three-channel direction finder

T e

—e

Receiver || Receiver| Receiver
1 2 3

The more receive channels, the faster the DF measurement and
the shorter the minimum signal duration.

Receiver 1 Receiver 2
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DE’s in Radiomonitoring

Requirements for a DF

Requirements for a DF

... provide accurate results in unfavorable antenna environments

Biggest threat to accuracy: reflections

without reflections with reflections
— test field — real environment
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DE’s in Radiomonitoring

Requirements for a DF

Requirements for a DF

... provide accurate results in unfavorable antenna environments

Best way to get rid of reflections: large antenna diameter

nominal bearing
A

Narrow-/wide-aperture
DF antennas

with -aperture DF antenna

with narrow-aperture DF antenna

aperture = diameter / wavelength
aperture < 1: narrow

aperture >= 1: wide

Accuracy: averaged errors

wave front _ _ ___ S L,___/—____'(_k .‘“:’.-m.--- 2 b 2
/l\m—_/-/o el + 62 + coe + eN
distorted =
wlzvc; f?ont accuraquMS N
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DE’s in Radiomonitoring

Requirements for a DF

Requirements for a DF

... provide accurate results for weak signals

How to DF weak signals: sensitivity

Minimum y . 0D 150
ﬁeld.strength . ] Example of (Old) 0D 050
required for: N ® ADDOTO

20 RMS fluctuation R&S® DF antennas S

E [uWm]

1 kHz DF bandwidth
| s integration time
10 samples averaged

f[MHz]

Sensitivity always depends on the frequency. Yet there is no agreed
measurement procedure, leaving room for ‘result optimization’.
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DE’s in Radiomonitoring

Requirements for a DF

Attention: Polarization

The DF antenna 1s designed for vertical polarization

Types of linear polarization Losses due to depolarization

Antenna

T |l= Al

W
ﬁ 0dB oo 3 dB 3dB

vertical

H
= o 0 dB 3dB 3dB
a2
(]
Y RHC
w 3dB 3dB DdB oo
horizontal
LHC

@ 3dB 3dB o 0dB

Most DF antennas are designed for vertical polarization. Horizontal
polarized signals (e. g. FM/TV broadcasting) will cause strong bearing
fluctuation and low DF quality.
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DE’s in Radiomonitoring

Requirements for a DF

Single Station Location (SSL)

HF-Radiolocation with only one direction finder

lonosphere

By knowing the elevation and the height of the ionosphere it 1s
possible to calculate the position of the HF emitter.
Problem: height of 1onosphere — calculation from a database,
calibration by known emitters or measurement with a chirp sounder
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DE’s in Radiomonitoring
DF techniques

Traditional DF techniques

Directional antennas — the simplest solution

Direction with level maximum
= bearing result

* Handheld equipment
+ » Works within buildings

* High sensitivity for large
antenna arrays (Wullenweber)

* Very limited in accuracy and
processing speed
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DE’s in Radiomonitoring

DF techniques

8GEP

Traditional DF techniques

Adcock/Watson-Watt

Sum pattern

Bird‘s eye view on the antenna array

Monopole

Difference pattern

O

H@

North-South-Axis

O

East-
West-

AXI1S
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DE’s in Radiomonitoring

DF techniques
Traditional DF techniques
Adcock/Watson-Watt
ADCOCK/WATSON —
WATT PRINCIPLE

Adcock =

Antenna

Watson-

Watt
Processing T
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DE’s in Radiomonitoring

DF techniques

Traditional DF techniques

Adcock/Watson-Watt

Create the crossed figure 8 pattern

*1

Crossed ferrite
loops

Crossed dipole Crossed monopole

elements

elements

Crossed
loops

8GEP 17
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DE’s in Radiomonitoring
DF techniques

Traditional DF techniques
Adcock/Watson-Watt

* Allows for small DF antennas, especially in HF

* Fastest possible measurement speed when using 3 receivers

* No wide aperture antenna arrays possible, limited immunity to
reflections

» Limited bandwidth per antenna array, several arrays required
* Measurement of elevation is NOT possible
* Poor accuracy for sky waves with high elevation angles

 Depolarization decreases accuracy

8GEP
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DF’s in Radiomonitoring
DF techniques
Modern DF techniques
Correlative Interferometer
12
Bearing calculation by 56
: 87
comparison of meqsured and B T erforences
calculated phase differences 05
e . 12
‘ 56 calculated
87 phase differences
] for different directions
o of arrival of a plane wave
%
R [ K . : :
AK(a) Position of maximum: bearing result
Circular antenna arrays Height of maximum: bearing quality
with  5-9 elements
LI LI 1 —— o
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DE’s in Radiomonitoring
DF techniques

Modern DF techniques

Special correlative interferometer: vector matching

12
56
87

Calibration in 10°

steps and for a measured

phase differences

sufficient number of
frequencies,
interpolation [ |
— Calibrated phase I
differences |
Accuracy depends —a
on the geometry of K@)
f o
DF antenna array the antenna array
, and the accuracy of
matched to an aircraft 4. calibration
process. LTI e S
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DE’s in Radiomonitoring
DF techniques

Modern DF techniques

Correlative Interferometer

* Superior immunity to reflections

» Measurement of elevation possible

« Higher Bandwidth per antenna compared to other techniques
—+ | * Depolarization will not decrease accuracy, just sensitivity

» Accuracy independent of azimuth due to circular array

* Geometry of DF antenna array variable if the DF system is
calibrated

« For HF large antenna arrays are required to obtain a reasonable
phase difference between antenna elements

8GEP
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DE’s in Radiomonitoring

DF techniques

Modern DF techniques

Super Resolution

High resolution direction finding by means of complex mathematical
algorithms (MUSIC, ESPRIT). Advantage: co-channel interferers are
measured seperately: Several DF results per frequency.

Comparison of all signals from
all elements with each other

\

Transformation through
,Eigenvektor Zerlegung*

Correlation calculation over all / 5
0 50 100 150 200 250 300 350 400

azimuth directions

MUSIC
350

300

N
a
o

N
o
o

-
)]
o

-
o
o

10*log(Pmu), 10*log(Pkonv) /dB

[62]
o

)\ /

0 e =

alpha / grad
Example: 5 different signals on the same frequency with
nominal directions of 10°, 20°, 40°, 60° and 220°
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DE’s in Radiomonitoring

DF techniques

Modern DF techniques

Super Resolution

Individual
DF results for
all emitters
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DE’s in Radiomonitoring
DF techniques

Modern DF techniques

Super Resolution

* Highest immunity to reflections, some methods DF reflections
separately, separate DF results for co-channel interferers

» Measurement of elevation possible
» Bandwidth per antenna comparable to the cor. interferometer
 Depolarization will not decrease accuracy, just sensitivity

» Accuracy independent of azimuth due to circular array

* For HF large antenna arrays are required to obtain a reasonable
phase difference between antenna elements

* Increased minimum signal duration due to measurement time

8GEP
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DE’s in Radiomonitoring

Modern DF Processing

Modern DF Processing
Calibration: “look-up table”

During calibration

\ g. 150 MHz, 300°

DF system

Memory+

l 305°—300°

DF result at
150 MHz: 305°

During operation

\ g. 150 MHz, 300°

DF system
DF result before correction: 305°
Look-up-table: 305°—300°
Corrected DF result: 300°

}

DF result: 300°

8GEP 25
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DE’s in Radiomonitoring
Modern DF Processing

Modern DF Processing

Calibration: general hints

The lower the frequency the more DF errors are to be

Is error correction expected (wavelength~obstacle dimension). Above

needed? 200 MHz only little error correction is needed.
Practical The ship/car 1s turnded in 10° steps and a wave is
, ¢ , transmitted onto it at hundreds of frequencies.
considerations
Normally the RMS overall accuracy improves by a
Result and 4 A Y
, factor of 2. Errors due to strong resonances are not
Improvement totally correctable.
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DE’s in Radiomonitoring

Modern DF Processing
Modern DF Processing
Coherent averaging
First scan Second scan

S,

/N

.

Channel|Channel Channell Channel|Channel Channel
1 2 N 1 2 N
Scan 1 |AntennajAntenna Antennal
signals | signals signals Scan 1 |AntennalAntenna Antenna
19 19 1-9 signals | signals signals
1-9 1-9 1-9
: Scan 2 [AntennajAntenna Antenna
Coherent averaging allows to signals | signals signals
take bearings of invisible 19 | 19 1-9
signals in the noise floor (e. g.
spread spectrum).

For each channel the

process is active until

signal falls below level
threshold.

DF results are
calculated from
averaged antenna
signals. This improves
sensitivity and accuracy
dramatically.
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Radiolocation

Location accuracy with triangulation

= bearing accuracy
= distance between DF stations
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Radiolocation

Location accuracy with triangulation
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Radiolocation

Location accuracy with triangulation

Areas with a high level of radiolocation accuracy
(blue)
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Mobile DF 1n urban environments
DF error distribution in urban environments

Example: measurements made by
Rohde & Schwarz

Measurement of the DF error
distribution

Urban environment without line-
| of-sight

{ Transmitter at 925 MHz

Relative

| Result:

¢ Typically the DF error is in the
range 10-30°

¢ The peakis at £15°

1] 20 40 G0 20 100 120 140 160 180
DF error in
degrees
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Mobile DF 1n urban environments
Automatic homing software

N)

Automatic homing software finds the target automatically

street

Wild bearings caused by reflections do not spoil the location result anymore

Special operator experience in mobile DF is not required anymore
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First result after some
hundred meters 4

The rough direction is

clear already Second result one

minute later

The rough location is
clear already

Location result (red circle) after 5
minutes
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Examples: mobile DF system
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Examples: mobile D

- 0, i*'.

F system

Foin g
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Examples: deployable DF station
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Examples: compact DF system
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Examples: stationary V/UHF DF system

!
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Examples: stationary HF DF system

®
A

o A0
®

. . _____ .’ Different array
@ diameters possible.

A
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DE’s in Radiomonitoring
Thank You For Your Attention

Ao o Yo W
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