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ABSTRACT In the realm of modern radio equipment development, the integration of Software Defined Radio (SDR) systems,
encompassing both software and hardware components, has become widespread. SDR systems, particularly, find
applications in the creation of direction finders for radio signal sources. The effectiveness of direction finding and the
identification of radio radiation sources largely hinge on the technical specifications of the equipment. For contemporary
systems aimed at detecting the location of radio radiation sources, direction finders based on a correlation interferometer
prove to be highly suitable. These direction finders excel in performing direction finding for a wide array of radio signals,
capable of recognizing broadband modulated signals. They can simultaneously process and identify several signals within a
single frequency channel, originating either from a singular source of radio signals (coherent) or from multiple sources
(incoherent). SDR technology enables programmable reconfiguration of a radio receiver through software. Such receivers
boast a broadband radio frequency component with a significant dynamic range, a high-speed Analog-to-Digital Converter
(ADC) path, a robust signal processor, and a specialized digital filtering path. SDR receivers are adaptable to signals of
various standards and frequencies, depending on the specific tasks at hand. The GNU RADIO software platform stands out
as the most flexible open-source software platform for SDR systems. This article delves into the utilization of the GNU
RADIO software platform to implement the search algorithm for the direction finder of the correlation interferometer. The
Ettus USRP N210 SDR platform was selected for implementing the direction finder using the correlation interferometer
algorithm. This study introduces a two-channel software-controlled model of the direction finder, operating according to
the correlation interferometer algorithm. The measurement results for the placement angle of radio signal sources yielded
an individual absolute error ranging from 2 to 4 degrees, with an average absolute error of about 3 degrees. These results
are quite commendable for such mobile two-channel systems. While systems with four or more channels boast higher

accuracy, they tend to have lower economic feasibility.
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I. INTRODUCTION

adio direction finders belong to navigation
R equipment, the main task of radio direction finders

is to determine the position of a moving object in
space. With the proliferation of satellite positioning radio
systems, direction finding for radio navigation tasks is
becoming less and less used [1]. Nevertheless, radio
direction finding is quite relevant for radio control tasks
and detecting the location of radio sources [2]. The task of
efficient direction finding of radio sources depends to a
large extent on the technical characteristics of the
equipment.

The structural diagram of radio direction finder shown
in Fig. 1 consists of the following blocks: an antenna unit,
a radio receiving unit, a digital signal processing unit, and
an indication unit. Also, depending on the requirements,
the following units can be added to the block diagram: a
remote control unit via communication lines or radio
channel; a navigation unit for orientation of the radio
direction finder; a unit for testing the performance of the
direction finder; devices for adjusting and calibrating
radio receiving paths.
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FIG. 1. Block diagram of the radio direction finder.

The direction finder antenna system consists of N
antennas placed in space according to a certain law:
ellipse or circle, other options are possible. Antennas of
various designs can be used as direction finder antennas:
directional antennas of various types, frame antennas,
conical vibrators, disco-cone antennas, and others.

The radio receiving unit is used to select, amplify, and
convert the frequency of the input signals. From the
output of the radio receiving unit (Fig. 1), analog signals
at an intermediate frequency are sent to the digital signal
processing unit, where these signals undergo an analog-
to-digital conversion operation. According to the method
used for direction finding, the azimuth position of the
radio sources is determined. The digital signal processing
device can also perform spectral analysis of signals,
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measure their parameters, demodulate and decode
information [3]. The display unit shows the direction
finding results. A personal computer or a laptop is often
used as a display unit. The computer is also used to
control the operation of direction finding equipment, store
direction finding results, etc.

Currently, the following types of radio direction
finders are used for radio source location systems: based
on a rotating directional antenna; quasi-Doppler systems;
phase interferometers; correlation interferometers; two-
channel automatic direction finders [4].

Different types of direction finders have their
advantages. Modern systems for detecting the location of
radio sources, direction finders based on a correlation
interferometer are best suited, as they can track almost all
types of radio signals [5]. Such direction finders can
recognize broadband modulated signals, simultaneously
process and recognize several signals in the same
frequency channel, both from one radio source (coherent)
and from several sources (incoherent) [6].

Il. PROPOSED SYSTEM ARCHITECTURE

The basic idea of a correlation interferometer is to
compare the measured phase differences between the
antenna array elements and the phase differences of a
reference (theoretical) spatial signal [7]. This reference
signal is supposed to be calculated analytically for all
possible angles of arrival of the radio wave. The direction
of the reference spatial signal, where the correlation with
the received signal is maximized, is considered the angle
of arrival of the radio wave [8]. For systems detecting the
location of radio sources, the most common is the scheme
with two receiving channels, which is shown in Fig. 2:

ANTENNA

ELEMENT 1 A
Y ANTENNA
—>| BUFFER 1 >
ANTENNA
IANALOG-TO-DIGITAL|
AD{RECE\VER 2 CONVERTER 2 }—V

ELEMENT 2
FREQUENCY

T: ANTENNA
BUFFER 2
ANTENNA
[SYNTHESIZER

RECEIVER 1

IANALOG-TO-DIGITAL
CONVERTER 1

CONTROL AND
DISPLAY UNIT

ANTENNA SWITCH

ELEMENT N

ANTENNA

\[E >| BUFFERN
CALIBRATION
GENERATOR

ANTENNA ARRAY WITH A SWITCH

DIGITAL SIGNAL PROCESSING UNIT |

!

TWO-CHANNEL
RECEIVER

ANALOG-TO-DIGITAL SIGNAL
PROCESSING UNIT

FIG. 2. Block diagram of a correlation interferometer.

In this arrangement, where the number of antenna
elements exceeds the number of receiving channels, all
elements are connected in series to the receiver inputs
using high-frequency switches. The key components of a
correlation interferometer include an antenna array, an
antenna switch, a dual-channel coherent receiver, and an
analog-to-digital processing unit.

The antenna switch connects pairs of antenna elements
selected by the direction finding algorithm to the inputs of
the two-channel receiver in series. To ensure coherent
signal reception, the mixers of both radio reception
channels are supplied with the same high-frequency
voltage generated by the frequency synthesizer. The main
functions of the two-channel receiver are frequency
conversion of the received radio signal and primary
filtering on the side channels.

Vol 1, No 2, Paper 02006, pp. 1-7 (2023)

The analog-to-digital processing unit performs basic
computing operations according to the digital processing
algorithm. The control and display device included in the
interferometer performs control functions and provides a
user interface.

The algorithm of operation of the correlation
interferometer for detecting the location of radio sources
is as follows [9]. In the case of an annular antenna array,
the complex amplitude is represented as:

E, =E, exp{j(Zn%cos(@o —a, )sin B, + (1) + @, ﬂ,(l)

where R = |1—?n| — radius of the ring on which the antenna

elements are placed; o, — is the location angle n-th of the
antenna array element, which is counted counterclockwise
from the x-axis. The superposition of radio signals from
different radio sources is received by the antenna array
elements and sent to the inputs of the antenna switch,
which passes the signals from the selected pair of
antennas to the two inputs of the panoramic receiver. The
radio signals received at the receiver inputs are transferred
to an intermediate frequency in the receiver.

In a panoramic receiver, the frequency band for
simultaneous viewing is much larger than the signal
spectrum width of a single radio source. Consequently, a
large number of radio channels can operate
simultaneously in the frequency band received by the
receiver, as shown in Fig. 3. The signals in these channels
can have different spectral widths and belong to different
classes of radiation.

I

Frequency bandwidth of single-frequency inspection df

Kk = Kmax

|

FIG. 3. Spectra of radio signals simultaneously received by a
panoramic receiver.
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fmin

From a pair of receiver outputs, the intermediate
frequency signals are sent to the ADC inputs, where they
are synchronously converted into digital signals with a
length of N; samples. Using the discrete Fourier
transform, we obtain N; complex spectral samples for
each signal. Subsequently, to simplify the calculations,
only Ny/2 complex counts of each spectrum are used [9].
The signal spectrum in the k-th radio channel corresponds
to the signal of the k-th radio source. Considering the
ratio:

E=U/h,, @

where E — electromagnetic field intensity; U — voltage at
the antenna output; 4; — is the actual length of the
measuring antenna, the complex signal amplitudes in the
k-th radio channel for the signal Z.(n,f) and reference
Zy(ny,t) paths are as follows:

Z,(n.1) = h, E,K sinp, x
3)

xexp{j(Zn Iiil cos(90 —-a,, )sin B, + 01+ @, +(pﬂ;
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Z,(ny.1) = h, E,K'sin B, x

R 4
xexp{j(%cT”zcos(eo _anz)Siﬂﬁo + (1) + 9, +(p’ﬂ’( )

where hy— is the actual height of the antenna element for
the k-th radio channel connected to the receiver input; E,
— is the amplitude of the electromagnetic field intensity of
the radio signal in the k-th radio channel; K, K', ¢, ¢' —
are the gain and phase delays of the signal of the signal
and reference paths of the receiver, respectively, for the k-
th radio channel; n;, n, — numbers of the antenna array
elements, ny#ny; oy, oy,— angles of the antenna array
elements. As a result of the detection operation, the values
of the center frequencies of the radio channels are known
fr in the simultaneous analysis band df and width of the
radio channel dF. The hardware implementation
determines the analysis band df. The values of the radio
channel numbers {k}, 1 <k < kyax, kmax = df /dF, in which
radio signals are detected are recorded in memory. Each
of these numbers corresponds to the values of the radio
channel boundaries, converted to spectrum component
numbers, taking into account the analysis band df, volume
N; and width of the radio channel dF. By assigning
serial numbers to the components in the radio channel
spectrum, sequences of spectrum samples corresponding
to the frequency bands of radio channels are obtained. For
radio channels in which a signal is detected, multiply the
complex samples in the signal spectrum in the signal path
Sc(k,i,ny) with the complexly related samples of the signal
spectrum of the reference path Sy(k,in,), and add the
resulting products:

Anl,nz = ZSC (k’i’ nl )SO (k’ i’ nZ) H (5)

where k¥ — radio channel number, 1 < ¥ < Kpas 7 —
spectrum reference number in the channel, i = 0,1,...g— 1.
As a result of summing the products in spectral samples
with the same name for the k-th radio channel, a spectral
component is formed that corresponds to the unmodulated
carrier frequency the radio signal. Taking into account
expressions (3), (4), (5) we obtain the interference signal
vector:

A"ls"z = (hEO Sin BO )2 KK’ exp[j(Aq)m,"z + (P - (P'):|’ (6)
where the phase shift
2n
80,,, =S R, c05(0, -0, ) - R, c05(0 -t

ny,n,

(7

xsin 3.

The values of phase shifts AD, ,, depend on the
direction of arrival of the radio signal, on the angle v, 2
of the direction finding pairs orientation, and on the base
bu1 .2 between the ny-st and n,-nd antenna elements.

To ensure measurement accuracy, a prerequisite is to
ensure the identity of the complex transmission
coefficients in the radio receiving channels. At the present
stage of electronics development, the construction in a
broadband two-channel radio receiving device with the
same transmission coefficients of radio receiving channels
is a rather difficult technical task. In this regard, it is
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advisable to use a two-channel radio receiving device
with signal and reference channels and a common
heterodyne in a direction finder based on [21-31] the
correlation interferometer algorithm.

IIl. EXPERIMENTAL RESULTS

To implement the search algorithm of the correlation
interferometer direction finder, we propose to use the
SDR system with the GNU RADIO software environment
[10]. A radio receiver using SDR technology can be
programmatically reconfigured with the help of software.
Such a radio receiver has an ultra-wideband radio
frequency part with a large dynamic range, a high-speed
ADC path, a powerful signal processor and a specialized
digital filtering path [11, 12]. SDR receivers can receive
signals of different standards and frequencies, the choice
of which depends on the specific tasks [13, 14].

The most flexible modern software platform for SDR
systems is the open source GNU RADIO software
platform. Device circuits in the GNU RADIO software
environment are built from blocks. A block is an
elementary unit of signal processing, the so-called "black
box", which has several inputs and outputs. By
connecting the same type of outputs and inputs of
different blocks, device block diagrams are built. We can
connect blocks both programmatically (in Python, C++)
and in the GNU Radio companion graphical editor. GNU
Radio in C++ implements an algorithm for processing
signals inside a block using Python strapping for blocks.
The main blocks in GNU RADIO are signal source
blocks, consumer blocks, and intermediate blocks. Signal
sources can be, for example, software signal generators,
sound card input interfaces, files with recorded
information, and others. Consumers are software
spectrum analyzers, sound card output interfaces,
software oscilloscopes, intermediate units (filters,
detectors, etc). The GNU RADIO software interface has a
large library of graphical widgets in the form of blocks.
There are blocks that can be used to divide the signal
processing into several working PCs.

To implement the direction finder wusing the
correlation interferometer algorithm, the Ettus SDR
platform USRP N210 was chosen [15]. The block
diagram of the test direction finder is shown in Fig. 4:

Vivaldi antenna 1 Calibration antenna

ETTUS USRP

LAPTOP N210

TRANSMITTER

 35cm |

S —

Vivaldi antenna 2

FIG. 4. Block diagram of the direction finder on the USRP N210
platform.

Since the USRP N210 is designed for use with such
software platforms as GNU Radio, LabVIEW, and
Simulink. To test the proposed implementation, a radio
transmitter was used as a radio signal source, which was
configured to generate a non-modulated sinusoidal signal
at a frequency of 433MHz. This frequency falls within the
frequency range of the USRP N210 device [16]. To detect
the generated signal, both channels of the USRP N210 are
tuned to the center frequency of 433MHz. The antennas
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are located at a distance of 35 cm, which corresponds to
half the wavelength [17]. The proposed system consists of
the USRP N210 SDR platform with two channels
connected to Vivaldi antennas, a laptop with the GNU
RADIO software platform installed, and an RF transmitter
[18].

Figure 5 shows the software implementation of the
direction finder using the correlation interferometer
algorithm in the GNU RADIO environment [19, 20]. The

Decimating FIR Filter
Decimation: 128
Taps: 640

SDR Source
Heimdall IP Address: 1...0.1
Heimdall IQ Data Port: 5k
Heimdall Control Port: 5.001k
Number of channels: 2
Frequency [MHz]: 433
Gain [0 -49.6]: 4D 402

Deci FIR FiI
Debug: Fals Simany e

Decimation: 128
Taps: 640

QT GUIF

software model of the direction finder consists of the
following blocks: SDR receiver unit (SDR Source), two
blocks of thinning FIR filters (Decimating FIR Filter),
two blocks of stream to vector converters (Stream to
Vector), a graphical interface unit in the frequency
domain (QT GUI Frequency), a correlation interferometer
unit (Cross Correlator), a vector to stream converter unit
(Vector to Stream), a graphical interface unit in the time
domain (QT GUI Time Sink).

QT GUI Time Sink
Name: DOA Graph

4 8
Sink

Name: CH_O Decimated FFT
FFT Size: 2048

Center Frequency (Hz): 0
Bandwidth (Hz): 18,75k

Number of Points: 360
Sample Rate: Lk
Autoscale: Yes

Cross Correlator

CP1 Size: 8.192k

Frequency [MHz]: 433

Array spacing [meters] (UCA - Radius, ULA - Interelement): 1..0m
Number antenna elements: 7

Array Type [UCA or ULA): UCA

FIG. 5. Software model of the direction finder using the correlation interferometer algorithm.

The absolute and relative errors in measuring the
angle of the radio signal source, the absolute and relative
errors were determined using the formulas:

A = |(Pmea _(pact s (8)

where ¢,,.. — measured angle of the source, degrees; @,
— actual angle of the source, degrees.
€= (Pmea B (Pact *100% (9)
(Pact

TABLE 1. Names and parameters of functional blocks used in the
software model of the correlation interferometer, Fig. 5.

Ne Unit

1 SDR Source

Parameters
IP Address: 1....0.1
1Q Data Port: 5k
Control Port: 5.001k
Number of channels: 2
Frequency [MHz]: 433
Gain [0 - 49.6]: 40....40.2
Debug: False
Decimation: 128
Taps: 640
Decimation: 128
Taps: 640
4 QT GUI Frequency Sink Name: CH_0 Decimated FFT
FFT Size: 2048
Center frequency (Hz): 0
Bandwidth (Hz): 18.75k
Stream to vector converter
Stream to vector converter
CPI Size: 8.192k
Frequency [MHz]: 433
Array spacing [meters]: 1....0 m
Number antenna elements: 2
Array Type (UCA or ULA): UCA
Vector to stream converter
Name: DOA Graph
Number of Points: 360
Sample Rate: 1k
Autoscale: Yes

2 Decimating FIR Filter

3 Decimating FIR Filter

(9}

Stream to Vector
Stream to Vector
7 Cross Corelator

[o)}

o]

Vector to Stream
QT GUI Time Sink

]
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The results of measuring the angle of the radio signal
source are shown in Fig. 6; the calibration source was
placed at different angles from -90 to 90 degrees.

From the figure we see that the absolute error in
measuring the direction angle to the radio wave source
lies in the range of [1.94..3.86] degrees, which for the
case of two antennas is a high result for the given
experimental conditions.
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FIG. 6. Graph of the absolute error dependence on the angle of
the radio source.

IV. CONCLUSION

This paper introduces a two-channel software-
controlled model for a direction finder based on the
correlation interferometer method. The measurements of
the radio signal source angles resulted in an individual
absolute error ranging from approximately 2 to 4 degrees,
with an average absolute error of around 3 degrees. This
level of accuracy is considered satisfactory for mobile
two-channel systems. Although systems with four or
more channels offer higher accuracy, they exhibit a
significantly lower economic return on investment.

To enhance the accuracy of this system in the future,
one potential avenue is the utilization of a different type
of antenna. For instance, employing a modern TCI 643
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antenna equipped with 9 TEM horns featuring expandable
band elements (similar to a Vivaldi antenna) or an R&S
ADD197 antenna with a single-channel receiver and a
switch, accompanied by a set of phase rotators, holds
promise for improving system precision.
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Peanisauia anropntmy nowyKy KopenauyitHoro
iHTepdpepomeTpUUHOro neneHratopa 3acobamm
nporpamHoi nnatpopmu GNU pagio

- . 1,* 2
Onekcin MonikapoBcbKkux ', lrop Nyna

1 . — v . Ly ™ o . o o . ..
Kadeppa TexHiYHOI KibepHeTUKM i iHDopmaLiiHWX TexHoNoTil, OAaecbKkuit HaLioHanbHUIA MOPCbKUY YHiBepcuTeT, Ofeca, YKpaiHa
2 . . - . - . o .
Kadeapa di3vku Ta eNeKTpoTexHiku, XMenbHULbKUIA HaLioHaAbHUIA YHIBepCcUTET, XMenbHULbKKI, YKpaiHa

*ABTOp-KOpecnoHaeHT (EnekTpoHHa agpeca: polalexey@gmail.com)

AHOTALLIA Y cdepi po3BUTKY Cy4acHOro paaioobnafHaHHA WMPOKOrO PO3MOBCOAKEHHA Habyna iHTerpauis nporpamHo-
BM3HaveHux pagiocuctem (Software Defined Radio, SDR), Lo oXxonatooTb AK NPOrpamHi, Tak i anapaTHi KomnoHeHTU. SDR-
CUCTEMMW, 30Kpema, 3HAXOAATb 3aCTOCYyBaHHA MpPU CTBOPEHHI MeneHraTopis A)Kepen pagiocurHanis. EQeKTUBHICTb
neneHryBaHHA Ta igeHTUMIKaLil oKepen pasioBUNPOMIHIOBAHHS 3HAYHOK MIPO 3aN1E€XUTb Bif, TEXHIYHUX XapaKTEPUCTUK
obnagHaHHA. [nA Cy4aCHWX CUCTEM BUABJIEHHA MICLLE3HAXOOKEHHA A)Kepes  pafioBMNPOMIHIOBAaHHA ao6pe
3apeKkomeHayBanu cebe neneHraTopu Ha OCHOBI KopenauiliHoro iHTepdepomeTpa. Lli neneHratopu BigMiHHO cnpaBAAloTbCA
3 MeneHryBaHHAM LUMPOKOro CMEeKTPYy pafiocurHanis, 34aTHi po3ni3HaBaTW LUMPOKOCMYroBi MOAYNbOBaHi cUrHanu. BoHu
MOXYTb OAHOYACHO 06po6AATU Ta iAEHTUIKYBATU KiflbKa CUTHANIB B MeXKaX OL4HOM0 YaCTOTHOTO KaHany, Lo NOXO4ATb K
BiJ, O4HOro A)epena pagiocurHanis (KorepeHTHi), TaK i Big AeKiNbKoX gxKepen (HekorepeHTHi). TexHonoria SDR go3sonse
NporpaMHoO 3MiHIOBaTU KOHOIrypauito pagionpuinmaya 3a A4ONOMOrol NpPorpamHoro 3abesneveHHs. Taki npuiimadi matoTb
LUMPOKOCMYFOBMI PaLioYacTOTHUA KOMMOHEHT 3i 3HAYHUM AMHAMIYHMM Aiana3soHOM, BUCOKOLIBUAKICHUI TPaKT aHanoro-
undposoro nepersoptoBada (ALM), HagiMHMIA CUrHANBHUI NpoLecop i cnewuianizoBaHU TpakT umdposoi dinbTpauii. SDR-
npuiiMmadi afanTyroTbCA A0 CUTHANIB PI3HMX CTAHAAPTIB | YACTOT, 3a/1€XKHO Bif, KOHKPETHUX 3aBAaHb, WO CTOATb Nepes HUMU.
MporpamHa naatpopma GNU RADIO Bigoma ik Hanbinbl rHy4yka nporpamHa naatdopma 3 BiaAKPUTUM BUXIAHMM KOAOM Ans
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cuctem SDR. Lia cTatTs npucBAYeHa BUKOPUCTaHHIO nporpamHoi naatpopmu GNU RADIO ansa peanisauii anroputmy noLuyry
ONA  neseHratopa KopensuiiHoro iHTepdepomeTpa. [na peanisauii neneHratopa 3 BUKOPWUCTAHHAM anropuTmy
KopensuiliHoro iHTepdepometpa 6yno obpaHo SDR-nnatdopmy Ettus USRP N210. B paHili poboTi npesactaBieHo
OBOKAHA/IbHY MPOrpaMHO-KepoBaHy MOAeNb NeaeHraTopa, Wo NpaLLoe 3a arOPUTMOM KopenauiiHoro iHTepdbepomerpa.
Pe3ynbTaTv BUMiptOBaHb KyTa PO3MILLLEHHSA AXKepen pagiocurHany Aanu iHaneigyanbHy abcostoTHY NOXMBKY B AianasoHi Big,
2 po 4 rpagycis, Npu cepeaHin abcontoTHIN Nnoxmbui 6ansbKo 3 rpagycis. Lli pesynbTati € 4OCUTb NOXBAZIbHUMM AR TaKUX
MOBINbHUX ABOKaHANbHUX CMCTEM. XO4Ya CMCTEMM 3 YOTUPMA i BiNiblue KaHaamMu MOXKYTb MOXBAMTUCA BULLOK TOYHICTIO,
BOHMW, AIK NPaBWUJI0, MalOTb HUXKYY EKOHOMIYHY AOLiNbHICTb.

K/IFO4OBI CJIOBA SDR, GNU RADIO, neneHratop, a/iropuTm KOpenswiiHoro iHTepbepomeTpy .
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