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REFINED METHOD OF DETERMINING THE LOCATION
OF THE SOURCERADIATION ON A CURVE WAVE FRONT

Evgeniy A.Yakornov, Oleg F. Tsukanov
National Technical University of Ukraine “Igor Sikorsky Kyiv Politechnic Institute”, Kyiv, Ukraine

Background. Despite the limited range, the device determines the location of the radio source along the curved front
of the electromagnetic wave, allows using the diversity antenna system to solve the problem of the simultaneous
determination of range and direction of the radio source based on the curvature of the received electromagnetic wave
front. For determining the calculation of the angular direction, a phase shift occurs due to the difference between the
received electromagnetic wave front and the range - due to the curved wave front. The problem is solved in two
stages: the angular direction is determined on the first stage and the range - on the second one, - so the method has
high accuracy.

Objective. Development of a method to simultaneously determine the location of the radio source by measuring
phase shifts which in addition allows to improve the accuracy of the positioning.

Methods. The proposed method is based on the use of refined forms of formula to define a range and an angular
direction by measuring phase shifts, including those due to the curved front of the electromagnetic wave. The sought
parameters are determined by finding the unconditional extremum of the local nonlinear formula for determining the
distance and angular direction method of Hooke-Jeeves.

Results. The proposed positioning method allows simultaneous determination of radio-frequency source parameters
and improves the location accuracy compared to existing methods by 3-8%.

Conclusions. The method can be easily implemented in wide-band radio-frequency source searching devices of
both existing and advanced telecommunication systems.

Keywords: curved wave front; phase shift; radio source; the antenna system; the wavelength; angular direction;
distance of the radio source; the method of Hooke-Jeeves.

Introduction

In recent years, the definition of the location of the
radio emission source (RES) devices which are widely used in
telecommunication systems (TCS), in particular for
monitoring the use of radio frequency spectrum [1]. Despite
the limited range of operation such devices allow with using
resonant antenna system (AS) to solve the problem
simultaneous determination of the range (R) and the direction
on RES(8) on the base of including curvature front of the
received electromagnetic wave(EMW).

In works [2,3] the problem of measurement of the RES
location based on the results of situating of the double phase
difference between sparse receiving antenna of the curved
front received by EMW is solved. To determine the angular
direction the phase shift that occurs due to the direction
difference of the received EMW front, and the distance - due
to a curved wave front is calculated. This problem is solved in
two ranges, the first one defines angular direction, while the
second one defines the range. A method for simultaneous
determination of RES position by measuring the phase shift is
suggested that more over can improve the accuracy of
determining the location of the RES.

Formulation of the research task

Let’s study the AS (Fig. 1), that consists of 2M+1
receiving antennas. If RES is the far-field region (FFR) [4]:
R > 212 s5in8/4,
where: A - is the wave length, L — antennas’ system length, so
the direction of EMW waves to the antennas’ system is equal
and coincide with the direction of 6, .

For the better comprehension, we consider the central
antenna as a zero, though the numbering of the rest of
antennas to the right of zero will be with the sign "plus" and to
the left - with the sign "minus".

Or= Opsi1...=0p = ... Opre1= Oy
In case if RES is in the nearest - field region (NFR) AS,
2p;% sin?0; /A <R < 2L? sin?6/7
Where: p;, 8; — the distance between the partial antennas and
the direction of the source regarding it, the direction 6; of
waves’ destination on all the elementary antennas are different

(Fig. 1), i=—-M,Mm . The last formula shows at what values of

RES range will be in the Fresnel zone of the AS, but at the
same time remains in the FFR of any partial antenna.

ISSN 2312-4121, Information and Telecommunication Sciences, 2016, Volume 7, Number 2
© 2016, National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”



76 INFORMATION AND TELECOMMUNICATION SCIENCES VOLUME 7 NUMBER 2 JULY — DECEMBER 2016

Fig.1

Conditions corresponding to the maximum values FFR

Rrrg and NFR Rygr for all value types of angles 8

Rprr = 2 L/2, Ry = 0.38 /2. (1
In the case of the presence in AS of three or more receive
antennas, RES location can be determined from the formula
[2]:

W(LR) =R -Lcos® + LZS;;IBZ )

The sense of the task formulates as follows:

1. Basing on (2) define the conditions under which may be
defined values R and 6.
2. Improve the positioning accuracy by using a refined
formula (2).

Multiplying the left and right sides (2) by 2711 and assuming,

that the phase offset between neighboring antennas:

AQ:ZTH‘F(L,R)-ZTHR,

will define:

2m L2sin®?
2RA
finally obtain the quadratic equation to: 0:

#-m%cose-m:o 3)

Let’s define the conditions under which the equation (3)
will have a solution. It is known, that if the discriminant of the
quadratic positive, then  the last
one has two roots. It would be desirable to have the values of
these roots as R and 6, but in the equation (3) R and 6 are
unknown, and one 6 is a root, supposed that the value of R
is known.

The magnitude of the phase offset Ap, that is a part of
the equation (3) can be represented as the sum of

Ap = A@' + Ag" “)

where: A@' - the phase shift due to the difference between the
receiving antennas,
A@" - the phase shift due to the curvature of the phase front.

The definition of A@" - will be different from zero only
in the case of receiving EMW by the spherical front. If Ae" is
known, the distance of R to the RES determines:

mL2sin®?

= AA@rr (5)
In the compound (5) are included the value of the
angular direction 6, for the calculation of which is necessary to

A(p=—21TILCOSG+

equation  is

measure the value of A@". To do this, determine the phase

shift(phase progression) ¢ between the outer antennas without
disambiguation measurements.. The determination of EMW
front curvature is calculated by a double-difference or the
phase difference of the differences [2,3] between the receiving
antennas. For example, three antennas with number -1, 0,1
magnitude of the phase offset A@" due to the curvature of the
front is calculated as
AQ" = Ag_yo - AQo1, (6)

where: AQ.;p = ¢ - @y - the phase difference between
antennas -1 and 0, Apg; = @y - ¢, - the phase difference
between antennas 1 and 0, here ¢,= 0.

When R>2L%), the phase front of the
electromagnetic wave becomes flat, A¢" = 0,
calculation of R in accordance with (5) is not possible.

To determine the angular direction 8 phase difference Ao’
we can find as

received
and the

AQ'=¢.1 -9y, @)
where: ; - the magnitude of the phase progression shift due
to the difference of the rays’ direction received by two
antennas. The angular direction 8 determines from the linear
equation
2n§cose-A<p’=o 8)

To calculate R basing on (5-7), it is necessary to calculate
the value of the phase shift A¢" due to the curvature of the
EMW and A@’ — the phase progression due to receiving signal
of sparse antenna.

Define the value of 6, at which the equation (3) has a
solution with a known already value of R.

Let’s define
T
AR’
Then with the calculation of (3) we receive
asin®? - bcosh - Ap=0,or
acosB8?+ bcosh + Ap- a=0. 9)

Note, that due to the fact that @ and 4¢ - a is less than b,
discriminate (9) is always positive and accordingly, the
equation (3) will always have a solution for all values of Ag'
'except of the case when A" =0.

Consider a consistent method to determination the
location of the RES:

1. Now we determine A¢" by the curvature of the front of
EMW if the value is O, then is not possible to determine the
value of

a). Calculate A’ to determine 6.

b) Calculate A@" to determine R.

c¢) Calculate sequentially value of § and R according to (5), (8)
2. The main disadvantage of this method is its low accuracy
[5]. In addition, for its implementation, a rather rough
approximation (3), the calculation is performed sequentially,

L
b—2TEZ

that’s why it is impossible to specify the value of 6 at the
calculated R and vice versa.
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3. For some tasks, this approximation is quite acceptable, but Ag' = £,(6)
there are a number of practical applications that require higher

accuracy in determining of the location of the RES parameters. 200
150
Research of detailed method of the 100
positioning determination 50
0
It is suggested a method of the positioning 50
determination based on the refined form of formula (2). Let us
base on a more complete form of formula (2), where it is taken 100
into consideration the term of the Taylor series expansion, as 150
follows: -200
2002 3 Y] . ,
Y(LR) =R - Lcos® + om0 L C"ZS:ZS‘“G (10) Fig.3 Parameter Ag' = f;(0)
Let’s transform (10) in the same way (2) to ¢ (B)
L mL?sin6?  7L3 cos O sin®? A(P" = I
-27[;c056+ R AR2 =A¢ (11)
To solve (11) it is necessary to find such values of 6, R, at 2

which the left side of the equation becomes equal to the right.
. . . . 1,5 ===
This is a quadratic equation to 1/R, and a non-linear to 8. . ' / \

Note that the analytical solution is very difficult, so find a 1
solution by the number method. 05 / \
We introduce the notifications:
D / T T T T T T T T T T \ 1
L 1234567 8 91011121314151617
Ao' =-2m 5 cos 06 =1,(0);
25in@2 Fig.4 Parameter Ag" = ,(0)
A,,=7rLsm6 =fe;
¢ AR 2( ) A(PIII — fg(e)
w _ mL3cosBsing? .
Ap"= —— 5= {(0); 0,06
Ap =A0' + Ap" + Ap" =1(0). (12) 0,04 —
. . 0,02 / \
Let’s make the graphics of the variation of the formula /
(11). For this we construct parameter change graphics (11) in O T
1 3 5 7 9\11 13 15/17
accordance with (12) where R =40 m., A = 3cm, L = 84 ¢cm, 0 -0,02 \ /
of from 10° to 170° on the abscissa where the scale is -0,04 —r
specified in degrees, which should be multiplied by 10 (Fig.2- -0,06
5).
Fig.5 Parameter Ag"' = f3(0)
Ap = 1(0) As follows on the Fig. 5-9 are represented the
200 parameter change graphics (11) where R = 100 m, 4 = 10 cm,
150 // L =280 cm., 0 of from 10° to 170° on the abscissa where the
100 scale is specified in degrees, which should be multiplied by
50 / 10.
0 Ag = f(0)
-50 200
-100 150
-150 100
-200 50

Fig. 2 Parameter A¢p = f(0)

-100
-150

-200

Fig.6 Parameter Ap = f(0)
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Ag' = ()

-100
-150 /

Fig.7 Parameter A¢' = f,(0)

Ag" = 1,(6)
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Fig.8 Parameter A¢" = £,(0)
Ag" = £(6)
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Fig.9 Parameter A¢" = £5(0)

The second and third terms of formula (12) are non-
monotonous functions and comparing with the first term
changes in a small range. This fact causes some difficulty in
determining of the parameter A¢", the value of which one
ranges from 0° to 360°, and in the third term A¢"
changes begin from the second definition after the point.
Therefore, it should be determined not by the angle 6 in
degrees, but in cos @ and sin@, (direction cosine and sine of

these

the angle), and with an accuracy of at least 6 signs after point.
For the definition of R B in accordance with (5) the great value
has the number of signs after point as for the value of Ag",
and though for cos® and sinB? . While the division by a
large number of R should get a small number of Ag"'.

As A¢" and A@" is significantly less than Ag', the Fig.
2.3 and Fig. 6.7. on the graphics these differences Ap = f(0) u

Ag'=-2mn % cos © are not visible.

To determine R u 6 it is necessary to solve (11) by
numerical method of determining the minimum value of a
function of several variables. The graphics in Fig. 4,5,8,9 of
the components (11) are non-linear functions, and therefore to
determine the minimum (11) it is desirable not to use a
gradient method.

Nowadays, there are a lot of methods that do not require a
determination of not gradient signification, and the research of
which one is more suitable is beyond the scope of this article.
At the same time it is known that the most universal method of
determining the extreme of the function is a method of Hooke-
Jeeves [5].

More over there is another advantage of the definition of
the RES on the basis of numerical solution of the equation (9)
that is the lack of need to calculate the value of Ag " and
A@" separately for curved and flat wave front. It is possible
from the results of measurements to determine the value Ag.
And due to the fact that 0 is in all terms of function (9), and is
calculated at the same time R, it can be argued that the
proposed algorithm can also improve the accuracy of
positioning parameters.

To reduce the time of determining the minimum value
(9), it is proposed to divide the space in which is positioned
RES into strips, A8;, AR;; AB,, AR,;.... AB,, AR, taking into
account also (1). Splitting the measurement zone on the strip
allows you to resolve simultaneously the ambiguity in the
definition of coordinates.

Let’s consider the algorithm in a given strip, where the
initial conditions are the initial values of 8,, and R,, and
step 0, and R;, and the last values are constant values in
each strip.

Further it is necessary to find (9) in each strip if it
exists. It should be noted that as a result of the algorithm we
obtain two pairs of values 0;, R;, positive and negative. The
next step is the determining the true values 0;, R; or false
rejection. With the R value, there is no problem, it is taken
into consideration only a positive true result. As for the
variable 0, its rejection is performed by determining the
minimum difference between the values obtained with the not
exact value(rough) 8; 6,4.

The value
L
A@:-ancoserg, (13)
d = min| 0,9 — 6; | (14)

The value 6; for which variable d obtains a minimum
value is the desired value.

It proposed a parallel method for determining the
coordinates of your location.
1. Calculated the value of the phase shift Ap = A’ + Ao";
2. Determine values 0;, Rj,in the strip, 460;, AR;,

10% < 8;< 10%G+1), i =1..17, R; = Rypr + (Rerr — Raer)/i,

3. For the current strip is defined value 40;, AR;, find a pair
of 6;, R; using a Hook-Jeeves method.
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4. Using the rejection operation (13), (14) we obtain the
required values of 0, R.

Results

1. The analysis of the theoretical and practical aspects of the
determination of the RES position on the curvature of the
receiving front of the EMW is conducted.

2. The conditions of solvability of the equation for
determining the RES positioning are obtained, the practical
aspects of applying the algorithm of the consistent determinate
positioning are studied.

3. On account of the equation determining the position value
of the instrumental error of the phase shift measurement the
algorithm of the parallel determination of RES is suggested.

4. A method for determining the position of RES on the basis
of a multi-dimensional search method that has a higher
accuracy of the RES position is suggested.

Conclusions

1. The growth of TCS increases the number of RES. It can be
argued that every object can be a secondary source of radio
emissions. Thanks to these radiations the location of the object
can be stabilized.

2. The successful solution of the task of determining the
location of objects on the secondary radiation parameters

Akopnoe €. A., Llykanos, O.®.

allowing us to stop using expensive satellite navigation
systems.

3. This method can be implemented in the searching devices
for so called “harmful sources” of any radio emissions range
of both standalone and as a part of TCS systems.

4. Implementation of the method in TCS first of all involves
the improvement of software, and there are no problems with
the implementation of hardware.
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YTouHeHuii MeTOA BHU3HAYEHHS MicUs PO3TALIYyBaHHA [:Kepeja paJiOBUNPOMiHIOBAHHS MO KPUBOJIiHiIiiHOMY ¢poHTY
XBHITI

Ipo6nemaTuka. He nuBnsiumch Ha OOMEXKEHY JalibHICTh Jii, TPUCTpOi BU3HAYEHHS Micls pO3TallyBaHHA JDKepea
panioBUNPOMiHIOBaHHS MO KPUBOJiHIIHOMY (PPOHTY eJeKTpoMarHiTHOI XBUJIi, JO3BOJISFOTH 33 JONOMOTOK PO3HECEHOT aHTEHHOT
CHCTEMH BHPILIyBaTH 3aBAAHHS OJHOYACHOTO BU3HAUEHHS NAJbHOCTI Ta HANpAMKY JUKepesa pamioBUMPOMiHIOBaHHS Ha OCHOBI
BpaxyBaHHA KPUBHM3HM (PPOHTY MPUUHATOT eNeKTpOMAarHiTHOi XBwili. [y BU3HA4eHHS KyTOBOI'O HAMpsSMKY OOUYMCIIOETHCS
(da3oBuii 3cyB sKUil BUHMKAEe 3a PaxyHOK pi3HULI XOAy NPUHAHATOrO (POHTY €NEeKTPOMArHiTHOI XBMII, a 3a PaxyHOK
KPHMBOJIIHIHHOTO (PPOHTY XBMIJIi BU3HAYAETHCS JAANBHOCThb. [IpM LIbOMY 3aBJaHHS BUPILIYEThCS B JIBA €TalM, Ha MEPIIOMY -
BH3HAYAETHCS KyTOBA HAMPSIMOK, a Ha IPYTOMY - JABHICTH TOMY METOJ HE Ma€ BHCOKY TOUHICTb.

MeTta pociixkeHb. Po3poOka MeTOIy OTHOYACHOTO BH3HAUSHHS MICLs PO3TAllyBaHHs IKepeia PaliOBUNPOMIHIOBAHHS 3a
pe3y/nbTaTaMu BHUMipIOBaHHS (ha30BUX 3pyLIEHb SIKHM, KpiM TOrO [03BOJISE MiJABMIIMTH TOYHICTh BU3HAYCHHS MicLs
pO3TalIryBaHHs.

MeToauka peasnizauii. 3anporoHOBaHUII METO]] 3aCHOBAaHWI Ha BUKOPHCTAaHHI YTOUHEHOI GOpMU BUpPaKeHHsI s BU3HAYCHHS
JATBHOCTI Ta KyTOBOTO HAMNpsAMKY 3a pe3yJbTaTaM{ BUMiptOBaHHs (Da30BHX 3CYBIiB, B TOMY YHCII 32 paxyHOK KpUBOJIHIHHOTO
(poHTy enextpomarHiTHOT xBuii. lllykaHi mapameTpy BU3HAYAIOTHCS LLISXOM MOIIYKY 0€3yMOBHOTO JIOKAJIbHOTO €KCTPEMYMY
HeJiHIHHOTO BUpa3y IJIsi BUSHAYEHHS JAJbHOCTI Ta KyTOBOTO HANPsIMKY MeTOIOM XyKa-J[»KuBca.

Pe3yabTaTn nociigkeHb. 3anporoHOBAaHWIT METOJA BH3HAUEHHA MiCld pO3TallyBaHHSA, J03BOJISIE OJHOYACHO BU3HAYATH
JpKepesna pafioOBUNPOMIHIOBAHHS Ta MiJBULIMTH TOYHICTb BU3HAUEHHS MicLl pPO3TAalllyBaHHs B MOPIBHSHHI 3 ICHYIOUMMH
Metonamu Ha 3-8%.

BucHoBku. MeTton mMoxe OyTH JIETKO peasli3oBaHUIl SIK B MPUCTPOSAX MOIIYKY [HKEpes paaioBUIPOMIHIOBAHb B LIUPOKOMY
Iiarna3oHi 4acTOT SK iICHYFOUMX TaK i B MEPCINEKTUBHUX TEJIEKOMYHIKaLifHUX CHCTEMaX.
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KirouoBi cnoBa: kpuBosniHiitHuit GppoHT XBuii; (a3oBuil 3cyB; IKepeno panaioBUIPOMiHIOBAHHS; aHTEHHA CUCTEMa; JOBXKUHA
XBUJIi; KyTOBUi1 HANPSIMOK; AAJIBHICTB JUKepesa palioBUNPOMiHIOBaHHS; MeToa Xyka-J[)kuBca.

Axopnoe E.A., llykanoe O.®.

YTo4uHeHHBIIi MeTO/ onpeaeeHNsl MecTONO/I0KeHHI0 HCTOYHUKA PaANON3/Iy4eHHUsl 0 KPUBOJIUHEITHOMY (DPOHTY BOJIHBI
IMpodaemaTuka. He cMOTpsi Ha OrpaHMYEHHYIO NALHOCTh NEHCTBUS, YCTPOWCTBA OMpPE/ENeHUs] MECTOIMOIOXKEHN UCTOUYHUKA
panvons3ydeHusl 1Mo KPHBOJIMHEHHOMY (POHTY 3JIEKTPOMArHUTHOM BOJIHBI, MO3BOJISIOT C TOMOILBIO pa3HECEHHOW aHTEHHON
CUCTEMBl pellaTh 3aJayy OJHOBPEMEHHOIO OMpejeseHHs NaJbHOCTH M HANpaBJle€HUs WCTOYHMKA PaJUOM3Iy4€HHs Ha OCHOBE
ydeTa KpUBM3HBI ()pOHTA MPUHUMAEMON 3JIEKTPOMArHUTHOW BOJHBI. [l ompeseneHus YrJIOBOTO HAMpaBlIEHUS BBIYMCIAETCS
(ha30BBIii CIBUT BO3HUKAIOLIMI 3@ CYET PA3HOCTH XOJa MPUHUMAEMOro ()pOHTA HIEKTPOMArHUTHON BOJIHBI, @ JATbHOCTH - 33 CUET
KpHUBOJIMHEHOTO (ppoHTa BoJHBL. [Tpu 3TOM 3amava pemiaeTcs B [Ba 3Tara, Ha MEPBOM - ONpeessieTcs YIIoBOe HalpaBieHKe, a
Ha BTOPOM - JaJIbHOCTb [T0ITOMY METOJ He 00J1a1aeT BbICOKOI TOYHOCTbIO.

Lenab ucciaenoBanmii. PazpaboTka MeTona OZHOBPEMEHHOTO OMNpeNeseHUss MECTOIMONOKEHHS HCTOYHMKA PagvoOM3JIydeHUs Mo
pe3yabTaTaM U3MepeHust (ha3oBbIX CABUTOB KOTOPbIi, KpOME TOTO MO3BOJISET MOBBICUTh TOYHOCTb ONPENeIeHHs] MECTOMONOKEHHUS.
Metoauka peanuzauuu. [lpennaraemblii  MeTON OCHOBAaH Ha HCMOJB30BAHMM YTOUHEHHON (OPMbI  BbIpaskeHUs AJIs
omnpeneseHus NajJbHOCTH M YIJIOBOTO HampaBlIeHWs MO pe3ysibTaTaM HM3MepeHHs (a3oBbIX CIBUTOB, B TOM YHCIE M 3@ CYET
KPUBOJMHEHHOTO (PPOHTA 3IIEKTPOMArHUTHOM BOJHBL. MCKOMBIE TMapaMeTpbl OMpeAeNsioTcs IMyTeM ToKMcKa 0e3yClOBHOTO
JIOKQJIbHOTO JKCTpeMyMa HEJIMHEHHOro BbIPAaKEHUs AJIs ONMpeAeseHHs AalbHOCTH M YIJIOBOTO HampaBlieHUs METoAoM XykKa-
JlxuBca.

PesyabTaThl uccjaenoBanuii. [IpennoxeHHblii METO OnpeaeneHs MeCTOMOJI0KEH!s, TO3BOJISAET OJHOBPEMEHHO ONpPENesTh
napamMeTphbl UCTOYHUKA PaJUOU3JIyY€HUSA U TMOBBICUTH TOYHOCTH OINPEACTICHUA MECTOIOJIOKEHUA 10 CpPaBHEHHIO C
CYIIECTBYIOIUMY MeTonamu Ha 3-8 %.

BeiBoabl. Meton MoKeT ObITh JIETKO peajn30BaH KaK B YCTPOMCTBaX MOMCKAa HMCTOYHMKOB PaaMOM3IY4YEHHIl B LIMPOKOM
JMana3oHe 4acToOT KaK CYLIECTBYIOLIMX TaK U B MEPCNEKTUBHBIX TEIEKOMMYHHUKALIMOHHBIX CUCTEMAX.

KuiroueBble cioBa: KpUBOJIMHENHHBIA (GPOHT BOMHBI, (PA3OBBIA CABUT; UCTOUHHMK PAIMOW3IYyUYEHHS; aHTEHHAs CUCTEMA; IUTMHA
BOJTHBI; YTJIOBOE HAMpaBlieHNe; NajJbHOCTh NCTOUHKKA PaAMOU3ITyueHNs; MeTo Xyka-J[kuBca.



