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Background. Talking about evolution of passive radar systems and multifunction antenna systems, it is necessary to
acknowledge that distributed antenna systems (DAS) are supposed to be widely spread in the very near future in many areas of
human activity, such as organization of high-quality mobile communication in large offices, shopping centers, fitness buildings
and so on. Structurally, DAS consist of different groups of antennas and base stations with active and passive repeaters of radio
signals. Generally, mutual location of such antennas and base stations can be chosen experimentally according to the criterion
of service area maximization. For the further quality of service improvement, it is necessary to use smart antennas in DAS as
basic structure elements. The use of smart antennas will allow tracking the subscriber's (or SOR — source of radiation) location
by means of direction-finding (DF) and to increase radiation power of radio signal towards SOR thus decreasing interference
to other subscribers. It is important to note that amplitude methods of DF are unacceptable in this case because base stations
have antenna beam patterns which are rather wide. Use of phase methods for direction finding is actual but constrained
because of electromagnetic waves (EMW) multipath propagation and large DF errors caused by the following reason — it
happens that SOR is located in Fresnel zone of direction-finder antenna system. So, consideration of the phenomenon of EMW
front curvature in DAS is very important in order to construct direction-finders.

Objective. Consideration of EMW phase front sphericity (curvature) and its influence on the accuracy of SOR
coordinates determination measured by DAS phase methods. Scheme technical decisions of phase direction-finders (PDF)
based on this process are also represented.

Methods. To study the effect of the EMW phase front curvature on the accuracy of determining the coordinates of the
SOR analytical dependencies are synthesized. Calculations of the direction characteristics, errors in determining the phase
shifts between the antenna elements of the phase direction-finder, as well as the error in determining the distance to SOR in the
Fresnel zone as a function of the range to SOR and its bearing were made based on MathCad 14 program.

Results. During the process of SOR angular coordinates determination in Fresnel zone with use of EMW phase front
curvature on the basis of planar antenna array, it is necessary to execute consistently two operations: 1) to define the fact of
presence of EMW phase front curvature; 2) to switch PDF from the mode of bearing and tilt angles estimation (when it is in
plane phase front) to the mode of bearing and tilt angles estimation (and also distance to SOR if needed) with phase front
curvature of EMW.

Taking into account the analysis relating to errors of bearing angle measurements in Fresnel zone (depending on the
location of rough, but exact bases, for three-element sparse LAA) it is possible to conclude that their position doesn’t impact
on exactness of bearing angle measuring in PDF. But to support more exact determination of SOR distance they must be
placed in the center of exact, but ambiguous bases of PDF.

Conclusions. Failure to take into account EMW phase front curvature from SOR harmonic signal leads to errors of
SOR coordinate calculation under conditions of its location in Fresnel zone and absence of other SORs. Knowledge of distance
to SOR can be used in passive radar systems, in radio monitoring systems of radio interference sources which have bearing
angles equal with useful SOR ones, but located on different distances from useful SOR. This knowledge can also be used in
mobile communication networks to strengthen signal level on certain distance with EMW energy focusing, in vehicle control
systems on the basis of the satellite navigation systems etc.

Keywords: source of radiation; phase direction-finder; curvature; phase front; antenna array; bearing angle; distance.

1. Introduction supposed to be widely spread in the very near future in

many areas of human activity, such as organization of

Talking about evolution of passive radar systems [1] high-quality mobile communication in large offices,
and multifunction antenna systems [2], it is necessary to shopping centers, fitness buildings and so on.

acknowledge that distributed antenna systems [3, 4] are Structurally, DAS consist of different groups of

ISSN 2312-4121, Information and Telecommunication Sciences, 2017, Volume 8, Number 1
© 2017, National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”



38 INFORMATION AND TELECOMMUNICATION SCIENCES VOLUME 8 NUMBER 1 JANUARY-JUNE 2017

antennas and base stations with active and passive
repeaters of radio signals. Generally, mutual location of
such antennas and base stations can be chosen
experimentally according to the criterion of service area
maximization.

For the further quality of service improvement, it is
necessary to use smart antennas in DAS as basic
structure elements (as shown in [5]). The use of smart
antennas will allow tracking the subscriber’s (or SOR)
location by means of direction-finding (DF) and to
increase radiation power of radio signal towards SOR.

It is important to note that:

- amplitude methods of DF are unacceptable in this
case because base stations have antenna beam patterns
which are rather wide;

- use of phase methods is constrained because of
electromagnetic waves (EMW) multipath propagation
and large DF errors caused by the following reason — it
happens that SOR is located in Fresnel zone of
direction-finder antenna system. Deviation of EMW
phase front is taking place inside of this zone, namely
from plane one to curvature one, at the distance d,
which satisfies [6,7,8]

dyy £d <dp, (1)

where 4 _2L°cos’ i the border of far-field zone

(FFZ) at which curvature of EMW phase front within
the limits of LAA aperture does not exceed A/16

(phase error of radio signal carrier frequency between
the extreme and central elements of LAA equals 22,5

3
degrees), dy, = 0,62 \/g is the border of near-field

zone (NFZ), L is the inter-element distance (base) of
LAA, A is the wave-length.

Consideration of the phenomenon of EMW front
curvature in DAS is also very important. If we choose
configuration of LAA as two omnidirectional antennas,
then base between them (i.e inter-element distance)
should exceed the half of A significantly. It is caused by
necessity to reduce DF mean square error (MSE). Thus,
MSE in the case of phase direction-finder (PDF) with
two antenna elements in accordance to [11] equals

o= %v | )

L
27 —cos
) p

where B is the SOR bearing angle, Oy is the MSE of

harmonic
antennas.

Therefore, one of major advantages of PDF is
evident from formula (2): an angular error of SOR
bearing angle can be reduced to arbitrarily small value,

signal phase difference between PDF

but in case if relation L/A is sufficiently large at the

fixed phase error due to many factors which cause this
error such as:

- unideality of radiowave propagation environment,
or/and

- unidentity of front ends from antennas to the phase
meters (it causes appearance of phase changes which
are not taken into account); or/and

- unideality of phase meters (particularly, appearance
of quantization noise in case of its digital realization).

Since A in the applied radio systems relatively large
(1..10 meters), it is necessary to increase L, that results
in appearance of sphericity (curvatures) EMW phase
front.

The article is organized as follows. Section 2
describes the theoretical background required for this
study, i.e description of PDFs that use EMW phase
front sphericity (curvature) and its influence on the
accuracy of SOR coordinates determination measured
by DAS phase systems. Scheme technical decisions of
this process are also represented. Section 3 discusses
PDF unambiguous base allocation impact on
determination accuracy of SOR bearing angle and
distance. Section 4 presents PDF based on plane
antenna array application, and as a result Section 5
provides a summary and discussion of the results.

2. Theoretical background

At present time, most of developed PDF constructed
on the basis of DAS are intended for processing of SOR
harmonic signals. At the same time, overwhelming
majority of the radio systems are using modulated
signals, for example phase-shift keying. Therefore
mathematical apparatus described below will be
applicable only in case if procedure of preliminary
conversion of modulated oscillation in harmonic one
will be realized. Examples of devices that are able to
implement such procedure are widely known and
shown in [9].

We will begin review of EMW phase front curvature
impact on PDF bearing angle errors with the example of
single-station passive radar, executed on the basis of
DAS. If we:

- use PDF with DAS [10] configurated as three-
element sparse LAA (Fig.1) to determine bearing angle,
and

- conduct subsequent processing of harmonic signals
received from SOR by PDF antennas for EMW plane
phase front (i.e SOR is located in a FFZ of PDF antenna
systems), it is possible to form direction-finder
characteristic (DFC) of kind
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tg(ﬂ'ALsinﬂ)’ 3)

A

where AL = L,, — L,, - is the difference of lengths of
bases of three-element LAA of PDF.

SOR

Fig.1 Phase direction-finder three-element LAA
Under condition AL = 4/4 the unambiguity of bearing
angle measuring will be fully provided and DFC looks

like
F(B)= tg(@j : @)

Under condition when § = -90°...90°, DFC maximum
value changes from -1 to +1.

In presence of EMW phase front curvature from SOR
on the basis of [10] PDF looks like

1
F(:B): tg(a (A¢32fuzl _A¢21full )j’ &)

where A@,, .5 A@s,,, are complete phase shifts of

SOR signal carrier between the second and first, the
third and second receiving PDF antennas, which
accordingly to Fig.1 will be equal to

2n(d —d,)

A¢21_)‘ull = —/1 = (6)
2n(d, —d)

AQs, :+~ )

L, /d<<1,
L,,/d <<1 can be realized in relation to SOR located

in Fresnel zone of PDF antenna system in majority of
cases, the next approximations using Taylor series are
true in this zone

Taking into account that conditions

Licos’ B (8)
2d

Lycos’ B . (9)

2d

d,=\d>-2d L,sinf +L13, =d —Ly,sinf +

dj:\/d2+2d L,sinB +L, =d +L,sinf +

In that case formulae (6), (7)

2n(d—-d) 2 . L, cos’ B
Porfun =(Al)=;[bzslnﬁ —2261]’ (10)

2n(d,—d) 2w , L, cos’ B
A¢32ﬁlll=i=ﬂ[[43281nﬂ +2T . (1)

1
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Fig.2 Direction-finder characteristics

In presence of EMW phase front curvature DFC will
looks like

F(ﬂ,d)=rg{;’[aﬂ—lm>sinﬂ+

Thus, DFC begins to depend on distance to SOR, and
consequently, becomes ambiguous. It indicates
appearance of errors (Fig.2) in determination of bearing
angle on the basis of the existent schemes of PDF
configured as third-element LAA for SOR DF in
Fresnel zone. From the PDF DFC plots, built in
accordance with formula (12) for a harmonic signal and
for information, resulted in tab.1, it is clear, that there
are considerable errors in determination of bearing
angle on the border of FFZ (curve Ne2). An error in
determination of SOR bearing angle grows with
diminishing of distance d between LAA and SOR, that
can happen at further deep advancement of SOR into
Fresnel zone.

Ly+Leos Bl (12)
2d

Table 1 Relation between SOR distances and curve number

f =10GHz, Ly, =10004 = 30m, L,, =1000,251 = 30,008m
Parame Distance, d(d,,, = 240km, § = 0%)
ters 10dprz | derz 0,6 drrz|0,4 dppz|0,2 depz| 0,1dpe,
Neof | 2 3 4 5 6
curve

The second element in formula (12) is inversely
proportional to distance d and introduces error in DFC
(1) which becomes greater, when SOR is located nearer
to the direction-finder (formula (12) transforms to (4)
when d — o0).
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Further we will analyze influence of EMW phase
front curvature at determination of bearing angle on the
basis of LAA for a mobile radio communication system
using [11] (only in large office apartments without the
account of multipath transmission of radio waves).

First of all, we will consider the error of
determination of SOR bearing angle of harmonic signal
when we use PDF with two scales for phases
measuring: unambiguous, but rough with a

base L, = 4/2, and ambiguous but accurate with a
L,=nA/2, where In this

unambiguous base is placed in a center of ambiguous
one (Fig.3). We will suppose that errors of phase
measuring is absent or compensated during calibration.
Each antenna element is omnidirectional.
Case A. Signal from SOR has plane phase front on
PDF aperture.

In this case, we will get the signal of kind (13) at the
output of the first phase meter (Ph;), executed, for
example, on the basis of phase detector (PD),

Uph 1 = KDUm COS(A¢21meaJ) ’ (13)
where K, is the FD gain; U, is the amplitude of the

base n>>1. case

accepted radio signal; A@,,,... is the measured phase
difference  between the nearby elements of

unambiguous base L,, of PDF LAA which equals

A _ 27, sin B (14)
¢21meas /1 .
Under condition p=-90°...90° we get that
A¢21meax =-T...T.
* SOR
PN
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Fig.3 Phase direction-finder structure scheme with two
scales

At the output of the second phase meter (Ph,), will get
the signal of kind

Uth = KDUm COS(A¢43meas )’ (15)
where A@,,, .. is a difference of phases, measured by
phase meter on an accurate, but ambiguous base L,; of

LAA, where |A¢43meas

Complete difference of phases for an ambiguous
base

<.

_ 2l sin

A Duzpr = A

ﬂ, 43meas

+27k,,  (16)

where k43 is a coefficient, showing the number of

complete periods which was lost at measurements in
phase meter.
From formulae (4) and (6), taking into account, that

L4"4
A¢43ﬂill = L_»A¢21meax we get’ that
21

1 (L
ky=(—| 25 Ap, —A . an
43 <27Z' (Lﬂ (021meax ¢43meas j>

where <> is the operation of rounding off to the

nearest whole number.

Then
(2 (2 . (18)
p= arcsm[ZﬂL“ (A%z full )] = arcsm[ 2L, (A¢43mem + 27k )]
{'ICDI A (Dllmﬂa_s A@zlme«i y Lﬂ + A gpliﬁu’f
’ calculation L, I
block
U,
©2 | AP, o _ Rounding to
> cullcllll:lltil:m Ap,, 27k, block
hlock ASmeas

Fig.4 Phase-ambiguity resolution block simplified schematic
diagram

The algorithm (16) will be realized in the phase-
ambiguity resolution block (Fig.3), the simplified
schematic diagram of which is shown on Fig.4.

Case B. Electromagnetic wave phase front from
SOR for phase difference measuring when PDF

operates on the unambiguous scale L, is plane.
During operation on an ambiguous scale L,, phase

front is spherical.

In this case we get
272(d, —d,)
Ap,, full = # >

where d,,d, are distances from SOR to PDF's
antennas A; and A4, which are accordingly equal to

(19)
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dy =Jd* — Ly sin f+0,2512, ,

d, =+Jd* + Ly sin f+0,2512, , 1)

where d and 3 are the distance and SOR bearing angle
accordingly, measured in relation to the center of LAA
base.

From [6] it is known that if relation of overall sizes
of the antenna system toward distance to SOR is small,

that is L,;/d <<1, then it is possible to be limited to
the members of the second order to the trifle at Taylor

series decomposition (20) and (21) (so-called Fresnel
approximation) in Fresnel zone

(20)

L L cos’
d,~d——3sinf+ 23— 22
’ 2 p 8d 22

L L, cos’
d, =d+—sin f+2— ", 23
! 2 p 8d &9
Then putting (22) and (23) in (19) will get, that

27, sin

Ag,, full = 4}—ﬂ (24)

Therefore, it is possible to confirm that sphericity of
EMW phase front at LAA aperture, specified by SOR
location in Fresnel zone, doesn’t impact on exactness of
bearing angle calculation (for PDF, consisting of set
two sparse antennas). So, the value of bearing angle
does not depend on the type of phase front and its
calculation is produced on the same formulas (17) and
(18) as for the case when EMW phase front is plane.

Error in determination of phase difference
between LAA elements A; and A4 (Fig.1) without
consideration of higher order of trifle in [17,18] looks
like [8]

Ao, =% [Lu sin /3—(\/(;12 +L,,5in f+0,251, —[d — Ly, sin f+025L, )]

(25)

Fig.5 represents charts of error dependence in
determination of SOR harmonic signal phase difference
between LAA elements A; and A4 according to formula
(25). This dependence is impacted by bearing angle and
distance to SOR, where carrier frequency of signal

equals f =10 GHz (A=0,03 m)). Also, base L = 1000A

and distances to SOR equal 1 km, 5 km, 50 km and 100
km. According to [6], the border of NFZ comes to
dyr7= 584 m and the border of FFZ equals dprz~ 60 km.
Thus, extension of intermediate zone (i.e Fresnel zone)
equals Ad[z = dFFZ - dNFZ z59,5 km.

From Fig.5 it is also evident, that nearer SOR to the
border of NFZ is located, more error value we have
when determinate difference between PDF antennas.
Main reason it happens — calculations don’t consider

members of more high order of trifle in Taylor series
decomposition.

100

d=1Kkm

.\g

d=50 km i :
===—===

o1 H

BAGy, deg

1) “‘.I' £0 a0 20 .-Iul_ : a0 3
x ' ) ; B, deg
Fig.5 Phase difference error dependence between
LAA elements

Let us consider PDF, which is used in practice very
often. It uses three-element LAA (Fig.1). In its turn, this
LAA can be represented as a combination of two
independent PDFs with two-element LAA and bases

L,, and L,, accordingly. Then taking into account that
formulae 1, /d, <<1, L,/d, <<1, L,/d, <<1 are

true in Fresnel zone and considering formulae (12) and
(13) we will get, that

2 2
dl :\/dzzl _d2|L2| Sil’lﬂ21 +0’25L22| = d2| _%Sinﬁn + le‘;OdS ﬁZI ’ (26)
21

L, cos’ By - (27)
8d,,

Then complete phase difference between the second
and the first elements of LAA equals
AQyjur = 2”(62 4) = ZELZIZIH B
In its turn, using Taylor series we can write, that

Léz COSZ ﬁ]z b (29)
8d.,

d= \/dxzz —dy,Lysinf, +0a25szz =dy, _%Sinﬁxz + % ) (30)
In that case, full phase shift between third and
second LAA elements
270(d, —d) 27, sin B,
A A

L
d =Nd2 +dy L, sin B, +0.251%, ~d,, +2hsin f, +

(28)

d, = \/d; +dy,Ly,sin B, +0,25L, ~d., +%sin B+

€1y

Ag,, full =

Besides,

- 2 2 2
d, = —dy,L, sin B, +0.25, ~d,, —%sinﬁ“ +7L~”;‘: s (32)
31

2 2
d, =2 +dy\ Ly sin B, +0.25L2, ~d,, +%sin B, +7l“;‘: B,-(33)
31

Then the full phase shift between the third and the
first LAA elements

(34)

27(d, —d,) 27L,sinf
A(pmﬁl” — 3 Vo 31/1 31,

A
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Obviously, that when plane front of EMW from
SOR arrives on PDF LAA, according to Fig.1 next
formulae are true, such as

B =By =Py = B
A(/’zlfulz = A¢32full % = A(/’Mﬁdl % ’
Thus, if formula (35) or (36) is not true, it can be
assumed that phase front of EMW from SOR is
spherical, not plane.
More comfortable way to implement procedure of

verification is to analyze the differences of phases

(35)
(36)

between the first and second (A@,, ), the second and
third (Ag;,) pair of antennas when EMW phase front
is plane, taking into account a difference in bases
AL = L,, — L,,. For this purpose let us take a relation

Apy 2rysinf A Ly _Ly+AL | AL o 37
A, A 27L, sinf Ly L, L,
where 0 =AL/L,, .

So, according to (37) we can write
A@,, =A@, +OA@,,, from which

cos(Ad,,) = cos(Ag, ) cos(dAg,,) —sin(Ad,, ) sin(dAg, ) - (38)

This equation is true for plane phase front of EMW
for different bases between the pair of antennas.

Since phase detectors, presented in the PDF (Fig.3),
form voltages (13), which are proportional to

sin(Ag,,), cos(Ag,,) and cos(Ag@;,), then it is

necessary to form factors cos(0A@,,) and sin(dA@,,)

for verification of equation (36).
Taking into account, that

A¢21full = A¢21meux + 2721{21 ’ (39)
(40)

phase shifts that have been measured by phase meters
between the second and first, the third and second PDF

antennas (using bases L, and L., ); k,,, ks, itis an

AQs it = AP peas T 27055,

amount of phase periods, which are lost during phase
measuring, it is possible to realize procedure of
verification as implementation of equation (36).

For determination of k,,,k,, it is possible to take

advantage of the known method [11] namely: to
introduct few pairs of antennas with a base A/2to
considered PDF (that is application of rough, but
unambiguous scales of phase shift measuring). Then

1 (L
k21 = <g (L_ZSA¢r21 - A¢21meas )> 4 (41)

1 (L
k32 = <E (L_?’QAwr:iZ - A¢32meas J> > (42)

T
where A@ , , A@,,, are phase shifts, measured with

using the proper unambiguous bases L= A/2.

3. Impact of phase direction-finder
unambiguous base allocation on determination
accuracy of SOR bearing angle and distance

We will analyze location of unambiguous base L,

in LAA with the purpose of possible optimization
(diminishing) of PDF elements number for SOR
bearing angle and distance determination at presence of
curvature of phase front of EMW from this SOR.

The left part of Fig.1 with PDF LAA is represented
at the Fig.6, where shading marks classic position of
rough, but unambiguous base, formed with using

antennas Az and A, (base L, ). We will consider how

bor
accuracy of SOR coordinate determination will be
changed, if rough scale is moved to the PDF central
antenna element of A,.

Assuming that EMW phase front within the borders
of rough, but unambiguous base, is locally plane, phase
shift at the classic construction of scales of PDF (a scale
is between A; and A,) equals

8g,(p0) = L LD),

and a phase shift for the case of using the «optimum»
chart of rough scale forming (a scale is between A, and

As)
A (Bod) = 271L|_sm(§25(ﬂ,d)) X
Taking into account previous equations (18), proper
phase shift between the elements of A; and A,
g Py = =) Mgin BP0
At Fig.6 approximation of spherical phase front
from SOR by plane phase front is also shown on the
base L,;, which symmetric relatively for both bases L;;

and L. In this case OC = OB =r. Since point of E is a

center of base of L,;, and also taking into account, that
DE = EF and OE athwart to DF, it is possible to assert
that CD=BF=Ad, = Ad, . That is value of errors in the
differences of EMW motion during approximation of
spherical phase front by plane phase front are identical
modulo, but have different signs.

From there it is possible to assert that a phase shift
between neighboring antenna elements (in this case, it
is A; and A;) does not depend on distance of dj; to
SOR, count out in relation to a center base of L,; (and

(43)

(44)

(45)
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accordingly center of rough base of A; and Ay). It
happens because equality of EMW motion differences
(Ad, = Ad,) causes cancellation of quadratic shifts and
the ones of higher order (at the process of calculation of
signal phases differences between A; and A,). As a

result, it causes phase front curvature.

Source of 0
radiation

Electromagnetic wave
phage front from SOR

TeEl g o 3
i.e., within the limits of rough base
EMW phase front can be considered

as locally flat
Fig.6 Curvature of EMW phase front approximation by plane
phase front

However, above-mentioned phase difference depends
linearly on bearing angle f3,;, that must be counted from
the center of base. Thus, spherical phase front influence
is fully equivalent to EMW plane phase front action in
this case. This phase front action does not arrive from
direction B, but from direction [3,;, which in turn
depends on the real bearing £ and distance of d to SOR,
i.e BQ[ =f(ﬂ,d).

Analogical approximation of spherical phase front
shows that Ad;#Ad,, and there is no complete
cancellation of quadratic phase shifts and phase shifts
of higher orders. In this case it is assumed that plane
phase front is asymmetrical in relation to the base of
L,;, but symmetrical in relation to the base of antenna
elements of A, and As. And that is why such
approximation of spherical front plane is incorrect,
because it leads to error during the phase shift
calculation.

Obviously, that error in the calculation of phase shift
on a rough scale can be evaluated by using next formula
(in case if formed by antennas of A, and As
(asymmetrical rough scale), A; and A, (symmetric
rough scale) ).

(406)

BAG (B.0) = A (Bod) Mg fuc = LI L D) =SBl P

For finding of formula for the first sine in (46)
triangle OA,E we will get, that (Fig.6)

dy =\Jd* —d Ly, sin f+(05L,)*

and will take advantage of law of sines

47

dy = d . From this it follows that
sin(90° — ) sin(90° + f3,,)
d cos
cos(f3,) = y B )
21

2 —d’cos’ B \/(O,SLZ,)Z +d?sin® f—Lydsin 8 -(48)

d2, (0,5L,,)° +d* — L, dsin 8

In a similar manner from triangle OA,E’ we get
. d}, —d* cos® 0,5L,)* +d’sin® f—Ldsinp - 49)
Sm(ﬁ”(ﬁ’d)):\/ dx ? =\/( (o,s)L,,)Z +d’ f:dsinﬁ ?

In accordance with formulae (46)-(49) the graphic
charts of phase errors response depending on SOR
distance d and bearing angle f, are shown at Fig.7 (it’s
important to note that they are counted out from central
antenna of PDF at L,,=1000r and A=0,03 m). From
charts on Fig.7 it is evident, that error of calculation of
phase shift diminishes, approaching to zero.

sin(,, (B,d)) = \/ cd

AAzi(Bd), deg

e s — L v
. m

Fig.7 Phase error response as function of SOR distance
and bearing angle

Now, let us consider potential errors taking place during
measurements of phase shifts. This errors occur due to
the loss of complete periods of harmonic radio signal
phase. Obviously, in accordance with (16) next
formulae are true in case of use of symmetric rough
scale of A;, A4 (Fig.3)

AQ, 15vm (B.d)= AP, 1eas (B.d)+ 278 15y (B.d),
A¢21SYM(ﬂ’d) :%Aﬂu(ﬁ’ d),

(50)
(5D

where A@,,,...(8,d) is the harmonic radio signal
phase shift, which measured by using phase detector
between antennas A, and A, accordingly,
kyiop (B.d)is the coefficient, which takes into
account the amount of the lost complete periods of
phase of harmonic radio signal.

Formula for this coefficient according to (17) and
(41) looks like

L
Kpvou (Bodd) = 1<21 AQ, . (Brd) - Arpﬂm(ﬁ,d)>, (52)
2z \ L,
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For the case of use asymmetrical rough scale of
A,, As (Fig.6) we can write by analogy with (50)

A(021NSYM (ﬂ’ d) = A¢21meas (IB’ d) + 27d€21NSYM (ﬂ’ d)’
L
A, nsvu (IB’d) = LZI A@,s (ﬂ,d), (54)

T

(33)

from there amount of the lost complete periods of phase
of harmonic radio signal equals

1 /L
kzmsm<ﬂ’d>=M<L2‘Ams(ﬂ,d)—A¢zm(ﬁ,d>>. (55)

Taking into account,
AQ, s (B d) # Ay, (B,d) » an error in an amount of
the complete periods of phase will be equal to

1 /L,
Akn(ﬂ»d)=kzmm(ﬂ’d)_kmsm(ﬂ’d)=E<L7JAA¢’,21(IBJ1)>~ (56)

There are the resulted graphs of dependence
Ak,,(fB,d) from distance d and bearing angle S at
L,;=1000A i 2=0,03 m on Fig.8.

It is evident from charts on Fig.8, that charts
character coincides with graphic charts on Fig.7. It
means that error of calculation of phase shift and error
of amount of the lost complete periods approaches to
zero (when distance d between PDF and SOR increases
and EMW phase front transforms from spherical into
plane one).

Like the above-mentioned, results of errors analysis
performed for right part (Fig.1) of PDF LAA are
resulted on Fig. 9,a,b (for Ls;; =1000,25A and A =0,03
m).

An error of bearing angle measuring for the
asymmetrical rough scales of PDF equals

AB(B.d)=|B-B,(B.d) (57)
where f is the actual bearing angle of SOR, A,(8.d) is

bearing angle of SOR, calculated with taking into
account errors in complete phase shifts between the

p=0°
160
140 ﬁ=15n
E_n 120
:a: 100 B=3ou
<
R
4 0
g 50 |-B=45
40
B=60°
20
B=75°
1 10 ] 100 110
d, m
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proper elements of PDF, in other words

B(B,d)= arcsin(

APy (B, + A0, 0 (B )} (58)
27Z'LZIL32 (Lll + L32 )

100 1100

d.m
Fig. 8 Amount of the lost complete periods of phase as

function of SOR distance and bearing angle.

Error of measuring of distance between actual d and the
expected (calculated) d,(/3,d) value of distance to SOR
when symmetric rough scales are used

Ad\(B.d)=|d-d,(B.d) (59

where
47[ZL22I1‘§2 (LZI + L!’Z )2 - 2’2 (A(p'izSYM (ﬂ’d)l‘?ll + A¢ZLSYM (ﬂ’d)Lzﬁl )2 (60)
471’32 (LZI + L32 )ﬂ'(AwSZSYM (ﬁ’d)LZZI _A¢'.’ISYM (ﬂ'd)LZILSZ)
Similarly, error of distance measuring for the case of
the use of asymmetrical rough scales

Ad,(B.d)=|d -d,(B.d) (61)
where d,(f3,d)calculated the same as (60), but it is

AQy i 1OAD v »

d,(B.d)=

necessary and

APysin o0 Ay gy -
The graphic charts for AB(B,d) are shown at
Fig.10,a.
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Fig.9: a) Phase error response and b) amount of the lost complete periods as function of SOR distance and

bearing angle.
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It is evident from Fig.10,a that errors of phase
shifts calculation for an asymmetrical scale (specified

by k,,, k;,in case if they are incorrectly calculated) do

not impact on precision of SOR bearing angle
calculation. In our view, it can be explained by

Ak, (B.d)
Ak, (B,d), that in its turn lead to their mutual

cancellation under the sign of arcsine in a formula (58).

The graphic charts of dependence of distance error
measuring from which it is evident that the distance
error measuring very small, practically equals to zero
(for the case of the symmetric placing of rough scale
are resulted on Fig.10,b).

There are graphic charts of dependence of distance
error measuring as function of the SOR distance and
bearing angle on Fig.11, for the case of the
asymmetrical placing of rough scale. It is evident from
them, that the error of measuring of d is very large. But
beginning from some critical value of d, that depends
on f, the distance error measuring falls to the zero.

Thus, the results of mathematical simulation show
that the asymmetrical placing of rough bases for
minimization of number of the involved antenna
elements in Fresnel zone almost without errors allows
to determining SOR bearing at presence of EMW phase
front curvature. But errors minimum take place only for
the case of symmetric location of bases, but for case of
distance measuring with using curvature.

Therefore it is necessary to use classic [11]
symmetric scheme of placing of rough, but
unambiguous bases (scales) into exact bases for
distance measuring. But it is hard to realize in practice
this placing due to the finite overall sizes of
omnidirectional antennas, since it is problematic to

provide their placing in the distance L =0,54 .

heteropolar changes of errors and
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To create verification procedure of implementation
of equalities (36) we will consider the known [11]
scheme of PDF LAA construction. This scheme
includes two exact, but ambiguous scales of phase

L, and L, (Fig.12)
accordingly, and also two rough, but unambiguous
scales with bases L and L,, where L, 6=L,=0,5),
which located inside and in the middle of proper
ambiguous scales (Fig.12).

Then by analogy with (13) and (15) it is possible to
note that signals on the phase detectors outputs PD; - PDs

measuring with bases

UPD] = KDUm COS(A¢(1 )’ (62)
UPDZ = KDUm COS(A¢21meus )’ (63)
Upp, = KyU, COS(A(Db ) > (64)

4
10

1
e i 7

d, km

Fig.11 Distance error measuring as function of SOR distance

and bearing angle

UPD4 = KDUln COS(A¢32meus ) 4
UPD5 = KDUm COS(A¢31meas ) ’

(65)
(66)

70 |5

AB(p.d), deg

Ady(B,d), m )

0.05 0.06
d, m

a)

003 004 0.07 0,08 009

d, ‘I.un
b)

Fig.10 a) The error of bearing angle measuring and b) distance error measuring as function of SOR distance and

bearing angle.
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Fig.12 Phase direction-finder structure scheme with LAA

where A@,, A@, are phase shifts, measured with using
unambiguous proper scales and equal
A@, =rsin f,,, (67)
A@, =7zsin f,,. (68)

According to (16), (39), (40) it is possible to write
down that

A¢2]f14ll = A¢2lmeas + 2711{21 4 (69)
A¢)32full = A¢32meas + 272’1("42 4 (70)
A¢31full = A¢3lmeas + 2711{31 ’ (71)

where k, , ki,, k; are coefficients, taking into

account the number of complete periods, lost during
measurements of difference of phases on the proper
PDF bases, which by analogy with (7) will be equal to

1 (L

k21 = E[L_Z:A¢H_A¢21meas] ’ (72)
1 (L

k32 = E(L_zzA¢b_A¢32meas] ’ (73)

1 (L
k= Biag, —ap, ) a8
31 271_ ( La ¢a ¢3lmca3 J
Estimated bearing angles
B = arCSin( ZIZZL (A¢21ﬁ4ll )] = arcsm[ﬁ (A¢Zlmym + 27k, )) ’ (75)

21 21

: A
(A%z_mu )] = afCSln[ 27[141

. A
(A%l full )] = arcsm[ o

”3[

IBBZ = arCSin[ 27:1 (A¢32mms + 2721(32 )] ’ (76)

32

(77)

. A .
Bu= arcsm[2”L (A¢31m</as + 27y, )j
31

Resolving jointly equations (10) and (11) we will get
that the bearing angle and distance to SOR with using
EMW phase front curvature will be equal to

(MApy L+ Ap L)), (78)
f = arcsin
27L,,Ls, (L12 +L, )
2 2 2
— 47[2]‘[2 L§2 (LIZ + L32 )2 - /12 (A¢32ﬁl]l LIZ + A¢Zlfn]l ng ) (79)

4ﬂL3Z (LIL' + L32 )A(A¢32ful/ LfZ - A¢21fu/l L12L32)
Elements of bearing angle B;; measuring scheme on
a L, =L, + L,, base are shown at Fig. 12. The usage

of these elements is not mandatory if information
received as a result of measurements on phase

difference for bases L,, and L., is sufficient.

More detailed variant of PDF scheme realization and
description of its functioning is presented in [12].

4. Phase direction-finder based on plane
antenna array application

In case of including second LAA which is
orthogonal to first one into considered PDF antenna
system [12], then LAA becomes a PAA. This enables
measuring of SOR tilt angle (¢ ) that actual for passive
radar systems.

We will consider simplified scheme of antennas
location for PAA according to [14] (Fig.13), that can be
complemented with unambiguous bases, located in
amounting to bases by, by, bz, to eliminate phase errors.

It is easy to show that DFC formula for the case
when EMW phase front is plane will look like

As
by
b A o As

“— —% -t
Ay

]

b3
SOR phase front
Ay
Y ¥

Fig.13 Simplified scheme of antennas location for PAA
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F(B.) =tg[ﬁ(bzl_b')cosasin ﬂ} (80).

From where taking into account that for plane phase
front

2
A(/)42_fulz = Tﬂ-bg cos fcos o (81)

from (81) we will get that bearing angle equals

B arctg[2b3arctg(F(ﬂ, 0!))} (82)
(b1 - bz )A(thz full
In its turn, SOR tilt angle will be equal to

S J[zmg(w,a))]z +[/1A¢42ﬂ‘,, ] . (83)

7(b, —b,) 27b,
where A¢42ﬁul = AQpeas T 2745, AQy,.,s s the
measured phase shift between antennas of A, and A,,

and k,, is the number of periods, which was lost

during measurements.

When EMW phase front curvature (see of equation
(35) or (36)) is present, the angular SOR coordinates
can be determined according to next equation, shown
below. This equation was received with using above
mentioned methods.

,3 = arctg (bzbf +b32b4 Xb;A¢l2full +b12A(023fu11)
(blbzz +b12b2 )(bzquozsmlz +bZA¢42meas) (84)

/?'(bzzA(olzﬁlu + b12A¢23/u11) : "
270(b,b? +b7b, )

Q& = arccos

(85)

ﬂ’(bwaZSfull + bfA¢42mem ) :
27(b,b? +b2b,)

where b, =0,5\ (Fig.13). Distance from SOR to PDF

can be calculated with one of the below equations
7} (1 —cos’ asin’ ,B)

d = ——, (86)
/M%zfuu — 27, cosasin B
~ 7z7b§(1—cos2 asinZﬂ) 87)
27b, cosarsin f— AA@,; .,
2 1_ 2 2
7, ( cos” acos ﬂ) (88)

- AN, — 27D, cos axcos B ’

Variant of PDF scheme realization and description
of his functioning in accordance with (80) — (88) is
taken into account in the publication [14].

Forming of the unambiguous scale for phase
measuring for three-element density-tapered sparse
LAA can be carried out by application of harmonic
signal frequency division schemes [13] if we talk about
radiation of SOR harmonic signal.
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There is 0 <<1 in formula (38). It means that the
division of signal phase is equivalent to &' times and
problem for cos(dA@,,) and sin(dA@,,)finding can

be solved by using three frequency dividers and two
additional PDs. Thus, the first and third frequency
dividers, which are connected in a parallel with the
outputs of antennas of A; and A, (Fig.1), jointly with
PDs (the frequency dividers and PDs are not shown on
Fig.1 (see [12])) form voltage

UPD5 =K, KFDUCOS(éA(pm) , (89)

and the second and third frequency dividers, which are
connected in a parallel with the output of antenna A,
through first 90-degrees phase shifter and are also
connected with exit of antenna A, with PDg.

Upp, = KpKpUsin(dAg,,) |

ae K, is the gains of the frequency dividers.

After that these voltage values for a
multiplication product selection raise to the second
power, summarize and the result of adding up stretches
from under a square root. Formulae (89) and (90)
divided by the received value which actually results in
their normalization

(90)

U .
# =c08(0AQ,) = Uy, ,  (91)

D" FD

Y, _ sin(oA@,,) =U,, . (92)
KD KFD U 21 PDg *

Final verification of condition for plane EMW phase
front is carried out in the DFC former. If equation (38)
is executed, DFC forming procedure and procedure of
bearing angle determination starts on it.

In case if equation (38) omission takes place,
bearing angle must be determined from formula (13).
But taking into account that distance is unknown, it is
proposed to introduce voltage-contolled phase shifter in
[15]. The maximal value of such shifter is proportional
to deviation from equation (38), and a scale is gauged
as function of SOR distance.

Phase shifter delays the harmonic signal phase for
center antenna (Fig.1) to such phase value, that phases
of signals from all three antennas could become
identical at receivers outputs. It is equivalent to EMW
plane phase front. The control of equation (38) is
carried out in the process of harmonic signal phase
adjusting. On achievement of necessary error closing,
DFC is being forming again according to formula (1).
Then bearing angle is determining, and the distance to
SOR can be determined (in Fresnel zone) in accordance
with the location of phase shifter.
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5. Conclusions

1. Failure to take into account EMW phase front
curvature from SOR harmonic signal leads to errors of
SOR coordinate calculation under conditions of its
location in Fresnel zone and absence of other SORs.
2. During the process of SOR angular coordinates
determination in Fresnel zone with use of EMW phase
front curvature on the basis of PAA, it is necessary to
execute consistently two operations: 1) to define the
fact of presence of EMW phase front curvature; 2) to
switch PDF from the mode of bearing and tilt angles
estimation (when it is in plane phase front) to the mode
of bearing and tilt angles estimation (and also distance
to SOR if needed) with phase front curvature.
Knowledge of distance to SOR can be used in
passive radar systems, in radio monitoring systems of
radio interference sources which have bearing angles
equal with useful SOR ones, but located on different
distances from useful SOR (new method of anti-
jamming which has not been applied yet in practice)
[16]. This knowledge can also be used in mobile
communication networks to strengthen signal level on
certain distance, in vehicle control systems on the basis
of the satellite navigation systems [17] etc.
3. Taking into account the above-mentioned analysis
relating to errors of bearing angle measurements in
Fresnel zone (depending on the location of rough, but
exact bases, for three-element sparse LAA) it is
possible to conclude that their position doesn’t impact
on exactness of bearing angle measuring. But to support
more exact determination of SOR distance they must be
placed in the center of exact, but ambiguous bases.
Talking about the case of SOR harmonic signal
radiation, forming of unambiguous scale of phase
measuring should be carry out with application of
frequency division schemes.
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Aeoeenxo I'JL., Axopnos €. A.

BukopucTaHHsi po3noJileHnX aHTEHHUX CHCTeM [1J1sl BU3HAYeHHSI B 30Hi D peHesisi KOOPAUHAT IKepeJia
paaioBUNpOMiHIOBaHHS (pa30BUM MeTOI0M

Ipo6aemaTuka. HacboroaHi B 3aco6ax macuBHOI pajiosiokailii, 6araToQyHKIiOHAILHUX aHTEHaX 1 MpW opraHizailii
SKICHOTO MOOIJIBHOTO pajio3B'a3Ky y BEIHMKHX OQiCHMX NMPUMIIIEHHSX, TOPrOBHX LEHTPAaX i CHOPTUBHUX CIIOPYKEHHIX
IMPOKe MOUIMPEHHS ONEPXKYIOTh po3mofiyieHi anteHHi cuctemu (PAC), mo mpencTaBisioTh cOOOK CYKYMHICTh aHTEH i
0a30BUX CTaHILI{ 3 aKTUBHUMH 1 TTACHBHUMHM PETPAHCIATOpaMHU pPadiOCHTHANIB, B3a€MHE PO3TAIlyBaHHS AKX, SK MPaBUIIO,
MiI0UPAETHCS eKCIIEPIMEHTAIBHO 32 KPUTEpieM MakKcuMi3amii IO 30HW 00cayroByBaHHs. IS MOMANBIIOTO TOJIMIIEHHS
SIKOCTi mochyr, y cuctemax 3 PAC HeoOXiiHO BUKOPUCTOBYBAaTH Smart-AHTEHH, IO BilCNiAKOBYIOTh HIISXOM MeJeHrallil
Miclie po3TalryBaHHA a0OHEHTa, Ta 30IBIIYIOTh TIPU HEOOXITHOCTI TMOTY)XHICTh BUTIPOMiHIOBAHHS pagioCUTHATY B HANpPSMKY
Ha HBHOTO, THM CaMUM MiHIMi3yIOUuH piBeHb 3aBaJl y HANPSAMKY Ha iHIIAX aOOHEHTiB. AMIDTITYIHI METOIH TIeJICHTAllii B IEOMY
BUIA/IKy HETPUIHATHI Yepe3 BiIHOCHO INMPOKi XapaKTepPUCTHKM CTPSIMOBAHOCTI aHTeH 0a30BHX CTaHLil, ajie aKTyaJbHUM
CTa€  BUKOPUCTAaHHA (Ha30BUX METOMAIB TeEJEHTalli, PO3BUTOK SKUX CTPUMYETHCS OaraTONPOMEHEBICTIO MOIMUPEHHS
esiekTpoMarHiTHuX xBuwib (EMX) i BeJIMKMX MOMUJIOK TEJCHI'YBaHHS Yepe3 MOXKJIMBE 3HaXOMXkeHHs aboHeHTa (nmani JIPB —
JDKepelia paaioBUIIPOMIHIOBAaHHS) Y 30HI PpeHens aHTeHHOI CHCTEMU TeJICHraTopa, B sAKilf Mae Miclle BiaXuieHHS (a3oBoTo
¢porty EMX Bin miockoro (KpUBI3HA).

Meta gocaizxkenb. Posrnsan BiuBy chepuyHocTi (kpuBu3HM) (asoBoro ¢ppouty EMX JIPB Ha TouHiCTh BU3HAYEHHS
KoopauHAT (JanbHiCTh, meneHr Tomo) JPB (¢a3oBuMu meromamu meneHramii Ha ocHOBi PAC, a TakoX BapiaHTiB CXeMHO-
TEXHIYHUX pillleHb A7 oOynoBU (ha30BUX MEJEHTATOPIB MO0 KPUBHU3HI (Pa3oBOro GpoHTy.

Metoanka peadizanii. /I nociimKeHHs BIUIMBY KpWMBHM3HM (ha30BOTO (DPOHTY Ha TOUHICTh BM3HAYEHHS KOOPIMHAT
JIPB Ha miicTaBi CMHTE30BaHMX AHANITHIHAX 3aJIE)KHOCTEH 3 BUKOpPUCTaHHAM mporpamu Mathcad 14 Oymu mpoBeneHi
PO3paxyHKH MEJIeHTALlifHIX XapaKTepUCTUK, MIOMUJIKA BHU3HAUEHHS (ha30BUX 3CYBIB MiX aHTEHHUMHM elleMeHTaMH (a30Boro
pazionieneHraTopa, a TakoXK MOMIIKM BH3HAUYEHHs HambHOCTI 10 JIPB B 30HI ®@peHens sk GyHKil gaxpHOCTI g0 JIPB i #ioro
TeJIeHra.

PesyabTaTn pociipkens. [1py Bu3HaueHHi KyToBUX KoopanHaT JIPB B 30Hi ®peHens mo KpuBi3Hi (a3oBoro GpoHTy
EMX Ha ocHOBi (ha3oBoro menenratopa 3 PAC, HeoOXiIHO TOCTiJOBHO BUKOHATH 2 orepalii: 1) BM3HAUYNTH (pakT HASBHOCTI
kpuBu3HU (porty EMX Big JIPB; 2) mepexntounTu (ha30BHMii MEJIEHraTop 3 pekUMy OLIHKM MeJieHra i KyTa micus mis
TocKoTo (ha30BOTO (PPOHTY, 32 HEOOXITHOCTI B PEKIM OIIIHKH TMeJIeHTa, KyTa MIcCIIf, a TaK0X TaTbHOCTI 10 JIPB 1o kpuBW3HI
¢pouty EMX.

AHaii3 MOMHJIOK BHMIipy TejeHra, a Takox jaanmbHocTi 10 JIPB B 30Hi ®peHens 3anexHO Bin MicIsl po3TairyBaHHS
rpyomx, ajie TOUHMX BUMipIOBaJbHUX 0a3 misa 3-x enemenTHoi PAC ¢asoBoro meneHraropa mosye, O BOHO MPaKTUYHO He
BIUIMBA€ HAa TOUHICTh BUMipy meneHra JIPB, ane mpu BuMipi pansHocTi 1o JAPB 1i 6a3u HeoOXiqHO po3MilllyBaTH B cepeanHi
TOYHHX, ajle HEOTHO3HAUHUX BUMIpIOBANBHUX 0a3.

BucHoBku. HespaxyBanus xpuBmsHu ¢ponty EMX JIPB rapmoHiiiHOro curHaigy NpuU3BOANTE [0 TIOMHIIKH
obuncnenns koopauHat J[PB 3a ymoBu iioro 3HaxomkeHHs B 30HI ®peHens i BincyTHocti iHmmx jkepen PB. 3nanns
nampHOCTI 1o JIPB MokHa BHKOPHCTOBYBAaTH B TIACHBHIl pajiojiokamii, cCHCTeMaX MOHITOPHHTY MKepen palio3aBaj, MIo
nepeOyBarOTh Ha OJHOMY TejeHry 3 KopucHuMm J[IPI, ame Ha pi3HMX HANbHOCTAX, Y CHCTEMax MOOIIBHOrO 3B'SI3KY MAJIA
TICHUIeHHsST PiBHS CWTHAlly Ha TEBHIi JambHOCTI HuIsiXoM (oKycyBaHHS Ha Wil mambHOCTI eHeprii EMX, y cucremax
JMCTIeTYepU3aLlil pyXJIMBOTO TPAHCTIOPTY HAa OCHOBI CYITyTHUKOBHX pa/liOHABITallifHAX CUCTEM.

KurodoBi ciioBa: mxepesno panioBUNpOMiHIOBaHHS; (a30BUil pajioneneHraTop; KpuBu3Ha; (a3oBUil (HPOHT; aHTEHHA
PpeIiTKa; TeJIeHT; TaTbHICTb.

Aeoeenxo I'.JI., AAkopnog E. A.

Hcnonb3oBaHue paciipeesIeHHbIX aHTEHHBIX CHCTeM AJIsl onpeeseHusi B 30He DPpeHessi KOOPAWHAT HCTOYHHKA
paauousyyeHusi GazoBbIM METOIOM

IMpodaemaTuka. B Hacrosmee BpeMs B CpeACTBaX MACCHBHOW paJMONOKalWK, MHOTO(YHKIMOHAJIBHBIX aHTEHHAX U
MpY OpraHu3aly KaueCTBEHHOW MOOWIbHON paamocBs3M B OONBIIMX O(UCHBIX TOMEIIEHWAX, TOPTOBbIX LEHTpax M
CTIOPTHUBHBIX COOPYKEHHMAX IIMPOKOE pPACHpOCTpaHEHHE TONYYaloT pacnpeneieHHble aHTeHHble cuctembl (PAC),
NpeJcTaBisAole co00l COBOKYNHOCTb aHTEHH M 0a30BbIX CTaHUMI C AKTUBHBIMM M MAacCHBHBIMU pPETPaHCIATOpaMu
paalOCUTHAJIOB, B3aMMHOE pAacMoJiO)KEHHE KOTOPBIX, KaK MpaBWio, MOAOUpaeTcsd 3KCHEPUMEHTAbHO IO KPUTEPHIO
MaKCHMM3alUM TUIOWAAN 30HBI OO0CTyXkuBaHUA. J[ng manpHeimero yiaydlleHMs KauecTBa yciayr, B cucremax ¢ PAC
HeoOXoanMo Mcnonb30BaTbSMART-aHTeHHBI, OTC/IEKMBAIOLIME IMYTEM TMEJEHTalud MEeCTONONOXKeHHe abOHeHTa |
yBEJIMYMBAIOIIME B cilyyae HEOOXOTUMOCTH MOIIHOCTh W3JMY4eHHs paJMOCUrHaja B HANpaBJeHUM Ha HEro, TeM CaMbIM
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MHUHUMH3UPYS YPOBEHb MOMEX B HANpPAaBJIEHHU HA IPYTMX aOOHEHTOB. AMIUINTYJHbIE METObI MEJNICHIalMN B JaHHOM CITydae
HeMpUeMJIEMbl U3-32 OTHOCHUTEJBHO IIUPOKUX XapaKTePUCTHK HANpPaBIEHHOCTH aHTEHH 0a30BbIX CTaHLMH, HO aKTyalbHO
UCTOb30BaHNEe (Da30BbIX METONOB TEJICHTALMK, PA3BUTHE KOTOPBIX CHEPKUBACTCS MHOTOMYYEBOCTBIO PACHpOCTPaHEHUs
3JIEKTPOMArHUTHBIX BOJIH (OMB) u 60bmKx omnMOO0K MeleHroBaHus U3-3a BO3SMOXKHOTO HaxoxeHus aboHeHTa (nanee MPU —
UCTOYHUKA Paguou3TydeHus) B 30He DpeHenss aHTEHHON CUCTEMbl MeEJIEHraTopa, B KOTOPOH MMEET MECTO OTKJIOHEHHE
¢azoBoro pponra IMB ot mnockoro (KpuBU3HA).

Henabr wuccnenoanuii. PaccMoTpeHue BiauAHMA cepuyHOCTH (KpuBM3HBI) (azoBoro ¢ponta OSMB HPU Ha
TOYHOCTHBIE XapaKTEPUCTHKH OTpeNeeHNs] KOOpAMHAT (nanbHocTh, meneHr) P ¢da3oBbiMu MeTomamu meneHrauuy Ha
ocHoBe PAC ¥ BBITEKaIOMIMX W3 3TOTO BAPMAHTOB CXEMHO-TEXHUYECKMX pelIeHWi (ha30BBIX TEJEHraTOpOB IO KpU3M3HE
¢ponTa DMB.

Metoauka peanusaumu. J[s uccienoBaHusl BIMSHUS KPUBU3HBI (ha3oBOro ()poHTa Ha TOYHOCTh OMpEIENeHUs
koopanHaT IPY Ha OCHOBaHMM CHHTE3MpPOBAaHHBIX AHATMTHYECKUX 3aBHCUMOCTEH € MCHoyb30BaHHEM nporpamMmbl MathCad
14 ObuM TIpOBEZEHBI pacyeThl TEJICHTAlMOHHBIX XapaKTEepHCTHK, OIIMOKM ompeneneHus (a3oBBIX CABUTOB  MEXIY
AHTEHHBIMHM dJIeMeHTaMH (Pa30BOTO paJyoNeIeHraTopa, a TakkKe OMNOKK ompenenenus najabHocth 10 MPU B 30He ®penens
kak Qyskuun gansHocTH 10 UPU u ero memnenra.

Pe3yabTaThl uccaenoBanuii. [Ipu onpenenenun yriosbix koopauHat MPU B 3one ®penens no kpuBu3He (Ha3oBOro
¢porta DMB Ha ocHoBe (haszoBoro meneHratopa ¢ PAC, HeoOXOIWMO TOCIEIOBATENLHO BHITIONHATH 2 omepanud: 1)
oTpeieNuTh (pakT Hanuuus KpuBu3HEI pporta DMB oT PU; 2) nepeBecTr (pa3oBblif MeJIEHTaTOp M3 PeXKUMa OLEHKH TIeJIeHTa
W yrila MecTa sl Tockoro (asoBoro (poHTa B ciydae HEOOXOIMMOCTH B PEXHM OLIEHKH T€JICHra, yrjla MecTa, a Takke
nanpHOCTH 10 PU Mo kpuBm3ne pporta DMB.

AHanu3 omMOOK W3MepeHHs TeNeHra, a Takke AainbHOcTH 10 MPU B 30He @peHens B 3aBUCUMOCTH OT MecTa
pacronoxeHus rpyObIX, HO TOYHBIX M3MEPUTENbHBIX 0a3 st 3-x anemeHTHoi PAC ¢a3oBoro meneHraropa rnokasbiBaer, 4To
OHO TIPAaKTUYECKW HE BIHSAET HAa TOYHOCTh m3MepeHus menenra MUPU, Ho mpu m3mepenmn mamsHocté no MPU stm 6asbr
HeoOX0MMO pa3MelIaTh B CEPEANHE TOUHBIX, HO HEOJIHO3HAUYHbIX U3MEPUTEbHBIX 0a3.

BeiBoabl. Heyuér kpuusnbl ¢pponta OMB MIPU rapmonnueckoro curHana BeIET K OMIMOKE BBIYHUCIEHHS KOOPAMHAT
WPU npu ycnoBuu ero HaXoxJIeHUs B 30He DpeHenss U OTCyTCTBMHU Apyrux ucroynukoB MPU. 3nanue nanpHoctu no MPU
MOXHO HCTOJb30BaTh B MACCUBHON PaAMONIOKALMM, CHCTEMAaX MOHHMTOPUHra MCTOYHHMKOB PaJMONOMEX, HAXOAAIIMXCS Ha
OIHOM TienieHre ¢ noje3HsiM MPH, HO Ha pa3HBIX HAbHOCTAX, B CHCTEMaX MOOWMIIBbHOI CBSA3M JUISl YCUJICHUs YPOBHS CUI'Hala
Ha OMNpeieNeHHON JaNbHOCTU MyTeM ()OKYCHPOBKM Ha 3TOH manbHOCTHM 3Heprun OMB, B cucTeMax aucreTdepu3alvi
MOJABMKHOTO TPAHCHOPTA HA OCHOBE CITyTHHKOBBIX PaJHOHABUTALIMOHHBIX CUCTEM.

KunroueBblie cji0Ba: NCTOYHUK paanousayydeHus; (a3oBblii paanoneNeHraTop; KpuBu3Ha; (a3oBblii (POHT; aHTEHHAs
pELIeTKa; TENEeHT; JaJbHOCTb.





