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Ïåðåìåííûå ýëåêòðîäèíàìè÷åñêèå ïàðàìåòðû èñêóññòâåííûõ êîìïîçèöèîííûõ ìàòåðèà-

ëîâ îïðåäåëÿþò ñ ïîìîùüþ ìåòîäîâ, êîòîðûå ïîçâîëÿþò îäíîâðåìåííî èçìåðÿòü â ñâî-

áîäíîì ïðîñòðàíñòâå äèýëåêòðè÷åñêóþ è ìàãíèòíóþ ïðîíèöàåìîñòè â øèðîêîé ïîëîñå.

Ïðè ýòîì àêòóàëüíû òàêèå çàäà÷è, êàê îòðàæåíèå ýëåêòðîìàãíèòíîé âîëíû îò ãðàíèöû

äèýëåêòðè÷åñêîãî ñëîÿ è ìîäåëèðîâàíèå ñäâèãà ôàçû îòðàæåííîé âîëíû îò ïëàñòèíû äè-

ýëåêòðèêà. Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ âëèÿíèÿ ýëåêòðîäèíàìè÷å-

ñêèõ ïàðàìåòðîâ ìàòåðèàëà íà õàðàêòåðèñòèêè îòðàæåííîé îò äèýëåêòðè÷åñêîé ïëàñòèíû

âîëíû. Ïðèâåäåíû àíàëèòè÷åñêèå âûðàæåíèÿ äëÿ ôàçû îòðàæåííîé âîëíû ïðè ïàäåíèè

ïëîñêîé âîëíû ïîä óãëîì ê ïëàñòèíå ìàòåðèàëà ñ ïåðåìåííûìè ýëåêòðîäèíàìè÷åñêèìè

ïàðàìåòðàìè. Ñ èñïîëüçîâàíèåì ìàòðè÷íîãî ìåòîäà ïîëó÷åíû óðàâíåíèÿ äëÿ ðàñ÷åòà

ñäâèãà ôàçû îòðàæåííîé âîëíû. Óñòàíîâëåíî, ÷òî äëÿ ïàäàþùèõ âîëí ñ âåêòîðàìè ýëåê-

òðè÷åñêîãî ïîëÿ, ëåæàùèìè â ïëîñêîñòè ïàäåíèÿ (TM-âîëíû) è ïåðïåíäèêóëÿðíûìè åé

(TE-âîëíû), íàáëþäàåòñÿ ñêà÷îê ñäâèãà ôàçû íà ð äëÿ ýëåêòðè÷åñêîé òîëùèíû ïëàñòèíû,

êðàòíîé ïîëîâèíå äëèíû âîëíû. Àíàëîãè÷íûé ñêà÷îê ôàçû ôèêñèðîâàëè â ñëó÷àå ïàäà-

þùåé TM-âîëíû âáëèçè óãëà Áðþñòåðà. Ïðåäñòàâëåí àíàëèç ÷àñòîòíûõ çàâèñèìîñòåé

ñäâèãà ôàçû, âêëþ÷àâøèõ ñêà÷îê ñäâèãà ôàçû è ïàäåíèå àìïëèòóäû íà ÷àñòîòå, à òàêæå

âëèÿíèÿ ïîòåðü â ìàòåðèàëå ïëàñòèíû íà ñäâèã ôàçû îòðàæåííîé âîëíû. Ðåçóëüòàòû èñ-

ñëåäîâàíèÿ óãëîâîé çàâèñèìîñòè ñäâèãà ôàçû îòðàæåííîé âîëíû îò ïëàñòèíû äèýëåêòðè-

êà â îáëàñòè óãëà Áðþñòåðà ìîãóò áûòü èñïîëüçîâàíû ïðè ðåøåíèè ïðèêëàäíûõ çàäà÷

ýëåêòðîäèíàìèêè (íàïðèìåð, ïðè ðàçðàáîòêå øèðîêîïîëîñíîãî ïåëåíãàòîðà).
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Variable electrodynamic parameters of composite materials are determined using the methods providing

simultaneous measuring of the free- space permittivity and magnetic permeability within a broad band.

Thus, the problems regarding reflection of an electromagnetic wave from the boundary of a dielectric layer

and modeling of the phase shift of the wave reflected from a dielectric plate become rather relevant. We re-

port the results of studying the effect of the electrodynamic parameters of composite materials on the

characteristics of the wave reflected from a dielectric plate. Analytical expressions are derived for the

phase of the reflected wave when an incident plane wave is oriented at an angle to the composite plate

with variable electrodynamic parameters. The matrix method is used to obtain the equations for calculat-

ing the phase shift of the reflected wave. It is shown that for incident waves with a vector of electric field

lying in the plane of incidence (TM waves) and normal to it (TE waves), a jump in the phase shift by ð is

observed for the electric thickness of the plate multiple of the half-wavelength. A similar phase jump is ob-

served in the case of an incident TM wave near the Brewster angle. An analysis of the frequency

dependences of the phase shift, including the phase shift and amplitude drop at a corresponding frequency,

as well as data on the effect of losses in the plate material on the phase shift of the reflected wave are pre-
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sented. The results of studying the angular dependence of the phase shift of the reflected wave in the re-

gion of the Brewster angle can be used in solving applied problems of electrodynamics (e.g., when develop-

ing a broadband broad-band direction finding device).

Keywords: permittivity; phase shift; reflected wave; Brewster angle; broadband position finding device.

Ââåäåíèå

Â ñîâðåìåííîé ðàäèîòåõíèêå â ïîñëåäíèå

ãîäû øèðîêî ïðèìåíÿþò èñêóññòâåííûå êîìïî-

çèöèîííûå ìàòåðèàëû ñ ïåðåìåííûìè ýëåêòðî-

äèíàìè÷åñêèìè ïàðàìåòðàìè. Îïðåäåëåíèå òà-

êèõ ïàðàìåòðîâ âîçìîæíî ìåòîäàìè, ïîçâîëÿþ-

ùèìè îäíîâðåìåííî èçìåðÿòü â ñâîáîäíîì ïðî-

ñòðàíñòâå äèýëåêòðè÷åñêóþ è ìàãíèòíóþ ïðîíè-

öàåìîñòè ìàòåðèàëîâ â øèðîêîé ïîëîñå [10 – 12].

Äëÿ ñîâåðøåíñòâîâàíèÿ ìåòîäîâ îïðåäåëå-

íèÿ ýëåêòðîäèíàìè÷åñêèõ ïàðàìåòðîâ ñ èñïîëü-

çîâàíèåì ôàçîâûõ èçìåðåíèé è ðàñ÷åòîâ

[8, 12 – 14] íåîáõîäèìî ðåøåíèå òàêîé çàäà÷è,

êàê îòðàæåíèå ýëåêòðîìàãíèòíûõ âîëí îò ãðà-

íèö äèýëåêòðè÷åñêîãî ñëîÿ [1 – 4]. Ïðè ýòîì

ñäâèã ôàçû îòðàæåííîé âîëíû îò ïëàñòèíû äè-

ýëåêòðèêà ñ ó÷åòîì äèýëåêòðè÷åñêèõ è ìàãíèò-

íûõ ïðîíèöàåìîñòåé ìàòåðèàëà è ïîòåðü [5 – 7]

àíàëèçèðóþò ñ ïîìîùüþ ðàñ÷åòíîãî ìîäåëèðîâà-

íèÿ.

Öåëü ðàáîòû — èññëåäîâàíèå âëèÿíèÿ ýëåê-

òðîäèíàìè÷åñêèõ ïàðàìåòðîâ ìàòåðèàëà íà õà-

ðàêòåðèñòèêè îòðàæåííîé îò äèýëåêòðè÷åñêîãî

ñëîÿ âîëíû.

Ìîäåëèðîâàíèå îòðàæåííîé âîëíû

Ñ èñïîëüçîâàíèåì ìàòðè÷íîãî ìåòîäà [1] îñó-

ùåñòâëÿëè ðàñ÷åòíîå ìîäåëèðîâàíèå (ðèñ. 1)

ñäâèãà ôàçû îòðàæåííîé âîëíû ïðè ïàäåíèè

ïëîñêîé âîëíû íà ïëàñòèíó äèýëåêòðèêà ïîä

óãëîì á1 (E — âåêòîð ýëåêòðè÷åñêîãî ïîëÿ, ëåæà-

ùèé â ïëîñêîñòè ïàäåíèÿ âîëíû èç ñðåäû ñ äè-

ýëåêòðè÷åñêîé è ìàãíèòíîé ïðîíèöàåìîñòÿìè

å1 = 1, ì1 = 1 â ñëîé ñ ïàðàìåòðàìè å2 = � � �� �2 2i è

ì2 = � � �� �2 2i ).

Äëÿ ìíîãîñëîéíîé ïëàñòèíû êîýôôèöèåíò
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cos ál — äëÿ óãëà ïàäåíèÿ ál íà

ãðàíèöó l ðàçäåëà ìåæäó ñëîÿìè (ïðè l = 3

q1 = q3).

Äëÿ îäíîñëîéíîé ïëàñòèíû
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ãäå m11 = m22 = cos â, m12 = –i(sin â/q2), m21 =

= –iq2 sin â.

Ïðè ýòîì ýëåêòðè÷åñêàÿ òîëùèíà ïëàñòèíû
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ãäå d2 — òîëùèíà ñëîÿ; ë0 — äëèíà âîëíû íà ÷àñ-

òîòå èçìåðåíèÿ.
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Èñïîëüçóÿ çàêîí Ñíåëëèóñà è ïðåäïîëàãàÿ,

÷òî ì2 = 1, äëÿ ïðîäîëüíîé ïîëÿðèçàöèè

(TM-âîëíà, âåêòîð ýëåêòðè÷åñêîãî ïîëÿ ëåæèò â

ïëîñêîñòè ïàäåíèÿ) ïîëó÷àåì:
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Âûðàæåíèå äëÿ ôàçû îòðàæåííîé TM-âîëíû

ïðèîáðåòåò âèä:
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Äëÿ ïåðïåíäèêóëÿðíîé ïîëÿðèçàöèè (TE-

âîëíà, âåêòîð ýëåêòðè÷åñêîãî ïîëÿ ïåðïåíäèêó-
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Ðèñ. 1. Ýëåêòðîäèíàìè÷åñêàÿ ñõåìà ýêñïåðèìåíòà

Fig. 1. Electrodynamic chart of the experiment
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Ïîñëå ïîäñòàíîâîê îêîí÷àòåëüíî çàïèøåì
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Âèäíî, ÷òî âî âñåì äèàïàçîíå èçìåíåíèé óãëà

ïàäåíèÿ TE-âîëíû ñêà÷êîîáðàçíîãî èçìåíåíèÿ

ôàçû íå íàáëþäàåòñÿ. Âìåñòå ñ òåì èç (4) ñëåäó-

åò, ÷òî â ôàçå îòðàæåííîé TM-âîëíû ñêà÷îê ïðè-

ñóòñòâóåò â òî÷êå íåîïðåäåëåííîñòè ôóíêöèè

arctg ïðè óñëîâèè

� � � �
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2
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êîòîðîå âûïîëíÿåòñÿ ïðè � 2 = tg á1. Ýòî ñîîò-

âåòñòâóåò óãëó Áðþñòåðà [2] ïðè îòðàæåíèè

TM-âîëíû îò ïëàñòèíû äèýëåêòðèêà.

Âòîðîé ñêà÷îê ñäâèãà ôàçû îòðàæåííîé âîë-

íû ñîîòâåòñòâóåò óñëîâèþ

tg â = 0, (8)

êîòîðîå âûïîëíÿåòñÿ (äëÿ îáåèõ ïîëÿðèçàöèé):

1) â òî÷êàõ ðàçðûâà ôóíêöèè arctg = ±ð/2

(â ýòîì ñëó÷àå àðãóìåíò ðàâåí ±�):

tg â = 0 èëè â = ðn (n = 0, 1, ..., N),
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2) ïðè òîëùèíå ïëàñòèíû, êðàòíîé ïîëîâèíå

äëèíû âîëíû:

d
n

2

0

2
2

1
2

�

�

�

� �sin

. (9)

Â ñëó÷àå íîðìàëüíîãî ïàäåíèÿ ôàçà îòðàæåí-

íîé âîëíû

� �

�

� �

rs rp arctg
tg

� � �

�

2

1

2

2
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. (10)

Ïðè ýòîì õàðàêòåðíûå çíà÷åíèÿ ñäâèãà ôà-

çû îòðàæåííîé âîëíû ïðè ýëåêòðè÷åñêîé òîë-

ùèíå ïëàñòèíû d2 = 0, � �0 24( ), � �0 22( ),

3 40 2� �( ) è � �0 2 ñîñòàâëÿþò –ð/2, 0, ð/2, 0,

ð/2 ñîîòâåòñòâåííî. Âèäíî, ÷òî ñäâèã ôàçû ìåíÿ-

åòñÿ ñêà÷êîîáðàçíî â òî÷êàõ, êðàòíûõ ïîëóâîëíî-

âîé ýëåêòðè÷åñêîé òîëùèíå ïëàñòèíû.

Îáñóæäåíèå ðåçóëüòàòîâ

Íà ðèñ. 2 ïðåäñòàâëåíû ðàñ÷åòíûå çàâèñèìî-

ñòè ñäâèãà ôàçû îòðàæåííîé âîëíû ïðè íîð-

ìàëüíîì ïàäåíèè âîëíû íà ïëàñòèíó èç êâàðöå-

âîãî ñòåêëà ñ äèýëåêòðè÷åñêîé ïðîíèöàåìîñòüþ

å2 = 3,81 áåç ó÷åòà äèýëåêòðè÷åñêèõ ïîòåðü (òàí-

ãåíñ óãëà äèýëåêòðè÷åñêèõ ïîòåðü tg ä = 0). Âèä-

íî, ÷òî ïðè òîëùèíàõ, êðàòíûõ ïîëîâèíå äëèíû

âîëíû, è íà ñîîòâåòñòâóþùèõ ÷àñòîòàõ, íà êîòî-

ðûõ ôóíêöèÿ arctg òåðïèò ðàçðûâ, ñäâèã ôàçû

ìåíÿåòñÿ ñêà÷êîîáðàçíî íà ð.

Àíàëèòè÷åñêèå âûðàæåíèÿ äëÿ ðàñ÷åòà ôàçû

îòðàæåííîé âîëíû ïðèâåäåíû äëÿ ìàòåðèàëîâ

áåç ïîòåðü. Äèýëåêòðè÷åñêèå è ìàãíèòíûå ïîòå-

ðè â ìàòåðèàëå ìîæíî ó÷åñòü ñ ïîìîùüþ ÷èñëåí-

íîãî ðàñ÷åòíîãî ìîäåëèðîâàíèÿ íåïîñðåäñòâåííî

ïî ôîðìóëå (1).

Íà ðèñ. 3 ïðèâåäåíû ðàñ÷åòíûå çàâèñèìîñòè

ñäâèãà ôàçû îòðàæåííîé âîëíû ïðè íîðìàëüíîì

ïàäåíèè ïëîñêîé TM-âîëíû (å2 = 3,81) îò ýëåê-

òðè÷åñêîé òîëùèíû ïëàñòèíû ïðè ðàçëè÷íûõ

âåëè÷èíàõ ïîòåðü â ìàòåðèàëå. Âèäíî, ÷òî â îá-

ëàñòè ïîëóâîëíîâîé òîëùèíû ïðîèñõîäèò ñêà÷îê

ôàçû íà ð, àíàëîãè÷íûé ñêà÷êó, íàáëþäàåìîìó

ïðè îòðàæåíèè âîëíû, ïàäàþùåé íà ïëàñòèíó

ïîä óãëîì Áðþñòåðà.
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Ýëåêòðè÷åñêàÿ òîëùèíà ïëàñòèíû â äëèíàõ âîëíû
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Ðèñ. 2. Ñäâèã ôàçû îòðàæåííîé âîëíû â çàâèñèìîñòè îò

ýëåêòðè÷åñêîé òîëùèíû ïëàñòèíû (à) è ÷àñòîòû (á)

Fig. 2. Dependence of the phase shift of the reflected wave

on the electric thickness of the plate (à) and frequency (b)



Íà ðèñ. 4 ïðåäñòàâëåíû ìîäåëüíûå ðàñ÷åòû

ìàêñèìàëüíîãî îòêëîíåíèÿ ñäâèãà ôàçû îòðà-

æåííîé âîëíû (íîðìàëüíîå ïàäåíèå) â çàâèñèìî-

ñòè îò ýëåêòðè÷åñêîé òîëùèíû ïëàñòèíû â äîëÿõ

äëèíû âîëíû ïðè äèýëåêòðè÷åñêèõ ïîòåðÿõ

tg ä = 0,0001 – 0,1.

Âèäíî, ÷òî ïðè ïðèáëèæåíèè òîëùèíû ïëà-

ñòèíû ê ïîëóâîëíîâîé âåëè÷èíå îòêëîíåíèÿ

ñäâèãà ôàçû âîçðàñòàþò (ïðè ïîëóâîëíîâîé òîë-

ùèíå îíè ìèíèìàëüíû). Ïðè óìåíüøåíèè òîë-

ùèíû ìàêñèìàëüíûå îòêëîíåíèÿ ñíèæàþòñÿ,

äîñòèãàÿ ìèíèìóìà ïðè ýëåêòðè÷åñêèõ òîëùèíàõ

ìåíåå 1/4 äëèíû âîëíû. Òàêèì îáðàçîì, âëèÿíèå

ôàçîâûõ èñêàæåíèé, ñíèæàþùèõ òî÷íîñòü îïðå-

äåëåíèÿ ýëåêòðîäèíàìè÷åñêèõ ïàðàìåòðîâ ìà-

òåðèàëîâ ñ ïîòåðÿìè, ìîæíî óìåíüøèòü, èñïîëü-

çóÿ ïëàñòèíû ñîîòâåòñòâóþùåé ýëåêòðè÷åñêîé

òîëùèíû.

×àñòîòíûå çàâèñèìîñòè ñäâèãà ôàçû è àì-

ïëèòóäû îòðàæåííîé âîëíû (íîðìàëüíîå ïàäå-

íèå), ïîëó÷åííûå ñ ïîìîùüþ âåêòîðíîãî àíàëè-

çàòîðà öåïåé, ïðèâåäåíû íà ðèñ. 5. Âèäíî, ÷òî íà

÷àñòîòå, ñîîòâåòñòâóþùåé ïîëóâîëíîâîé ýëåê-

òðè÷åñêîé òîëùèíå ïëàñòèíû, íàáëþäàåòñÿ ïà-

äåíèå àìïëèòóäû îòðàæåííîé âîëíû è ñêà÷êîîá-

ðàçíîå èçìåíåíèå ñäâèãà ôàçû ìåæäó ïàäàþùåé

è îòðàæåííîé âîëíàìè íà âåëè÷èíó ð.

Íàêëîí êðèâîé óãëîâîé çàâèñèìîñòè ñäâèãà

ôàçû îòðàæåííîé TM-âîëíû â îáëàñòè óãëà Áðþ-

ñòåðà îïðåäåëÿåòñÿ òàíãåíñîì óãëà äèýëåêòðè-

÷åñêèõ ïîòåðü [6, 7]. Íàêëîí êðèâîé ÷àñòîòíîé

çàâèñèìîñòè ñäâèãà ôàçû â îáëàñòè ÷àñòîòû, ñî-

îòâåòñòâóþùåé ýëåêòðè÷åñêîé òîëùèíå ïëàñòè-

íû, êðàòíîé ïîëîâèíå äëèíû âîëíû, òàêæå çàâè-

ñèò îò tg ä. Îäíàêî â îòëè÷èå îò ñëó÷àÿ ïàäàþ-

ùåé TM-âîëíû ïîä óãëîì Áðþñòåðà, êàê ñëåäóåò

èç (8), ýòî ñïðàâåäëèâî äëÿ îáåèõ ïîëÿðèçàöèé.

Èñïîëüçóÿ óãëîâûå çàâèñèìîñòè àìïëèòóäû

è ñäâèãà ôàçû îòðàæåííîé âîëíû, ìîæíî ñôîð-

ìèðîâàòü õàðàêòåðèñòèêè øèðîêîïîëîñíîãî ïå-

ëåíãàòîðà.

Íà ðèñ. 6 ïîêàçàíû ðàñ÷åòíûå óãëîâûå çà-

âèñèìîñòè ñäâèãà ôàçû îòðàæåííîé âîëíû ïðè

ïàäåíèè ïëîñêîé TM-âîëíû íà ïëàñòèíó èç ïëàâ-

ëåíîãî êâàðöà (å2 = 3,81) áåç ïîòåðü (tg ä = 0)
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Ðèñ. 4. Çàâèñèìîñòè îòêëîíåíèé ñäâèãà ôàçû îòðàæåí-

íîé âîëíû îò èçìåíåíèÿ ýëåêòðè÷åñêîé òîëùèíû ïëàñòè-

íû â äèàïàçîíàõ 0 – 1 (à), 0,46 – 0,54 (á), 0 – 0,3 (â) ïðè

å2 = 3,81 (1) è 6,25 (2)

Fig. 4. Dependence of the deviation of the phase shift of the

reflected wave on the electric thickness of the plate within

different ranges 0 – 1 (a), 0, 46 – 0, 54 (b), 0 – 0, 3 (c) for

å
2

= 3.81 (1) and 6.25 (2)

Ðèñ. 5. ×àñòîòíûå çàâèñèìîñòè ñäâèãà ôàçû (1) è àìïëè-

òóäû (2) îòðàæåííîé âîëíû

Fig. 5. Frequency dependences of the phase shift (1) and

amplitude (2) of the reflected wave
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Ýëåêòðè÷åñêàÿ òîëùèíà ïëàñòèíû â äëèíàõ âîëíû

Ðèñ. 3. Çàâèñèìîñòè ñäâèãà ôàçû îòðàæåííîé TM-âîëíû

îò ýëåêòðè÷åñêîé òîëùèíû ïëàñòèíû ïðè ïîòåðÿõ â ìàòå-

ðèàëå tg ä = 0 (1), 0,01 (2), 0,1 (3), 1 (4), 10 (5)

Fig. 3. Dependences of the phase shift of reflected TM-

wave with parallel polarization on the electric thickness of

the plate at losses in the material tan ä = 0 (1), 0.01 (2), 0.1

(3), 1 (4), 10 (5)



âáëèçè óãëà Áðþñòåðà ïðè ðàçëè÷íûõ ÷àñòîòàõ

äëÿ òîëùèíû ïëàñòèíû, ñîîòâåòñòâóþùåé 1/30

äëèíû âîëíû íà 10 ÃÃö. Âèäíî, ÷òî çàâèñèìîñòè

ñîîòâåòñòâóþò ïåëåíãàöèîííîé õàðàêòåðèñòèêå,

íà îñíîâå êîòîðîé ìîæåò ñîçäàâàòüñÿ øèðîêîïî-

ëîñíûé ïåëåíãàòîð.

Óãëîâàÿ çàâèñèìîñòü ñäâèãà ôàçû îòðàæåí-

íîé âîëíû ïðè ïàäåíèè TM-âîëíû íà äèýëåêòðè-

÷åñêóþ ïëàñòèíó ïîä óãëîì Áðþñòåðà ìîæåò ñëó-

æèòü èñòî÷íèêîì èíôîðìàöèè îá óãëîâîì ïîëî-

æåíèè îáúåêòà (öåëè). Ïðè ýòîì äàííûå ïîëó÷à-

þò, èçìåðÿÿ ñäâèã ôàçû ìåæäó âîëíàìè, îòðà-

æåííûìè îò öåëè.

Îòìåòèì, ÷òî ïðè ðàçðàáîòêå ïåëåíãàòîðà

äîëæíû âûïîëíÿòüñÿ ñëåäóþùèå ïîñòóëàòû ìî-

íîèìïóëüñíîé ðàäèîëîêàöèè [15]: 1) óãëîâàÿ èí-

ôîðìàöèÿ ïîñòóïàåò â âèäå îòíîøåíèÿ è íå çàâè-

ñèò îò àáñîëþòíîãî óðîâíÿ àìïëèòóä ïðèíÿòûõ

ñèãíàëîâ; 2) èçìåðÿåìîå çíà÷åíèå ñäâèãà ôàçû

ïðè ïåðåõîäå îò ïîëîæèòåëüíîãî ê îòðèöàòåëüíî-

ìó ïðèõîäó âîëíû ìåíÿåòñÿ íà îáðàòíîå, òàê êàê

óãëîâàÿ çàâèñèìîñòü ñäâèãà ôàçû ñèììåòðè÷íà

îòíîñèòåëüíî ðàâíîñèãíàëüíîãî íàïðàâëåíèÿ;

3) óãëîâàÿ çàâèñèìîñòü ñäâèãà ôàçû îòðàæåííîé

âîëíû (êàê ïåëåíãàöèîííàÿ õàðàêòåðèñòèêà

óãëîìåðíîé ñèñòåìû) — íå÷åòíàÿ äåéñòâèòåëü-

íàÿ ôóíêöèÿ óãëà ïðèõîäà âîëíû îòíîñèòåëüíî

ðàâíîñèãíàëüíîãî íàïðàâëåíèÿ, ñîâïàäàþùåãî ñ

óãëîì Áðþñòåðà (èëè àíàëîãè÷íîãî åìó ïî ïðîÿâ-

ëåíèþ äëÿ ïîëóâîëíîâîé ïëàñòèíû â ñîîòâåòñò-

âèè ñ (8)).

Óãëîâóþ çàâèñèìîñòü ñäâèãà ôàçû îòðàæåí-

íîé âîëíû ìîæíî èñïîëüçîâàòü äëÿ óïðàâëåíèÿ

ïîëîæåíèåì àíòåííîé ñèñòåìû â ïðîöåññå ïåëåí-

ãîâàíèÿ èëè àâòîìàòè÷åñêîãî ñîïðîâîæäåíèÿ.

Êðîìå òîãî, äàííûå ïî îòðàæåííîé âîëíå îò ïëà-

ñòèíû ñ ýëåêòðè÷åñêîé òîëùèíîé, êðàòíîé ïîëî-

âèíå äëèíû âîëíû, äàþò âîçìîæíîñòü ñîçäàâàòü

ïåðåñòðàèâàåìûé ïî ÷àñòîòå ïåëåíãàòîð (äëÿ

îáåèõ ïîëÿðèçàöèé) íà îñíîâå ïîëó÷åííîé ôàçî-

âîé ïåëåíãàöèîííîé õàðàêòåðèñòèêè.

Íà ðèñ. 7 äëÿ ýëåêòðè÷åñêîé òîëùèíû ïëà-

ñòèíû (å2 = 3,81, tg ä = 0), êðàòíîé ïîëîâèíå

äëèíû âîëíû, ïðåäñòàâëåíû ðàñ÷åòíûå çàâè-

ñèìîñòè ñäâèãà ôàçû îòðàæåííîé âîëíû (ëþáàÿ

ïîëÿðèçàöèÿ) îò óãëà ïàäåíèÿ âîëíû è óãëà îðè-

åíòàöèè ïàäàþùåé âîëíû îò ÷àñòîòû ïåëåí-

ãàöèè (öåëü ðàñïîëîæåíà ïîä óãëîì 30° îòíîñè-

òåëüíî ïëàñòèíû). Âèäíî, ÷òî ïðè èçìåíåíèè

óãëà ïàäåíèÿ âîëíû ïåëåíãàòîð ïåðåñòðàèâàåòñÿ

ïî ÷àñòîòå.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ðàñ÷åòíîå ìîäåëèðîâàíèå

ñäâèãà ôàçû îòðàæåííîé îò äèýëåêòðè÷åñêîé

ïëàñòèíû ñ ïåðåìåííûìè ýëåêòðîäèíàìè÷åñêè-

ìè õàðàêòåðèñòèêàìè âîëíû ïîçâîëÿåò èññëåäî-

âàòü ïîâåäåíèå âîëíû ïðè èçìåíåíèè ýëåêòðè÷å-

ñêîé òîëùèíû ïëàñòèíû äëÿ ìàòåðèàëà ñ ïîòåðÿ-

ìè. Óñòàíîâëåíî, ÷òî ñêà÷îê ñäâèãà ôàçû äëÿ

ïëàñòèíû ïîëóâîëíîâîé ýëåêòðè÷åñêîé òîëùèíû

ñîñòàâëÿåò ð, à àìïëèòóäà ïàäàåò äî ìèíèìóìà.

Ïîëó÷åííûå íà îñíîâå àíàëèçà àìïëèòóäíî-ôà-

çîâûõ ÷àñòîòíûõ õàðàêòåðèñòèê îòðàæåííîé âîë-

íû ðåçóëüòàòû ìîæíî èñïîëüçîâàòü ïðè ñîçäà-

íèè øèðîêîïîëîñíîãî ïåëåíãàòîðà, äëÿ êîòîðîãî

âûïîëíÿþòñÿ ïîñòóëàòû ìîíîèìïóëüñíîé ðàäèî-

ëîêàöèè.
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Ðèñ. 6. Óãëîâûå çàâèñèìîñòè ñäâèãà ôàçû îòðàæåííîé

âîëíû ïðè ïàäåíèè ïëîñêîé TM-âîëíû âáëèçè óãëà Áðþñ-

òåðà äëÿ ÷àñòîò 1 (1), 5 (2), 10 (3), 15 (4), 20 (5), 25 (6) è

30 ÃÃö (7)

Fig. 6. The angular dependences of the phase shift of the

reflected wave for different frequencies 1 (1), 5 (2), 10 (3), 15

(4), 20 (5), 25 (6), 30 GHz (7) when the angle of incidence of

a plane TM- wave is close to the Brewster angle
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Ðèñ. 7. Ðàñ÷åòíûå çàâèñèìîñòè ñäâèãà ôàçû îòðàæåííîé

âîëíû îò óãëà ïàäåíèÿ âîëíû (à) è óãëà îðèåíòàöèè ïàäà-

þùåé âîëíû îò ÷àñòîòû ïåëåíãàöèè (á)

Fig. 7. Calculated dependences of the phase shift of the re-

flected wave on the angle of incidence (a) and angle of orien-

tation of the incident wave on the frequency of direction

finding (b)
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