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Ñóùåñòâóþùèå òåîðèè ãåòåðîãåííûõ ñðåä îïèñûâàþò íåîäíîðîäíûå ìàòåðèàëû êàê åñ-

òåñòâåííûå, òàê è èñêóññòâåííî ñèíòåçèðóåìûå ñòðóêòóðû. Â íàñòîÿùåå âðåìÿ âñå áîëü-

øåå ðàçâèòèå ïîëó÷àåò ñèíòåç íåîäíîðîäíûõ ìíîãîêîìïîíåíòíûõ ìàòåðèàëîâ ñ çàäàí-

íûìè ýëåêòðîäèíàìè÷åñêèìè ñâîéñòâàìè, êîòîðûå õàðàêòåðèçóþòñÿ ìàãíèòíûìè è äè-

ýëåêòðè÷åñêèìè ïðîíèöàåìîñòÿìè. Ïðè ìîäåëèðîâàíèè ìíîãîêîìïîíåíòíîé ñòðóêòóðû

â âèäå îäíîðîäíîãî ìàòåðèàëà ñ ýôôåêòèâíîé äèýëåêòðè÷åñêîé ïðîíèöàåìîñòüþ (áåç

ó÷åòà ìàãíèòíûõ ñâîéñòâ) ïî ðàçðàáîòàííûì ìîäåëÿì äëÿ êîìïîíåíò ñ èçâåñòíûìè äè-

ýëåêòðè÷åñêèìè ïðîíèöàåìîñòÿìè âîçíèêàþò ïîãðåøíîñòè ïðè ðàñ÷åòå êîýôôèöèåíòà

ïðîõîæäåíèÿ ïëîñêîé âîëíû ÷åðåç ñòåíêó îáòåêàòåëÿ. Â îòëè÷èå îò èçâåñòíûõ, îïèñû-

âàþùèõ ñòàòèñòè÷åñêè íåîäíîðîäíûå ñðåäû òîëüêî äëÿ îäíîãî ýëåêòðîäèíàìè÷åñêîãî

ïàðàìåòðà, ïðåäñòàâëåííàÿ ýëåêòðîäèíàìè÷åñêàÿ ìîäåëü äëÿ ðàñ÷åòà ýôôåêòèâíûõ

ìàãíèòíîé è äèýëåêòðè÷åñêîé ïðîíèöàåìîñòåé ìíîãîêîìïîíåíòíîãî ìàòåðèàëà îñíîâà-

íà íà çàêîíàõ îïòèêè. Â íåé èñïîëüçóåòñÿ âîçìîæíîñòü õàðàêòåðèñòèêè ïîëÿðèçîâàííî-

ãî ìàòåðèàëà ñóììàðíûì äèïîëüíûì ìîìåíòîì, âîçíèêàþùèì ïîä äåéñòâèåì ïåðåìåí-

íîãî ïîëÿ, è âûðàæåíèè óãëà Áðþñòåðà â âèäå ñóììû óãëîâ ïîëÿðèçàöèè, ïðîïîðöèîíà-

ëüíûõ îáúåìíîìó ñîäåðæàíèþ êîìïîíåíò ñìåñè.

Êëþ÷åâûå ñëîâà: äèýëåêòðè÷åñêàÿ ïðîíèöàåìîñòü; àíòåííûé îáòåêàòåëü; ìíîãîêîì-

ïîíåíòíûé ìàòåðèàë; óãîë Áðþñòåðà.
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Current theories of heterogeneous media consider non-uniform materials as natural and artificially

synthesizable structures. Nowadays, synthesis of the non-uniform multicomponent materials with

given electrodynamic properties and characterized by magnetic and dielectric permeability, is gaining

increasing development. When modeling a multicomponent structure as a uniform material with effec-

tive dielectric permeability (ignoring the magnetic properties) using the developed models for the com-

ponents with known dielectric permeability, the errors arise in calculation of the transmission coeffi-

cient of a plane wave through the antenna dome wall. We present a heuristic model based on the laws

of optics which is intended for simultaneous determination of the effective magnetic and dielectric per-

meability of multicomponent material in contrast to known models describing statistically non-uni-

form media only for one electrodynamic parameter. The electrodynamic model developed for descrip-

tion of the effective magnetic and dielectric permeability of non-uniform material suggests a possibility

of characterizing a polarized material with the total dipole moment arising in alternating field and ex-

pressing the Brewster angle as a the sum of the polarization angles proportional to volume content the

mixture components.

Keywords: dielectric permeability; antenna dome; multicomponent material; Brewster angle.

Äëÿ ñîçäàíèÿ ìàòåðèàëîâ ñ çàäàííûìè ýëåêòðî-

ìàãíèòíûìè ñâîéñòâàìè áîëüøîå âíèìàíèå óäå-

ëÿþò ñèíòåçó íåîäíîðîäíûõ ìàòåðèàëîâ. Ïðè ðå-

øåíèè çàäà÷è ïðîõîæäåíèÿ ýëåêòðîìàãíèòíîé

âîëíû ÷åðåç ìíîãîêîìïîíåíòíûé ìàòåðèàë åãî

ïðåäñòàâëÿþò êâàçèîäíîðîäíûì ñ ýôôåêòèâíîé

äèýëåêòðè÷åñêîé ïðîíèöàåìîñòüþ, êîòîðóþ

îïðåäåëÿþò ïî ôîðìóëàì, ïîëó÷åííûì ñ ïî-

ìîùüþ ðàçëè÷íûõ ìîäåëåé ñòàòèñòè÷åñêèõ íåðå-

ãóëÿðíûõ ñðåä [1 – 3]. Óñëîâèÿ, ïðèìåíÿåìûå

ïðè âûâîäå ôîðìóë ðàñ÷åòà ýôôåêòèâíîé äè-

ýëåêòðè÷åñêîé ïðîíèöàåìîñòè ñìåñè ìíîãîêîì-
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ïîíåíòíîãî ìàòåðèàëà, èìåþò ìíîæåñòâî îãðàíè-

÷åíèé (ðàññìàòðèâàþòñÿ òîëüêî îäèí ïàðàìåòð,

íàïðèìåð, äèýëåêòðè÷åñêàÿ ïðîíèöàåìîñòü, è

ïðåèìóùåñòâåííî äâóõêîìïîíåíòíûå ñìåñè) è íå

ïîçâîëÿþò ïîëó÷èòü òî÷íûå ðåçóëüòàòû.

Öåëü ðàáîòû — ðàçðàáîòêà ìîäåëè äëÿ ðàñ÷å-

òà ýôôåêòèâíûõ äèýëåêòðè÷åñêîé è ìàãíèòíîé

ïðîíèöàåìîñòåé ìíîãîêîìïîíåíòíîãî ìàòåðèà-

ëà, îñíîâàííîé íà îñíîâîïîëàãàþùèõ çàêîíàõ

îïòèêè.

Â ïðåäëàãàåìîé ýëåêòðîäèíàìè÷åñêîé ìîäå-

ëè ïîëÿðèçîâàííûé ìàòåðèàë õàðàêòåðèçóåòñÿ

ñóììîé äèïîëüíûõ ìîìåíòîâ, âîçíèêàþùèõ ïîä

äåéñòâèåì ïåðåìåííîãî ïîëÿ äëÿ êàæäîé êîìïî-

íåíòû ñìåñè [1].

Íà ðèñ. 1 ïðåäñòàâëåíà ñõåìà ïðîõîæäåíèÿ

ýëåêòðîìàãíèòíîé âîëíû ÷åðåç îäíîðîäíûé ñëîé

ìàòåðèàëà.

Õàðàêòåðíûé óãîë ïàäåíèÿ, ñâÿçûâàþùèé

ïîëÿðèçàöèîííûå è ìàãíèòíî-äèýëåêòðè÷åñêèå

ñâîéñòâà ñðåäû, — óãîë Áðþñòåðà. Â ñëó÷àå ïëî-

ñêîé âîëíû ñ âåêòîðîì ýëåêòðè÷åñêîãî ïîëÿ, ëå-

æàùèì â ïëîñêîñòè ïàäåíèÿ, óãîë Áðþñòåðà
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ìåùåí èññëåäóåìûé ìàòåðèàë.
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ãäå pi — îáúåìíàÿ ÷àñòü i-é êîìïîíåíòû; N — îá-

ùåå ÷èñëî êîìïîíåíò ñìåñè.

Ñ ó÷åòîì ýëåêòðîìàãíèòíûõ ñâîéñòâ i-é êîì-

ïîíåíòû â ñëîå ìàòåðèàëà, ðàñïîëîæåííîãî â

âîçäóøíîé ñðåäå (å1 = 1, ì1 = 1), óãëû Áðþñòåðà

ñîñòàâÿò
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(åi, ìi — äèýëåêòðè÷åñêàÿ è ìàãíèòíàÿ ïðîíèöàå-

ìîñòè i-é êîìïîíåíòû ìàòåðèàëà) â ñëó÷àå ïëî-

ñêîé âîëíû ñ âåêòîðîì ýëåêòðè÷åñêîãî ïîëÿ, ëå-

æàùèì â ïëîñêîñòè ïàäåíèÿ è ïåðïåíäèêóëÿð-

íûì åé.

Ñ ó÷åòîì ýëåêòðîìàãíèòíûõ ñâîéñòâ ýôôåê-

òèâíîé ñðåäû è óñëîâèÿ (3) óãëû ïàäåíèÿ, ñîîò-

âåòñòâóþùèå îäíîðîäíîìó ìàòåðèàëó, äëÿ ñëó-

÷àÿ ïëîñêîé âîëíû ñ âåêòîðîì ýëåêòðè÷åñêîãî

ïîëÿ, ëåæàùèì â ïëîñêîñòè ïàäåíèÿ è ïåðïåíäè-

êóëÿðíûì åé,
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ãäå åýôô, ìýôô — äèýëåêòðè÷åñêàÿ è ìàãíèòíàÿ

ïðîíèöàåìîñòè, ñîîòâåòñòâóþùèå îäíîðîäíîìó

ìàòåðèàëó, ìîäåëèðóþùåìó ìíîãîêîìïîíåíòíóþ

ñìåñü.

Ïîäñòàâëÿÿ (4) è (5) â (6) è (7), ïîëó÷àåì:
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Îêîí÷àòåëüíî ñèñòåìà óðàâíåíèé äëÿ îïðåäå-

ëåíèÿ ýôôåêòèâíûõ ýëåêòðîìàãíèòíûõ ìàãíèò-

íî-äèýëåêòðè÷åñêèõ ïàðàìåòðîâ ìíîãîêîìïî-

íåíòíîé ñìåñè èìååò âèä:
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Ðèñ. 1. Ñõåìà ïðîõîæäåíèÿ âîëíû ÷åðåç ïëîñêèé ñëîé
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Óïðîñòèì óðàâíåíèå (10) äëÿ ìíîãîêîìïî-

íåíòíîé ñìåñè äèàìàãíèòíûõ äèýëåêòðèêîâ ïðè

óñëîâèè ìýôô = ìi = 1. Ïîëó÷èì
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Ïî ôîðìóëå (12) ðàññ÷èòûâàëè ýôôåêòèâíóþ

äèýëåêòðè÷åñêóþ ïðîíèöàåìîñòü äëÿ ïðèìåíÿå-

ìîé â ðàäèîòåõíè÷åñêèõ êîíñòðóêöèÿõ îáòåêàòå-

ëåé êâàðöåâîé êåðàìèêè, ïðåäñòàâëÿÿ å¸ êàê

äâóõêîìïîíåíòíûé ìàòåðèàë, ñîñòîÿùèé èç ñìå-

ñè àìîðôíîãî êâàðöåâîãî ñòåêëà (äèýëåêòðè÷å-

ñêàÿ ïðîíèöàåìîñòü å1 = 3,81) è âîçäóøíûõ ïîð

(å2 = 1,00058). Ïîëó÷åííûå ðåçóëüòàòû ñðàâíè-

âàëè ñ ðàñ÷åòàìè ýôôåêòèâíîé äèýëåêòðè÷åñêîé

ïðîíèöàåìîñòè ïî ôîðìóëå Ëèõòåíåêêåðà:

   
ýôô
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1P P , (13)

ãäå P — ïîðèñòîñòü ìàòåðèàëà õàðàêòåðèçóþùàÿ

îáúåìíîå ñîäåðæàíèå âîçäóõà [3, 4].

Äèàìåòð èññëåäóåìûõ îáðàçöîâ êâàðöåâîé

êåðàìèêè ñ ðàçëè÷íîé ïîðèñòîñòüþ â âèäå äèñêîâ

ñîñòàâëÿë 49,5 ìì. Äèýëåêòðè÷åñêóþ ïðîíèöàå-

ìîñòü îáðàçöà, ñîîòâåòñòâóþùóþ ýôôåêòèâíîé

äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè åýôô èç (12), êàê

èíòåãðàëüíóþ âåëè÷èíó, èçìåðÿëè íà ñâåðõâûñî-

êèõ ÷àñòîòàõ â âîëíîâîäíîì öèëèíäðè÷åñêîì ðå-

çîíàòîðå ñ âîëíîé H01 [5].

Íà ðèñ. 2 ïðåäñòàâëåíû ýêñïåðèìåíòàëüíûå

è ðàñ÷åòíûå çàâèñèìîñòè äèýëåêòðè÷åñêîé ïðî-

íèöàåìîñòè êâàðöåâîé êåðàìèêè îò ïîðèñòîñòè.

Âèäíî, ÷òî ðàñ÷åòíûå ìîäåëüíûå çàâèñèìîñòè

èìåþò äîïóñòèìîå äëÿ ïðàêòè÷åñêèõ ðàñ÷åòîâ îò-

êëîíåíèå îò ýêñïåðèìåíòàëüíûõ äàííûõ.

Â òàáëèöå ïðèâåäåíû ýêñïåðèìåíòàëüíûå è

ðàñ÷åòíûå ïî ìîäåëÿì çíà÷åíèÿ ýôôåêòèâíîé

äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè ìíîãîêîìïî-

íåíòíîé (÷èñëî êîìïîíåíò áîëüøå äâóõ) ñìåñè íà

îñíîâå êâàðöåâîé òêàíè ñ àëþìîôîñôàòíûì ñâÿ-

çóþùèì.

Ðàñ÷åòíàÿ åýôô (ìîäåëü Ëèõòåíåêêåðà) îò-

ëè÷àåòñÿ îò ýêñïåðèìåíòàëüíî èçìåðåííîé âå-

ëè÷èíû íà 3,3 %. Ýôôåêòèâíàÿ äèýëåêòðè÷å-

ñêàÿ ïðîíèöàåìîñòü, ðàññ÷èòàííàÿ ïî ïðåäëàãàå-

ìîé ìîäåëè, íàõîäèòñÿ â ïðåäåëàõ ïîãðåøíîñòè

èçìåðåíèÿ.

Âëèÿíèå ìîäåëåé ïðåäñòàâëåíèÿ ìíîãîêîì-

ïîíåíòíîãî ìàòåðèàëà íà òî÷íîñòü îïðåäåëåíèÿ

ðàäèîòåõíè÷åñêèõ õàðàêòåðèñòèê ñèñòåìû àí-

òåííà — îáòåêàòåëü îöåíèâàëè, ðàññ÷èòûâàÿ ÷àñ-

òîòíóþ çàâèñèìîñòü êîýôôèöèåíòà ïðîõîæäåíèÿ

(ÊÏ) ïëîñêîé âîëíû ÷åðåç ñòåíêó îáòåêàòåëÿ

ìàòðè÷íûì ìåòîäîì [6].

Ðåçóëüòàòû ðàñ÷åòîâ ÷àñòîòíîé çàâèñèìîñòè

ÊÏ ïëîñêîé âîëíû (âåêòîð ýëåêòðè÷åñêîãî ïîëÿ

ïåðïåíäèêóëÿðåí ïëîñêîñòè ïàäåíèÿ, ïàäåíèå
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Ðèñ. 2. Ýêñïåðèìåíòàëüíàÿ è ðàñ÷åòíûå çàâèñèìîñòè äè-

ýëåêòðè÷åñêîé ïðîíèöàåìîñòè îò ïîðèñòîñòè

Ïðåäëàãàåìàÿ ìîäåëü

Ìîäåëü Ëèõòåíåêêåðà

Ðèñ. 3. Ðàñ÷åòíûå ÷àñòîòíûå çàâèñèìîñòè êîýôôèöèåí-

òà ïðîõîæäåíèÿ ñòåíêè îáòåêàòåëÿ

Ýêñïåðèìåíòàëüíûå è ðàñ÷åòíûå çíà÷åíèÿ ýôôåêòèâíîé äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè êîìïîçèöèîííîãî ìíîãîêîì-

ïîíåíòíîãî ìàòåðèàëà èç êâàðöåâîé òêàíè ñ àëþìîôîñôàòíûì ñâÿçóþùèì

Êîìïîíåíòû ìàòåðèàëà
Ïëîòíîñòü,

ã/ñì3

Ðàññ÷èòàííàÿ

îáúåìíàÿ

÷àñòü, %

Äèýëåêòðè-

÷åñêàÿ ïðî-

íèöàåìîñòü

Ýôôåêòèâíàÿ äèýëåêòðè÷åñêàÿ ïðîíèöàåìîñòü

Ýêñïåðè-

ìåíòàëüíàÿ

Ìîäåëü

Ëèõòåíåêêåðà

Ïðåäëàãàåìàÿ

ìîäåëü

Ñìîëà êðåìíèéîðãàíè÷åñêàÿ 1,6 29,25 4,0 3,32 ± 0,05 3,21 3,32

Îêèñü àëþìèíèÿ (êîðóíä) 4,0 6,3 9,0

Êâàðöåâàÿ òêàíü 2,65 35 3,81

Ïîðèñòîñòü (âîçäóõ) 0,0012928 35 1,00058



âîëíû íà ñòåíêó îáòåêàòåëÿ íîðìàëüíîå, òîëùè-

íà ñòåíêè h = 8,00 ìì) ïðåäñòàâëåíû íà ðèñ. 3.

Âèäíî, ÷òî ÷àñòîòíûå çàâèñèìîñòè ÊÏ íîñÿò ðå-

çîíàíñíûé õàðàêòåð, íî ìàêñèìóìû ñäâèíóòû

äðóã îòíîñèòåëüíî äðóãà íà ÄF = 200 ÌÃö, ÷òî

äëÿ ñîâðåìåííûõ ðàäèîýëåêòðîííûõ ñèñòåì ñó-

ùåñòâåííî.

Òàêèì îáðàçîì, ïðè ðàñ÷åòå ÊÏ ñèñòåìû àí-

òåííà – îáòåêàòåëü ñ èñïîëüçîâàíèåì ïðåäëàãà-

åìîé ýëåêòðîäèíàìè÷åñêîé ìîäåëè íà îñíîâå ôè-

çè÷åñêîé îïòèêè ïîëå íà âíóòðåííåé ïîâåðõ-

íîñòè îáîëî÷êè íàõîäÿò ñïîñîáîì ìîäåëèðîâàíèÿ

ïðîõîæäåíèÿ âîëíû ÷åðåç áåñêîíå÷íóþ ïëà-

ñòèíó, ïîýòîìó òî÷íîñòü îïðåäåëåíèÿ àìïëèòóäû

è ôàçû ïðîøåäøåãî ïîëÿ çíà÷èòåëüíî âëèÿåò

íà òî÷íîñòü ðàñ÷åòîâ âûõîäíûõ õàðàêòåðèñòèê

ñèñòåìû [7]. Ýëåêòðîäèíàìè÷åñêàÿ ìîäåëü íå

òðåáóåò íèêàêèõ îãðàíè÷åíèé è ïîçâîëÿåò ïîëó-

÷èòü óäîâëåòâîðèòåëüíîå ñîâïàäåíèå ñ ýêñïåðè-

ìåíòàëüíûìè äàííûìè íå òîëüêî äëÿ äâóõêîìïî-

íåíòíûõ ñìåñåé. Ñîâìåñòíûì èñïîëüçîâàíèåì

ôîðìóë (10) è (11) ìîæíî ïðîâîäèòü âû÷èñëåíèÿ

è äëÿ ìíîãîêîìïîíåíòíûõ ìàòåðèàëîâ (â îòëè-

÷èå îò èçâåñòíûõ ìîäåëåé äëÿ ðàñ÷åòîâ òîëüêî

äèàìàãíèòíûõ ìàòåðèàëîâ, óñëîâíî ïðèíèìàþ-

ùèõ ìýôô = 1).
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