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Â ñòàòüå ïðåäëîæåíà ìåòîäèêà èçìåðåíèÿ äèýëåêòðè÷åñêîé ïðîíè-
öàåìîñòè îïîðíûõ øàéá êîàêñèàëüíûõ ñîåäèíèòåëåé íà îñíîâå ÷åò-
âåðòüâîëíîâîãî êîàêñèàëüíîãî ðåçîíàòîðà. Ïðîâåäåí àíàëèç, àïïðîêñè-
ìàöèÿ è ó÷åò ïàðàçèòíûõ ýôôåêòîâ, îêàçûâàþùèõ íàèáîëüøåå âëèÿíèå 
íà ðåçóëüòàò èçìåðåíèÿ äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè. Ïðîâåäåíî 
ñðàâíåíèå ðåçóëüòàòîâ èçìåðåíèÿ øàéá èç ðàçíûõ ìàòåðèàëîâ ïî ïðåä-
ëîæåííîé ìåòîäèêå ñ äèýëåêòðè÷åñêîé ïðîíèöàåìîñòüþ, èçìåðåííîé íà 
ýòàëîííîé óñòàíîâêå. Ïîëó÷åííûå ðåçóëüòàòû ãîâîðÿò î òî÷íîñòè èç-
ìåðåíèÿ ýôôåêòèâíîé äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè øàéá ïî ïðåä-
ëîæåííîìó ìåòîäó, ñðàâíèìîé ñ òî÷íîñòüþ ìåòîäà îáúåìíîãî ðåçîíà-
òîðà äëÿ ñòåðæíåâûõ îáðàçöîâ H01p 

ïî ÃÎÑÒ 8.623-2015. 

êîàêñèàëüíûå ðåçîíàòîðû, äèýëåêòðè÷åñêàÿ ïðîíèöàåìîñòü, ìåòîä êî-
íå÷íûõ ýëåìåíòîâ
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The analysis, approximations and accounting of the influence of the 
main parasitic effects that affect the results of the measurement are 



provided in this paper. The method of dielectric constant measurement of 
coaxial connectors support beads is suggested. The comparison between the 
acquired results using the suggested method and the reference is made. 
The results suggest that the method can be used for dielectric constant 
measurement of the coaxial connector support beads with the accuracy 
comparable to the method of the volume resonator for rod samples H01p 
by GOST 8.623-2015.

coaxial resonator, dielectric constant, finite element method
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Êîàêñèàëüíûå ÷åòâåðòüâîëíîâûå ðåçîíàòîðû ÑÂ× øèðîêî 
ïðèìåíÿþòñÿ â êà÷åñòâå êîëåáàòåëüíûõ ñèñòåì óñèëèòåëåé è ãå-
íåðàòîðîâ. Íà èõ îñíîâå óäîáíî èçãîòàâëèâàòü ïåðåñòðàèâàåìûå 
ôèëüòðû ÑÂ× [1].

Â äàííîé ðàáîòå ðàññìàòðèâàåòñÿ èñïîëüçîâàíèå ÷åòâåðòüâîë-
íîâûõ êîàêñèàëüíûõ ðåçîíàòîðîâ äëÿ èçìåðåíèÿ äèýëåêòðè÷å-
ñêîé ïðîíèöàåìîñòè îïîðíûõ øàéá êîàêñèàëüíûõ ñîåäèíèòåëåé. 
Êîàêñèàëüíûå ðåçîíàòîðû ïîäõîäÿò äëÿ ýòîé öåëè, òàê êàê ðàñ-
ïðåäåëåíèå ýëåêòðîìàãíèòíîãî ïîëÿ â íèõ ïîäîáíî òîìó, êîòî-
ðîå ïðèñóòñòâóåò â ñîåäèíèòåëÿõ, à çíà÷èò, âîçìîæíî èçìåðåíèå 
ýôôåêòèâíîé äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè øàéá ñ âíóòðåí-
íèìè ïîëîñòÿìè. Ïîòðåáíîñòü â èçìåðåíèè ïàðàìåòðîâ òàêèõ 
øàéá âîçíèêàåò â ñâÿçè ñ ðàçâèòèåì òåõíîëîãèé 3D-ïå÷àòè, ïî-
ÿâëåíèåì íîâûõ ìàòåðèàëîâ [2], à òàêæå ïîòðåáíîñòüþ íåêîòî-
ðûõ îòðàñëåé ïðîìûøëåííîñòè â èçãîòîâëåíèè îòíîñèòåëüíî 
íåáîëüøèõ ïàðòèé ñîåäèíèòåëåé îðèãèíàëüíîé êîíñòðóêöèè. 
Ïðåäëàãàåìîå íåïîñðåäñòâåííîå èçìåðåíèå ýôôåêòèâíîé äèý-
ëåêòðè÷åñêîé ïðîíèöàåìîñòè øàéá ìåòîäîì ÷åòâåðòüâîëíîâî-
ãî êîàêñèàëüíîãî ðåçîíàòîðà ïîçâîëÿåò îòêàçàòüñÿ îò ñëîæíûõ 
è äëèòåëüíûõ èçìåðåíèé ãåîìåòðè÷åñêèõ ðàçìåðîâ øàéá è ïðè 
ýòîì ïðîâîäèòü èõ îòáðàêîâêó íà ðàííèõ ñòàäèÿõ.

Öåëüþ äàííîé ðàáîòû ÿâëÿåòñÿ èññëåäîâàíèå îñíîâíûõ ïà-
ðàçèòíûõ ÿâëåíèé, âëèÿþùèõ íà ðåçîíàíñíóþ ÷àñòîòó ÷åò-
âåðòüâîëíîâîãî ðåçîíàòîðà ñ äèýëåêòðè÷åñêîé øàéáîé è èõ 
àïïðîêñèìàöèÿ ñ òî÷íîñòüþ, íåîáõîäèìîé äëÿ ïðîâåäåíèÿ èç-
ìåðåíèé äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè, à òàêæå ðàçðàáîòêà 
ìåòîäèêè, ïðèãîäíîé äëÿ ïðîâåäåíèÿ èçìåðåíèé äèýëåêòðè÷å-
ñêîé ïðîíèöàåìîñòè øàéá íà ïðîèçâîäñòâå.



×åòâåðòüâîëíîâûé êîàêñèàëüíûé ðåçîíàòîð ïðåäñòàâëÿåò ñî-
áîé îòðåçîê êîàêñèàëüíîé ëèíèè, îãðàíè÷åííûé ñ îäíîé ñòîðî-
íû ïðîâîäÿùåé ñòåíêîé, à ñ äðóãîé – îòðåçêîì êðóãëîãî âîë-
íîâîäà, äèàìåòð êîòîðîãî ðàâåí äèàìåòðó êîàêñèàëüíîé ëèíèè. 
Äëÿ îáåñïå÷åíèÿ ðåæèìà õîëîñòîãî õîäà íà ðàçîìêíóòîì êîí-
öå êîàêñèàëüíîé ëèíèè êðèòè÷åñêàÿ ÷àñòîòà âîëíîâîäà äîëæíà 
áûòü âûøå ðåçîíàíñíîé ÷àñòîòû ïóñòîãî ðåçîíàòîðà.

Ðàçîìêíóòûé êîíåö êîàêñèàëüíîé ëèíèè, ïåðåõîäÿùåé 
â êðóãëûé âîëíîâîä, îáëàäàåò íåêîòîðîé ïàðàçèòíîé åìêîñòüþ, 
îáóñëîâëåííîé ïðîñà÷èâàíèåì ïîëÿ èç êîàêñèàëüíîé ëèíèè 
â êðóãëûé âîëíîâîä. Âåëè÷èíà åìêîñòè çàâèñèò îò ðàçìåðîâ êî-
àêñèàëüíîé ëèíèè, ïàðàìåòðîâ äèýëåêòðèêà è ÷àñòîòû. ×àñòîò-
íàÿ çàâèñèìîñòü åìêîñòè ðåçêî óâåëè÷èâàåòñÿ ïî ìåðå ïðèáëè-
æåíèÿ ðåçîíàíñíîé ÷àñòîòû ðåçîíàòîðà ê êðèòè÷åñêîé ÷àñòîòå 
êðóãëîãî âîëíîâîäà [3]. Â ðàáîòàõ [4–5] ïðåäëîæåíû âàðèàíòû 
ðàñ÷åòà êðàåâîé åìêîñòè. Â êà÷åñòâå àëüòåðíàòèâû âîçìîæíî 
íåïîñðåäñòâåííîå èçìåðåíèå êîýôôèöèåíòà îòðàæåíèÿ îò ðàçî-
ìêíóòîãî êîíöà ëèíèè ñ ïîñëåäóþùåé ïîëèíîìèàëüíîé àïïðîê-
ñèìàöèåé [6]. Ïîëó÷åííàÿ àïïðîêñèìàöèÿ ëèáî ðàññ÷èòàííîå 
çíà÷åíèå èñïîëüçóåòñÿ äëÿ îïðåäåëåíèÿ ãëóáèíû ïðîñà÷èâàíèÿ 
ïîëÿ â âîëíîâîä, ÷òî îêàçûâàåò ñóùåñòâåííîå âëèÿíèå íà ðåçî-
íàíñíóþ ÷àñòîòó ðåçîíàòîðà.

Âîçáóæäåíèå ðàññìàòðèâàåìîãî ðåçîíàòîðà âîçìîæíî ÷åðåç çà-
çîð â òîêîïðîâîäÿùåé ñòåíêå. Íà ðèñ. 1 ïðåäñòàâëåíà êîíôèãó-
ðàöèÿ E-ïîëÿ ðåçîíàòîðà ñ âîçáóäèòåëåì. Êàê âèäíî íà ðèñóíêå, 

Ðèñ. 1. Êîíôèãóðàöèÿ ýëåêòðè÷åñêîé êîìïîíåíòû ïîëÿ  
â ðåçîíàòîðå ñ âîçáóäèòåëåì. Æåëòûì öâåòîì âûäåëåí ðåçîíàòîð, 

çåëåíûì – âîçáóäèòåëü

Fig. 1. E-field configuration in the resonator with a feeder.  
Resonator is highlighted by yellow, feeder – green



ïîëå â îáúåìå ðåçîíàòîðà âûòåñíÿåòñÿ îò çàçîðà ïðîòèâîïîëîæ-
íî íàïðàâëåííûì ïîëåì âîçáóäèòåëÿ, â ðåçóëüòàòå ÷åãî óìåíü-
øàåòñÿ ýôôåêòèâíàÿ äëèíà ðåçîíàòîðà. 

Ïîäêëþ÷åíèå èñòî÷íèêà êîëåáàíèé ðåçîíàòîðó îñóùåñòâëÿ-
åòñÿ ÷åðåç èíòåðôåéñ òèïà N, êîòîðûé íà ðèñ. 1 âûäåëåí ñå-
ðûì öâåòîì.

Ðåçîíàíñíàÿ ÷àñòîòà ðåçîíàòîðà ñ âîçáóäèòåëåì âû÷èñëÿåò-
ñÿ ïî ôîðìóëå:

 
(1)

ãäå lÐ – äëèíà öåíòðàëüíîãî ïðîâîäíèêà êîàêñèàëüíîé ëèíèè 
ðåçîíàòîðà; lÏ – ãëóáèíà ïðîñà÷èâàíèÿ ïîëÿ â êðóãëûé âîëíî-
âîä; lÂ – ïîïðàâêà íà âëèÿíèå âîçáóäèòåëÿ; c – ñêîðîñòü ñâåòà 
â âàêóóìå.

Êîýôôèöèåíò ñâÿçè ñ ðåçîíàòîðîì æåëàòåëüíî èìåòü êàê 
ìîæíî ìåíüøå, òàê êàê òàêèì îáðàçîì óìåíüøàåòñÿ âëèÿ-
íèå âîçáóäèòåëÿ íà ýôôåêòèâíóþ äëèíó ðåçîíàòîðà è íà ðå-
çóëüòàò èçìåðåíèÿ äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè îáðàçöà. 
Óìåíüøèòü êîýôôèöèåíò ñâÿçè ìîæíî ïóòåì óìåíüøåíèÿ 
çàçîðà â òîêîïðîâîäÿùåé ñòåíêå è/èëè óâåëè÷åíèÿ òîëùè-
íû ñòåíêè. Óìåíüøåíèå çàçîðà íàòàëêèâàåòñÿ íà òåõíîëîãè-
÷åñêóþ ïðîáëåìó, ñâÿçàííóþ ñ òî÷íîñòüþ èçãîòîâëåíèÿ äåòà-
ëåé âîçáóäèòåëÿ. Ïðàêòè÷åñêè âåëè÷èíà çàçîðà îãðàíè÷åíà 
çíà÷åíèÿìè â èíòåðâàëå 0,015–0,025 ìì äàæå ïðè èçãîòîâëå-
íèè äåòàëåé íà òî÷íîì ñîâðåìåííîì îáîðóäîâàíèè. Óâåëè÷å-
íèå òîëùèíû ñòåíêè êîðîòêîçàìûêàòåëÿ, ïðîïîðöèîíàëüíîå 
óìåíüøåíèþ çàçîðà, ïðèâîäèò ê áîëåå ñèëüíîìó óâåëè÷åíèþ 
ïîòåðü [1].

Íà ðèñ. 2 èçîáðàæåíû çàâèñèìîñòè S11 îò ÷àñòîòû ïóñòûõ ðå-
çîíàòîðîâ îäèíàêîâîé êîíôèãóðàöèè c âíóòðåííèì äèàìåòðîì 
íàðóæíîãî ïðîâîäíèêà (D) 7,5 ìì, äèàìåòðîì öåíòðàëüíîãî 
ïðîâîäíèêà (d) 2,2 ìì ïðè ðàçíîé òîëùèíå ñòåíêè âîçáóäèòå-
ëÿ (ðèñ. 2à) è âåëè÷èíû çàçîðà (ðèñ. 2á). Çàâèñèìîñòè ïîó÷åíû 
ïóòåì ìîäåëèðîâàíèÿ ðåçîíàòîðà ìåòîäîì êîíå÷íûõ ýëåìåíòîâ 
(ÌÊÝ). Äàííûå ðàçìåðû ðåçîíàòîðà áûëè âûáðàíû äëÿ èçìåðå-
íèÿ ñåðèéíî èçãîòàâëèâàåìûõ øàéá, îäíàêî â õîäå ìîäåëèðî-
âàíèÿ ðåçîíàòîðîâ ñ ðàçíûìè ðàçìåðàìè, â òîì ÷èñëå äëÿ øàéá 
ñîåäèíèòåëåé òèïà SMA, áûëî óñòàíîâëåíî, ÷òî íàáëþäàåìûå 
çàêîíîìåðíîñòè ñïðàâåäëèâû è äëÿ íèõ.

Èçìåíåíèå ðåçîíàíñíîé ÷àñòîòû ðåçîíàòîðà ïðè èçìåíåíèè 
çàçîðà ïðàêòè÷åñêè ëèíåéíî è ñòðåìèòñÿ ê ñîáñòâåííîé ðåçî-
íàíñíîé ÷àñòîòå ðåçîíàòîðà (áåç âîçáóäèòåëÿ) ïðè ïðèáëèæåíèè 
òîëùèíû çàçîðà ê íóëþ (ðèñ. 2á).
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Ðèñ. 2. S11 ðåçîíàòîðîâ ñ çàçîðîì îò 60 ìêì ñïðàâà äî 5 ìêì ñëåâà 
ñ øàãîì 5 ìêì ïðè òîëùèíå ñòåíêè 2,25 ìì (à) è òîëùèíîé ñòåíêè 
îò 1 ìì ñïðàâà äî 6 ìì ñëåâà ñ øàãîì 0,5 ìì ïðè çàçîðå 30 ìêì (á)

Fig. 2. S11 of resonators with different  
feeder gap (a) and thickness (b)

Ïðè óâåëè÷åíèè òîëùèíû ñòåíêè (ðèñ. 2à) âîëíîâîå ñîïðî-
òèâëåíèå ðåçîíàòîðà íà ðåçîíàíñíîé ÷àñòîòå (Z0) è lÂ óìåíüøà-
þòñÿ. Ðåçîíàíñíàÿ ÷àñòîòà (f0) àñèìïòîòè÷åñêè ïðèáëèæàåòñÿ 
ê íåêîé âåëè÷èíå, êîòîðàÿ, îäíàêî, âûøå ðåçîíàíñíîé ÷àñòîòû 
ðåçîíàòîðà áåç âîçáóäèòåëÿ. Òàêæå îáðàùàåò íà ñåáÿ âíèìàíèå 
òîò ôàêò, ÷òî óâåëè÷åíèå òîëùèíû ñòåíêè íà îäíó è òó æå âå-
ëè÷èíó ïðèâîäèò êàæäûé ðàç ê âñå áîëåå ìàëîìó èçìåíåíèþ f0. 

Äàííîå ÿâëåíèå ÿâëÿåòñÿ ñëåäñòâèåì èçìåíåíèÿ S21 êîðîò-
êîçàìûêàòåëÿ ïðè èçìåíåíèè åãî ðàçìåðîâ. Ïðè óâåëè÷åíèè 
òîëùèíû ñòåíêè ïðè çàäàííîì çàçîðå S21 óìåíüøàåòñÿ äî íå-
êîòîðîãî ìèíèìàëüíîãî çíà÷åíèÿ, îïðåäåëÿåìîãî îòíîøåíèåì 



âîëíîâûõ ñîïðîòèâëåíèé ïîäâîäÿùåé ëèíèè (êîòîðàÿ, êàê ïðà-
âèëî, ðàâíÿåòñÿ 50 Îì), êîðîòêîçàìûêàòåëÿ è ðåçîíàòîðà [1].

Îïðåäåëåíèå S21 âîçáóäèòåëÿ
 
â ðåàëüíîé ñèñòåìå ñîïðÿæåíî 

ñ áîëüøèìè òðóäíîñòÿìè ââèäó òîãî, ÷òî äîïóñêè íà èçãîòîâ-
ëåíèå åãî äåòàëåé êàê ïðàâèëî ñðàâíèìû ñ âåëè÷èíîé çàçîðà. 
Òàêæå â çàâèñèìîñòè îò êîíñòðóêöèè ðåçîíàòîðà âîçìîæíî ïî-
ÿâëåíèå äîïîëíèòåëüíîãî ýêñöåíòðèñèòåòà â çàçîðå ïîñëå ïîìå-
ùåíèÿ øàéáû â ðåçîíàòîð. Â êà÷åñòâå ïðàêòè÷íîé àëüòåðíàòèâû 
âîçìîæåí ðàñ÷åò lÂ ïî èçìåðåííîìó çíà÷åíèþ Z íà ðåçîíàíñ-
íîé ÷àñòîòå. 

Íà ðèñ. 3 ïðåäñòàâëåíû çàâèñèìîñòè lÂ îò  äëÿ òðåõ ðå-
çîíàòîðîâ ðàçíûõ ðàçìåðîâ ïðè èçìåíåíèè çàçîðà è äëèíû êî-
ðîòêîçàìûêàòåëÿ, ïîëó÷åííûå ïóòåì ìîäåëèðîâàíèÿ ðåçîíàíñ-
íîé ÷àñòîòû ðåçîíàòîðà ïðè ïîìîùè ÌÊÝ. Çàâèñèìîñòè áëèçêè 
ê ëèíåéíûì è ìîãóò áûòü àïïðîêñèìèðîâàíû (3):

  (2)
Êîýôôèöèåíò k ìîæåò áûòü íàéäåí ïðè èçìåðåíèè S11 ïóñòî-

ãî ðåçîíàòîðà ïðè èçâåñòíîé äëèíå ðåçîíàòîðà è âåëè÷èíå ïðî-
íèêíîâåíèÿ ïîëÿ èç êîàêñèàëüíîé ëèíèè â êðóãëûé âîëíîâîä.
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Ðèñ. 3. Çàâèñèìîñòü lÂ îò  äëÿ ðåçîíàòîðîâ ðàçíîé êîíôèãóðàöèè: 
ñèíÿÿ ëèíèÿ ñîîòâåòñòâóåò ðåçîíàòîðó ñ D = 7,5 ìì, d = 1,54 ìì, òîëùèíà 

âîçáóäèòåëÿ 2,25 ìì, çàçîð îò 5 ìêì äî 50 ìêì; ñåðàÿ ñîîòâåòñòâóåò  
ðåçîíàòîðó ñ D = 4,1 ìì, d = 1,3 ìì, òîëùèíà ñòåíêè 2,25 ìì, çàçîð  

îò 15 ìêì äî 50 ìêì; îðàíæåâàÿ ñîîòâåòñòâóåò ðåçîíàòîðó ñ D = 7,5 ìì,  
d = 3 ìì, çàçîðîì 45 ìêì è òîëùèíîé ñòåíêè îò 1 ìì äî 3,5 ìì

Fig. 3. Dependence of l
Â
 on  for resonators of different size:

the blue line corresponds to a resonator with D = 7.5 mm, d = 1.54 mm, feeder 
thickness 2.25 mm, gap from 5um to 50 um; the grey line corresponds  

to a resonator with D = 4.1 mm, d = 1.3 mm, feeder thickness 2.25 mm,  
gap from 15 um to 50 um; the orange line corresponds to a resonator with  

D = 7.5 mm, d = 3 mm, gap 45 um and feeder thickness from 1 mm to 3.5 mm



Äëÿ îïðåäåëåíèÿ âëèÿíèÿ  îáðàçöà íà lÂ áûëî ïðîâåäåíî ÷è-
ñëåííîå ìîäåëèðîâàíèå ïðè ïîìîùè ÌÊÝ ðåçîíàòîðîâ ñ ðàçëè÷-
íûì ñîîòíîøåíèåì äèàìåòðîâ öåíòðàëüíîãî è íàðóæíîãî ïðî-
âîäíèêîâ. Óìåíüøåíèå ðåçîíàíñíîé ÷àñòîòû èç-çà óâåëè÷åíèÿ 
 îáðàçöà êîìïåíñèðîâàëîñü óêîðî÷åíèåì ðåçîíàòîðà. Íà ðèñ. 4 

ïðåäñòàâëåíà çàâèñèìîñòü lÂ 
îò  äëÿ ðåçîíàòîðà ñ D = 7,5 ìì, 

d = 2,2 ìì, êîòîðàÿ òèïè÷íà äëÿ ðåçîíàòîðîâ òàêîé êîíñòðóê-
öèè è ìîæåò áûòü àïïðîêñèìèðîâàíà êàê:

 (3)

ãäå lÂ0
 – âëèÿíèå âîçáóäèòåëÿ â ïóñòîì ðåçîíàòîðå.
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Ðèñ. 4. Çàâèñèìîñòü âëèÿíèÿ âîçáóäèòåëÿ îò  îáðàçöà: 
îðàíæåâàÿ ëèíèÿ ñîîòâåòñòâóåò ìîäåëè, ñèíÿÿ – àïïðîêñèìàöèè

Fig. 4. Dependence of the feeder impact  
on the specimen dielectric constant: 

the orange line corresponds to a FEM model, the blue line – approximation

Êàê âèäíî íà ãðàôèêå (ðèñ. 2), ïðåäëîæåííàÿ àïïðîêñèìà-
öèÿ ïîçâîëÿåò ó÷åñòü çàâèñèìîñòü lÂ 

îò  ñ òî÷íîñòüþ ïîðÿäêà 
10 ìêì ïðè âåëè÷èíå lÂ îêîëî 100 ìêì. 

Ïðè ïîìîùè ÌÊÝ áûëî èññëåäîâàíî âëèÿíèå  îáðàçöà íà 
lÏ. Ðåçóëüòàòû ìîäåëèðîâàíèÿ äëÿ ðåçîíàòîðà ñ D = 7,5 ìì, 
d = 2,2 ìì ïðåäñòàâëåíû íà ðèñ. 5. Ïîëó÷åííûå ðåçóëüòàòû 
áûëè àïïðîêñèìèðîâàíû ñîîòíîøåíèåì:

 (4)
ãäå l

Ï0
 – âåëè÷èíà ïðîñà÷èâàíèÿ â ïóñòîì ðåçîíàòîðå.

Ðàçíèöà ìåæäó ðåçóëüòàòàìè, ïîëó÷åííûìè ïðè ïîìîùè ÌÊÝ 
è àïïðîêñèìàöèè ñîñòàâëÿåò íå áîëåå 3 % â äèàïàçîíå ÷àñòîò 
äî 20 ÃÃö äëÿ ðåçîíàòîðîâ, ïðåäíàçíà÷åííûõ äëÿ øàéá ñîåäè-
íèòåëåé òèïà N è SMA.
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Ðèñ. 5. Çàâèñèìîñòü l
Ï
 îò  îáðàçöà: 

ñèíÿÿ ëèíèÿ – ðàñ÷åò ÌÊÝ, îðàíæåâàÿ – àïïðîêñèìàöèÿ

Fig. 5. Dependence of the circular waveguide leakage  
on the bead dielectric constant: 

the blue line – FEM model, the orange line – approximation

Ïîäñòàâëÿÿ ïîëó÷åííûå ñîîòíîøåíèÿ (2), (3), (4) â (1) ïîëó-
÷èì ôîðìóëó äëÿ ðåçîíàíñíîé ÷àñòîòû ðåçîíàòîðà ñ øàéáîé:

 (5)
Äëÿ ðåçîíàòîðà áåç øàéáû èìååì:

 (6)
Äëÿ ðàñ÷åòà äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè øàéáû íå-

îáõîäèìî ñíà÷àëà ðåøèòü óðàâíåíèå (6) îòíîñèòåëüíî k, âîñ-
ïîëüçîâàâøèñü ðåçóëüòàòàìè èçìåðåíèÿ f0 è Z0. Çàòåì, ñ èç-
âåñòíûì k, íåîáõîäèìî ðåøèòü óðàâíåíèå (5), ïðåäñòàâëÿþùåå 
ñîáîé êâàäðàòíîå óðàâíåíèå îòíîñèòåëüíî . Ðåøåíèåì óðàâ-
íåíèÿ áóäåò   1.

Äëÿ îïðîáîâàíèÿ ìåòîäèêè áûëî èçãîòîâëåíî äâà ðåçîíàòîðà 
ñ øàéáàìè èç ìàòåðèàëîâ ïîëèèìèä (ÏÈ), ïîëèýôèðýôèðêåòîí 
(ÏÝÝÊ) è Àðôëîí AR200 (ðèñ. 6). Øàéáû èç ÏÈ è AR200 âûïîë-
íåíû èç öåëûõ êóñêîâ ìàòåðèàëà, à â øàéáå èç ÏÝÝÊ âûïîëíå-
íû ïðîòî÷êè äëÿ ñíèæåíèÿ åå äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè.

Öåíòðàëüíûå ïðîâîäíèêè ðåçîíàòîðîâ ïîêðûòû çîëîòîì, íà 
êàæäûé èç íèõ ïðèïàÿíî ìåäíîå êîëüöî, ÿâëÿþùååñÿ âîçáóäè-
òåëåì. Êîðïóñ ðåçîíàòîðà äëÿ AR200 äëÿ ÏÝÝÊ ïîêðûò ñåðå-
áðîì, à äëÿ ÏÈ – íèêåëåì. Îñíîâíûå ãåîìåòðè÷åñêèå ðàçìåðû 
ðåçîíàòîðîâ è øàéá ïðåäñòàâëåíû â òàáë. 1.



Ðèñ. 6. Âíåøíèé âèä èçìåðÿåìûõ øàéá è ðåçîíàòîðîâ:
1 – êîðïóñ ðåçîíàòîðà 1; 2 – öåíòðàëüíûé ïðîâîäíèê ñ âîçáóäèòåëåì ðåçîíà-
òîðà 1; 3 – øàéáà èç ÏÝÝÊ; 4 – øàéáà èç AR200; 5 – êîðïóñ ðåçîíàòîðà 2; 
6 – öåíòðàëüíûé ïðîâîäíèê ñ âîçáóäèòåëåì ðåçîíàòîðà 2; 7 – øàéáà èç ÏÈ

Fig. 6. Beads and resonators under test:
1 – resonator 1 body; 2 – resonator 1 center conductor with a feeder;  

3 – PEEK bead; 4 – AR200 bead; 5 – resonator 2 body; 6 – resonator 2 center 
conductor with a feeder; 7 – PI bead

Òàáëèöà 1. Ãåîìåòðè÷åñêèå ðàçìåðû ðåçîíàòîðîâ

Table 1. Sizes of the resonators under test

Èçîëÿòîð LÐ, ìì d, ìì D, ìì Òîëùèíà ñòåíêè 
âîçáóäèòåëÿ, ìì

Âåëè÷èíà 
çàçîðà, ìì

1 AR200, ÏÝÝÊ 5,40 2,20 7,50 2,00 ~0,04
2 Ïîëèèìèä 5,40 1,54 6,90 1,25 ~0,02

Äèýëåêòðè÷åñêèå ïàðàìåòðû ìàòåðèàëîâ áûëè ïðåäâàðèòåëü-
íî èçìåðåíû ìåòîäîì îáúåìíîãî ðåçîíàòîðà äëÿ ñòåðæíåâûõ 
îáðàçöîâ H01p 

ïî ÃÎÑÒ8.623-2015 è ïðåäñòàâëåíû â òàáë. 2.

Òàáëèöà 2. Äèýëåêòðè÷åñêèå ïàðàìåòðû èçìåðÿåìûõ ìàòåðèàëîâ

Table 2. Dielectric properties of the materials under test

Ìàòåðèàë tg f0, ÃÃö
AR200 2,06  2% 5,7 10–4  20% 9,93

ÏÝÝÊ 3,2  2% 3,1 10–3  20% 9,67
ÏÈ 3,23  1% 1,8 10–3  20% 7,84

Èçìåðåíèÿ S
11
 ðåçîíàòîðîâ ïðîâîäèëèñü íà âåêòîðíîì àíà-

ëèçàòîðå öåïåé Keysight E5071C, êàëèáðîâàííîì â ñå÷åíèè ñî-
åäèíèòåëåé òèïà N (òðàêò 7/3,04) êàëèáðîâî÷íûì íàáîðîì Ìè-



êðàí ÍÊÌÌ-11Ð, ïîñëå ÷åãî îïîðíàÿ ïëîñêîñòü áûëà ñäâèíóòà 
ê âîçáóäèòåëþ. Ãåîìåòðè÷åñêèå ðàçìåðû äåòàëåé èçìåðÿëèñü 
ïðè ïîìîùè ìèêðîìåòðîâ è èíäèêàòîðîâ ÷àñîâîãî òèïà ñ òî÷-
íîñòüþ 0,02 ìì. Ðåçóëüòàòû èçìåðåíèé ðàñ÷åòîâ ïðåäñòàâëå-
íû â òàáë. 3.

Òàáëèöà 3. Ðåçóëüòàòû ðàñ÷åòà 
äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè øàéá

Table 3. Results of the dielectric constant calculations

Øàéáà f0, ÌÃö Z0, Îì k LÏ0, ìì
Ðåçîíàòîð 1

Âîçäóõ 11505 54,5 0,017 1,245 1
AR200 8958 117,6 0,017 1,245 2,085
ÏÝÝÊ 8988 55,9 0,017 1,245 2,016

Ðåçîíàòîð 2
Âîçäóõ 11757 10,3 0,027 1,060 1
ÏÈ 7671 85,4 0,027 1,060 3,168

Â ðåçóëüòàòå ïðîâåäåííûõ èçìåðåíèé ïî ðàçðàáîòàííîé ìåòî-
äèêå ñ èñïîëüçîâàíèåì ïîëó÷åííûõ àïïðîêñèìàöèé îïðåäåëåíà 
ýôôåêòèâíàÿ äèýëåêòðè÷åñêàÿ ïðîíèöàåìîñòü îïîðíûõ øàéá ñî-
åäèíèòåëåé ñ ïîãðåøíîñòüþ, ñîïîñòàâèìîé ñ ïîãðåøíîñòüþ èç-
ìåðåíèÿ ìåòîäîì îáúåìíîãî ðåçîíàòîðà.

Ñóùåñòâåííûé âêëàä â ïîãðåøíîñòü âíåñëà ñáîðíàÿ êîíñòðóê-
öèÿ âîçáóäèòåëÿ â ðåçîíàòîðå. Øàéáà áûëà óñòàíîâëåííîé ñ çà-
çîðîì ê êîðîòêîçàìûêàòåëþ, êîòîðûé â íåêîòîðûõ ìåñòàõ äî-
ñòèãàë 0,02 ìì. Èçãîòîâëåíèå öåíòðàëüíîãî ïðîâîäíèêà öåëüíîé 
êîíñòðóêöèè ïîâûñèò òî÷íîñòü èçìåðåíèÿ.

Øàéáà èç ÏÝÝÊ áûëà èçìåðåíà â êà÷åñòâå ïðèìåðà øàéáû 
ñëîæíîé ôîðìû. Øàéáà òàêîé ôîðìû ïðîåêòèðîâàëàñü ñ öå-
ëüþ óìåíüøåíèÿ ýôôåêòèâíîé äèýëåêòðè÷åñêîé ïðîíèöàåìî-
ñòè. Íàëè÷èå ïðîòî÷åê ïîçâîëèëî ïîëó÷èòü  = 2,016. Èçìåðå-
íèå ãåîìåòðè÷åñêèõ ðàçìåðîâ òàêîé øàéáû êðàéíå òðóäîåìêî 
òàê êàê íåîáõîäèìî èçìåðèòü ðàçìåðû è ïîëîæåíèå 6 ïîëîñòåé, 
ïî 3 ñ êàæäîé ñòîðîíû, äîñòàòî÷íî ñëîæíîé ôîðìû. Èçìåðå-
íèå äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè ïî ïðåäëîæåííîìó ìåòî-
äó ïîçâîëèò ñóùåñòâåííî ñîêðàòèòü òðóäîåìêîñòü ïðîèçâîäñò-
âåííîãî ïðîöåññà.

Òî÷íîñòü èçìåðåíèÿ äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè øàéá 
áóäåò ïàäàòü ñ óìåíüøåíèåì èõ äëèíû, òàê êàê áóäåò ðàñòè 
ðåçîíàíñíàÿ ÷àñòîòà ðåçîíàòîðà è ïðîïîðöèîíàëüíîå âëèÿíèå 
òî÷íîñòè àïïðîêñèìàöèè ïàðàçèòíûõ ýôôåêòîâ. Ïðè êîìïüþ-
òåðíîì ìîäåëèðîâàíèè ðåçîíàòîðîâ ñ øàéáàìè íàðóæíîãî äèà-



ìåòðà îò 7,5 ìì äî 3,5 ìì äëÿ íàïèñàíèÿ äàííîé ñòàòüè áûëà 
îáíàðóæåíî, ÷òî ìåòîä ïðèìåíèì äëÿ øàéá òîëùèíîé ïðèìåð-
íî äî 3 ìì è îáåñïå÷èâàåò ïîãðåøíîñòü ïîðÿäêà 5 %. Óâåëè-
÷åíèå òî÷íîñòè ïðåäëîæåííîé ìåòîäèêè è åå ðàñïðîñòðàíåíèå 
íà øàéáû ìåíüøåé òîëùèíû òðåáóåò áîëåå ñòðîãîãî îïèñàíèÿ 
ïîëÿ â ðåçîíàòîðå.

Äàëüíåéøåå ñîâåðøåíñòâîâàíèå îïèñàííîé ìåòîäèêè ïëà-
íèðóåòñÿ â ñòîðîíó åå àäàïòàöèè äëÿ èçìåðåíèÿ ïàðàìåòðîâ 
îïîðíûõ øàéá ñ ïðîòî÷êàìè â áîêîâûõ ãðàíÿõ, íåîáõîäèìûõ 
äëÿ èõ ñîãëàñîâàíèÿ ñ âîçäóøíûìè ÷àñòÿìè êîàêñèàëüíûõ ñî-
åäèíèòåëåé.
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Êîðåíåâ Àíäðåé Âèêòîðîâè÷ – àñïèðàíò, Òîìñêèé óíèâåðñèòåò ñèñòåì 
óïðàâëåíèÿ è ðàäèîýëåêòðîíèêè, Ðîññèÿ, 634050, ã. Òîìñê, ïð. Ëåíè-
íà, 40; èíæåíåð-ýëåêòðîíèê, ÀÎ «Èðêóòñêèé ðåëåéíûé çàâîä», Ðîñ-
ñèÿ, 664074, ã. Èðêóòñê, óë. Áàéêàëüñêàÿ, 239

Ãîøèí Ãåííàäèé Ãåîðãèåâè÷ – äîêòîð ôèçèêî-ìàòåìàòè÷åñêèõ íàóê, 
ïðîôåññîð, Òîìñêèé óíèâåðñèòåò ñèñòåì óïðàâëåíèÿ è ðàäèîýëåêòðî-
íèêè, Ðîññèÿ, 634050, ã. Òîìñê, ïð. Ëåíèíà, 40.

Andrey V. Korenev – Graduate Student, Tomsk State University of 
Control Systems and Radioelectronics, 40, prospect Lenin, 634050, 
Tomsk, Russia; Electronics Engineer, JSC “Irkutskiy Releyniy Zavod”, 
239, Bajkalskaya Str., 664074, Irkutsk, Russia.

Gennadiy G. Goshin, Doctor of Physical and Mathematical Sciences, Tomsk 
State University of Control Systems and Radioelectronics, 40, prospect 
Lenin, 634050, Tomsk, Russia.

 / Received: 15.09.2021

 / Accepted: 09.10.2021


