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Äëÿ äîñòèæåíèÿ âûñîêîé òî÷íîñòè îïðåäåëåíèÿ äèýëåêòðè÷åñêèõ ñâîéñòâ ìàòåðèàëîâ ñ èñ-

ïîëüçîâàíèåì îáúåìíûõ âîëíîâîäíûõ ðåçîíàòîðîâ èçìåðåíèÿ ïðîâîäÿò íà ðåçîíàíñíûõ

êîëåáàíèÿõ ñ âûñîêîé äîáðîòíîñòüþ. Ïðè íàõîæäåíèè äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè è

òàíãåíñà óãëà äèýëåêòðè÷åñêèõ ïîòåðü ìàòåðèàëà ïîãðåøíîñòü îïðåäåëåíèÿ ðåçîíàíñíîé

÷àñòîòû ñ÷èòàåòñÿ àïðèîðíî çàäàííîé. Ïðè ýòîì çàâèñèìîñòü ïîãðåøíîñòè äèýëåêòðè-

÷åñêèõ èçìåðåíèé îò âåëè÷èíû äîáðîòíîñòè ðåçîíàíñíûõ êîëåáàíèé íå ðàññìàòðèâàåòñÿ.

Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ ñâÿçè ïîãðåøíîñòè îïðåäåëåíèÿ ðåçî-

íàíñíîé ÷àñòîòû ñ äîáðîòíîñòüþ è êîýôôèöèåíòîì ïåðåäà÷è ðåçîíàòîðà. Íà îñíîâå àíàëè-

çà ìîäåëè âèäà ðåçîíàíñíîé êðèâîé êàê ÷àñòîòíîé çàâèñèìîñòè êîýôôèöèåíòà ïåðåäà÷è

óñòàíîâëåíà ñâÿçü ïîãðåøíîñòè îïðåäåëåíèÿ ðåçîíàíñíîé ÷àñòîòû ñ äîáðîòíîñòüþ òèïà

êîëåáàíèé, íà êîòîðûõ ïðîâîäÿòñÿ èçìåðåíèÿ äèýëåêòðè÷åñêèõ ñâîéñòâ ìàòåðèàëà. Ýòî

îñîáåííî âàæíî ïðè èçìåðåíèÿõ òåìïåðàòóðíûõ çàâèñèìîñòåé äèýëåêòðè÷åñêîé ïðîíèöà-

åìîñòè ìàòåðèàëîâ ïðè íàãðåâå íà ñâåðõâûñîêèõ ÷àñòîòàõ, êîãäà ñ ðîñòîì òåìïåðàòóðû

óìåíüøàåòñÿ ïðîâîäèìîñòü ñòåíîê ðåçîíàòîðà è ñíèæàåòñÿ äîáðîòíîñòü ðåçîíàíñíûõ êîëå-

áàíèé. Ïîêàçàíî, ÷òî ïîâûøåíèå òî÷íîñòè èçìåðåíèÿ êîýôôèöèåíòà ïåðåäà÷è — óñëîâèå

äëÿ äîñòèæåíèÿ íåîáõîäèìîé òî÷íîñòè èçìåðåíèé äèýëåêòðè÷åñêèõ ñâîéñòâ ìàòåðèàëîâ

ïðè áîëåå íèçêîé äîáðîòíîñòè ðåçîíàòîðà. Ïîëó÷åííûå ðåçóëüòàòû ìîãóò áûòü èñïîëüçî-

âàíû â èññëåäîâàíèÿõ âûñîêîòåìïåðàòóðíûõ ðåçîíàòîðíûõ óñòàíîâîê äëÿ èçìåðåíèÿ äè-

ýëåêòðè÷åñêèõ ñâîéñòâ ìàòåðèàëîâ íà ñâåðõâûñîêèõ ÷àñòîòàõ.

Êëþ÷åâûå ñëîâà: äèýëåêòðè÷åñêàÿ ïðîíèöàåìîñòü; ðåçîíàòîðíûé ìåòîä èçìåðåíèÿ; êî-
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To achieve high accuracy in determining the dielectric properties of materials using guide cavity, measure-

ments are performed using resonant oscillation with high Q-factor. The error in determination of the reso-

nant frequency is considered given a priori in calculations of the dielectric permittivity and the dielectric

loss tangent, whereas the dependence of the error of dielectric measurements on the resonance oscillation

Q-factor is out of scope. We present the results of studying the relationship between the resonance fre-

quency, Q-factor and resonating cavity transmission factor. Proceeding from the analysis of the shape of

the resonance curve as a frequency dependence of the transmission factor, we determined a relationship

between the error of the resonant frequency and Q-factor of the oscillations used for measuring the dielec-

tric properties of the material. This is especially important when measuring the temperature dependences

of the dielectric permittivity of materials under their heating at super high frequencies (SHF), when the

conductivity of resonator walls and the Q-factor of resonant oscillations decrease as the temperature goes

up. It was demonstrated that enhancing of the accuracy of measuring the transition factor is a provision

for achieving the required accuracy of measuring the dielectric properties of materials at a lower values of

the resonator Q-factor. The results obtained can be used in studying high-temperature resonator devices

intended for measuring the dielectric properties of materials in SHF range.

Keywords: dielectric permittivity; cavity method of measurements; transmission coefficient; resonator

Q-factor; vector network analyzer.
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Ââåäåíèå

Ìåòîä èçìåðåíèÿ äèýëåêòðè÷åñêèõ ñâîéñòâ

ìàòåðèàëîâ â îáúåìíîì âîëíîâîäíîì ðåçîíàòîðå

õàðàêòåðèçóåòñÿ âûñîêîé ÷óâñòâèòåëüíîñòüþ è

òî÷íîñòüþ [1 – 9]. Ïðè ýòîì ñ÷èòàåòñÿ, ÷òî ïðè

åãî ïðèìåíåíèè íåîáõîäèìî èñïîëüçîâàòü ðåçî-

íàíñíûå òèïû êîëåáàíèé ñ âûñîêîé äîáðîòíî-

ñòüþ [9]. Ýòî ìîæåò áûòü ðåàëèçîâàíî ïðè èñ-

ïîëüçîâàíèè âûñîêîïðîâîäÿùèõ âíóòðåííèõ ìå-

òàëëè÷åñêèõ ïîâåðõíîñòåé ðåçîíàòîðîâ ïðè íîð-

ìàëüíûõ òåìïåðàòóðàõ. Îäíàêî ïðè ïðîâåäåíèè

òåìïåðàòóðíûõ èçìåðåíèé, êîãäà ñ ðîñòîì òåìïå-

ðàòóðû ïàäàåò ïðîâîäèìîñòü âíóòðåííåé ïîâåðõ-

íîñòè ðåçîíàòîðà, äîáðîòíîñòü ñîáñòâåííûõ êîëå-

áàíèé ñíèæàåòñÿ èç-çà ïîòåðü ýíåðãèè ýëåêòðî-

ìàãíèòíîé âîëíû â ñòåíêàõ, ÷òî íå ñïîñîáñòâóåò

îáåñïå÷åíèþ âûñîêîòî÷íûõ èçìåðåíèé.

Ñóùåñòâóþùèå èññëåäîâàíèÿ ïîãðåøíîñòè

ìåòîäà ïðè èçìåðåíèè äèýëåêòðè÷åñêîé ïðîíè-

öàåìîñòè ìàòåðèàëà è òàíãåíñà óãëà äèýëåêòðè-

÷åñêèõ ïîòåðü íà ñâåðõâûñîêèõ ÷àñòîòàõ ïðè íîð-

ìàëüíûõ óñëîâèÿõ è âûñîêîòåìïåðàòóðíîì íà-

ãðåâå, âêëþ÷àÿ âëèÿíèå îñòàòî÷íîãî çàçîðà, íå

ó÷èòûâàþò ñâÿçü ïîãðåøíîñòè ñ äîáðîòíîñòüþ

ðåçîíàíñíûõ êîëåáàíèé, íà êîòîðûõ ïðîâîäÿòñÿ

èçìåðåíèÿ [10 – 15].

Öåëü ðàáîòû — èññëåäîâàíèå ñâÿçè âåëè÷è-

íû ñîáñòâåííîé äîáðîòíîñòè ðåçîíàòîðà ñ ïî-

ãðåøíîñòüþ èçìåðåíèÿ äèýëåêòðè÷åñêîé ïðîíè-

öàåìîñòè ìàòåðèàëà.

Ìåòîäèêà

Ïðåäïîëîæèëè, ÷òî ïîãðåøíîñòü îïðåäåëå-

íèÿ ðåçîíàíñíîé ÷àñòîòû, íà êîòîðóþ íàñòðîåí

ðåçîíàòîð, ñâÿçàíà ñ äîáðîòíîñòüþ òèïà êîëåáà-

íèé, íà êîòîðûõ ïðîâîäÿòñÿ èçìåðåíèÿ.

Äîáðîòíîñòü ñîáñòâåííûõ êîëåáàíèé ðåçîíà-

òîðà îäíîãî òèïà îïðåäåëÿåòñÿ ôîðìóëîé

Qñ = fð/Ät, (1)

ãäå Qñ — ñîáñòâåííàÿ äîáðîòíîñòü âûáðàííîãî

òèïà êîëåáàíèé â ðåçîíàòîðå; fð = (f1 + f2)/2 —

ðåçîíàíñíàÿ ÷àñòîòà, íà êîòîðóþ íàñòðîåí ðåçî-

íàòîð; Äf = f2 – f1 — øèðèíà ïîëîñû ïðîïóñêà-

íèÿ ðåçîíàòîðà äëÿ ðåçîíàíñíîé êðèâîé íà îò-

ìåòêå – 3 äÁ (f1, f2 — ÷àñòîòû íà ñêëîíàõ ðåçî-

íàíñíîé êðèâîé, îòñòîÿùèå îò ðåçîíàíñíîé ÷àñ-

òîòû ïî àìïëèòóäå íà – 3 äÁ).

Èç (1) ñëåäóåò, ÷òî ïîãðåøíîñòü îïðåäåëåíèÿ

äîáðîòíîñòè

dQñ = (2Qñ/fð)df1. (2)

Ïîñêîëüêó äîáðîòíîñòü îïðåäåëÿåòñÿ èç àíà-

ëèçà èçìåðÿåìîé ðåçîíàíñíîé êðèâîé, ðàññìîò-

ðèì ðåçîíàíñíóþ õàðàêòåðèñòèêó ðåçîíàòîðà êàê

ôóíêöèþ çàâèñèìîñòè ìîùíîñòè îò ÷àñòîò A(f),

ñìîäåëèðîâàííóþ â âèäå:
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ãäå f — òåêóùàÿ ÷àñòîòà; A0 — êîýôôèöèåíò ïå-

ðåäà÷è ðåçîíàòîðà íà ðåçîíàíñíîé ÷àñòîòå;

î = 2Qñ(f – fð)/fð — îáîáùåííàÿ ðàññòðîéêà, ñîîò-

âåòñòâóþùàÿ ÷àñòîòå, ñäâèíóòîé îòíîñèòåëüíî

ðåçîíàíñíîé ÷àñòîòû äî ñíèæåíèÿ àìïëèòóäû íà

–3 äÁ.

Íà ðèñ. 1 ïðèâåäåíà ÷àñòîòíàÿ çàâèñèìîñòü

êîýôôèöèåíòà ïåðåäà÷è ðåçîíàòîðà.

Èç (3) è ðèñ. 1 ñëåäóåò

df1 = ÄA/s1; df2 = ÄA/s2, (4)

ãäå ÄA — ïîãðåøíîñòü îïðåäåëåíèÿ êîýôôèöè-

åíòà ïåðåäà÷è ïî ìîùíîñòè; s1, s2 — çíà÷åíèÿ

êðóòèçíû ÷àñòîòíîé çàâèñèìîñòè êîýôôèöèåíòà

ïåðåäà÷è ðåçîíàòîðà â òî÷êàõ ñëåâà è ñïðàâà îò

ðåçîíàíñíîé ÷àñòîòû.
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Äëÿ íàõîæäåíèÿ êðóòèçíû ðåçîíàíñíîé êðè-

âîé îïðåäåëèì åå ïðîèçâîäíóþ äëÿ ÷àñòîòíûõ òî-

÷åê f1 è f2, îòíîñèòåëüíî êîòîðûõ îïðåäåëÿåì äîá-

ðîòíîñòü:
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Îáñóæäåíèå ðåçóëüòàòîâ

Íà ðèñ. 2 ïðåäñòàâëåíû ðåçóëüòàòû ðàñ÷åòîâ

çàâèñèìîñòåé äîáðîòíîñòè îò êîýôôèöèåíòà

ïåðåäà÷è ðåçîíàòîðà äëÿ ðàçëè÷íûõ çíà÷å-

íèé ïîãðåøíîñòè èçìåðåíèÿ êîýôôèöèåíòà ïå-

ðåäà÷è ÄA (ïîãðåøíîñòè îïðåäåëåíèÿ ðåçî-

íàíñíîé ÷àñòîòû è äèýëåêòðè÷åñêîé ïðîíèöàå-

ìîñòè — 10 êÃö è 1 % ñîîòâåòñòâåííî, ÃÎÑÒ Ð

8.623–2015).

46 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2023. Òîì 89. ¹ 4



Âèäíî, ÷òî ñ ïîâûøåíèåì òî÷íîñòè îïðåäåëå-

íèÿ êîýôôèöèåíòà ïåðåäà÷è ïîãðåøíîñòü îïðå-

äåëåíèÿ ðåçîíàíñíîé ÷àñòîòû ñ çàäàííîé òî÷íî-

ñòüþ âûïîëíÿåòñÿ äàæå äëÿ îòíîñèòåëüíî íåâû-

ñîêèõ çíà÷åíèé äîáðîòíîñòè. Òàê, ïðè ÄA =

= 0,01 äÁ è êîýôôèöèåíòå ïåðåäà÷è |A0| = 30 äÁ

ïîãðåøíîñòü îïðåäåëåíèÿ ðåçîíàíñíîé ÷àñòîòû â

10 êÃö ðåàëèçóåòñÿ â ðåçîíàòîðå ñ äîáðîòíîñòüþ

Qñ = 5000.

Ïðåäëîæåííàÿ ìåòîäèêà ïîçâîëÿåò óñòàíî-

âèòü ñâÿçü äîáðîòíîñòè îáúåìíîãî âîëíîâîäíîãî

ðåçîíàòîðà ñ ïîãðåøíîñòÿìè îïðåäåëåíèé ðåçî-

íàíñíîé ÷àñòîòû (íà íåå íàñòðîåí ðåçîíàòîð ñ îá-

ðàçöîì èñïûòóåìîãî ìàòåðèàëà) è äèýëåêòðè÷å-

ñêîé ïðîíèöàåìîñòè äèýëåêòðè÷åñêèõ ìàòåðèà-

ëîâ â ðåçîíàòîðå, êîòîðàÿ ðàíåå íå ó÷èòûâàëàñü

[11, 12].

Óìåíüøåíèå ïîãðåøíîñòè èçìåðåíèÿ äèýëåê-

òðè÷åñêîé ïðîíèöàåìîñòè ïðè âûñîêîòåìïåðà-

òóðíîì íàãðåâå âîçìîæíî ïðè èçãîòîâëåíèè ðå-

çîíàòîðîâ èç ìàòåðèàëîâ ñ íèçêèìè êîýôôèöèåí-

òàìè òåðìè÷åñêîãî ðàñøèðåíèÿ [9, 16 – 18]. Íî

äàæå â ýòîì ñëó÷àå íåëüçÿ èñêëþ÷èòü ñíèæåíèÿ

äîáðîòíîñòè êîëåáàíèé âîëíû â ðåçîíàòîðå ïðè

íàãðåâå èç-çà ïàäåíèÿ ïðîâîäèìîñòè ìàòåðèàëà

ñòåíîê.

Âûïîëíåíèå óñëîâèÿ äîñòèæåíèÿ çàäàííîé

ïîãðåøíîñòè îïðåäåëåíèÿ ðåçîíàíñíîé ÷àñòîòû

ïðè ìåíüøåé âåëè÷èíå ñîáñòâåííîé äîáðîòíîñòè

ðåçîíàòîðà ñóùåñòâåííî îáëåã÷àåò ïðîåêòèðîâà-

íèå âûñîêîòî÷íûõ óñòàíîâîê äëÿ èçìåðåíèÿ äè-

ýëåêòðè÷åñêîé ïðîíèöàåìîñòè ìàòåðèàëîâ ïðè

íàãðåâå.

Çàìåòèì, ÷òî ñ ïîâûøåíèåì òåìïåðàòóðû

çíà÷èòåëüíî ïàäàåò ïðîâîäèìîñòü ñòåíîê ðåçîíà-

òîðà. Ýòî ïðèâîäèò ê óìåíüøåíèþ ñîáñòâåííîé

äîáðîòíîñòè ðåçîíàíñíûõ êîëåáàíèé, íà êîòîðûõ

ïðîâîäÿòñÿ èçìåðåíèÿ.

Òðåáóåìàÿ òî÷íîñòü èçìåðåíèÿ êîýôôèöèåí-

òà ïåðåäà÷è (ÄA = 0,01 äÁ) â ðàäèîèçìåðèòåëü-

íîé ñõåìå ìîæåò áûòü äîñòèãíóòà ïðè èñïîëüçî-

âàíèè âûñîêîòî÷íûõ âåêòîðíûõ àíàëèçàòîðîâ

öåïåé è áëîêà ýëåêòðîííîé êàëèáðîâêè, êîòîðàÿ

âûøå, ÷åì â ñëó÷àå ñêàëÿðíûõ àíàëèçàòîðîâ [19,

20]. Îòìåòèì, ÷òî äëÿ ðåêîìåíäóåìûõ (ÃÎÑÒ Ð

8.623–2015) ñêàëÿðíûõ àíàëèçàòîðîâ öåïåé

(ÄA = 0,2 äÁ) ïîãðåøíîñòü îïðåäåëåíèÿ ðåçî-

íàíñíîé ÷àñòîòû â 10 êÃö ïðè êîýôôèöèåíòå ïå-

ðåäà÷è |A0| = 30 äÁ ðåàëèçóåòñÿ â ðåçîíàòîðå ñ

äîáðîòíîñòüþ íå õóæå Qñ = 30 000.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, èñïîëüçîâàíèå âåêòîðíûõ

àíàëèçàòîðîâ öåïåé äëÿ èçìåðåíèÿ àìïëèòóä-

íî-÷àñòîòíûõ õàðàêòåðèñòèê ðåçîíàíñíûõ çàâè-

ñèìîñòåé â ðàäèîèçìåðèòåëüíûõ ñõåìàõ ñ îáúåì-

íûìè âîëíîâîäíûìè ðåçîíàòîðàìè äëÿ èçìåðå-

íèÿ äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè ìàòåðèàëîâ

ïîçâîëÿåò ñíèçèòü òåõíè÷åñêèå òðåáîâàíèÿ ê êà-

÷åñòâó èçãîòîâëåíèÿ ðåçîíàòîðà. Êðîìå òîãî,

ïðèìåíåíèå ðåçîíàòîðíîãî ìåòîäà äëÿ âûñîêî-

òåìïåðàòóðíûõ èçìåðåíèé ïîâûøàåò òî÷íîñòü
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Fig. 1. Frequency dependence of the resonator transmission coefficient



îïðåäåëåíèÿ äèýëåêòðè÷åñêèõ ñâîéñòâ ìàòåðèà-

ëîâ äî ñðàâíèìîãî óðîâíÿ òî÷íîñòè, ðåàëèçóåìî-

ãî ïðè íîðìàëüíûõ óñëîâèÿõ. Ó÷åò ñâÿçè ïîãðåø-

íîñòè îïðåäåëåíèÿ äèýëåêòðè÷åñêîé ïðîíèöàå-

ìîñòè ñ äîáðîòíîñòüþ ðåçîíàòîðà äàåò âîçìîæ-

íîñòü îáîñíîâàòü òåõíè÷åñêèå òðåáîâàíèÿ äëÿ

ðåàëèçàöèè ìåòîäèêè èçìåðåíèÿ ìàòåðèàëîâ íà

ñâåðõâûñîêèõ ÷àñòîòàõ ïðè íàãðåâå îò 20 äî

1200 °C è ðàñïðîñòðàíèòü åå äëÿ ðåãèñòðàöèè â

êà÷åñòâå ïåðâè÷íîé ðåôåðåíòíîé ìåòîäèêè (ñâè-

äåòåëüñòâî îá àòòåñòàöèè ìåòîäèêè (ìåòîäà) èç-

ìåðåíèÿ ¹ 1194-RA.RU 311753–2022) [9].
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