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4. 9HGHQt KDUPRQLFNêFK VLJQiO$ QD Y\ããtFK IUHNYHQFtFK D NUiWNêFK

LPSXOVQtFK VLJQiO$

ÒYRGHP VL Y]SRPH�PH QD SUREOpP\� NWHUp MVPH �HãLOL Y NDSLWROH WêNDMtFt VH )RXULHURYêFK �DG D
LQWHJUiOX� 'RVS�OL MVPH N Qi]RUX� åH W]Y� LGHiOQt REGpOQtNRYê LPSXOV P$åHPH UHSUH]entovat
pomocí jeho spektra - Obr. 4-1 ukazuje oboustranné spektrum a T je doba trvání impulsu.

Obr. 4-1

1iã YêVOHGHN ]QDPHQi� åH YH VSHNWUX MVRX REVDåHQ\ L YHOPL Y\VRNp IUHNYHQFH � QDS�� S�L
T = 10 ns je 1/T  ��� 0+] � D WR MH SRX]H IUHNYHQFH W]Y� SUYQtKR QXORYpKR NPLWRþWX�
V souvislosti sPQRåVWYtP S�HGiYDQêFK LQIRUPDFt ]D MHGQRWNX þDVX MH QXWQp VQLåRYDW ãt�L
S�HQiãHQêFK LPSXOV$ � DOH S�L T = 1 ns bude 1/T = 1000 MHz. Ideální obdélníkový impuls není
UHDOL]RYDWHOQê� =QDPHQi WR� åH Y S�tSDG� UHiOQpKR � VSRMLWpKR Y þDVH � LPSXOVX V Q�MDNRX
QiE�KRYRX GRERX QHEXGRX YêVOHGN\ WDN GUDVWLFNp� DOH VWiOH EXGHPH PtW FR G�ODW VH VSHNWUHP
UR]SURVWtUDMtFtP VH Då GR REODVWL YHOPL Y\VRNêFK NPLWRþW$� 1HY\KQHPH VH SURWR ~YDKiP� ]GD
QD W�FKWR NPLWRþWHFK MHãW� SODWt QDãH S�HGSRNODG\�
'RVXG MVPH S�HGSRNOiGDOL SODWQRVW .LUFKKRIIRYêFK ]iNRQ$ D QD QLåãtFK IUHNYHQFtFK MVPH MH
SRYDåRYDOL ]D REHFQ� SODWQp� 'DOãt Qiã S�HGSRNODG E\O� åH H[LVWXMH VDPR R VRE� SROH HOHNWULFNp
D SROH PDJQHWLFNp� 7R QiP GDOR PRåQRVW FKDUDNWHUL]RYDW NDSDFLWRU D LQGXNWRU MDNR SUYN\
HOHNWULFNêFK REYRG$� 'DOãtP QDãtP S�HGSRNODGHP E\OR WR� åH ]P�QD SRWHQFLiOX QDVWiYi
RNDPåLW� þLOL åH YODVWQ� U\FKORVW ãt�HQt QHQt QLMDN RPH]HQD� 9ãHFKQ\ W\WR QDãH S�HGSRNODG\ MVRX
YãDN SRX]H DSUR[LPDFHPL UHDOLW\ SUR REODVW Qt]NêFK NPLWRþW$� 9H VNXWHþQRVWL H[LVWXMH SRX]H
SROH HOHNWURPDJQHWLFNp D VWULNWQ� RPH]HQi U\FKORVW ãt�HQt HOHNWURPDJQHWLFNêFK YOQ Y daném
SURVW�HGt�
8YDåXMPH QHMG�tYH R YOLYX U\FKORVWt ãt�HQt HOHNWURPDJQHWLFNêFK YOQ� 'iOH MLå ]�HMP�

QHY\VWDþtPH V WtP� åH U\FKORVW ãt�HQt QHPXVtPH EUiW Y ~YDKX� 1DS�� S�L IUHNYHQFL � 0+] MH
vlnová délka ve volném prostoru λ = c/f = 3⋅108 m/s / 1⋅106 s-1  ��� P � 7R ]QDPHQi� åH
MDNêNROLY G�M SUREtKDMtFt YH Y]GiOHQRVWL l << 300 m  budeme moci popsat pomocí našich
G�tY�MãtFK YêVOHGN$� SURWRåH ]P�QD SRWHQFLiOX MH ]GH QD WpWR Y]GiOHQRVWL SUDNWLFN\ RNDPåLWi�
$OH XYDåXMPH GiOH� Y S�tSDG� LGHiOQtFK LPSXOV$ V délkou T = 1 ns je 1/T = 1000 MHz a tomu

odpovídá vlnová délka λ = c/f = 30 cm. Ale sW�PLWR UR]P�U\ MVRX VURYQDWHOQp YHOLNRVWL
HOHNWULFNêFK REYRG$ D SRMHP VRXVW�HG�Qê REYRG ]WUiFt VP\VO � VRXVW�HG�Qê REYRG � SROH
HOHNWULFNp D PDJQHWLFNp H[LVWXMt VDP\ R VRE� D ]P�QD SRWHQFLiOX QDVWiYi RNDPåLW� �� =QDPHQi
WR� åH E\FKRP YODVWQ� YãHFKQ\ SUREOpP\ Y\VRNêFK NPLWRþW$ Y W�FKWR S�tSDGHFK D Wpå YãHFKQ\
SUREOpP\ NUiWNêFK LPSXOV$ QHER L LPSXOV$ V NUiWNRX GRERX QiE�KX P�OL �HãLW SRPRFt
zákonitostí elektromagnetického pole a tedy Maxwellových rovnic. Tyto jsou ovšem z hlediska
PDWHPDWLFNpKR SDUFLiOQt GLIHUHQFLiOQt URYQLFH� NWHUp MH PRåQp DQDO\WLFN\ �HãLW SRX]H SUR
MHGQRGXFKi JHRPHWULFNi XVSR�iGiQt � QDS�� Y NDUWp]VNêFK VRX�DGQLFtFK E\FKRP P�OL SURP�QQp
x, y, z, t þLOL W�L SURVWRURYp VRX�DGQLFH D þDV �� 9HOPL þDVWR VH YãDN Y\VN\WXMH SUREOpP
S�HQRVX Y\VRNêFK IUHNYHQFt QHER U\FKOêFK VLJQiO$ Y ÄMHGQRP VP�UX RG ]GURMH NH VSRW�HELþL³�
7R ]QDPHQi� åH SUR W\WR ~þHO\ P$åHPH Qiã SUREOpP ]MHGQRGXãLW QD ÄMHGQRUR]P�UQê³ SUREOpP�
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NG\ UR]P�U\ MVRX VURYQDWHOQp V YOQRYRX GpONRX VLJQiO$ SRX]H Y WRPWR VP�UX� ]DWtPFR YH
VP�UHFK RVWDWQtFK WRPX WDN QHEXGH�
([LVWXMt U$]Qp S�tVWXS\ N QDãHPX SUREOpPX� DOH P\ VH EXGHPH VQDåLW Y\XåtW QDãLFK GRVDYDGQtFK
]QDORVWt SUR �HãHQt� 3URWR UR]G�OPH QDãH YHGHQt � VSRM PH]L ]GURMHP D VSRW�HELþHP � QD �DGX
þiVWt WDN� DE\ GpOND MHGQRWOLYêFK þiVWt ∆x byla taková, aby platilo ∆x << λ � $OH Y WRP S�tSDG�
NDåGê ~VHN P$åHPH RS�W FKDUDNWHUL]RYDW SDUDPHWU\� NWHUp ]QiPH � R, L, C, G � � MDNRåWR
VRXVW�HG�QêPL SDUDPHWU\� MDN MVPH MH GRVXG XYDåRYDOL � YL] Obr. 4-2 /.

Obr. 4-2

1D REU� PiPH Qiã SUREOpP QDNUHVOHQ MDNR SUREOpP GYRX YRGLþ$� NWHUêPL SURFKi]t SURXG � WDP
D ]S�W � � �� YtFHQiVREQ� VRXYLVOi REODVW V PRåQRVWt ãt�HQt YLGX 7(0 ��� -H MDVQp� åH Qiã YRGLþ
EXGH NOiVW SU$FKRGX SURXGX MLVWê RGSRU D SURWRåH NROHP VHEH Y\WYi�t SURP�QQp PDJQHWLFNp
SROH� EXGH VH FKRYDW L MDNR LQGXNþQRVW� �� -H RWi]NRX� ]GD Y G$VOHGNX WRKRWR PDJQHWLFNpKR
SROH EXGH UR]ORåHQt SURXGX VWHMQp MDNR QD YHOLFH Qt]NêFK IUHNYHQFtFK � R WRP YãDN SR]G�ML� ��
'YD YRGLþH Y MLVWp Y]GiOHQRVWL RG VHEH EXGRX PtW Q�MDNRX NDSDFLWX D SRNXG SURVW�HGt� NWHUp MH
RGG�OXMH� QHEXGH YDNXXP � Q�FR QiP MH PXVt GUåHW Y jisté vzdálenosti od sebe - PE, PTFE,
39& DSRG� �� EXGH H[LVWRYDW PDOê� DOH NRQHþQê VYRGRYê SURXG PH]L W�PLWR YRGLþL�
S XYDåRYiQtP W�FKWR VNXWHþQRVWt EXGH QiKUDGQt REYRG ~VHNX R GpOFH ∆x vypadat podle
Obr. 4-3

Obr. 4-3

Parametry R, L, C, G jsou parametry na jednotku délky.
$E\FKRP VL XY�GRPLOL ]S$VRE QiKUDG\� PiPH QDãL DSUR[LPDFL MHãW� MHGQRX QD Obr. 4-4 .
V WRPWR REUi]NX VWHMQ� MDNR Y Obr. 4-2 úsek mezi x = 0 ; x = l WYR�t Qiã SUREOpP � REYRG
]GURMH D ]iW�åH S�HGVWDYXMt QiP MLå ]QiPp VRXVW�HG�Qp REYRG\�

Obr. 4-4

6WHMQ� MDNR Y p�HGFKR]tFK S�tSDGHFK NUHVOtPH GYD YRGLþH Y MLVWp Y]GiOHQRVWL RG VHEH� L NG\å
VNXWHþQp XVSR�iGiQt P$åH EêW U$]Qp�
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Pro náš úsek platí následující rovnice
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3UR QiKUDGX SUYQtP þOHQHP UR]YRMH GRVWDQHPH
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Dáme-li tyto rovnice dohromady, dostaneme
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$E\FKRP ]tVNDOL MHGQX URYQLFL SUR SURXG D GUXKRX SUR QDS�Wt� GHULYXMPH QHMG�tYH SRGOH

VRX�DGQLFH x D SRWRP SRGOH þDVX D SURWRåH QHMVRX QD VRE� ]iYLVOp� SODWt
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5RYQLFH ����� MVRX REHFQp URYQLFH SUR QDS�Wt D SURXG QD YHGHQt� 9 REHFQpP S�tSDG� P$åH

však být
/ / [ L W= � � � �      5 5 [ L W= � � � �        & & [ X W= � � � �          * * [ X W= � � � �         ( 4.4)

þLOL SDUDPHWU\ PRKRX ]iYLVHW QD VRX�DGQLFL� DOH Wpå L QD SURP�QQêFK u a i D QD þDVH t . Pokud
SDUDPHWU\ MVRX ]iYLVOp QD VRX�DGQLFL� EXGHPH KRYR�LW R YHGHQt QHKRPRJHQQtP� EXGRX�OL YãDN

SDUDPHWU\ QH]iYLVOp QD VRX�DGQLFL� S$MGH R YHGHQt KRPRJHQQt� 3RNXG YãDN QHEXGRX ]iYLVOp QD

SURP�QQêFK� EXGRX WR L QDGiOH URYQLFH OLQHiUQt�

-LQi VLWXDFH QDVWDQH� EXGRX�OL SDUDPHWU\ QHER DOHVSR� Q�NWHUê ] QLFK ]iYLVOê QD SURP�QQêFK u
a  i � 7R P$åH QDVWDW Y S�tSDG�� åH YRGLþ E\O RENORSHQ Q�MDNRX IHUURPDJQHWLFNRX OiWNRX � YL]

K\VWHUH]Qt N�LYND WDNRYpKR PDWHULiOX � QHER SURVW�HGt PH]L YRGLþL E\ E\OR WYR�HQR S � Q

S�HFKRGHP QHER Q�MDNRX VRXVWDYRX S � Q S�HFKRG$ � WDN WRPX P$åH EêW Y integrovaných
REYRGHFK� DOH L YH VSHFLiOQtFK S�tSDGHFK REYRG$ SUR WYDURYiQt LPSXOV$ �� 3DN RYãHP QDãH

SDUFLiOQt URYQLFH EXGRX QDYtF QHOLQHiUQt� 3RNXG EXGH SURVW�HGt RENORSXMtFt YRGLþH E�åQp

dielektrikum / PE, PTFE, PVC, apod. /, budou rovnice lineární.
3�tSDGQi ]iYLVORVW QD þDVH VH QHMVStãH EXGH SURMHYRYDW GORXKRGRERX þDVRYRX ]iYLVORVWt

SDUDPHWU$ Y G$VOHGNX VWiUQXWt D EXGHPH ML PRFL Y�WãLQRX ]DQHGEDW� 1HMþDVW�MãtP D

QHMMHGQRGXããtP S�tSDGHP EXGH ]�HMP� S�tSDG KRPRJHQQtKR OLQHiUQtKR YHGHQt� D WHG\ L S�tSDG

parciálních diferenciálních rovnic sNRQVWDQWQtPL NRHILFLHQW\� 3URWRåH MVRX W\WR URYQLFH OLQHiUQt�

P$åHPH WYUGLW� åH RGH]YD QD KDUPRQLFNê VLJQiO EXGH URYQ�å KDUPRQLFNê VLJQiO � YL] QDãH

G�tY�Mãt ~YDK\ R YOLYX OLQHiUQtKR REYRGX QD VSHNWUXP ��

3�HGSRNOiGHMPH WHG\� åH
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( 4.5)
D P$åHPH Y\SRþtWDW þDVRYp GHULYDFH D GRVDGLW GR URYQLF ����� � 9êVOHGNHP EXGH RE\þHMQi

GLIHUHQFLiOQt URYQLFH GUXKpKR �iGX V konstantními koeficienty.
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kde                  γ ω ω= + ⋅ +� � � �5 M / * M &     ( 4.7)

Výraz pro γ v URYQLFL ����� PRKX SViW � SURWRåH MH WR NRPSOH[Qt þtVOR � WDNWR � γ β α= + M

� 1�NG\ Y OLWHUDWX�H MH WR REUiFHQ� � γ α β= + M � �HãHQtP URYQLF ����� MH VDPR]�HMP�
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5RYQLFH ]QDPHQDMt ãt�HQt GYRX YOQ � S�tPp D ]S�WQp YOQ\� 3URYHGHPH�OL S�tVOXãQp GHULYDFH D

dosadíme-li zpátky do rovnic, dostaneme vztah mezi koeficienty A a B .
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D ]EêYDMt QiV SRX]H GY� QH]QiPp D VLFH A1 a A2 � NWHUp XUþtPH ] okrajových podmínek pro
SRþiWHN D NRQHF YHGHQt� 6\PEROLFN\ P$åHPH URYQLFH ����� QDSVDW L WDNWR
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Porovnáním s (4.8) dostaneme
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Hodnota Z0 se nám zde v�HãHQtFK VWiOH Y\VN\WXMH D MH WR WHG\ MDNiVL FKDUDNWHUL]XMtFt YHOLþLQD� D

QD]YHPH ML SURWR FKDUDNWHULVWLFNRX LPSHGDQFt� -H YLG�W� åH REHFQ� MH WR YHOLþLQD NRPSOH[QtKR

FKDUDNWHUX� þLOL REHFQi LPSHGDQFH� 9UD"PH VH YãDN ]QRYX N URYQLFtP ����� D XYDåXMPH� åH γ je
NRPSOH[Qt YêUD] SRGOH ����� � 3RWRP WHG\ P$åHPH QDSVDW ����� Wpå WDNWR
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Z YêUD]X ������ MH SDWUQp� åH β Pi YOLY QD DPSOLWXGX D FKDUDNWHUL]XMH QiP MDN VH SU$E�K QDS�Wt

D SURXGX XWOXPXMH VH VRX�DGQLFt x , a proto ji nazveme konstantou útlumu. Dále z rovnic

������ MH YLG�W� åH α rozhoduje o fázi vPtVW� x  / viz úvahy o fázorech / a nazýváme ji proto

fázovou konstantou. Hodnotu γ QD]êYiPH NRQVWDQWRX ãt�HQt D WDWR IXQNFH Y VRE� VNUêYi

LQIRUPDFL� MDN MH SU$E�K XWOXPRYiQ D MDNRX Pi Ii]L� 3RNXG E\FKRP XYDåRYDOL W]Y� YHGHQt EH]H

ztrát, to znamená idealizaci pro R → 0 ; G → 0 dostaneme pro Z0
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D WRWR EXGH ]�HMP� KRGQRWD UHiOQi� =QDPHQi WR� åH FKDUDNWHULVWLFNi LPSHGDQFH EH]H]WUiWRYpKR

vedení / nebo s velice malými ztrátami / má charakter reálného rezistoru. Z rovnic (4.13)
YLGtPH� åH N ~SOQpPX XUþHQt RERX YOQ � S�tPp D ]S�WQp� QiP ]EêYi XUþLW GY� NRQVWDQW\ A1 a
A2. Na Obr. 4-5PiPH QD]QDþHQ ]QRYX Qiã SUREOpP� 1D UR]GtO RG Obr. 4-4 máme zde zdroj
KDUPRQLFNpKR SU$E�KX E a Zg je impedance tohoto generátoru a ZL MH LPSHGDQFH ]iW�åH

Obr. 4-5

3RGOH S�HGSRNODGX JHQHUiWRU D ]iW�å MVRX VRXVW�HG�Qp REYRG\� D SURWR

( = L XJ= ⋅ +� � � �� �             � = ⋅ −= L O X O/ � � � �                      ( 4.15)

a dosadíme-li do (4.12)  x = 0 , dostaneme
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Z W�FKWR URYQLF SR YêSRþWX D ~SUDYiFK GRVWDQHPH MDNR YêVOHGHN �
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Porovnáme-li (4.18) s������ � YLGtPH� åH SODWt X O X O X O� � � � � �= +& '

 , a proto
' &

X O X O� � � �= Γ
� þLOL Γ2 UR]KRGXMH R SRP�UX RGUDåHQp D S�tPp YOQ\ QD NRQFL YHGHQt� D SURWR

nazveme hodnotu Γ2 NRHILFLHQWHP RGUD]X QD NRQFL YHGHQt� 3RGREQ� Γ1 nazveme koeficientem
RGUD]X QD ]DþiWNX YHGHQt�
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8YDåXMPH ]YOiãWQt S�tSDG � %XGH�OL ZL = Z0 ⇒ Γ2 = 0 � SDN ]�HMP� QHEXGH H[LVWRYDW

RGUDåHQi YOQD� D WHG\ EXGH SODWLW
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7RWR ]�HMP� E\FKRP PRKOL SRYDåRYDW ]D LGHiOQt S�tSDG S�HQRVX VLJQiOX SR YHGHQt �

v S�tSDGHFK NG\ ZL MH U$]Qp RG Z0 ]�HMP� H[LVWXMH ]S�WQi YOQD� NWHUi QiV YODVWQ� ÄRNUiGi³ R

þiVW HQHUJLH �� 3RNXG WHG\ QiP S$MGH R PD[LPiOQt S�HQRV HQHUJLH QDãtP YHGHQtP� PXVtPH VH

VQDåLW� DE\ ZL = Z0� 'DOãtP PDUNDQWQtP S�tSDGHP EXGH S�tSDG� NG\ ZL = 0 nebo ZL → ∞,
ale toto si ponechejme na další úvahy.
8YDåXMPH Q\Qt QiVOHGXMtFt SUREOpP� 0�MPH GYD REYRG\� NWHUp P$åHPH SRYDåRYDW ]D

VRXVW�HG�Qp REYRG\ SRGOH Obr. 4-6 .

Obr. 4-6

2ED REYRG\ MVPH SURSRMLOL GYRXYRGLþRYêP VSRMHP � W�HED KRPRJHQQtP �� 3RNXG EXGH l << λ,
S$MGH ]�HMP� R MHGQRGXFKê S�tSDG D FHORX VRXVWDYX P$åHPH SRYDåRYDW ]D MHGLQê VRXVW�HG�Qê

obvod C a napsat rovnice pro obvod A i obvod B� VSROHþQ� MH �HãLW D WtP Y\�HãLW REYRG C.

Jiná situace nastane, bude-li l srovnatelné s λ � 0$åHPH QDSVDW URYQLFH SUR REYRG A a rovnice
pro obvod B� DOH W\WR URYQLFH Y]KOHGHP NH NRQHþQp U\FKORVWL ãt�HQt QHEXGRX VLPXOWiQQt WM�

QHEXGRX SODWLW YH VWHMQpP þDVH� 1HQt WHG\ ]GH åiGQê VRXVW�HG�Qê REYRG C.
0RåQêP ]S$VREHP �HãHQt WRKRWR S�tSDGX EXGH ]�HMP� WR� åH QD ]iNODG� URYQLF Y\�HãtPH

vstupní impedanci obvodu B� FRå EXGH ]DW�åRYDFt LPSHGDQFH QDãHKR YHGHQt � Zvst,B = ZL /, a
SRNXG E\FKRP PRKOL XUþLW� MDN MH WDWR LPSHGDQFH WUDQVIRUPRYiQD � WR MHVW MDN VH MHYt � QD

výstupu obvodu A� PRKOL E\FKRP Y\�HãLW L REYRG A. Je tedy naším úkolem stanovit vstupní
LPSHGDQFL YHGHQt ]DWtåHQpKR Q�MDNRX REHFQRX LPSHGDQFt ZL þLOL MDN VH MHYt WRWR YHGHQt QD

VYpP SRþiWNX� 9\SRþWHPH�OL SRP�U u(x)/u(l) , dostaneme

[ ] [ ]X [

X O

O [ O [� �

� �

H[S � � H[S � �
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�

D SRGREQ�

[ ] [ ]L [

L O

O [ O [� �

� �

H[S � � H[S � �
=

− − − −
−

γ γΓ
Γ
�

�
�
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�

�

=
−
+

= =

= =
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/

    dostaneme    X [ X O ) [� � � � � �= ⋅ D SRGREQ�

L [ L O + [� � � � � �= ⋅ � 3RWRP SUR YVWXSQt LPSHGDQFL þLOL SUR x = 0 dostaneme
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γ                 ( 4.21)
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7HQWR Y]WDK MH PRåQp XSUDYLW MHãW� SRPRFt YêUD]X SUR K\SHUEROLFNê WDQJHQV QD WYDU

= =

H
O

H
OYVW =

+
−

−
−�

�

�

�
�

�
�

Γ

Γ

γ

γ                                           ( 4.22)

7tP MVPH WHG\ YODVWQ� Y\�HãLOL SUREOpP\ REHFQpKR KRPRJHQQtKR OLQHiUQtKR YHGHQt�

6DPR]�HMPêP VQDåHQtP EXGH RPH]RYDW ]WUiW\ QD YHGHQt� D SURWR P$åHPH XYDåRYDW LGHiOQt

S�tSDG W]Y� EH]H]WUiWRYpKR YHGHQt� NG\ R→ 0 , G → 0 a potom ovšem

γ α ω ω= = =M M /& M 7  ,  kde T MH ]SRåG�Qt QD MHGQRWNX GpON\� 6NXWHþQp ]SRåG�Qt

τd = T⋅C � 3UR QiV MVRX QHMG$OHåLW�MãtPL Y]WDK\ URYQLFH ������ D ������ � 9ãHFKQ\ W\WR URYQLFH

PDMt YãDN FKDUDNWHU S�HQRVRYêFK S�tSDGQ� LPSHGDQþQtFK Y]WDK$� D SURWR MHMLFK S�HYRG GR

/DSODFHRY\ WUDQVIRUPDFH MH ]FHOD MHGQRGXFKê � VWDþt SRORåLW jω = p . Potom se vztah (4.22)
]P�Qt WDNWR
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H
SYVW

G

G

=
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−
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�
�
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�

Γ

Γ

τ

τ                                          ( 4.23)

1HMþDVW�ML QiV EXGRX ]DMtPDW SRP�U\ QD ]DþiWNX D QD NRQFL YHGHQt� 3URWR GRVD�PH GR ������
SRVWXSQ� x = 0  a  x = l  a dostaneme
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a pro bezeztrátové vedení bude  � � �γ ω ωτO M 7O M G= = þLOL Y /DSODFHRY� WUDQVIRUPDFL

�S Gτ  . Potom
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3RGREQ� SUR SURXG QD ]DþiWNX YHGHQt E\FKRP GRVWDOL
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$E\FKRP Y\SRþHWOL SRP�U\ QD NRQFL YHGHQt� GRVDGtPH x = l a dostaneme
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Pro koeficienty odrazu Γ1 ; Γ2 platí  Γ ≤ � � D SURWR P$åHPH Y]WDK\ ������ Då ������ UR]YpVW
GR �DG\ D GRVWDQHPH Y]WDK\ � 4.28) :
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τ τ τ
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Z URYQLF MDVQ� Y\SOêYi� åH SRNXG  Γ1 ≠ 0  a  Γ2 ≠ 0 , bude docházet kRGUD]$P RG RERX

NRQF$ YHGHQt� ,GHiOQt S�tSDG SUR S�HQRV VLJQiO$ EXGH WHQ� NG\ Γ1 = 0 ⇒ Zg = Z0 D VRXþDVQ�

Γ2 = 0 ⇒ ZL = Z0  - viz Obr. 4-7 .

Obr. 4-7

V WRPWR S�tSDG� QDS�tNODG GiYi�OL ]GURM MHGQRWNRYê VNRN þLOL e(t) = δ1(t)  ⇒ E(p) = 1/p ,
EXGH SR GRVD]HQt GR ������ Då ������

X
S S

� ��
�

�

� �

�
= ⋅ =                           L

= S
� ��

�

�

�

�

= ⋅

X O H
S

S

G
� � =

−
⋅

�

�

�τ
           L O

=
H

S

S

G
� � =

−
⋅

�

�

�

�

τ

*UDILFN\ ]Qi]RUQ�QR MHVW QD Obr. 4-8

Obr. 4-8
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Z Obr. 4-8WHG\ SO\QH� åH Y S�tSDG� LGHiOQtKR EH]H]WUiWRYpKR YHGHQt� NG\ LPSHGDQFH ]GURMH D
]iW�åH VH URYQDMt FKDUDNWHULVWLFNp LPSHGDQFL � UHiOQp � WRKRWR YHGHQt� QHGRFKi]t N RGUD]$P� DOH
SRX]H NH ]SRåG�Qt R GREX τd � FRå MH GRED SU$FKRGX HOHNWURPDJQHWLFNp YOQ\ YHGHQtP
v G$VOHGNX NRQHþQp U\FKORVWL MHMtKR ãt�HQt�
&KDUDNWHULVWLFNp LPSHGDQFH YHGHQt MVRX KRGQRW\ SRP�UQ� Qt]Np� 1HME�åQ�Mãt D QHMþDVW�Mãt
XåtYDQi LPSHGDQFH YHGHQt SUR S�tVWURMRYRX WHFKQLNX MH �� Ω� ]DWtPFR SUR NRPXQLNDþQt
]iOHåLWRVWL MH QHMYtFH SRXåtYDQRX KRGQRWRX �� Ω.
3RWRP WHG\ NODVLFNêP S�tSDGHP � ] GRPiFQRVWL � EXGH S�LSRMHQt QDS�� WHOHYL]RUX � YL] Obr. 4-9.

Obr. 4-9

V LGHiOQtP S�tSDG� DQWpQD � ]GURM VLJQiOX �� YHGHQt GpON\ O D WHOHYL]RU � ]iW�å � PXVt PtW VWHMQRX
impedanci tj. 75 Ω� 1HEXGH�OL WHQWR SRåDGDYHN VSOQ�Q� SURMHYt VH WR ]KRUãHQtP NYDOLW\ REUD]X D
v G$VOHGNX YtFHQiVREQêFK RGUD]$ EXGH PtW REUD] YtFHQiVREQp NRQWXU\ � W]Y� GXFK\ ��
1D GUXKp VWUDQ� YHGHQt P$åHPH Y\XåtW SUR WYDURYiQt NUiWNêFK LPSXOV$� 1DSLãPH VL MHãW�
jednou rovnici (4.28) :
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3�HGSRNOiGHMPH� åH PiPH VLJQiO YH WYDUX VNRNX� WM� H W $ W ( S $ S� � � � � �= ⇒ =δ
�

� WM� YODVWQ� GORXKê LPSXOV � D FKFHPH ] WRKRWR VLJQiOX Y\WYR�LW REGpOQtNRYê LPSXOV V dobou
trvání T1, pro který v/DSODFHRY� WUDQVIRUPDFL P$åHPH SViW
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z þHKRå SO\QH� åH B = 1/2  a T1 = 2τd a zapojení bude podle Obr. 4-10 .
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Obr. 4-10

Z podmínky T1 = 2τd = 2T⋅l SO\QH� åH GpOND YHGHQt l = T1/2T , kde T MH ]SRåG�Qt QD
MHGQRWNX GpON\ � NG\E\FKRP FKW�OL T1  �� QV D P�OL YHGHQt SUR T = 2 ns , dostaneme
l = 1 m/.
3UREtKDMtFt G�MH VL P$åHPH S�HGVWDYLW DVL WDNWR � Obr. 4-11 / : VRNDPåLNX t =  0 vzniká
HOHNWURPDJQHWLFNi YOQD R DPSOLWXG� A/2� NWHUi VH ãt�t RG SRþiWNX NH NRQFL YHGHQt U\FKORVWt

Y
7 /&

7(0

= = =
� � �

µε                                         ( 4.29)

V RNDPåLNX τd = T⋅l WDWR YOQD GRFKi]t QD NRQHF YHGHQt D RGUiåt VH V NRHILFLHQWHP RGUD]X

Γ2  �� þLOL RGUDåHQi YOQD Pi DPSOLWXGX -A/2� 2GUDåHQi D S�tPi YOQD VH VXSHUSRQXMt D SR GRE�
τd = T⋅l RGUDåHQi YOQD S�LFKi]t QD ]DþiWHN YHGHQt� WR ]QDPHQi� åH SUR þDV\ Y�Wãt QHå 2τd
v G$VOHGNX VXSHUSR]LFH S�tPp D RGUDåHQp YOQ\ MH QD YHGHQt QXORYp QDS�Wt� 9êVOHGNHP MH WHG\
REGpOQtNRYê LPSXOV QD ]DþiWNX YHGHQt V amplitudou A/2 a dobou trvání T1 = 2τd .

Obr. 4-11
3UR Q�NROLN RNDPåLN$ PiPH VLWXDFL QD Obr. 4-12

Obr. 4-12
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3RGREQêFK S�tSDG$ V U$]QêPL NRQILJXUDFHPL REYRG$ D YHGHQt E\FKRP PRKOL �HãLW FHORX �DGX�
3RNXG E\FKRP P�OL S�tSDG� NG\ Γ1 ≠ 0  a  Γ2 ≠ 0 , mohli bychom v souladu s rovnicemi
������ VOHGRYDW SRP�U\ QD JUDIX Y Obr. 4-13 .

Obr. 4-13

Na Obr. 4-13]QDþt  u0 ; u0´ ; u0´´ DWG� S�tVOXãQp YOQ\ YþHWQ� MHMLFK ]SRåG�Qt�
9UD"PH VH MHãW� QD FKYtOL N S�tSDGX� NG\ YHGHQt MH EX]HQR KDUPRQLFNêP SU$E�KHP � WM�
YH]P�PH URYQLFH ������ � 2 Ii]L KDUPRQLFNpKR VLJQiOX UR]KRGXMH Ii]RYi NRQVWDQWD α � ât�t�OL

se harmonická vlna po vedení délky l , posune se fáze o úhel ϕ = α⋅l . Tento fázový posuv

P$åHPH Wpå QDSVDW ϕ = ωt1, kde t1 MH þDV� NWHUê YOQD SRW�HERYDOD N SU$FKRGX YHGHQtP GpON\ l.
Proto

α ω
α
ω

⋅ = ⇒ = =O W W O
O

Y I

� �                                             ( 4.30)

kde vf je rychlost, sMDNRX VH P�Qt Ii]H QD YHGHQt D �tNiPH ML SURWR Ii]RYi U\FKORVW� 'pOND YOQ\

QD YHGHQt MH ]�HMP� λ = vf⋅T0 , kde T0 MH SHULRGD NPLW$� 3DN SODWt

λ
ω
α

π
α

π
α

= ⋅ = = ⋅ =Y 7 7
I

I
I � �
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                                      ( 4.31)

8YDåXMPH Q\Qt� åH PiPH ]NUDWRYDQp YHGHQt D EXGtPH MH KDUPRQLFNêP VLJQiOHP V frekvencí f -
viz Obr. 4-14� D XUþHPH MHKR YVWXSQt LPSHGDQFL � URYQLFH ������ ��

Obr. 4-14
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Bude-li vedení bezeztrátové, bude γ = jα  a potom

= = WJK M O M= OYVW = ⋅ = ⋅
� �

� � WDQ� �α α                                       ( 4.33)

9HGHQt VH WHG\ EXGH FKRYDW MDNR LQGXNWLYQt QHER NDSDFLWQt LPSHGDQFH� =DMtPDYê MH S�tSDG NG\

α
π

O =
�

� FRå QDVWiYi SUR O = = =
π
α

π λ
π

λ
� � � �

   ( 4.34)

9HGHQt � EH]H]WUiWRYp � VH FKRYi MDNR QHNRQHþQi LPSHGDQFH � D SUR l = π se chová jako

LPSHGDQFH QXORYi �� -H YLG�W� åH YHGHQt λ/4 se svými vlastnostmi podobá vlastnostem
VRXVW�HG�QpKR SDUDOHOQtKR UH]RQDQþQtKR REYRGX� 0$åHPH MH SURWR L WDNRYêP ]S$VREHP SRXåtW

SUiY� QD Y\VRNêFK IUHNYHQFtFK� NGH VRXVW�HG�Qê REYRG V prvky L a C MLå QHP$åHPH UHDOL]RYDW

� S�tOLã PDOp LQGXNWRU\ D NDSDFLWRU\ V Y\VRNêPL ]WUiWDPL� -HGHQ UR]GtO ]GH YãDN MH � VRXVW�HG�Qê

REYRG Y\ND]RYDO SRX]H MHGLQê UH]RQDQþQt NPLWRþHW� ]DWtPFR QDãH YHGHQt MLFK Pi YODVWQ�

QHNRQHþQp PQRåVWYt � SHULRGLFNi IXQNFH tg αl � � FRå YãDN YH Y�WãLQ� S�tSDG$ QHPXVt EêW QD

závadu.
1DNRQHF QiP ]EêYDMt Xå MHQRP GY� Y�FL � XYiåLW� MDN VH SURMHYt ]WUiW\� NWHUp MVPH SUR

MHGQRGXFKRVW �HãHQt ]DQHGEDOL D MDNp W\S\ YHGHQt � I\]LFN\ D JHRPHWULFN\ � PiPH XYDåRYDW�

3UYQt L GUXKi RWi]ND MH SRQ�NXG VORåLW�Mãt � Y\åDGXMt ]QDORVWL ] teorie elektromagnetického pole
� SURWR VL XYHGHPH SRX]H ]iY�U\ � SUR GHWDLOQt YêSRþW\ RGND]XMHPH QD OLWHUDWXUX� XYHGHQRX QD

konci skripta /.
Ztráty ve vedeních máme vG$VOHGNX KRGQRW R a G � SURWRåH YãDN W\WR ]WUiW\ ]iYLVt QD

frekvenci, je vhodné je nakreslit na Obr. 4-15 .

Obr. 4-15

3R SRP�UQ� NRPSOLNRYDQpP YêSRþWX� NG\ XYDåXMHPH YOLY HOHNWURPDJQHWLFNpKR SROH QD

UR]ORåHQt SURXGX YH YRGLþtFK D IUHNYHQþQt ]iYLVORVW YRGLYRVWL GLHOHNWULND� GRVWDQHPH MDNR

výsledek jak se bude vedení se ztrátami chovat na vstupní signál - jednotkový skok. Tuto
S�HFKRGRYRX FKDUDNWHULVWLNX PiPH XYHGHQRX QD Obr. 4-16 .

Obr. 4-16
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3RVOHGQt RWi]NRX MH ]PtQND R S�tþQp NRQILJXUDFL YHGHQt� 8YH�PH VL Q�NWHUp QD QiVOHGXMtFtFK

vyobrazeních :

9tFH R GDOãtFK YODVWQRVWHFK D PRåQRVWHFK SRXåLWt YHGHQt P$åHPH QDOp]W Y XYHGHQp OLWHUDWX�H�


