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Chapter 11 
ELECTROMAGNETIC WAVES and RADIO TRANSMISSION 
�
 
 
Wave fundamentals 
(YHU\RQH� ZKR� KDV� GURSSHG� D� VWRQH� LQWR� D� FDOP� SRQG� DQG� REVHUYHG� WKH�
ULSSOHV�VSUHDGLQJ�RXWZDUG�RQ�WKH�VXUIDFH�ZLOO�EH�IDPLOLDU�ZLWK�WKH�LGHD�RI�
D�ZDYH��$�ZDYH�LV�EDVLFDOO\�D�GLVWXUEDQFH�RU�IOXFWXDWLRQ�LQ�VRPH�PDWHULDO�
RU� PHGLXP�� DQG� PRYHV� RU� SURSDJDWHV� WKURXJK� WKH� PHGLXP� DW� VRPH�
�XVXDOO\� UHODWLYHO\� FRQVWDQW��YHORFLW\��7KH�PHGLXP� LWVHOI�GRHV�QRW��RQ� WKH�
DYHUDJH��PRYH�LQ�WKH�GLUHFWLRQ�RI�WKH�ZDYH��EXW�HQHUJ\�LV�FDUULHG�DORQJ�E\�
WKH�ZDYH��
�
6RXQG�LV�DQ�H[DPSOH�RI�D�ZDYH�ZKHUH�WKH�DLU�PROHFXOHV�ZREEOH�EDFNZDUGV�
DQG�IRUZDUGV�LQ�WKH�VDPH�GLUHFWLRQ�DV�WKH�ZDYH�WUDYHOV��WKLV�LV�UHIHUUHG�WR�
DV� D� ORQJLWXGLQDO� ZDYH�� $� ZDYH� RQ� WKH� VXUIDFH� RI� ZDWHU� �IRU� H[DPSOH��
ZDYHV�DUULYLQJ�DW�%RQGL�EHDFK�� LV�DQ�H[DPSOH�RI�D�WUDQVYHUVH�ZDYH��+HUH�
WKH� ZDWHU� ORFDOO\� EREV� XS� DQG� GRZQ�� EXW� WKH� ZDYH� WUDYHOV� KRUL]RQWDOO\��
7KHVH� DUH� ERWK� H[DPSOHV� RI� �PHFKDQLFDO�� ZDYHV�� ZKLFK� LQYROYH� WKH�
PRYHPHQW� RI�PDWWHU�� DQG� WKH�ZDYH� YHORFLW\� GHSHQGV� RQ� WKH� GHQVLW\� DQG�
�VWLIIQHVV��RI�WKH�PHGLXP��6RXQG�ZDYHV�LQ�DLU�WUDYHO�DW�DERXW�����PHWUHV�
SHU� VHFRQG��ZKLOH� WKH� YHORFLW\� RI� VXUIDFH�ZDYHV� RQ�ZDWHU� LV� FRQVLGHUDEO\�
VORZHU��EXW�GHSHQGV�RQ�WKH�ZDWHU�GHSWK��
�
,W� LV� DOVR� SRVVLEOH� WR� KDYH� D� ZDYH� LQ� ZKLFK� WKH� IOXFWXDWLRQV� FRQVLVW� RI�
FKDQJLQJ� HOHFWULF� DQG� PDJQHWLF� ILHOGV�� 7KLV� LV� UHIHUUHG� WR� DV� DQ��
HOHFWURPDJQHWLF� �(0��ZDYH�� 7KH� HOHFWULF� DQG�PDJQHWLF� ILHOGV� DUH� FRXSOHG��
WRJHWKHU��DQG�DUH�DOZD\V�DW�ULJKW�DQJOHV�WR�HDFK�RWKHU�DQG�WR�WKH�GLUHFWLRQ�
RI�ZDYH�WUDYHO��(0�ZDYHV�DUH�WKXV�WUDQVYHUVH�ZDYHV���
�
�


�$VLGH��:KDW�LV�WKH�PHGLXP�WKURXJK�ZKLFK�(0�ZDYHV�SURSDJDWH"��
�
7KLV�ZRUULHG�SHRSOH� IRU�D� ORQJ�WLPH��0DQ\�DWWHPSWV�ZHUH�PDGH�WR�
ILQG�WKLV�PHGLXP��FDOOHG�WKH�DHWKHU�RU�HWKHU���ZLWKRXW�VXFFHVV��7KH�
FRUUHFW�EXW�DSSDUHQWO\�ZHLUG�DQVZHU�LV�WKDW�WKHUH�GRHVQ
W�DSSHDU�WR�
EH� DQ\� QHHG� IRU� RQH�� 7KH� HOHFWULF� DQG� PDJQHWLF� ILHOGV� RI� DQ� (0�
ZDYH� FDQ� H[LVW� DQG�SURSDJDWH�ZLWKRXW� WKH�SUHVHQFH�RI� D�PHGLXP��
(OHFWURPDJQHWLF�ZDYHV�ZLOO�WUDYHO�TXLWH�KDSSLO\�WKURXJK�D�YDFXXP��
�

�
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1RWLFH� WKDW� ZDYH� SURSDJDWLRQ� LV� RIWHQ� UHIHUUHG� WR� DV� UDGLDWLRQ� �IRU�
H[DPSOH�� WKH� WHUPV� �(0� UDGLDWLRQ��� RU� VD\LQJ� WKDW� VRXQG� LV� �UDGLDWHG��
IURP� D� ORXGVSHDNHU��� 'RQ
W� FRQIXVH� WKLV� ZLWK� VRPH� IRUPV� RI� QXFOHDU�
UDGLDWLRQ�� ZKLFK� LQYROYH� VXE�DWRPLF� SDUWLFOHV� EHLQJ� HPLWWHG�� DOWKRXJK�
WKHUH�DUH�QXFOHDU�SURFHVVHV�ZKLFK�JHQHUDWH�(0�UDGLDWLRQ��VXFK�DV�;�UD\V�
DQG�JDPPD�UD\V��ZKLFK�DUH�KDUPIXO�WR�KXPDQV�LQ�ODUJH�GRVHV���
�
Wave velocity, frequency and wavelength 
/HW
V� FRQVLGHU� D� ZDYH� RI� D� VLQJOH� IUHTXHQF\�� ,I� \RX� ZHUH� WR� ORRN� DW� WKLV�
ZDYH�RQ�WKH�VXUIDFH�RI�ZDWHU�� LWV�VKDSH��WDNLQJ�D�FXW�LQ�WKH�GLUHFWLRQ�WKH�
ZDYH� LV� WUDYHOOLQJ�� ZRXOG� ORRN� OLNH� D� VLQH�ZDYH��1RZ� LI� \RX� VWD\� DW� WKH�
VDPH�SRLQW�DQG�OHW�WKH�ZDYH�WUDYHO�SDVW��IRU�H[DPSOH�VLWWLQJ�RQ�D�GRFN�DQG�
ZDWFKLQJ�WKH�ZDYHV�UROO�LQ�����WKH�QXPEHU�RI�FUHVWV�ZKLFK�SDVV�SHU�VHFRQG�
LV�WKH�IUHTXHQF\�RI�WKH�ZDYH��DQG�LV�H[SUHVVHG�LQ�+]�LQ�WKH�XVXDO�ZD\��

�

�
)LJXUH�������)UHTXHQF\�DQG�ZDYHOHQJWK��

�
2Q� WKH� RWKHU� KDQG�� LI� \RX� WUDYHO� DORQJ� ZLWK� WKH� ZDYH�� WKH� GLVWDQFH�
EHWZHHQ� VXFFHVVLYH� FUHVWV� LV� FDOOHG� WKH�ZDYHOHQJWK�� 7KHVH� WZR�TXDQWLWLHV�
DUH�UHODWHG�E\�D�WKLUG��WKH�ZDYH�YHORFLW\��DV�IROORZV��
�
� Y� �I�λ���������ZKHUH�Y� �YHORFLW\����I� �IUHTXHQF\�DQG���λ� �ZDYHOHQJWK��
�
1RWH� WKDW� WKLV� HTXDWLRQ� KROGV� IRU� DOO� ZDYHV�� EH� WKH\� VRXQG�� ZDWHU�� (0�
ZDYHV� RU� ZKDWHYHU�� ,Q� WKH� FDVH� RI� (0� ZDYHV�� WKH� ZDYH� YHORFLW\� LV� WKH�
YHORFLW\�RI�OLJKW��,Q�D�YDFXXP��WKLV�YHORFLW\�LV�XVXDOO\�GHQRWHG�E\�F�DQG�LV�
HTXDO� WR� ����� Õ� ���� P�V�� ZKLOH� LQ� DLU� LW� LV� RQO\� VOLJKWO\� OHVV�� EXW� VWLOO�
H[WUHPHO\�FORVH�WR�WKLV�YDOXH��'RQ
W�FRQIXVH�WKH�YHORFLW\�RI�(0�ZDYHV�ZLWK�
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WKDW� RI� VRXQG� ZDYHV� LQ� DLU�� ZKLFK� DUH� DERXW� RQH�PLOOLRQ� WLPHV� VORZHU��
�VRXQG�LV�QRW�DQ�(0�ZDYH����
�
([DPSOH�������:KDW�LV�WKH�ZDYHOHQJWK�λ�RI��
�

�D��WKH�UDGLR�ZDYHV�EURDGFDVW�E\�$%&�)0�DW������0+]��DQG�
�E��WKH�PLFURZDYHV�XVHG�LQ�D�PLFURZDYH�RYHQ��I� ������*+]�"�

�
$QVZHU���5HDUUDQJLQJ�Y� �Iλ��ZH�KDYH�
�

λ� �Y���I��ZKHUH�Y� �F� ������Õ�����P�V��VR�WKDW�
�

�D��λ� ������Õ�������������Õ������ ������PHWUHV�
�

� �E��λ� ������Õ�������������Õ������ �������PHWUHV�
�
([DPSOH� ������ $W� D� IUHTXHQF\� RI� ����0+]� �WKH� DSSUR[LPDWH� IUHTXHQF\�

XVHG�E\�PRELOH�SKRQHV��ZKDW�LV�WKH�ZDYHOHQJWK��D��LQ�DLU��DQG��E��
LQ�D�FDEOH�ZLWK�D�YHORFLW\�IDFWRU�RI�����"�

�
$QVZHU��$V�EHIRUH��ZH�XVH�λ�  � Y� �� I�� EXW�KHUH� WKH�YHORFLW\� LV�GLIIHUHQW� IRU�

HDFK�FDVH��VR�WKDW�
�

�D��λ� ������Õ������������Õ������ ������PHWUHV�
�
�E��+HUH�Y�≠ F��,QVWHDG�ZH�KDYH�

�
Y� ������Õ�����Õ������ ������Õ�����P�V�
�
VR�λ� �Y���I� ������Õ������������Õ������ ������PHWUHV�
�

1RWLFH� WKDW�� IRU� WKH� VDPH� IUHTXHQF\�� WKH�ZDYHOHQJWK� LV� VKRUWHU� LI�
WKH�ZDYH�WUDYHOV�PRUH�VORZO\��
�

�
Types of electromagnetic waves 
)RU�FRQYHQLHQFH��YDULRXV�W\SHV�RI�(0�UDGLDWLRQ�DUH�FODVVLILHG�DFFRUGLQJ�WR�
WKHLU� ZDYHOHQJWK� ¥RU�� HTXLYDOHQWO\�� WKHLU� IUHTXHQF\�� $OWKRXJK� WKH�
XQGHUO\LQJ� PHFKDQLVP� RI� DOO� (0� ZDYH� W\SHV� LV� H[DFWO\� WKH� VDPH�� WKH�
WHFKQLTXHV�IRU�JHQHUDWLQJ��WUDQVPLWWLQJ�DQG�GHWHFWLQJ�WKHP�GR�GHSHQG�RQ�
WKH�ZDYHOHQJWK� �DV� GR� WKHLU� ELRORJLFDO� HIIHFWV��� 7KH� WHUP� HOHFWURPDJQHWLF�

������������������������������ ��������������
���$�XVHIXO�UXOH�RI�WKXPE�LV�WKDW�LQ�DLU�VRXQG�WDNHV�DERXW���PV�WR�WUDYHO�RQH�PHWUH��ZKLOH�
(0�ZDYHV�WDNH�DERXW���QV�WR�WUDYHO�WKH�VDPH�GLVWDQFH��
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VSHFWUXP�LV�XVHG�FROOHFWLYHO\�WR�GHVFULEH�(0�ZDYHV�RI�DOO�IUHTXHQFLHV��7KH�
WDEOH�EHORZ�OLVWV�PRVW�RI�WKH�FRPPRQ�QDPHV�XVHG�IRU�(0�ZDYHV�LQ�RUGHU�RI�
LQFUHDVLQJ�IUHTXHQF\��ZLWK�DSSUR[LPDWH�IUHTXHQF\�DQG�ZDYHOHQJWK�OLPLWV��
5DGLR�� PLFURZDYHV� DQG� LQIUDUHG� ZDYHV� DUH� FRPPRQO\� XVHG� IRU�
FRPPXQLFDWLRQV��
�
�

Common name Approx wavelength 
(in vacuum or air) 

Approx frequency Notes 

5DGLR�ZDYHV�� ��NP�����FP� � ��N+]����*+]� YHU\�EURDG�UDQJH���
• �$0��UDGLR�EDQG�� ���P������P� ����������0+]� LQFOXGLQJ�IRXU��
• �)0��UDGLR�EDQG�� �P� ���������0+]� H[DPSOHV�VKRZQ�
• �9+)��79�EDQG�� ���P������P� ���������0+]� �
• �8+)��79�EDQG�� ����P�������P� ����������0+]� �
0LFURZDYHV� ��FP����PP� �*+]������*+]� �
,QIUDUHG��,5�� �PP������QP� � LQFOXGHV��KHDW��

UDGLDWLRQ�
9LVLEOH�OLJKW� a���QP������QP� � VKRUW�ZDYHOHQJWKV�DUH�

�EOXH���ORQJ��UHG��
8OWUDYLROHW��89�� ���QP������SP� � �
;�UD\V� �QP������IP� � RYHUODSV�ERWK�89�DQG�

JDPPD�UD\V�
*DPPD�UD\V� �����SP� � �

�
7HUPLQRORJ\��
���$0� �DPSOLWXGH�PRGXODWLRQ�
���)0� �IUHTXHQF\�PRGXODWLRQ�
���9+)� �§YHU\�KLJK�IUHTXHQF\¨������������0+]��
���8+)� �§XOWUD�KLJK�IUHTXHQF\¨��������������0+]��
�
7DEOH�������7KH�FODVVLILFDWLRQ�RI�VRPH�W\SHV�RI�HOHFWURPDJQHWLF�UDGLDWLRQ��
�
([DPSOH��������:KDW�ZRXOG�ZH�FRPPRQO\�FDOO�(0�UDGLDWLRQ�KDYLQJ�
�
� �D��D�IUHTXHQF\�RI���Õ������+]"� �YLVLEOH�OLJKW��
� �E��D�IUHTXHQF\�RI�����+]"�� �UDGLR�ZDYHV��
� �F��D�ZDYHOHQJWK�RI���µP"�� �LQIUDUHG�UDGLDWLRQ��
� �G��D�ZDYHOHQJWK�RI��FP"� � �PLFURZDYHV��
�
WAVE PROPAGATION 
7KHUH� DUH� PDQ\� DVSHFWV� WR� ZDYH� SURSDJDWLRQ�� 7R� JLYH� DQ� LQNOLQJ� RI� WKH�
LVVXHV�LQYROYHG��ZH�PLJKW�DVN�TXHVWLRQV�VXFK�DV���
• :K\� GR� HQJLQHHUV� QHHG� WR� EXLOG� ODUJH� DQWHQQDV� WR� GHWHFW� IDLQW�

UDGLR�VLJQDOV"��
• :K\�GRHV�ODVW�ZHHN
V�SL]]D�JHW�KRW�LQ�WKH�PLFURZDYH�RYHQ"��
• :K\� FRXOG� \RX� OLYH�QHDU�D� ODUJH�79� WUDQVPLWWHU�ZLWKRXW�JHWWLQJ�

WRWDOO\�IULHG�WRR"���
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+RSHIXOO\��E\�WKH�WLPH�ZHªYH�ILQLVKHG��\RX�VKRXOG�KDYH�D�IDLUO\�JRRG�LGHD�RI�
VRPH�DQVZHUV��
:HªUH�JRLQJ�WR�ORRN�DW�VRPH�RI�WKH�WKLQJV�WKDW�KDSSHQ�DV�ZDYHV�SURSDJDWH��
$OWKRXJK� ZH� ZLOO� EH� WDONLQJ� DERXW� UDGLR� ZDYHV� LQ� SDUWLFXODU�� LW
V� ZRUWK�
UHPHPEHULQJ�WKDW�PRVW�RI�WKH�JHQHUDO�SULQFLSOHV�LQYROYHG�KHUH�DSSO\�WR�DOO�
VRUWV�RI�(0��DQG�QRQ�(0��ZDYHV��DOWKRXJK�WKH�PHFKDQLVPV�ZLOO�YDU\��)RU�
H[DPSOH�� ZH� FRXOG� DSSO\� PDQ\� RI� WKH� VDPH� SULQFLSOHV� WR�� VD\�� WKH� ZD\�
VRXQG�ZDYHV�EHKDYH�LQ�DQ�DXGLWRULXP���
�
The inverse square law 
6XSSRVH� ZH� KDYH� D� YHU\� VPDOO� HQHUJ\� VRXUFH�� UDGLDWLQJ� D� WRWDO� SRZHU� 3�
ZDWWV� RXWZDUG� HTXDOO\� DV�ZDYHV� LQ� DOO� GLUHFWLRQV� ��RPQLGLUHFWLRQDOO\��� LQ�
VSDFH�� �1RWH� WKDW� WKH� WHUP� §VSDFH¨� RU� IUHH� VSDFH� LV� QRW� XVHG� KHUH� LQ� WKH�
§RXWHU� VSDFH¨� VHQVH� ¥LW� FRXOG� EH�� IRU� H[DPSOH�� LQ� WKH� DWPRVSKHUH�� ,W� MXVW�
LPSOLHV� WKDW� WKH� UDGLDWLRQ� LV� QRW� FRQILQHG� LQ� DQ\� ZD\�� RU� DEVRUEHG� RU�
GHIOHFWHG� E\� VRPHWKLQJ� DORQJ� WKH� ZD\��� $W� VRPH� GLVWDQFH� 5� DZD\�� WKH�
SRZHU�UHFHLYHG�SHU�DUHD��FDOOHG�WKH�LQWHQVLW\��,�RI�WKH�ZDYH��LV�JLYHQ�E\�WKH�
LQYHUVH�VTXDUH�ODZ��
�

I =  
P

4 R 2π �
�
7KDW�LV��WKH�LQWHQVLW\�LV�SURSRUWLRQDO�WR���5���6R�LI�\RX�GRXEOH�WKH�GLVWDQFH�
IURP� D� VRXUFH�� WKH� LQWHQVLW\� IDOOV� E\� D� IDFWRU� RI� �� �WKDW� LV�� �� G%��� LI� \RX�
LQFUHDVH�WKH�GLVWDQFH�E\�D�IDFWRU�RI�����WKH�LQWHQVLW\�IDOOV�E\�D�IDFWRU�RI�����
�RU� ��� G%��� DQG� VR� RQ�� 1RWLFH� WKDW� WKLV� IDOORII� LV� QRW� SHFXOLDU� WR� DQ\�
SDUWLFXODU� W\SH� RI� ZDYH�� LW� LV� D� QDWXUDO� FRQVHTXHQFH� RI� WKH� JHRPHWU\� RI�
WKUHH�GLPHQVLRQDO�VSDFH��
�
$OWKRXJK� WKH� LQYHUVH� VTXDUH� ODZ� LV� VWULFWO\� FRUUHFW� RQO\� LQ� IUHH�VSDFH�
FRQGLWLRQV��LW�LV�D�UHDVRQDEOH�DSSUR[LPDWLRQ�LQ�PDQ\�UHDO�VLWXDWLRQV�ZKHUH�
WKHUH� DUH� QR� ODUJH� UHIOHFWLRQV� SUHVHQW�� ,Q� DGGLWLRQ�� WKH� ��5�� SDUW� RI� WKH�
HTXDWLRQ� GRHV�QRW� DFWXDOO\� GHSHQG�RQ� WKH� VRXUFH� UDGLDWLQJ� HTXDOO\� LQ�DOO�
GLUHFWLRQV�� DV� ORQJ� DV� WKH� UDGLDWLRQ� WUDYHOV� �LQ� VWUDLJKW� OLQHV�� DZD\� IURP�
WKH�VRXUFH��
�
([DPSOH� ������ 7KH� LQWHQVLW\� RI� WKH� PLFURZDYH� VLJQDO� UHFHLYHG� IURP� D�
VDWHOOLWH� DW� DQ� HDUWK� VWDWLRQ� LV� DERXW� �µ:�P��� 7KH� VDWHOOLWH� LV� LQ� D�
JHRVWDWLRQDU\�RUELW�DW�D�GLVWDQFH�RI��������NP��:KDW�ZRXOG�\RX�H[SHFW�WKH�
UHFHLYHG�LQWHQVLW\�WR�EH�LI�LQVWHDG�WKH�VDWHOOLWH�ZHUH�DW�WKH�GLVWDQFH�RI�WKH�
PRRQ����������NP�"�
�
$QVZHU�� ,Q� WKLV� FDVH�� ZH� FDQ� VDIHO\� DVVXPH� WKDW� WKH� LQYHUVH� VTXDUH� ODZ�
DSSOLHV��7KH�GLVWDQFH� LQFUHDVHV�E\�D� IDFWRU�RI���������������� �������7KH�
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UHFHLYHG� LQWHQVLW\� ZLOO� WKHUHIRUH� EH� VPDOOHU� E\� WKH� IDFWRU�
������������ ��������� � +HQFH� WKH� LQWHQVLW\� DW� �������� NP� ZLOO� EH�
�µ:�P��Õ�������� ������ µ:�P���RU����Q:�P���
�
([DPSOH� ������ � <RX�KDYH� D�PRELOH� SKRQH�� EXW� EHLQJ� D� FDUHIXO� W\SH�\RX�
GRQ
W�OLNH�RSHUDWLQJ�LW�QH[W�WR�\RXU�KHDG��VR�\RX�KROG�LW�DERXW�D�PHWUH�DZD\�
DQG� VKRXW� ORXGO\� ZKHQ� XVLQJ� LW� �\RX� KDYH� SHUPDQHQW� KHDULQJ� GDPDJH�
DQ\ZD\�IURP�EHLQJ�D�GUXPPHU�LQ�D�URFN�EDQG�VR�LW�GRHVQ
W�PDWWHU�WKDW�\RX�
FDQ
W� KHDU� WKH� SHUVRQ� DW� WKH� RWKHU� HQG��� 7KH� SKRQH� WUDQVPLWWHU� KDV� DQ�
RXWSXW�SRZHU�RI���ZDWWV��0HDQZKLOH��\RXU�UDGLR�DPDWHXU�QHLJKERXU�KDV�D�
UDWKHU� SRZHUIXO� ����� ZDWW� WUDQVPLWWHU�� ZLWK� KLV� URRI�PRXQWHG� DQWHQQD�
ORFDWHG� DERXW� ��� PHWUHV� IURP� \RXU� EHGURRP�� ,I� ZH� PDNH� WKH� UDWKHU�
VLPSOLVWLF�DVVXPSWLRQV� WKDW� ERWK�DQWHQQDV�DUH�RPQLGLUHFWLRQDO��DQG� WKDW�
WKH� LQYHUVH� VTXDUH� ODZ� DSSOLHV�� ZKLFK� UDGLDWLRQ� VRXUFH�ZLOO� SURGXFH� WKH�
JUHDWHVW�LQWHQVLW\�DW�\RXU�KHDG"�
�
$QVZHU��8VLQJ�WKH�LQYHUVH�VTXDUH�ODZ��IRU�WKH�DPDWHXU�UDGLR�WUDQVPLWWHU��
�
,QWHQVLW\� ����������π�Õ������ �������:�P���ZKLOH�IRU�WKH�PRELOH�SKRQH��
�
,QWHQVLW\� �������π�Õ����� ������:�P����ZKLFK�LV�DERXW���WLPHV�KLJKHU�WKDQ�
WKH�LQWHQVLW\�SURGXFHG�E\�WKH�KLJK�SRZHU�WUDQVPLWWHU��
�
Absorption of EM waves 
7KH� GURS� LQ� LQWHQVLW\� RI� D� ZDYH� LQ� DQ\� VLWXDWLRQ� ZKHUH� LW� LV� QRW� LQ� D�
FRQILQHG�VSDFH�LV�MXVW�D�QDWXUDO�FRQVHTXHQFH�RI�WKH�ZDYH�HQHUJ\�VSUHDGLQJ�
RXW� RYHU� D� ODUJHU� DUHD�� DQG� LV� H[SUHVVHG� DV� WKH� LQYHUVH� VTXDUH� ODZ��
+RZHYHU�� LW� LV�DOVR�SRVVLEOH� IRU� HQHUJ\� WR�EH�DEVRUEHG�E\�WKH�PHGLXP�
WKURXJK�ZKLFK� WKH�ZDYH� LV� WUDYHOOLQJ�� ,Q� WKLV� FDVH� WKH� HQHUJ\� LV� XVXDOO\�
XOWLPDWHO\� FRQYHUWHG� WR� KHDW� �WKH� ILQDO� IDWH� RI� DOO� IRUPV� RI� HQHUJ\� LQ� WKH�
XQLYHUVH����
�
$�QLFH�PHFKDQLFDO�ZDYH�H[DPSOH�RI�WKLV�RFFXUV�ZKHQ�\RX�IOLFN�RQH�HQG�RI�D�
JDUGHQ�KRVH�ZKLFK�LV�O\LQJ�RQ�WKH�JURXQG��<RX�FDQ�XVXDOO\�PDQDJH�WR�JHW�D�
EXPS� WR� SURSDJDWH� DORQJ� WKH� KRVH� IRU� VRPH�GLVWDQFH�� EXW� LW� UDSLGO\� JHWV�
VPDOOHU�DV�LW�WUDYHOV�EHFDXVH�RI�YDULRXV�IULFWLRQDO�ORVVHV��7KLV�HQHUJ\�JRHV�
LQWR�KHDWLQJ�WKH�KRVH��JURXQG�DQG�DLU�E\�VRPH�PLQLVFXOH�DPRXQW��
�
,Q� WKH�FDVH�RI�(0�ZDYHV�� ORVVHV�FDQ�RFFXU� LQ� WKH�PHGLXP�WKURXJK�ZKLFK�
LW
V� WUDYHOOLQJ� GXH� WR� YDULRXV�PHFKDQLVPV�� VRPH� RI�ZKLFK� GHSHQG� RQ� WKH�
H[DFW� IUHTXHQF\�� )RU� H[DPSOH�� LI� WKH� PHGLXP� LV� VOLJKWO\� HOHFWULFDOO\�
FRQGXFWLYH��WKHQ�WKH�(0�ZDYH�FDXVHV�VPDOO�FXUUHQWV�WR�IORZ��DQG��MXVW�DV�
LQ� D� UHVLVWRU�� HOHFWULFDO� HQHUJ\� LV� FRQYHUWHG� WR� KHDW�� 7KH� KHDWLQJ� ZKLFK�
RFFXUV�LQ�D�PLFURZDYH�RYHQ�LV�GXH�WR�VRPHWKLQJ�VLPLODU��DQG�UHOLHV�RQ�WKH�



CHAPTER 11                   ELECTROMAGNETIC WAVES                                            ��-7

SUHVHQFH� RI�PRLVWXUH� LQ� WKH� IRRG�� $W� ����� *+]� �WKH� VWDQGDUG�PLFURZDYH�
RYHQ� IUHTXHQF\�� WKH�ZDYHV� SHQHWUDWH� WKH�VXUIDFH�RI� IRRG� WR�SURYLGH� VRPH�
KHDWLQJ� IURP�WKH� LQVLGH��%HFDXVH�WKH�ZDYHV� ORVH�HQHUJ\�WR� WKH� IRRG�� WKH\�
DOVR�JHW�ZHDNHU�LQ�LQWHQVLW\�DV�WKH\�WUDYHO�LQZDUGV��
�
7KLV�ORVV�LQ�LQWHQVLW\��RU�DWWHQXDWLRQ�RI�D�ZDYH�DV�LW�WUDYHOV�WKURXJK�D�ORVV\�
PHGLXP�LQFUHDVHV�ZLWK�GLVWDQFH�H[DFWO\�WKH�VDPH�ZD\�DV�LQ�D�FDEOH��WKDW�
LV��WKH�ORVV�H[SUHVVHG�LQ�G%�LV�SURSRUWLRQDO�WR�GLVWDQFH��6R�LI�WKH�LQWHQVLW\�
RI�D�ZDYH�GURSV�E\���G%� LQ� WUDYHOOLQJ���PHWUH� WKURXJK�D�PHGLXP�� LW�ZLOO�
GURS�E\����G%�LQ�WUDYHOOLQJ���PHWUHV��DQG�VR�RQ����
�
�
([DPSOH� ������ 7KH� VLJQDO� UHFHLYHG� RYHU� D� ��� NP� ORQJ� PLFURZDYH� OLQN�
VXIIHUV� DQ�DGGLWLRQDO� DWWHQXDWLRQ� RI� DERXW���G%�RQ�D� IRJJ\�PRUQLQJ��GXH�
WKH� SUHVHQFH� RI� ZDWHU� YDSRXU� LQ� WKH� DLU�� :KDW� ZRXOG� \RX� H[SHFW� WKH�
DGGLWLRQDO� DWWHQXDWLRQ�GXH� WR� WKH�ZDWHU� YDSRXU�XQGHU� WKH�VDPH�ZHDWKHU�
FRQGLWLRQV� WR� EH� IRU� D� OLQN� ��� NP� ORQJ"� �,JQRUH� DWWHQXDWLRQ� GXH� WR� WKH�
LQYHUVH� VTXDUH� ODZ�� ZKLFK� ¥DOWKRXJK� GLIIHUHQW� IRU� ERWK� OLQNV� ¥GRHV� QRW�
FKDQJH�ZLWK�WKH�ZHDWKHU��7KDW�ZDV�D�VHSDUDWH�SUREOHP�IRU�WKH�GHVLJQHUV�
RI�WKH�OLQN���
�
$QVZHU�� 7KH� DWWHQXDWLRQ� LQ� G%� GXH� WR� ZDWHU� YDSRXU� LV� SURSRUWLRQDO� WR�
GLVWDQFH��VR�WKH�DWWHQXDWLRQ�SHU�NP�LV���G%������NP� �����G%���NP��+HQFH�
WKH�DGGLWLRQDO�DWWHQXDWLRQ�IRU�D����NP�OLQN�LV�MXVW�����Õ���� ����G%��
�
7KLV�H[DPSOH�KLJKOLJKWV�WKH�IDFW�WKDW�WKH�DWPRVSKHUH�FDQ�SOD\�D�ELJ�UROH�
LQ�PLFURZDYH� FRPPXQLFDWLRQV��0LFURZDYHV� DERYH� D� IUHTXHQF\� RI� VHYHUDO�
*+]� FDQ� EH� VHYHUHO\� DIIHFWHG� E\� ZHDWKHU� FRQGLWLRQV�� FHUWDLQO\� D� VHYHUH�
UDLQ�VWRUP�FDQ�HIIHFWLYHO\�REOLWHUDWH�VDWHOOLWH�UHFHSWLRQ��
�
Absorption of EM waves in the human body 
$UH�PRELOH�SKRQHV�D�KHDOWK�KD]DUG"�7KLV�LV�FHUWDLQO\�D�FRQWURYHUVLDO�LVVXH�
RI� ODWH�� DQG� RQH� ZKLFK� LVQ
W� JRLQJ� WR� GLVDSSHDU� RYHUQLJKW�� :KLOH� LW
V�
FHUWDLQO\� WUXH� WKDW� QR� LPPHGLDWH� RU� PHGLXP�WHUP� HIIHFWV� DUH� REYLRXV�� ,�
WKLQN� WKH� MXU\� LV� VWLOO� RXW� RQ� WKLV� RQH�� ,W� PLJKW� EH� ZRUWK� OLVWLQJ� D� IHZ�
UHOHYDQW�SRLQWV�IRU�FRQVLGHUDWLRQ��
�
• /LNH�DQ\�WLVVXH��WKH�KXPDQ�ERG\�DEVRUEV�HQHUJ\�IURP�HOHFWURPDJQHWLF�

ZDYHV��DQG�H[DPSOH�������VKRXOG�FRQYLQFH�\RX�WKDW�PRELOH�SKRQHV�DUH�
WKH�JUHDWHVW�VRXUFH�RI�VXFK�UDGLDWLRQ�ZKHQ�WKH\�DUH�WUDQVPLWWLQJ��

������������������������������ ��������������
2 Remember that when doing decibel calculations here, you are dealing with power, since intensity is 
power per area, so the form 10 log10(…) must be used.�
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• ,W�LV�XQOLNHO\�WKDW�WKH�XVH�RI�D�PRELOH�SKRQH�§VKLHOG¨�ZLOO�VLJQLILFDQWO\�
FKDQJH� \RXU� H[SRVXUH�� DV� WKH� DQWHQQD� PXVW� VWLOO� EH� XQFRYHUHG� WR�
UDGLDWH�SURSHUO\��

• 7KH� FXUUHQW� $XVWUDOLDQ� VWDQGDUG� IRU� H[SRVXUH� WR� (0� ILHOGV� LV� DQ�
DYHUDJH��RYHU�WLPH��RI����µ:�FP���RU�D�SHDN�YDOXH�RI���ZDWW�FP���

• 7UDGLWLRQDOO\�� VDIHW\� OLPLWV� IRU� H[SRVXUH� WR�(0� ILHOGV� DUH� GHWHUPLQHG�
SXUHO\�E\�FRQVLGHULQJ�WKH�KHDWLQJ�HIIHFWV��+RZHYHU��RWKHU��PRUH�VXEWOH�
HIIHFWV�DW� WKH� FHOO� OHYHO�KDYH�EHHQ�REVHUYHG� IRU�TXLWH�VPDOO� LQWHQVLWLHV�
�EXW�WKHVH�DUH�GLIILFXOW�WR�WUDQVODWH�DW�SUHVHQW�LQWR�KHDOWK�ULVNV���

• 0DQ\�RI�WKH�QDVW\�HIIHFWV�EHLQJ�VXJJHVWHG��VXFK�DV�FDQFHUV��PD\�WDNH�D�
ORQJ�WLPH�WR�VKRZ�XS� �IRU�H[DPSOH����� WR����\HDUV���:H�UHDOO\�KDYHQªW�
KDG�PRELOH�SKRQHV�DURXQG� ORQJ�HQRXJK�WR�JDWKHU� VXIILFLHQW� ORQJ�WHUP�
GDWD��

• 7KH� ELRORJLFDO� HIIHFWV� RI� (0� UDGLDWLRQ� PD\� EH� TXLWH� IUHTXHQF\�
GHSHQGHQW�� VR� VWXGLHV� DW� TXLWH� GLIIHUHQW� ZDYHOHQJWKV� PD\� \LHOG�
GLIIHUHQW�UHVXOWV��

• 7KH�PRELOH� SKRQH� LQGXVWU\� LV� ZRUWK� D� KXJH� DPRXQW� RI�PRQH\��0DQ\�
ODUJH�DQG�LQIOXHQWLDO�SOD\HUV�DUH�LQYROYHG��

�
,WªV� SUREDEO\� SUXGHQW� WR� NHHS� DQ� RSHQ�PLQG� RQ� WKH� LVVXH�� DQG�� IRU� WKRVH�
ZKR�DUH�LQWHUHVWHG��VRPH�ZHE�VLWHV�OLVWHG�DW�WKH�HQG�RI�WKLV�FKDSWHU�SURYLGH�
VRPHZKDW�GLIIHULQJ�SRLQWV�RI�YLHZ��
�
 
Diffraction of Waves 
:DYHV� GR� QRW� WUDYHO� LQ� QLFH�� VKDUS� VWUDLJKW� OLQHV� OLNH� OLWWOH� EXOOHWV��
'LIIUDFWLRQ�LV�WKH�WHUP�XVHG�WR�GHVFULEH�WKH�QDWXUDO�VSUHDGLQJ�WKDW�RFFXUV�
ZKHQ�D�ZDYH�SURSDJDWHV��7KLV�FDQ�VKRZ�XS�LQ�WZR�ZD\V��
�
• $�ZDYH�FDQQRW�EH�H[DFWO\�FRQILQHG�WR�D�SDUDOOHO�§EHDP¨�RI�IL[HG�ZLGWK��

7R�VRPH�GHJUHH��WKH�EHDP�DOZD\V�GLYHUJHV�ZLWK�GLVWDQFH��
�
• :KHQ�D�ZDYH�HQFRXQWHUV�DQ�REVWDFOH�RU�HGJH��VRPH�RI�WKH�ZDYH�§OHDNV¨�

RU�EHQGV�DURXQG�LW��VR�WKDW�WKH�ZDYH�GRHV�QRW�FDVW�D�VKDUS�§VKDGRZ¨��
�
$Q�H[DPSOH�RI�WKH�VHFRQG�FDVH�LV�LOOXVWUDWHG�LQ�WKH�GLDJUDP�EHORZ��ZKHUH�
ZDWHU�ZDYHV�DSSURDFKLQJ�D�EHDFK�HQFRXQWHU�D�EUHDNZDWHU��$OWKRXJK� WKH�
EUHDNZDWHU� FUHDWHV� DQ� HVVHQWLDOO\� §FDOP� ]RQH¨� EHKLQG� LW�� VRPH�ZDYHV� GR�
PDNH�LW�WR�WKLV�SDUW�RI�WKH�EHDFK�DV�ZHOO��KDYLQJ�EHHQ�GLIIUDFWHG�DURXQG�WKH�
HGJH�RI�WKH�EUHDNZDWHU��
�
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�
)LJXUH�������'LIIUDFWLRQ�RI�ZDWHU�ZDYHV�DURXQG�D�EUHDNZDWHU��

�
+RZ� REYLRXV� WKH� HIIHFWV� DUH� GHSHQGV� RQ� WKH� ZDYHOHQJWK�� EHLQJ� PRUH�
QRWLFHDEOH� DW� ORQJHU� ZDYHOHQJWKV�� :KHQ� ZDYHV� RI� GLIIHUHQW� ZDYHOHQJWKV�
HQFRXQWHU� DQ� REMHFW�� WKH� §VKDGRZ§� UHJLRQ� EHKLQG� WKH� REMHFW� LV� PRUH�
H[WHQVLYH� IRU� VKRUWHU� ZDYHOHQJWKV� �KLJKHU� IUHTXHQFLHV��� ,W� GHSHQGV�
SULPDULO\�RQ�WKH�VL]H�RI�WKH�REVWDFOH�FRPSDUHG�WR�WKH�ZDYHOHQJWK�RI�
WKH� ZDYHV�� 6R� IRU�� VD\�� $0� UDGLR� ZDYHV�� ZKHUH� WKH� ZDYHOHQJWK� LV�
KXQGUHGV�RI�PHWUHV��UHFHSWLRQ�LV�QRW�EORFNHG�E\�ORFDO�KLOOV�DQG�YDOOH\V��2Q�
WKH�RWKHU�KDQG��79�UHFHSWLRQ��SDUWLFXODUO\�DW�8+)��ZKHUH�WKH�ZDYHOHQJWK�
LV�RQO\�KDOI�D�PHWUH�RU�VR��LV�YHU\�ORFDOLW\�GHSHQGHQW��DQG�UHFHSWLRQ�PD\�EH�
YHU\� SRRU� DW� VRPH� ORFDWLRQV� LQ� YDOOH\V� RU� EHKLQG� KLOOV�� DV� VHHQ� IURP� WKH�
WUDQVPLWWHU��,Q�WKHVH�FDVHV��YHU\�KLJK�DQWHQQDV�PLJKW�EH�QHHGHG��RU�HYHQ�
UHSHDWHUV��ZKLFK� UHFHLYH� WKH�79�VLJQDO�DW�D�PRUH� IDYRXUDEOH� ORFDWLRQ� �IRU�
H[DPSOH��RQ�WRS�RI�D�KLOO��DQG�UH�UDGLDWH�LW�DW�D�GLIIHUHQW�IUHTXHQF\�WR�WKH�
ORFDO�FRPPXQLW\��
�
)RU�WKLV�UHDVRQ��ZH�UHIHU�WR�UDGLR�FRPPXQLFDWLRQV�DW�8+)�DQG�DERYH��WKDW�
LV�� DERYH�DERXW� ����0+]�� DV� §OLQH� RI� VLJKW¨��PHDQLQJ� WKDW�� LGHDOO\�� WKHUH�
QHHGV� WR� EH� DQ� XQKLQGHUHG� VWUDLJKW� SDWK� EHWZHHQ� WUDQVPLWWHU� DQG�
UHFHLYHU��
�
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Antennas 
:H� FDQ� UHJDUG� DQ�DQWHQQD� �RU�DHULDO�� DV� D� GHYLFH� WKDW� HLWKHU� ODXQFKHV�D�
ZDYH�LQWR�D�PHGLXP��RU�H[WUDFWV�HQHUJ\�IURP�D�SDVVLQJ�ZDYH�DQG�FRQYHUWV�
LW� WR� HOHFWULFDO� IRUP�� 3HUKDSV� VXUSULVLQJO\�� DQWHQQD� HQJLQHHUV� GRQªW�
GLVWLQJXLVK� EHWZHHQ� WKH� WZR� FDVHV� ¥LW� WXUQV� RXW� WKDW� DQ� DQWHQQDªV�
FKDUDFWHULVWLFV�DUH�H[DFWO\�WKH�VDPH�ZKHWKHU�\RX�WUDQVPLW�RU�UHFHLYH�ZLWK�
LW��
�
<RX�KDYH�SUREDEO\�VHHQ�VRPH�GLIIHUHQW�W\SHV�RI�DQWHQQDV��VXFK�DV��
• $Q�RXWGRRU�79�DQWHQQD��ZKLFK�ORRNV�OLNH�DQ�DUUD\�RI�PHWDO�URGV��
• $�VLQJOH�URG��DV�XVHG�RQ�D�PRELOH�SKRQH��RU�D�FDU�UDGLR��
• $�ORQJ�ZLUH��VRPHWLPHV�XVHG�IRU�§VKRUW�ZDYH¨�UHFHSWLRQ��
• /DUJH� RU� VPDOO� FLUFXODU� §GLVK¨� DQWHQQDV�� RIWHQ� XVHG� IRU� VDWHOOLWH�

UHFHSWLRQ�RU�PLFURZDYH�OLQNV��
�
7KHUH�DUH� LQ� IDFW�D� ODUJH�YDULHW\�RI�GLIIHUHQW�EDVLF�DQWHQQD�GHVLJQV��HDFK�
ZRUNLQJ� RQ� VOLJKWO\� GLIIHUHQW� SULQFLSOHV�� DQG� KDYLQJ� YDULRXV� DGYDQWDJHV�
DQG� GLVDGYDQWDJHV�� EXW� WKH\� VKDUH� VRPH� FRPPRQ� FKDUDFWHULVWLFV�� 7KH�
PDLQ�SURSHUW\�ZKLFK� LQWHUHVWV�XV�KHUH� LV� WKH�DELOLW\�RI�DQ�DQWHQQD�ZKHQ�
WUDQVPLWWLQJ� WR� FRQFHQWUDWH� RU� §EHDP¨� WKH� UDGLDWLRQ� LQ� D� SDUWLFXODU�
GLUHFWLRQ��UDWKHU�WKDQ�MXVW�VSUD\LQJ�LW�DURXQG�HTXDOO\�LQ�DOO�GLUHFWLRQV���,Q�
WHUPV�RI�D�UHFHLYLQJ�DQWHQQD�WKLV�FRUUHVSRQGV�WR�EHLQJ�PRUH�VHQVLWLYH�WR�
ZDYHV�DUULYLQJ�IURP�D�SDUWLFXODU�GLUHFWLRQ��
�
$V� ,� PHQWLRQHG� EHIRUH�� LW� GRHVQªW� UHDOO\� PDWWHU� ZKHWKHU� DQ� DQWHQQD�
WUDQVPLWV� RU� UHFHLYHV� ¥LWV� GLUHFWLRQDO� FKDUDFWHULVWLFV� DUH� WKH� VDPH�� )RU�
FRQYHQLHQFH�� ZH� FDQ� WKLQN� RI� DQWHQQDV� DV� WUDQVPLWWLQJ� RQO\�� LW� ZLOO� EH�
LPSOLFLWO\�XQGHUVWRRG�WKDW�WKH\�FRXOG�UHFHLYH�DV�ZHOO��
�
:H�VSHFLI\�KRZ�GLUHFWLRQDO�DQ�DQWHQQD�LV�E\�FRPSDULQJ�LW�WR�D�K\SRWKHWLFDO�
DQWHQQD� ZKLFK� LV� SUHFLVHO\� RPQLGLUHFWLRQDO�� WKDW� LV�� DW� D� JLYHQ� GLVWDQFH�
IURP� WKH� DQWHQQD�� WKH� UDGLDWLRQ� LQWHQVLW\� SURGXFHG� E\� LW� LV� WKH� VDPH��
UHJDUGOHVV� RI� WKH� GLUHFWLRQ��� 7KH� GLUHFWLRQDO� SURSHUWLHV� DUH� XVXDOO\�
PHDVXUHG�DW�D�ODUJH�GLVWDQFH�IURP�DQ�DQWHQQD��LQ�WKLV�FDVH��WKH�UDGLDWLRQ�
LQWHQVLW\�LV�XVXDOO\�JUHDWHVW�LQ�RQH�SULPDU\�GLUHFWLRQ�DQG�LV�VRPHZKDW�OHVV�
�SHUKDSV�FORVH�WR�]HUR��LQ�RWKHU�GLUHFWLRQV��
�
7ZR�TXDQWLWLHV�ZKLFK�GHVFULEH�WKH�§GLUHFWLRQDOLW\¨�RI�DQ�DQWHQQD�DUH��
�

������������������������������ ��������������
3 Of course, if the radiation is more concentrated in some directions, less must be radiated in other 
directions, since the total power, shared over all directions, must be the same.�
4  This is sometimes referred to by the dignified name of isotropic radiator.�
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• 7KH� JDLQ�� XVXDOO\� H[SUHVVHG� LQ� G%�� $W� D� ODUJH� GLVWDQFH� DZD\� LQ� D�
SDUWLFXODU�GLUHFWLRQ��LW�LV�GHILQHG�DV�

�






=
antenna ionalomnidirect idealby  producedintensity 

antennaby  producedintensity 
log 10  (dB) Gain 10

�
�
8QOHVV� WKH� GLUHFWLRQ� LV� VSHFLILHG�� WKH� JDLQ� LV� XVXDOO\� WDNHQ� WR� EH� WKH�
PD[LPXP�JDLQ��WKDW�LV��LQ�WKH�GLUHFWLRQ�RI�PD[LPXP�LQWHQVLW\����
�
• 7KH�EHDPZLGWK��ZKLFK�GHVFULEHV�KRZ�VKDUSO\�LQ�DQJOH�WKH�UDGLDWLRQ�

LV� EHDPHG�� ,W� LV� WKH� DQJOH� EHWZHHQ� WKH� WZR� GLUHFWLRQV� ZKHUH� WKH�
DQWHQQD� JDLQ� KDV� IDOOHQ� WR� KDOI� LQ� SRZHU� ���� G%�� FRPSDUHG� WR� WKH�
PD[LPXP�JDLQ��7KLV�LV�SHUKDSV�PRUH�HDVLO\�YLVXDOLVHG�WKDQ�VWDWHG��DQG�
WKH�JUDSK�EHORZ��D�SRODU�JUDSK�RI�WKH�UDGLDWLRQ�SDWWHUQ��VKRZV�KRZ�WKH�
JDLQ� YDULHV�ZLWK�DQJOH� IRU�DQ�DQWHQQD�ZLWK�D�EHDPZLGWK�RI� DERXW����
GHJUHHV��1RWH�WKDW�WKH�PDLQ�EHDP�RI�DQ�DQWHQQD�FDQ�QHYHU�EH�SHUIHFWO\�
VKDUS��WKLV�LV�D�OHJDF\�RI�GLIIUDFWLRQ���EXW�PXVW�IDOO�RII�VPRRWKO\�WR�VRPH�
GHJUHH��

�
)LJXUH���������3RODU�JUDSK�VKRZLQJ�WKH�JDLQ�RI�DQ�DQWHQQD�ZLWK�D�

EHDPZLGWK�RI�DERXW����GHJUHHV��
�
)RU�D�UHFHLYLQJ�DQWHQQD��D�JDLQ�RI�PRUH�WKDQ����L�H��!���G%��LQ�D�SDUWLFXODU�
GLUHFWLRQ� LPSOLHV� WKDW� VLJQDOV� IURP� WKDW� GLUHFWLRQ� DUH� §ERRVWHG¨� E\� WKDW�
PXFK� ¥ZKLOH� VLJQDOV� IURP� RWKHU� GLUHFWLRQV� PXVW� EH� DWWHQXDWHG�� 7KLV� LV�
ZK\� KLJK�JDLQ� DQWHQQDV�� VRPHWLPHV�ZLWK� JDLQV� RI�� VD\�� ��� RU� ��� G%� DUH�
XVHG� E\� GHHS�VSDFH� WUDFNLQJ� VWDWLRQV� DQG� UDGLR� DVWURQRPHUV� WR� SLFN� XS�
ZHDN�VLJQDOV�EHIRUH�WKH\�DUH�IHG�LQWR�UDGLR�UHFHLYHUV��
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�
6LQFH� WKH� LQWHQVLW\�RI�DQ�(0�ZDYH�DW�VRPH�GLVWDQFH�IURP�D�WUDQVPLWWLQJ�
DQWHQQD�GHSHQGV�RQ�ERWK�WKH�WUDQVPLWWHU�SRZHU�DQG�WKH�DQWHQQD�JDLQ��D�
KLJK�SRZHU� WUDQVPLWWHU� FRQQHFWHG� WR�� VD\�� DQ� DOPRVW� RPQLGLUHFWLRQDO�
DQWHQQD�PLJKW� SURGXFH� WKH� VDPH� UHVXOW� LQ� RQH� GLUHFWLRQ� DV� D� ORZ�SRZHU�
WUDQVPLWWHU� FRQQHFWHG� WR� D� KLJK�JDLQ� DQWHQQD�� ¥WKDW� LV�� RQH� ZKRVH�
UDGLDWLRQ� LV� VWURQJO\� EHDPHG� LQ� WKDW� GLUHFWLRQ�� 2I� FRXUVH�� WKH� KLJK�JDLQ�
DQWHQQD�ZLOO�QHHG�WR�EH�DLPHG�FRUUHFWO\��DQG�LQ�RWKHU�GLUHFWLRQV��ZRQªW�GR�
QHDUO\�DV�ZHOO�DV�WKH�RPQLGLUHFWLRQDO�DQWHQQD��
�
,Q� JHQHUDO�� WKH� GLUHFWLRQDO� FKDUDFWHULVWLFV� RI� DQ� DQWHQQD� GHSHQG� RQ� LWV�
VL]H�� 7KH� ODUJHU� DQ� DQWHQQD�� WKH�PRUH� GLUHFWLRQDO� LW� FDQ�EH��<RX� FDQQRW�
EXLOG� D� YHU\� VPDOO�� KLJK� JDLQ� DQWHQQD�� WKH� ODZV� RI� SK\VLFV� GLFWDWH� WKLV��
+RZHYHU��LWªV�QRW�MXVW�WKH�SK\VLFDO�VL]H�WKDW�PDWWHUV��EXW�WKH�VL]H�UHODWLYH�
WR� WKH� ZDYHOHQJWK� RI� WKH� UDGLDWLRQ� LWªV� WUDQVPLWWLQJ� RU� UHFHLYLQJ�� $Q�
DQWHQQD�ZKLFK� LV� SK\VLFDOO\�PXFK�VPDOOHU� WKDQ�D�ZDYHOHQJWK� LV� FORVH� WR�
RPQLGLUHFWLRQDO�LQ�PRVW�GLUHFWLRQV��
�
$OWKRXJK�LW�FDQ�YDU\�VOLJKWO\�GHSHQGLQJ�RQ�WKH�H[DFW�DQWHQQD�GHWDLOV��WKH�
EHDPZLGWK� IRU�D� FLUFXODU�DQWHQQD� �WKDW� LV��XVXDOO\�D�FLUFXODU� §GLVK¨�ZLWK�
WKH�FURVV�VHFWLRQDO�VKDSH�RI�D�SDUDEROD��LV�JLYHQ�URXJKO\�E\�
�

� degrees    
diameterantenna 

wavelength
75  Beamwidth ×≈ ����

�
ZKLOH�WKH��PD[LPXP��JDLQ�LQ�G%�LV�JLYHQ�E\�
�

� dB   
wavelength

diameter 
0.75 log 10 Gain

2

10 














 ××≈ π ��

�
$� FUXGH� EXW� XVHIXO� UXOH� RI� WKXPE� IRU� DQ\� VKDSH� RI� DQWHQQD� LV� WKDW� WKH�
EHDPZLGWK�LQ�UDGLDQV��LV�YHU\�URXJKO\�HTXDO�WR�WKH�LQYHUVH�RI�WKH�ODUJHVW�
GLPHQVLRQ�RI�WKH�DQWHQQD�H[SUHVVHG�LQ�ZDYHOHQJWKV��7KXV�DQ�DQWHQQD�
ZKLFK�ZDV����ZDYHOHQJWKV�DFURVV�ZRXOG�EH�H[SHFWHG�WR�KDYH�D�EHDPZLGWK�
RI�DERXW�����UDGLDQV��RU�DSSUR[LPDWHO\��°��
��
([DPSOH�������$�JURXQG�VWDWLRQ�IRU�D�FRPPXQLFDWLRQV�VDWHOOLWH�RSHUDWHV�
DQ� XSOLQN� �L�H�� HDUWK�WR�VDWHOOLWH�� WUDQVPLWWHU� DW� D� IUHTXHQF\� RI� DERXW� ���
*+]��,W�XVHV�D�FLUFXODU�GLVK�DQWHQQD�ZLWK�D�GLDPHWHU�RI����PHWUHV��
�

������������������������������ ��������������
��5HFDOO�WKDW�RQH�UDGLDQ�LV�DQ�DQJOH�RI�DERXW���°��
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�D��$SSUR[LPDWHO\� ZKDW� EHDPZLGWK� ZRXOG� \RX� H[SHFW� WKH� DQWHQQD� WR�
KDYH"�

�E��:KDW�ZRXOG�\RX�H[SHFW�LWV�JDLQ�WR�EH"�
�
$QVZHU�� )LUVW� ZH� QHHG� WR� NQRZ� WKH� ZDYHOHQJWK�� $W� ��� *+]�� WKH�
ZDYHOHQJWK�LQ�DLU�RU�YDFXXP�ZLOO�EH�λ� �F���I��ZKHUH�F� ������Õ�����P�V�DQG�
I� ����Õ�����+]��7KLV�JLYHV�λ� �������P��
�
�D��7KH�EHDPZLGWK�LV�WKXV�DSSUR[LPDWHO\�����Õ������������� ��������GHJUHHV�
�RU�DERXW���PLQXWHV�RI�DUF���
�
�E��7KH�JDLQ�LQ�G%�ZLOO�EH�DERXW�����ORJ���������Õ��π�Õ���������������� ����G%�
�
([DPSOH�������$�SDUWLFXODU�§EUDQG�;¨�79�DQWHQQD�KDV�D�JDLQ�RI�����G%�DW�
WKH� IUHTXHQF\� RI� FKDQQHO� ��� ����� 0+]��� ,Q� WKH� VDPH� ORFDWLRQ�� D�
�K\SRWKHWLFDO�� RPQLGLUHFWLRQDO� DQWHQQD� ZRXOG� KDYH� JLYHQ� D� YROWDJH� RI� ��
P9� DW� WKH� LQSXW� RI� WKH� 79� UHFHLYHU� FRQQHFWHG� WR� LW��:KDW� YROWDJH�ZRXOG�
\RX�H[SHFW�ZLWK�§EUDQG�;¨�DQWHQQD�FRQQHFWHG"�
�
$QVZHU��7KLV�LV�MXVW�D�FDOFXODWLRQ�LQYROYLQJ�GHFLEHOV��:H�GRQªW�QHHG�WR�XVH�
WKH� IUHTXHQF\�� DV� WKH� JDLQ� RI� WKH�DQWHQQD� LV�NQRZQ��7KH� YROWDJH�ZLOO� EH�
KLJKHU�E\�WKLV�DPRXQW��VR�WKDW�
�

�
 

antenna ionalomnidirect  withvoltage

antenna X brand  withvoltage
 log 20  8.5 10 



=

�
5HDUUDQJLQJ��ZH�ILQG�WKDW�
�
� YROWDJH�ZLWK�EUDQG�;�� ���P9�Õ��������������� ������P9�
�
([DPSOH� ������� 6KRZ� WKDW� WKH� DQWHQQD� RI� D�PRELOH� SKRQH� RSHUDWLQJ� DW�
DURXQG�����0+]�ZLOO�EH�FORVH�WR�RPQLGLUHFWLRQDO��
�
$QVZHU�� $W� ���� 0+]�� WKH� ZDYHOHQJWK� ZLOO� EH� λ�  � F� �� I�� ZKHUH� F�  �
�����Õ�����P�V�DQG� I� �����Õ�����+]��7KLV�JLYHV�λ� ������P��0RVW�PRELOH�
SKRQH�DQWHQQDV�DUH� IDU� VKRUWHU� WKDQ� WKLV�� W\SLFDOO\�RQO\�D� IHZ�FP��6LQFH�
WKH� DQWHQQD� VL]H� LV� RQO\� D� VPDOO� IUDFWLRQ� RI� D� ZDYHOHQJWK�� LW� VKRXOG� EH�
RPQLGLUHFWLRQDO��
�
�
6RPH�DQWHQQDV�DUH�VSHFLILFDOO\�GHVLJQHG�WR�ZRUN�RYHU�RQO\�D�QDUURZ�UDQJH�
RI�IUHTXHQFLHV��SHUKDSV�ZLWKLQ�D�IHZ�SHUFHQW�RI�WKH�FHQWUH�IUHTXHQF\��ZKLOH�
RWKHU� GHVLJQV� DUH� §EURDGEDQG¨� ¥WKDW� LV�� WKH� XVDEOH� EDQGZLGWK� LV� D� ODUJH�
IUDFWLRQ�� SHUKDSV� RQH�KDOI�RU�PRUH�� RI� WKH� FHQWUH� IUHTXHQF\��79�DQWHQQDV�
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DUH� XVXDOO\� EURDGEDQG� GHVLJQV��� ,Q� JHQHUDO�� WKH� GHVLJQ� RI� EURDGEDQG�
DQWHQQDV� LV� FRQVLGHUDEO\� PRUH� GLIILFXOW� WKDQ� WKDW� IRU� QDUURZEDQG�
DQWHQQDV��
�
$QWHQQDV� FDQ� DOVR� EH� GHVLJQHG� WR� SURGXFH� VSHFLDOO\� §VKDSHG¨� RU� SHUKDSV�
HYHQ�PXOWLSOH�EHDPV��LQ�RUGHU�WR�GLUHFW�WKH�UDGLDWLRQ�LQ�D�VSHFLILF�SDWWHUQ��
([DPSOHV� RI� WKLV� W\SH� RI� DQWHQQD� DUH� IRXQG� RQ�PRGHUQ� FRPPXQLFDWLRQV�
VDWHOOLWHV� VXFK� DV� $XVVDW�� ZKHUH� VRPH� EHDPV� DUH� XVHG� WR� FRYHU� WKH�
$XVWUDOLDQ� FRQWLQHQW�� ZKLOH� RWKHUV� VHUYH� PRUH� ORFDOLVHG� DUHDV�� VXFK� DV�
3DSXD�1HZ�*XLQHD��7KLV�GHJUHH�RI�VRSKLVWLFDWLRQ�LV�RQO\�SRVVLEOH�WKURXJK�
PRGHUQ�FRPSXWHU�DLGHG�GHVLJQ�DQG�PRGHOOLQJ��
�
Further Reading 
�
(0�UDGLDWLRQ�DQG�KHDOWK��
$XVWUDOLDQ�5DGLDWLRQ�3URWHFWLRQ�DQG�1XFOHDU�6DIHW\�$JHQF\��
ZZZ�DUSDQVD�JRY�DX�HPHBSXEV�KWP�
�
6WHZDUW�)LVW��
KWWS���ZZZ�HOHFWULF�ZRUGV�FRP��

�

������������������������������ ��������������
6 The Australian TV VHF (channels 0 to 11) and UHF (channels 28 to 69) bands cover the approximate 
frequency ranges of 45 to 220 MHz and 530 to 820 MHz respectively.�
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Chapter 12 
INFRARED AND OPTICAL TRANSMISSION 
�
7KH� WHUPV� LQIUDUHG� �,5�� DQG� RSWLFDO� UHIHU� WR� HOHFWURPDJQHWLF�ZDYHV�ZLWK�
ZDYHOHQJWKV�EHWZHHQ�DERXW��PP�DQG����QP��'XH�WR� WKHLU�PXFK�VKRUWHU�
ZDYHOHQJWK�� WKH\� DUH� JHQHUDWHG� DQG� GHWHFWHG� LQ� GLIIHUHQW� ZD\V� WR� UDGLR�
DQG�PLFURZDYHV�� � ,Q� DGGLWLRQ�� WKH� ORVVHV� WKH\� VXIIHU� GXULQJ� SURSDJDWLRQ�
DUH� GXH� WR� TXLWH� GLIIHUHQW�PHFKDQLVPV�� &XUUHQWO\�� ZDYHOHQJWKV� EHWZHHQ�
DERXW� ���� QP� DQG� ����� QP� DUH� FRPPRQO\� XVHG� IRU� FRPPXQLFDWLRQV�
SXUSRVHV��DQG�ZRXOG�VSHFLILFDOO\�EH�UHIHUUHG�WR�DV�UHG�YLVLEOH�OLJKW�WR�QHDU�
LQIUDUHG��� $OWKRXJK� ZH� FDQ� RQO\� VHH� ZDYHOHQJWKV� VKRUWHU� WKDQ� DERXW�
���QP��LWªV�QRW�XQFRPPRQ�WR�UHIHU�WR�DOO�WKHVH�ZDYHOHQJWKV�DV�§OLJKW¨��
�
7ZR�PHWKRGV�RI�WUDQVPLVVLRQ�DUH�FRPPRQ��UDGLDWLRQ�LQ�D�ZLGH�RU�QDUURZ�
EHDP� LQWR� IUHH� VSDFH�� �IRU� H[DPSOH�� DV� XVHG� LQ� 79� UHPRWH� FRQWUROV��� RU�
JXLGHG� LQ� D� �OLJKW� SLSH�� FRQVLVWLQJ� RI� DQ� RSWLFDO� ILEUH�� � 7KLV� FKDSWHU�ZLOO�
FRQFHQWUDWH�PDLQO\�RQ�RSWLFDO�ILEUHV��
�
Sources of Radiation 
$OWKRXJK� PDQ\� WKLQJV� SURGXFH� (0� UDGLDWLRQ� DW� RSWLFDO� RU� LQIUDUHG�
ZDYHOHQJWKV� ¥IRU� H[DPSOH�� RUGLQDU\� LQFDQGHVFHQW� ODPSV� ¥WKH� RQHV� WKDW�
DUH� XVHG� LQ� FRPPXQLFDWLRQV� DUH� VHPLFRQGXFWRU� GLRGHV�� 7KHVH� SURGXFH�
UDGLDWLRQ� ZKHQ� FXUUHQW� �W\SLFDOO\� D� IHZ� P$� WR� D� IHZ� KXQGUHG� P$�� LV�
SDVVHG� WKURXJK� D� VHPLFRQGXFWRU� MXQFWLRQ�� � ,Q� GRLQJ� VR�� WKH\� W\SLFDOO\�
FRQYHUW� D� IHZ� SHUFHQW� RI� WKH� HOHFWULFDO� SRZHU� LQWR� UDGLDWLRQ�� 7KHUH� DUH�
EDVLFDOO\�WZR�W\SHV��OLJKW�HPLWWLQJ�GLRGHV�DQG�ODVHU�GLRGHV��
�
Light emitting diodes 
2IWHQ�FDOOHG�/('V��§OHGV¨�RU�§HOO�HH�GHHV¨���\RX�NQRZ�WKHP�DV�WKH�OLWWOH�UHG��
RUDQJH� RU� JUHHQ� FRORXUHG� OLJKWV� \RX� RIWHQ� VHH� RQ� WKH� SDQHOV� RI� UDGLRV��
FRPSXWHUV�RU�HOHFWURQLF�DSSOLDQFHV���7KH\�FDQ�EH�GHVLJQHG�WR�HPLW�VSHFLILF�
YLVLEOH� RU� LQIUDUHG�ZDYHOHQJWKV�� GHSHQGLQJ� RQ� WKH� W\SH� RI� VHPLFRQGXFWRU�
PDWHULDO�XVHG��6SHFLDO� VHPLFRQGXFWRU�PDWHULDOV�VXFK�DV�JDOOLXP�DUVHQLGH�
�*D$V�� DUH� W\SLFDOO\� XVHG� IRU� LQIUDUHG� HPLWWHUV��ZKLOH�JDOOLXP�SKRVSKLGH�
�*D3���DQG�JDOOLXP�QLWULGH��*D1��DUH�WZR�FRPSRXQGV�WKDW�FDQ�EH�XVHG�WR�
FRQVWUXFW�UHG�DQG�EOXH�/('V���
�
7KH�UDGLDWLRQ�IURP�/('V�KDV�WZR�FKDUDFWHULVWLFV�ZKLFK�FDQ�EH�GUDZEDFNV�
IRU� VRPH� DSSOLFDWLRQV�� � )LUVW�� LW� LV� VSUHDG� RYHU� D� IDLUO\� ZLGH� UDQJH� RI�
ZDYHOHQJWK��W\SLFDOO\�D�IHZ�SHUFHQW�RI�WKH�FHQWUDO�ZDYHOHQJWK��6HFRQG��LW�LV�
UDGLDWHG�LQ�D�UDWKHU�EURDG�EHDP��W\SLFDOO\�WHQV�RI�GHJUHHV�ZLGH��+RZHYHU��
EHFDXVH�RI�WKHLU�ZLGHVSUHDG�XVH��/('V�WHQG�WR�EH�IDLUO\�FKHDS��D�IHZ�FHQWV�
HDFK� IRU� WKH� PRVW� FRPPRQ� YLVLEOH� OLJKW� /('V��� DQG� DUH� LGHDO� IRU� VKRUW�
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UDQJH�� UHODWLYHO\� ORZ� VSHHG� FRPPXQLFDWLRQ��/('V�DUH� FRPPRQO\�XVHG� LQ�
FRPPXQLFDWLRQV�DSSOLFDWLRQV�VXFK�DV��
�
• 5HPRWH� FRQWUROV� IRU� FRQVXPHU� DSSOLDQFHV� VXFK� DV� 79V�� 9&5V� DQG� DLU�

FRQGLWLRQHUV��DW�DERXW�λ� ����QP���
• /RFDO�GDWD�OLQNV�RYHU�D�IHZ�PHWUHV�EHWZHHQ�FRPSXWHUV�DQG�SHULSKHUDOV��

0RVW�QRWHERRN� FRPSXWHUV�DQG�3'$V� �SHUVRQDO�GLJLWDO�DVVLVWDQWV�¥� L�H��
KDQGKHOG�FRPSXWHUV��QRZ�FRPH�HTXLSSHG�ZLWK�VXFK�DQ�,U'$�OLQN��DOVR�
DW�DERXW����QP���

• 6RXUFHV� RI� UDGLDWLRQ� IRU� ORZHU�VSHHG� RSWLFDO� ILEUH� V\VWHPV� �PRVW�
FRPPRQO\�DW�λ� ����QP�¥VHH�ODWHU���

�
Laser diodes 
6ROLG�VWDWH� ODVHUV� RU� ODVHU� GLRGHV� DUH� FORVH� UHODWLYHV� RI� /('V�� DOWKRXJK�
WKHLU� FRQVWUXFWLRQ� LV� D� OLWWOH� PRUH� VRSKLVWLFDWHG�� 7KH\� DUH� FRQVLGHUDEO\�
PRUH�H[SHQVLYH��DQG�PXVW�EH�GULYHQ�ZLWK�VSHFLDO�FLUFXLWU\��VLQFH�WKH\�DUH�
HDVLO\�GHVWUR\HG���+RZHYHU��WKH\�KDYH�VRPH�XQLTXH�SURSHUWLHV�ZKLFK�PDNH�
WKHP�LGHDO� IRU�PDQ\�DSSOLFDWLRQV��SDUWLFXODUO\�LQ�FRPPXQLFDWLRQV�� �)LUVW��
WKHLU� UDGLDWLRQ� LV� UHVWULFWHG� WR� D� VRPHZKDW� VPDOOHU� EHDP� WKDQ� /('V�
�DOWKRXJK� FRQVLGHUDEO\� EURDGHU� WKDQ� WKDW� SURGXFHG� E\� FRQYHQWLRQDO�
ODVHUV��� � 6HFRQG�� WKH\� HPLW� D� YHU\� QDUURZ� UDQJH� RI� ZDYHOHQJWKV� IURP� D�
VPDOO�DUHD��ZKLFK�PHDQV�WKDW�WKH�UDGLDWLRQ�FDQ�EH�YHU\�HIILFLHQWO\�IRFXVHG�
LQWR�HLWKHU�D�SDUDOOHO�RU�FRQYHUJLQJ�EHDP���+DQG�KHOG�ODVHU�SRLQWHUV�ZRUN�
RQ� WKLV� SULQFLSOH�� FRQWDLQLQJ� EDVLFDOO\� D� UHG� ODVHU� GLRGH� DQG� D� VPDOO�
IRFXVLQJ�OHQV���7\SLFDO�ODVHU�GLRGHV�HPLW�D�IHZ�PLOOLZDWWV�RI�OLJKW�SRZHU��
�
/DVHU�GLRGHV�DUH�XVHG�LQ�D�YDULHW\�RI�SUDFWLFDO�DSSOLFDWLRQV��IRU�H[DPSOH��
�
• &'�SOD\HUV��ZKHUH�DQ�,5�ODVHU�EHDP��λ� �����QP��LV�IRFXVHG�E\�D�OHQV�

WR�D�ZLGWK�RI�RQO\�����µP�WR�UHDG�RXW�LQGLYLGXDO�ELWV�RI�LQIRUPDWLRQ��
• 6XUYH\LQJ�HTXLSPHQW��ZKHUH�WKH�GHOD\�WLPH�RI�D�QDUURZ�EHDP�RI�ODVHU�

OLJKW�UHIOHFWHG�IURP�D�GLVWDQW�WDUJHW�LV�XVHG�WR�PHDVXUH�GLVWDQFH��
• 2SWLFDO�VSHHG�UDGDU�JXQV�XVHG�E\�SROLFH��
• /LJKW� VRXUFHV� IRU� KLJK�VSHHG� RSWLFDO� ILEUH� V\VWHPV�� DV� ZH� VKDOO� VHH�

VKRUWO\��
�
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$VLGH��+RZ�VPDOO�FDQ�\RX�IRFXV�D�ODVHU�EHDP"�
,Q�DSSOLFDWLRQV�ZKHUH� LW� LV� LPSRUWDQW�WR�KDYH�D�YHU\�VPDOO�VSRW�RI�
OLJKW� �IRU� H[DPSOH�� LQ� &'� SOD\HUV� DQG� RWKHU� RSWLFDO� GDWD� VWRUDJH�
GHYLFHV��� VPDOOHU� VSRW� VL]HV� FDQ� RQO\� EH� DFKLHYHG� ZLWK� VKRUWHU�
ZDYHOHQJWKV���7KLV�LV�GLFWDWHG�E\�WKH�SK\VLFDO�OLPLWV�RI�GLIIUDFWLRQ��
DQG� WKH� UHVXOWLQJ� VSRW� LV� RQO\� D� FRXSOH� RI� ZDYHOHQJWKV� DFURVV��
$OWKRXJK� LQIUDUHG� ODVHU� GLRGHV� KDG� EHHQ� DYDLODEOH� IRU� VRPH� WLPH��
YLVLEOH�ODVHU�GLRGHV�ZHUH�RQO\�GHYHORSHG�LQ�������ZHOO�DIWHU�WKH�&'�
ZDV�LQYHQWHG��&XUUHQWO\��'LJLWDO�9LGHR�'LVFV��'9'V��XVH�UHG�ODVHUV�
ZLWK�λ  � ���QP�ZDYHOHQJWK� WR� LQFUHDVH� VWRUDJH�GHQVLW\� RYHU�&'V�
�λ� ����QP��� DQG� SUHVXPDEO\� HYHQ� VKRUWHU�ZDYHOHQJWK� VROLG�VWDWH�
ODVHUV�ZLOO�ERRVW�WKH�LQIRUPDWLRQ�FDSDFLW\�RI�IXWXUH�VWRUDJH�GHYLFHV�
�EOXH�ODVHU�GLRGHV�DUH�FXUUHQWO\�EHLQJ�FRPPHUFLDOLVHG���
�

�
Detectors 
$Q� RSWLFDO�GHWHFWRU� FRQYHUWV� D� OLJKW� VLJQDO� LQWR� D� YROWDJH� RU� FXUUHQW��7KH�
PRVW� FRPPRQ� GHWHFWRUV� XVHG� IRU� YLVLEOH� DQG� LQIUDUHG� UDGLDWLRQ� LQ�
FRPPXQLFDWLRQV� DSSOLFDWLRQV� DUH� DOVR� VHPLFRQGXFWRU� GLRGHV�� � 7KHVH� DUH�
XVHG� LQ� D� GLIIHUHQW� ZD\� WR� /('V�� DQG� SURGXFH� D� �YHU\�� VPDOO� FXUUHQW� LQ�
SURSRUWLRQ� WR� WKH� LQWHQVLW\� RI� OLJKW� IDOOLQJ� RQ� WKHP�� 7KLV� FXUUHQW� LV�
FRQYHUWHG�WR�D�YROWDJH�DQG�DPSOLILHG��7KH\�DOVR�ZRUN�RYHU�VSHFLILF�UDQJHV�
RI�ZDYHOHQJWK��DOWKRXJK�VRPHZKDW�ZLGHU�WKDQ�SKRWRHPLWWHUV��
�
Optical fibres 
)LEUH� RSWLFV� �ZKLFK� HPSOR\V�� RI� FRXUVH�� RSWLFDO� ILEUHV�� LV� RQH� RI� WKH�PRVW�
LPSRUWDQW�GHYHORSPHQWV�LQ�PRGHUQ�FRPPXQLFDWLRQV��2SWLFDO�ILEUHV�KDYH�D�
IDU� JUHDWHU� LQIRUPDWLRQ�FDUU\LQJ� FDSDFLW\� WKDQ� FRSSHU� FDEOHV�� DV� ZHOO� DV�
JLYLQJ� OHVV� VLJQDO� ORVV�� 2SWLFDO� ILEUHV� DUH� QRZ� URXWLQHO\� XVHG� IRU� PDQ\�
WHOHFRPPXQLFDWLRQV� DQG� FRPSXWHU� QHWZRUN� OLQNV�� SDUWLFXODUO\� RYHU� ORQJ�
GLVWDQFHV�� 0RVW� WHOHSKRQH� QHWZRUNV� QRZ� XVH� RSWLFDO� ILEUHV� IRU� OLQNV�
EHWZHHQ� H[FKDQJHV�� DQG� VRPH� FRXQWULHV� LQWHQG� WR� UHSODFH� WKHLU� ZKROH�
QHWZRUN��ULJKW�GRZQ�WR�WKH�LQGLYLGXDO�FRQVXPHU��ZLWK�RSWLFDO�ILEUH�ZLWKLQ�
WKH�QH[W����\HDUV��
�
2SWLFDO�ILEUHV�KDYH�D�QXPEHU�RI�DGYDQWDJHV�RYHU�WUDGLWLRQDO�FDEOH�RU�UDGLR�
WUDQVPLVVLRQ�PHWKRGV��
�
• ([WUHPHO\�KLJK�EDQGZLGWK� �DQG�KHQFH� LQIRUPDWLRQ�FDUU\LQJ�FDSDFLW\���

,W� LV�SRVVLEOH� WR� VHQG�GDWD�DW�UDWHV�RI�KXQGUHGV�RI�JLJDELWV�SHU�VHFRQG�
�*E�V��RYHU�VRPH�ILEUHV��

• ,PPXQLW\�WR�LQWHUIHUHQFH�DQG�HOHFWULFDO�QRLVH��7KLV�LV�D�ELJ�DGYDQWDJH�
LQ�KHDY\�LQGXVWULDO�RU�GHQVH�VXEXUEDQ�DSSOLFDWLRQV��
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• +LJK�VHFXULW\��VLQFH�LW�LV�H[WUHPHO\�GLIILFXOW�WR�§HDYHVGURS¨�RQ�DQ�RSWLFDO�
ILEUH��(DYHVGURSSLQJ�RQ�D�FRSSHU�FDEOH�LV�UHODWLYHO\�VLPSOH��

• +LJK�GHJUHH�RI�HOHFWULFDO�VDIHW\��VLQFH�RSWLFDO�ILEUHV�DUH�LQVXODWRUV�DQG�
KHQFH�WKHUH�LV�QR�GLUHFW�HOHFWULFDO�FRQQHFWLRQ�IRU�FXUUHQW�WR�IORZ��

�
7KH� EDVLF� LGHD� RI� DQ� RSWLFDO� ILEUH� LV�YHU\� VLPSOH�¥LWªV�D�SLSH�GRZQ�ZKLFK�
OLJKW� �DQG� UHPHPEHU� ZH� LQFOXGH� ERWK� YLVLEOH� DQG� ,5� ZDYHOHQJWKV�� LV�
JXLGHG��7KH�PLUURUHG� WXEH�VN\OLJKWV�\RX�FDQ�EX\�IRU�\RXU�KRPH�FRXOG�EH�
WKRXJKW� RI� DV� �FUXGHO\�� VLPLODU�� �,Q� VRPH� DSSOLFDWLRQV� EXQGOHV� RI� RSWLFDO�
ILEUHV� DUH� XVHG� VLPSO\� WR� SLSH� OLJKW� WR� D�SODFH�ZKHUH� LOOXPLQDWLRQ�ZRXOG�
RWKHUZLVH�EH�GLIILFXOW���1RWH�WKDW�WKH� OLJKW�LQWHQVLW\�GRHV�QRW�IDOO�RII�ZLWK�
GLVWDQFH� DORQJ� D� ILEUH� GXH� WKH� LQYHUVH� VTXDUH� ODZ�� VLQFH� QR� VSUHDGLQJ�
RFFXUV�ZLWK�GLVWDQFH��+RZHYHU��WKHUH�DUH�RWKHU�ORVVHV�DORQJ�WKH�ZD\��VR�LQ�
WKLV�VHQVH�ILEUHV�EHKDYH�UDWKHU�OLNH�WKH�HOHFWULFDO�FDEOHV�WKDW�ZH�GHDOW�ZLWK�
LQ� FKDSWHU� ���� ZLWK� WKH� DWWHQXDWLRQ� LQ� GHFLEHOV� EHLQJ� SURSRUWLRQDO� WR�
GLVWDQFH��
�
,QIRUPDWLRQ� LV� PRVW� FRPPRQO\� FDUULHG� RQ� DQ� RSWLFDO� ILEUH� E\� VLPSO\�
WXUQLQJ�WKH� OLJKW�VRXUFH��D�/('�RU�ODVHU�GLRGH��RQ�DQG�RII��RU�� LI�\RX�OLNH��
VHQGLQJ� D� VHULHV� RI� OLJKW� SXOVHV�DORQJ� WKH� ILEUH��7KLV� LV� D� VLPSOH� IRUP� RI�
DPSOLWXGH�PRGXODWLRQ��ZKLFK�ZH�ZLOO�PHHW�VRRQ��
�
Fibre construction and types 
2SWLFDO� ILEUHV� DUH� YHU\� VPDOO� LQ� GLDPHWHU�� DQG� DUH� DFWXDOO\�PDGH� RI� WZR�
FRQFHQWULF� OD\HUV� RI� WUDQVSDUHQW� PDWHULDO� �WKH� FRUH� DQG� FODGGLQJ��� HDFK�
ZLWK�GLIIHUHQW�RSWLFDO� SURSHUWLHV��7KHVH�DUH� WKHQ�VXUURXQGHG�E\�DQ�RXWHU�
SURWHFWLYH�FRDWLQJ��DV�LOOXVWUDWHG�LQ�WKH�GLDJUDP�EHORZ��
�

�
�

)LJXUH�������%DVLF�FRQVWUXFWLRQ�RI�DQ�RSWLFDO�ILEUH��
�
7KH�RXWVLGH�GLDPHWHU�RI�WKH�FODGGLQJ�OD\HU�LV�W\SLFDOO\����µP��RQH�HLJKWK�
RI�D�PLOOLPHWUH���7KH�OLJKW�LV�WUDSSHG�DQG�WUDYHOV�LQ�WKH�FRUH��FRQILQHG�E\�
WKH� SUHVHQFH� RI� WKH� FODGGLQJ� OD\HU�� � 7KH� ERXQGDU\� EHWZHHQ� FRUH� DQG�
FODGGLQJ�DFWV�DV�D�PLUURU��DV�VKRZQ�EHORZ��GXH�WR�D�SKHQRPHQRQ�NQRZQ�DV�
WRWDO�LQWHUQDO�UHIOHFWLRQ��
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�

�
�
)LJ��������/LJKW�WUDQVPLVVLRQ�LV�FRQILQHG�WR�WKH�FRUH�RI�DQ�RSWLFDO�ILEUH��

�
�
$�OLWWOH�WKRXJKW�PLJKW�FRQYLQFH�\RX�WKDW��VLQFH�WKH�OLJKW�FDQ�UHIOHFW�RII�WKH�
ERXQGDU\��WKHUH�LV�QRW�MXVW�RQH�SDWK�WKDW�LW�FDQ�WDNH�RQ�LWV�ZD\�GRZQ�WKH�
ILEUH��9HU\�URXJKO\�VSHDNLQJ��HDFK�SRVVLEOH�W\SH�RI�SDWK�LV�FDOOHG�D�PRGH��
DQG�WKLV�FDQ�FDXVH�SUREOHPV��VLQFH�HDFK�W\SH�RI�SDWK�LV�D�VOLJKWO\�GLIIHUHQW�
OHQJWK��WKXV�VSUHDGLQJ�WKH�VLJQDO�RXW�VOLJKWO\�LQ�WLPH��7KH�ORQJHU�WKH�ILEUH��
WKH�ZRUVH�LW�JHWV��7KLV�HIIHFW�LV�FDOOHG�PRGDO�GLVSHUVLRQ��)LEUHV�ZKLFK�DOORZ�
PXOWLSOH�PRGHV�DUH�UHIHUUHG�WR�DV�PXOWLPRGH�ILEUHV���
�
7KHUH� DUH� WKUHH� GLIIHUHQW� W\SHV� RI� ILEUH� FRQVWUXFWLRQV�� DV� VKRZQ� LQ� WKH�
GLDJUDP�EHORZ���
�

�
�

)LJXUH�������'LIIHUHQW�RSWLFDO�ILEUH�W\SHV��VKRZLQJ�WKH�ZD\V�LQ�ZKLFK�OLJKW�
SURSDJDWHV�DORQJ�WKHP��7KH�SUHVHQFH�RI�PDQ\�GLIIHUHQW�PRGHV�RI�

SURSDJDWLRQ�OHDGV�WR�WKH�§VPHDULQJ¨�LQ�WLPH�RI�OLJKW�SXOVHV��
�
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7KHVH�DUH��
�
• 0XOWLPRGH� VWHS� LQGH[� ILEUH�� 7KH� VLPSOHVW� W\SH�� WKLV� KDV� D� UHODWLYHO\�

ODUJH� FRUH� ZLWK� D� FRQVWDQW� UHIUDFWLYH� LQGH[� �D� SURSHUW\� RI� WKH� JODVV�
ZKLFK� GHWHUPLQHV� KRZ� IDVW� WKH� OLJKW� WUDYHOV��� EXW� KDV� VHYHUH� PRGDO�
GLVSHUVLRQ� SUREOHPV�� OHDGLQJ� WR� SRRU� EDQGZLGWK�� 7KLV� W\SH� RI� ILEUH� LV�
UDUHO\�XVHG��

�
• 0XOWLPRGH�JUDGHG�LQGH[�ILEUH��+HUH��WKH�UHIUDFWLYH�LQGH[�RI�WKH�FRUH�LV�

GHVLJQHG� WR�YDU\�ZLWK�GLVWDQFH� IURP�WKH�D[LV� LQ�VXFK�D�ZD\�WKDW�UD\V�
IXUWKHU�IURP�WKH�D[LV�WUDYHO�IDVWHU��OHDGLQJ�WR�D�FRQWLQXRXV�§UHIRFXVLQJ¨�
HIIHFW��DQG�UHGXFLQJ�WKH�PRGDO�GLVSHUVLRQ��)LEUHV�RI�WKLV�W\SH�W\SLFDOO\�
KDYH� D� FRUH� GLDPHWHU� RI� DERXW� ��µP�� DQG� /('V� DUH� XVHG� DV� OLJKW�
VRXUFHV��

�
• 6LQJOH�PRGH�ILEUH��,Q�WKLV�W\SH��WKH�FRUH�KDV�D�FRQVWDQW�UHIUDFWLYH�LQGH[��

EXW�DQ�H[WUHPHO\�VPDOO�GLDPHWHU��,W�WXUQV�RXW�WKDW�LQ�WKLV�FDVH�RQO\�
RQH� FHQWUDO� §UD\¨� FDQ� SURSDJDWH� GRZQ� WKH� ILEUH�� WKXV� FRPSOHWHO\�
HOLPLQDWLQJ�PRGDO�GLVSHUVLRQ��+RZHYHU��GXH�WR�WKH�VPDOO�FRUH�GLDPHWHU�
�DERXW� ��µP��� JHWWLQJ� OLJKW� LQWR� DQG� RXW� RI� WKH� ILEUH� LV� PXFK� PRUH�
GLIILFXOW�� %HFDXVH� RI� WKLV� DQG� WKH� QHHG� WR� XVH� D� QDUURZ�EDQG� OLJKW�
VRXUFH� WR� WDNH� DGYDQWDJH� RI� WKH� ORZ� GLVSHUVLRQ�� VLQJOH�PRGH� ILEUHV�
DOZD\V�XVH� ODVHU�GLRGHV�DV� OLJKW� VRXUFHV��7KLV� W\SH�RI� ILEUH�KDV�E\� IDU�
WKH�EHVW�SHUIRUPDQFH��DQG�LV�DOZD\V�XVHG�LQ�ORQJ�GLVWDQFH�DSSOLFDWLRQV��

�
Optical fibre bandwidth 
'LVSHUVLRQ�OLPLWV�WKH�UDWH�DW�ZKLFK�LQIRUPDWLRQ�FDQ�EH�WUDQVPLWWHG��VLQFH�
DW� VRPH� LQIRUPDWLRQ� UDWH� VXFFHVVLYH� OLJKW� SXOVHV� ZLOO� EH� §VPHDUHG¨�
WRJHWKHU�EH\RQG�UHFRYHU\��,Q�DGGLWLRQ��WKH�HIIHFW�LQFUHDVHV�LQ�SURSRUWLRQ�WR�
WKH�OHQJWK�RI�WKH�ILEUH��$V�D�UHVXOW��WKHUH�LV�D�GLUHFW�UHODWLRQVKLS�EHWZHHQ�
WKH�EDQGZLGWK��RI�D�ILEUH�DQG�LWV�OHQJWK��JLYHQ�E\�
�
� %DQGZLGWK��0+]��Õ��'LVWDQFH��NP�� �N�
�
ZKHUH� WKH� QXPHULFDO� YDOXH� RI� N� GHSHQGV� RQ� WKH� W\SH� RI� ILEUH�� EXW� LV�
W\SLFDOO\� LQ� WKH� UDQJH� ���� WR� ����0+]�NP� IRU� �JUDGHG� LQGH[��PXOWLPRGH�
ILEUHV��7KXV� LI�N ����0+]�NP�IRU�D�SDUWLFXODU�W\SH�RI�ILEUH��WKHQ�D���NP�

������������������������������ ��������������
��1RWH�WKDW�ZH�GHILQH�WKH�EDQGZLGWK�E\�FRQVLGHULQJ�VLJQDOV�ZKLFK�FRQVLVW�RI�YDULDWLRQV�LQ�
WKH�OLJKW�LQWHQVLW\�VHQW�DORQJ�WKH�ILEUH��7KXV�D�����0+]�VLJQDO�ZRXOG�EH�RQH�ZKLFK�YDULHG�
WKH�OLJKW�LQWHQVLW\�WKURXJK�����KLJKV�DQG�����ORZV�LQ���VHFRQG��6R�WKH�EDQGZLGWK�RI�D�ILEUH�
ZRXOG�EH�GHILQHG�DV�WKH�VLJQDO�IUHTXHQF\�DW�ZKLFK�WKH�DPSOLWXGH�RI�WKH�OLJKW�YDULDWLRQV�DW�
WKH�RXWSXW�ZRXOG�KDYH�GURSSHG�E\�KDOI��FRPSDUHG�WR�YHU\�ORZ�VLJQDO�IUHTXHQFLHV��
�
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OHQJWK�ZRXOG�KDYH�D�EDQGZLGWK�RI�����0+]��ZKLOH�D����NP�OHQJWK�ZRXOG�
KDYH�D����0+]�EDQGZLGWK��DQG�VR�RQ��
)RU� VLQJOH�PRGH� ILEUHV�� DV� QRUPDOO\� XVHG� IRU� ORQJHU� GLVWDQFHV� DQG�RU�
KLJKHU� LQIRUPDWLRQ�UDWHV��WKHUH� LV�QR�PRGDO�GLVSHUVLRQ��EXW�RWKHU�VPDOOHU�
GLVSHUVLRQ�HIIHFWV�XOWLPDWHO\� OLPLW� WKH�EDQGZLGWK�DWWDLQDEOH��$V�D�UHVXOW��
VLQJOH�PRGH� ILEUHV� KDYH� EDQGZLGWKV� RI� WKH� RUGHU� RI� ���� *+]�NP�� DV�
FRPSDUHG�WR�WKH���*+]�NP�EDQGZLGWK�LQ�WKH�EHVW�PXOWLPRGH�V\VWHPV���
�
)RU� VRPH�VKRUW� OLQNV� LW� LV�SRVVLEOH� WR�XVH� VRPHZKDW� FKHDSHU�SODVWLF� ILEUH�
�XVXDOO\� FRQVWUXFWHG� IURP� 300$� ¥§SHUVSH[¨��� DQG� LPSURYHPHQWV� DUH�
WDNLQJ� SODFH� LQ� WKLV� DUHD�� $Q� DGYDQWDJH� KHUH� LV� WKDW� /('V� �QHDU�
λ� ����QP�� FDQ� EH� XVHG�� DQG� LQIRUPDWLRQ� UDWHV� RI� DW� OHDVW� ��� *ELWV�VHF�
KDYH�EHHQ�DFKLHYHG��
�
Attenuation in optical fibres 
2SWLFDO� ILEUHV� XVXDOO\� XVH� KLJK�SXULW\� VLOLFD� JODVV� ZLWK� YHU\� ORZ� RSWLFDO�
ORVV��7KH�EHVW�ILEUH�PDWHULDO�LV�VR�FOHDU�WKDW�ORRNLQJ�WKURXJK�VHYHUDO�WHQV�RI�
NP� RI� VXFK� JODVV� LV� HTXLYDOHQW� RQO\� WR� VHHLQJ� WKURXJK� D� IHZ� LQFKHV� RI�
RUGLQDU\�ZLQGRZ�JODVV���
�
7KH�OLJKW�ORVV�WKURXJK�VLOLFD�ILEUHV�GHSHQGV�RQ�WKH�ZDYHOHQJWK�RI�WKH�OLJKW��
DV�VKRZQ�LQ�WKH�JUDSK�EHORZ��,Q�YHU\�SXUH�PDWHULDO�WKH�PDLQ�ORVV�LV�GXH�WR�
K\GUR[LGH�LRQ�LPSXULWLHV���

�
)LJXUH�������$WWHQXDWLRQ�LQ�RSWLFDO�ILEUHV�DV�D�IXQFWLRQ�RI�ZDYHOHQJWK��7KH�
WKUHH�FRPPRQO\�XVHG�ZDYHOHQJWK�§ZLQGRZV¨�RI�UHODWLYHO\�ORZ�DWWHQXDWLRQ�

DUH�ODEHOOHG�$���&��
�
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7KHUH� DUH� WKUHH� FRPPRQO\� XVHG�ZDYHOHQJWK� UDQJHV� RU� §ZLQGRZV¨�� 7KHVH�
DUH� DURXQG� ���QP�� ����QP� DQG� ����QP� �WKH� ORZHVW� ORVV��� 7KH� EHVW�
DYDLODEOH�ILEUHV�KDYH�D�ORVV�RI�DURXQG�����G%�NP�DW�����QP��+RZHYHU��WKH�
XVH� RI� PXFK� ORQJHU� ZDYHOHQJWKV� WRJHWKHU� ZLWK� PRUH� DGYDQFHG� FRUH�
PDWHULDOV�VKRXOG�DOORZ�DWWHQXDWLRQV�SHUKDSV�RQH�KXQGUHG�WLPHV� ORZHU�WR�
EH�DFKLHYHG�LQ�WKH�IXWXUH��
�
([DPSOH� ������8VLQJ� ILJXUH� ������ HVWLPDWH� WKH� DWWHQXDWLRQ� RI� D� ��� NP�
OHQJWK�RI�VLOLFD�JODVV�RSWLFDO�ILEUH�DW�D�ZDYHOHQJWK�RI�����QP��
�
$QVZHU�� � � 7KH� JUDSK� RI� DWWHQXDWLRQ� YV� ZDYHOHQJWK� VKRZV� WKH� ORVV� DW�
����QP�WR�EH�DSSUR[LPDWHO\�����G%�NP��6LQFH� WKH� ORVV� LV�SURSRUWLRQDO� WR�
ILEUH�OHQJWK��WKH�ORVV�RI�D����NP�OHQJWK�ZLOO�EH�����G%�Õ����NP� ���G%��
�
�
Optical fibre cables 
,Q�SUDFWLFH��D�QXPEHU�RI� LQGLYLGXDO� ILEUHV�DUH�FRPPRQO\�FRPELQHG� LQWR�D�
FDEOH�� 7KH� GLDJUDP� EHORZ� VKRZV� WKH� W\SLFDO� FURVV�VHFWLRQ� RI� D� FRPSOHWH�
RSWLFDO�ILEUH�FDEOH��VXFK�DV�PLJKW�EH�XVHG�LQ�D�ORQJ�GLVWDQFH�DSSOLFDWLRQ��$�
QXPEHU�RI�LQGLYLGXDO�ILEUHV�ZLWK�LQGLYLGXDO�SURWHFWLYH�WXELQJ�DQG�FDUU\LQJ�
VHSDUDWH�VLJQDOV��DV�ZHOO�DV�RQH�RU�PRUH�VSDUH� ILEUHV��VXUURXQG�D�FHQWUDO�
FDUULHU��7KLV� DVVHPEO\� LV� WKHQ� VXUURXQGHG�E\� VHYHUDO�PRUH�SRO\HWK\OHQH��
DOXPLQLXP� DQG� 7HIORQ� OD\HUV� WR� SURGXFH� D� VWUXFWXUH� ZKLFK� LV� KLJK� LQ�
PHFKDQLFDO�VWUHQJWK��
�

�
�

)LJXUH������7\SLFDO�FRQVWUXFWLRQ�RI�D�PXOWL�ILEUH�FDEOH��
�
�
,W� LV� DOVR� SRVVLEOH� IRU� OLJKW� RI� GLIIHUHQW� ZDYHOHQJWKV� WR� VKDUH� WKH� VDPH�
ILEUH��6LQFH�HDFK�ZDYHOHQJWK�FDQ�FDUU\�VHSDUDWH�LQIRUPDWLRQ��WKLV�FDQ�OHDG�
WR�D�YDVW� LQFUHDVH� LQ�WKH�DOUHDG\�FRQVLGHUDEOH�FDSDFLW\��7KLV�WHFKQLTXH�LV�
UHIHUUHG�WR�DV�ZDYHOHQJWK�GLYLVLRQ�PXOWLSOH[LQJ��
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$VLGH����6DWHOOLWHV�YV�RSWLFDO�ILEUHV�IRU�JOREDO�FRPPXQLFDWLRQV��
+RZ� GR� RSWLFDO� ILEUHV� FRPSDUH� ZLWK� VDWHOOLWHV� IRU� JOREDO�
FRPPXQLFDWLRQV"�$OWKRXJK�IRU�VRPH�DSSOLFDWLRQV�WKH\�DSSHDU�WR�EH�
FRPSHWLQJ� WHFKQRORJLHV�� LW� VHHPV� OLNHO\� WKDW� LQ� WKH� IXWXUH� RSWLFDO�
ILEUHV��EHFDXVH�RI�WKHLU�ORZ�FRVW�DQG�YDVW�LQIRUPDWLRQ�FDSDFLW\��ZLOO�
FDUU\� WKH�YDVW�PDMRULW\�RI� §KLJK�EDQGZLGWK¨�VLJQDOV�EHWZHHQ� IL[HG�
SRLQWV�� DQG� VDWHOOLWHV� ZLOO� FRPH� LQWR� WKHLU� RZQ� IRU� PRELOH�
DSSOLFDWLRQV�� ZKHUH� FRPPXQLFDWLRQ� PXVW� EH� HVWDEOLVKHG� TXLFNO\�
EHWZHHQ� WZR� �SRVVLEO\� FKDQJLQJ�� SRLQWV� RQ� HDUWK�� 7KH� �UHFHQWO\�
IDLOHG�� ,ULGLXP� VDWHOOLWH�EDVHG� JOREDO� PRELOH� SKRQH� QHWZRUN� DQG�
RWKHUV� ZKLFK� DUH� SODQQHG� IRU� FRPSXWHU� QHWZRUNLQJ� SRLQW� WR� WKLV�
VRUW�RI�VFHQDULR��
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