
6WDWH�RI�WKH�$UW�FKDUDFWHUL]DWLRQ�RI
RSWLFDO�FRPSRQHQWV�IRU�':'0
DSSOLFDWLRQV
$SSOLFDWLRQ�%ULHI
$QGUHDV�*HUVWHU��0DUNXV�0DLOH�DQG�&KULVWLDQ�+HQWVFKHO

$EVWUDFW

)LEHU�RSWLF�QHWZRUN�WHFKQRORJ\�LV�WDNLQJ�D�ELJ�VWHS�IRUZDUG�ZLWK�WKH
WUHPHQGRXV�WUDQVPLVVLRQ�FDSDFLW\�RIIHUHG�E\�GHQVH�ZDYHOHQJWK�
GLYLVLRQ�PXOWLSOH[LQJ��':'0����7KHVH�GHYHORSPHQWV�EULQJ�QHZ
FKDOOHQJHV�WR�WKH�WHVWLQJ�RI�SDVVLYH�RSWLFDO�FRPSRQHQWV�

7KLV�GRFXPHQW�SURYLGHV�JXLGDQFH�RQ�WKH�LPSOHPHQWDWLRQ�RI�D�WHVW
VHWXS�IRU�ORVV�PHDVXUHPHQW�IRU�D�PXOWL�FKDQQHO�':'0�FRPSRQHQW
VXFK�DV�D�PXOWLSOH[HU��7KH�GRFXPHQW�GHVFULEHV�VRPH�UHDO�OLIH
PHDVXUHPHQW�VHWXSV��WR�KLJKOLJKW�GLIIHUHQFHV�DQG�LOOXVWUDWH�WKH�XVH�RI
FHUWDLQ�IHDWXUHV�



,QWURGXFWLRQ

,Q�UHFHQW�\HDUV��WKH�WHVWLQJ�RI�ILEHU�RSWLF�FRPSRQHQWV�IRU�':'0
DSSOLFDWLRQV�KDV�EHFRPH�LQFUHDVLQJO\�FKDOOHQJLQJ��)RU�H[DPSOH�
• &KDQQHO�VSDFLQJ�KDV�FRQVWDQWO\�UHGXFHG��VR�ZDYHOHQJWK

PHDVXUHPHQWV�PXVW�EH�LQFUHDVLQJO\�DFFXUDWH�
• 1HZ�KLJK�SRZHU�(')$V�KDYH�WULJJHUHG�D�QHHG�IRU�RSWLFDO

GHWHFWRUV�FDSDEOH�RI�PHDVXULQJ�VXFK�KLJK�SRZHUV�
• 7KH�LQFUHDVLQJ�OHQJWK�RI�ILEHU�OLQNV�KDV�GULYHQ�D�GHPDQG�IRU

QHZ�WHVW�SDUDPHWHUV�VXFK�DV�
SRODUL]DWLRQ�GHSHQGHQW�ORVV
�
D�W\SH�RI�VLJQDO�GLVWRUWLRQ�WKDW�FDQ�DFFXPXODWH�RYHU
GLVWDQFH�

,Q�DGGLWLRQ��WKH�KXJH�GHPDQG�IRU�ILEHU�RSWLF�FRPSRQHQWV��GULYHQ
E\�WKH�GDLO\�JURZWK�RI�EDQGZLGWK�UHTXLUHPHQWV��IRUFHG
PDQXIDFWXUHUV�WR�LQFUHDVH�WKHLU�WKURXJKSXWV�GUDPDWLFDOO\��7KXV�
HDV\�WHVW�VHWXS�DQG�UHGXFHG�WHVW�WLPHV�DUH�EHFRPLQJ�HVVHQWLDO
GULYHUV�LQ�WKH�PDUNHW�

0DQ\�RI�WKH�SDUDPHWHUV�XVHG�WR�VSHFLI\�DQG�FKDUDFWHUL]H�SDVVLYH
RSWLFDO�FRPSRQHQWV�FDQ�EH�GHULYHG�IURP�D�UDWKHU�VPDOO�VHW�RI
EDVLF�PHDVXUHPHQWV��6LQFH�WKH�VSHFLILHG�SHUIRUPDQFH�RI�D
FHUWDLQ�SDUDPHWHU�FDQQRW�EH�EHWWHU�WKDQ�WKH�XQFHUWDLQW\�LQKHUHQW
LQ�WKH�WHVW�V\VWHP��LW�LV�XVXDOO\�SUHIHUDEOH�WR�DFKLHYH�WKH�KLJKHVW
DFFXUDF\�WKDW�WHVW�WLPH�DQG�LQYHVWPHQW�DOORZV��7KLV�RIIHUV�WKH
SRVVLELOLW\�RI�EDODQFLQJ�DQ�LPSURYHG�VSHFLILFDWLRQ�IRU�WKH
SDUDPHWHU�DJDLQVW�DQ�LQFUHDVH�LQ�\LHOG�

7KH�IROORZLQJ�VHFWLRQV�GHVFULEH�VHYHUDO�RI�WKH�EDVLF
PHDVXUHPHQWV��)LQDOO\�VRPH�WRROV�IRU�LPSOHPHQWLQJ�WHVW�V\VWHPV
DUH�GLVFXVVHG�

0HDVXULQJ�DEVROXWH�3RZHU
$FFXUDF\�FRQVLGHUDWLRQV
$FFXUDWH�PHDVXUHPHQWV�RI�RSWLFDO�SRZHU�DUH�QHFHVVDU\�IRU�D
YDULHW\�RI�RSWLFDO�FRPSRQHQWV��LQFOXGLQJ�
• &KDUDFWHUL]DWLRQ�RI�)LEHU�$PSOLILHUV��VXFK�DV�(')$V�
• &KDUDFWHUL]DWLRQ�RI�RSWLFDO�VRXUFHV��VXFK�DV�ODVHU�GLRGHV�
• 'HWHUPLQDWLRQ�RI�UHFHLYHU�VHQVLWLYLW\�

7KH�VXLWDELOLW\�RI�DQ�RSWLFDO�SRZHU�PHWHU�IRU�DFFXUDWH�DEVROXWH
SRZHU�PHDVXUHPHQWV�LV�GHWHUPLQHG�E\�WKH�WRWDO�XQFHUWDLQW\
FKDUDFWHULVWLF��,Q�FRQWUDVW�WR�WKH�XQFHUWDLQW\�DW�UHIHUHQFH
FRQGLWLRQV�FKDUDFWHULVWLF��WRWDO�XQFHUWDLQW\�LQFOXGHV�DOO�YDULDWLRQV
LQ�LQSXW�SDUDPHWHUV�DQG�LQIOXHQFLQJ�IDFWRUV��VXFK�DV�
• $OO�ZDYHOHQJWKV�WKDW�WKH�LQVWUXPHQW�LV�VSHFLILHG�IRU
• 7KH�ZKROH�SRZHU�UDQJH
• 7HPSHUDWXUH�YDULDWLRQV�RYHU�WKH�IXOO�RSHUDWLQJ�UDQJH

• (YHU\�EHDP�JHRPHWU\��IRU�H[DPSOH��ILEHU�W\SH��WKH�LQVWUXPHQW�LV
GHVLJQHG�IRU

• $JLQJ��IRU�WKH�SHULRG�RI�WKH�UHFRPPHQGHG�UHFDOLEUDWLRQ�LQWHUYDO�

8QIRUWXQDWHO\�TXLWH�RIWHQ�WKH�WRWDO�XQFHUWDLQW\�JLYHQ�LV�QRW�DV��WRWDO�
DV�LW�VKRXOG�EH��6RPH�LQVWUXPHQW�PDQXIDFWXUHU�OLPLW�WKH�SDUDPHWHU�LQ
RUGHU�WR�KDYH�EHWWHU�ILJXUHV�LQ�WKH�VSHF�VKHHW��)RU�LQVWDQFH��VRPHWLPHV
�WRWDO�XQFHUWDLQW\��LV�RQO\�VSHFLILHG�IRU�RQH�VLQJOH�SRZHU�OHYHO��RU�RQO\
DW�WHPSHUDWXUHV�OLNH����&������

&ORVHO\�UHODWHG�WR�WKH�TXHVWLRQ�RI�LQVWUXPHQW�XQFHUWDLQW\�LV�WKH�SUREOHP
RI�UHSHDWDELOLW\��2IWHQ�WKHUH�DUH�SUREOHPV�UHSRUWHG�FRQFHUQLQJ�WKH
VWDELOLW\�RI�SRZHU�UHDGLQJV��,Q�VRPH�FDVHV��WKH�VWDELOLW\�RI�WKH�UHDGLQJV
LV�OLPLWHG�E\�QRLVH��0RUH�RIWHQ��SUREOHPV�ZLWK�WKH�PHDVXUHPHQW�VHWXS
DUH�UHVSRQVLEOH�IRU�ZHDN�VWDELOLW\��7KHVH�VHWXS�SUREOHPV�LQFOXGH�
• 6RXUFH�YDULDWLRQV�EHFDXVH�RI�EDFN�UHIOHFWLRQ
• ,QWHUIHUHQFH
• 3RODUL]DWLRQ�GHSHQGHQW�ORVV�

/DVHUV�VKRZ�SRZHU�IOXFWXDWLRQV�LI�SDUW�RI�WKH�RXWSXW�SRZHU�LV�UHIOHFWHG
EDFN�LQWR�WKH�VRXUFH��$�JRRG�ODVHU�VRXUFH�GHVLJQ�FDQ�PLQLPL]H�WKH
LQIOXHQFH�RI�VXFK�EDFN�UHIOHFWLRQV��7\SLFDO�UHDVRQV�IRU�KLJK
EDFNUHIOHFWLRQ�LQFOXGH�
• 2SHQ�VWUDLJKW�FRQQHFWRUV��JODVV���DLU�MXQFWLRQ��
• %DG�FRQQHFWLRQV��GLUW\�RU�VFUDWFKHG�FRQQHFWRUV��
• 0LFUR�EUHDNV�LQ�WKH�ILEHU��RIWHQ�ORFDWHG�QH[W�WR�WKH�FRQQHFWRU��

,I�WKHUH�DUH�PXOWLSOH�UHIOHFWLRQV�ZLWKLQ�WKH�VHWXS��D�FDYLW\�FDQ�EH
HVWDEOLVKHG��'HSHQGLQJ�RQ�WKH�OHQJWK�RI�WKDW�FDYLW\��SRZHU�IOXFWXDWLRQV
DUH�QRWLFHG�HLWKHU�
• :KHQ�VZHHSLQJ�WKH�ZDYHOHQJWK�
• :KHQ�WLQ\�YDULDWLRQV�LQ�RSWLFDO�SDWK�OHQJWK�RFFXU��FDXVHG��IRU

H[DPSOH��E\�VPDOO�WHPSHUDWXUH�FKDQJHV��

,I�D�GHYLFH�ZLWKLQ�WKH�VHWXS�KDV�D�FRQVLGHUDEOH�DPRXQW�RI�SRODUL]DWLRQ
GHSHQGDQW�ORVV��3'/���YDULDWLRQ�RI�WKH�VWDWH�RI�SRODUL]DWLRQ��623��ZLOO
JLYH�ULVH�WR�SRZHU�IOXFWXDWLRQV��7KH�623�RI�D�VWDQGDUG�VLQJOH�PRGH
ILEHU�FKDQJHV�UDQGRPO\�RYHU�WLPH�DQG�OHQJWK�RI�WKH�ILEHU�EHFDXVH
FKDQJLQJ�HQYLURQPHQW�FRQGLWLRQV�LQIOXHQFH�WKH�ELUHIULQJHQFH�RI�WKH
ILEHU��(YHU\�VPDOO�PRYHPHQW�RI�WKH�ILEHU�FKDQJHV�WKH�623��DQG
WKHUHIRUH�WKH�ORVV��LQ�WKH�V\VWHP��(YHQ�VRXQG�FDQ�FDXVH�D�623�FKDQJH�

+LJK�SRZHU�PHDVXUHPHQWV

6SHFLDO�FRQVLGHUDWLRQV�KDYH�WR�EH�PDGH�ZKHQ�PHDVXULQJ�KLJK�SRZHU
OHYHOV��VXFK�DV�WKRVH�SURGXFHG�E\�VWDWH�RI�WKH�DUW�(')$V��'HYLFHV�DUH
DYDLODEOH�WKDW�GHOLYHU�SRZHU�OHYHOV�RI�XS�WR����:DWW������G%P���$V�QR
VHPLFRQGXFWRU�EDVHG�SRZHU�PHWHU�LV�DEOH�WR�DFFHSW�VXFK�KLJK�SRZHUV
GLUHFWO\��VSHFLDO�PHDVXUHV�KDYH�WR�EH�WDNHQ�



3LFWXUH�����LOOXVWUDWHV�WKH�$JLOHQW�7HFKQRORJLHV�VROXWLRQ�IRU
PHGLXP�SRZHUV��XS�WR�����:DWW�����G%P��

���3RVVLELOLW\���7KH�+3������$�2SWLFDO

+HDG

Connector
Adapter

Anti-reflection Coating

5 mm InGaAs Detector

HP 81525A
Optical Head

Connector
Ferrule

Absorbing
Glass Cap

Characteristics:

● Power handling up to 500 mW.
● Total uncertainty ±5 % at 10 mW, with de-rating of 0.007 dB/dB above 10 dBm.
● Calibrated over full wavelength range.
● Numerical aperture (NA) up to 0.2.  With HP 81050BL lens, NA up to 0.3.

Peltier
Cooler

)LJXUH������3RZHU�PHDVXUHPHQWV�XS�WR����G%P�ZLWK�WKH�$JLOHQW
7HFKQRORJLHV������$�2SWLFDO�+HDG�

)RU�SRZHUV�!���G%P��DQ�DEVRUELQJ�ILOWHU�VROXWLRQ�LV�QRW�VXLWDEOH
EHFDXVH�RI�WKH�ODUJH�DPRXQW�RI�SRZHU�WKDW�KDV�WR�EH�GLVVLSDWHG
LQ�D�UHODWLYHO\�VPDOO�YROXPH��7KH�JRDO�LV�WR�GLVWULEXWH�WKH�SRZHU
RYHU�DV�ODUJH�D�YROXPH�DV�SRVVLEOH��$Q�H[DPSOH�RI�WKLV�FRQFHSW�LV
WKH�$JLOHQW�7HFKQRORJLHV������$)�,QWHJUDWLQJ�6SKHUH��ZKHUH
SRZHU�LV�GLVVLSDWHG�RYHU�WKH�ZDOO�RI�WKH�ZKROH�VSKHUH��7KLV
FRQFHSW�DOVR�DOORZV�WKH�DFFHSWDQFH�RI�HPLWWHUV�ZLWK�KLJK
QXPHULFDO�DSHUWXUH�DV�ZHOO�DV�ZLWK�ODUJH�HPLWWLQJ�DUHDV��)RU
IXUWKHU�LQIRUPDWLRQ��UHIHU�WR�$JLOHQW�7HFKQRORJLHV�3URGXFW�1RWH
������������+LJK�SRZHU�PHDVXUHPHQWV�XVLQJ�WKH�+3������))
,QWHJUDWLQJ�VSKHUH���$�GLVDGYDQWDJH�RI�WKH�LQWHJUDWLQJ�VSKHUH�LV
VSHFNOH�QRLVH��FDXVHG�E\�LQWHUIHUHQFH�RI�WKH�LQFLGHQW�EHDP�ZLWK
LWVHOI�E\�PXOWLSOH�UHIOHFWLRQV�DW�WKH�ZDOO�RI�WKH�VSKHUH��7\SLFDO
VSHFNOH�QRLVH�LV�RI�WKH�RUGHU�RI������G%�IRU�D�EDQGZLGWK�RI���
0+]�

,QVHUWLRQ�/RVV
0HDVXUHPHQW�SULQFLSOH
3HUKDSV�WKH�PRVW�LPSRUWDQW�FKDUDFWHULVWLF�IRU�SDVVLYH�RSWLFDO
FRPSRQHQWV�LV�WKH�LQVHUWLRQ�ORVV�YDOXH��)RU�ZDYHOHQJWK�GLYLVLRQ
PXOWLSOH[LQJ��:'0��DSSOLFDWLRQV��WKH�LQVHUWLRQ�ORVV�PXVW�EH
GHWHUPLQHG�DV�D�IXQFWLRQ�RI�ZDYHOHQJWK��6RPH�RWKHU�GHYLFH
SDUDPHWHUV�FDQ�EH�GHWHUPLQHG�XVLQJ�WKH�UHVXOWV�RI�DQ�LQVHUWLRQ
ORVV�PHDVXUHPHQW��)RU�H[DPSOH��WKH�FURVVWDON�EHWZHHQ�GLIIHUHQW
FKDQQHOV�IRU�D�':'0�PXOWLSOH[HU�FDQ�EH�FDOFXODWHG�E\�FRPSDULQJ
WKH�LQVHUWLRQ�ORVV��,/��YDOXHV�DW�GLIIHUHQW�ZDYHOHQJWKV��7KH
PHDVXUHPHQW�SULQFLSOH�IRU�DQ�,/�PHDVXUHPHQW�LV�VKRZQ�LQ�ILJXUH
����

,QVHUWLRQ�ORVV�

'87

6RXUFH 3RZHU�PHWHU

&RQQHFWRU

5HIHUHQFH

$��,QVHUWLRQ�PHWKRG�
&RQQHFWRU�RU
EDUH�ILEHU

%��&XW�EDFN�PHWKRG�

6RXUFH

'87

3RZHU�PHWHU

5()
3

2XW
3

[ ]G%,/
5()

2XW

3

3=

)LJXUH������3ULQFLSOH�RI�LQVHUWLRQ�ORVV�PHDVXUHPHQW��3LFWXUH��$��GHVFULEHV�WKH
VR�FDOOHG�LQVHUWLRQ�PHWKRG���%��H[SODLQV�WKH�FXW�EDFN�PHWKRG�

$�ORVV�PHDVXUHPHQW�LV�WKH�UDWLR�RI�WZR�SRZHU�OHYHOV��&RQVHTXHQWO\
WKHUH�DUH�WZR�PHDVXUHPHQW�VWHSV�

�� 7KH�UHIHUHQFH�SRZHU��WKH�SRZHU�35()�ZLWKRXW�WKH�GHYLFH�XQGHU
WHVW��'87��PXVW�EH�UHFRUGHG��7KLV�LV�LQGLFDWHG�ZLWK�WKH�GDVKHG
OLQH�LQ�ILJXUH����$�

�� 7KHQ�WKH�'87�LV�LQVHUWHG�DQG�WKH�RXWSXW�SRZHU�32XW�DIWHU�WKH�'87
LV�PHDVXUHG�

7KH�LQVHUWLRQ�ORVV�LV�WKHQ�JLYHQ�E\�32XW���35()���&RQVHTXHQWO\��WKH
PHDVXUHG�'87�LQVHUWLRQ�ORVV�LQFOXGHV�WKH�ORVV�RI�RQH�FRQQHFWRU�SDLU�
DQG��EHFDXVH�WKH�VDPH�FRQQHFWRU�SDLU�LV�QRW�XVHG�DJDLQ��WKHUH�LV�D�ODUJH
XQFHUWDLQW\���9HU\�RIWHQ��WKHVH�SUREOHPV�DUH�VROYHG�E\�VSOLFLQJ�WKH�'87
LQWR�WKH�VLJQDO�SDWK��7KHQ�WKH�ILEHU�LV�FXW�EHIRUH�WDNLQJ�WKH�UHIHUHQFH
UHDGLQJ��ILJXUH����%��

,Q�FRQWUDVW�WR�DEVROXWH�SRZHU�PHDVXUHPHQWV��WKH�XQFHUWDLQW\�RI�DQ�,/
PHDVXUHPHQW�LV�QRW�GHWHUPLQHG�E\�WKH�WRWDO�XQFHUWDLQW\�FKDUDFWHULVWLF
RI�WKH�GHWHFWRU��7KH�PDWKHPDWLFDO�RSHUDWLRQ�RI�GLYLGLQJ�WZR�DEVROXWH
SRZHU�YDOXHV�HOLPLQDWHV�WKH�ZDYHOHQJWK�GHSHQGHQFH�RI�WKH�GHWHFWRU�
7KXV��WKH�FKDUDFWHULVWLF�RI�LQWHUHVW�LV�WKH�GHWHFWRU
V��SRZHU��OLQHDULW\�
7KH�UHODWLRQ�EHWZHHQ�WKH�GHWHFWRU
V�LQIOXHQFH�RQ�WKH�,/�PHDVXUHPHQW
XQFHUWDLQW\�DQG�LW
V�OLQHDULW\�LV�TXLWH�VLPSOH��$�ILUVW�RUGHU�DSSUR[LPDWLRQ
RI�WKH�GHWHFWRU
V�FRQWULEXWLRQ�WR�WKH�XQFHUWDLQW\�LV�WKH�VSHFLILHG
OLQHDULW\�HUURU��WKLV�KROGV�DV�ORQJ�DV�WKH�623�LV�NHSW�FRQVWDQW�GXULQJ�WKH
PHDVXUHPHQW��RU�WKH�GHWHFWRU�KDV�QR�3RODUL]DWLRQ�'HSHQGDQW
5HVSRQVLYLW\��3'5���,Q�SUDFWLFDO�DSSOLFDWLRQV��WKH�623�FDQQRW�EH�NHSW
FRQVWDQW�VR�LW�LV�RIWHQ�LPSRUWDQW�WR�XVH�D�GHWHFWRU�ZLWK�ORZ�3'5��0RVW
RI�$JLOHQW�7HFKQRORJ\
V�SRZHU�VHQVRUV�DUH�VSHFLILHG�IRU�3'5�

:DYHOHQJWK�GHSHQGHQW�PHDVXUHPHQWV
3ULRU�WR�WKH�DGYHQW�RI�:DYHOHQJWK�'LYLVLRQ�0XOWLSOH[LQJ��:'0��WKH
QHHG�IRU�ZDYHOHQJWK�GHSHQGHQW�WHVWLQJ�ZDV�RIWHQ�DW�LVVXH��:'0�KDV
PDGH�ZDYHOHQJWK�GHSHQGDQW�WHVWLQJ�PDQGDWRU\��TXHVWLRQV�QRZ�IRFXV
RQ�WKH�DFFXUDF\�RI�ZDYHOHQJWK�PHDVXUHPHQWV�UHTXLUHG�DQG�WKH�EHVW
PHWKRG�WR�GR�VZHSW�ZDYHOHQJWK�WHVWLQJ�



%DVLFDOO\��WKHUH�DUH�WZR�RSWLRQV�IRU�GRLQJ�VZHSW�ZDYHOHQJWK
WHVWLQJ�DV�RXWOLQHG�LQ�ILJXUH�����

0HWKRG�$�

���6RXUFH�3RZHU
6SHFWUXP

���'HYLFH
7UDQVPLVVLRQ

λλ λ

λ

���'HWHFWRU�
6HQVLWLYLW\

���5HFHLYHU�
6LJQDO

λλ

λ

λ

0HWKRG�%�

1. 2. 3. 4.

1. 2. 3. 4.

)LJXUH������([SODQDWLRQ�RI�WKH�WZR�PRVW�LPSRUWDQW�PHWKRGV�XVHG�IRU
VZHSW�ZDYHOHQJWK�WHVWLQJ��$��ZLWK�EURDGEDQG�VRXUFH�DQG�26$��%��ZLWK
7/6�DQG�SRZHU�PHWHU��&ROXPQ���VKRZV�WKH�HPLWWHG�VSHFWUXP����LV�WKH
WUDQVPLVVLRQ�FKDUDFWHULVWLF�RI�WKH�GHYLFH�XQGHU�WHVW����LV�WKH�VSHFWUDO
VHQVLWLYLW\�RI�WKH�GHWHFWRU�DQG���LV�WKH�UHVXOWLQJ�UHFHLYHU�VLJQDO�DIWHU�WKH
ZDYHOHQJWK�VZHHS�

,Q�WKH�H[DPSOH�VNHWFKHG�DERYH��WKH�,/�RYHU�ZDYHOHQJWK�RI�D�ILOWHU
GHYLFH�ZLWK�D�VSHFWUDO�WUDQVPLVVLRQ�DV�LQGLFDWHG�LQ�JUDSK���LV�WR
EH�PHDVXUHG��,Q�PHWKRG�$��D�EURDGEDQG�VRXUFH�ZLWK�DQ�HPLVVLRQ
VSHFWUXP�DV�LQ�SLFWXUH���LV�XVHG��$V�WKH�VWLPXOXV�VSHFWUXP�LV
EURDG��WKH�ZDYHOHQJWK�GLVFULPLQDWLRQ�PXVW�EH�GRQH�LQ�WKH
GHWHFWRU��7KXV�D�QDUURZ�EDQG�GHWHFWRU�LV�XVHG��DQG�WKH�SDVV
EDQG�RI�WKH�GHWHFWRU�LV�VZHSW�RYHU�ZDYHOHQJWK��7KLV
PHDVXUHPHQW�SULQFLSOH�LV�UHDOL]HG�LQ�DQ�RSWLFDO�VSHFWUXP�DQDO\]HU
�26$���7KH�VRXUFH�XVHG�LV�HLWKHU�D�ZKLWH�OLJKW�VRXUFH��KDORJHQ
ODPS���RU�RQH�RUH�PRUH�((/('V�DUH�XVHG��GHSHQGLQJ�RQ�WKH
ZDYHOHQJWK�PHDVXUHPHQW�VSDQ�DQG�WKH�RXWSXW�SRZHU�QHHGHG�
0HWKRG�%��LV�EDVHG�RQ�D�FRPSOHPHQWDU\�SULQFLSOH��$�QDUURZ�EDQG
WXQDEOH�VRXUFH�LV�XVHG�WR�VWLPXODWH�WKH�'87��WKH�UHFHLYHU�LV�D
QRQ�VHOHFWLYH�GHWHFWRU��XVXDOO\�D�VHPLFRQGXFWRU�SKRWR�VHQVRU�
7KH�GLIIHUHQW�GHWHFWRU�UHVSRQVLYLW\�RYHU�ZDYHOHQJWK�LV�VKRZQ�DV
�UG�SLFWXUH�LQ�ILJXUH�����)LQDOO\��WKH�UHVXOWLQJ�UHFHLYHU�VLJQDO�LV
VKRZQ�LQ�WKH��WK�SLFWXUH��%RWK�VLJQDOV�VKRZ�WKH�W\SLFDO
OLPLWDWLRQV�RI�WKHLU�UHVSHFWLYH�PHDVXUHPHQW�PHWKRG��,Q�WKH�FDVH
RI�WKH�26$�0HWKRG��WKH�PRVW�LPSRUWDQW�OLPLWDWLRQ�LV�XVXDOO\�WKH
UHVROXWLRQ�EDQGZLGWK��W\SLFDOO\�! ���SP���VR�WKDW�VPDOO
IHDWXUHV�RI�WKH�'87�FDQQRW�EH�VSHFWUDOO\�UHVROYHG��2Q�WKH�RWKHU
KDQG��WKH�W\SLFDO�OLPLWDWLRQ�IRU�0HWKRG�%���WXQDEOH�ODVHU�VRXUFH��LV
WKH�VR�FDOOHG�VRXUFH�VSRQWDQHRXV�HPLVVLRQ��66(���7KLV�LV
LQGLFDWHG�LQ�%��DV�WKH�EURDG�FRQWLQXXP�EHORZ�WKH�VWLPXODWHG
HPLVVLRQ�SHDN��$V�WKH�GHWHFWRU�LV�EURDGEDQG��WKLV�66(�JLYHV�ULVH
WR�D�UHFHLYHU�VLJQDO�HYHQ�LQ�WKH�VWRS�EDQG�RI�WKH�ILOWHU��VR�OLPLWLQJ
WKH�DFKLHYDEOH�G\QDPLF�
&RQVHTXHQWO\��WKH�EHVW�UHVXOWV�DUH�DFKLHYHG�ZLWK�D�FRPELQDWLRQ
RI�WXQDEOH�ODVHU�VRXUFH�DQG�26$��WKDW�LV��D�FRPELQDWLRQ�RI

QDUURZ�VRXUFH�DQG�D�QDUURZEDQG�UHFHLYHU��$V�WKLV�VROXWLRQ�LV�UDWKHU
H[SHQVLYH�LW�LV�RQO\�XVHG�IRU�WKH�PRVW�GHPDQGLQJ�DSSOLFDWLRQV��,Q�WKH
VHFRQG�KDOI�RI�WKLV�SDSHU�ZH�FRQFHQWUDWH�RQ�VROXWLRQV�WKDW�XVH�D
WXQDEOH�ODVHU�VRXUFH��DV�WKLV�PHWKRG�LV�PRUH�IOH[LEOH�DQG��LQVWUXPHQWV
DUH�QRZ�DYDLODEOH�WKDW�LPSURYH�WKH�66(�LVVXH�

,Q�DGGLWLRQ�WR�WKH�XQFHUWDLQW\�FRQWULEXWLRQV�PHQWLRQHG�DERYH��GHWHFWRU
OLQHDULW\��3'/���LQWHUIHUHQFH�HIIHFWV�KDYH�WR�EH�FRQVLGHUHG�IRU�VZHSW
ZDYHOHQJWK�PHDVXUHPHQWV��7KLV�LQWHUIHUHQFH�HIIHFW�FDQ�EH�REVHUYHG�DV
D�PRUH�RU�OHVV�SHULRGLF�YDULDWLRQ�RI�ORVV�RYHU�ZDYHOHQJWK��VXSHULPSRVHG
RQ�WKH�ORVV�RI�WKH�GHYLFH�XQGHU�WHVW��'87���7KLV�LQWHUIHUHQFH�ULSSOH�LV
FDXVHG�E\�DW�OHDVW�WZR�UHIOHFWLQJ�VXUIDFHV�WKDW�DUH�VHSDUDWHG�E\�D
VPDOO�GLVWDQFH��W\SLFDOO\�����WR������PP���7KHVH�UHIOHFWLQJ�VXUIDFHV�VHW
XS�D�)DEU\�3HURW�LQWHUIHURPHWHU��$�W\SLFDO�H[DPSOH�RI�VXFK�D�FDYLW\�LV
DQ�RSHQ�ILEHU�HQG�LQ�IURQW�RI�WKH�GHWHFWRU�RSWLFV�
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State of the Art detector AGILENT 81634A detector

)LJXUH������,QWHUIHUHQFH�HIIHFW�IRU�D�VWDWH�RI�WKH�DUW�SRZHU�PHWHU�DQG�IRU�WKH
$JLOHQW�7HFKQRORJLHV������$�'HWHFWRU�PRGXOH�

)LJXUH�����GHPRQVWUDWHV�WKH�HIIHFW�RI�LQWHUIHUHQFH�IRU�D�VZHSW
ZDYHOHQJWK�ORVV�PHDVXUHPHQW��7KH�LQWHUIHUHQFH�JLYHV�ULVH�WR�ORVV
YDULDWLRQV�WKDW�GLVWXUE�WKH�ORVV�VLJQDO�IURP�WKH�'87��,Q�WKH�QHZ�$JLOHQW
7HFKQRORJLHV�3RZHU�0HWHUV��VSHFLDO�PHDVXUHV��VXFK�DV�DQWL�UHIOHFWLYH
FRDWLQJ��UHGXFH�WKH�LQWHUIHUHQFH�HIIHFWV�DQG�DOVR�SURYLGH�D�KLJK�UHWXUQ
ORVV�

3RODUL]DWLRQ�GHSHQGDQW�ORVV

0HDVXULQJ�SRODUL]DWLRQ�GHSHQGHQW�ORVV�KDV�DWWUDFWHG�HQRUPRXV
DWWHQWLRQ���7KH�VLPSOH�UHDVRQ�IRU�WKLV�LV�WKDW�LQ�D�FKDLQ�RI�RSWLFDO
DPSOLILHUV�3'/�HIIHFWV�DGG�XS�LQ�DQ�XQFRQWUROOHG�ZD\��7KH�UHVXOW�PD\
EH�FRPSOHWH�IDLOXUH�RI�WKH�V\VWHP���)LJXUH�����OLVWV�WKH�FDXVHV�RI�3'/�LQ
FRPPXQLFDWLRQ�V\VWHPV�



&DXVHV�IRU�3'/�LQ�&RPPXQLFDWLRQ�6\VWHPV

★  Angled / open connectors
★  Fiber stress in cable and connectors
★  Optical couplers
★  Isolators
★  WDM components
★  Photodetectors

Modern communication systems require components with low PDL.
PDL will add up in an uncontrolled way !

3'/�LQ�&RPPXQLFDWLRQ�6\VWHPV

2QH�ZHOO�NQRZQ�H[DPSOH�RI�D�3'/�JHQHUDWRU�LV�DQ�RSHQ��DQJOHG
FRQQHFWRU���)LJXUH�����VKRZV�WKH�3'/�GHSHQGHQFH�RQ�WKH�DQJOH�RI
WKH�IURQW�VXUIDFH���2QO\�ZKHQ�WKLV�FRQQHFWRU�LV�EURXJKW�LQ
SK\VLFDO�FRQWDFW�ZLWK�D�VHFRQG�FRQQHFWRU�ZLOO�WKH�SRODUL]DWLRQ
GHSHQGHQFH�EH�JUHDWO\�UHGXFHG�RU�HOLPLQDWHG�

3'/�IURP�$QJOHG�)LEHU�(QG

DIN / APC angled connectors with α = 8° have 19 mdB PDL.
EC angled connector  with 12° mechanical angle has 43 mdB PDL.

Examples:
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3'/ QG% = −��
�log ( cos ( arcsin ( sin ) ) )α α

)LJXUH������3'/�IRU�DQ�DQJOHG�ILEHU�HQG�

7KH�SRODUL]DWLRQ�VWDWH�RI�RSWLFDO�VLJQDOV�WUDYHOLQJ�RQ�D�ORQJ�ILEHU
LV�VXEMHFW�WR�FRQWLQXRXV�DQG�VXGGHQ�HQYLURQPHQWDO�FKDQJHV��DQG
LV�FRPSOHWHO\�VWDWLVWLFDO�LQ�QDWXUH���:KHQ�WKH�OLQN�FRQVLVWV�RI�D
QXPEHU�RI�FRQFDWHQDWHG�DPSOLILHUV��WKHVH�VWDWLVWLFV�PD\�OHDG�WR
FKDQJHV�RI�UHFHLYHG�SRZHU�OHYHO��DQG�HYHQ�V\VWHP�IDLOXUH���7KLV�LV
GXH�WR�WKH�IDFW�WKDW�SRODUL]DWLRQ�LQGHSHQGHQW�RSWLFDO�DPSOLILHUV�GR
QRW�H[LVW���7\SLFDO�SRODUL]DWLRQ�GHSHQGHQW�JDLQV�DUH�LQ�WKH�RUGHU�RI
����G%�WR�����G%�SHDN�WR�SHDN�

7ZR�PHWKRGV�DUH�FRPPRQO\�XVHG�IRU�3'/�WHVWLQJ��DV�GHVFULEHG�LQ
ILJXUH�����

3RODUL]DWLRQ�'HSHQGHQW�/RVV

2 Methods:

■  Polarization Scanning:
 Apply all polarization states, determine min / max.
 Difficulties:  PDL and reflection sensitivity of test equipment.

■  Mueller / Stokes Method:
 Apply 4 defined polarization states to DUT.
 Calculate polarization dependence mathematically.
 Difficulties:  needs a calibration step;
                    more complicated calculation;
                    wavelength dependence of plates.

A power meter with low polarization dependence is needed in both cases !

7KH�0XHOOHU���6WRNHV�PHWKRG�ZLOO�EH�GLVFXVVHG�ODWHU��LQ�FRQMXQFWLRQ
ZLWK�WKH�WHVWLQJ�RI�LQWHJUDWHG�RSWLFV��,Q�WKH�QH[W�VHFWLRQ��ZH�IRFXV�RQ
WKH�SRODUL]DWLRQ�VFDQQLQJ�PHWKRG�

3'/�WHVWLQJ�ZLWK�SRODUL]DWLRQ�VFDQQLQJ

3'/�FDQ�EH�WHVWHG�E\�DGGLQJ�D�SRODUL]DWLRQ�FRQWUROOHU�WR�DQ�RSWLFDO
VRXUFH��7KH�VRXUFH�SRZHU��DW�WKH�'87��VKRXOG�EH�WLPH�LQYDULDQW�DQG
LQGHSHQGHQW�RI�WKH�SRODUL]DWLRQ�VWDWH��7KH�SRODUL]DWLRQ�FRQWUROOHU�VKRXOG
EH�DEOH�WR�JHQHUDWH�SRODUL]DWLRQ�VWDWHV�ZKLFK�XQLIRUPO\�FRYHU�WKH�HQWLUH
3RLQFDUp�VSKHUH��VHH�ILJXUH�����

3'/�7HVWLQJ
8VLQJ�3RODUL]DWLRQ�6FDQQLQJ

Source Polarization
Controller DUT

Power
Meter

Must be stable and
insensitive to reflections

Must generate all polarization states
without changing insertion loss

Must be
polarization-insensitive

)LJXUH������3ULQFLSOH�RI�D�3RODUL]DWLRQ�WHVW�

$FKLHYLQJ�KLJK�DFFXUDF\�LQ�WKLV�W\SH�RI�PHDVXUHPHQW�LV�VWLOO�GLIILFXOW
EHFDXVH�
• WKH�SRODUL]DWLRQ�FRQWUROOHU�DOVR�PDQLSXODWHV�WKH�SRODUL]DWLRQ�VWDWH

RI�DQ\�UHIOHFWHG�ZDYHV��DQG�QRQ�LVRODWHG�ODVHU�VRXUFHV�WHQG�WR
JHQHUDWH�SRZHU�IOXFWXDWLRQV�XSRQ�WKHVH�FKDQJHV�

• RSWLFDO�SRZHU�PHWHUV�ZLWK�YHU\�ORZ�SRODUL]DWLRQ�GHSHQGHQFH�DUH
VFDUFH�

2Q�WKH�RWKHU�KDQG��WKLV�PHWKRG�RIIHUV�VRPH�DGYDQWDJHV��LQFOXGLQJ�
• VSHHG
• HDVH�RI�VHWXS�



7HVWLQJ�,QWHJUDWHG�2SWLFDO�'HYLFHV

)LEHU�RSWLFV�LV�EHFRPLQJ�PLQLDWXUL]HG���2SWLFDO�PRGXODWRUV�
VZLWFKHV��FRXSOHUV��DQG�RWKHU�GHYLFHV�LQFUHDVLQJO\�LQFOXGH
LPSODQWHG�ZDYHJXLGHV���2SWLFDO�PRGXODWRUV�QHHG�WR�EH�WHVWHG�IRU
WKHLU�PRGXODWLRQ�WUDQVIHU�IXQFWLRQ��$�IUHTXHQW�TXHVWLRQ�LQ�WKLV
FRQWH[W�LV���+RZ�FDQ�WKH�GHVLUHG�KRUL]RQWDO�DQG�YHUWLFDO
SRODUL]DWLRQ�VWDWHV�EH�JHQHUDWHG�DW�WKH�LQSXW�RI�WKH�GHYLFH"
)LJXUH�����LOOXVWUDWHV�WKLV�SUREOHP�

2QH�SRVVLELOLW\�LV�WR�XVH�SRODUL]DWLRQ�PDLQWDLQLQJ�ILEHU�DQG
PHFKDQLFDO�URWDWRUV��+RZHYHU��WKH�QHFHVVDU\�URWDWLRQ�SUHFLVLRQ�LV
YHU\�GLIILFXOW�WR�DFKLHYH��7KH�DOWHUQDWLYH�RI�XVLQJ�D�SRODUL]DWLRQ
FRQWUROOHU�DQG�FRQYHQWLRQDO�VLQJOH�PRGH�ILEHU��LV�XVXDOO\�QRW
DSSOLFDEOH�EHFDXVH�WKH�SRODUL]DWLRQ�VWDWH�DW�WKH�HQG�RI�WKH�ILEHU�LV
FRPSOHWHO\�XQSUHGLFWDEOH��,V�WKHUH�DQ�HOHJDQW�VROXWLRQ��ZLWK
HOHFWURQLF�FRQWURO"

7HVWLQJ�,QWHJUDWHG�2SWLFDO�'HYLFHV

SM Fiber

Lithium-Niobate
Modulator

How can you generate the horizontal
or vertical polarization state ?

to Power Meter
or Selective
Level Meter

Desired
polarization
state

2QH�SRVVLELOLW\�LV�EDVHG�RQ�WKH�DVVXPSWLRQ�WKDW�
• 7KH�WHVW�GHYLFH�KDV�VXIILFLHQW�3'/
• 7KH�PD[LPXP�DQG�PLQLPXP�WUDQVPLVVLRQV�RFFXU�DW�WKH

KRUL]RQWDO�DQG�YHUWLFDO�SRODUL]DWLRQ�VWDWHV�
,Q�WKLV�FDVH��WKH�0XHOOHU�PHWKRG��RULJLQDOO\�D�3'/�WHVW�PHWKRG�
FDQ�EH�XVHG�WR�VHW�WKH�GHVLUHG�SRODUL]DWLRQ�VWDWHV�

)LJXUH�����VKRZV�WKH�PHDVXUHPHQW�VHWXS�IRU�3'/�WHVWLQJ�ZLWK
WKH�0XHOOHU�PHWKRG�

3'/�7HVWLQJ��0XHOOHU�0HWKRG�

HP 81624A Head with HP 81000DF filter

8153A Lightwave
Multimeter

CHA CHB

HP 8163A Multimeter

DUT

Additional benefit:
Sets the polarization state in a deterministic way.

PDL < ±0.03 dB

HP 816XX
FP Laser Source

HP 8169A Polarization Controller
8169A
Polarization
Controller

The HP 8169A polarization controller uses waveplates and polarizer.
The higher PDL of the HP 8169A can be eliminated by the Mueller method.

P     Q     H
Isolator

7KH�NH\�HOHPHQW�LQ�WKLV�LV�WKH�+3�����$�3RODUL]DWLRQ�&RQWUROOHU��ZKLFK
LV�FRQVWUXFWHG�IURP�WKUHH�URWDWDEOH�SODWHV��D�SRODUL]HU��D�TXDUWHU�ZDYH
UHWDUGDWLRQ�SODWH��DQG�D�KDOI�ZDYH�UHWDUGDWLRQ�SODWH���7KH�+3�����$
DOORZV�\RX�WR�FRQWURO�WKH�SRODUL]DWLRQ�VWDWH�LQ�D�GHWHUPLQLVWLF�ZD\�
ZKLFK�LV�LQ�FRQWUDVW�WR�SRODUL]DWLRQ�FRQWURO�XVLQJ�ILEHU�ORRSV�

7KH�XVH�RI�WKH�+3�����$�3RODUL]DWLRQ�&RQWUROOHU�IRU�WHVWLQJ�ZLWK�WKH
SRODUL]DWLRQ�VFDQQLQJ�PHWKRG�LV�QRW�DGYLVDEOH�EHFDXVH�RI�LWV�LQWHUQDO
3'/��������G%����7HVWLQJ�ZLWK�WKH�0XHOOHU�PHWKRG�HOLPLQDWHV�WKLV
HIIHFW��WKH�PHDVXUHPHQW�SURFHGXUH�LV�RXWOLQHG�LQ�ILJXUH�����

�0XHOOHU�0HWKRG���3URFHGXUH

Maximize power throughput by adjusting polarizer (P).
Measure output power of PC at 4 different polarization states:
horizontal, vertical, +45°, RH circular.
Insert test device.
Measure output power again at the same polarization states.
Calculate max / min transmissions using the 8 measurement results
and Mueller mathematics.
Calculate PDL:

1.
2.

3.

4.

5.

3'/

7

7
G%

=








10 log

max

min

6RPH�RI�WKH�SUHFRQGLWLRQV�IRU�KLJK�DFFXUDF\�DUH���ILQH�DQG�UHSURGXFLEOH
VHWWLQJV�RI�WKH�SODWHV��DQG�ZDYHOHQJWK�LQGHSHQGHQW�UHWDUGDWLRQ�RI�WKH
ZDYHSODWHV���7KH�+3�����$�IHDWXUHV�D�UHVROXWLRQ�RI�������DQG�D
UHSHDWDELOLW\�RI���������ZLWK�D�VHWWOLQJ�WLPH�RI�OHVV�WKDQ�����PV��7KH
UHWDUGDWLRQ�LV�EDVHG�RQ�]HUR�RUGHU�ZDYHSODWHV�ZLWK�VPDOO�ZDYHOHQJWK
GHSHQGHQFH��7KH�VSHFLILHG�ZDYHOHQJWK�UDQJH�LV������WR������QP�
ZKLFK�LV�ZHOO�VXLWHG�WR�(')$�WHVWLQJ���+RZHYHU��RSHUDWLRQ�RXWVLGH�RI
WKLV�UDQJH�LV�VWLOO�SRVVLEOH��DOWKRXJK�D�FRUUHFWLRQ�RI�WKH�UHWDUGDWLRQ�HUURU
LV�QHFHVVDU\�

7KH�EHQHILW�RI�XVLQJ�WKH�0XHOOHU�PHWKRG�DQG�PDWKHPDWLFV�LV�WKDW�WKH
SRODUL]DWLRQ�VWDWHV��6WRNHV�YHFWRUV���OHDGLQJ�WR�PLQLPXP�DQG�PD[LPXP
WUDQVPLVVLRQ��FDQ�DOVR�EH�FDOFXODWHG��VHH�ILJXUH�����



&RQWURO�RI�3RODUL]DWLRQ�6WDWHV

An elegant way of setting the polarization state with standard SM fiber !

Calculate Stokes vectors  6�����6������6    which correspond to min / max
transmissions.
Set the waveplates of the HP 8169A polarization controller
to generate these Stokes vectors.
Use the 2θ , 2ε functions !

6
�

6
�

6
�

2Θ

2ε

1.

2.

Poincaré sphere
and Stokes vectors

� � �

$IWHU�FDOFXODWLQJ�WKH�6WRNHV�YHFWRUV��WKH�FLUFOH�DSSOLFDWLRQ�RI�WKH
+3�����$�3RODUL]DWLRQ�&RQWUROOHU�FDQ�EH�XVHG�WR�JHQHUDWH�WKH
PLQLPXP�DQG�PD[LPXP�SRODUL]DWLRQ�VWDWHV���:KHQ�WKLV�LV
DFFRPSOLVKHG��WKH�PRGXODWRU�FDQ�WKHQ�EH�WHVWHG�IRU�LWV
PRGXODWLRQ�WUDQVIHU�IXQFWLRQ��LWV�GHSHQGHQFH�RQ�WKH�LQSXW
SRODUL]DWLRQ�VWDWH��DQG�IRU�RWKHU�FKDUDFWHULVWLFV��2I�FRXUVH��WKH
'87
V�LQSXW�ILEHU�PXVW�EH�ZHOO�VHFXUHG�VR�WKDW�WKH�SRODUL]DWLRQ
VWDWH�UHPDLQV�FRQVWDQW�

,W�LV�DGYLVDEOH�WR�ZULWH�D�FRPSXWHU�SURJUDP�WKDW�ZLOO�WDNH�WKH
PHDVXUHPHQWV�DQG�DXWRPDWLFDOO\�FRQWURO�WKH�SRODUL]DWLRQ�VWDWHV�
)RU�PRUH�LQIRUPDWLRQ��WKH�0XHOOHU�PHWKRG�LV�GLVFXVVHG�LQ�GHWDLO�LQ
>�@�

0XOWL�FKDQQHO�/RVV�0HDVXUHPHQWV�RI
':'0�&RPSRQHQWV

7RGD\��PRVW�':'0�FRPSRQHQW�WHVW�V\VWHPV�DUH�EDVHG�RQ�D
WXQDEOH�ODVHU��7/6���WUDFNLQJ�ILOWHU�DQG�SRZHU�PHWHU�RU�DQ�RSWLFDO
VSHFWUXP�DQDO\]HU��26$���7KH�QHHG�IRU�D�ZDYHOHQJWK�VHOHFWLYH
UHFHLYHU��VXFK�DV�DQ�26$��FRPHV�IURP�WKH�IDFW�WKDW�WKH�VRXUFH
VSRQWDQHRXV�HPLVVLRQ��66(��RI�WKH�WXQDEOH�ODVHU�VHULRXVO\�OLPLWV
WKH�G\QDPLF�UDQJH�RI�WKH�PHDVXUHPHQW�
)RU�WKH�ILUVW�WLPH��D�WXQDEOH�ODVHU�ZLWK�GUDPDWLFDOO\�LPSURYHG
VLJQDO�WR�VRXUFH�VSRQWDQHRXV�HPLVVLRQ�UDWLR��66(��LV�DYDLODEOH��$Q
66(�UHGXFWLRQ�RI�PRUH�WKDQ����G%�²�FRPSDUHG�WR�W\SLFDO�66(
FKDUDFWHULVWLFV�RI�PRGHUQ�WXQDEOH�ODVHUV�²�DOORZV�IRU�HOLPLQDWLRQ
RI�WKH�26$�IURP�WKH�WHVW�VHWXS���$V�D�UHVXOW��WKH�VHWXS�LQ�)LJXUH
����LV�SURSRVHG��7KH�VHWXS�VKRZQ�LQ�ILJXUH�����FDQ�EH�H[WHQGHG
WR�WKH�DFWXDO�FKDQQHO�FRXQW�QHHGHG��7KH�RQO\�OLPLWDWLRQ�LV�WKH
DYDLODELOLW\�RI�*3,%�DGGUHVVHV��,Q�WKH�IROORZLQJ��WKH�IRFXV�RI�WKH
GLVFXVVLRQ�OLHV�RQ�FHUWDLQ�IHDWXUHV�IRU�WKH�WXQDEOH�ODVHU�VRXUFH�
ZKLFK�HQKDQFH�WKH�SHUIRUPDQFH�VKRZQ�LQ�)LJXUH�����

TLS

PM

DWDM-MUX
(DUT)

PM

PM

PM

Tunable
laser

Power meters

PC with
plug&play

drivers

C0

Figure 4/1 — Proposed test setup for DWDM components

)LJXUH�����²�0HDVXUHPHQW�VHWXS�XVHG�IRU�D����FKDQQHO�GHYLFH

$JLOHQW���[9;,SOXJ	SOD\�,QVWUXPHQW�'ULYHU

7KH�$JLOHQW����[�9;,SOXJ	SOD\�LQVWUXPHQW�GULYHU�FRQWDLQV�QXPHURXV
IXQFWLRQV�WR�UHPRWHO\�FRQWURO�WKH�+3���[�PDLQIUDPH�VHULHV�DQG�UHODWHG
PRGXOHV��VXFK�DV�SRZHU�VHQVRUV�RU�WXQDEOH�ODVHU�VRXUFHV��(DFK
LPSOHPHQWHG�IXQFWLRQ�RI�WKH�9;,SOXJ	SOD\�OLEUDU\�FRPELQHV�VHYHUDO
*3,%�FRPPDQGV��7KLV�UHVXOWV�LQ�OHVV�FRPSOH[�SURJUDPV��7KH
9;,SOXJ	SOD\�GULYHU�LV�DEOH�WR�FRQWURO�D�VHWXS�FRQVLVWLQJ�RI�VHYHUDO
+3���[�PDLQIUDPHV��3DUWLFXODUO\�XVHIXO�LV�WKH�VLPSOLILFDWLRQ�RI�WKH
ORJJLQJ�DQG�VWDELOLW\�GDWD�DFTXLVLWLRQ�IXQFWLRQV��VHH�IROORZLQJ
FKDSWHUV���ZDYHOHQJWK�VZHHSLQJ��DQG�ODPEGD�VFDQ��WKH�FR�RUGLQDWLRQ�RI
ZDYHOHQJWK�VZHHSLQJ�DQG�GDWD�DFTXLVLWLRQ�IURP�PXOWLSOH�SRZHU�VHQVRU
FKDQQHOV��
$�JRRG�H[DPSOH�RI�WKH�VLPSOLILFDWLRQ�WKDW�LV�SURYLGHG�E\�WKH
9;,SOXJ	SOD\�LV�WKH�ODPEGD�VFDQ�DSSOLFDWLRQ��7KH�ODPEGD�VFDQ�FDQ�EH
SUHSDUHG�DQG�SHUIRUPHG�ZLWK�RQO\�WZR�IXQFWLRQV�IURP�WKH�3Q3�OLEUDU\�
$�IXUWKHU�IXQFWLRQ�\LHOGV�WKH�PHDVXUHPHQW�UHVXOWV��VHH�ODVW�FKDSWHU��
7KH�IXQFWLRQV�GHDO�ZLWK�WKH�QHFHVVDU\�ZDYHOHQJWK�FRUUHFWLRQ�DQG
SRZHU�UDQJH�VWLWFKLQJ�FDOFXODWLRQV��VHH�IROORZLQJ�FKDSWHUV��



7KH�VWDQGDUG�9;,SOXJ	SOD\�LQWHUIDFH�DOORZV�\RX�WR�EXLOG
FRPSOLFDWHG�WHVW�VHWXSV�PRUH�TXLFNO\��1HDUO\�DOO�RWKHU�FRPSOH[
WHVW�DQG�PHDVXUHPHQW�LQVWUXPHQWV�SURYLGH�9;,SOXJ	SOD\
LQVWUXPHQW�GULYHUV�
,W�LV�HDVLHU�WR�SURJUDP�XVLQJ�9;,SOXJ	SOD\�FDOOV�WKDQ�E\�XVLQJ
LQGLYLGXDO�*3,%�FRPPDQGV�EHFDXVH�
− \RX�XVH�IHZHU�FRPPDQGV��DOORZLQJ�\RX�WR�ZULWH�SURJUDPV

PRUH�TXLFNO\��DQG�WKHUH�LV�QR�VSHFLDO�QHHG�IRU�HUURU�KDQGOLQJ
DQG�SDUDPHWHU�FKHFNLQJ

− \RX�PDNH�IHZHU�PLVWDNHV��EHFDXVH�WKH�GULYHU�DOORZV�\RX�WR
SURJUDP�ZLWKRXW�KDYLQJ�DQ�LQWLPDWH�NQRZOHGJH�RI�HDFK
LQGLYLGXDO�*3,%�FRPPDQG�

7KH�$JLOHQW����[�9;,SOXJ	SOD\�LQVWUXPHQW�GULYHU�FDQ�EH�HDVLO\
LQWHJUDWHG�ZLWK�WKH�+3�$JLOHQW�9((�DQG�1DWLRQDO�LQVWUXPHQWV
/DE9LHZ�JUDSKLFDO�SURJUDPPLQJ�HQYLURQPHQWV��RU�&��&����DQG
9LVXDO�%DVLF�SURJUDPPLQJ�HQYLURQPHQWV��$Q�RQOLQH�KHOS�SURYLGHV
D�GHVFULSWLRQ�RI�DOO�9;,SOXJ	SOD\�IXQFWLRQV��6DPSOH�SURJUDPV
GHPRQVWUDWH�WKH�HDVH�RI�LPSOHPHQWDWLRQ�

1RWH�
$OO�WKH�LQWHJUDWHG�PDLQIUDPHV�DQG�PRGXOHV�PXVW�KDYH�ILUPZDUH
UHYLVLRQ������RU�KLJKHU�WR�RSHUDWH�ZLWK�WKH����[�SOXJ	SOD\�GULYHU
UHYLVLRQ������

'HVFULSWLRQ�RI�0HDVXUHPHQWV
3RZHU�&DOLEUDWLRQ
7KH�DLP�RI�WKH�SRZHU�FDOLEUDWLRQ�LV�WR�PHDVXUH�WKH�ZDYHOHQJWK�
GHSHQGHQW�LQSXW�SRZHU��VR�WKDW�WKLV�XQFHUWDLQW\�FDQ�EH�UHPRYHG
IURP�WKH�PHDVXUHPHQW�UHVXOW��3RZHU�IODWQHVV�YHUVXV�ZDYHOHQJWK
LV�W\SLFDOO\
�±����G%�
�7KH�SRZHU�FDOLEUDWLRQ�LV�FDUULHG�RXW�DV�IROORZV�
− &RQQHFW�WKH�VRXUFH�RXWSXW�FRQQHFWRU�WR�WKH�ILUVW�SRZHU

PHWHU�
− 6HW�WKH�WXQDEOH�ODVHU�WR�WKH�FHQWHU�ZDYHOHQJWK�RI�WKH�UDQJH

RI�LQWHUHVW��$FWLYDWH�WKH�ODVHU�
− 7DNH�D�UHIHUHQFH�WUDFH�IRU�WKH�ILUVW�SRZHU�PHWHU��8VH�WKH

VDPH�VWDUW�ZDYHOHQJWK��VWRS�ZDYHOHQJWK��DQG�ZDYHOHQJWK
VDPSOLQJ�LQWHUYDO�DV�IRU�WKH�PHDVXUHPHQW�

− 6WRUH�WKH�WUDFH�DV�UHIHUHQFH��DVVRFLDWLQJ�LW�WR�WKH�FRUUHFW
SRZHU�PHWHU�

− &RQQHFW�WKH�VRXUFH�RXWSXW�FRQQHFWRU��&���VHTXHQWLDOO\�WR
HDFK�RI�WKH�SRZHU�PHWHUV��5HSHDW�WKH�SURFHGXUH�IRU�HDFK
SRZHU�PHWHU�

6XFK�D�SRZHU�FDOLEUDWLRQ�VKRXOG�EH�GRQH��IRU�H[DPSOH��RQFH�SHU
ZHHN�

/RVV�0HDVXUHPHQW
7R�SHUIRUP�WKH�LQVHUWLRQ�ORVV�PHDVXUHPHQW�

− &RQQHFW�WKH�GHYLFH�XQGHU�WHVW�WR�WKH�WHVW�VHWXS��(QVXUH�WKH
FRUUHFW�PDWFKLQJ�RI�WKH�LQSXW�DQG�RXWSXWV�WKH�SRZHU�PHWHU
FKDQQHOV�

− 7DNH�D�WUDFH�VLPXOWDQHRXVO\�RQ�DOO�SRZHU�PHWHUV�XVLQJ�WKH
SOXJ	SOD\�GULYHU�IXQFWLRQ��'RQ
W�IRUJHW�WR�VHW�WKH�FRUUHFW
VWLWFKLQJ�OHYHO�IRU�WKH�H[SHFWHG�ORVV�G\QDPLF�UDQJH��8VH�GRXEOH
VFDQ�LI�\RX�DUH�XQVXUH�

− &DOFXODWH�WKH�LQVHUWLRQ�ORVV�RI�DOO�FKDQQHOV�XVLQJ�WKH�VWRUHG
UHIHUHQFH�YDOXHV�IRU�HDFK�SRZHU�PHWHU�FKDQQHO�

)LJXUH�������,QVHUWLRQ�ORVV�RI�D����FKDQQHO�'(08;

&RPSDULVRQ�RI�/RZ�66(�DQG�+LJK�3RZHU�RXWSXW

$V�PHQWLRQHG�HDUOLHU��IRU�WKH�ILUVW�WLPH��D�WXQDEOH�ODVHU�ZLWK
GUDPDWLFDOO\�LPSURYHG�66(�LV�DYDLODEOH���66(�LV�WKH�VXP�RI�DOO
VSRQWDQHRXV�WUDQVLWLRQV�LQVLGH�WKH�ODVHU�GLRGH��,W�KDV�D�EURDG�VSHFWUDO
FKDUDFWHULVWLF��EXW�LV�ZHDN�FRPSDUHG�WR�WKH�ODVHU�OLQH�LWVHOI��$�W\SLFDO
VLJQDO�WR�66(�UDWLR�RI����G%�LV�REVHUYHG���7KLV�QHZ�DSSURDFK�UHGXFHV
WKH�66(�OHYHO�E\�PRUH�WKHQ����G%��LQ�FRPSDULVRQ�ZLWK�W\SLFDO�66(
FKDUDFWHULVWLFV�RI�PRGHUQ�WXQDEOH�ODVHUV��DQG�DOORZV�\RX�WR�HOLPLQDWH
WKH�26$�IURP�WKH�WHVW�VHWXS�
7KH�VLJQDO�WR��66(��UDWLR�LV�VSHFLILHG�WR�!��G%�QP�LQ�WKH�HQWLUH�UDQJH
����QP�WR�����QP��$JLOHQW������$���7KLV�UDWLR�LPSURYHV�WR
!��G%�QP�LQ�WKH�UDQJH�����QP�WR�����QP�

/HW�XV�KDYH�D�FORVHU�ORRN�RQ�WKH�HIIHFWV�RI�66(�ZKHQ�WHVWLQJ�D�)LEHU
%UDJJ�*UDWLQJ��,I�WKH�WXQDEOH�ODVHU�LV�VZHHSLQJ�RYHU�WKH�ILOWHU·V
UHMHFWLRQ�EDQG��WKH�ODVHU�OLQH�LV�VWURQJO\�DWWHQXDWHG��EXW�WKH�SKRWR�GLRGH
UHFHLYHV�DOO�VSRQWDQHRXV�HPLVVLRQ�EHFDXVH�WKH�SDVVEDQGV�GR�QRW
DWWHQXDWH�WKHVH�ZDYHOHQJWK�UDQJHV�

%HFDXVH�D�GLRGH�LQWHJUDWHV�RYHU�DOO�ZDYHOHQJWKV��WKLV�PHDVXUHPHQW�FDQ
EH�GHVFULEHG�DV�D�PDWKHPDWLFDO�FRQYROXWLRQ�RI�WKH�VRXUFH�IXQFWLRQ�DQG
WKH�ILOWHU�UHVSRQVH�



$V�D�UHVXOW��WKH�SRZHU�PHWHU�QHYHU�GHWHFWV�WKH�WUXH�ILOWHU�VKDSH�
EXW�D�VLPLODU�RQH��ZKLFK�LV�VPHDUHG�RYHU�ZDYHOHQJWK��7KH
GHWHFWHG�ILOWHU�VKDSH�ORRNV�QLFH��EXW�LV�PLVOHDGLQJ�

High Power
output

Low SSE
output

A source with Low SSE is
the choice for measuring
passive components

)LJXUH�����²&RPSDUHG�RI�WKH�WUDQVPLVVLRQ�FKDUDFWHULVWLF�RI�D�1RWFK
ILOWHU��PHDVXUHG�HLWKHU�ZLWK�ORZ�66(�RU�KLJK�SRZHU�RXWSXW

$V�VKRZQ�LQ�ILJXUH������WKH�ELJJHVW�LPSDFW�E\�XVLQJ�D�ORZ�66(
RXWSXW�LV�PHDVXULQJ�D�1RWFK�ILOWHU��1HYHUWKHOHVV��WKH�VDPH
DUJXPHQWDWLRQ�LV�DOVR�YDOLG�IRU�D�EDQGSDVV�ILOWHU��$OWKRXJK�WKH
VSHFWUDO�UDQJH�ZLWK�KLJK�WUDQVPLVVLRQ�LV�QRW�DV�EURDG�DV�LQ�WKH
FDVH�RI�WKH�QRWFK�ILOWHU��D�KLJKHU�G\QDPLF�UDQJH�FDQ�EH�DOVR�EH
DFKLHYHG�E\�XVLQJ�WKH�ORZ�66(�RXWSXW��$Q�H[DPSOH�RI�D�EDQGSDVV
ILOWHU�WUDQVPLVVLRQ�PHDVXUHG�ERWK�ZLWK�VWDQGDUG�DQG�ORZ�66(
RXWSXW�LV�VKRZQ�LQ�ILJXUH�����
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High Power

Low SSE

)LJXUH�����²&RPSDULVRQ�RI�WKH�WUDQVPLVVLRQ�FKDUDFWHULVWLF�RI�D�EDQG
SDVV�ILOWHU�PHDVXUHG�RQFH�ZLWK�WKH�ORZ�66(�RXWSXW�DQG�RQFH�ZLWK�WKH
KLJK�SRZHU�RXWSXW��1RWH�WKDW�WKH�DEVROXWH�SRZHU�ZDV�EHORZ���G%P�LQ
WKLV�PHDVXUHPHQW�EXW�WKH�G\QDPLF�UDQJH�LV�QHYHUWKHOHVV�KLJK�

)RU�PRUH�LQIRUPDWLRQ��WKH�LPSDFW�RI�WKH�VRXUFH�VSRQWDQHRXV
HPLVVLRQ�LV�GLVFXVVHG�LQ�GHWDLO�>VHH�5HIHUHQFH��@�

%XLOW�LQ�ZDYHOHQJWK�PHWHU

7KH�ZDYHOHQJWK�ORJJLQJ�IXQFWLRQ�UHFRUGV�WKH�DFWXDO�ZDYHOHQJWK�GXULQJ
D�VFDQ��7R�VKRZ�KRZ�DFFXUDWH�WKH�V\VWHP�ZRUNV��D�ORZ�SUHVVXUH
$FHW\OHQH�JDV�FHOO�LV�PHDVXUHG�LQ�D�FRQWLQXRV�VFDQ��7KH�DEVRUELQJ�OLQHV
RI�WKLV�ZDYHOHQJWK�VWDQGDUG�DUH�VSHFLILHG�E\�1,67��7KH�FRPSDULVRQ�LV
VKRZQ�LQ�)LJXUH����
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P-Branch NIST [nm] Agilent[nm]
6 1528.5946 1528.5939
7 1529.1806 1529.1815
8 1529.7730 1529.7727
9 1530.3718 1530.3719

10 1530.9770 1530.9764
11 1531.5886 1531.588
12 1532.2067 1532.2064
13 1532.8312 1532.831
14 1533.4621 1533.4629

)LJXUH������PHDVXUHPHQW�RI�D�ORZ�SUHVVXUH�$FHW\OHQH�JDV�FHOO

)RU�PRUH�LQIRUPDWLRQ��WKH�IDVW�DQG�DFFXUDWH�GHWHUPLQDWLRQ�RI�D�WXQDEOH
ODVHU�ZDYHOHQJWK�DQG�LWV�DSSOLFDWLRQ�WR�':'0�FRPSRQHQWV�LV
GLVFXVVHG�LQ�GHWDLO�>VHH�5HIHUHQFH��@�

3RZHU�UDQJH�VWLWFKLQJ
6WLWFKLQJ�LV�D�VPDUW�ZD\�WR�H[WHQG�WKH�ORVV�PHDVXUHPHQW�UDQJH�ZKLOH
PDLQWDLQLQJ�WKH�VFDOH�OLQHDULW\��7KLV�LV�DFKLHYHG�E\�UXQQLQJ�WKH�SRZHU
PHWHUV�DW�GLIIHUHQW�VHQVLWLYLW\�VHWWLQJV�
)URP�WKH�GLVFXVVLRQ�DERYH��LW�LV�FOHDU�WKDW�WKH�/RZ�66(�RXWSXW�RIIHUV�D
KLJKHU�G\QDPLF�UDQJH��$V�WKH�ODVHU�PRYHV�FRQWLQXRXVO\�IURP�WKH�VWDUW
WR�WKH�VWRS�ZDYHOHQJWK��DOO�SRZHU�FKDQQHOV�DUH�WULJJHUHG�WR�WDNH�D
SRZHU�PHDVXUHPHQW�DW�WKH�VDPH�WLPH��ZKHQHYHU�WKH�7/6�SDVVHV�WKH
VHOHFWHG�VWHS�VL]H��$OO�FRQQHFWHG�SRZHU�PHWHUV��DQG�WKH�LQWHUQDO
ZDYHOHQJWK�PHWHU�RI�WKH�7/6��ZLOO�WDNH�D�UHDGLQJ��$OO�SRZHU�UHDGLQJV
DUH�UHODWHG�WR�WKH�PHDVXUHG�ZDYHOHQJWK�DW�WKH�WULJJHU�VLJQDO
�ZDYHOHQJWK�ORJJLQJ���7R�LPSURYH�WKH�VSHHG�RI�WKH�V\VWHP��WKH�XSSHU
SRZHU�PHWHU�UDQJH�OLPLW�LV�DGMXVWHG�WR�WKH�VHOHFWHG�RXWSXW�SRZHU�RI
WKH�VRXUFH��&KDQJLQJ�WKH�SRZHU�PHWHU�UDQJH�GXULQJ�WKH�FRQWLQXRXV
VZHHS�ZRXOG�OLPLW�WKH�VZHHS�VSHHG��7KHUHIRUH�WKH�SRZHU�PHWHU�UDQJH
LV�FKDQJHG�WR�GLIIHUHQW�VHQVLWLYLWLHV�IRU�WKH�VHFRQG�RU�WKLUG�VFDQ��7KH



���[�SOXJ	SOD\�GULYHU�VWLWFKHV�WKH�GDWD�IURP�WKH�GLIIHUHQW�VFDQV
WRJHWKHU��7KLV�UHVXOWV�LQ�D�KLJKHU�G\QDPLF�UDQJH�WKDQ�SRVVLEOH�IRU
RQO\�RQH�VFDQ��7KH����[�SOXJ	SOD\�GULYHU�SHUIRUPV�WKH�VWLWFKLQJ�
7KH�RQO\�XVHU�VSHFLILHG�SDUDPHWHU�LV�WKH�QXPEHU�RI�VFDQV��ZKLFK
GHSHQGV�RQ�WKH�RYHUDOO�G\QDPLF�UDQJH�GHVLUHG��)LJXUH�����VKRZV
WKH�GLIIHUHQW�G\QDPLF�UDQJH�RI�D�VLQJOH��GXDO�RU�WULSOH�VFDQ�

6LQJOH�VFDQ
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)LJXUH������GLIIHUHQW�G\QDPLF�UDQJH�IRU�D�VLQJOH��GRXEOH�RU�WULSOH�VZHHS

5HVROXWLRQ�DQG�ZDYHOHQJWK�UDQJH
7KH�VPDOOHVW�SRVVLEOH�UHVROXWLRQ��VWHS�VL]H��LQ�D�ZDYHOHQJWK�VFDQ
WKDW�FDQ�EH�VHOHFWHG�IURP�WKH����[�SOXJ	SOD\�GULYHU�LV��SP�
+RZHYHU��WKH�SRZHU�VHQVRUV�OLPLW�WKH�QXPEHU�RI�GDWD�SRLQWV�SHU
FKDQQHO��7KH�PD[LPXP�QXPEHU�RI�UHFRUGDEOH�GDWD�SRLQWV�LV
������IRU�WKH����[�SRZHU�PRGXOHV��7KXV��IRU�D�UHVROXWLRQ�RI
�SP��WKH�ZDYHOHQJWK�UDQJH�WR�EH�VFDQQHG�LV�OLPLWHG��([WHQGHG
ZDYHOHQJWK�UDQJHV�FDQ�EH�VFDQQHG�E\�FRDUVHQLQJ�WKH�UHVROXWLRQ
�VWHS�VL]H��

0HDVXUHG�WLPHV�IRU�D�UHDO�OLIH�DSSOLFDWLRQ

7KH�WLPH�LW�WDNHV�IRU�FRPSOHWLRQ�RI�D�PHDVXUHPHQW�GHSHQGV�RQ�D
QXPEHU�RI�SDUDPHWHUV��VXFK�DV��WKH�ZDYHOHQJWK�UDQJH��WKH�VWHS�VL]H�
WKH�QXPEHU�RI�FKDQQHOV��DQG�WKH�QXPEHU�RI�VFDQV��7KHUHIRUH��LW�LV
LPSRVVLEOH�WR�VWDWH�D�JHQHUDO�PHDVXUHPHQW�WLPH��)LJXUH�����VKRZV
VRPH�JUDSKV��DQG�LQGLFDWH�WKH�H[SHFWHG�PHDVXUHPHQW�WLPH��7KH
PHDVXUHPHQWV�DUH�GRQH�ZLWK�WKH�VHWXS�VKRZQ�LQ�)LJXUH�����
7KH�ILUVW�JUDSK�VKRZV�W\SLFDO�PHDVXUHPHQW�WLPHV�IRU�D�IL[HG
ZDYHOHQJWK�UDQJH�RI���QP�DQG�GLIIHUHQW�UHVROXWLRQV��VWHS�VL]HV���$V
PHQWLRQHG�DERYH��WKH�VPDOOHVW�SRVVLEOH�UHVROXWLRQ��VWHS�VL]H��LV��SP�
+RZHYHU��WKH�DFWXDO�OLPLWDWLRQ�LV�WKH�PD[LPXP�QXPEHU�RI�GDWD�SRLQWV
SHU�SRZHU�FKDQQHO��������IRU����[�PRGXOHV���7KHUHIRUH�QR�UHVROXWLRQ
RI��SP�LV�VKRZQ�RYHU�D���QP�UDQJH��7KH�VHFRQG�JUDSK�VKRZV�D
YDULDWLRQ�LQ�WKH�UDQJH�RI�LQWHUHVW��ZLWK�D�IL[HG�UHVROXWLRQ��VWHS�VL]H��RI
��SP�
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)LJXUH���,QGLFDWLRQ�RI�PHDVXUHPHQW�WLPHV

([DPSOH�3URJUDP�XVLQJ�WKH����[�SOXJ	SOD\�GULYHUV

7KH�IROORZLQJ�H[DPSOH�LQ�$JLOHQW�9((�VKRZV�D�VDPSOH�SURJUDP�IRU�D
PXOWLIUDPH�ODPEGD�VFDQ��7KDW�LV��$�ZDYHOHQJWK�VFDQ�IRU�PRUH�WKDQ�RQH
PDLQIUDPH���7KH�IXQFWLRQV�GHDO�ZLWK�WKH�QHFHVVDU\�ZDYHOHQJWK
FRUUHFWLRQ�DQG�SRZHU�UDQJH�VWLWFKLQJ�FDOFXODWLRQV�
7KH�IXQFWLRQV�XVH�LQSXW�SDUDPHWHUV�VXFK�DV��ZDYHOHQJWK�UDQJH�
UHVROXWLRQ��VWHS�VL]H���QXPEHU�RI�VFDQV��DQG�WKH�FRPSOHWH�ODPEGD�VFDQ�



7KH�UHVXOWLQJ�WUDQVPLVVLRQ�RYHU�ZDYHOHQJWK�DOUHDG\�FRPELQHV�WKH
SRZHU�UHDGLQJV�IURP�HDFK�VFDQ��1RWH�WKDW�QR�DGGLWLRQDO

PRGLILFDWLRQ��VXFK�DV�VWLWFKLQJ�RU�ZDYHOHQJWK�ORJJLQJ��LV�QHFHVVDU\�

)LJXUH�����²�H[DPSOH�3URJUDP�LQ�+3�9((�XVLQJ�WKH����[�SOXJ	SOD\�GULYHU
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