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A spectrograph design was needed for an application in
medical optics.  Requirements for resolution were
modest, cost was to be minimized, and every photon was
precious.  The initial design used a concave, aberration-
corrected, holographically-recorded, diffraction grating.
This design cost too much and collected too few of the
precious photons.  Several design forms, which use
refractive optics with a planar diffraction grating, were
investigated.  The design that was chosen and built uses
two aspheric glass lenses, one for collimating and one for
focusing, together with a planar diffraction grating.
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5HTXLUHPHQWV�IRU�UHVROXWLRQ�ZHUH�PRGHVW��FRVW�ZDV�WR�EH�PLQLPL]HG��DQG
HYHU\�SKRWRQ�ZDV�SUHFLRXV���7KH�LQLWLDO�GHVLJQ�XVHG�D�FRQFDYH��DEHUUDWLRQ�
FRUUHFWHG��KRORJUDSKLFDOO\�UHFRUGHG��GLIIUDFWLRQ�JUDWLQJ���7KLV�GHVLJQ�FRVW�WRR
PXFK�DQG�FROOHFWHG�WRR�IHZ�RI�WKH�SUHFLRXV�SKRWRQV���6HYHUDO�GHVLJQ�IRUPV�
ZKLFK�XVH�UHIUDFWLYH�RSWLFV�ZLWK�D�SODQDU�GLIIUDFWLRQ�JUDWLQJ��ZHUH
LQYHVWLJDWHG���7KH�GHVLJQ�WKDW�ZDV�FKRVHQ�DQG�EXLOW�XVHV�WZR�DVSKHULF�JODVV
OHQVHV��RQH�IRU�FROOLPDWLQJ�DQG�RQH�IRU�IRFXVLQJ��WRJHWKHU�ZLWK�D�SODQDU
GLIIUDFWLRQ�JUDWLQJ�

7KH�GHVLJQ�WDVN

2XU�GHVLJQ�WDVN�ZDV�WR�GHYHORS�D�VSHFWURJUDSK�IRU�DQ�RSHUDWLQJ�URRP�JDV
PRQLWRU�EDVHG�RQ�WKH�5DPDQ�HIIHFW���7KLV�JDV�PRQLWRU�LV�DQ�LPSURYHPHQW�RQ�D
V\VWHP��GHYHORSHG�E\�$OELRQ��VXEVHTXHQWO\�SXUFKDVHG�E\�2KPHGD���ZKLFK
XVHV�D�ODVHU�DQG�D�EXLOG�XS�FDYLW\�WR�SURGXFH�DQ�LQWHQVH�OLJKW�EHDP�WKDW
H[FLWHV�JDV�PROHFXOHV�LQ�D�VLGH�VWUHDP�IURP�D�SDWLHQWªV�DLUZD\���$�VSHFWUDOO\
VHOHFWLYH�GHWHFWRU�PHDVXUHV�WKH�5DPDQ�HPLVVLRQV��ZKLFK�DUH�YHU\�ZHDN��IURP
WKH�PHWDEROLF�JDVHV�DQG�DQHVWKHWLF�DJHQWV���*DVHV�FDQ�EH�LGHQWLILHG�DQG
FRQFHQWUDWLRQV�GHWHUPLQHG�

7KH�GHVLJQ�LV�GULYHQ�E\�IRXU�FRQVLGHUDWLRQV���&DUERQ�GLR[LGH��ZKLFK�LV�D�SULPH
LQGLFDWRU�RI�D�SDWLHQWªV�KHDOWK��QHHGV�WR�EH�PHDVXUHG�ZLWK�DQ�XQFHUWDLQW\�RI
����SHUFHQW�RU�OHVV���7KH�LQWHUIHUHQFH�EHWZHHQ�HPLVVLRQV�IURP�FDUERQ�GLR[LGH
DQG�QLWURXV�R[LGH��ZKLFK�KDYH�VSHFWUDO�OLQHV�VHSDUDWHG�E\�RQO\�DERXW���QP�
PXVW�EH�DFFHSWDEOH��7KH�VSHFWUDO�UDQJH�PXVW�EH�VXLWDEOH�IRU�LGHQWLILFDWLRQ�DQG
PHDVXUHPHQW�RI�WKH�KDORJHQDWHG�DQHVWKHWLF�DJHQWV��)LQDOO\��FRVW�PXVW�EH
PLQLPL]HG�WR�JDLQ�PDUNHW�DFFHSWDQFH�

6SHFLILFDWLRQ

2XU�VSHFWURJUDSK�FRYHUV�WKH�ZDYHOHQJWK�UDQJH�IURP�����QP�WR�����QP��/LJKW
IURP�D�ODVHU�EHDP��ZLWK�D�ZDLVW�RI�������PP��LV�LPDJHG�RQWR�D�SODQDU�GHWHFWRU



ZLWK�D�OLQHDU�GLVSHUVLRQ�RI�����PP�DQG�D�KHLJKW�RI�������PP���$W�OHDVW���
UHVROXWLRQ�HOHPHQWV�DFURVV�WKH�VSHFWUXP�DUH�QHHGHG���$�WKLQ�ILOP�ILOWHU��WKH
§5D\OHLJK¨�ILOWHU��EORFNV�WKH�ODVHU�OLJKW��DQG�D�QHDUO\�FROOLPDWHG�VSDFH�LV
QHHGHG�IRU�WKLV�ILOWHU���7KH�GHWHFWLRQ�OLPLW�LV�GHWHUPLQHG�E\�WKH�VKRW�QRLVH�LQ
WKH�GHWHFWLRQ�HYHQWV��VR�WKH�PD[LPXP�OLJKW�FROOHFWLRQ�SRVVLEOH�LV�QHHGHG���:H
XVHG�ERWK�D�VPDOO�IRFDO�UDWLR�IRU�WKH�VSHFWURJUDSK�DQG�D�ZLQGRZHG�WXEH�
FRQFHQWULF�ZLWK�WKH�ODVHU�EHDP�DQG�ZLWK�D�UHIOHFWLYH�FRDWLQJ��WR�JHW�DQ
DGHTXDWH�VLJQDO�

+LVWRU\

,VDDF�1HZWRQ��ZKR�GLVFRYHUHG�WKDW�WKH�ZKLWH�OLJKW�RI�WKH�VXQ�FRXOG�EH�VSOLW
LQWR�FRORUV�ZLWK�D�JODVV�SULVP��PDGH�WKH�ILUVW�REVHUYDWLRQV�RI�VSHFWUD�LQ������
7KH�ILUVW�VWHS�LQ�VSHFWURVFRSLF�LQVWUXPHQWDWLRQ��WKH�XVH�RI�WZR�UHIUDFWLQJ
WHOHVFRSHV�ZLWK�D�JODVV�SULVP��IROORZHG�TXLFNO\���2QH�WHOHVFRSH�DFWHG�DV�D
FROOLPDWRU��ZLWK�D�VOLW�DW�LWV�IRFDO�SRLQW���7KH�RWKHU�WHOHVFRSH��DWWDFKHG�WR�D
PRYDEOH�DUP��ZLWK�D�JRQLRPHWHU��YLHZHG�WKH�OLJKW�UHIUDFWHG�E\�WKH�SULVP�
7KLV�DOORZHG�VFLHQWLVWV�WR�REVHUYH�VSHFWUDO�OLQHV�DQG�WR�PHDVXUH�WKHLU
ZDYHOHQJWKV�

7KH�QH[W�PDMRU�SUDFWLFDO�DGYDQFH�RFFXUUHG�LQ�������ZKHQ�+HQU\�5RZODQG�RI
-RKQV�+RSNLQV�8QLYHUVLW\�SURGXFHG�KLJK�TXDOLW\�UXOHG�GLIIUDFWLRQ�JUDWLQJV�
5RZODQG�DOVR�LQYHQWHG�DQG�SURGXFHG�FRQFDYH�GLIIUDFWLRQ�JUDWLQJV��+H�HYHQ
GHVFULEHG�WKH�FXUYDWXUH�RI�JURRYHV�WKDW�ZRXOG�FRUUHFW�DEHUUDWLRQV��EXW�KH�ZDV
XQDEOH�WR�SURGXFH�VXFK�JUDWLQJV���6HYHUDO�ZRUNHUV�KDYH�VXEVHTXHQWO\
GHYHORSHG�DEHUUDWLRQ�FRUUHFWHG��KRORJUDSKLFDOO\�UHFRUGHG��GLIIUDFWLRQ
JUDWLQJV��DQG�WKHVH�DUH�FRPPHUFLDOO\�DYDLODEOH�

,Q�WKH�\HDUV�LPPHGLDWHO\�IROORZLQJ�5RZODQGªV�SURGXFWLRQ�RI�SODQDU�JUDWLQJV�
VHYHUDO�GHVLJQ�IRUPV��ZKLFK�XVHG�FRQFDYH�PLUURUV�WR�FROOLPDWH�OLJKW�DQG�WR
IRUP�LPDJHV�RI�OLJKW�GLIIUDFWHG�E\�SODQDU�JUDWLQJV��ZHUH�GHYHORSHG��7KHVH
PLUURU�IRUPV�DOORZHG�VSHFWURVFRS\�LQ�VSHFWUDO�UHJLRQV�ZKHUH�UHIUDFWLYH�RSWLFV
GLG�QRW�WUDQVPLW�

&RQFXUUHQWO\��WKHUH�ZHUH�DGYDQFHV�LQ�GHWHFWLRQ���7KH�ILUVW�VSHFWURJUDSKV�XVHG
SKRWRJUDSKLF�SODWHV�WR�UHFRUG�VSHFWUD���$�W\SLFDO�VSHFWURJUDSK��PDGH�E\
*DHUWQHU��XVHG�WZR�OHQVHV��FDOOHG�WKH�FROOLPDWRU�DQG�FDPHUD�OHQVHV��WRJHWKHU
ZLWK�D�SULVP�

3KRWRHOHFWULF�GHWHFWLRQ�ZDV�WKH�QH[W�PDMRU�DGYDQFH���$OWKRXJK�:��:�
&REOHQW]�EXLOW�DQG�XVHG�D�VSHFWURPHWHU�ZLWK�SKRWRHOHFWULF�GHWHFWLRQ�LQ�DERXW
������WKH�HDUOLHVW�FRPPHUFLDO�VSHFWURSKRWRPHWHU�ZDV�GHYHORSHG�E\�$UWKXU
+DUG\�LQ������DQG�PDUNHWHG�E\�WKH�*HQHUDO�(OHFWULF�&RPSDQ\���(YHQWXDOO\�
SKRWRHOHFWULF�DUUD\�GHWHFWRUV��VXFK�DV�WKH�5HWLFRQ�SKRWR�GLRGH�DUUD\��EHFDPH
DYDLODEOH��7KH�+HZOHWW�3DFNDUG�����$�89�9LVLEOH�6SHFWURSKRWRPHWHU�
LQWURGXFHG�LQ�������ZDV�DQ�HDUO\�H[DPSOH�RI�DQ�LQVWUXPHQW��FRPELQLQJ�D



SKRWR�GHWHFWRU�DUUD\�ZLWK�D�FRQFDYH�GLIIUDFWLRQ�JUDWLQJ��ZKLFK�GLG�QRW�UHTXLUH
PHFKDQLFDO�VFDQQLQJ�

,Q�PRUH�UHFHQW�WLPHV��FKDUJH�FRXSOHG�GHYLFH��&&'��SKRWR�GHWHFWRUV�KDYH
EHFRPH�DYDLODEOH�DW�PRGHVW�SULFHV��DOORZLQJ�WKHLU�XVH�LQ�FRPPHUFLDO
LQVWUXPHQWV���&&'�GHWHFWRUV�DUH�YHU\�VHQVLWLYH�DQG�FDQ�EH�XVHG�LQ�ZHDN�
VLJQDO�DSSOLFDWLRQV��VXFK�DV�WKH�PHDVXUHPHQW�RI�5DPDQ�HPLVVLRQV���$Q
LQVWUXPHQW�GHVLJQHG�IRU�WKLV�XVH�LV�WKH�.DLVHU�2SWLFDO�6\VWHPV�I����L�937
6<67(0��ZKLFK�XVHV�PXOWL�HOHPHQW�OHQVHV�DQG�FROOHFWV�OLJKW�DW�D�IRFDO�UDWLR
RI�I�����

7KH�GHVLJQ��ZKLFK�,�GHVFULEH�KHUH��LV�DQ�LPSURYHPHQW�RQ�VSHFWURPHWHUV�ZLWK
&&'�GHWHFWRUV��PDLQO\�LQ�WKH�DUHD�RI�FRVW�UHGXFWLRQ��ZKLOH�PDLQWDLQLQJ
VXEVWDQWLDO�OLJKW�FROOHFWLQJ�DELOLW\�

6RPH�SK\VLFV�DQG�GHVLJQ�OLPLWDWLRQV

:H�UHFRPPHQG�WKDW�GHVLJQHUV�IDFHG�ZLWK�D�WDVN�VLPLODU�WR�RXUV�IDPLOLDUL]H
WKHPVHOYHV�ZLWK�WKH�ILUVW�IRXU�FKDSWHUV�RI�9ROXPH�9�RI�$SSOLHG�2SWLFV�DQG
2SWLFDO�(QJLQHHULQJ��5XGROI�.LQJVODNH��(G���$FDGHPLF�3UHVV����������3ULVPV
DQG�GLIIUDFWLRQ�JUDWLQJV�KDYH�FKDUDFWHULVWLFV��ZKLFK�UHVXOW�LQ�D�GLIIHUHQW
DSSURDFK�WR�GHVLJQ�WKDQ�RQH�ZRXOG�XVH�LQ�GHVLJQLQJ�LPDJH�IRUPLQJ�RSWLFV�

)XQGDPHQWDO�WR�XQGHUVWDQGLQJ�WKH�IXQFWLRQ�RI�VSHFWURJUDSKV�LV�DQ
XQGHUVWDQGLQJ�RI�WKH�JUDWLQJ�HTXDWLRQ��.LQJVODNH��S������

P � �G�VLQ� ���VLQ� �

�LV�WKH�DQJOH�RI�LQFLGHQFH�� �LV�WKH�DQJOH�RI�GLIIUDFWLRQ��G�LV�WKH�JURRYH�VSDFLQJ
�SHULRG��� �LV�WKH�ZDYHOHQJWK��DQG�P�LV�WKH�GLIIUDFWLRQ�RUGHU�

7KHUH�DUH�WZR�LPDJLQJ�SKHQRPHQD��ZKLFK�GHULYH�IURP�WKH�JUDWLQJ�HTXDWLRQ�
2QH�LV�JUDWLQJ�PDJQLILFDWLRQ���:KHQ�WKH�DQJOH�RI�LQFLGHQFH�LV�HTXDO�WR�WKH
DQJOH�RI�GLIIUDFWLRQ��D�VLWXDWLRQ�FDOOHG�§LQ�/LWWURZ¨��WKH�JUDWLQJ�PDJQLILFDWLRQ
LV�XQLW\���7KH�LQFLGHQW�DQG�GLIIUDFWHG�EHDPV�KDYH�WKH�VDPH�ZLGWK���2WKHUZLVH�
WKH�EHDP�ZLGWKV�GLIIHU��DQG��VLQFH�WKH�/DJUDQJH�LQYDULDQW�LV�SUHVHUYHG��WKH
JUDWLQJ�PDJQLILFDWLRQ�LV�QRW�XQLW\���7KH�JUDWLQJ�HTXDWLRQ�DOVR�VWDWHV�WKDW
WKHUH�LV�D�QRQ�OLQHDU�UHODWLRQVKLS�EHWZHHQ�LQFLGHQW�DQG�GLIIUDFWHG�UD\V���,I
REMHFW�SRLQWV�DUH�RII�D[LV��DV�ZLWK�D�VWUDLJKW�VOLW��DQG�WKH�RQ�D[LV�SRLQW�LV�QRW
§LQ�/LWWURZ¨��WKH�LPDJH�RI�WKH�VWUDLJKW�VOLW�LV�FXUYHG���&OHDUO\��D�GHVLJQ�IRU
ZKLFK�WKH�FHQWHU�RI�WKH�VSHFWUXP�LV�§LQ�/LWWURZ¨�LV�DGYDQWDJHRXV�

$OVR�IXQGDPHQWDO�WR�XQGHUVWDQGLQJ�RI�WKH�IXQFWLRQ�RI�VSHFWURJUDSKV�LV�DQ
XQGHUVWDQGLQJ�RI�JUDWLQJ�HIILFLHQF\���)RU�JUDWLQJV�ZLWK�D�JURRYH�VSDFLQJ�WKDW
LV�FRPSDUDEOH�WR�WKH�ZDYHOHQJWK�RI�OLJKW��JUDWLQJ�HIILFLHQF\�PXVW�EH
GHWHUPLQHG�ZLWK�D�WKHRU\�ZKLFK�DFFRXQWV�IRU�HOHFWURPDJQHWLF�SURSHUWLHV�RI



WKH�JUDWLQJ��LQFOXGLQJ�ERWK�VWUXFWXUH�DQG�PDWHULDO�SURSHUWLHV���7KLV�WKHRU\�LV
FRPSOLFDWHG���:H�IRXQG�HIILFLHQF\�SORWV�LQ�WKH�OLWHUDWXUH��/RHZHQ��0D\VWUH��WR
EH�XVHIXO��EXW�ZH�DOVR�KDG�VXFK�SORWV�IRU�RXU�SURVSHFWLYH�GHVLJQV�JHQHUDWHG�E\
D�FRQVXOWDQW�

,QLWLDO�GHVLJQ

2XU�ILUVW�SURWRW\SH�VSHFWURJUDSK�XVHG�D�FRQFDYH��DEHUUDWLRQ�FRUUHFWHG�
KRORJUDSKLFDOO\�UHFRUGHG��GLIIUDFWLRQ�JUDWLQJ���7KLV�GHVLJQ�IXQFWLRQHG�ZHOO�
EXW�LW�KDG�VHYHUDO�VKRUWFRPLQJV��7KH�I�����FROOHFWLRQ�IRFDO�UDWLR�ZDV�ODUJHU
WKDQ�GHVLUHG���6LQFH�WKH�IRFDO�UDWLR�DW�WKH�GHWHFWRU�DQG�WKH�GHWHFWRU�VL]H
GHWHUPLQH�WKH�/DJUDQJH�LQYDULDQW��WKLV�ZDV�D�IXQGDPHQWDO�OLPLW���$GGLWLRQDO
RSWLFV��D�PLFURVFRSH�REMHFWLYH�DQG�DQ�DFKURPDWLF�GRXEOHW��ZHUH�UHTXLUHG�WR
FROOHFW�VXIILFLHQW�OLJKW�DQG�WR�SURYLGH�D�FROOLPDWHG�VSDFH�IRU�D�5D\OHLJK�ILOWHU�
7KHVH�DGGHG�FRVW���7KH�PRVW�VHULRXV�SUREOHP�ZDV�WKH�SRWHQWLDO�FRVW�RI�WKH
GLIIUDFWLRQ�JUDWLQJ�LQ�SURGXFWLRQ�

,Q�DGGLWLRQ�WR�FRVW��WKHUH�ZHUH�WHFKQLFDO�SUREOHPV���&RQFDYH�JUDWLQJV�ZLWK
VPDOOHU�IRFDO�UDWLRV�WKDQ�I�����ZHUH�EHLQJ�RIIHUHG��EXW��ZLWK�D�VPDOO�IRFDO�UDWLR�
WKHUH�DUH�D�ODUJH�VSUHDG�LQ�DQJOHV�RI�LQFLGHQFH�RQ�WKH�JUDWLQJ���7KLV�PDNHV�LW
GLIILFXOW�WR�PDLQWDLQ�KLJK�GLIIUDFWLRQ�HIILFLHQF\���&RVW�DOVR�LQFUHDVHG�DV�WKH
IRFDO�UDWLR�GHFUHDVHG�

/LWHUDWXUH�DQG�SDWHQW�VHDUFKHV

'XH�WR�WKH�LPSRUWDQFH�RI�LQWHOOHFWXDO�SURSHUW\�LQ�RXU�OLQH�RI�ZRUN��OLWHUDWXUH
DQG�SDWHQW�VHDUFKHV�ZHUH�FRQGXFWHG���7KHUH�LV�DQ�H[WHQVLYH�OLWHUDWXUH�RQ
JUDWLQJV�DQG�VSHFWURJUDSKV��UHDGLQJ�LW�FDQ�EH�TXLWH�HQWHUWDLQLQJ���/LWHUDWXUH
WKDW�LV�GLUHFWO\�UHOHYDQW�WR�RXU�GHVLJQ�LV�OLPLWHG��ZH�UHFRPPHQG��.LQJVODNH�
SS���������DQG��'DWWD����7KH�PRVW�UHOHYDQW�SDWHQWV�DUH��*UDQJHU��DQG
�7HGHVFR��

'HVLJQ�VRIWZDUH

:H�HPSOR\HG�ERWK�26/2���DQG�=(0$;�LQ�RXU�GHVLJQ�SURFHVV���7KH�DXWKRU
ZDV�UHTXLUHG�WR�XVH�D�+HZOHWW�3DFNDUG�81,;�ZRUNVWDWLRQ��RQO\�PDQDJHUV
FRXOG�KDYH�3&V�LQ�P\�GHSDUWPHQW��EDFN�WKHQ����26/2����ZKLFK�LV�QRZ
REVROHWH��ZDV�WKH�RQO\�DYDLODEOH�RSWLFDO�GHVLJQ�SURJUDP��EXW�LW�ZDV�XS�WR�WKH
WDVN���7KH�DXWKRU�KDG�D�3&�DW�KLV�KRPH��ZKLFK�UDQ�=(0$;��DV�GLG�WKH
+HZOHWW�3DFNDUG�'LYLVLRQ�WKH�DXWKRU�ZDV�FROODERUDWLQJ�ZLWK���=(0$;�ZDV
DOVR�VXLWHG�WR�WKH�GHVLJQ�WDVN�

:H�IRXQG�LW�QHFHVVDU\�WR�ZULWH�PDFURV�WR�SORW�LPDJHV�RI�OLQHV�DQG�WR�HVWLPDWH
VSHFWUDO�OLQH�ZLGWKV�DW�VHYHUDO�ZDYHOHQJWKV�LQ�RUGHU�WR�DVVHVV�SHUIRUPDQFH
DGHTXDWHO\�DQG�WR�JXLGH�RXU�GHVLJQ�SURFHVV���7KLV�ZDV�GRQH�LQ�WKH�26/2
§6WDU�&RPPDQG¨�ODQJXDJH��DQG�WKH�H[DPSOHV�RI�HYDOXDWLRQ�RI�VSHFWURJUDSK
SHUIRUPDQFH�JLYHQ�ODWHU�LQ�WKLV�SDSHU�ZHUH�SURGXFHG�XVLQJ�26/2���.HQQHWK



0RRUH�DGGHG�D�IHDWXUH�WR�=(0$;�DW�RXU�UHTXHVW�WR�DOORZ�XV�WR�WUDFH�UD\V
IURP�DQ�H[WHQGHG�REMHFW��GHILQHG�E\�DQ�DUUD\�RI�QXPEHUV��DQG�GHWHUPLQH�WKH
IUDFWLRQ�WUDQVPLWWHG�WKURXJK�WKH�V\VWHP���%\�UHSUHVHQWLQJ�D�GHWHFWRU�HOHPHQW
DV�D�UHFWDQJXODU�DSHUWXUH��ZH�FRXOG�SHUIRUP�HTXLYDOHQW�HYDOXDWLRQV�WR�WKRVH
GRQH�ZLWK�26/2���VWDU�FRPPDQGV�

:H�IRXQG�WKDW�FDUH�PXVW�EH�XVHG�LQ�FRQVWUXFWLRQ�RI�PHULW�IXQFWLRQV�WR�JXLGH
WKH�GHVLJQ�SURSHUO\���6LQFH�DVSKHULF�VXUIDFHV�UHSUHVHQWHG�E\�SRO\QRPLDOV
ZHUH�XVHG��WKH�UD\�JULG�DW�WKH�SXSLO�KDG�WR�EH�GHQVH�HQRXJK�WR�VDPSOH�WKH
HIIHFW�RI�DVSKHULF�FRHIILFLHQW�FKDQJHV�RQ�WKH�LPDJH�DGHTXDWHO\���$�UHFWDQJXODU
JULG�ZDV�XVHG���'XH�WR�WKH�VLPSOLFLW\�RI�WKH�GHVLJQ��LW�SURYHG�EHVW�WR�FRQWURO
RQO\�WKH�WUDQVYHUVH�DEHUUDWLRQV�LQ�WKH�SODQH�RI�GLVSHUVLRQ���7KLV�DOORZHG�WKH
LPDJHV�RI�WKH�VOLW�WR�OHQJWKHQ��ZKLFK�FDXVHG�D�ORVV�RI�HQHUJ\�RII�RI�WKH�GHWHFWRU
DUUD\��EXW�LW�SURYLGHG�WKH�EHVW�UHVROXWLRQ���&KRRVLQJ�DSSURSULDWH�ZHLJKWV�IRU
WUDQVYHUVH�DEHUUDWLRQV�SURYLGHG�WKLV�FRQWURO���:H�SODFHG�]HUR�ZHLJKW�RQ�WKH
WUDQVYHUVH�DEHUUDWLRQV�SHUSHQGLFXODU�WR�WKH�GLUHFWLRQ�RI�GLVSHUVLRQ��DQG�ZH
FKRVH�ZHLJKWLQJV�LQ�WKH�GLUHFWLRQ�RI�GLVSHUVLRQ�WR�JLYH�PLQLPXP�OLQH�ZLGWK�
FRPSDUHG�WR�DOWHUQDWLYH�GHVLJQV��DW�WKH�����QP�ZDYHOHQJWK��ZKHUH�WKH�FDUERQ
GLR[LGH�DQG�QLWURXV�R[LGH�OLQHV�WHQG�WR�RYHUODS���0HULW�IXQFWLRQ�FRQVWUXFWLRQ
ZDV�GHILQLWHO\�D�WULDO�DQG�HUURU�SURFHVV�

&ODVVLILFDWLRQ�RI�GHVLJQV

:H�LQYHVWLJDWHG�GHVLJQV�XVLQJ�UHIUDFWLYH�RSWLFV���:H�H[SORUHG�WZR�EDVLF
GHVLJQ�IRUPV���2QH�IRUP�LV�LQ�RQH�SODQH�DQG�XVHV�WZR�OHQVHV��RQH�WR�FROOLPDWH
D�EHDP��WKH�FROOLPDWRU�OHQV��DQG�RQH�WR�IRFXV�WKH�GLIIUDFWHG�EHDPV�RQWR�WKH
GHWHFWRU��WKH�FDPHUD�OHQV����7KLV�IRUP�FDQ�EH�XVHG�ZLWK�UHIOHFWLRQ�JUDWLQJV�
WUDQVPLVVLRQ�JUDWLQJV��DQG�FRPELQHG�GLIIUDFWLRQ�JUDWLQJV�DQG�SULVPV��ZKLFK
DUH�FDOOHG�JULVPV����7KH�VHFRQG�IRUP�GLIIUDFWV�OLJKW�RXW�RI�WKH�SODQH�RI
LQFLGHQFH���7KH�VRXUFH�DQG�GHWHFWRU�DUH�DERYH�DQG�EHORZ�HDFK�RWKHU��DQG�RQH
OHQV�FDQ�EH�XVHG���'HVLJQV�ZLWK�FRPSRXQG�OHQVHV�ZLWK�VSKHULFDO�VXUIDFHV�DQG
GHVLJQV�ZLWK�VLQJOH�HOHPHQW�OHQVHV�ZLWK�DVSKHULF�VXUIDFHV�ZHUH�RSWLPL]HG�DQG
DQDO\]HG�

7KH�GHVLJQ�KLHUDUFK\

$V�PHQWLRQHG�HDUOLHU�LQ�§6RPH�SK\VLFV��¨��WKH�SODQDU�JUDWLQJ�GHVLJQV�ZLWK
WKH�EHVW�LPDJLQJ�SURSHUWLHV��ERWK�ZLWK�UHVSHFW�WR�JUDWLQJ�PDJQLILFDWLRQ�DQG
DEHUUDWLRQV��XVH�WKH�JUDWLQJ�LQ�/LWWURZ���7KLV�FDQ�EH�DFKLHYHG�ZLWK�D�JULVP�
,I�D�JULVP�ZHUH�DYDLODEOH�DW�FRVWV�FRPSDUDEOH�WR�D�UHIOHFWLYH�JUDWLQJ��D�JULVP
VSHFWURPHWHU�ZRXOG�EH�WKH�SUHIHUUHG�GHVLJQ���6XFK�D�GHVLJQ�FDQ�EH�DQ�LQ�OLQH
GHVLJQ�DQG�KDYH�H[FHOOHQW�SHUIRUPDQFH�

2QH�FDQ�REWDLQ�VLPLODU�UHVXOWV�ZLWK�D�UHIOHFWLYH�JUDWLQJ��RSHUDWLQJ�LQ�/LWWURZ�
DQG�D�VLQJOH�OHQV���7KH�VRXUFH��KRZHYHU��LV�LQ�WKH�PLGGOH�RI�WKH�VSHFWUXP���,Q
SUDFWLFH��WKH�VRXUFH�LV�GLVSODFHG��SHUSHQGLFXODU�WR�WKH�GLUHFWLRQ�RI�GLVSHUVLRQ�



WR�SURYLGH�FOHDUDQFH���7KLV�LV�WKH�RXW�RI�SODQH�GHVLJQ���:KHQ�WKLV�LV�GRQH�
LPDJH�TXDOLW\�GHWHULRUDWHV���,Q�RXU�DSSOLFDWLRQ��ZKLFK�LQFOXGHV�D
WKHUPRHOHFWULF�FRROHU�IRU�WKH�GHWHFWRU��WKH�QHHGHG�GLVSODFHPHQW��HYHQ�ZLWK
IROGLQJ�RSWLFV��ZDV�WRR�JUHDW�WR�JLYH�VDWLVIDFWRU\�LPDJHU\�

,I�D�WUDQVPLVVLRQ�JUDWLQJ�LV�XVHG��WKH�SK\VLFDO�OD\RXW�KDV�VRPH�DGGLWLRQDO
IUHHGRP���$OWKRXJK�WKH�VSHFWURJUDSK�FDQQRW�EH�LQ�OLQH��D�JULVP�LV�QHHGHG�IRU
WKLV���VPDOOHU�DQJOHV�RI�GLIIUDFWLRQ�FDQ�EH�XVHG�WKDQ�IRU�UHIOHFWLYH�JUDWLQJV
�7KH�FROOLPDWRU�DQG�FDPHUD�OHQVHV�GR�QRW�LQWHUIHUH�PHFKDQLFDOO\����,PDJHU\
FDQ�EH�EHWWHU�WKDQ�IRU�D�VSHFWURJUDSK�ZLWK�D�UHIOHFWLYH�JUDWLQJ�

$�VSHFWURJUDSK�ZLWK�D�UHIOHFWLYH�JUDWLQJ�LV�DW�WKH�ERWWRP�RI�WKH�GHVLJQ
KLHUDUFK\�LQ�WHUPV�RI�LPDJH�TXDOLW\���7KLV�LV�GXH�WR�WKH�QHHG�IRU�DGHTXDWH
DQJOHV�RI�GLIIUDFWLRQ�WR�DYRLG�SK\VLFDO�LQWHUIHUHQFH�RI�WKH�FROOLPDWRU�DQG
FDPHUD�OHQVHV��ZKLFK�SODFHV�WKH�FHQWUDO�GLIIUDFWHG�UD\�IDU�RII�/LWWURZ���7KH
UHVXOW�LV�YDU\LQJ�JUDWLQJ�PDJQLILFDWLRQ��JUHDWHU�WKDQ�XQLW\��ZKLFK�LV�D�PDMRU
FRQWULEXWLQJ�IDFWRU�WR�VSUHDGLQJ�RI�LPDJHV���%XW�WKH�GHVLJQ�LV�DW�WKH�WRS�RI�WKH
�ORZ��FRVW�KLHUDUFK\��DQG�LW�LV�DGHTXDWH��PDNLQJ�LW�RXU�SUHIHUUHG�IRUP�

0XOWL�HOHPHQW�VSKHULFDO�OHQVHV��XS�WR�WKUHH�HOHPHQWV�SHU�JURXS��ZHUH�LQIHULRU
WR�WKH�DVSKHULF�OHQVHV�LQ�LPDJH�TXDOLW\�DQG�RIIHUHG�QR�VLJQLILFDQW�FRVW
DGYDQWDJH�

&RVW�FRQVLGHUDWLRQV

7KHUH�LV�D�VXEVWDQWLDO�GLIIHUHQFH�LQ�WKH�FRVW�RI�PDQXIDFWXULQJ�GLIIHUHQW
GHVLJQV���6LQFH�RXU�JRDO�ZDV�PLQLPXP�FRVW��FRQVLVWHQW�ZLWK�PHHWLQJ
VSHFLILFDWLRQV��FRVW�ZDV�WKH�PDLQ�GULYHU���7KH�FRVW�RI�D�FULWLFDO�FRPSRQHQW��WKH
JUDWLQJ��UDQJHG�RYHU�D�IDFWRU�RI�ILYH��IURP�WKH�OHDVW�WR�WKH�PRVW�H[SHQVLYH�
SODQDU�UHIOHFWLYH��SODQDU�WUDQVPLVVLRQ��JULVP�DQG�KRORJUDSKLFDOO\�UHFRUGHG
FRQFDYH�JUDWLQJ�

$OO�GHVLJQV�UHTXLUH�DGGLWLRQDO�RSWLFV���7KH�DGGLWLRQDO�RSWLFV�IRU�WKH�FRQFDYH
JUDWLQJ�DUH�D�UHOD\��ZLWK�D�FROOLPDWHG�VSDFH�IRU�D�5D\OHLJK�ILOWHU���:LWK�WKLV
GHVLJQ��D�VOLW�FDQ�EH�XVHG���7KH�GHVLJQV�ZLWK�WKH�SODQDU�JUDWLQJV��LQFOXGLQJ
WKH�JULVP��UHTXLUH�RQO\�D�FROOLPDWLQJ�DQG�D�FDPHUD�OHQV���7KH�RSWLFV�IRU�WKHVH
GHVLJQV�ZDV�VLPLODU�LQ�FRVW��ZKLFK�ZDV�OHVV�WKDQ�WKH�FRVW�RI�WKH�DGGLWLRQDO
RSWLFV�IRU�WKH�FRQFDYH�JUDWLQJ�



7KH�SUHIHUUHG�GHVLJQ

7KH�GHVLJQ�VHOHFWHG�IRU�RXU�SURWRW\SH�VSHFWURJUDSK�ZDV�DQ�LQ�SODQH�GHVLJQ
ZLWK�WZR��VLQJOH�HOHPHQW��DVSKHULF�OHQVHV���7KHVH�DUH�IRUPHG�RI�)��JODVV���$
�����OLQH�SDLU�SHU�PP��SODQDU��GLIIUDFWLRQ�JUDWLQJ��EOD]HG�IRU�����QP��LV�XVHG�
7KH�GHVLJQ�DQG�GHVLJQ�PHWKRGRORJ\�DUH�GHVFULEHG�LQ�GHWDLO�LQ�8��6��3DWHQW
�����������+RSNLQV���VR�WKH�GHWDLO�LV�QRW�UHSURGXFHG�KHUH�

7KH�OHQVHV�DUH�IRUPHG�E\�PROGLQJ���)��JODVV�ZDV�FKRVHQ��LQ�FRPELQDWLRQ�ZLWK
DQ�LQYDU�VXSSRUW�VWUXFWXUH��WR�LPSURYH�VWDELOLW\�RI�LPDJH�SRVLWLRQ�DQG�IRFXV
ZLWK�WHPSHUDWXUH�FKDQJHV�

7KH�GHWHFWRU�DUUD\�LV�WLOWHG�VOLJKWO\�ZLWK�UHVSHFW�WR�WKH�D[LV�RI�WKH�FDPHUD�OHQV
WR�JLYH�ILUVW�RUGHU�FRPSHQVDWLRQ�IRU�D[LDO�FKURPDWLF�DEHUUDWLRQ�

7KH�ILJXUHV�RQ�WKH�IROORZLQJ�SDJH�LQGLFDWH�WKH�LPDJHU\�DFKLHYHG�ZLWK�WKH
GHVLJQ���1RWH�WKH�HIIHFWV�RI�JUDWLQJ�PDJQLILFDWLRQ�RQ�OLQH�ZLGWK�DQG�KHLJKW�





)LYH�SURWRW\SH�VSHFWURJUDSKV��%DFK��%HHWKRYHQ��%UDKPV��%DUEHU�DQG
%HUQVWHLQ��ZHUH�IDEULFDWHG�WR�WKLV�GHVLJQ�DQG�WHVWHG���7KHVH�VSHFWURJUDSKV
SHUIRUPHG�DFFRUGLQJ�WR�SUHGLFWLRQV�

$FNQRZOHGJHPHQWV

7KH�DXWKRU�LV�JUDWHIXO�IRU�WKH�IROORZLQJ�FRQWULEXWLRQV�WR�WKH�VSHFWURJUDSK
GHYHORSPHQW���7DG�'��6LPRQV�GHVLJQHG�WKH�RULJLQDO�FRQFDYH�JUDWLQJ
VSHFWURJUDSK�DQG�DVVLVWHG�WKH�DXWKRU�WKURXJKRXW�WKH�SURMHFW���3HWHU�$VW
KDQGOHG�YHQGRU�QHJRWLDWLRQV��REWDLQHG�WKH�DVSKHULF�OHQVHV�DQG�WRRN�SDUW�LQ
WHVWLQJ�WKH�FRPSOHWHG�VSHFWURJUDSKV���0LFKHO�1HYLpUH��RI�WKH�)DFXOWp�GHV
6FLHQFHV�HW�7HFKQLTXHV��&HQWUH�GH�6DLQW�-pU{PH��0DUVHLOOH��)UDQFH�
FRPSXWHG�GLIIUDFWLRQ�JUDWLQJ�HIILFLHQFLHV�IRU�VHYHUDO�SURVSHFWLYH�GHVLJQV���5LFN
3LWWDUR��P\�SURMHFW�PDQDJHU��ZDV�DQ�XQUHOHQWLQJ�DGYRFDWH�RI�FROOHFWLQJ�WKDW
ODVW�SUHFLRXV�SKRWRQ���0\�HPSOR\HU��+HZOHWW�3DFNDUG�&RPSDQ\��SURYLGHG�DQ
RXWVWDQGLQJ�ZRUN�HQYLURQPHQW��WKH�WLPH�QHHGHG�WR�VWXG\�WKLV�GHVLJQ�SUREOHP
WKRURXJKO\��DQG�WKH�RSSRUWXQLW\�WR�SUHVHQW�P\�ZRUN�KHUH�DW�WKH�,QWHUQDWLRQDO
2SWLFDO�'HVLJQ�&RQIHUHQFH�RQ�WKH�%LJ�,VODQG�RI�+DZDLL�

5HIHUHQFHV

&DUOVHQ�HW�DO���������8��6��3DWHQW������������5DPDQ�VSHFWURVFRS\�RI�DLUZD\
JDVHV�

&DUOVHQ�HW�DO���������8��6��3DWHQW������������6\VWHP�IRU�FROOHFWLQJ�ZHDNO\
VFDWWHUHG�HOHFWURPDJQHWLF�UDGLDWLRQ�

'DWWD���6XQLO�.��'DWWD��$�6LPSOH�/RZ�&RVW�*UDWLQJ�6SHFWURJUDSK�IRU�WKH
2SWLFDO�5HJLRQ����������QP���,QGLDQ�-RXUQDO�RI�3XUH�	�$SSOLHG�3K\VLFV��9RO�
����1RYHPEHU�������SS����������

*UDQJHU���8��6��3DWHQW������������6SHFWURSKRWRPHWHU�

+RSNLQV��,,���8��6��3DWHQW������������6SHFWURJUDSK�ZLWK�ORZ�IRFDO�UDWLR�

.LQJVODNH��(G���$SSOLHG�2SWLFV�DQG�2SWLFDO�(QJLQHHULQJ��9ROXPH�9��&KDSWHUV
�����$FDGHPLF�3UHVV��������

/RHZHQ�¥�(��*��/RHZHQ��0��1HYLpUH�DQG�'��0D\VWUH��§*UDWLQJ�HIILFLHQF\
WKHRU\�DV�LW�DSSOLHV�WR�EOD]HG�DQG�KRORJUDSKLF�JUDWLQJV¨��$SSOLHG�2SWLFV��9RO�
����1R������SS�������������2FWREHU������

0D\VWUH�¥�'��0D\VWUH��0��1HYLpUH��DQG�5��3HWLW��§([SHULPHQWDO�9HULILFDWLRQV
DQG�$SSOLFDWLRQV�RI�WKH�7KHRU\¨��(OHFWURPDJQHWLF�7KHRU\�RI�*UDWLQJV��5��3HWLW�
(G���(OHFWURPDJQHWLF�7KHRU\�RI�*UDWLQJV��6SULQJHU�9HUODJ�������



7HGHVFR�HW�DO��¥�8��6��3DWHQW������������'HWHFWLRQ�V\VWHP�IRU�5DPDQ�VFDWWHULQJ
HPSOR\LQJ�KRORJUDSKLF�GLIIUDFWLRQ�




