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ABSTRACT

The Federal Aviation Administration (FAA) has initiated plans
to transition from its present ground-based navigation and landing
system to a satellite-based system using signals provided by the
Department of Defense’s Global Positioning System (GPS). However,
GPS alone will not meet all aviation positioning requirements. To
meet the National Airspace System (NAS) requirements, the FAA has
proposed two augmentations to GPS: a Wide Area Augmentation
System (WAAS) and a Local Area Augmentation System (LAAS).
There have been expressions of concern regarding the robustness of
this plan and whether the risks to dependence upon GPS have been
adequately addressed. In response to this concern, the FAA, with co-
sponsorship from the Air Transport Association (ATA) and the
Aircraft Owners and Pilots Association (AOPA), issued a request for
an impartial study. The Johns Hopkins University Applied Physics
Laboratory (JHU/APL) was selected to conduct that study, which is
the subject of this report.

The report quantifies the ability of GPS, GPS/WAAS, and
GPS/LAAS to satisfy Required Navigation Performance (RNP) as
expressed by accuracy, integrity, continuity, and availability
requirements. Additional navigation options that mitigate the
identified risks were also evaluated. In particular, these options
included potential improvements to the GPS Standard Positioning
Service (SPS) and additional capabilities onboard the aircraft such as
integration of additional sensors and application of GPS anti-jam
technologies.
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$Q� LQGHSHQGHQW� ULVN� DVVHVVPHQW� ZDV� FRQGXFWHG� E\� WKH� -RKQV� +RSNLQV� 8QLYHUVLW\
$SSOLHG� 3K\VLFV� /DERUDWRU\� �-+8�$3/�� WR� GHWHUPLQH� LI� WKH� *OREDO� 3RVLWLRQLQJ� 6\VWHP� �*36�� DQG
DXJPHQWHG�*36�FDQ�VDWLVI\�WKH�SHUIRUPDQFH�UHTXLUHPHQWV�WR�EH�WKH�RQO\�QDYLJDWLRQ�V\VWHP�LQVWDOOHG
LQ� DQ� DLUFUDIW� DQG� WKH� RQO\� VHUYLFH� SURYLGHG� E\� WKH� )HGHUDO� $YLDWLRQ� $GPLQLVWUDWLRQ� �)$$�� IRU
RSHUDWLRQV� DQ\ZKHUH� LQ� WKH�1DWLRQDO�$LUVSDFH�6\VWHP� �1$6���7KLV� UHSRUW� TXDQWLILHV� WKH� DELOLW\� RI
*36�� *36� ZLWK� WKH� /RFDO� $UHD� $XJPHQWDWLRQ� 6\VWHP� �/$$6��� DQG� *36� ZLWK� WKH� :LGH�$UHD
$XJPHQWDWLRQ� 6\VWHP� �:$$6�� WR� VDWLVI\� QDYLJDWLRQ� SHUIRUPDQFH� UHTXLUHPHQWV� DV� H[SUHVVHG� E\
DFFXUDF\�� LQWHJULW\�� FRQWLQXLW\�� DQG� DYDLODELOLW\� UHTXLUHPHQWV�� 2FHDQLF� WKURXJK� &DWHJRU\� ,,,
3UHFLVLRQ�$SSURDFK� RSHUDWLRQV�ZHUH� HYDOXDWHG�ZLWK� ULVNV� WKDW� SUHVHQW� ERWK� QRUPDO� DQG� DEQRUPDO
GHJUHHV� RI� SHUIRUPDQFH� GHJUDGDWLRQV�� 7KH� SULPDU\� FRQFOXVLRQ� LV� WKDW�*36�PXVW� EH� DXJPHQWHG� WR
PHHW� WKHVH� UHTXLUHPHQWV�DQG� WKDW�:$$6�/$$6�FDQ�SURYLGH� WKH� UHTXLUHG�QDYLJDWLRQ�SHUIRUPDQFH�
7KH�VWXG\�FRQVLGHUHG�DOO�NQRZQ�ULVNV�DQG�LWV�SULPDU\�FRQFOXVLRQ�DVVXPHV�WKH�LGHQWLILHG�PLWLJDWLRQ
DFWLRQV� DUH� LQVWLWXWHG�� DQG� VSHFLILF� :$$6�/$$6� FRQILJXUDWLRQV� DUH� LPSOHPHQWHG�� 7KH� PDLQ
FRQFOXVLRQV�RI�WKH�VWXG\�DUH�DV�IROORZV�

D�� *36� ZLWK� DSSURSULDWH� :$$6�/$$6� FRQILJXUDWLRQV� FDQ� VDWLVI\� WKH� UHTXLUHG
QDYLJDWLRQ� SHUIRUPDQFH� DV� WKH� RQO\� QDYLJDWLRQ� V\VWHP� LQVWDOOHG� LQ� WKH� DLUFUDIW
DQG�WKH�RQO\�QDYLJDWLRQ�VHUYLFH�SURYLGHG�E\�WKH�)$$�

E�� 5LVNV� WR� *36� VLJQDO� UHFHSWLRQ� FDQ� EH� PDQDJHG�� EXW� VWHSV� PXVW� EH� WDNHQ� WR
PLQLPL]H�WKH�HIIHFWV�RI�LQWHQWLRQDO�LQWHUIHUHQFH�

F�� $� GHILQLWLYH� QDWLRQDO� *36� SODQ� DQG� PDQDJHPHQW� FRPPLWPHQW� LV� QHHGHG� WR
HVWDEOLVK�V\VWHP� LPSURYHPHQWV�ZLWK�FLYLO� DYLDWLRQ�XVHUV�DQG� WR�SURYLGH�JUHDWHU
LQIRUPDWLRQDO�DFFHVV�WR�WKH�FLYLO�DYLDWLRQ�FRPPXQLW\�

,Q�SDUWLFXODU��WKH�ILQDO�FRQFOXVLRQ�SRLQWV�WR�WKH�QHHG�WR�GHYHORS�D�FRPELQHG�*36�DQG�DXJPHQWDWLRQV
V\VWHP� GHVLJQ� EDVHG� RQ� FRVW� DQG� SHUIRUPDQFH� WUDGHV� DPRQJ� *36� V\VWHP� LPSURYHPHQWV�� *36
RSHUDWLRQDO�SROLFLHV��DQG�:$$6�/$$6�FDSDELOLWLHV��6WXG\� ILQGLQJV�ZLWK�UHJDUG� WR� WKH� WKUHH�V\VWHP
FRQILJXUDWLRQV�FRQVLGHUHG�DUH�VXPPDUL]HG�LQ�WKH�IROORZLQJ�VXEVHFWLRQV�
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&XUUHQWO\�� ��� *36� VDWHOOLWHV� DUH� RSHUDWLQJ�� 7KH\� SURYLGH� WKH� PLQLPXP� EDVLF
FRQILJXUDWLRQ�RI���� VDWHOOLWHV� ��� RUELW�SODQHV�RI��� VDWHOOLWHV� HDFK��DQG��� DFWLYH� RQ�RUELW� VSDUHV�� 7KH
QXPEHU� RI� RSHUDWLQJ� VDWHOOLWHV� FRXOG� VOLS� WR� ��� EHIRUH� DGGLWLRQDO� UHSODFHPHQWV� DUH� DGGHG�� ,Q� WKLV
VWXG\��WKH�FXUUHQW�FRQVWHOODWLRQ�LV�DVVXPHG�WR�EH�WKH�QRPLQDO�EDVLF����VDWHOOLWH�FRQVWHOODWLRQ��L�H����
E\�����7KH�QH[W�ORJLFDO�H[WHQVLRQ�RI�WKLV�JHRPHWU\�ZRXOG�EH�D����VDWHOOLWH�FRQVWHOODWLRQ��L�H�����E\����
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EH�LPSOHPHQWHG�

7KH�FXUUHQW�*36�:$$6�WHVW�FRQILJXUDWLRQ�LV�EDVHG�RQ�WKH�FXUUHQW�*36�FRQVWHOODWLRQ
VXSSRUWHG�E\�WZR�JHRVWDWLRQDU\�VDWHOOLWHV��*(26���7KHUHIRUH��WKH�EDVH�FRQVWHOODWLRQ�IRU�*36�:$$6
DQDO\VLV�ZDV����*36�VDWHOOLWHV�DQG�WKH�FXUUHQW���*(26��,PSURYHPHQWV�FRQVLGHUHG�H[SDQVLRQV�XS�WR
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LPSURYH�ORFDO�JHRPHWU\�
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DYDLODELOLW\� DQG�RU� WKH� DGGLWLRQ� RI� D� VHFRQG� FLYLO� IUHTXHQF\� GLG� QRW� DOWHU� WKLV� ILQGLQJ�� 7KH� EHVW
SHUIRUPDQFH� ZDV� DFKLHYHG� ZLWK� D� ���VDWHOOLWH� FRQVWHOODWLRQ� �ZLWK� VHOHFWLYH� DYDLODELOLW\� RII� DQG� D
VHFRQG�FLYLO�IUHTXHQF\�DYDLODEOH���DQG�HYHQ�WKDW�FRQILJXUDWLRQ�PHW�WKH�UHTXLUHG�OHYHOV�RI�VHUYLFH� IRU
RQO\�RFHDQLF�QDYLJDWLRQ�
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$�*36�:$$6�FRQILJXUDWLRQ�ZLWK����*36�VDWHOOLWHV�DQG���*(26�FDQ�VDWLVI\�DOO�1$6
SRVLWLRQLQJ�UHTXLUHPHQWV�IURP�RFHDQLF�WKURXJK�&DWHJRU\�,�DSSURDFK��7KLV�UHVXOW�GLG�QRW�UHTXLUH�DQ\
VSHFLILF� LPSURYHPHQWV� WR� WKH�*36�VDWHOOLWHV��3HUIRUPDQFH� LV� VHQVLWLYH� WR� WKH� LRQRVSKHULF� FRUUHFWLRQ
PHWKRGV� DQG� IXUWKHU� DQDO\VLV� LV� UHFRPPHQGHG� WR� EHWWHU� RSWLPL]H� WKH� :$$6� FRQILJXUDWLRQ� �L�H��
QXPEHU� RI� *(26� DQG� QXPEHU� RI� JURXQG� VWDWLRQV��� ,W�PXVW� DOVR� EH� QRWHG� WKDW� WKH� FXUUHQW� *(26
HVWDEOLVKPHQW�DQG�UHSODFHPHQW�SODQ�LV�QRW�\HW�FOHDUO\�LGHQWLILHG��WKLV�SODQ�PXVW�EH�GHILQHG�WR�HQVXUH
WKH�UHTXLUHG�FDSDELOLWLHV�DUH�SURYLGHG�

(6���� *36�/$$6

$� *36�/$$6� FRQILJXUDWLRQ� EDVHG� RQ� D� ���VDWHOOLWH� *36� FRQVWHOODWLRQ� RU� RQH� ZLWK
���*36�VDWHOOLWHV�DQG���*(26�FDQ� VDWLVI\�DOO�SUHFLVLRQ� DSSURDFK� UHTXLUHPHQWV��6RPH�DLUSRUWV�ZLOO
UHTXLUH� JURXQG� WUDQVPLWWHUV� WKDW� DFW� OLNH� DGGLWLRQDO� *36� VDWHOOLWHV� �$3/V�� DQG�RU� LPSURYHG� *36
DQWHQQDV�DQG�H[WUD�UHFHLYHUV�WR�DFKLHYH�WKH�KLJKHVW�DYDLODELOLW\�OHYHOV��L�H���!����������7KLV�OHYHO�RI
SHUIRUPDQFH�ZLOO�UHTXLUH�QR�*36�VDWHOOLWH�LPSURYHPHQWV�
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%HFDXVH� WKH� FXUUHQW� DXJPHQWDWLRQ� GHVLJQV� DUH� UHVSRQVLYH� WR� WKH� FXUUHQW� *36
VDWHOOLWH� VLJQDO� FRQGLWLRQV�� WKH� UHPRYDO� RI� VHOHFWLYH� DYDLODELOLW\� DQG� WKH� DGGLWLRQ� RI� D� VHFRQG� FLYLO
IUHTXHQF\�GLG�QRW�KDYH�D�PDMRU�LPSDFW�RQ�WKH�FDVHV�DQDO\]HG�IRU�WKLV�VWXG\��+RZHYHU�� WKH�SHQGLQJ
*36� VLJQDO� LPSURYHPHQWV� DUH� YHU\� LPSRUWDQW� WR� V\VWHP� UREXVWQHVV� DQG� WR� HYHQWXDO� FRVW� VDYLQJV
DQG�RU�SHUIRUPDQFH�LPSURYHPHQWV�RI�WKH�ILQDO�V\VWHP�
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5HPRYDO�RI�VHOHFWLYH�DYDLODELOLW\�JUHDWO\�UHGXFHV�WKH�LQIRUPDWLRQ�UDWH�UHTXLUHG�IRU�WKH
FRUUHFWLRQV� SURYLGHG� E\� :$$6� DQG� /$$6�� ZKLFK� UHGXFHV� WKH� FRPPXQLFDWLRQV� EXUGHQ�� 0RUH
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$V� DQQRXQFHG� E\� 9LFH� 3UHVLGHQW� $O� *RUH� LQ� 0DUFK� ������ WKH� VHFRQGDU\� PLOLWDU\
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7KH�LPSDFW�RI�WKH�VHFRQG�FLYLO�IUHTXHQF\�ZLOO�FRPSOHWHO\�UHPRYH�WKH�UHTXLUHPHQW�IRU
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DQG�WKH�SURSRVHG�KLJKHU�VLJQDO�SRZHU��ZLOO�PLWLJDWH�LQWHUIHUHQFH�FRQFHUQV�
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$OWKRXJK� WKHUH�KDYH� EHHQ� IHZ� UHSRUWV� RI�*36� UHFHLYHU� LQWHUIHUHQFH� IURP� WKH�PDQ\
*RYHUQPHQW�DQG�FRPPHUFLDO�WUDQVPLWWHUV�FXUUHQWO\�RSHUDWLQJ�LQ�WKH�1$6��D�UHYLHZ�RI�LQWHUIHUHQFH
VRXUFHV� LGHQWLILHG� LQ� 57&$� '2����� LQGLFDWHV� WKDW� VHYHUDO� KDYH� WKH� SRWHQWLDO� IRU� *36� VLJQDO
GLVUXSWLRQ��7KUHH�SRWHQWLDO�LQWHUIHUHQFH�VRXUFHV�ZHUH�VLQJOHG�RXW�IRU�IXUWKHU�DQDO\VLV��7KH�ILUVW�DQG
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LQGLFDWHG� WKDW� VWDWLRQV� WUDQVPLWWLQJ� RQ� FKDQQHO� ���ZLWKLQ� OLQH� RI� VLJKW� RI� DLUFUDIW� DSSURDFK� SDWKV
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7KH�VHFRQG�DUHD�RI�FRQFHUQ�LV�FRPPHUFLDO�YHU\�KLJK�IUHTXHQF\��9+)��EURDGFDVW��H�J��
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LQWHUIHUHQFH�ZDV�QRW�DQDO\]HG�EHFDXVH�LQVXIILFLHQW�LQIRUPDWLRQ�ZDV�DYDLODEOH�GXULQJ�WKLV�VWXG\��7KLV
WKUHDW�LV�YHU\�UHVWULFWHG�ZLWK�UHJDUG�WR�QXPEHU�DQG�JHRJUDSK\��WKHUHIRUH��LW�LV�QRW�H[SHFWHG�WR�EH�D
VLJQLILFDQW�ULVN��+RZHYHU��LW�LV�UHFRPPHQGHG�WKDW�WKLV�HPLVVLRQ�VRXUFH�EH�IXUWKHU�UHYLHZHG�WR�HQVXUH
WKH�ULVN�LV�WUXO\�LQVLJQLILFDQW�

,Q�VXPPDU\��XQLQWHQWLRQDO�LQWHUIHUHQFH�LV�QRW�D�PDMRU�ULVN�IDFWRU��0RVW�LQWHUIHUHQFH
GLIILFXOWLHV�UHSRUWHG�E\�WKH�DLUFUDIW�FRPPXQLW\�WKXV�IDU�KDYH�EHHQ�WKH�UHVXOW�RI�RQERDUG�LQWHUIHUHQFH�
ZKLFK� LV� QHFHVVDULO\� UHVROYHG� GXULQJ� FHUWLILFDWLRQ�� :KLOH� LW� LV� QRW� SRVVLEOH� WR� UXOH� RXW� IXWXUH
LQWHUIHUHQFH� IURP� RIIERDUG� HPLWWHUV�� UHPHG\LQJ� VXFK� SUREOHPV� VKRXOG� QRW� EH� GLIILFXOW�� 7KH
LQWURGXFWLRQ� RI� D� VHFRQG� FLYLO� IUHTXHQF\� ZLOO� IXUWKHU� UHGXFH� FRQFHUQV� DERXW� XQLQWHQWLRQDO
LQWHUIHUHQFH�� )XUWKHUPRUH�� WKH� DFWLRQV� UHTXLUHG� WR� FRXQWHU� LQWHQWLRQDO� LQWHUIHUHQFH� ZLOO� UHDGLO\
DGGUHVV�WKLV�ULVN�

(6���� ,17(17,21$/�,17(5)(5(1&(

,QWHQWLRQDO�LQWHUIHUHQFH�LV�E\�IDU�WKH�ODUJHVW�ULVN�DUHD��KRZHYHU��WKH�SODQQHG�DYLRQLFV
DUH� GHVLJQHG� WR� TXLFNO\� UHFRJQL]H� WKH� RQVHW� RI� WKLV� WKUHDW�� $VVXPLQJ� WKDW� VXIILFLHQW� UHVRXUFHV� DUH
DYDLODEOH� WR�YHFWRU�DLUFUDIW�DZD\� IURP� MDPPHG�UHJLRQV�� WKLV� WKUHDW�ZLOO�SRVH�QR�VDIHW\�ULVN�� ,W� FDQ�
KRZHYHU�� FUHDWH� FRQVLGHUDEOH� GLVUXSWLRQ� LQ� WUDIILF� FRQWURO� DQG� IOLJKW� VFKHGXOHV��0HWKRGV� WR� GHWHFW�
ORFDWH��DQG�SURVHFXWH� WKRVH�ZKR� LQWHQWLRQDOO\� MDP�*36� VLJQDOV�PXVW� EH�SXW� LQ�SODFH� WR�GLVFRXUDJH
VXFK�DFWLYLWLHV��$LU� WUDIILF� FRQWURO�SURFHGXUHV�PXVW�DOVR�EH�HVWDEOLVKHG� WR�PDQDJH�DIIHFWHG�DLUFUDIW�
7KH� VWXG\� FRQFOXGHV� WKDW� WKHUH� LV� QR� FUHGLEOH� VSRRILQJ� WKUHDW� DQG� WKDW�� DOWKRXJK� UHDO�� MDPPLQJ
WKUHDWV�FDQ�EH�PDQDJHG�

)XUWKHU�UHILQHPHQWV�RI�WKLV�DQDO\VLV�QHHG�WR�EH�EDVHG�RQ�VSHFLILF�WKUHDW�GHILQLWLRQV�
7KH�VWXG\�ZDV�EDVHG�RQ�D�WKUHDW�WKH�VWXG\�WHDP�MXGJHG�WR�EH�SODXVLEOH�ZLWK�UHJDUG�WR�HFRQRPLF�DQG
PRWLYDWLRQDO� FKDUDFWHULVWLFV�� ,W� LV� VWURQJO\� UHFRPPHQGHG� WKDW� WKH� 'HSDUWPHQW� RI� 7UDQVSRUWDWLRQ
�'27���LQ�FRRSHUDWLRQ�ZLWK�WKH�LQWHOOLJHQFH�FRPPXQLW\��HVWDEOLVK�VSHFLILF�WKUHDW�GHILQLWLRQV�DV�D�EDVLV
IRU�IXUWKHU�DQDO\VLV�

7HFKQRORJLHV� DUH� HPHUJLQJ� WKDW� FDQ� JUHDWO\� UHGXFH� YXOQHUDELOLW\� WR� *36� VLJQDO
MDPPLQJ��7HFKQLTXHV�WKDW�FDQ�DGG����WR����G%�RI�DGGLWLRQDO�UHMHFWLRQ�DUH�SRVVLEOH��LQFOXVLRQ�RI�VXFK
FDSDELOLWLHV�ZRXOG�YLUWXDOO\�GHIHDW�WKH�MDPPLQJ�WKUHDW�FRQVLGHUHG�LQ�WKLV�VWXG\�

(6���� /$5*(�,21263+(5,&�5()5$&7,21�(55256

&RQVLGHUDEOH�FRQFHUQ�KDV�EHHQ�H[SUHVVHG�DERXW�WKH� LPSDFW�RI� LQFUHDVHG�LRQRVSKHULF
UHIUDFWLRQ�HUURUV�FDXVHG�E\�VSDWLDO�JUDGLHQWV�GXULQJ�SHDNV�RI�WKH�VXQVSRW�F\FOH��$�UHDVRQDEOH�PRGHO
RI� WKH� LRQRVSKHUH� ZDV� FUHDWHG� WR� HYDOXDWH� WKLV� HIIHFW�� ,W� ZDV� IRXQG� WKDW� HUURUV� SURGXFHG� GLG� QRW
VLJQLILFDQWO\�DOWHU�V\VWHP�SHUIRUPDQFH�IRU�*36�RQO\�RU�/$$6��EXW�GLG�VLJQLILFDQWO\�GHJUDGH�:$$6��,W
LV�LPSRUWDQW�WR�QRWH�WKDW�WKH�:$$6�UHVXOWV�UHJDUGLQJ�WKH�ODUJHU�LRQRVSKHULF�HUURUV�DUH�VHQVLWLYH�WR
WKH�LRQRVSKHULF�FRUUHFWLRQ�PHWKRGRORJ\��$FFRUGLQJ�WR�WKH�GHILQLWLRQV�RI�WKH�KD]DUG�ULVN�LQGH[��LWV�ULVN
IUHTXHQF\�LV�FODVVLILHG�DV�§UHDVRQDEO\�SUREDEOH¨�DQG�LWV�FRQVHTXHQFH�ZDV�FRQVLGHUHG�§PDMRU¨�EHFDXVH
RI� SRVVLEOH� VDIHW\� LPSOLFDWLRQV�� :LWK� WKHVH� FODVVLILFDWLRQV�� WKH� ULVN� ZDV� GHWHUPLQHG� WR� EH
§XQGHVLUDEOH�¨�7KLV�ULVN�FDQ�EH�PLWLJDWHG�E\�LQFUHDVLQJ�WKH�GHQVLW\�RI�WKH�ZLGH�DUHD�UHIHUHQFH�VLWHV
�:56V��DQG�RU�JULG�SRLQWV��DV�ZHOO�DV� LPSURYLQJ� WKH� LRQRVSKHULF� FRUUHFWLRQ�DOJRULWKP��7KLV�DUHD�RI
:$$6� LRQRVSKHULF� FRUUHFWLRQ� PHWKRGRORJ\� VKRXOG� UHFHLYH� IXUWKHU� DQDO\VLV�� EXW� LW� LV� -+8�$3/ªV



(6��

MXGJHPHQW� WKDW� WKH�:$$6�FRQILJXUDWLRQ� FDQ�EH�GHVLJQHG� WR�PHHW� WKH�QHHGHG�SHUIRUPDQFH� VR� WKDW
ULVN� EHFRPHV� §DFFHSWDEOH�¨�+RZHYHU�� QRWH� WKDW�ZKHQ� WKH� VHFRQG� FLYLO� IUHTXHQF\� EHFRPHV� DYDLODEOH�
WKH�ULVN�LV�HOLPLQDWHG�

(6���� ,21263+(5,&�6&,17,//$7,21

,RQRVSKHULF� VFLQWLOODWLRQ� LV� PRVW� VHYHUH� LQ� HTXDWRULDO� UHJLRQV� DQG� LQ� WKH� DXURUDO
UHJLRQ�� 7KH� PRVW� OLNHO\� PHDQV� E\� ZKLFK� LRQRVSKHULF� VFLQWLOODWLRQ� DIIHFWV� *36� XVHUV� LQ� WKH
&RQWLQHQWDO�8QLWHG�6WDWHV��&2186��LV�LQ�YLHZLQJ�*36�VDWHOOLWHV�WKURXJK�WKHVH�UHJLRQV��7KH�DXURUDO
UHJLRQ� FRYHUV� WKH� QRUWKHUQ� SDUW� RI� &DQDGD� EHWZHHQ� ��R� DQG� ��R� 1� JHRPDJQHWLF� ODWLWXGH�� DQG� WKH
HTXDWRULDO� UHJLRQ� FRYHUV� ]RQHV� DW� ���� �� ����1� DQG� DW� ���� �� ���� 6� JHRPDJQHWLF� ODWLWXGH��2QO\� WKH
QRUWKHUQ�HTXDWRULDO�]RQH�LV�VHHQ�IURP�WKH�8QLWHG�6WDWHV�DQG�RQO\�E\�WZR�RI�WKH�ORFDWLRQV�LQFOXGHG�LQ
WKH�VWXG\�

$�FRQVHUYDWLYH�PRGHO�ZDV�XVHG� WR� WHVW� WKH�RYHUDOO� LPSDFW�RI� LQFOXGLQJ� WKLV�HIIHFW� LQ
WKH�QRUPDO�V\VWHP�DYDLODELOLW\�DQDO\VLV��,WV�LPSDFW�ZDV�WR�GURS�WKH�DYDLODELOLW\�EHORZ�UHTXLUHPHQWV
DW�D�IHZ�ORFDWLRQV��7KHUHIRUH��LRQRVSKHULF�VFLQWLOODWLRQ�PXVW�EH�FRQVLGHUHG�DV�D�ULVN�IDFWRU��$FFRUGLQJ
WR�WKH�GHILQLWLRQV�RI� WKH�KD]DUG�ULVN� LQGH[�� LWV� ULVN� IUHTXHQF\� LV� FODVVLILHG�DV� §UHDVRQDEO\�SUREDEOH¨
DQG� LWV� HIIHFW� ZDV� MXGJHG� WR� EH� §PLQRU�¨� :LWK� WKHVH� FODVVLILFDWLRQV�� WKH� ULVN� LV� GHWHUPLQHG� WR� EH
§DFFHSWDEOH¨�ZLWK�)$$�DSSURYDO�

(6�� 5(&200(1'$7,216

7KH�IROORZLQJ�VXEVHFWLRQV�RIIHU�UHFRPPHQGDWLRQV�LQ�WKUHH�DUHDV��*36��:$$6�/$$6�
DQG�ULVN�PLWLJDWLRQ�

(6���� *36

,I�FLYLO�DYLDWLRQ� LV�WR�UHO\�RQ�*36��JUHDWHU�DFFHVV�� FRRSHUDWLRQ��DQG�DJUHHPHQW�PXVW
H[LVW� RQ� *36� RSHUDWLRQDO� FRQWURO� VHJPHQW� �2&6�� SURFHGXUHV� DQG� IXWXUH� V\VWHP� SHUIRUPDQFH�
6SHFLILFDOO\��WKH�IROORZLQJ�PXVW�EH�DGGUHVVHG�

D�� *36�RSHUDWLRQDO�SURFHGXUHV�WKDW�VXSSRUW�FLYLO�DYLDWLRQ�SROLF\�QHHG�WR�EH�GHILQHG
DQG� LPSOHPHQWHG� �H�J��� VLJQDO� PRQLWRULQJ�� RUELW� PDQDJHPHQW�� DQG� HQG�RI�OLIH
RSHUDWLRQ�DQG�UHSODFHPHQW�VWUDWHJLHV��

E�� $� PHDQV� WR� FRQYH\� IXOO� NQRZOHGJH� RI� IDLOXUH� UDWHV� DQG� PHFKDQLVPV� WKDW� DUH
HVVHQWLDO�WR�LQWHOOLJHQW�V\VWHP�GHVLJQ�DQG�RSHUDWLRQV�PXVW�EH�HVWDEOLVKHG�

F�� $�SURFHVV�IRU�'HSDUWPHQW�RI�'HIHQVH��'2'��DQG�'27�GDWD�FROOHFWLRQ�DQG�DQDO\VLV
PXVW� EH� HVWDEOLVKHG� DQG� VXVWDLQHG� WR� FKDUDFWHUL]H� V\VWHP� SHUIRUPDQFH� DQG
UHVROYH�LQFLGHQW�UHSRUWV��LQFOXGLQJ�LQWHUQDWLRQDO�UHSRUWV��

G�� *36� VSHFLILFDWLRQV� WKDW� UHIOHFW� DFWXDO� V\VWHP� SHUIRUPDQFH� DQG� RSHUDWLRQDO
SROLFLHV�VKRXOG�EH�GHYHORSHG�



(6��

H�� *36�FRYHUDJH�LV�FXUUHQWO\�OLPLWHG�E\�SUHGLFWLRQ�RI�UHFHLYHU�DXWRQRPRXV�LQWHJULW\
PRQLWRULQJ� �5$,0�� DYDLODELOLW\�� FXUUHQW� DSSURDFKHV� DUH� RYHUO\� FRQVHUYDWLYH� E\
DVVXPLQJ� DOO� VDWHOOLWH� IDLOXUHV� DUH� VRIW� IDLOXUHV�� DQG� FXUUHQW� DOJRULWKPV� DUH
OLPLWHG� WR� §VQDSVKRW¨�SRVLWLRQ� FRPSXWDWLRQV��7KHVH� UHVWULFWLRQV� WHQG� WR� LQFUHDVH
UHOLDQFH�RQ�WKH�QXPEHU�RI�LQ�YLHZ�VDWHOOLWHV��,PSURYHPHQWV�WR�5$,0�DOJRULWKPV
VKRXOG� EH� HYDOXDWHG� IRU� SRVVLEOH� FRVW� UHGXFWLRQ� RSSRUWXQLWLHV� RU� SHUIRUPDQFH
LPSURYHPHQWV�LQ�WKH�DXJPHQWDWLRQ�V\VWHP�VWUXFWXUH�

7KHVH� UHFRPPHQGDWLRQV� ZLOO� DOORZ� VHQVLEOH� FRVW� DQG� SHUIRUPDQFH� WUDGHV� EHWZHHQ
SRVVLEOH� *36� V\VWHP� LPSURYHPHQWV� DQG� WKH� LPSOHPHQWDWLRQ� DQG� RSHUDWLRQ� RI� WKH� DXJPHQWDWLRQV
VXSSRUWLQJ�FLYLO�DYLDWLRQ��,Q�VXSSRUW�RI� WKHVH�DXJPHQWDWLRQV�DQG�WR�EHQHILW� WKH� IXOO�GRPDLQ�RI� FLYLO
DSSOLFDWLRQV��D�QHHG�H[LVWV�WR�FOHDUO\�GHILQH�D�QDWLRQDO�*36�SODQ�WKDW�LQFOXGHV�WKH�IROORZLQJ�

D�� (VWDEOLVK� D� ILUP� DJUHHPHQW� RQ� WKH� VL]H� DQG� FKDUDFWHULVWLFV� RI� WKH� VDWHOOLWH
FRQVWHOODWLRQ� DQG� VLJQDO� VWUXFWXUHV� WKDW� ZLOO� EH� PDLQWDLQHG� IRU� DOO� QDYLJDWLRQ
VHUYLFHV�

E�� 6SHFLI\� WKH� WLPHWDEOH� IRU� SODQQHG� LPSURYHPHQWV� �H�J��� UHPRYDO� RI� VHOHFWLYH
DYDLODELOLW\�DQG�SURYLGLQJ�WKH�VHFRQG�FLYLO�IUHTXHQF\��

(6���� :$$6�/$$6

7KH�IROORZLQJ�*36�:$$6�DFWLRQV�VKRXOG�DOVR�EH�WDNHQ�WR�VXSSRUW�GHYHORSPHQW�RI�D
QDWLRQDO�*36�SODQ�

D�� (VWDEOLVK� WKH� VL]H� DQG� FKDUDFWHULVWLFV� RI� WKH� *(26� FRQVWHOODWLRQ� WKDW� ZLOO� EH
PDLQWDLQHG� WR� VXSSRUW� FLYLO� DYLDWLRQ� UHTXLUHPHQWV�� 7KH� SODQ� ZLOO� DOORZ� IRU� WKH
:$$6�FRQILJXUDWLRQ�WR�VHQVLEO\�HYROYH�DQG�DGDSW�LQ�UHVSRQVH�WR�WKH�DYDLODELOLW\
RI� *36� VDWHOOLWH� LPSURYHPHQWV�� 7KLV� VWXG\� FRQFOXGHG� WKDW� IRXU� *(26� DUH
UHTXLUHG�WR�DXJPHQW�WKH�FXUUHQW�*36�VDWHOOLWH�FDSDELOLWLHV�

E�� )XUWKHU�DQDO\]H��GHVLJQ��DQG�YDOLGDWH�WKH� LRQRVSKHULF�FRUUHFWLRQ�PHWKRGRORJ\�WR
VXSSRUW�VL]LQJ�RI�WKH�JURXQG�UHIHUHQFH�VWDWLRQ�UHTXLUHPHQWV�DQG�PLWLJDWLRQ�RI�WKH
LRQRVSKHULF� ULVNV�GLVFXVVHG�SUHYLRXVO\��$QDO\]H�SRVVLEOH� UREXVW� UHFHLYHU�GHVLJQV
IRU� PLWLJDWLRQ� RI� VFLQWLOODWLRQ� HIIHFWV�� 9DOLGDWH� ERWK� DQDO\VHV� XVLQJ� 1DWLRQDO
6DWHOOLWH�7HVW�%HG��176%��DQG�3KDVH���:56�GDWD�

(6���� ,17(5)(5(1&(�5,6.6

7KH�IROORZLQJ�UHFRPPHQGDWLRQV�DUH�GLUHFWHG�DW�LQWHUIHUHQFH�ULVNV�

D�� 'HYHORS� UHJXODWLRQV� IRU� DOO� OLFHQVHG� WUDQVPLWWHUV� WKDW� H[SOLFLWO\� OLPLW� UDGLR
IUHTXHQF\��5)��HPLVVLRQV�DW�VDWHOOLWH�UDGLR�QDYLJDWLRQ�IUHTXHQFLHV�

E�� 5HTXLUH�FRPSOLDQFH�PRQLWRULQJ�RI�SRWHQWLDO� VRXUFHV�RI� VDWHOOLWH� UDGLR�QDYLJDWLRQ
LQWHUIHUHQFH�DIWHU�PDLQWHQDQFH�RU�QHZ�FRQVWUXFWLRQ�



(6��

F�� (QVXUH� WKDW� LQWHUIHUHQFH� OHYHOV� DW� VDWHOOLWH� UDGLR�QDYLJDWLRQ� IUHTXHQFLHV� DUH
PHDVXUHG� GXULQJ� IOLJKW� LQVSHFWLRQV� DW� DLUSRUWV� ZKHUH� *36� DSSURDFKHV� DUH
SODQQHG�DQG�ZKHUH�D�SRWHQWLDO�XQLQWHQWLRQDO�LQWHUIHUHQFH�WKUHDW�H[LVWV�

G�� 'HULYH�D�'27�DXWKRUL]HG�WKUHDW�GHILQLWLRQ�WR�VXSSRUW�GHVLJQ�RI�PLWLJDWLRQ�DFWLRQV
IRU�LQWHQWLRQDO�*36�VLJQDO�LQWHUIHUHQFH�

H�� ,PSOHPHQW� HQIRUFHPHQW� PHDVXUHV� WR� GLVFRXUDJH� DQG� UHPHG\� SRWHQWLDO� WKUHDWV�
7KUHDW�GHWHFWLRQ�PLJKW�EH�SDUW�RI�VWDQGDUG�XVHU�DLUFUDIW�UHSRUWLQJ�VWUXFWXUH��EXW
D�VHSDUDWH�DLUERUQH�SODWIRUP�ZLOO�EH�QHHGHG�WR�ORFDWH�WKH�WKUHDW�V���7KLV�DFWLYLW\
VKRXOG�QDWXUDOO\�EH�FRRUGLQDWHG�ZLWK�ODZ�HQIRUFHPHQW�DJHQFLHV�

I�� 'HYHORS� WUDIILF� FRQWURO� SURFHGXUHV� DQG� SURYLGH� WUDLQLQJ� WR� RYHUFRPH� ZLGH�DUHD
*36�VLJQDO�RXWDJH�FDXVHG�E\�LQWHQWLRQDO�LQWHUIHUHQFH�

J�� 'HYHORS�VWDQGDUGV�IRU�RQERDUG�LQWHUIHUHQFH�VXSSUHVVLRQ�V\VWHP�SHUIRUPDQFH�WKDW
DGGUHVV� SRVWXODWHG� WKUHDW�V��� DLUFUDIW� W\SHV�� DQG� SRVWXODWHG� WUDIILF� FRQWURO
SURFHGXUHV�

K�� 2EWDLQ�PHDVXUHPHQWV�RI�XQGHUERG\�DLUFUDIW�DQWHQQD�JDLQ�DQG�DVVHVV�DGYDQWDJHV
RI�DQWHQQD�ORFDWLRQV�WR�GHWHUPLQH�DQWHQQD�SDWWHUQ�EHQHILWV�

L�� (YDOXDWH� DGGLWLRQDO� PHDQV� IRU� DLUFUDIW�EDVHG� LQWHUIHUHQFH� VXSSUHVVLRQ�� 7KHVH
PLJKW�LQFOXGH�DQWHQQD�QXOOLQJ�DQG�VLJQDO�SURFHVVLQJ�WHFKQLTXHV�DQG�LQWHJUDWLRQ
ZLWK�LQHUWLDO�QDYLJDWLRQ�LQVWUXPHQWDWLRQ�

M�� 5HYLHZ�WKH�ULVN�RI�LQWHUIHUHQFH�IURP�PLOLWDU\�27+�UDGDU�

(6�� /,0,7$7,216

7KH� FRQFOXVLRQV� DQG� UHFRPPHQGDWLRQV� RIIHUHG� KHUH� UHSUHVHQW� VRXQG� HQJLQHHULQJ
MXGJHPHQWV� WKDW� DUH� EDFNHG� E\� FRQVLGHUDEOH� DQDO\VLV�� 7KH� WLPHIUDPH� IRU� WKLV� VWXG\� UHTXLUHG� WKDW
FHUWDLQ�DSSUR[LPDWLRQV�EH�PDGH�LQ�OLHX�RI�FRPSUHKHQVLYH�VLPXODWLRQV��7KH�VWXG\�UHVXOWV�DUH�EHOLHYHG
WR�EH�FRQVHUYDWLYH��PDUJLQV�ZHUH�DSSOLHG�LQ�WKRVH�DUHDV�ZKHUH�WKH�PRGHOV�DQG�RU�GDWD�VRXUFHV�ZHUH
OLPLWHG��7KH�IROORZLQJ�OLPLWDWLRQV�VKRXOG�EH�QRWHG�

D�� $OO�SHUIRUPDQFH�DQDO\VHV�ZHUH�EDVHG�RQ� VQDSVKRW�PHDVXUHPHQW�HUURU� VWDWLVWLFV
IRU�DQ�DUUD\�RI�GLVWULEXWHG�JHRJUDSKLF�ORFDWLRQV�VDPSOHG�HYHU\���PLQ�WKURXJKRXW
RQH� UHSHDW� F\FOH� RI� WKH� *36� FRQVWHOODWLRQ� �L�H��� RQH� VLGHUHDO� GD\��� :KLOH� WKLV
DSSURDFK�LV�EHOLHYHG�DGHTXDWH�WR�HVWLPDWH�DJJUHJDWH�SHUIRUPDQFH��YHULILFDWLRQ�RI
SHUIRUPDQFH�VKRXOG�EH�EDVHG�RQ�KLJKHU�ILGHOLW\�WUDMHFWRU\�VLPXODWLRQ�

E�� )XOO� DLUFUDIW� WUDMHFWRU\� VLPXODWLRQV� ZHUH� UHVWULFWHG� WR� HYDOXDWLQJ� LQWHUIHUHQFH
HIIHFWV� XVLQJ� W\SLFDO� ODQGLQJ� FRQGLWLRQV� ZLWK� DQ� DQWHQQD� SDWWHUQ� GHULYHG� IURP
OLPLWHG�GDWD�VRXUFHV��7KH�WHOHYLVLRQ�LQWHUIHUHQFH�PRGHO�ZDV�QHFHVVDULO\�EDVHG�RQ
D�YHU\�VPDOO�GDWD�VHW�

F�� 1R� GDWD� ZHUH� DYDLODEOH� WR� FKDUDFWHUL]H� KLJK�GHILQLWLRQ� WHOHYLVLRQ� LQWHUIHUHQFH
OHYHOV�DW�WKH�*36�IUHTXHQFLHV�



(6��

G�� $OWKRXJK�WKH�UHFHLYHU�PRGHO�XVHG�WR�VXSSRUW�WKLV�VWXG\�LV�EHOLHYHG�WR�EH�D�JRRG
UHSUHVHQWDWLRQ�RI�W\SLFDO�UHFHLYHUV��WKH�VWXG\�GLG�QRW�H[SOLFLWO\�DFFRXQW�IRU�DFWXDO
UHFHLYHU�SHUIRUPDQFH�GLIIHUHQFHV�WKDW�PD\�H[LVW�DPRQJ�XVHUV�

H�� *36�:$$6�SHUIRUPDQFH�HVWLPDWHV�ZHUH�EDVHG�RQ�PDNLQJ�DGMXVWPHQWV�WR�PRGHOV
GHULYHG� IURP� 167%� GDWD�� 1R� GHWDLOHG� VLPXODWLRQ� ZDV� FRQVWUXFWHG� IRU� WKLV
DQDO\VLV�

I�� 7KH� LRQRVSKHULF� VFLQWLOODWLRQ�PRGHO� XVHG� IRU� WKLV� VWXG\�ZDV� VLPSOLILHG�� EXW� WKH
PRGHO�XVHG�LV�EHOLHYHG�WR�FRQVHUYDWLYHO\�ERXQG�UHDOLW\�

J�� 7LPH�WR�DOHUW� DQDO\VHV� FRXOG� QRW� EH� H[SOLFLWO\� LQFOXGHG� ZLWKLQ� WKH� VLPXODWLRQ
VWUXFWXUH�XVHG�IRU�WKHVH�VWXGLHV��7KH�DXJPHQWDWLRQ�V\VWHPªV�DELOLW\�WR�PHHW�WKHVH
UHTXLUHPHQWV�ZDV�EDVHG�RQ�HYDOXDWLRQV�RI�WKH�V\VWHP�GHVLJQ�FRQVWUDLQWV�SURYLGHG
E\�FXUUHQW�GHVFULSWLRQV�DQG�VSHFLILFDWLRQV�
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Section 1

INTRODUCTION

The Federal Aviation Administration (FAA) has initiated plans to transition from its present
ground-based navigation and landing system to a satellite-based system using signals generated by the Department
of Defense’s (DOD’s) Global Positioning System (GPS). However, GPS will not meet all aviation positioning
requirements. In particular, the requirement to be available virtually all of the time and to support precision landings
will not be met with GPS alone. To meet the National Airspace System (NAS) requirements, the FAA has proposed
two augmentations to GPS: a Wide Area Augmentation System (WAAS) and a Local Area Augmentation System
(LAAS). GPS/WAAS is intended to support navigation for all phases of flight from oceanic through Category I
precision approaches. GPS/LAAS is intended to support Category II and III precision approach requirements and to
provide higher availability for Category I than the GPS/WAAS. However, concern has been expressed regarding the
robustness of this plan and whether the risks to dependence on GPS have been adequately addressed. In response to
this concern, the FAA, with co-sponsorship from the Air Transport Association (ATA) and the Aircraft Owners and
Pilots Association (AOPA), issued a request for an impartial study. The Johns Hopkins University Applied Physics
Laboratory (JHU/APL) was selected to conduct this study, which is the subject of this report.

The study was completed in 6 months using skilled JHU/APL investigators teamed with some
uniquely qualified individuals from Stanford University, supported by an experienced panel of reviewers from
industry, academia, and Government. The independent risk assessment was conducted to specifically determine if
GPS and augmented GPS could be relied on to meet all navigation requirements within the NAS. The evaluation
relied heavily on simulation analyses to assess performance of GPS, GPS/WAAS, and GPS/LAAS against
requirements, and, thus, development of mathematical models was a key element of the study. Generally, models
were based on historical data in those cases in which the team judged the data to be the best source. In cases in
which data were lacking, specification values were applied. The developed simulation tools were also used to assess
how major system parameters [e.g., number of geostationary satellites (GEOS) and number of airport pseudolites
(APLs)] could be varied to meet NAS performance requirements. Additional navigation options that mitigate the
identified risks were also evaluated. In particular, these options included potential improvements to the GPS
Standard Positioning Service (SPS) and additional capabilities onboard the aircraft, such as integration of additional
sensors and application of GPS antijam technologies.

The following sections describe requirements, analysis methodology, performance analysis results,
and the impacts of risks. More detailed discussion of simulation models is provided in the Appendixes C through K
in a separate volume.
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Section 2

NATIONAL AIRSPACE SYSTEM REQUIREMENTS

Performance requirements for each operation are shown in Table 2-1. The same requirements
apply to all system and aircraft configurations. They represent service requirements and, as such, the study
performance analyses assume all equipment onboard the aircraft is functioning properly. Values typically represent
the most stressing requirements found in GPS/WAAS and GPS/LAAS documentation. The defining service
requirement is availability. It is location dependent and varies by region. The table shows International Civil
Aviation Organization (ICAO) threshold and objective requirements and the acceptable value for the Continental
United States (CONUS) as set for this study (i.e., the FAA column). Exceptions are made for Alaska and
GPS/WAAS Category I service where the availability requirement was set to 0.999.

Table 2-1 NAS Performance Requirements (as Modified from Original Statement
of Work)

Integrity Availability

Operation
Accuracy

(95%)

Time-to-
Alert Alert Limit

Probability of
MI Thres. Obj. FAA++

Continuity
(Loss of

Nav.)

Oceanic
En route &
Remote

12.4 nmi 2 min 12.4 nmi+ 10-7/hr 0.99 .99999 .999 1x10-5/hr

Domestic
En route

2.0 nmi 1 min
2.0 nmi+

10-7/hr* 0.999 .99999 .99999 1x10-6/hr

Terminal 0.4 nmi 30 sec 1.0 nmi+ 10-7/hr* 0.999 .99999 .99999 1x10-6/hr

Non-
precision

220 m 10 sec 0.3 nmi+ 10-7/hr* 0.99 .99999 .99999 1x10-5/hr

Cat. I
Precision

H – 16 m

V – 7.7 m
6 sec

H-40 m**

V-10-

15 m++

2x10-7/
approach*

0.99 .99999 .99999
5x10-5/
approach

Cat. II
Precision

H – 6.9 m

V – 2.0 m
2 sec

H-17.3 m**

V-5.3 m**

2×10-9/
approach**

0.99 .99999 .99999
4x10-6/
15 sec

Cat. III
Precision

H – 6.1 m

V – 2.0 m

2 sec**

1 sec
(goal)

H-15.5 m**

V-5.3 m**
2×10-9/
approach**

0.99 .99999 .99999

2x10-6/last 15
sec

1x10-7/last 15
sec

(vertical)

*FAA-E-2892C (draft) **RTCA/DO-245

+RTCA/DO-208 ++B. DeCleene
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2.1 AVAILABILITY

The definition of availability used for this study was modified to recognize the unique nature of
the operational procedures provided by GPS augmentations. In particular, all GPS-based operations include a
predictive availability calculation before conducting the operation. For oceanic through Category I approach service,
availability is defined as the probability that the predicted availability test is passed and that the actual accuracy and
integrity requirements are met. Because continuity is not included within this definition, the requirement for
acceptable service from oceanic through Category I approach is that both availability and continuity requirements
are met. For Category II and III service, availability is defined as the probability that the predictive availability test
is passed and that the actual accuracy, integrity, and continuity requirements are met. For these services, acceptable
performance is assured when the availability requirement is met.

2.2 ACCURACY

Accuracy is the 95-percent radial horizontal navigation error and 95-percent vertical navigation
error at the GPS antenna electrical center. The accuracy requirement must be met at all locations within the service
volume at all times. Accuracy is only counted in cases where the system is predicted to be available before the start
of an operation.

2.3 INTEGRITY

Integrity relates to the level of trust that can be placed in the information provided by the
navigation system. As with accuracy, integrity is evaluated in cases where the system is predicted to be available
before the start of an operation. Loss of integrity is defined as the occurrence of an unsafe condition without
annunciation for a time longer than the time-to-alert limit. An unsafe condition is defined as the occurrence of
misleading information, that is, when the true navigation error exceeds the alert limit specified for each phase of
flight operation. Loss of integrity can happen in two ways. Either an onboard integrity alert algorithm does not
detect the unsafe condition, or it is detected, but the annunciation takes longer than the time-to-alert limit. Integrity
must be maintained throughout the operation.

Note that the integrity requirement is expressed in terms of three parameters shown Table 2-1. The
integrity requirement includes a maximum time-to-alert requirement, a position error alert limit, and a probability of
misleading information. The probability of misleading information is the probability that the navigation position
error exceeds the position alert limit and this event is not detected.

2.4 CONTINUITY

The continuity requirement is expressed as a loss of continuity per unit of time. Given the system
is predicted to be available before the start of an operation, a loss of continuity occurs when the onboard integrity
alert algorithm raises an alarm that an unsafe condition exists. The probability that this event occurs at any time
during the specified time interval during an operation must be less than the continuity requirement.
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Section 3

ANALYSIS METHODOLOGY

3.1 GENERAL APPROACH

The general approach was to categorize the identified risk elements into those risks
viewed as “normal” and those risks viewed as “abnormal.” Normal risks are factors that cause
performance degradations consistent with design specifications for the GPS system and
augmentations. For example, normal risks include scheduled and unscheduled satellite downings,
ionospheric compensation errors, and unintentional interference caused by television broadcast.
Abnormal risks include satellite “soft” failures that result in significantly misleading information,
excessive ionospheric error attributable to the solar cycle or solar storms, and interference owing to
malicious intent.

Study results are based on simulation analyses using the approach illustrated in
Figure 3-1. Simulation models were developed using measured data wherever possible to accurately
reflect the observed, rather than specification, performance of system elements. Models were largely
based on published data.

Identify
Risk Elements

Published
Literature

Direct 
Contacts

Develop
Simulation Models

Test
Data

RTCA
Documents

Published
Literature

Identify 
Mitigation Options

Available
Technologies

Proposed 
GPS System

Improvements

Simulation Development

Probabilistic Risk Analysis

“Snapshot”
GPS Measurement

Simulation

 Monte-Carlo Simulations
of Selected Error Sources

Error
Distributions

Trajectory Simulation
to Assess Interference

Effects with Time-Varying
Geometries

Risk Assessment

Accuracy,
Integrity,

Continuity, and
Availability Statistics

Performance
Requirements

Performance
Versus Requirements

Application of
Hazard Risk Index

Mitigations
as Needed

Outages Owing
to Interference Effects

Key
Performance
Measures A c c e p t a b i l i t y

R a t in g

Figure 3-1 Risk Assessment Process
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 The probabilistic risk analyses were conducted in collaboration with Stanford
University personnel. The principal tool to compute accuracy, integrity, continuity, and availability
values was a GPS measurement “snapshot” simulation in which GPS performance is characterized in
terms of the error statistics of single measurements taken at locations throughout the service volume
and at times throughout the day. In addition, an aircraft trajectory simulation was used to assess
GPS outage intervals owing to the time-varying interactions between aircraft motions, antenna
pattern gain variation, and changing GPS satellite directions relative to the aircraft.

Availability was used as the key performance measure to evaluate the impact of each
identified risk on system operation. A Hazard Risk Index was applied to rate the acceptability of
each risk and determine the need for risk mitigation. The hazard risk characterization process is
illustrated in Figure 3-2.

Probability
of Failed
Requirement and
Risk Occurrence

Judged Consequence
 of Failed Requirement

Risk Index
&

Acceptability

• Reduction in Safety Margins or
Functional Capabilities of Airplane

• Increase in Crew Workload
• Effects on Occupants

1-6     = Unacceptable
7-10   = Undesirable
11-18 = Acceptable, but FAA Review Required
19-25 = Acceptable

Consequence
Prob. of Occurrence

Catastrophic Hazardous Major Minor
No
Effect

Frequent
(>10 -2)

1 3 6 10 21

Reasonably Probable
(10

-2
 to 10

-5
)

2 5 9 14 22

Remote
(10-5 to 10 -7) 4 8 13 17 23

Extremely Remote
(10

-7
 to 10

-9
)

7 12 16 19 24

Extremely Improbable
(<10 -9)

11 15 18 20 25

Figure 3-2 Hazard Risk Index

Definitions to judge operational consequences (AC 25.1309-1A) are as follows:

a. Minor – Failure condition that would not significantly reduce airplane safety and
which involve crew actions that are well within their capabilities

b. Major – Significant failure condition that would

(1) Reduce safety margins or functional capabilities of an airplane

(2) Increase crew workload or conditions impairing crew efficiency
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(3) Produce some discomfort to occupants

c. Severe Major (Hazardous-ATA SOW, JAA) – Failure condition resulting in more
severe consequences than major, such as

(1) Larger reduction in safety margins or functional airplane capabilities

(2) Higher workload or physical distress such that the crew could not be relied
on to perform its tasks accurately or completely

(3) Adverse effects on occupants

d. Catastrophic – Failure conditions that would prevent continued safe flight and
landing

Performance analysis was conducted by comparing computed performance with
requirements at 5-minute sampling intervals throughout one sidereal day (the repeat cycle for GPS
constellation geometry) and at geographically distributed locations. The sample locations used in the
study are shown in Figure 3-3. The locations were chosen to uniformly sample the service volume
with emphasis on the most heavily used routes. Note that Guam, North Pacific route, and Reykjavik
locations were not included in GPS/WAAS analyses, except for oceanic requirements, because they
are outside the WAAS service volume. Reykjavik, North Pacific route, and Bermuda were not used in
GPS/LAAS analysis because they are not airports in the NAS.

KEF
FAI

North Pacific
Route

HNL

ASE
JFK

ATL

SJU

DFW

LAX

SEA

ORD

WAAS Service Volume
FAA-E-2892C

.
  

FAR

BDA

Guam

Figure 3-3 Locations Used for System Performance Analysis
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3.2 KEY ASSUMPTIONS

The following key assumptions were used in this study:

a. The current GPS constellation results were based on a 24-satellite constellation
rather than the 27 available today. GPS signal-in-space ranging accuracy and
satellite downing probabilities were derived from GPS OCS Performance
Analysis and Reporting (GOSPAR) project studies. GPS satellite end-of-life
failure rates and replacement strategy were based on current specifications.
Performance was also analyzed with a 30-satellite GPS constellation.

b. GPS/WAAS analysis baseline assumed the 24-satellite GPS constellation and
2 GEOS at the current locations. Ionospheric correction and orbit determination
errors were based on analysis of National Satellite Test Bed (NSTB) data
(19 reference stations and Stanford algorithms). Ground system reliability was
based on specifications using 25 reference stations, 2 master stations, and
2 geostationary uplink stations per GEOS. GEOS reliability was taken from the
FAA-E-2892C WAAS specifications, except the mean times to repair (MTTRs)
were varied to reflect different replacement strategies. Performance was also
analyzed with 3, 4, and 5 GEOS.

c. GPS/LAAS accuracy models were based on the specifications given in RTCA/
DO-245. Performance was analyzed with 24 and 30 GPS satellites, 4 GEOS, and
1 and 2 APLs.

The configuration variations considered in the study were generally set to represent
the improvement timeline shown in Figure 3-4. It is understood that dates may not be accurate, but
it was judged that the system capabilities shown in the figure represent realistic combinations of
possible future improvements.

2000 02 04 06 08 10

2 GEOSs

Accuracy
Improvement
Initiative (AII)

Selective
Availability
Removed

Accuracy
Improvement
(AUTONAV)

Block IIF
2 Frequencies
Power = + 6 dB

Year

GPS*

GPS/WAAS

GPS/LAAS

4 GEOSs

Cat. I
3 B Receivers

Cat. I, II, III
4 C Receivers

Airport Pseudolites
 

S e le c tive
A va ila b ility

I II IIIAssessment
Case

5 GEOSs

Figure 3-4 Notional Timeline for System Improvements
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The initial evaluation timeframe (2000–2002) includes the current GPS with
selective availability invoked, although the 24-satellite constellation discussed earlier was assumed
rather than the actual 27-satellite constellation in place during late 1998. The current GPS Joint
Project Office policy is to replace satellites on an as-needed basis, but there is no guarantee as to the
number of satellites on orbit beyond the required 18. Current commitments, however, are that a
minimum of 24 satellites will be maintained. The first timeframe also includes initial WAAS and
LAAS capabilities.

The second evaluation timeframe (2002–2006) includes expected GPS improvements,
the final LAAS configuration, and WAAS with 4 GEOS. The Accuracy Improvement Initiative (AII)
will improve ranging accuracy by Master Control Station (MCS) filter improvements, inclusion of six
additional ground stations, and an increased number of uploads per day. It is also expected that
selective availability will be removed by 2006.

During the third evaluation timeframe (2006–2012), JHU/APL postulates a second
civilian frequency and a 6-dB increase in satellite power. In addition, coded dual-frequency receivers
will be available for WAAS. Finally, a 30-satellite GPS constellation was evaluated for timeframes II
and III.

3.3 REQUIREMENTS EVALUATION

The diagram shown in Figure 3-5 illustrates the requirement evaluation process.
Performance is conditionally evaluated for each measurement event. A measurement event is
defined as a single GPS measurement of all satellites in view at a specific location and time. A
measurement event may be further distinguished by, for example, the occurrence of a satellite
downing and/or some other risk element. A given measurement event defines the set of available
satellites, satellite geometry, and ranging accuracy.

Given the available satellites after scheduled and unscheduled downings, predictive
availability is computed for an assumed ranging accuracy. The method used for each system
configuration (GPS, GPS/WAAS, and GPS/LAAS) is detailed in Appendixes C through K. Note that it
is also possible that a satellite will fail during the operation.

If the system is predicted to be available, accuracy, integrity, and continuity are then
evaluated. Continuity depends on the integrity alert algorithm and estimated ranging errors. The
probability that a loss of continuity occurs is computed as the probability that the alert threshold is
exceeded.

As shown in Figure 3-5, a loss of integrity can occur only if either an alert is not
declared or if the time-to-alert is exceeded. The loss of integrity is computed as the probability that
the position error exceeds the alert limit, given one of these two events has occurred.

The probability distribution for true navigation error is computed, and the minimum
value greater than 95 percent of all values is found. If this value is less than the required 95-percent
accuracy, the accuracy requirement is passed. This is indicated by setting the conditional probability
that accuracy is met equal to one.
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Predicted
Availability?

User Predicted
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Availability 
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* True Availability Not Contingent on Predicted

Figure 3-5 Requirement Evaluation Process

If the accuracy, integrity, and continuity requirements are all passed, a true
availability event is declared. For each measurement event, the system is either truly available or
not. This is also indicated by setting the conditional probability equal to one when availability is
satisfied; otherwise, it is set equal to zero. Note that predicted availability is included in true
availability because for any measurement event where predicted availability fails, the conditional
true availability will be zero. As discussed earlier, true availability is also computed without
continuity for oceanic through Category I service.

Finally, the total value of each performance measure is computed by summing the
products of the prior probability of each measurement event, P(Mi), and the conditional probability
for each performance measure.
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Section 4

ANALYSIS RESULTS

The principal results are reported here for the most important configurations of the
three systems: GPS without augmentation, GPS/WAAS, and GPS/LAAS,

4.1 GPS WITHOUT AUGMENTATION

GPS without augmentation is the SPS provided by the DOD. In addition, receiver
autonomous integrity monitoring (RAIM), although an augmentation in the strict sense, is assumed
to be an integral part of this system. GPS system performance models were mostly based on data
provided by published GOSPAR analyses. User error models, including receiver noise, multipath
effects, ionospheric compensation error and tropospheric compensation error, were also mostly
derived from published literature. The simulation configuration, references, and models used to
analyze this system are presented in Appendix C. The availability results for five GPS configurations
are shown in Figure 4-1.

Figure 4-1 Analysis Results for GPS Without Augmentation
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Each vertical bar represents the range of availability values determined for a specific
service using a particular system configuration (number key below table). For example, the first bar
within the oceanic column represents the range of availability considering all locations and times
using the current GPS constellation (i.e., 24 satellites, selective availability on, no second frequency).
The mean value is indicated by the horizontal line (i.e., the system’s availability is less than 0.99).
The performance of this system is seen to further degrade as more accurate service requirements are
attempted (number 1 bar in successive columns). The number 2 bar represents the impact of turning
selective availability off. While this definitely improves performance, the mean values continue to
provide less than 0.99 availability (recall that the requirement for oceanic is 0.999 and for the other
services it is 0.99999). The number 3 bars indicate the availability for a 30-satellite constellation
with selective availability off. The numbers 4 and 5 bars indicate availability with selective
availability off and with a second civil frequency for 24- and 30-satellite constellations, respectively.
The analysis indicates that GPS without augmentation can only meet NAS oceanic requirements,
and even then the constellation must be increased to 30 satellites. On the other hand, it should be
noted that a considerable level of GPS service is already available to supplement existing
capabilities, but it will not meet the availability objectives set for this study.

4.2 GPS/WAAS

A full “end-to-end” simulation was desirable with all the WAAS functions [Wide-Area
Reference Sites (WRSs) functions, through the complex Wide-Area Master Site (WMS) processing
and integrity functions, through the Geostationary Uplink Site (GUS) and GEOS links to the User],
shown in Figure 4-2, being modeled. In principle, this model could be fully sensitive to all normal
error sources and abnormal risks. Error distribution inputs could be validated by NSTB databases.
However, the required extensive modeling/programming staffing was beyond the scope of this study.

A more efficient partial “middle-to-end” simulation was chosen, which models WMS
estimation output errors developed from extensive NSTB databases as “satellite error models” to the
existing GPS-only simulation, with added GEOS. User differential range error (UDRE) and grid
ionospheric vertical error (GIVE) distributions were functionalized per satellite geometry with
respect to WRS positions and abnormal conditions, such as peak solar sunspot activity. These models
essentially replaced the detailed simulation of the WRSs and the WMS with less-extensive
modifications to the GPS-only simulation. The UDRE and GIVE always produced horizontal and
vertical upper bounds on the true position errors at the evaluation stations. Consequently, their use
as truth models in the simulation will yield conservative results. The added value of this approach
was that it was based on actual NSTB data experience using the Stanford orbit determination and
ionospheric estimation algorithms. CONUS evaluations were produced from a 19-WRS database,
while Alaska/Hawaii evaluations were based on an additional 5 WRSs in Alaska and 2 WRSs in
Hawaii. Upper bounds for the reliability of the WAAS ground network were analytically calculated
and the simulation results were modified, which modeled the GPS and GEOS geometry and
reliability. These calculations assumed a full network of 25 WRSs, 2 WMSs, and 2 GUSs per GEOS.
More details are included in Appendix D.

Figure 4-3 shows the main analysis results for GPS/WAAS. Availability is shown for
six different system configurations (number key below table). Configuration #1 through #5
evaluations were at the eight CONUS sites plus Fairbanks (see Figure 3-3). Configuration #1 also
was evaluated at the six non-CONUS sites for oceanic through nonprecision approach (NPA),
resulting in better than 0.999 availability, except for Guam at NPA (0.998). Configurations #1, #2,
and #3 represent the baseline results for GPS/WAAS. These results show that a GPS/WAAS
configuration with 4 or 5 GEOS can meet the navigation performance requirements without any
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improvements to the 24 GPS satellites. The IONO & OD notation refers to assumed ionospheric and
orbit determination processing algorithms at the WMS, those currently being used to support
Stanford investigations and those being implemented by Raytheon (configurations #4 and #5). The
bars labeled “Raytheon” in the figure were obtained by comparing Raytheon-published results
(References 1 and 2) with corresponding Stanford results, yielding scaling factors on the
NSTB/Stanford models. In both cases, however, the less conservative Stanford 15° restriction for
valid ionospheric grid points [at least one WRS ionospheric pierce point (IPP) within a 15° great
circle radius of the grid point] was assumed rather than the more conservative “three-of-four”
restriction of the WAAS Specification (at least three out of four 5° quadrants surrounding the grid
point must contain WRS IPPs). The three-of-four restriction significantly reduces availability and
was not evaluated. JHU/APL believes that the NSTB database and Stanford processing results have
tended to indicate adequate integrity of the Stanford processing and less conservative restriction
(Reference 3). Further research is needed to validate this indication. If this is valid, the number of
WRSs required for phase 2 may be reduced from the currently planned 48 stations.
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Figure 4-2 GPS/WAAS Functional Block Diagram



4-4

 
    
       

1   Stanford IONO & OD (2 GEOS)     Based on 19 WRS NSTB extrapolations 
2   Stanford IONO & OD (4 GEOS)     with Stanford 15o iono 

3   Stanford IONO & OD (5 GEOS)     grid point restriction
4   Raytheon IONO & OD (2 GEOS)                    
5   Raytheon IONO & OD (4 GEOS)          Alaska/Hawaii evaluations based on
6   SPS with 2 GEOS                                 extra 7 WRS NSTB extrapolations
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Mean For All
Locations

Availability Oceanic En Route Terminal NPA Category I

0.99999
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1
1

1
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1
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1

3
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CONUS
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Figure 4-3 GPS/WAAS Analysis Results

The last configuration (#6) was added to evaluate if the oceanic requirement that was
not met with the 24-satellite GPS constellation would be met by including ranging signal
measurements from the current 2 GEOS. While this configuration does meet the necessary oceanic
requirement, it can be seen that specifications for none of the other services can be met by this
configuration. It can also be seen that the corresponding WAAS configuration (#1) can readily meet
the oceanic requirements over CONUS and at all non-CONUS test sites. It will also be noted that
none of the 2-GEOS configurations meet the 0.99999 requirement for en route through NPA or the
0.999 requirement for GPS/WAAS Category I service. The 4- and 5-GEOS configurations readily
meet all service requirements except for Category I in Hawaii. The WRSs on CONUS and Alaska are
too far from Hawaii to add much information to the essentially independent 2-WRS WAAS at
Hawaii. GPS/LAAS must be used to achieve Category I availability greater than 0.999 at Hawaii. It
should be noted that all requirements are met with a 24-satellite GPS constellation, without a
second frequency, and with selective availability on (i.e., using the current GPS configuration).

The current WAAS GEOS implementation plan is unclear in that the number,
location, suppliers, and replacement strategy have not been established. JHU/APL has assumed the
following configuration placements: 2-GEOS configuration at Pacific Ocean Region (POR), Atlantic
Ocean Region, West (AOR-W); 4-GEOS configuration at POR, AOR-W, 135W°, 75W°; 5-GEOS
configuration at POR, AOR-W, 135W°, 75W°, 90W°; and 3-GEOS configuration at POR, AOR-W,
90W°. The importance of the replacement strategy is illustrated in Figure 4-4, by showing the
availability for two different MTTR values. The 3-year GEOS MTTR (current WAAS specification in
FAA-E-2892C) corresponds to having no spare in orbit, which would require procurement and
launching. The 3-month MTTR assumes a more optimistic strategy and is clearly required to meet
CONUS requirements.
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1   Stanford IONO & OD (2 GEOS) with 3 mo. MTTR
2   Stanford IONO & OD (4 GEOS) with 3 mo. MTTR
3   Stanford IONO & OD (5 GEOS) with 3 mo. MTTR
4   Stanford IONO & OD (2 GEOS) with 3 yr. MTTR
5   Stanford IONO & OD (4 GEOS) with 3 yr. MTTR
6   Stanford IONO & OD (5 GEOS) with 3 yr. MTTR 
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Figure 4-4 GPS/WAAS Results Versus Number of GEOS and Their MTTR

GPS/WAAS performance seems to be most sensitive to ionospheric processing (as
indicated previously in the Stanford/Raytheon comparisons and the different grid point restrictions)
and ionospheric phenomena, as shown in Figure 4-5. In all these cases, except for scintillation, the
en route through NPA results were similar and passed the requirements. The solar maximum
results were based on scaling the NSTB output ionospheric models, as suggested by Klobuchar, et al.
(Reference 4). A conservative factor of 3 was used here. Clearly, the solar maximum results show
serious degradation. An improvement in the ionospheric processing (such as tomography) and
improvement in the measurements (more WRSs) will be needed to meet the WAAS specification for
the solar maximum case. Further discussion appears in the WAAS risks section.

The scintillation results were based on Pullen, et al. (Reference 5) and Skone, et al.
(Reference 6). Areas of moderate to strong scintillation were designated in the auroral region. IPPs
that fell within these regions were checked to see if loss-of-lock occurred, affecting the availability of
that measurement. As shown in Figure 4-5, scintillation will also degrade the nominal performance
but not as seriously as solar max, affecting only the northern most sites, especially Fargo. Oceanic
through NPA performance was minimally affected, with only Fargo dropping below the requirement
at 0.99993 for NPA. The scintillation results and their implications are discussed more fully in the
later section on WAAS risks.

The full spectrum of number of GEOS possibilities is explored in Figure 4-6. The
3-GEOS configuration meets the requirements. However, considering the potential degradation in
performance due to abnormal ionospheric phenomena, as indicated previously, the 4-GEOS
configuration represents the best choice for assured overall GPS/WAAS performance.



4-6

 
    
       

1   Stanford IONO & OD (2 GEOS)
2   Stanford IONO & OD (4 GEOS)       Based on 19 WRS NSTB extrapolations 
3   Stanford IONO & OD (5 GEOS)       with Stanford 15o  iono
4   Raytheon IONO & OD (2 GEOS)      grid point restriction
5   Raytheon IONO & OD (4 GEOS)
6   Raytheon IONO & OD (5 GEOS)

Minimum

Maximum

Mean For All
Locations

Availability
Category I Nominal Iono Solar Max Scintillation

0.9999

0.999

0.99

0.9

WAAS
Requirement2 3

1
4

5 6

2
3

1

4

5 6

1

2

FARGO

3

4

5
6

FARGO

Figure 4-5 GPS/WAAS Results Versus Ionospheric and Orbit Determination Algorithms

 
    
       

1   Stanford IONO & OD (2 GEOS)
2   Stanford IONO & OD (4 GEOS)       Based on 19 WRS NSTB extrapolations 
3   Stanford IONO & OD (5 GEOS)       with Stanford 15o  iono
4   Stanford IONO & OD (3 GEOS)       grid point restriction
          Alaska (requirement =.999) Minimum

Maximum

Mean For All
Locations

Availability Oceanic En Route Terminal NPA Category I

0.99999

0.9999

0.999

0.99

0.9

2

2 3

CONUS 
Requirement

WAAS
Requirement

1
1

1

1

22 333

4

4
44

Figure 4-6 GPS/WAAS Results Versus GEOS Configuration Options



4-7

4.3 GPS/LAAS

System simulations and probabilistic risk assessments were conducted for a wide
range of GPS/LAAS configuration options. Three classes of LAAS ground stations were considered.
The first, referred to as a current LAAS station, was represented as having three ground antennas
and receivers of the type commonly in use today for special Category I approach service. This is the
type of station indicated for timeframe I (i.e., three modified choke-ring antennas with class B
receivers). The second, referred to as an upgraded LAAS station, is based on the use of improved
antennas and receivers to be used in timeframe II (i.e., four multipath limiting antennas and class C
receivers). The third, referred to as a special LAAS station, includes an antenna configuration that
further improves multipath performance and doubles the number of GPS receivers used in the
upgraded station. This special configuration is expected to reduce the signal-in-space errors by a
factor of 2. The analysis considered 24- and 30-GPS satellite constellations, with and without the
4 GEOS for additional ranging measurements, and 1 or 2 APLs. The results for six specific
24-satellite cases are shown in Figure 4-7.
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Figure 4-7 Analysis Results for Several GPS/LAAS Configurations

The configuration #1 (i.e., current capability) will meet the minimum requirement set
for GPS/WAAS Category I approaches, but it certainly cannot meet the 0.99999 availability
requirement set for GPS/LAAS service. Configuration #2 shows the benefit of two APLs. While this
provides considerable improvement, it will not meet all Category I requirements. The use of four
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GEOS shown in configuration #3 meets the Category I requirements, and the addition of APLs
(configuration #4) pushes the mean availability beyond 0.999999. However, none of these
configurations can meet Category II and III requirements. A 30-satellite GPS constellation with
2 APLs based on the upgraded LAAS station (not shown in the figure) was just able to meet the
Category II requirement, but fell short of meeting Category III. Because of the limited time, the next
case considered (also not shown in the figure) used the maximum geometry case considered; 30 GPS
satellites, 4 GEOS, 2 APLs, and the upgraded LAAS station. That case met the Category II and
Category III requirements. The difficulty in meeting the high-availability numbers for Categories II
and III is primarily because of measurement accuracy limitations of the upgraded LAAS station.
With specialized equipment, it is expected that the station errors can be reduced by a factor of 2. The
case using this special LAAS station with 24 GPS satellites and 4 GEOS (configuration #5) continued
to fall short of meeting Category III requirements at some locations. However, all requirements can
easily be met with 4 GEOS and 2 APLs (configuration #6) with the special station.

It was also determined that a special LAAS station used with a 30-satellite GPS
constellation provided about the same performance as configuration #5 shown in the Figure 4-7.
These results indicate that the GPS and GPS/WAAS configuration choices should influence the
decisions on LAAS configuration options. If it is unlikely that GPS will be upgraded to a 30-satellite
constellation, the LAAS will need to depend on special station improvements, four GEOS, and APLs.
However, if a 30-satellite GPS constellation and the 4-GEOS configuration were assured, LAAS
could meet its requirements without special station improvements. In any event, the study indicates
that given either a 30-satellite GPS constellation or a 4-GEOS commitment, GPS/LAAS can meet all
NAS precision approach requirements. Further details of the GPS/LAAS analysis are discussed in
Appendix E.
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Section 5

RISKS

Risks were considered for GPS and for the two augmentation systems. GPS risks are
central to all operations considered and they will be discussed first, followed by the WAAS and LAAS
risks.

5.1 GPS RISKS

All performance analyses of GPS positioning assumed conservative models with
regard to receiver thermal noise; multipath; ionosphere; troposphere; satellite ephemerides;
unscheduled satellite failures; and for satellites being unavailable because they were scheduled for
maintenance, repair, repositioning, training, or testing. The loss of GPS ground support functions
(i.e., health of the operational and master control stations and their associated communications
functions) were considered, and because of the very low probability of significant performance
impact, these risks were not considered further. Signal emissions from other normal and expected
transmissions were evaluated with regard to their potential to interfere with GPS signal reception.
Finally, abnormally high levels of ionospheric errors and scintillation were evaluated and intentional
interference was investigated. Of these, only the ionosphere and interference risks were found to be
significant.

5.1.1 UNINTENTIONAL INTERFERENCE

There have been very few reports of GPS outages caused by unintentional
interference, so this portion of the study was based on evaluating the impact of potential interference
sources listed in RTCA/DO-235. Of these, only commercial very high frequency (VHF) radio, over-
the-horizon (OTH) military radar, and broadcast television were considered possible interference
threats requiring further analysis. Detailed characterizations of the military radar signals were not
available for analysis, but it was determined that there are only a few widely dispersed systems and
they use relatively narrow antenna beams. For these reasons, and because there have been no
reported problems from these emissions, they are not considered a significant risk. However, further
review is required to confirm this expectation.

A simulation was developed and run to determine the potential impact of commercial
VHF and television transmissions on GPS reception. A standard link budget equation was used
along with models of typical transmit and receive antennas, assumed distributions of transmitter
radiated harmonic levels, and aircraft trajectories for en route and approach phases of flight.
Simulation results, in the form of predicted maximum interference level contours, were then
compared to the WAAS-specified interference levels to determine the likelihood of outage that would
be experienced by a GPS receiver just meeting the specification. A detailed description of the
evaluation is presented in Appendix I.
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Information on actual commercial VHF transmitter out-of-band emissions was not
readily available, so analysis was based on maximum transmit power and out-of-band emissions
permitted by regulation. This is expected to yield a worst-case result. Even so, because of the low
power involved, VHF transmitters pose no threat to aircraft en route. They are of concern only to
aircraft on approach, where transmitters can be relatively close, and interference can arrive from
near (instead of far below) the horizon where the aircraft body provides less attenuation.

VHF interference was analyzed by considering an aircraft on a typical approach path.
Two types of interference sites were examined: one was assumed to be a mobile unit with its antenna
10 feet above ground, and the second was a fixed site with its antenna 100 feet above the ground. For
both, transmit power was set at the maximum authorized level with out-of-band emissions at the
Federal Communications Commission (FCC) limit. Contours of transmitter site locations that cause
interference for the two cases are shown in Figure 5-1. (The origin of the range scale is the aircraft
touchdown point.) They are shown for a receiver that just meets current WAAS specifications and for
receivers with 10 and 20 dB more suppression capability. It can be seen that the 20-dB suppression
improvement removes the mobile threat and forces a fixed site to locate close to the runway, if it is to
be a threat. For a receiver operating at the WAAS specification level, these results suggest a
significant amount of interference over a reasonably sized area. However, this result is offset by
several factors:

a. Several currently available GPS receivers outperform the WAAS specification (by
as much as 20 dB) for this type of interference.

b. Transmitters often don’t transmit at the maximum allowed power.

c. It is expected that typical transmitter output harmonic levels are far lower
(20 dB or more) than FCC regulations require.
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Figure 5-1 Interference Zones for VHF Radio Transmitters

For these reasons, commercial VHF transmissions probably do not pose an
operationally significant threat. However, consideration should be given to reducing the allowed out-
of-band emission power (from 60 to 80 dB below carrier power) and on restricting siting of fixed VHF
transmit antennas near runways. These two actions would eliminate the risk without requiring
increased interference mitigation in GPS receivers.

Relative Interference – Fixed VHF Radio Relative Interference – Mobile VHF Radio
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Television stations can use very high power transmitters. This and the relatively
lenient out-of-band suppression requirement makes television harmonic emissions a significant
threat to GPS. The FCC requires out-of-band emissions be limited to levels 60 dB below the carrier
power. This could allow, for example, a 5-MW transmitter operating within specifications to radiate
5 W in the L1 band. Three television channels have harmonics that fall in the GPS L1 band:
channel 23 (second harmonic) and channels 66 and 67 (third harmonic). Field measurements made
by JHU/APL and others indicate that out-of-band emissions of many stations are far lower than the
permitted maximum level. However, some have been observed to do worse.

Not only are the harmonic levels a potential threat, no mechanism is in place for
monitoring compliance. While stations operate nearly continuously, events do cause out-of-band
emissions to change over time, such as degradation of transmit tubes with age and occasional
maintenance (especially when it involves replacing the transmit tube, which occurs every couple of
years).

We ran simulations of approach and en route scenarios using television transmit
power distributions and antenna heights from the FCC database, distribution of carrier-harmonic
power ratios from JHU/APL-collected field data, a typical television transmit antenna pattern, and a
typical GPS receive antenna pattern. Figure 5-2 shows the probability of interference level that can
be assumed whenever an en route general aviation aircraft is within radio line of sight of a channel
23, 66, or 67 television station (for a typical commercial flight at 30,000 feet, the risk of interference
is zero). The two vertical lines indicate the current WAAS specification levels for interference from
high-definition television (HDTV) (left applies to channel 66, right applies to channels 23 and 67). It
can be seen that only channel 23 exceeds levels that receivers are designed to be tolerant of, and that
occurs less than 1 percent of the time. It should be noted that only 4 dB of additional interference
suppression would overcome this interference. Because the analysis is conservative and the WAAS
specification is conservative, television emissions are not expected to be a problem for any en route
aircraft.

The conditions possible during approach are shown in Figure 5-3, again based on
HDTV transmissions. Two cases are shown: a worst case transmitter [i.e., one whose transmitted
harmonic levels are in the top 1 percent (99 percentile) represented by the FCC database combined
with the carrier-harmonic data we measured] and one that is in the 90 percentile. Contour levels are
shown for interference levels relative to the WAAS requirement for non-precision approach (these
levels are 3 dB higher than those used for the en route case).

The figure shows that if the worst-case transmitter were located inside the
interference zone contour, it would cause interference at or above the level indicated by the depicted
area. To avoid interference above the WAAS specification, the worst-case channel 23 transmitter
would have to be located over 72 nmi away from the airport. However, for all but the worst
10 percent transmitters, the radius of the interference zone is reduced to 8 nmi. This suggests a
combination of mitigation strategies.

By itself, television transmitter siting is not a practical means for preventing
outages. However, adding only a modest amount (10 dB) of interference suppression (by increasing
the WAAS specification levels and/or adding AJ processing in the receiver) reduces the threat radius
down to a range where siting restrictions are easily enforceable for most (say, 90 percent) of the
transmitters. The highest power transmitters can be handled by radio frequency interference (RFI)
monitoring, both initially (during GPS approach certification) and after transmitter maintenance
periods that can change out-of-band emissions levels (e.g., transmit tube replacement).
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Note that the contours presented are based on a limited data set. Although they
represent our best judgement with the available data, actual interference zones could be larger or
smaller. In either case, television harmonics could deny GPS to aircraft on approach. Fortunately, it
is clear that the risk of television interference can be made operationally insignificant by taking the
simple mitigation steps described previously.

Acceptability of the unintentional interference risks was derived for the VHF radio
and television broadcast. VHF radio interference was found to have no significant impact for en
route operations and was therefore rated as acceptable for that case. In the terminal area there are
no data characterizing the likelihood of occurrence, but an assumption was made it would be
“reasonably probable.” The impact of the risk was judged to be “minor” due to the intermittent and
localized nature of outages caused by this source. As a result, application of the Hazard Risk Index
shows the VHF interference risk is “acceptable but requires FAA review.”

The risk due to television broadcast harmonics is “reasonably probable” en route but
the impact is no effect because of the short duration of any outage. Thus, the television broadcast
risk is acceptable for en route operations. In the terminal area, the impact was judged as “major”
because of the significant outages that could occur. The television broadcast risk is therefore
undesirable for terminal area operations. Recommended mitigations, however, would make this risk
acceptable.

5.1.2 INTENTIONAL INTERFERENCE

Among potential risks to the GPS signal, the most problematic is that because of
intentional interference. While the likelihood of such an event is impossible to predict, it can not be
easily dismissed. It is well known that the GPS signal is very weak, and, assuming a standard GPS
receiver, a small level of noise in the GPS band can disrupt reception over tens or even hundreds of
miles. A modest level of jamming power can essentially stop GPS operations within a large area
surrounding an airport. The result would be simultaneous loss of navigation by all aircraft and,
therefore, a substantial increase in workload and a possible compromise of safety. To date the
Department of Transportation (DOT) has not defined an intentional GPS interference threat to civil
aviation nor specific circumstances that permit tolerable GPS outages. Thus, the approach taken in
this study was to first define a plausible threat and then determine the level of interference
suppression that eliminates GPS outage caused by that threat.

First, it was judged that the occurrence of a widespread GPS outage caused by
intentional interference does not pose any direct safety risk because no flight operation is wholly
dependent on GPS navigation. For example, if we consider the most critical case of a Category III
precision approach, a sudden loss of the GPS signal would be known to the navigation system and
might necessitate an abort, or in the final critical moments, use of the altimeter and possibly an
inertial measurement unit (IMU). Thus, GPS outage because of jamming could have continuity
impact, but loss of integrity is not an issue because accuracy degradation is relatively small before
the signal is completely lost. The only potential risk to safety would result if the air traffic control
system were not able to accommodate the disruption caused by interference. However, with
validated procedures and proper training, this risk should be manageable. The only possible threat
to integrity is spoofing where a phantom GPS satellite signal is generated to significantly increase
navigation error, but this would require considerably greater expense and effort.
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The possible sources of intentional GPS interference are (1) individuals or small
groups (“hackers”) who seek to create a nuisance by exploitation of a technological weakness or (2) a
hostile organization or government that views the reliance of civil aviation on GPS as an opportunity
for terrorist actions. It was the conclusion of this study that the latter source of interference is
improbable because of the lack of incentive given the very low safety risk cited above. The hacker, on
the other hand, may be satisfied with the more limited nuisance that is created. Interest could be
expected to dwindle as the cost and difficulty increase.

To derive the hacker threat, estimates of jammer cost and size were developed versus
jammer power. It was assumed that parts are the only cost, and the jammer is constructed of an
inexpensive frequency source, solid-state transmitter, battery power supply, and an omni-directional
antenna. The frequency source, in particular, is not readily obtainable, but must be specifically
ordered from a manufacturer. Table 5-1 illustrates the relative size and costs. Note that cost
increases proportionally with power output and depends on operating time. A 100-W jammer would
cost approximately $300 and is about the size of a shoe box, while a 1000-W jammer would cost
approximately $3000 and is approximately the size of a small suitcase. Volume and weight increase
significantly as operating time is increased to 1 day. Based on these data, it was judged that a
hacker threat might reasonably obtain a 100-W jammer and a 1000-W jammer becomes much less
likely because of cost. Thus, a single 100-W broadband jammer was chosen as the baseline jammer
type for this study. As shown below, interference suppression that is completely effective against a
100-W jammer would also provide reasonable protection against a 1000-W jammer. In addition, a
broadband jammer would be simpler to construct than the narrowband jammer because of the less
stringent requirement on frequency control. Depending on specific receiver design, the broadband
jammer may also be more effective.

Table 5-1 Estimated Jammer Characteristics

Operating TimePower
(W) 1 Hour 1 Day

Cost
($)

Weight
(lb)

Volume
(cu. in.)

Cost
($)

Weight
(lb)

Volume
(cu. in.)

10 50 1 50 60 11 250

100 300 3 500 409 112 2500

1000 3000 10 5000 4090 1100 25000

To illustrate the impact of a 100-W jammer on GPS signal reception, Figure 5-4
shows the area over which a 100-W jammer would cause a GPS receiver to lose track of the GPS
signal. In this analysis, it was assumed the receiver could track a GPS signal up to a jammer-to-
signal ratio of 30 dB. This value is typical of current technology and is consistent with the WAAS
RTCA/DO-229 specification for broadband noise. The left portion of the figure shows the effect if the
aircraft antenna gain were unity in all directions. In fact, an aircraft antenna pattern would have
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some decreased gain in the direction of the jammer because the jammer is expected to be below the
aircraft and the aircraft provides some degree of shading. The right portion of the figure illustrates
the reduction in effective area if the antenna gain were –10 dB (one-tenth) in the direction of the
jammer. Circles are also shown to represent the horizon line-of-sight limits for aircraft operating at
30,000, 15,000, and 3000 feet. Thus, the jammer would not affect an aircraft flying at 30,000 feet
until it is within the horizon circle, a radius of approximately 215 nmi from the jammer.
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Figure 5-4 Outage Area Caused by 100-W Jammer

The effect of a further reduction in jamming signal because of either aircraft antenna
pattern or other interference suppression is shown in Figure 5-5. The left portion of the figure shows
the impact of 20 dB of additional suppression, and the right side shows a plot of jammer power
versus corresponding denial range. Thus, for example, if the effectiveness of a 100-W jammer is to be
reduced to less than a 1-nmi radius an additional 50 dB of interference suppression is required.

To analyze the potential impact of jamming in the terminal area, a scenario
illustrated in Figure 5-6 was developed. A nominal aircraft trajectory was assumed, and a 100-W
jammer was randomly placed at ground level within a 30-nmi radius of the landing point. Other
maximum jammer distances were evaluated, but the 30 nmi value was found to be an approximate
“worst case” after accounting for line-of-sight limits because of the horizon and range effects. The
scenario also assumed a smooth Earth so that the benefit of terrain masking was not included. A
baseline aircraft GPS antenna pattern was also included in the simulation model. The antenna
pattern is discussed further in Appendix I.

An example trajectory is shown in Figure 5-7 where jammer-to-signal power ratio
(J/S) is plotted as a function of range to touchdown for an aircraft making an approach and landing
at JFK airport. The jammer is located approximately 20 nmi from the airport under the flight path.
The plot illustrates that the J/S value after attenuation by the antenna is always greater than a
typical receiver tracking threshold value of 30 dB. Thus, in this example, GPS would not be available
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throughout the entire approach and landing trajectory. The plot also serves to illustrate that an
additional 32 dB of interference suppression would eliminate the GPS outage.
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Given the more general scenario defined by Figure 5-6 in which the jammer is
randomly located, the probability of GPS outage versus distance to the landing point was computed
using Monte-Carlo simulation. GPS outage was defined as the tracking of less than five satellites.
Figure 5-8 shows the resulting probability values for different levels of interference suppression
beyond that provided by the assumed baseline antenna pattern. In addition, the right-hand plot
shows the result of placing a jammer detector at the airport and then making the assumption that
all jammer locations are forced to be outside the line-of-sight horizon limit for a jammer located at
ground level. For a detector at 200 feet, this limit is 17.4 nmi. Appendix J contains further discussion
of the jammer detection option. Note that without the jammer detector, 50 dB of interference
suppression eliminates GPS outage, and with the jammer detector 40 dB is sufficient. Also note that
if the jammer power were 1000 W instead of 100 W, this would effectively reduce the interference
suppression by 10 dB, so the 40-dB curve would apply if 50 dB of suppression were being used.
Figure 5-9 indicates the impact of a 1000-W jammer would be relatively minor.

The impact of an airborne emitter in the airport area is shown in Figure 5-9 for a
jammer located at 5000 and 20,000 feet. It can be seen that the jamming effectiveness is not largely
enhanced relative to the levels shown in Figure 5-8. On the other hand, a jammer at altitude can be
detected from a much greater range, which implies that the jamming detection process benefits more
than the jammer.

Acceptability of the intentional interference risk was derived by judging the
likelihood to be “reasonably probable,” given the study threat scenario. The impact of this risk was
conservatively judged to be “hazardous” because of the very widespread outage that can result and
the potential impact on safety without appropriate air traffic control procedures. As a result,
application of the Hazard Risk Index shows this risk is rated as “unacceptable” or at least,
undesirable if the impact were judged to be only major. The recommended mitigations would make
the risk acceptable.
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Figure 5-8 GPS Outage Due to 100-W Jammer at Ground Level

Jammer at 5000 Feet Jammer at 20000 Feet

0 10 20 30 40 50
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Distance to go [ nm ] 

P
ro

ba
bi

lit
y 

of
 <

 5
 S

at
el

lit
es

 

0 5 10 15 20 25 30 35 40 45 50
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Distance to go [ nm ] 

P
ro

ba
bi

lit
y 

of
 <

 5
 S

at
el

lit
es

 

50 dB

40 dB

30 dB

20 dB Additional
Anti-jam 20 dB

30 dB

40 dB

Figure 5-9 GPS Outage Caused by 100-W Airborne Emitter

5.1.3 INTERFERENCE MITIGATION

It will be necessary to establish methods and procedures for interference detection
and location as discussed in Appendix J. Unintentional interference will need to be monitored and
corrected, and persons maliciously producing intentional interference will need to be rigorously
pursued and prosecuted. Beyond that, numerous technology options exist that provide additional
GPS interference suppression to mitigate the risks of both unintentional and intentional
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interference. They fall into the general categories of GPS signal-in-space improvements, user
antenna design and installation, coupling of the GPS receiver with other sensors, and receiver signal
processing. Examples of user based techniques are given in Table 5-2. Estimated component costs
are used to indicate relative complexity. They do not include the impact of nonrecurring engineering
or the cost of integration.

Table 5-2 Example GPS Interference Suppression Technologies

Technology
Max

Gain1
Number of
Emitters

Estimated
Cost

Remarks

IMU Receiver Code Loop
Aiding 10 dB N/A $10 – 40 K

Cost depends on accuracy;
higher cost represents
1 nmi/hr quality

Adaptive Controlled Radiation
Pattern Antennas (CRPA) 35 dB

~(# elements –1),
but Depends on

geometry
$2 – 20 K

Less capable systems available
now; higher end systems not in
production for a few years

Low-Elevation Antenna Nuller
(LEAN) 35 dB Any Number

Near Horizon $3 K
Still in development; need to
assess impact on satellite
tracking

Signal Polarization
Cancellation Antenna 31 dB 14 dB for 4

Broadband $3 – 5 K L1 C/A available

Reference Canceller 50 dB Any Number
Near Horizon - In development; need to assess

impact on satellite tracking

Adaptive Filtering or
Narrowband Frequency
Excision (FX)

50 dB 3-20
Narrowband <$100 Ineffective against broadband

interference

Combined FX & Nonlinear
Adaptive Processing
(FXNONAP)

40 dB
20 Narrowband,

up to 3
Broadband

<$100
NONAP deployed in sub fleet;
FXNONAP still in
development

Direct Measurement
Processing 20 dB N/A - In development

  1 Actual performance highly dependent on scenario

The most beneficial signal-in-space improvement with regard to intentional
interference is an increase in satellite power. Recent proposals have suggested an increase of 6 dB.
While this increase falls far short of that needed to counter the scenario examined in this report, any
increase benefits the user because J/S would be lowered independent of user-interferer geometry and
the specific suppression techniques applied by the user. Furthermore, the performance of some AJ
techniques is improved with increased satellite power. A second civil frequency would provide
additional benefit in the case of unintentional interference, because the likelihood of unintentional
interferers appearing at both frequencies simultaneously should be considerably less than
occurrence of interference at one frequency.
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The interference suppression approach that has been most actively pursued in the
GPS community is design of the user GPS antenna. As already noted, a standard antenna provides a
degree of interference suppression in cases where the interferer is below the aircraft body, a
situation that is most commonly expected. Appropriate selection of antenna location on the aircraft
body and inclusion of additional treatments such as a skin embedded choke ring might further
enhance interference suppression because of body masking. These techniques, however, must at the
same time ensure visibility of GPS satellites to a 5° mask angle. It should also be noted that too little
antenna gain below an aircraft could preclude the use of APLs for GPS/LAAS operations. These
requirements will need to be considered together.

The potentially most effective antenna technique is adaptive nulling of interfering
signals by use of multiple antenna elements. A number of manufacturers have developed systems of
this type, mostly for military application. These antennas can also be used to increase gain in a
satellite direction. There are, however, several limitations to these systems. The most fundamental
is that the number of nulls is limited to one less than the number of antenna elements. Packaging
and cost limit the number of elements. Systems have been developed that have from two to seven
antenna elements. Thus, the performance of a nulling antenna will typically degrade as the number
of interference sources increases and, moreover, can degrade as a function of the geometric
relationship between the antenna and interferer locations. Another factor to consider is the
possibility that the antenna not only nulls interference, but might also null the GPS signals because
of both “sympathetic” nulls1 and in satellite directions close to interferer directions. When installed
on wide-body aircraft, the effectiveness of these antennas against sources beneath the aircraft body
also needs to be assessed. The dynamic response of the nulling antenna must also be considered
because the null direction must rotate to counter the relative motion between the aircraft and
interference source.

The integration of other sensors with the GPS receiver is another technique that is
commonly pursued by military systems to provide additional interference mitigation. In particular,
an IMU can be used to provide aiding signals to the GPS signal carrier and code tracking loops in the
receiver, allowing tracking bandwidth to be lowered. As a result, received noise is filtered to add
approximately 10 to 15 dB of additional suppression. In the event GPS is jammed, the IMU
continues to provide a navigation solution for a time period determined by the quality of the IMU
and the accuracy requirement. Integration with an altimeter also provides benefit because, in effect,
another ranging source is available.

The most basic signal processing techniques are only effective against narrowband
sources and must be directly integrated with the receiver hardware. More advanced techniques that
are under development have some additional capability against broadband sources. One promising
approach is sometimes referred to as direct measurement processing where the traditional cascaded
receiver tracking loops are replaced with a vector measurement process that more directly couples
the IMU and the navigation Kalman filter with the fundamental GPS signal measurements.

It is clear that no single technique will achieve the recommended interference
suppression value of 50 dB using current technology. An example combination of techniques is as
follows. First, optimize the effectiveness of body shading. This will require the direct measurement of

                                                                
1 By virtue of the adaptive nulling algorithm, a null might be placed in a direction other than the
direction of the interference source



5-13

underbody antenna patterns. This might increase the assumed baseline value by 5 to 20 dB. Second,
the greatest gain will come from nulling antenna technology, which could provide another 25 to
35 dB of suppression. Finally, integration with an IMU, where available, would add another 10 to
15 dB. Thus, a possible total is 40 to 70 dB, although the upper value is subject to verification of the
combined effects of body shading and the operation of the nulling antenna. Advanced signal
processing could be included to further increase gain, if needed.

5.1.4 IONOSPHERIC PROPAGATION

Naturally, ionospheric signal refraction acts on all GPS signals. Current authorized
users can correct for this effect by using the two signal frequencies provided for the precise
positioning service (PPS), and eventually a dual frequency capability will be provided for the current
SPS. Because the refraction effect is inversely proportional to the square of the transmit frequency, a
two-frequency user can compute the first order refraction from the difference in time of arrival of the
two signals. The process used virtually eliminates the refraction error, because higher order terms
are exceedingly small at the GPS frequencies. Current civil use is based on the single-frequency SPS
service now provided by GPS. These users make a correction to the GPS measurement data that is
based on a model that considers location, time of day, approximate time within the solar cycle (i.e.,
the total effect varies with solar activity with an approximate 11-year cycle), and line-of-sight
elevation angle (i.e., length of the refraction path). The experienced based model for this error
indicates that the model corrections have an uncertainty equal to half the total delay.

For this study, a statistical distribution was developed to match the large historical
database available for this error term. This distribution was used with the above noted model
parameters to determine the errors used in the performance simulations. For the GPS-only runs,
where only oceanic through non-precision approach flight phases were evaluated, two separate cases
were tested. The baseline case considered the total distribution (i.e., looked at the long-term
statistical nature of this error over the full solar activity cycle). The second case was restricted to the
high solar activity period (i.e., to characterize the short-term worst-case condition). In either case,
the impact for the phases of flight considered was not significant. The GPS/WAAS and GPS/LAAS
implications are discussed later.

5.1.5 IONOSPHERIC SCINTILLATION

Ionospheric scintillation is the result of nonuniform electron distributions trapped by
and moving in the Earth’s magnetic field. The general model for ionospheric refraction is based on a
model that assumes a relatively smooth distribution with no particularly dense regions. However, at
certain times and locations the densities can be high enough or the temporal and spatial gradients
large enough to diminish GPS signals below receiver thresholds. When that happens, some satellite
signals will be lost to the user with the corresponding reduction in positioning accuracy. Ionospheric
scintillation is most severe in equatorial regions and in the auroral region. The most likely means by
which ionospheric scintillation affects GPS users in the continental United States is in viewing GPS
satellites through these regions. The auroral region covers the northern part of Canada between 65°
and 72° N geomagnetic latitude and the equatorial region covers zones at 15° ± 10° N and at 15°
± 10° S geomagnetic latitude. Only the northern equatorial zone is seen from the United States and
only by two of the locations included in the study. Scintillation will most likely coincide with auroral
storms (known as “Auroral-E ionization,” or AEI), and, in these conditions, the southern edge of the
auroral oval may dip down into continental United States. AEI is most likely to occur during evening
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hours (1900–2400 local time). Within this disturbed region, pierce points with a local time between
2000–2200 are considered to be susceptible to “strong” scintillation, whereas pierce points with local
times between 1900–2000 or 2200–2400 are considered to be susceptible to “moderate” scintillation.
Within both of these zones, scintillation is “patchy,” such that an average of 30 percent of the pierce
points are affected.

A conservative model was used to test the overall impact of including this effect in
the normal system availability analysis. The best SPS case considered in this study (i.e., 30 GPS
satellites, SA off, and dual frequency available) was tested with this model. The oceanic availability
dropped from 0.999996 to 0.988; en route availability dropped from 0.99994 to 0.988; terminal
availability dropped from 0.9999 to 0.988; and NPA availability dropped from 0.9998 to 0.998. The
availability numbers with scintillation were only different beyond the third significant figure.
Because this effect seriously degrades availability, it is a risk factor. Occurrence of the risk was
determined to be “reasonably probable” (i.e., between 10-2 and 10-5) and our assessment of
consequences is that it is “minor.” Using the hazard risk index, this risk is characterized as
“acceptable with FAA review.” The GPS/WAAS and GPS/LAAS implications are discussed later.

5.2 WAAS RISKS

The set of potential risks affecting WAAS are the same as for GPS, except for
additional risks associated with the WAAS ground system and the GEOS. Most of these are
statistically characterized in the GPS/WAAS simulation model and results discussed previously.
Intentional and unintentional interference on the WAAS user avionics is the same as discussed in
the previous section for GPS only. However, interference to the WAAS (ground system and GEOS)
and ionospheric abnormalities are unique to WAAS and will be discussed in the following
subsections.

5.2.1 INTERFERENCE (Reference 7)

Unintentional interference to the ground system is less likely than for the user
avionics because of ground shielding. Intentional interference at a WRS would be detected in the
integrity checks, with no safety effects. Losing an entire WRS has no impact on en route performance
and minor impact on precision approach performance. Geographic dispersion of the WRSs mitigates
any attack via WRS jamming. Data communications between the WRSs, WMSs, and GUSs is by a
ground-based system, with integrity checks to assure data validity. The timing signal from the U.S.
Naval Observatory (USNO) can be jammed but the WMS cesium reference keeps accurate time for
extended periods. This, along with geographic dispersion of redundant WMSs minimizes any effects
of WMS jamming. The GUS uplink to the GEO is difficult to overpower (16-m dish), and the GUS
signal-in-space monitor would instantly recognize the difference between the transmitted and
received signals. This, along with geographic dispersion of redundant GUSs and GEOS, minimizes
any effects of GUS and/or GEOS jamming. Consequently, the probability of interference to the
WAAS infrastructure is judged to be insignificant and would not result in an integrity failure.

5.2.2 IONOSPHERIC PROPAGATION (Reference 8)

Because WAAS accuracy for Category I precision approach is considerably higher
than for NPA through Oceanic operations, the effects of ionospheric abnormalities on WAAS are
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potentially more significant than described in the GPS-only section. Three types of resulting
phenomena will be considered (increased total electron content, increased geomagnetic storms, and
increased scintillation), which are all related to the peak of the 11-year solar cycle (next peak in
2000–2001). First, the general increase in the total electron content (TEC) over nominal conditions is
well modeled and should be corrected out. This would correspond to the largely prevailing “quiet
conditions” at the solar maximum part of the cycle. However, geomagnetic storms become more
frequent and intense during the solar maximum period with about two medium-to-severe storms
expected per month. About half of these will produce ionospheric disturbances (large temporal and
spatial gradients) over CONUS that will last for 2 to 3 hours. Consequently, no more than 36 hours
per year (about 0.4 percent of a solar maximum year) will present solar maximum disturbance
problems, which was modeled in the simulation evaluations labeled “solar max” in Figure 4-5. In
that case, only the Category I performance failed the requirement. Because this could result in
integrity failures, it was deemed a “major” consequence with a “reasonably probable” occurrence,
resulting in an “undesirable” risk assessment. Mitigation of this risk is being accomplished by an
extensive research program conducted by the FAA over the next few years using NSTB and Phase I
WRS site data to validate the severity of this effect and develop better modeling and processing
techniques [such as tomography (Reference 9)] with more WRSs, if needed.

5.2.3 IONOSPHERIC SCINTILLATION

The third phenomenon that increases near the peak of the solar cycle is the
“flickering” effect, called scintillation, described in the previous section. Not only is the WAAS user
affected as in the GPS-only case, but the WRS receivers as well (especially the less robust L2

channel; this was not simulated in our WAAS simulation) (Reference 5). Using the simulation model
as described in the GPS/WAAS performance section, the results in Figure 4-5 show some degradation
for the northern most CONUS sites, but not as serious as the solar maximum case. Because serious
scintillation occurrence for CONUS is a few tens of hours in every 11-year cycle (~2x10-4; “reasonably
probable”), with a “minor” consequence (no safety factor), this risk was judged “acceptable,” with
FAA review. The main mitigation of these effects is to use more robust receivers at the WRSs and
especially in the user avionics.

5.3 LAAS RISKS

Naturally, all the signal risks that impact GPS signals will affect LAAS performance.
In particular, the interference as experienced at the aircraft will impact GPS/LAAS performance.
The only additional interference potential is with the VHF data link between the ground station and
the aircraft. Also, because the ground station and the data link represent single points of failure,
their reliabilities must meet the LAAS ground station specifications. Assuming careful design,
station reliability should not present a significant risk. The ionospheric propagation issues that
apply to GPS and GPS/WAAS performance are not a factor for GPS/LAAS. The residual ionospheric
errors in the local area differential processing of the GPS/LAAS are not a significant factor at any
time in the solar activity cycle. The only ionospheric issue for GPS/LAAS is scintillation.

5.3.1 IONOSPHERIC SCINTILLATION

The same model conditions used for the GPS simulations were applied to GPS/LAAS
simulations. The case that was selected for evaluating the scintillation effect was the 24-satellite
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GPS constellation with 4 GEOS and 2 APLs. With the scintillation applied, the mean availability for
Category I service dropped from above 0.99999 to 0.991; it dropped from above 0.99999 to 0.989 for
both Category II and III service. This is again, by the hazard risk process, defined as “acceptable
with FAA review.”
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Appendix B

LIST OF ACRONYMS AND ABBREVIATIONS

AC Advisory Circular

AEI Auroral-E Ionization

AII Accuracy Improvement Initiative

AOPA Aircraft Owners and Pilots Association

AOR-W Atlantic Ocean Region, West

APL Airport Pseudolites

ATA Air Transport Association

CONUS Continental United States

CRPA Controlled Radiation Pattern Antennas

DOD Department of Defense

DOT Department of Transportation

FAA Federal Aviation Administration

FCC Federal Communications Commission

FM Frequency Modulation

FX Frequency Excision

FXNONAP FX and Nonlinear Adaptive Processing

GEOS Geostationary Satellite

GIVE Grid Ionospheric Vertical Error

GOSPAR GPS OCS Performance Analysis and Reporting

GPS Global Positioning System

GUS Geostationary Uplink Site
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HDTV High Definition Television

HRI Hazard Risk Index

ICAO International Civil Aviation Organization

IMU Inertial Measurement Unit

IONO Ionospheric Determination Processing Algorithm

IPP Ionospheric Pierce Point

JHU/APL Johns Hopkins University Applied Physics Laboratory

J/S Jammer-to-Signal Power Ratio

LAAS Local Area Augmentation System

LEAN Low-Elevation Antenna Nuller

MASPS Minimum Aviation System Performance Standards

MCS Master Control Station

MOPS Minimum Operational Performance Standards

MTTR Mean Time to Repair

NAS National Airspace System

NPA Nonprecision Approach

NSTB National Satellite Test Bed

OCS Operational Control Segment

OD Orbit Determination Processing Algorithms

OTH Over the Horizon

POR Pacific Ocean Region

PPS Precision Positioning Service

RAIM Receiver Autonomous Integrity Monitoring

RF Radio Frequency

RFI Radio Frequency Interference

RTCA Requirements and Technical Concepts for Aviation
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RTCA, Inc. A not-for profit organization

SOW Statement of Work

SPS Standard Positioning Service

TEC Total Electron Content

UDRE User Differential Range Error

UHF Ultra-High Frequency

USNO U.S. Naval Observatory

VHF Very High Frequency

WAAS Wide Area Augmentation System

WMS Wide-Area Master Site

WRE Wide-Area Reference Equipment

WRS Wide-Area Reference Sites



C-1

Appendix C

SPS SIMULATION DESCRIPTION

The simulation used to assess GPS SPS with RAIM computes GPS measurement
error statistics for each location and at 5-minute intervals throughout a sidereal day. Both a denser
grid of locations and 1-minute interval cases were analyzed and found to not alter results in any
significant way. Thus, the baseline locations shown in the report and the 5-minute interval were
selected for most of the analyses. Given the computed measurement error statistics, the simulation
also evaluates navigation performance represented by accuracy, integrity, continuity, and
availability measures.

C.1 MEASUREMENT ERROR STATISTICS

The general structure of the measurement error portion of the simulation is
illustrated in Figure C-1.
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Figure C-1 GPS Measurement Error Simulation Structure



The available constellation defines the satellites in view to a user after accounting for
both scheduled and unscheduled downings. The assumed mask angle throughout the study was
5 degrees. The resulting satellites in view and associated directions from the user location are used
to form a geometry matrix, G, that provides the least squares solution for position error, δx, in terms
of pseudo-range error, δρ:

δx = G*δρ, G* = (GTG)-1GT

The geometry associated with the satellites in view is also the basis for the predictive availability
test described in the following sections. Note that additional downings could occur during the
operation, and this was taken into account when evaluating continuity. The covariance matrix for
pseudo-range error was computed as a function of the signal-in-space ranging error statistics and
receiver contributions due to thermal noise, ionospheric compensation error, tropospheric
compensation error, and multipath error. Satellite power as a function of elevation angle was based
on the combination of satellite signal power given the SPS signal specification and the aircraft
antenna gain. The gain above 0-degree elevation angle is specified in RTCA DO-228 and shown in
Figure C-2. The simulated value was the average of the minimum and maximum specified values.
For negative elevation angles, the study relied on a limited set of measured data taken at the
Patuxent River Naval Air Weapons Center (NAWC). This portion of the antenna pattern was needed
for analyses of interference effects. Values plotted in Figure C-3 are taken from RTCA DO-235. A
plot of the total antenna pattern simulated is shown in Appendix I. Each error component is
discussed in the following sections.
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Figure C-3 Measured Antenna Pattern Data
C.1.1 SATELLITE RELIABILITY

Satellite reliability values were based on data gathered as part of the GOSPAR
project. Table C-1 summarizes reliability data that have been published. Reference 1 [Phlong and
Elrod] presents estimated values that have been used in the past by researchers. The values used in
this study were the observed values given in Reference 2. Note the wide disparity between the
observed and design values. More recent data (Reference 3) show some additional improvement
except in MTTR for scheduled events (note that MTTR for unscheduled events dropped significantly
at the same time).

Satellite downings were simulated as follows: Assuming that only one scheduled
downing could occur at any time, the probabilities of either none, one, two, three, or four satellites in
view being down were computed. Beyond four, the probability is insignificant. For each of those
cases, all possible combinations were simulated as measurement events and weighted by the
appropriate prior probability. The probability of a scheduled downing is given by:

Probability(Scheduled Downing) = MTTR/(MTBF+MTTR) = 0.124

where MTBF=3394/24 was used because only one scheduled downing at a time is assumed. For end-
of-life failure, the study assumed a mean time to replacement of 1 month, which is more consistent
C-3



with specification than the demonstrated values of only a few hours. The more conservative
assumption was taken in this case because of the relatively little data available and the dependency
on operational policy for which there is presently no guarantee. Sensitivity of performance to this
value was run for several cases, but was found to not alter conclusions. Using a Block IIR mean
lifetime of 101 months, the overall probability of unscheduled downing is 0.0127.

Table C-1 GPS Satellite Reliability

Satellite Downing Parameter Ref [1]
Ref [2]

1 Jan 95 – 31 Jul 97
Ref [3]

1 Jan 95 – 30 Apr 98

Design Observed Observed W/EOL

Unscheduled Events/Satellite/Yr
        MTBF (hrs)
        MTTR (hrs)

1.2
7300

36

3.7
2346

17

1.0
11698

31

0.9
13601

13

-
12684

13
Scheduled Events/Satellite/Yr
        MTBF (hrs)
        MTTR (hrs)

2.0
4380

4

2.0
1529
15.4

1.6
3394

20

1.6
5120
30.5

-
3239

-
Total Average
Events/Satellite/Yr

3.2 5.7 2.6 2.5
C.1.2 RECEIVER MODEL

The receiver modeled in this study was assumed to have all-in-view capability with a
5-degree mask angle, narrow gate correlation, an early-late gate correlator, and dot-product
discriminator. As a result, the receiver thermal noise contribution to pseudo-range error is modeled
in Reference 4.

)]
)0T(C/N

1(1
)02(C/N

Bd[2293.252 +=

where T = integration time = 20 msec
B = code loop bandwidth = 0.5 Hz
D = correlator spacing = 0.1
C/N0 = carrier-to-noise ratio.
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The carrier tracking loop noise is modeled by
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A noise floor of 0.02 m in delta range due to quantization error was used.

The use of carrier phase smoothing was assumed where the blending filter has the
form
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The smoothing time constant, W, is 100 seconds.
C-5

C.1.3 IONOSPHERIC COMPENSATION ERROR

The error due to compensation of delay through the ionosphere is a function of TEC.
To form TEC statistics, a gamma distribution was fit to monthly variations of TEC as shown in
Figure C-3 (1 nanosecond at L1 = 1.848 TEC units = 0.3-m delay)

A bounding Gaussian distribution has zero mean and δbase = 24 ns. To derive the compensation error,
it was assumed that the error is 50 percent of the total delay (Reference 5). Applying diurnal
variation, obliquity factor, and location dependent scale factors results in a total standard deviation
of the compensation error given by

δerr(t) = 0.5x Fx DM(t)xLmx δbase

where DM(t) = diurnal multiplier
= 0.21 (t < 7, t > 21 hr)
= 0.21 + 1.57 cos[2π(t-14)/28], (7 < t < 21 hr)

Lm = location multiplier
F = obliquity factor
t = local time at ionosphere pierce point
δbase = 24 ns
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For the dual-frequency case, the error in the applied refraction correction becomes a
function of thermal noise only and is given by:
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C.1.4 IONOSPHERIC SCINTILLATION

Ionospheric scintillation can degrade GPS signal reception when a satellite’s line of
sight pierces a scintillation region of the ionosphere. CONUS GPS users are most likely to be
affected by scintillation in the auroral region that covers the northern part of Canada. Auroral
scintillation is a rare event that was included as one of the anomalous simulation cases and was
implemented by approximate means in the JHU/APL SPS simulations.
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Although auroral scintillation is assumed to be present only during a limited time, a
normal 1-day SPS simulation was run with following scintillation effects procedure added:

a. After resolving removals due to satellite health at a given universal time code
(UTC) time and user location, all ionospheric pierce point locations were
checked for all usable GPS satellites (and GEOS).

b. For each ionospheric pierce point within the auroral oval, the local time at that
pierce point was checked. (Note that locations are at geomagnetic, not
geographic, latitudes.)

c. If at least one ionospheric pierce point was found within the auroral zone with
a local time between 1900 and 2400, that satellite might be unusable and must
be removed from the user geometry. If the pierce point had a local time
between 2000 and 2200, strong scintillation was assumed and that satellite is
eligible for removal if the C/N0 is less than 48 dB-Hz. If the pierce point had a
local time between 1900 and 2000 or between 2200 and 2400, moderate
scintillation was assumed, and the satellite is eligible for removal if the C/N0

for the affected satellite is less than 38 dB-Hz.

d. Given a satellite is eligible for removal because of scintillation, the probability
that the satellite signal is lost was assumed equal to 0.3.

The prior probability of this scintillation scenario was based on an estimate that only
1 day in the 11-year solar cycle would have an auroral scintillation event this severe, giving it an
approximate probability of 1/[(365.25)(11)] ≅ 0.00025.
C.1.5 TROPOSPHERIC COMPENSATION ERROR

The error due to troposphere delay may be approximated (Reference 6) by

Delay (m) ~ 2.47e-0.133h/(sinE + 0.012)

where h = altitude in km above sea level
E = elevation angle

Based on data given in Reference 6, a conservative estimate of the corresponding
compensation error is up to 8 percent of this value. Assuming this to be a 2σ value, the simulated
error was

Error (1σ, m) = 0.1e-0.133h/(sinE + 0.012)

C.1.6 MULTIPATH ERROR

The model of multipath error was based on data reported in Reference 7. Because
these data were taken for wide-body aircraft, they most likely represent a conservative assumption
when applied to all aircraft. A bounding standard deviation value of σ = 0.5 m was simulated.
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C.1.7 SIGNAL-IN-SPACE ERROR

The signal-in-space error was based on reported data (Reference 8) and expected
accuracies of future GPS upgrades as estimated by the GPS/Joint Project Office (JPO) (Reference 9).
Current performance assumes selective availability is on. If selective availability were removed
today, the signal-in-space error would approximately be 2.3 m. If selective availability were removed
at the time when benefits of the AII are fully in place, the signal-in-space error would be
approximately 1.5 m. Ultimately, signal-in-space error could be less than 1.0 m. Table C-2 illustrates
the potential improvement in overall user equivalent range error (UERE) as selective availability is
removed, AII is in place, and a second civil frequency is provided. Average values are used in the
table where error sources are a function of satellite elevation angle.

Table C-2 Total Ranging Error versus System Improvement

Error Source GPS System Improvement
SA NO SA NO SA

AII
NO SA

Dual Freq
Signal-in-Space 24 2.3 1.5 1.0
Ionospheric Compensation 7 7 7 2
Tropospheric Compensation 0.2 0.2 0.2 0.2
Multipath 0.5 0.5 0.5 0.5
Airborne Receiver Noise .17 .17 .17 .17
Total UERE (m) 25 7.4 7.2 2.3
C.1.8 RECEIVER AUTONOMOUS INTEGRITY MONITORING

The algorithm simulated to represent receiver autonomous integrity monitoring was
based on the algorithm derived by Brown (Reference 10). The algorithm used to determine predictive
availability is summarized as follows:

Check > 5 SVs in View

For each N-1 subset of satellites:

S = I - GA, A = (GTG)-1GT

1N 1,2,...,i    ,iiS/2
2ia2

1iaSlope(i) −=+=

Slopemax = max(Slope(i))
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Select RAIM threshold, T, based on σ2 distribution to satisfy false-alarm rate
using:

pTp > T
E[pTp] = σ2I

25 m, selective availability On
σ =

7.5 m, selective availability Off

Given RAIM threshold, compute minimum range bias (pbias) that can be
detected to satisfy missed detection rate = 0.0001.

HPLMax = Max(SlopeMax × pbias) Over All N-1 Subsets
Test HPLMax < Alert Limit

The false-alarm rates used, corresponding to the 10-5 or 10-6 continuity requirement,
were 1.67×10-7 or 1.67x10-8 for selective availability ON and 5×10-7 or 5x10-8 with selective
availability OFF. These values were derived by allocating half of the continuity requirement to false
alarms and the other half to faults not isolated. In addition, it was assumed that with selective
availability ON, the measurements become decorrelated at 2-minute intervals. Thus, to satisfy the
continuity requirement on a per-hour basis, the continuity requirement was divided by 30. Without
selective availability, it was conservatively assumed that there are 10 independent measurements in
1 hour. Under normal conditions, it is expected the measurements would be highly correlated, but
this more conservative assumption was made to allow for off nominal variations due to multipath or
ionosphere.
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The actual RAIM test during the operation is given by a test of the least-squares
residual magnitude squared (or equivalently, parity vector magnitude squared) against the derived
threshold.

D = δρT(I - GG*)δ  ρ  

D < T

C.2 PERFORMANCE EVALUATION

Evaluation of the requirements given the measurement error statistics computed was
based on the general diagram discussed in the main report. A diagram specific to SPS is shown in
Figure C-4.

Given that the predictive availability test was passed, position error statistics are
used to determine if the accuracy requirement is passed; pseudo-range statistics are used to
determine if the continuity requirement is passed. The joint statistics between satisfaction of the
RAIM threshold and accuracy is used to determine the probability of loss of integrity. If both the
accuracy and integrity requirements are met, that is flagged as a true availability event. For each
location, the total accuracy, integrity, continuity, and availability are computed by summing the
products of the prior probability and the conditional probability for each performance measure.



Recall measurement events are associated with time of day and the combination of satellites that are
downed.
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Figure C-4 Performance Evaluation
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Appendix D

GPS/WAAS SIMULATION DESCRIPTION

The simulation for GPS/WAAS is provided through modification of the GPS-SPS
simulation. The primary differences are associated with the signal-in-space characteristics (due to
the WAAS-unique corrections), and the computational details related to predictive availability,
integrity, and continuity. GPS satellite downings and aircraft equipment models are the same as in
the GPS-SPS simulation. The modified simulation computes GPS measurement error statistics for
each location (defined in Figure 3-3 in the main body of the report) at 5-minute intervals throughout
a sidereal day. Given the computed measurement error statistics, the simulation then evaluates
navigation performance represented by accuracy, integrity, continuity, and availability measures.
This appendix first briefly describes the WAAS from which the simulation approach to modeling the
WAAS errors is developed. Errors specific to WAAS are described, along with the process of
determining the performance measures.

D.1 WAAS ERROR MODEL

The architecture in Figure D-1 (same as Figure 4-2 of the main report) shows all the
functions that need to be modeled for proper assessment of WAAS performance. The WRS, WMS,
GUS, GEOS all provide the added WAAS capability as well as the WAAS-unique integrity checks in
the user avionics. A complete end-to-end simulation would require a significant modification to the
SPS simulation that would dwarf the SPS-only portion. Modeling all of the WRS measurement
functions feeding the WMS estimation and integrity functions would correspond to modeling the
GPS ground-tracking network feeding the MCS orbit determination and upload functions. Of course,
this type of simulation is desirable from the standpoint of being, in principle, fully sensitive to all
normal error sources and abnormal risks. Error distribution inputs could be validated by NSTB
databases. However, the required extensive modeling and programming staff was beyond the scope
of this study.

A more efficient partial middle-to-end simulation was chosen, which models WMS
estimation output errors developed from extensive NSTB databases as satellite error models to the
existing GPS-only simulation (with added GEOS) as shown in Figure D-2. Raw NSTB WRS CONUS
output were collected at a 1-Hz rate over a 2-day period from 5–6 May and processed at the Stanford
WMS using Stanford orbit determination and ionospheric processing. UDRE and GIVE distributions
were spatially functionalized per satellite geometry with respect to WRS positions. Specifically,
UDRE values were functionalized per satellite geometry with respect to the earth by averaging all
values in a 5° x 5° box about a grid-point with 5° grid spacing on a sphere at GPS satellite altitude.
GIVE values were similarly functionalized per 5° grid point on an ellipsoid at 350-km altitude.
Several other sets of NSTB data were taken on 21 May, 3 June, 14 June, and 23 July to validate that
the original 2-day results were representative. Variability of individual UDREs and GIVEs over time
was minimal. These models essentially replaced the detailed simulation of the WRSs and the WMS
with less-extensive modifications to the GPS-SPS simulation. NSTB data collected at several static
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user sites in 1997 and 1998 show that the UDRE and GIVE values give an upper bound to actual
user vertical and horizontal position errors. Therefore, for this period at least, use of the sigmas
related to the UDREs and GIVEs (UDRE or GIVE = 3.29σ) as the predictive WAAS statistical model
will produce conservative results. The added value of this approach is that it is based on actual
NSTB data experience using the Stanford orbit determination and ionospheric estimation
algorithms. CONUS evaluations were produced from a 19-WRS CONUS database, while Alaska and
Hawaii evaluations were based on an additional five WRSs in Alaska and two in Hawaii.

Models of Raytheon orbit determination and ionospheric processing at the WMS were
obtained by comparing Raytheon-published GIVEs and UDREs (References 1 and 2) with
corresponding Stanford results over the same geographic area, yielding scaling factors on the
NSTB/Stanford models. In both cases, however, the less conservative Stanford 15° restriction for
valid ionospheric grid points (see Figure D-3) was assumed rather than the more conservative three-
of-four restriction of the WAAS Specification and Raytheon processing. The three-of-four restriction
significantly reduces availability and was not evaluated. To evaluate the three-of-four restriction in
the context of this simulation would have required many more WRSs (estimated to be about 40 to 50)
providing real raw data to WMS processing. JHU/APL believes that the NSTB database and
Stanford processing results have tended to indicate adequate integrity of the Stanford processing
and less conservative restriction (Reference 3). Further research is needed to validate this indication.
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The modifications to the model used to simulate solar maximum results were based
on scaling up the NSTB functionalized GIVE model, as suggested by Klobuchar, et al. (Reference 4).
A conservative factor of 3 was used to model the decorrelation effects due to the large spatial
gradients during geomagnetic storms. The scintillation model was similar to that described for the
SPS case in Appendix C and was based on Pullen, et al. (Reference 5) and Skone, et al. (Reference 6).
Areas of moderate to strong scintillation were designated in the auroral region. User ionospheric
pierce points that fell within these regions were checked to see if loss-of-lock occurred, affecting the
availability of that measurement.

The error models used to determine the covariance matrix of slant range
measurement errors, Pδρ (shown in Figure D-2), are the same as the SPS models described in  

Appendix C, except that σSIS and σIONO are defined as:

2
2

29.3 SALSIS

UDRE σσ +




=

where σSIS is the ephemeris/clock pseudo-range error sigma for each satellite-to-user link and σSAL is
the 1-sigma error resulting from quadratic error growth caused by the 7-second latency in correcting
for selective availability (Reference 7), which is 11.3 cm (Reference 8).
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where σIONO is the ionospheric pseudo-range error sigma for each satellite-to-user link, F(el) is the
obliquity factor as a function of the user elevation angle to each satellite, and n is 3 or 4 because each
user ionosphere pierce point must be surrounded by valid GIVEs on at least three of the four
neighboring 5° x 5° grid-points. The weights Wi(xpp,ypp) and computation of F(el) are defined in the
WAAS MOPS RTCA/DO-229A. The rest of the computations of the WAAS simulation in Figure D-2
are as described in Appendix C for the GPS-SPS simulation.
D.2 WAAS RELIABILITY

GPS reliability was the same as modeled in Appendix C. GEOS reliability was
modeled in the same way and is defined in Table D-1, along with the reliability parameters for the
WAAS ground segment. Because the output of the WAAS ground segment (WRS to WMS to GUS) is
being simulated using representative real-world test data, estimate its availability and consider it in
series with the simulation’s availability. Each GEOS availability is appropriately handled in the
satellite geometry/accuracy simulation. Note also that the portion of the total WAAS/GPS
availability due to GPS downings and improved accuracy (due to WAAS) will be carried on in the
user avionics part of the simulation, as before in the GPS-SPS simulation. These calculations
assumed a full network of 25 WRSs, 2 WMSs, and 2 GUSs per GEOS as shown in Figure D-4. The
failure rate calculations were based on the reliability parameters of Table D-1. The WAAS ground
segment availability can be estimated from the WAAS hardware diagram in Figure D-4. This is the
a priori probability of at least N (of 25) WRSs (with communications to WMSs), at least 1 WMS (with
communications to GUSs), and at least 1 of 2 GUSs (with communications to its GEOS) all operating
for each GEOS in the program phase of interest (GEOS outages are counted separately). The results
are shown in Table D-2. The NSTB database has shown acceptable accuracy for 19 WRSs. Therefore,
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the N >= 23 probabilities were used as multipliers on the availability values obtained from the
GPS/WAAS simulation.

Table D-1 WAAS Reliability

Site Health Per WRS, WMS & GUS 
MTBF MTTR

Unscheduled Outage* 2190 hours 45 min.
Scheduled Outage* 2190 hours 8 hours

WRS  site (experienced)+ 15,600 hours 25.2 min.
WMS site (experienced)+ 1248 hours 52.3 min.

GUS(SGS)+ 3328 hours 31.3 min.
GUS(RFU) & Com link+ 2310 hours 4.2 hours

      *  FAA-E-2892C  WAAS draft spec
      + Brian Mahoney e-mails of 11/18/98, 11/24/98
         12/01/98, 12/02/98 includes preventive maintenance
          that disrupts normal operation

Availability
WRS to WMS+ .99999
WMS to GUS+ .99999
GUS to GEO GUS site health

      + Brian Mahoney e-mails of
        11/18/98 , 11/24/98, 12/01/98

Communications
Availability

GEOS Sat Outage Rates and Duration*

Outage Rate Mean Duration
Short Outage Mode* 0.083/year 19.8 hours

Long Duration Mode(build/launch new sat)* 0.014/year 3 years
Long Duration Mode(use on-orbit sats)** 0.014/year 3 months

       * FAA-E-2892C  WAAS draft spec  ** Sam Pullen e-mail of 12/18/98
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Table D-2 WAAS Ground Segment Availability

Using N=25 N>=24 N>=23
2 GEOS .999068742083 .999992914863 .999993325211
3 GEOS .999074906931 .999999085414 .999999495765
4 GEOS .999074906950 .999999085433 .999999495784
5 GEOS .999074906950 .999999085433 .999999495784

The continuity of the WAAS ground segment must also be handled in an analogous
manner as for availability. Continuity is expressed as the probability of failure per time period of
interest, dt, computed as 1 - e-λdt, where λ = 1/MTBF. Consequently, continuity failure rates can be
determined from Table D-1 for each WAAS ground site, and a continuity failure diagram analogous
to Figure D-4 can be made. This was then used to calculate WAAS ground segment continuity
probabilities in the same manner as done for Table D-2. These results are shown in Table D-3. As
with availability, the N >= 23 column was chosen to add the continuity failure rate to the simulation
calculated failure rate. These numbers will decrease by a factor of 24 to obtain the failure rates for
Category I (150-second mission time).
Table D-3 WAAS Ground Segment Continuity Failure Rates per Hour

Using N=25 N>=24 N>=23
2 GEOS .001602981 .000002948 .000001717
3 GEOS .001601909 .000001874 .000000643
4 GEOS .001601909 .000001874 .000000643
5 GEOS .001601909 .000001874 .000000643

D.3 PERFORMANCE EVALUATION PROCESS

Evaluation of the requirements given the measurement error statistics computed in
Figure D-2 is based on the diagram specific to GPS/WAAS as shown in Figure D-5. Lookup tables of
NSTB-derived UDREs and GIVEs are read into the simulation. The simulation cycles through one
repeatable day of GPS geometries with GEOS added. All-in-view GPS + GEO satellite geometry is
computed for each user location (assuming all satellites are healthy). For each user and nominal
geometry, the simulation cycles through all possible no-SV-out, 1-SV-out, 2-SV-out, 3-SV-out, and
4-SV-out cases (outage case probabilities add to > 0.999999 to ensure enough outages have been
sampled). Each outage case is checked for predictive availability by the integrity check. If available,
accumulators are incremented by the prior probability of the given outage. For each location, the
total accuracy, integrity, and availability are computed by summing the products of the prior
probability and the conditional probability for each performance measure. Recall measurement
events are associated with time of day and the combination of satellites that are downed.
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Figure D-5 GPS/WAAS Performance Evaluation
If a real Monte Carlo simulation were being done over time, the integrity check
would be used to determine continuity failures over the required interval of time because the
protection limit would change at a high rate as a result of the high-rate UDREs, GIVEs, and fault
indicators from the WMS. (A NO during the flight operation would be considered a continuity
failure.) Because this is a snapshot evaluation, the in-flight integrity check only assesses predictive
availability at the beginning of the flight operation and continuity failures have to be assessed
separately by

a. Calculating the failure probability over the mission time, 1 - e-λdt (where
λ = 1/MTBF), for each remaining good satellite (summed with the WAAS
ground segment continuity)

b. Checking to see if the in-flight integrity check fails with that satellite removed

If the in-flight integrity check fails, the failure probability is placed in the continuity histogram.
Because the continuity requirement is separate from availability for WAAS (see Section 2.1 in the
main report), the continuity histogram must show all probabilities less than the continuity
requirement and all availabilities greater than their requirement for the particular mission to be
acceptable. In general, the evaluation results for two GEOS showed that the continuity requirements
would be violated during the en route and terminal phases because of their most demanding
requirement (1x10-6 per hour). The four- and five-GEOS cases generally passed whenever availability
passed.
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WAAS availability results cited in this report are based on predicted availability,
which is identical to the procedure that aircraft apply to determine their WAAS availability
according to the WAAS MOPS (RTCADO-229A). Because the same NSTB UDRE and GIVE data
were used to generate predicted availability and true availability (which does not demand continuity
to be satisfied), they are essentially equivalent if the AL is a tighter constraint on nominal position
accuracy than is the 95-percent accuracy requirement. This is generally true for a well-designed
system.

Finally, the GPS/WAAS simulation did not model for the fallback to GPS-SPS when
all GEOS were lost (usually a very small probability). In this case, the availability of GPS-SPS
multiplied by the probability of no GEOS was added to the simulation availability to include this
effect.
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Appendix E

GPS/LAAS SIMULATION DESCRIPTION

The simulation for GPS/LAAS was provided through a modification of the GPS-SPS
simulation. The primary differences are associated with the signal-in-space characteristics (due to
the use of differential positioning techniques), and the computational details related to predictive
availability, integrity, and continuity. The details with regard to GPS satellite downings and aircraft
equipment models are identical. The need for the differences is in the method of positioning.

E.1 RELATIVE POSITIONING

The GPS/LAAS concept is illustrated in Figure E-1. Both the aircraft and the LAAS
ground station (LGS) are using signal measurements to determine slant range (i.e., line-of-sight
distance) from each in-view GPS satellite. These measurements allow the aircraft and the LGS to
derive their positions relative to the satellite locations identified by messages provided in the
satellite signals. The absolute positions of the aircraft and the LGS are limited by several error
sources that do not limit a measure of the difference in their positions. For example, because the
satellites are very far away (>10,000 nmi) and the aircraft and LGS are very near (<30 nmi), large
errors in the locations of the satellites are almost absent in the measurement of relative position of
the aircraft with respect to the LGS. Therefore, GPS satellite ephemeris errors do not significantly
influence the relative position measurement. More importantly, in the near term, the selective
availability feature of the GPS signals is also virtually eliminated in the relative positioning
measurement. (Selective availability is a signal technique that causes the absolute position of civil
GPS users to randomly wander producing an uncertainty of ~100 m.) The relative positioning
process removes this limitation. That is, the absolute position wander at the aircraft is virtually
identical to the wander at the LGS; therefore, its effect is removed in the relative position
measurement. Furthermore, errors caused by signal refraction in the ionosphere are also virtually
eliminated by the relative positioning process (i.e., refraction errors at the aircraft are virtually
identical to refraction errors at the LGS). The proper removal of these errors requires that the
update rate of the relative positioning corrections is fast enough to follow the error rates, which are
dominated by the selective availability error rate. The 0.5-second correction rate of the GPS/LAAS
operation is sufficient to essentially zero these three error contributors (i.e., selective availability,
ephemeris, and ionosphere).

The functional implementation of the concept is shown in Figure E-2. The aircraft
and LGS receive signals from all in-view GPS satellites (and GEOS when applicable), and the LGS
determines which, if any, are not yet suitable for positioning service. The LGS then determines a
correction for the measured slant range to each satellite by comparing them to ones computed from
the known LGS location to each satellite location identified by the received satellite ephemeredes.
These slant range corrections are sent to the aircraft, where they are applied to the measurements
provided by the aircraft receiver. The corrected aircraft receiver measurements are then used to
compute aircraft position. The aircraft position is thus transferred to the same absolute position
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domain as the LGS restricted only by the errors in the relative position measurement between the
aircraft and the LGS.
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Figure E-1 GPS/LAAS Relative Positioning Concept (from GPS/LAAS MASPS-7, 7/22/98)
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In addition to the pseudorange correction data, the LGS transmits a set of data that
characterizes the level of service available, integrity data used in the aircraft equipment to assess
the accuracy of the position solution, and data that indicate satellite support status. The integrity
data provide an uncertainty value for each satellite pseudorange correction and an estimated bias
that might be attributed to each receiver measurement used in computing the correction. The bias
values are used in the airborne computation to predict lateral and vertical protection limits for fault-
free and single-measurement fault conditions. Finally, the LGS transmits the data defining the
approach path to be used by the aircraft. The locations along the approach path are naturally known
with very high position accuracy relative to the LGS.

E.2 SIMULATION

Figure E-3 shows how the GPS/LAAS simulation was accomplished. The GPS-SPS
simulation provided all aspects of the GPS satellite selection process; they were discussed in
Appendix C. The measurement error computation for the signal-in-space contribution is very
different, but the avionics errors are directly from the GPS-SPS simulation. As shown, the lateral
and vertical error distributions are computed from true sigma estimates from simulated models.
These distributions are used to test the accuracy and integrity requirement at each measurement
point (i.e., tests that the 95-percent accuracy and misleading information requirements are met). The
probability of providing misleading information is computed from the area of the accuracy
distribution beyond the alert limits. Combined signal-in-space (ground LGS computation), airborne,
and tropospheric errors (producing σi ) are used to compute predicted protection limits. The
protection limits are compared with the alert limit requirements to test for predicted availability.
Finally, continuity is tested.
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Figure E-3 GPS/LAAS Simulation Structure
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Protection limits are defined for lateral and vertical position uncertainties, and they
define the values that must not be exceeded for safe landing. The aircraft and, hence, the simulation
computes a Predicted Lateral Protection Limit (PLPL) and a Predicted Vertical Protection Limit
(PVPL). These values are computed under the assumption that all LGS reference receivers are
providing unbiased range correction data (referred to as the H0 hypothesis) and that one of the
provided measurements may contain a bias error (referred to as the H1 hypothesis). These numbers
are tested against the specified limits to predict that the approach is available.

E.2.1 MEASUREMENT ERRORS

The pseudo-range measurement (the term pseudo-range is used for GPS slant range
measurements to recognize that the measurement includes errors that will be corrected by the
navigation processing before it represents measured range) errors for the GPS/LAAS signal-in-space
are defined by:
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where

Mi = number of ground reference receivers
i = ith ranging source
θI = elevation angle for ith ranging source

and a0, a1, a2, a3, and θ0 are parameters defined as follows:
Class θi (deg) a0 (m) a1 (m) θ0 (deg) a2 (m) a3 (m)

A > 5 0.5 1.65 14.3 0.08 0.03
B > 5 0.16 1.07 15.5 0.08 0.03

> 35 0.15 0.84 15.5 0.04 0.01C
≤ 35 0.24 0 – 0.04 0.01

This definition was taken directly from the GPS/LAAS MASPS. The ranging
uncertainty equation is all inclusive, including receiver noise, multipath errors, and residuals of
ionospheric, tropospheric, and satellite ephemeris errors. These and all signal measurement errors
are based on the carrier range smoothing defined for the SPS simulation (Appendix C) Three classes
of LGS receiver systems are defined, but only classes B and C will be used in the GPS/LAAS. Class B
systems are being used currently, but they will eventually be replaced by class C systems. The class
designation identifies an antenna/receiver design configuration. The class B system is based on
choke ring antennas and current receivers. The class C system will use a specially designed
multipath limiting antenna (MLA) with separate receivers for upper and lower elevation signal
reception, and the receivers will be of an improved design. Additionally, a special configuration is
planned for airports that require the highest service availability. The special station configuration
will provide for improved MLA performance (~ square root of 2) and will use two receivers for each
antenna aperture to gain the averaging improvements (square root of 2) that will halve
measurement errors. As indicated, the measurement errors are a function of satellite elevation angle
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and the number of receivers used at the LGS. Errors computed from the equation are shown
graphically in Figure E-4.
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Figure E-4 GPS/LAAS Signal-in-Space Errors
Signal-in-space pseudo-range errors for GEOS are currently larger than GPS errors.
The value used for this study include a scale factor of 1.91 on the GPS uncertainty (at the same
elevation angle) with an added uncertainty of 0.15 m. Signal-in-space pseudo-range errors for APLs
were set at 0.5 m. These numbers are in accordance with the LAAS MASPS.

Aircraft errors for the LAAS are defined for predicted performance by the following
equations given in the LAAS MASPS (class B aircraft receivers are used in this study):

σpr_air,GPS(θi) ≤ a0 + a1 e-(θi/
θ
0)

where i and θi are as defined for the LGS and a0, a1, and θ0 are parameters defined as follows:

Class θ0 (deg) a0 (m) a1 (m)

A 19.6 0.16 0.23
B 27.7 0.0741 0.18

Aircraft measurement errors representing the actual receiver were based on the
same signal conditions (GPS specification and aircraft antenna gain model), thermal noise, and
multipath models defined for the SPS simulation. In either case, GEOS errors at the aircraft were
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not scaled (i.e., the uncertainty was the same as GPS, but the 0.15-m increase was still included).
APL errors at the aircraft were set at 0.4 m.

Tropospheric errors are defined as
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where σN = refractivity uncertainty transmitted from LGS (= 10 in this study)

E.2.2 PREDICTED AVAILABILITY

As shown in Figure E-3, the measurement errors are processed through the geometry
for each satellite coverage condition to compute distributions for lateral and vertical errors. These
are used to compute PLPLs and PVPLs under the two measurement hypotheses:
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Kffd = multiplier, which determines the probability of fault-free detection given M
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(Table E-2)
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Table E-1 Fault-Free Detection Multipliers

KffdPerformance
Type Mm = 2 Mm = 3 Mm = 4

1 5.026 5.104 5.158
2 N/A 5.233 5.286
3 N/A 5.451 5.502

Table E-2 Missed Detection Multipliers

Kffmd KmdPerformance
Type Mm=2 Mm=3 Mm=4 Mm=2 Mm=3 Mm=4

1 5.762 5.810 5.847 2.935 2.898 2.878
2 6.598 6.641 6.673 4.305 4.279 4.265
3 6.598 6.641 6.673 4.305 4.279 4.265
σ σlat H i lat
i

N

i Hs, , ,1
2 2

1
1

2=
=
∑

si,lat = si,2 = projection of the lateral component for ith ranging source (element of S in
Figure E-3)

si,vert = si,3 + si,1 * tan θGS = projection of the vertical component and translation of the
along track errors into the vertical for ith ranging source (computed from
elements of S in Figure E-3)
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i,tropoσ  = residual tropospheric error for satellite i

iGPSairpr ,,_σ  = airborne noise term for satellite i (as defined above)

θGS = glide slope

Performance types shown in Tables E-1 and E-2 are approximately equivalent to the
corresponding approach category (e.g., performance type 1 ≅ Category I).

At each step in the LAAS performance simulation, predictive availability is
determined by testing the four H0 and H1 protection limits against the required alert limits. If the
predicted protection limits are less than the alert limits, predictive availability is set to 1; otherwise,
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it is set to 0. The GPS downings use the procedures followed for the GPS-SPS simulation. However,
the few GEOS runs assumed a GEOS with a zero failure rate.

E.2.3 ACCURACY AND INTEGRITY

As indicated in Figure E-3, the true sigma estimates are processed through the
geometry for each satellite coverage condition to compute distributions for lateral and vertical errors.
These estimated errors are based on the same LGS and tropospheric error estimates used to develop
the σi in the predicted availability computation, but the airborne errors here are taken from the SPS
simulation model. If the predicted availability test was passed, the 95-percent probabilities for
lateral and vertical accuracy are tested against the accuracy requirements. If they both pass, the
conditional probability for accuracy is set to 1. The same distributions are tested to determine if the
probability of the position error being greater than the protection limits is less than the misleading
information probability included in the integrity requirement. If that condition is satisfied the
integrity test is passed.
E.2.4 CONTINUITY

Figure E-5 (taken from Appendix D of the LAAS MASPS) shows the proposed
breakdown of the overall 8 x 10-6/15-second continuity requirement. Some of the failure probability
allocations shown are assumed (for the purposes of this report) to be achieved at the specified values
and are not strongly a function of user geometry. These are

a. Pr(VDB failure) 2.0 x 10-7/15 sec

b. Pr(ref. receiver failure) 1.3 x 10-6/15 sec

c. Pr(ground mon. false alarm) 1.0 x 10-6/15 sec

These three fixed probabilities add up to 2.5 x 10-6/15 seconds, which becomes the base (minimum)
continuity loss probability.

The remaining two sources, satellite loss and protection limit (> alert limit without
configuration change), represent almost 70 percent of the total allocation and are geometry
dependent, allowing estimation of the actual continuity loss probability given knowledge of the user
satellite geometry and pseudo-range error standard deviation.

For continuity calculation, if the LAAS predictive availability test is passed, start
with a base continuity loss probability of 2.5 x 10-6/15 seconds from above and add the following:

a. Satellite loss probability – Compute the number of critical satellites Nc by
computing PVPLH0 and PLPLH0 for each one-satellite-removed subset of the set
of visible and healthy satellites. If either of these exceeds VAL or LAL, the
satellite that was dropped is critical because its unexpected loss would cause
an alert. For each critical satellite in the user constellation, a continuity loss
probability equal to the probability of each satellite loss is accumulated.
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Figure E-5 Proposed LAAS MASPS PT 1 Continuity Allocation
b. PL > AL without configuration change (no satellite lost) – For the full set of
visible and healthy satellites, compute the differences VAL – PVPLH1 and
LAL – PLPLH1 to find the remaining margins in both protection levels against
increases in B values that could cause the alert limits to be exceeded. Then,
using the Gaussian cdf functions and assuming one independent B-value
update (B values are highly correlated over 15 seconds) for each reference
receiver, compute the probability of a B value exceeding the computed B-value
threshold. This probability is then added to the total continuity loss probability
from step a.

In Category II and III simulation runs, the resulting probability of loss of continuity
is tested against the requirements. If the continuity test is passed, the predicted availability test was
already passed. If the accuracy and integrity tests were passed, a true availability event is scored. In
Category I simulation runs, loss of continuity is evaluated separately from availability.

E.2.5 IONOSPHERIC SCINTILLATION

Several GPS/LAAS simulation runs were made to assess the impact of ionospheric
scintillation. The method used was developed for the SPS simulation and is described in Appendix C.
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Appendix F

SPS AVAILABILITY RESULTS

Availability results for the SPS simulation cases analyzed during the study are given
in the following tables. The run condition is indicated in the top line, the station designation is given
in the first column, and flight phase data are arrayed in the second to fourth columns.
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Timeframe 1, 24 SVs, 
SA on

Availability
Oceanic Enroute Terminal NPA

NPR 0.980738 0.944987 0.87502 0.53215
HNL            0.994107 0.974177 0.938803 0.661072
FAI            0.996691 0.978716 0.954628 0.709592
SEA            0.987659 0.938832 0.888152 0.481277
LAX            0.980157 0.944506 0.906197 0.521968
ASE            0.988241 0.934803 0.884581 0.469454
FAR (Fargo, ND) 0.989894 0.936254 0.888363 0.496103
DFW            0.98017 0.924056 0.867069 0.485136
ORD            0.985959 0.937687 0.896235 0.446845
ATL              0.986106 0.934129 0.857106 0.43171
JFK              0.987453 0.935938 0.88579 0.418103
SJU              0.99549 0.978077 0.942078 0.672822
BIKF 0.994002 0.984802 0.964068 0.705856
Guam             0.99677 0.978352 0.954927 0.800539
Bermuda 0.981244 0.92918 0.872771 0.513518

Mean 0.988312067 0.950299733 0.905052533 0.556409667
High 0.99677 0.984802 0.964068 0.800539
Low 0.980157 0.924056 0.857106 0.418103

Timeframe 1, 24 SVs, 
SA on, 3 hr. MTTR

Availability
Oceanic Enroute Terminal NPA

NPR 0.988157 0.960669 0.894839 0.560407
HNL            0.998068 0.987337 0.960011 0.69852
FAI            0.998758 0.983329 0.963103 0.736172
SEA            0.995197 0.956042 0.914008 0.506898
LAX            0.986062 0.960607 0.930031 0.553663
ASE            0.995446 0.952364 0.908788 0.497611
FAR (Fargo, ND) 0.996255 0.953013 0.91232 0.524955
DFW            0.987971 0.941769 0.891272 0.514198
ORD            0.992686 0.955684 0.92534 0.475893
ATL              0.994555 0.953954 0.884769 0.457738
JFK              0.995287 0.956673 0.916692 0.443905
SJU              0.99859 0.988994 0.959468 0.704135
BIKF 0.995657 0.989952 0.973183 0.734324
Guam             0.998943 0.985076 0.965147 0.826905
Bermuda 0.990345 0.947863 0.897614 0.542343

Mean 0.9941318 0.9648884 0.926439 0.5851778
High 0.998943 0.989952 0.973183 0.826905
Low 0.986062 0.941769 0.884769 0.443905
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Timeframe 2, 24 SVs, 
SA off, AII

Availability
Oceanic Enroute Terminal NPA

NPR 0.987343 0.975031 0.971318 0.902434
HNL            0.996832 0.992422 0.98703 0.955453
FAI            0.997461 0.996179 0.99392 0.964196
SEA            0.990839 0.983512 0.967073 0.909485
LAX            0.991355 0.977917 0.967886 0.926252
ASE            0.990441 0.983238 0.962949 0.904827
FAR (Fargo, ND) 0.991528 0.987615 0.97401 0.914207
DFW            0.982982 0.977241 0.964005 0.889732
ORD            0.988624 0.984056 0.973422 0.908488
ATL              0.98879 0.983541 0.970656 0.903514
JFK              0.99185 0.979274 0.963008 0.913728
SJU              0.997379 0.99355 0.988529 0.960754
BIKF 0.997797 0.993451 0.991007 0.974648
Guam             0.998505 0.996071 0.990561 0.968175
Bermuda 0.98704 0.980327 0.962053 0.897977

Mean 0.991917733 0.985561667 0.9751618 0.926258
High 0.998505 0.996179 0.99392 0.974648
Low 0.982982 0.975031 0.962053 0.889732

Timeframe 2, 24 SVs, 
SA off, AII, 3 hr. 
MTTR

Availability
Oceanic Enroute Terminal NPA

NPR 0.993053 0.983666 0.982053 0.920527
HNL            0.999266 0.997351 0.994943 0.973232
FAI            0.999048 0.998558 0.997634 0.971135
SEA            0.996646 0.991445 0.978328 0.933171
LAX            0.996771 0.985041 0.978664 0.946717
ASE            0.996423 0.991296 0.974522 0.925576
FAR (Fargo, ND) 0.996966 0.99523 0.985272 0.935436
DFW            0.989238 0.98665 0.976874 0.911049
ORD            0.993876 0.991863 0.985158 0.93287
ATL              0.995767 0.993397 0.983781 0.928646
JFK              0.997317 0.987799 0.974742 0.940829
SJU              0.999411 0.997744 0.995501 0.975494
BIKF 0.999208 0.995452 0.994446 0.981653
Guam             0.999704 0.998661 0.994312 0.976754
Bermuda 0.994848 0.989977 0.974137 0.920436

Mean 0.9965028 0.992275333 0.984691133 0.944901667
High 0.999704 0.998661 0.997634 0.981653
Low 0.989238 0.983666 0.974137 0.911049
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Timeframe 2, 30 SVs, 
SA off, AII

Availability
Oceanic Enroute Terminal NPA

NPR 0.99992 0.999768 0.999619 0.998486
HNL            0.999975 0.999932 0.999875 0.999059
FAI            0.999978 0.999971 0.999937 0.999744
SEA            0.99997 0.999896 0.999831 0.999264
LAX            0.999844 0.999538 0.999403 0.997703
ASE            0.999954 0.999859 0.999751 0.998858
FAR (Fargo, ND) 0.999972 0.999944 0.999889 0.999452
DFW            0.999764 0.999484 0.996005 0.991982
ORD            0.999956 0.9999 0.999812 0.999052
ATL              0.999935 0.999666 0.999511 0.998366
JFK              0.999954 0.99984 0.999725 0.998427
SJU              0.999972 0.999941 0.999907 0.999527
BIKF 0.99997 0.99993 0.999889 0.999245
Guam             0.999982 0.999981 0.999978 0.999942
Bermuda 0.99996 0.999908 0.99977 0.998803

Mean 0.9999404 0.9998372 0.9995268 0.998527333
High 0.999982 0.999981 0.999978 0.999942
Low 0.999764 0.999484 0.996005 0.991982

Timeframe 2, 30 SVs, 
SA off, AII, 3 hr. 
MTTR

Availability
Oceanic Enroute Terminal NPA

NPR 0.999994046 0.999976354 0.999959024 0.999645862
HNL            0.999999525 0.999995328 0.999989912 0.999716952
FAI            0.999999772 0.999999567 0.999995907 0.99997336
SEA            0.99999936 0.999991488 0.99998527 0.999919497
LAX            0.999984423 0.999889031 0.999873554 0.999295001
ASE            0.999997861 0.999987747 0.999976064 0.999810869
FAR (Fargo, ND) 0.999998888 0.999996943 0.999992272 0.999943982
DFW            0.999915024 0.999804099 0.996352558 0.992816768
ORD            0.999997285 0.999992437 0.999983326 0.999835873
ATL              0.99999556 0.999905069 0.999887286 0.999555036
JFK              0.999997785 0.999985021 0.999972414 0.999581202
SJU              0.999998949 0.999996017 0.999992887 0.999890525
BIKF 0.999998997 0.999994175 0.999989206 0.999735407
Guam             0.999999859 0.99999981 0.999999713 0.999997082
Bermuda 0.999998516 0.999993758 0.99997837 0.99970711

Mean 0.999991723 0.999967123 0.999728518 0.999294968
High 0.999999859 0.99999981 0.999999713 0.999997082
Low 0.999915024 0.999804099 0.996352558 0.992816768
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Timeframe 2, 30 SVs, 
SA off, AII, Increased 
iono noise

Availability
Oceanic Enroute Terminal NPA

NPR 0.99992 0.999768 0.999619 0.998486
HNL            0.999975 0.999932 0.999875 0.999059
FAI            0.999978 0.999971 0.999937 0.999744
SEA            0.99997 0.999896 0.999831 0.999264
LAX            0.999844 0.999538 0.999403 0.997703
ASE            0.999954 0.999859 0.999751 0.998858
FAR (Fargo, ND) 0.999972 0.999944 0.999889 0.999452
DFW            0.999764 0.999484 0.996005 0.991982
ORD            0.999956 0.9999 0.999812 0.999052
ATL              0.999935 0.999666 0.999511 0.998366
JFK              0.999954 0.99984 0.999725 0.998427
SJU              0.999972 0.999941 0.999907 0.999527
BIKF 0.99997 0.99993 0.999889 0.999245
Guam             0.999982 0.999981 0.999978 0.999942
Bermuda 0.99996 0.999908 0.99977 0.998803

Mean 0.9999404 0.9998372 0.9995268 0.998527333
High 0.999982 0.999981 0.999978 0.999942
Low 0.999764 0.999484 0.996005 0.991982

Timeframe 3, 24SVs, 
SA off, AII, Autonav, 
Dual Frequency

Availability
Oceanic Enroute Terminal NPA

NPR 0.990997 0.986827 0.982043 0.974342
HNL            0.996895 0.995807 0.99502 0.991249
FAI            0.997654 0.997426 0.997002 0.995813
SEA            0.991899 0.989813 0.988385 0.978264
LAX            0.992115 0.988089 0.984183 0.97538
ASE            0.991358 0.990245 0.989488 0.978967
FAR (Fargo, ND) 0.992406 0.991169 0.990293 0.986456
DFW            0.986988 0.982445 0.981522 0.975604
ORD            0.992271 0.98844 0.987256 0.98269
ATL              0.990149 0.988605 0.987687 0.981985
JFK              0.992711 0.991488 0.989322 0.974026
SJU              0.997861 0.997138 0.996417 0.992493
BIKF 0.998011 0.997768 0.997677 0.992882
Guam             0.998871 0.998325 0.997297 0.995129
Bermuda 0.988042 0.986525 0.982473 0.975867

Mean 0.9932152 0.991340667 0.989737667 0.9834098
High 0.998871 0.998325 0.997677 0.995813
Low 0.986988 0.982445 0.981522 0.974026
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Timeframe 3, 24 SVs, 
SA off, AII, Autonav, 
Dual Frequency, 3 
hr. MTTR

Availability
Oceanic Enroute Terminal NPA

NPR 0.996607 0.992813 0.988749 0.983366
HNL            0.999274 0.998788 0.998455 0.996834
FAI            0.99913 0.999044 0.998874 0.998415
SEA            0.997129 0.996167 0.995521 0.987167
LAX            0.9971 0.993403 0.989759 0.983887
ASE            0.99683 0.99634 0.996011 0.987489
FAR (Fargo, ND) 0.997368 0.996804 0.996422 0.994715
DFW            0.992952 0.988996 0.988588 0.98592
ORD            0.997409 0.993795 0.993257 0.991264
ATL              0.996385 0.995685 0.995278 0.992715
JFK              0.997697 0.997155 0.996144 0.98352
SJU              0.999627 0.999303 0.998998 0.997281
BIKF 0.999293 0.999205 0.999193 0.995225
Guam             0.999867 0.999624 0.999164 0.998232
Bermuda 0.995304 0.994608 0.990888 0.986069

Mean 0.9974648 0.996115333 0.995020067 0.9908066
High 0.999867 0.999624 0.999193 0.998415
Low 0.992952 0.988996 0.988588 0.983366

Timeframe 3, 30 SVs, 
SA off, AII, Autonav, 
Dual Frequency

Availability
Oceanic Enroute Terminal NPA

NPR 0.999961 0.999913 0.999882 0.999747
HNL            0.999977 0.999974 0.999966 0.999917
FAI            0.999979 0.999977 0.999975 0.999964
SEA            0.999973 0.99997 0.999954 0.999883
LAX            0.999879 0.999842 0.99964 0.999501
ASE            0.999967 0.999952 0.999931 0.999838
FAR (Fargo, ND) 0.999982 0.999971 0.999967 0.999933
DFW            0.999936 0.999763 0.999585 0.999344
ORD            0.999976 0.999954 0.999938 0.999863
ATL              0.999945 0.99993 0.999892 0.999635
JFK              0.999962 0.999947 0.999921 0.999814
SJU              0.999979 0.999972 0.999963 0.999929
BIKF 0.999976 0.99997 0.999964 0.999923
Guam             0.999983 0.999982 0.999982 0.99998
Bermuda 0.999969 0.999954 0.99995 0.999865

Mean 0.999962933 0.999938067 0.999900667 0.999809067
High 0.999983 0.999982 0.999982 0.99998
Low 0.999879 0.999763 0.999585 0.999344
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Timeframe 3, 30 SVs, 
SA off, AII, Autonav, 
Dual Frequency, 
Iono Scintillation

Availability
Oceanic Enroute Terminal NPA

NPR 0.99996072 0.999912888 0.99988194 0.999746629
HNL            0.931655956 0.931653585 0.931645978 0.931600202
FAI            0.998817157 0.998815544 0.998589086 0.998557783
SEA            0.999973175 0.999969653 0.999954073 0.999883234
LAX            0.999879383 0.999842421 0.999639821 0.999500692
ASE            0.999966716 0.999951671 0.999931024 0.999838145
FAR (Fargo, ND) 0.99998155 0.999970697 0.999966531 0.99993255
DFW            0.999935936 0.999763149 0.999584892 0.999344398
ORD            0.99997567 0.999954033 0.999937754 0.999862915
ATL              0.99994527 0.99993042 0.999892255 0.999634676
JFK              0.999962226 0.999947333 0.999920669 0.999814158
SJU              0.930536435 0.930529199 0.930521577 0.930489419
BIKF 0.999058603 0.999052999 0.999046677 0.999003377
Guam             0.930539315 0.930538915 0.930538782 0.930536921
Bermuda 0.999968697 0.999954105 0.999949753 0.999865198

Mean 0.986010454 0.985985774 0.985933388 0.985840686
High 0.99998155 0.999970697 0.999966531 0.99993255
Low 0.930536435 0.930529199 0.930521577 0.930489419

Timeframe 3, 30 SVs, 
SA off, AII, Autonav, 
Dual Frequency, 3 
hr. MTTR

Availability
Cat I

NPR 0.996232821
HNL            0.998204789
FAI            0.998746446
SEA            0.997127502
LAX            0.984213734
ASE            0.995551632
FAR (Fargo, ND) 0.998446051
DFW            0.989592667
ORD            0.993373667
ATL              0.99267662
JFK              0.991877096
SJU              0.998632889
BIKF 0.995239984
Guam             0.999956619
Bermuda 0.996926719

Mean 0.995119949
High 0.999956619
Low 0.984213734
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Appendix G

GPS/WAAS AVAILABILITY RESULTS

Availability results for the GPS/WAAS simulation cases analyzed during the study
are given in the following tables. The run condition is indicated to the right of each table, the station
designation is given in the first column, and flight phase data are arrayed in the remaining columns.
Additional special oceanic cases are included, for all others the oceanic data is blank.

Sites Oceanic Enroute Terminal NPA Cat I
JFK 0.99998629 0.9999707 0.9998313 0.9956259
ATL 0.99998512 0.9999774 0.9998699 0.9953049
ORD 0.99998686 0.9999804 0.9999165 0.9959059
DFW 0.99998459 0.9999758 0.9998913 0.994531 Nominal Stanford Processing
SEA 0.99999289 0.9999929 0.9999925 0.9989389  2 GEOS Availability
LAX 0.9999929 0.9999928 0.9999923 0.9993219
ASE 0.99998507 0.9999783 0.9998388 0.9954329
FAI 0.99998909 0.9999864 0.9999178
FAR 0.99998647 0.9999806 0.9998825 0.9956569
SJU 0.99999003 0.9999869 0.9999571

High 0.9999929 0.9999929 0.9999925 0.9993219
Low 0.99998459 0.9999707 0.9998313 0.994531
Mean 0.99998793 0.9999822 0.999909 0.9963398

Sites Oceanic Enroute Terminal NPA Cat I
JFK 0.99999909 0.9999991 0.9999991 0.9998831
ATL 0.99999909 0.9999991 0.9999991 0.9997881
ORD 0.99999909 0.9999991 0.9999991 0.9999261
DFW 0.99999909 0.9999991 0.9999991 0.9998981 Nominal Stanford Processing
SEA 0.99999909 0.9999991 0.9999991 0.9995911  4 GEOS Availability
LAX 0.99999909 0.9999991 0.9999991 0.9996261
ASE 0.99999909 0.9999991 0.9999991 0.9995821
FAI 0.99999908 0.9999991 0.9999988
FAR 0.99999909 0.9999991 0.9999991 0.9998461
SJU 0.99999909 0.9999991 0.9999991

High 0.99999909 0.9999991 0.9999991 0.9999261
Low 0.99999908 0.9999991 0.9999988 0.9995821
Mean 0.99999908 0.9999991 0.9999991 0.9997676

Sites Oceanic Enroute Terminal NPA Cat I
JFK 0.99999909 0.9999991 0.9999991 0.9999601
ATL 0.99999909 0.9999991 0.9999991 0.9999481
ORD 0.99999909 0.9999991 0.9999991 0.9999491
DFW 0.99999909 0.9999991 0.9999991 0.9999601 Nominal Stanford Processing
SEA 0.99999909 0.9999991 0.9999991 0.9996101  5 GEOS Availability
LAX 0.99999909 0.9999991 0.9999991 0.9997281
ASE 0.99999909 0.9999991 0.9999991 0.9997771
FAI 0.99999908 0.9999991 0.9999988
FAR 0.99999909 0.9999991 0.9999991 0.9999381
SJU 0.99999909 0.9999991 0.9999991

High 0.99999909 0.9999991 0.9999991 0.9999601
Low 0.99999908 0.9999991 0.9999988 0.9996101
Mean 0.99999908 0.9999991 0.9999991 0.9998588
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Sites Oceanic Enroute Terminal NPA Cat I
JFK 0.99998629 0.9999707 0.9998313 0.994043
ATL 0.99998512 0.9999774 0.9998699 0.991391
ORD 0.99998686 0.9999804 0.9999165 0.994172
DFW 0.99998459 0.9999758 0.9998913 0.992431 Raytheon Processing
SEA 0.99999289 0.9999929 0.9999925 0.9979709  2 GEOS Availability
LAX 0.9999929 0.9999928 0.9999923 0.9985529
ASE 0.99998507 0.9999783 0.9998388 0.994925
FAI 0.99998909 0.9999864 0.9999178
FAR 0.99998647 0.9999806 0.9998825 0.9951119
SJU 0.99999003 0.9999869 0.9999571

High 0.9999929 0.9999929 0.9999925 0.9985529
Low 0.99998459 0.9999707 0.9998313 0.991391
Mean 0.99998793 0.9999822 0.999909 0.9948247

Sites Oceanic Enroute Terminal NPA Cat I
JFK 0.99999909 0.9999991 0.9999991 0.9993981
ATL 0.99999909 0.9999991 0.9999991 0.9993951
ORD 0.99999909 0.9999991 0.9999991 0.9995561
DFW 0.99999909 0.9999991 0.9999991 0.9988241 Raytheon Processing
SEA 0.99999909 0.9999991 0.9999991 0.9990731  4 GEOS Availability
LAX 0.99999909 0.9999991 0.9999991 0.9994511
ASE 0.99999909 0.9999991 0.9999991 0.9992571
FAI 0.99999908 0.9999991 0.9999988
FAR 0.99999909 0.9999991 0.9999991 0.9993551
SJU 0.99999909 0.9999991 0.9999991

High 0.99999909 0.9999991 0.9999991 0.9995561
Low 0.99999908 0.9999991 0.9999988 0.9988241
Mean 0.99999908 0.9999991 0.9999991 0.9992887

Sites Oceanic Enroute Terminal NPA Cat I
JFK 0.99999909 0.9999991 0.9999991 0.9998521
ATL 0.99999909 0.9999991 0.9999991 0.9997571
ORD 0.99999909 0.9999991 0.9999991 0.9996121
DFW 0.99999909 0.9999991 0.9999991 0.9996771 Raytheon Processing
SEA 0.99999909 0.9999991 0.9999991 0.9992881  5 GEOS Availability
LAX 0.99999909 0.9999991 0.9999991 0.9995551
ASE 0.99999909 0.9999991 0.9999991 0.9994591
FAI 0.99999908 0.9999991 0.9999988
FAR 0.99999909 0.9999991 0.9999991 0.9995381
SJU 0.99999909 0.9999991 0.9999991

High 0.99999909 0.9999991 0.9999991 0.9998521
Low 0.99999908 0.9999991 0.9999988 0.9992881
Mean 0.99999908 0.9999991 0.9999991 0.9995923

Sites Oceanic Enroute Terminal NPA Cat I
JFK 0.99998629 0.9999707 0.9998313 0.990263
ATL 0.99998512 0.9999774 0.9998699 0.9635672
ORD 0.99998686 0.9999804 0.9999165 0.98275 Solar Max
DFW 0.99998459 0.9999758 0.9998913 0.987862 Nominal Stanford Processing
SEA 0.99999289 0.9999929 0.9999925 0.9968929  2 GEOS Availability
LAX 0.9999929 0.9999928 0.9999923 0.9971839
ASE 0.99998507 0.9999783 0.9998388 0.994282
FAI 0.99998909 0.9999864 0.9999178
FAR 0.99998647 0.9999806 0.9998825 0.993692
SJU 0.99999003 0.9999869 0.9999571

High 0.9999929 0.9999929 0.9999925 0.9971839
Low 0.99998459 0.9999707 0.9998313 0.9635672
Mean 0.99998793 0.9999822 0.999909 0.9883116
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Sites Oceanic Enroute Terminal NPA Cat I
JFK 0.99999909 0.9999991 0.9999991 0.9990911
ATL 0.99999909 0.9999991 0.9999991 0.9970071
ORD 0.99999909 0.9999991 0.9999991 0.9990151 Solar Max
DFW 0.99999909 0.9999991 0.9999991 0.9972751 Nominal Stanford Processing
SEA 0.99999909 0.9999991 0.9999991 0.9980211  4 GEOS Availability
LAX 0.99999909 0.9999991 0.9999991 0.9983511
ASE 0.99999909 0.9999991 0.9999991 0.9986391
FAI 0.99999908 0.9999991 0.9999988
FAR 0.99999909 0.9999991 0.9999991 0.9988571
SJU 0.99999909 0.9999991 0.9999991

High 0.99999909 0.9999991 0.9999991 0.9990911
Low 0.99999908 0.9999991 0.9999988 0.9970071
Mean 0.99999908 0.9999991 0.9999991 0.9982821

Sites Oceanic Enroute Terminal NPA Cat I
JFK 0.99999909 0.9999991 0.9999991 0.9991611
ATL 0.99999909 0.9999991 0.9999991 0.9988211
ORD 0.99999909 0.9999991 0.9999991 0.9993261 Solar Max
DFW 0.99999909 0.9999991 0.9999991 0.9991411 Nominal Stanford Processing
SEA 0.99999909 0.9999991 0.9999991 0.9987221  5 GEOS Availability
LAX 0.99999909 0.9999991 0.9999991 0.9992371
ASE 0.99999909 0.9999991 0.9999991 0.9993301
FAI 0.99999908 0.9999991 0.9999988
FAR 0.99999909 0.9999991 0.9999991 0.9991741
SJU 0.99999909 0.9999991 0.9999991

High 0.99999909 0.9999991 0.9999991 0.9993301
Low 0.99999908 0.9999991 0.9999988 0.9987221
Mean 0.99999908 0.9999991 0.9999991 0.9991141

Sites Oceanic Enroute Terminal NPA Cat I
JFK 0.99998629 0.9999707 0.9998313 0.8903057
ATL 0.99998512 0.9999774 0.9998699 0.705861
ORD 0.99998686 0.9999804 0.9999165 0.9420573 Solar Max
DFW 0.99998459 0.9999758 0.9998913 0.8727168 Raytheon Processing
SEA 0.99999289 0.9999929 0.9999925 0.9648482  2 GEOS Availability
LAX 0.9999929 0.9999928 0.9999923 0.984258
ASE 0.99998507 0.9999783 0.9998388 0.987097
FAI 0.99998909 0.9999864 0.9999178
FAR 0.99998647 0.9999806 0.9998825 0.981943
SJU 0.99999003 0.9999869 0.9999571

High 0.9999929 0.9999929 0.9999925 0.987097
Low 0.99998459 0.9999707 0.9998313 0.705861
Mean 0.99998793 0.9999822 0.999909 0.9161359

Sites Oceanic Enroute Terminal NPA Cat I
JFK 0.99999909 0.9999991 0.9999991 0.9901361
ATL 0.99999909 0.9999991 0.9999991 0.8939302
ORD 0.99999909 0.9999991 0.9999991 0.9795381 Solar Max
DFW 0.99999909 0.9999991 0.9999991 0.9141082 Raytheon Processing
SEA 0.99999909 0.9999991 0.9999991 0.9767741  4 GEOS Availability
LAX 0.99999909 0.9999991 0.9999991 0.9904381
ASE 0.99999909 0.9999991 0.9999991 0.9954121
FAI 0.99999908 0.9999991 0.9999988
FAR 0.99999909 0.9999991 0.9999991 0.9953011
SJU 0.99999909 0.9999991 0.9999991

High 0.99999909 0.9999991 0.9999991 0.9954121
Low 0.99999908 0.9999991 0.9999988 0.8939302
Mean 0.99999908 0.9999991 0.9999991 0.9669547
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Sites Oceanic Enroute Terminal NPA Cat I
JFK 0.99999909 0.9999991 0.9999991 0.9923871
ATL 0.99999909 0.9999991 0.9999991 0.9274112
ORD 0.99999909 0.9999991 0.9999991 0.9875971 Solar Max
DFW 0.99999909 0.9999991 0.9999991 0.9652171 Raytheon Processing
SEA 0.99999909 0.9999991 0.9999991 0.9818561  5 GEOS Availability
LAX 0.99999909 0.9999991 0.9999991 0.9930581
ASE 0.99999909 0.9999991 0.9999991 0.9973351
FAI 0.99999908 0.9999991 0.9999988
FAR 0.99999909 0.9999991 0.9999991 0.9968061
SJU 0.99999909 0.9999991 0.9999991

High 0.99999909 0.9999991 0.9999991 0.9973351
Low 0.99999908 0.9999991 0.9999988 0.9274112
Mean 0.99999908 0.9999991 0.9999991 0.9802085

Sites Oceanic Enroute Terminal NPA Cat I
JFK 0.9999802 0.99997529 0.9999597 0.9998193 0.990222
ATL 0.9999899 0.99998512 0.9999774 0.9998699 0.9952869
ORD 0.9999682 0.99996386 0.9999574 0.9998915 0.993534 Scintillation
DFW 0.9999897 0.99998459 0.9999758 0.9998913 0.994552 Nominal Stanford Processing
SEA 0.9999929 0.99999289 0.9999929 0.9999925 0.9987319  2 GEOS Availability
LAX 0.9999929 0.9999929 0.9999928 0.9999923 0.9991199
ASE 0.9999902 0.99998507 0.9999783 0.9998388 0.9954669
FAI 0.9999912 0.99998909 0.9999864 0.9999178
FAR 0.9886055 0.98860155 0.9885957 0.9884735 0.9752661
SJU 0.9999915 0.99999003 0.9999869 0.9999561

High 0.9999929 0.9999929 0.9999929 0.9999925 0.9991199
Low 0.9886055 0.98860155 0.9885957 0.9884735 0.9752661
Mean 0.9988492 0.99884604 0.9988403 0.9987643 0.9927725

Sites Oceanic Enroute Terminal NPA Cat I
JFK 0.9999991 0.99999909 0.9999991 0.9999991 0.9995681
ATL 0.9999991 0.99999909 0.9999991 0.9999991 0.9998091
ORD 0.9999991 0.99999909 0.9999991 0.9999991 0.9989071 Scintillation
DFW 0.9999991 0.99999909 0.9999991 0.9999991 0.9998551 Nominal Stanford Processing
SEA 0.9999991 0.99999909 0.9999991 0.9999991 0.9995101  4 GEOS Availability
LAX 0.9999991 0.99999909 0.9999991 0.9999991 0.9996251
ASE 0.9999991 0.99999909 0.9999991 0.9999991 0.9996031
FAI 0.9999991 0.99999908 0.9999991 0.9999988
FAR 0.9999921 0.99998209 0.9999821 0.9999301 0.9909231
SJU 0.9999991 0.99999909 0.9999991 0.9999991

High 0.9999991 0.99999909 0.9999991 0.9999991 0.9998551
Low 0.9999921 0.99998209 0.9999821 0.9999301 0.9909231
Mean 0.9999984 0.99999738 0.9999974 0.9999922 0.9984751

Sites Oceanic Enroute Terminal NPA Cat I
JFK 0.9999991 0.99999909 0.9999991 0.9999991 0.9998401
ATL 0.9999991 0.99999909 0.9999991 0.9999991 0.9999481
ORD 0.9999991 0.99999909 0.9999991 0.9999991 0.9997451 Scintillation
DFW 0.9999991 0.99999909 0.9999991 0.9999991 0.9999591 Nominal Stanford Processing
SEA 0.9999991 0.99999909 0.9999991 0.9999991 0.9995611  5 GEOS Availability
LAX 0.9999991 0.99999909 0.9999991 0.9999991 0.9996741
ASE 0.9999991 0.99999909 0.9999991 0.9999991 0.9996751
FAI 0.9999991 0.99999908 0.9999991 0.9999988
FAR 0.9999961 0.99999609 0.9999961 0.9999711 0.9942361
SJU 0.9999991 0.99999909 0.9999991 0.9999991

High 0.9999991 0.99999909 0.9999991 0.9999991 0.9999591
Low 0.9999961 0.99999609 0.9999961 0.9999711 0.9942361
Mean 0.9999988 0.99999878 0.9999988 0.9999963 0.9990798
G-4



Sites Oceanic Enroute Terminal NPA Cat I
JFK 0.9999802 0.99997529 0.9999597 0.9998193 0.98797
ATL 0.9999899 0.99998512 0.9999774 0.9998699 0.991295
ORD 0.9999682 0.99996386 0.9999574 0.9998915 0.991088 Scintillation
DFW 0.9999897 0.99998459 0.9999758 0.9998913 0.99248 Raytheon Processing
SEA 0.9999929 0.99999289 0.9999929 0.9999925 0.9976279  2 GEOS Availability
LAX 0.9999929 0.9999929 0.9999928 0.9999923 0.9983999
ASE 0.9999902 0.99998507 0.9999783 0.9998388 0.994915
FAI 0.9999912 0.99998909 0.9999864 0.9999178
FAR 0.9886055 0.98860155 0.9885957 0.9884735 0.9717431
SJU 0.9999915 0.99999003 0.9999869 0.9999561

High 0.9999929 0.9999929 0.9999929 0.9999925 0.9983999
Low 0.9886055 0.98860155 0.9885957 0.9884735 0.9717431
Mean 0.9988492 0.99884604 0.9988403 0.9987643 0.9906899

Sites Oceanic Enroute Terminal NPA Cat I
JFK 0.9999991 0.99999909 0.9999991 0.9999991 0.9988781
ATL 0.9999991 0.99999909 0.9999991 0.9999991 0.9993961
ORD 0.9999991 0.99999909 0.9999991 0.9999991 0.9980951 Scintillation
DFW 0.9999991 0.99999909 0.9999991 0.9999991 0.9987651 Raytheon Processing
SEA 0.9999991 0.99999909 0.9999991 0.9999991 0.9989211  4 GEOS Availability
LAX 0.9999991 0.99999909 0.9999991 0.9999991 0.9994211
ASE 0.9999991 0.99999909 0.9999991 0.9999991 0.9992981
FAI 0.9999991 0.99999908 0.9999991 0.9999988
FAR 0.9999921 0.99998209 0.9999581 0.9999201 0.9796011
SJU 0.9999991 0.99999909 0.9999991 0.9999991

High 0.9999991 0.99999909 0.9999991 0.9999991 0.9994211
Low 0.9999921 0.99998209 0.9999581 0.9999201 0.9796011
Mean 0.9999984 0.99999738 0.999995 0.9999912 0.996547

Sites Oceanic Enroute Terminal NPA Cat I
JFK 0.9999991 0.99999909 0.9999991 0.9999991 0.9994461
ATL 0.9999991 0.99999909 0.9999991 0.9999991 0.9998031
ORD 0.9999991 0.99999909 0.9999991 0.9999991 0.9987451 Scintillation
DFW 0.9999991 0.99999909 0.9999991 0.9999991 0.9996541 Raytheon Processing
SEA 0.9999991 0.99999909 0.9999991 0.9999991 0.9992181  5 GEOS Availability
LAX 0.9999991 0.99999909 0.9999991 0.9999991 0.9995491
ASE 0.9999991 0.99999909 0.9999991 0.9999991 0.9995051
FAI 0.9999991 0.99999908 0.9999991 0.9999988
FAR 0.9999961 0.99999609 0.9999711 0.9999711 0.9854591
SJU 0.9999991 0.99999909 0.9999991 0.9999991

High 0.9999991 0.99999909 0.9999991 0.9999991 0.9998031
Low 0.9999961 0.99999609 0.9999711 0.9999711 0.9854591
Mean 0.9999988 0.99999878 0.9999963 0.9999963 0.9976725

Sites Oceanic Enroute Terminal NPA Cat I
JFK 0.99999907 0.999999 0.9999985 0.9996041
ATL 0.99999906 0.999999 0.9999987 0.9992951
ORD 0.99999907 0.999999 0.9999988 0.9995561
DFW 0.99999906 0.999999 0.9999987 0.9995061 Nominal Stanford Processing
SEA 0.99999909 0.9999991 0.9999991 0.9991331  3 GEOS Availability
LAX 0.99999909 0.9999991 0.9999991 0.9996481
ASE 0.99999906 0.999999 0.9999986 0.9995751
FAI 0.99999524 0.9999926 0.9999239
FAR 0.99999907 0.999999 0.9999987 0.9994891
SJU 0.99999908 0.9999991 0.999999

High 0.99999909 0.9999991 0.9999991 0.9996481
Low 0.99999524 0.9999926 0.9999239 0.9991331
Mean 0.99999869 0.9999984 0.9999913 0.9994758
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G-6

Sites Oceanic Enroute Terminal NPA Cat I
JFK 0.99991982 0.9997389 0.9981262 0.9586582
ATL 0.9999063 0.9998169 0.9985724 0.9583492
ORD 0.99992642 0.9998515 0.9991124 0.9589282 3 year MTTR
DFW 0.9998991 0.9997969 0.9988196 0.9576032 Nominal Stanford Processing
SEA 0.99997901 0.9999761 0.9999265 0.9969409  2 GEOS Availability
LAX 0.99997927 0.999973 0.9998961 0.9975949
ASE 0.99990573 0.9998278 0.9982128 0.9584722
FAI 0.99994726 0.9999165 0.9991324
FAR 0.99992093 0.9998528 0.9987172 0.9586882
SJU 0.99996115 0.9999254 0.9996222

High 0.99997927 0.9999761 0.9999265 0.9975949
Low 0.9998991 0.9997389 0.9981262 0.9576032
Mean 0.9999345 0.9998676 0.9990138 0.9681544

Sites Oceanic Enroute Terminal NPA Cat I
JFK 0.99999099 0.9999907 0.9999884 0.9997731
ATL 0.99999097 0.9999908 0.9999891 0.9996701
ORD 0.999991 0.9999909 0.9999898 0.9998231 3 year MTTR
DFW 0.99999096 0.9999908 0.9999894 0.9997331 Nominal Stanford Processing
SEA 0.99999709 0.9999971 0.9999971 0.9995371  4 GEOS Availability
LAX 0.99999709 0.9999971 0.9999971 0.9996071
ASE 0.99999097 0.9999909 0.9999885 0.9994891
FAI 0.99998376 0.9999825 0.9999511
FAR 0.99999099 0.9999909 0.9999893 0.9997351
SJU 0.99999105 0.999991 0.9999906

High 0.99999709 0.9999971 0.9999971 0.9998231
Low 0.99998376 0.9999825 0.9999511 0.9994891
Mean 0.99999149 0.9999913 0.999987 0.999671

Sites Oceanic Enroute Terminal NPA Cat I
JFK 0.99999609 0.9999961 0.9999961 0.9999351
ATL 0.99999709 0.9999971 0.9999971 0.9999021
ORD 0.99999609 0.9999961 0.9999961 0.9999121 3 year MTTR
DFW 0.99999709 0.9999971 0.9999971 0.9999121 Nominal Stanford Processing
SEA 0.99999909 0.9999991 0.9999991 0.9995761  5 GEOS Availability
LAX 0.99999909 0.9999991 0.9999991 0.9997071
ASE 0.99999709 0.9999971 0.9999971 0.9997451
FAI 0.99998376 0.9999825 0.9999511
FAR 0.99999709 0.9999971 0.9999971 0.9998981
SJU 0.99999609 0.9999961 0.9999961

High 0.99999909 0.9999991 0.9999991 0.9999351
Low 0.99998376 0.9999825 0.9999511 0.9995761
Mean 0.99999585 0.9999957 0.9999926 0.9998235

Sites Oceanic Enroute Terminal NPA Cat I
JFK 0.9999902 0.99998629 0.9999707 0.9998313 0.9954589
ATL 0.9999899 0.99998512 0.9999774 0.9998699 0.9952049
ORD 0.9999902 0.99998686 0.9999804 0.9999165 0.9953979 Alaska/Hawaii WRSs added
DFW 0.9999897 0.99998459 0.9999758 0.9998913 0.994189 Nominal Stanford Processing
SEA 0.9999929 0.99999289 0.9999929 0.9999925 0.9999549  2 GEOS Availability
LAX 0.9999929 0.9999929 0.9999928 0.9999923 0.9999209
ASE 0.9999902 0.99998507 0.9999783 0.9998388 0.9952869
FAI 0.9999912 0.99998909 0.9999864 0.9999188 0.9952709
FAR 0.9999904 0.99998647 0.9999806 0.9998825 0.9955229
HNL 0.9999914 0.99998995 0.9999875 0.9999555 0.9623862
KEF 0.9999914 0.9999905 0.9999887 0.9999347
SJU 0.9999915 0.99999003 0.9999869 0.9999571
NPR 0.9999903 0.99998733 0.9999811 0.999894
GUM 0.9999917 0.99999091 0.9999883 0.9999726
BDA 0.9999896 0.99998552 0.9999784 0.9998679

High 0.9999929 0.9999929 0.9999929 0.9999925 0.9999549
Low 0.9999896 0.99998459 0.9999707 0.9998313 0.9623862
Mean 0.9999909 0.99998823 0.9999831 0.9999144 0.9928594



Sites Oceanic Enroute Terminal NPA Cat I
JFK 0.9999991 0.99999909 0.9999991 0.9999991 0.9998701
ATL 0.9999991 0.99999909 0.9999991 0.9999991 0.9997121
ORD 0.9999991 0.99999909 0.9999991 0.9999991 0.9998481 Alaska/Hawaii WRSs added
DFW 0.9999991 0.99999909 0.9999991 0.9999991 0.9998761 Nominal Stanford Processing
SEA 0.9999991 0.99999909 0.9999991 0.9999991 0.9999971  4 GEOS Availability
LAX 0.9999991 0.99999909 0.9999991 0.9999991 0.9999971
ASE 0.9999991 0.99999909 0.9999991 0.9999991 0.9995581
FAI 0.9999991 0.99999908 0.9999991 0.9999988 0.9996931
FAR 0.9999991 0.99999909 0.9999991 0.9999991 0.9995961
HNL 0.9999991 0.99999908 0.9999991 0.999999 0.9824121
KEF 0.9999991 0.99999908 0.9999991 0.9999989
SJU 0.9999991 0.99999909 0.9999991 0.9999991
NPR 0.9999991 0.99999907 0.999999 0.9999978
GUM 0.9999979 0.99999705 0.9999944 0.9999788
BDA 0.9999991 0.99999909 0.9999991 0.9999991

High 0.9999991 0.99999909 0.9999991 0.9999991 0.9999971
Low 0.9999979 0.99999705 0.9999944 0.9999788 0.9824121
Mean 0.999999 0.99999895 0.9999988 0.9999976 0.998056

Sites Oceanic Enroute Terminal NPA Cat I
JFK 0.9999991 0.99999909 0.9999991 0.9999991 0.9999511
ATL 0.9999991 0.99999909 0.9999991 0.9999991 0.9999381
ORD 0.9999991 0.99999909 0.9999991 0.9999991 0.9999371 Alaska/Hawaii WRSs added
DFW 0.9999991 0.99999909 0.9999991 0.9999991 0.9999451 Nominal Stanford Processing
SEA 0.9999991 0.99999909 0.9999991 0.9999991 0.9999971  5 GEOS Availability
LAX 0.9999991 0.99999909 0.9999991 0.9999991 0.9999981
ASE 0.9999991 0.99999909 0.9999991 0.9999991 0.9996521
FAI 0.9999991 0.99999908 0.9999991 0.9999988 0.9996931
FAR 0.9999991 0.99999909 0.9999991 0.9999991 0.9997481
HNL 0.9999991 0.99999909 0.9999991 0.9999991 0.9856591
KEF 0.9999991 0.99999908 0.9999991 0.9999989
SJU 0.9999991 0.99999909 0.9999991 0.9999991
NPR 0.9999991 0.99999907 0.999999 0.9999978
GUM 0.9999979 0.99999705 0.9999944 0.9999788
BDA 0.9999991 0.99999909 0.9999991 0.9999991

High 0.9999991 0.99999909 0.9999991 0.9999991 0.9999981
Low 0.9999979 0.99999705 0.9999944 0.9999788 0.9856591
Mean 0.999999 0.99999895 0.9999988 0.9999976 0.9984519

Sites Oceanic Enroute Terminal NPA Cat I
JFK 0.9999902 0.99998629 0.9999707 0.9998313 0.9956259
ATL 0.9999899 0.99998512 0.9999774 0.9998699 0.9953049
ORD 0.9999902 0.99998686 0.9999804 0.9999165 0.9959059
DFW 0.9999897 0.99998459 0.9999758 0.9998913 0.994531 Nominal Stanford Processing
SEA 0.9999929 0.99999289 0.9999929 0.9999925 0.9989389  2 GEOS Availability
LAX 0.9999929 0.9999929 0.9999928 0.9999923 0.9993219         As before, but with Oceanic mission
ASE 0.9999902 0.99998507 0.9999783 0.9998388 0.9954329  and Non-CONUS sites added
FAI 0.9999912 0.99998909 0.9999864 0.9999178
FAR 0.9999904 0.99998647 0.9999806 0.9998825 0.9956569
HNL 0.9995554 0.99953596 0.9995135 0.9991795
KEF 0.9999914 0.9999905 0.9999887 0.9999347
SJU 0.9999905 0.99999003 0.9999869 0.9999571
NPR 0.9999883 0.99998433 0.9999771 0.999884
GUM 0.9996327 0.99948691 0.9993043 0.9986656
BDA 0.9999896 0.99998552 0.9999784 0.9998679

High 0.9999929 0.9999929 0.9999929 0.9999925 0.9993219
Low 0.9995554 0.99948691 0.9993043 0.9986656 0.994531
Mean 0.9999377 0.99992417 0.9999056 0.9997748 0.9963398
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Sites Oceanic Enroute Terminal NPA Cat I
JFK 0.9994903 0.9983853 0.9939163 0.9540903
ATL 0.9994193 0.9980513 0.9958433 0.9651083
ORD 0.9995153 0.9985483 0.9966983 0.9784463
DFW 0.9993613 0.9978983 0.9953733 0.9712373 No WAAS, GPS only 
SEA 0.9994303 0.9982113 0.9964233 0.9659863  2 GEOS Availability
LAX 0.9995123 0.9983673 0.9945103 0.9473423
ASE 0.9995033 0.9980373 0.9961133 0.9562273
FAI 0.9997913 0.9991863 0.9984263 0.9790843
FAR 0.9995723 0.9984373 0.9967543 0.9687093
HNL 0.9998413 0.9994323 0.9987273 0.9895843
KEF 0.9998353 0.9995873 0.9990753 0.9836543
SJU 0.9998673 0.9994553 0.9985723 0.9911833
NPR 0.9995453 0.9986813 0.9968993 0.9731613
GUM 0.9999343 0.9997043 0.9989523 0.9947623
BDA 0.9993373 0.9981663 0.9961203 0.9648473

High 0.9999343 0.9997043 0.9990753 0.9947623
Low 0.9993373 0.9978983 0.9939163 0.9473423
Mean 0.9995971 0.99867663 0.996827 0.9722283
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Appendix H

GPS/LAAS AVAILABILITY RESULTS

Availability result for the GPS/LAAS simulation cases analyzed during the study are
given in the following tables. The run condition is indicated on the top lines, the station designation
is given in the first column, and flight phase data are arrayed in the data columns.
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Timeframe 1 Timeframe 1 Timeframe 1

24 SVs 24 SVs, 2 APLs
24 SVs, 2 APLs, 3 hr 

MTTR

Availability
Category I Category I Category I

HNL            0.999870256 0.999994186 0.999998956
FAI            0.999410817 0.999955058 0.999963434
SEA            0.999235893 0.999781206 0.999885041
LAX            0.999300547 0.999598445 0.999805375
ASE            0.999249042 0.999663616 0.999805457
FAR (Fargo, ND) 0.999409023 0.999961073 0.999911854
DFW            0.999447494 0.999836827 0.999912892
ORD            0.999700344 0.999955576 0.999992098
ATL              0.999623208 0.999834381 0.999939463
JFK              0.999479272 0.999654692 0.999831055
SJU              0.999876205 0.999998766 0.999999326
Guam             0.999883788 0.99999927 0.999999946

Mean 0.999540491 0.999852758 0.999920408
High 0.999883788 0.99999927 0.999999946
Low 0.999235893 0.999598445 0.999805375

Timeframe 1 Timeframe 1

30 SVs 30 SVs, 2 APLs

Availability
Category I Category I

HNL            0.999995846 0.999999889
FAI            0.999994989 0.999998127
SEA            0.999995034 0.999998351
LAX            0.999989782 0.999998364
ASE            0.999992771 0.999998145
FAR (Fargo, ND) 0.999992297 0.999996441
DFW            0.999988226 0.999997223
ORD            0.999991871 0.999996341
ATL              0.999985993 0.999997234
JFK              0.999996024 0.999998227
SJU              0.999998115 0.999999898
Guam             0.999997928 0.999999959

Mean 0.99999324 0.999998183
High 0.999998115 0.999999959
Low 0.999985993 0.999996341
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Timeframe 2

24 SVs

Availability
Category I Category II Category III

HNL            0.999950032 0.999639335 0.998446641
FAI            0.999881153 0.998008614 0.995503418
SEA            0.999908584 0.998196732 0.997289875
LAX            0.999506852 0.999002656 0.997646144
ASE            0.999915313 0.998719218 0.997406709
FAR (Fargo, ND) 0.999920351 0.999012434 0.99750945
DFW            0.999904501 0.998392008 0.996386051
ORD            0.999922867 0.998702668 0.990577095
ATL              0.999908645 0.998908608 0.990835098
JFK              0.999813974 0.999058112 0.996762299
SJU              0.999950053 0.999351404 0.998431572
Guam             0.999963298 0.999496652 0.998496849

Mean 0.999878802 0.998874037 0.996274267
High 0.999963298 0.999639335 0.998496849
Low 0.999506852 0.998008614 0.990577095

Timeframe 2

24 SVs, 2 APLs

Availability
Category I Category II Category III

HNL            0.999998987 0.99996475 0.999933713
FAI            0.999985209 0.999150794 0.998114962
SEA            0.999986238 0.998837765 0.998275802
LAX            0.999790999 0.999250011 0.999029602
ASE            0.999981325 0.999055207 0.9986379
FAR (Fargo, ND) 0.999985098 0.999257203 0.998859447
DFW            0.999982358 0.999421284 0.999288223
ORD            0.999990696 0.999506533 0.999168789
ATL              0.999976124 0.999651143 0.99939798
JFK              0.999855693 0.999383949 0.998756333
SJU              0.999999536 0.999966261 0.999925421
Guam             0.999999677 0.999987516 0.999944942

Mean 0.999960995 0.999452701 0.999111093
High 0.999999677 0.999987516 0.999944942
Low 0.999790999 0.998837765 0.998114962
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Timeframe 2

24 SVs, 2 APLs, 
LAAS system 
accuracy doubled

Availability
Category I Category II Category III

HNL            0.999999694 0.999998775 0.999996597
FAI            0.999997549 0.999980898 0.999960088
SEA            0.999998063 0.999982649 0.999966065
LAX            0.999999004 0.999727197 0.99959545
ASE            0.999998892 0.999974295 0.999893238
FAR (Fargo, ND) 0.999997196 0.999980606 0.999962976
DFW            0.999996818 0.999977269 0.999956102
ORD            0.999999025 0.99998226 0.999968066
ATL              0.999996635 0.999971955 0.999947189
JFK              0.999993928 0.999851185 0.999710152
SJU              0.999999896 0.999999463 0.999998777
Guam             0.999999915 0.999999669 0.999999327

Mean 0.999998051 0.999952185 0.999912836
High 0.999999915 0.999999669 0.999999327
Low 0.999993928 0.999727197 0.99959545

Timeframe 2

24 SVs, 4 GEOSs

Availability
Category I Category II Category III

HNL            0.999999049 0.999894363 0.999657124
FAI            0.999999424 0.999941952 0.999635171
SEA            0.999999996 0.999952635 0.999744396
LAX            1 0.999839094 0.999750443
ASE            0.999993682 0.99939234 0.998866095
FAR (Fargo, ND) 0.999991019 0.999404255 0.999089272
DFW            0.999991667 0.999351336 0.998201664
ORD            0.999992425 0.99963196 0.999465465
ATL              0.999991822 0.999819946 0.999509473
JFK              0.999993898 0.999917397 0.999845307
SJU              0.999999872 0.999971872 0.999950338
Guam             1 0.999984803 0.999961931

Mean 0.999996071 0.999758496 0.999473057
High 1 0.999984803 0.999961931
Low 0.999991019 0.999351336 0.998201664
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Timeframe 2

24 SVs, 4 GEOSs, 
LAAS system 
accuracy doubled

Availability
Category I Category II Category III

HNL            0.99999984 0.999998397 0.999995484
FAI            0.999999921 0.999998052 0.999996258
SEA            0.999999999 0.999999956 0.999999935
LAX            1 0.999999997 0.999999997
ASE            0.999999991 0.999990962 0.999982653
FAR (Fargo, ND) 0.999999922 0.999984536 0.999977588
DFW            0.999999964 0.999988193 0.999979521
ORD            0.99999996 0.999987916 0.999979521
ATL              0.999999934 0.99998932 0.99998437
JFK              0.999999981 0.999993384 0.999982562
SJU              1 0.999999782 0.999999497
Guam             1 1 1

Mean 0.999999959 0.999994208 0.999989782
High 1 1 1
Low 0.99999984 0.999984536 0.999977588

Timeframe 2

24 SVs, 4 GEOSs, 
LAAS system 
accuracy doubled, 
Iono scintillation

Availability
Category I Category II Category III

HNL            0.930555406 0.930554064 0.930551353
FAI            0.999996162 0.999979991 0.999903674
SEA            0.999999992 0.999999798 0.999999144
LAX            1 0.999999997 0.999999997
ASE            0.999999991 0.999990842 0.999980168
FAR (Fargo, ND) 0.998627154 0.991975414 0.982569835
DFW            0.999999964 0.999988193 0.999979521
ORD            0.999999957 0.99998465 0.999857423
ATL              0.999999934 0.99998932 0.999984361
JFK              0.999999977 0.999988278 0.999947605
SJU              0.999999999 0.999999661 0.999995701
Guam             0.931228688 0.931228688 0.931228688

Mean 0.988367269 0.987806575 0.986999789
High 1 0.999999997 0.999999997
Low 0.930555406 0.930554064 0.930551353
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Timeframe 2

24 SVs, 4 GEOSs, 2 
APLs

Availability
Category I Category II Category III

HNL            0.999999782 0.999989234 0.99998338
FAI            0.999999996 0.999982069 0.999964526
SEA            0.999999998 0.999997182 0.999995222
LAX            1 0.999989245 0.999980264
ASE            0.999999907 0.999704135 0.999334271
FAR (Fargo, ND) 0.999999904 0.999890164 0.999577729
DFW            0.999999829 0.99971342 0.999583761
ORD            0.999999921 0.999940743 0.99980405
ATL              0.999999841 0.999953631 0.999822733
JFK              0.999999939 0.999962048 0.999950105
SJU              0.999999982 0.999999706 0.999999542
Guam             1 0.999999785 0.999999672

Mean 0.999999925 0.99992678 0.999832938
High 1 0.999999785 0.999999672
Low 0.999999782 0.999704135 0.999334271

Timeframe 2

24 SVs, 4 GEOSs, 2 
APLs, LAAS system 
accuracy doubled

Availability
Category I Category II Category III

HNL            0.999999965 0.999999714 0.999999561
FAI            1 0.999999993 0.999999991
SEA            1 0.999999978 0.999999977
LAX            1 0.999999999 0.999999999
ASE            0.999999999 0.999999838 0.999999802
FAR (Fargo, ND) 0.999999984 0.999999863 0.999999738
DFW            0.999999999 0.999999578 0.999998549
ORD            0.999999999 0.999999819 0.999999721
ATL              1 0.999999617 0.999997551
JFK              1 0.999999826 0.999999806
SJU              1 0.999999981 0.999999966
Guam             1 1 1

Mean 0.999999995 0.999999851 0.999999555
High 1 1 1
Low 0.999999965 0.999999578 0.999997551
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Timeframe 2

24 SVs, 4 GEOSs, 2 
APLs, LAAS system 
accuracy doubled, 
Iono scintillation

Availability
Category I Category II Category III

HNL            0.938584358 0.935834416 0.935834273
FAI            0.999999997 0.99999992 0.999999316
SEA            1 0.999999904 0.999999758
LAX            1 0.999999999 0.999999999
ASE            0.999999999 0.999999837 0.999999791
FAR (Fargo, ND) 0.999431469 0.996298147 0.991737796
DFW            0.999999999 0.999999578 0.999998549
ORD            0.999999998 0.999999457 0.999999006
ATL              1 0.999999617 0.999997551
JFK              0.999999999 0.999999675 0.999999575
SJU              1 0.999999968 0.99999966
Guam             0.945792337 0.945792337 0.945792337

Mean 0.990317346 0.989826904 0.989446468
High 1 0.999999999 0.999999999
Low 0.938584358 0.935834416 0.935834273

Timeframe 2

30 SVs

Availability
Category I Category II Category III

HNL            0.99998655 0.999970363 0.999810917
FAI            0.99998012 0.999960007 0.999928941
SEA            0.999987935 0.99997579 0.999961377
LAX            0.99998564 0.99970138 0.999076681
ASE            0.999987782 0.999955786 0.999928381
FAR (Fargo, ND) 0.999987487 0.999960986 0.999939295
DFW            0.999985613 0.999964545 0.999924206
ORD            0.99998497 0.999961432 0.999940719
ATL              0.999987005 0.999901133 0.999861753
JFK              0.99998715 0.999970801 0.999941872
SJU              0.999985139 0.999977196 0.99996253
Guam             0.99998244 0.99997425 0.999950766

Mean 0.999985653 0.999939472 0.999852287
High 0.999987935 0.999977196 0.99996253
Low 0.99998012 0.99970138 0.999076681
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Timeframe 2

30 SVs, LAAS 
system accuracy 
doubled

Availability
Category I Category II Category III

HNL            0.999999968 0.999999517 0.999998874
FAI            0.999999958 0.999999658 0.999999119
SEA            0.99999992 0.999998452 0.999995697
LAX            0.999999666 0.99999675 0.999988778
ASE            0.999999815 0.999998693 0.999993984
FAR (Fargo, ND) 0.999999935 0.999999514 0.999997714
DFW            0.999997698 0.999997025 0.999995184
ORD            0.999999875 0.999996345 0.999994206
ATL              0.999999844 0.99999815 0.999988748
JFK              0.999999864 0.999998427 0.999997264
SJU              0.999999986 0.999999692 0.999999237
Guam             0.999999996 0.999999882 0.999999754

Mean 0.99999971 0.999998509 0.999995713
High 0.999999996 0.999999882 0.999999754
Low 0.999997698 0.999996345 0.999988748

Timeframe 2

30 SVs, 2 APLs

Availability
Category I Category II Category III

HNL            0.999999996 0.999999569 0.999999355
FAI            0.999999975 0.999987874 0.999978396
SEA            0.999999934 0.999993332 0.999986479
LAX            0.999999773 0.999993475 0.999986496
ASE            0.999999849 0.999989102 0.99998098
FAR (Fargo, ND) 0.999999951 0.999994298 0.999982221
DFW            0.999997899 0.99999366 0.999989869
ORD            0.999999884 0.999991201 0.999979218
ATL              0.999999883 0.999990799 0.999988784
JFK              0.999999821 0.999994944 0.999986302
SJU              0.999999981 0.999999632 0.999999194
Guam             1 0.999999789 0.999998554

Mean 0.999999746 0.999993973 0.999987987
High 1 0.999999789 0.999999355
Low 0.999997899 0.999987874 0.999978396
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Timeframe 2

30 SVs, 2 APLs, 
LAAS system 
accuracy doubled

Availability
Category I Category II Category III

HNL            0.999999999 0.999999996 0.999999993
FAI            1 0.999999954 0.999999925
SEA            0.999999998 0.999999899 0.999999771
LAX            0.999999962 0.999999724 0.999999606
ASE            0.999999996 0.999999798 0.999999653
FAR (Fargo, ND) 0.999999998 0.999999901 0.999999836
DFW            0.999999997 0.999997849 0.999997811
ORD            0.999999997 0.999999862 0.999999766
ATL              0.999999994 0.999999803 0.999999686
JFK              0.999999997 0.999999739 0.999999623
SJU              0.999999999 0.99999998 0.999999977
Guam             1 1 0.999999999

Mean 0.999999995 0.999999709 0.999999637
High 1 1 0.999999999
Low 0.999999962 0.999997849 0.999997811

Timeframe 2

30 SVs, 4 GEOSs, 
LAAS system 
accuracy doubled

Availability
Category I Category II Category III

HNL            1 0.999999928 0.999999892
FAI            1 0.999999993 0.999999972
SEA            1 0.999999999 0.999999998
LAX            1 1 1
ASE            1 0.99999992 0.999999779
FAR (Fargo, ND) 1 0.999999905 0.99999976
DFW            1 0.999999923 0.999999868
ORD            1 0.999999905 0.999999759
ATL              1 0.999999895 0.999999822
JFK              1 0.999999939 0.999999863
SJU              1 0.999999998 0.999999982
Guam             1 1 1

Mean 1 0.999999951 0.999999891
High 1 1 1
Low 1 0.999999895 0.999999759
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Timeframe 2

30 SVs, 4 GEOS, 2 
APLs

Availability
Category I Category II Category III

HNL            1 0.99999997 0.999999925
FAI            1 0.999999793 0.999999634
SEA            1 0.999999886 0.9999998
LAX            1 0.999999894 0.999999819
ASE            0.999999998 0.999997294 0.99998894
FAR (Fargo, ND) 1 0.999999563 0.999998865
DFW            0.999999998 0.999996304 0.999993149
ORD            0.999999999 0.999997173 0.999985998
ATL              0.999999998 0.999993565 0.999992312
JFK              0.999999999 0.999998434 0.999995029
SJU              1 0.999999993 0.999999942
Guam             1 0.999999998 0.999999982

Mean 0.999999999 0.999998489 0.999996116
High 1 0.999999998 0.999999982
Low 0.999999998 0.999993565 0.999985998
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Appendix I

UNINTENTIONAL INTERFERENCE RISK EVALUATION

I.1 INTRODUCTION

Because there are very few confirmed reports of GPS outages caused by
unintentional interference, this portion of the study was based on evaluating the potential impact on
GPS reception. All potential RFI sources listed in Reference 1 were carefully considered, including
mobile satellite communications, unlicensed consumer transmitters, equipment failures, and
harmonics from amateur radio, onboard aircraft equipment, onboard passenger equipment,
broadcast radio, civil aviation radar, aviation VHF and UHF communications, OTH military radar,
commercial VHF and UHF communications, and broadcast television. Previous work (References 1
through 7) was reviewed to determine the potential impact of these sources.

Of all the possible sources, only three were considered to pose enough of a threat to
warrant further investigation; commercial VHF radio, broadcast television, and OTH military radar.
It is unlikely that OTH radars pose a significant risk due to the absence of interference reports, the
small number of installed systems, and their narrow antenna beam width. Lack of detailed technical
information, however, precluded quantitative evaluation to confirm this.

A mathematical simulation was developed and run to determine the potential impact
of commercial VHF and television transmissions on GPS reception. For both cases, a standard link
budget equation was used along with models of typical transmit and receive antennas, assumed
distributions of transmitter radiated harmonic levels, and aircraft trajectories for en route and
approach phases of flight. Simulation results in the form of predicted maximum interference level
contours were then compared to the WAAS MOPS interference levels (Reference 8) to determine the
likelihood of outage that would be experienced by a GPS receiver just meeting the specification.

For all simulations, a GPS receive antenna pattern, based on gain measurements
made by Patuxent River NAWC on moderate sized aircraft (Reference 1) and shown in Figure I-1,
was used. While larger attenuation values are reflected in the NAWC data, it seemed appropriate for
the simulations to limit attenuation at large depression angles (exceeding 50 degrees) to 20 dB.
Larger values could not be assured due to the lack of measured patterns on widebody aircraft, the
impact of such structures on antenna gain, and the variety of mounting locations.

I.2 COMMERCIAL VHF INTERFERENCE

Because information on out-of-band emissions of typical commercial VHF
transmitters was not readily available, simulation was based on maximum transmit power and out-
of-band emissions permitted by regulation. This gave a worst-case result.
I-1



−20 −10 0 10
00

30

−30

60

−60

90

−90

60

−60

30

−30

Figure I-1 GPS Receive Antenna Gain (dBi) Elevation Pattern Used
for All Interference Simulations
Considering even this worst-case situation, a quick calculation showed that VHF
transmitters pose no threat to en route aircraft because of the low transmit power (0.15 mW
maximum allowable radiated harmonic level), large propagation loss guaranteed by altitude
(7000 feet and 30,000 feet assumed for GA and transport aircraft, respectively), and shielding of the
receive antenna by the aircraft. VHF-caused interference is only a concern to aircraft on approach
where transmitters can be relatively close and interference can arrive at angles near (instead of far
below) the horizon where the aircraft body provides less attenuation.

Simulation runs were performed for an aircraft on the typical approach path shown
in Figure I-2. Two transmitter types were considered—fixed and mobile—each operating at
maximum authorized power (150 and 60 watts, respectively). Transmitted harmonic levels were at
the FCC specification, 60 dB below carrier power. An omni-directional antenna with 2-dBi gain was
assumed at a height of 10 and 100 feet above the ground for the mobile and fixed cases, respectively.
Based on the assumed transmit waveform of narrowband FM with a 20-kHz bandwidth and located
at 157.42 MHz, the WAAS MOPS interference level was -110 dBm. (The tenth harmonic of this
signal is 200 kHz wide and located at the GPS L1 frequency.)
I-2



30 kft

130 nmi

30 nmi

20 nmi

220 kts

190 kts

150 kts

3o

6 nmi
Commit

10 nmi
Final

Approach10 kft

6.4 kft

Figure I-2 Approach Scenario Used for Interference Simulations

Each simulation run consisted of setting the transmitter location, flying the aircraft
on the standard approach past the transmitter, and computing the maximum received interference
level seen at the input of the GPS receiver during an approach. Simulations were run for several
hundred different transmitter locations; contours of the maximum interference level relative to the
level permitted by the WAAS MOPS were plotted.
The simulation results are shown in Figure I-3 for both cases. The axes give the
range with respect to the aircraft touchdown point, with the aircraft approaching from the right. The
contours show the transmitter locations that cause the indicated maximum received interference
level, relative to the specification interference level of the WAAS MOPS, at some point during the
approach. (Only half of the contour is shown; the actual coverage area is symmetrical about the
approach path, or the downrange axis.) For example, in the mobile case, the interference level seen
by the approach aircraft’s GPS receiver will not exceed the WAAS MOPS level, as long as the VHF
transmitter remains at least 1 nmi from the approach path or at least 3.5 nmi away from the
touchdown point.

Figure I-3 shows the transmitter exclusion area needed around airports to guarantee
that worst-case VHF transmitters do not interfere with GPS reception of landing aircraft. This area
is computed based on a GPS receiver that just meets the WAAS specs and on transmitters operating
at maximum authorized power and maximum authorized out-of-band emission levels. Although the
exclusion area is relatively large, a 20-dB improvement in the interference suppression performance
of the GPS receiver removes the mobile threat and reduces the keep-out area of fixed transmitters to
a small and manageable size.
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Figure I-3 Simulation Results for VHF Interference
The need for a large exclusion area does not seem consistent with operating
experience: No GPS outages due to VHF transmitters have been reported, even though it is likely
that large numbers of VHF transmitters (particularly mobile ones) frequently operate within the
areas shown. There are several reasons for this discrepancy:

a. Based on the experience of JHU/APL and others (Reference 9 and 10), several
currently available GPS receivers outperform the specification (by as much as
20 dB) for this type of interference.

b. VHF transmitters often do not transmit at the maximum allowed power.
I-4



c. It is expected that VHF transmitters suppress their tenth harmonics more than
the 60 dB required by regulation (>80 dB could be expected).

d. Given the operating band assigned to commercial VHF, it is unlikely that the
harmonics will fall in the L1 band.

For these reasons, commercial VHF transmissions probably do not pose an
operationally significant threat. However, it would be beneficial to increase regulation of the allowed
out-of-band emission power (from 60 to 80 dB below carrier power) and to restrict placement of fixed
VHF transmit antennas near runways. These two actions would eliminate the potential for problems
without requiring increased interference mitigation in GPS receivers.

I.3 TELEVISION STATION INTERFERENCE

The high-power transmissions, relatively lenient out-of-band suppression
requirement,1 and the lack of monitoring makes television harmonic emissions a significant potential
threat to GPS.2 Three television channels in particular have harmonics that fall in the GPS L1 band:
Channel 23 (second harmonic) and channels 66 and 67 (third harmonic). Field measurements made
by JHU/APL3 and others (Reference 3) indicate that out-of-band emissions of many stations are far
lower than the permitted maximum level. However, JHU/APL-collected data also show that some
stations do worse. In two cases, third harmonics 13 and 16 dB higher than allowed by regulation
were observed. And while stations are motivated (to produce good picture quality) to keep harmonics
below the mandated levels, this does not guarantee the 60-dB suppression requirement will be met:
According to discussions with station engineers, they do not perform (nor are they required to
perform) specific monitoring to ensure they are meeting out-of-band emission regulations. The
potential for television stations to interfere with GPS could become greater as HDTV becomes more
widespread. (With HDTV, stations will be driven to maximize output power to ensure coverage in the
fringe areas, and they will be less concerned about distortions that create out-of-band harmonics
because that is not expected to produce noticeable impact on coverage area or picture quality.)
I-5

For the simulation, a television station interference model was devised based on the
distribution of transmitter powers from the FCC television station database and the JHU/APL-
measured carrier-to-harmonic power ratio (CHR) data. Simply using a worst-case model (as was
done for the VHF case) consisting of the highest transmit power and lowest measured (or permitted)
CHR would have yielded an overly pessimistic result. By using actual data (the CHR sample data set
is admittedly small) in the form of a histogram (or distribution) of radiated harmonic levels, it was
hoped that more realistic results would be obtained. Figure I-4 shows the distributions of
transmitter power and CHR used for the simulation model. These are summarized in the harmonic
effective radiated power levels shown in Table I-1.

                                                     
1 The FCC requires out-of-band emissions be limited to levels 60 dB below carrier power. A 5-MW
transmitter operating within regulations, for example, is permitted to radiate 5 watts in the L1 band,
which would disrupt GPS reception over a very large area.
2 Several years ago, a channel 23 station in Florida was reported to be disrupting GPS reception.
3 Measurements of television stations 20, 24, 32, 45, 54, and 67 in the Baltimore-Washington D.C.
area were made in November 1998. Data were collected from multiple ranges for some stations to
sample antenna pattern variation. The picture and audio carriers were measured separately to
provide a larger sample size: For some of these stations, separate transmit tubes are used for the
carriers, resulting in two different out-of-band interference characteristics for each transmitter.
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Figure I-4 Distributions of Television Transmitter Power and Measured Carrier-
Harmonic Power Ratio Used for the Interference Simulation
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Table I-1 Effective Radiated Harmonic Power Levels Used in
Television Interference Simulations

Channel 99 Percentile 90 Percentile 50 Percentile

23 50 dBm 27 dBm -3 dBm

66 32 dBm 9 dBm -11 dBm

67 29 dBm 5 dBm -12 dBm

The maximum permitted interference levels are different for each of the channels
and the type of signaling used (analog, as is currently used, or digital, for HDTV). These differences
are because of the dependence of the WAAS MOPS specification on interference bandwidth and
frequency relative to L1. The harmonic frequencies of the three channels are different, and the HDTV
spectrum is much broader and less peaked than that of the current analog signaling. Table I-2
summarizes the WAAS MOPS values, for en route operations, used to estimate impact on GPS
reception.

Table I-2 Maximum Interference Levels Permitted by WAAS MOPS

Analog Signaling
Channel

HDTV
Signaling Picture Carrier Audio Carrier

23 -97 dBm -116 dBm -106 dBm
66 -99 dBm -105 dBm -114 dBm
67 -97 dBm -113 dBm -104 dBm
A television transmit antenna pattern was needed for the simulations. Station
antennas are designed according to their assigned coverage areas, relative station location, and
tower height. The elevation pattern typically contains a single high-gain lobe directed at, or slightly
below, the horizon. The azimuth pattern can be directional or omni-directional according to the
particular application. The gain pattern of a TWSC-24 omni-directional (in azimuth) transmit
antenna was obtained from Harris Corporation and used for the simulation;4 discussion with their
engineers indicated that this is representative of television antennas generally in use. The elevation
gain pattern used for the simulation is shown in Figure I-5. Antenna heights used were 600, 900,
and 1200 feet above local terrain.

                                                     
4 This pattern is valid for the station frequency and not the second or third harmonics that are really
the frequencies of interest. Because no specific pattern data were available at those frequencies,
some antenna simulation and modeling was performed at the harmonics. The results suggested that
the patterns at the harmonic are similar with regard to near-horizon coverage. For simplicity, the
fundamental pattern was used for the interference simulation.
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Figure I-5 Television Antenna Gain (dBi) Elevation Pattern Used for Simulations
Simulation runs were made for transport and general aviation aircraft en route and
on approach. Similar to the VHF interference cases, each simulation run consisted of setting the
transmitter location, “flying” the aircraft past the transmitter, and computing the maximum received
interference level seen at the input of the GPS receiver during each flight. This process was repeated
for several hundred different transmitter locations. Finally, contours of the maximum interference
level relative to the specification level permitted by the WAAS MOPS were examined.

For the en route cases, it was found that the received interference level rarely
exceeded the WAAS MOPS specification levels for GA (7000-foot altitude) aircraft and never for air
transport (30,000-foot altitude). This is not a surprising result. Far away from the transmitter,
propagation loss attenuates the interference sufficiently; at close range, the elevation angle between
aircraft and transmitter results in a smaller amount of radiated interference (due to the transmit
antenna pattern) and greater receive antenna attenuation (due to shielding by the aircraft).

Because there is so little effect for GA aircraft, probability of interference level is
presented instead of a coverage contour for the en route case. Figure I-6 shows this result for the
1 percent worst-case transmitter5 for the three channels with a transmit antenna height of 1200 feet.

                                                     
5 That is, the radiated harmonic levels of 99 percent of the stations are estimated to be below this
value.
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(The results are fairly insensitive to antenna height.) These curves apply to HDTV signals and the
picture carrier of analog television signals. (Probability of interference level due to the audio carrier
looks the same with the horizontal scale shifted to the right 7 dB.)
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Figure I-6 Probability of Received Interference Level, En Route GA Aircraft
The curves represent the likelihood that an en route GA aircraft will experience a
GPS outage (defined as received interference level exceeding the WAAS MOPS value), given that the
aircraft is equally likely to be at any location within the radio horizon of the transmit antenna. As
shown, received interference from channel 66 and 67 stations is expected to never exceed the
permitted level for HDTV signaling (-99 and -97 dBm). Channel 23 interference exceeds the
permitted level (-97 dBm) over 0.5 percent of the area. However, only 4 dB of additional interference
suppression would overcome this interference. Because both the analysis and WAAS specification
are conservative, television emissions are not expected to be a problem for any en route aircraft.

The simulation results for an aircraft on approach are shown in Figure I-7 in the
form of interference level contours for a channel 23 station. Two cases are shown: the 99-percent
worst-case transmitter (i.e., one whose transmitted harmonic levels are in the top 99 percentile
represented by the FCC database combined with the APL-measured carrier-harmonic ratio data),
and the 90-percent worst-case transmitter. (These effective radiated power levels are 50 and 27 dBm,
as shown in Table I-1). Contour levels are shown relative to the WAAS requirement for NPA (these
levels are 3 dB higher than for the en route case), assuming HDTV transmissions.

The results show that to avoid interference above the WAAS specification, the
99-percent worst-case channel 23 transmitter would have to be located more than 72 nmi away from
the airport. However, all but the worst 10 percent of transmitters could be located as close as 8 nmi
from the airport.
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Figure I-7 Simulation Results for Television Interference
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A combination of mitigation strategies would be the most effective way to eliminate
the risk of television interference. By itself, transmitter location is not a practical solution. However,
adding only a modest (10 dB) amount of interference suppression (through increasing the WAAS
MOPS levels and/or adding interference suppression processing in the receiver) reduces the threat
radius down to a range where siting restrictions are easily enforceable for most (say, 90 percent) of



the transmitters. The highest power transmitters can be handled by RFI monitoring, both initially
(during GPS approach certification) and after transmitter maintenance periods that can change out
of band emissions levels (e.g., transmit tube replacement).

Note that the contours presented are based on a limited data set. Although they
represent our best judgement with the available data, actual interference zones could be larger or
smaller. However, it is clear that television harmonics can deny GPS to aircraft on approach.
Fortunately, it is also clear that the risk of television interference can be made operationally
insignificant by taking the simple mitigation steps described above.
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Appendix J

JAMMER DETECTION

A possible mitigation factor often cited against both unintentional and intentional
interference is to provide a means for emitter detection and location. Because detection must be
available at all times, it is assumed that the detection device would be located in the airport area at
the highest possible location, most likely the airport tower.

A short study was conducted to determine the sensitivity of low-cost off-the-shelf
devices. Assuming a 1-watt emitter, Figure J-1 plots the detection range and beamwidth of a
detector versus detector antenna diameter. The figure shows that for reasonably sized antennas
(<1 m), a low-power emitter can be detected to well over 100 miles. To maintain a reasonably sized
beamwidth for location purposes, an antenna diameter of 0.5 meter could be selected. A complete
system design was not pursued, but this example illustrates that technology is readily available to
detect low power signals at a large distance.
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Figure J-1 Detector Sensitivity and Beamwidth for a 1-Watt Emitter

The principal limitation of the detector will be line-of-sight limit due to the radar
horizon. Figure J-2 illustrates this problem. Assuming a detector at the top of the control tower, a
ground emitter is seen out to a range of, for example, 17.4 nmi if the tower has a height of 200 feet. A
ground emitter, on the other hand, could be at considerably greater distance and still be visible at
the aircraft. For example, if the aircraft is at an initial approach altitude of 3000 feet and
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approximately 10 nmi from the tower, the ground emitter could be up to 67 nmi from the aircraft and
thus undetected.

Jammer
Detector

Detector Horizon =
8.7 nmi for 50 ft Tower Height
12.3 nmi for 100 ft 
17.4 nmi for 200 ft

Jammer “Keep-out”

Aircraft Horizon =
67 nmi at 3000 ft Altitude (Initial Approach)
49 nmi at 1500 ft Altitude (Final Approach)

Possible Undetected
Jammer Locations

Figure J-2 Detector Line-of-Sight Limit

One conclusion of this study is that the most effective approach for emitter detection
is to provide a means for aircraft to alert a central location that a GPS outage has occurred. If
multiple aircraft raise the alert, it is clear an emitter is present. To locate the emitter will require an
airborne device to triangulate on the source and thus locate it. This could be deployed, for example,
by a helicopter or small aircraft provided by the appropriate government agency.
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Appendix K

ANSWERS TO SOW STUDY QUESTIONS

The SOW for the GPS risk study included a set of questions that were to be answered
by the study. While many of the questions are implicitly answered within the main report text, this
appendix will attempt to provide brief direct responses to those questions. The questions addressed
technical, operational, and institutional areas.

K.1 TECHNICAL

a. What are the strengths and weaknesses of the GPS control segment?
What is being done to address weaknesses? Is there civil assistance
and/or participation?

The GPS control segment is a very strong element of the current system, and the
DOD is making investments in this area. It has excellent security characteristics,
a well-disciplined and dedicated staff, and is tightly managed. It has been in
operation since 1978 with a strong legacy of successful operation. The GPS JPO
is currently pursuing several control segment improvements that will not only
improve accuracy when selective availability is removed, but also improve
robustness of the system. These improvements include improved filtering at the
MCS, more frequent uploads, and the addition of six monitor stations that are
presently operated by the National Imagery and Mapping Agency (NIMA). These
new stations will provide greater visibility to the constellation and improved
orbital error estimation due to both the increased number of stations and the
location of stations at higher latitude. Addition of the satellite cross-link
capabilities in the Autonomous Navigation (AUTONAV) program will make the
GPS control segment even more robust. It would benefit from more process
automation and quality monitoring capabilities. The GPS operators are sensitive
to the civil needs, but the degree of civil participation should be improved with
regard to policy development and is one of the key recommendations. Assuming
civil requirements are clearly established, there should not be a strong need for
assistance in daily operations.

b. What are the strengths and weaknesses of the GPS constellation? What
is being done to address weaknesses? Is there civil assistance and/or
participation?

The current constellation provides excellent coverage geometry for most
applications. However, this study indicates that a 30-satellite GPS constellation
might reduce the cost of planned GPS augmentations. DOD requirements are
readily met with the existing constellation. Therefore, there is no DOD incentive
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to add satellites. Clearly, the push for more satellites would need to come from
DOT, but there is no clear civil assistance or participation in this regard, nor is it
clear how such assistance or participation would occur.

c. What are the strengths and weaknesses of the GPS signal(s) in space?
Again, what correctives are DOD planning and has it had civil input?

The greatest weaknesses with GPS signals are the low power levels, use of the
selective availability signal structure, and lack of a second civil frequency. There
appears to be an understanding that all of these weaknesses are being addressed.
However, a committed plan with specific details for implementing these
improvements is lacking.

d. What GPS failure modes must augmentation systems address? Can they
be adequately addressed to meet operational requirements for civil
aviation? Are the present specifications for aviation augmentation of
GPS sufficiently comprehensive to meet operational requirements?

The primary failure mode for GPS is the sudden loss of valid navigational
signals. Complete loss of signals from a single satellite is seldom a problem
because normally there are sufficient satellites to maintain acceptable service. In
the event a single signal loss caused a problem, the condition would be evident
and the pilot would be immediately alerted (i.e., it is not a loss of integrity) via
the proposed WAAS/LAAS designs. Corrupted navigational signals could be a
problem, but large sudden changes are readily detected within the navigation
equipment. Moderate to small changes are detected within the WAAS and LAAS
ground equipment and timely alerts can be provided. The current augmentations
should be able to adequately address loss or corruption of GPS navigational
signals. Current specifications for aviation augmentation are still being
formulated; they may not yet be sufficiently comprehensive. It is the view of this
study that the occurrence and nature of soft failures have not been adequately
characterized and as a result, RAIM, WAAS, and LAAS designs may be overly
conservative.

e. What are the certification criteria for aviation acceptance of GPS and
GPS augmented services? Do these criteria have widespread
understanding and acceptance?

The certification criteria for GPS and augmented GPS services have not been
fully defined, but should be generally the same as those for any radio-navigation
service. GPS signals provide measurements of distance and velocity along lines of
sight to satellites at positions that are provided by a message included with the
signals. The only difference between GPS positioning and other similar services
is the movement of the signal reference positions. However, because satellite
positions are known at the time of each position computation, the motion is
transparent to the user. Although the GPS methodology may not be familiar to
the civil aviation community and the integrity processes are different, it should
not be difficult to gain widespread understanding and acceptance, if it is not
already in place.
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f. Is the FAA labor force sufficiently trained to transition to operation and
maintenance of GPS augmented radio-navigation systems? If not, are
plans in place for a smooth and expeditious transition? Are these clearly
understood by FAA management, the labor force, and the affected
unions?

It is unlikely that a substantial labor force is sufficiently trained for this
transition, but there should be adequate time to provide the necessary training
as the system evolves. However, there will be difficulties with a workforce that
needs to divide its time between new and old systems. The transition plans
reviewed during this study did not adequately address this area, and it is not
apparent that these issues are clearly understood by all parties.

g. Is there indeed a valid threat to reliance on access to GPS for civil
aviation? Can this threat be mitigated?

A large number of potential GPS vulnerabilities were investigated and for the
most part are adequately addressed within the current DOD structure. It is clear
that signal interference is the largest area of concern. With regard to
unintentional interference, current FCC requirements do not ensure sufficient
protection of GPS navigation signals. It is recommended that the current
spectrum control practices be expanded to include protection for the GPS signals.
Theoretical investigations suggest that television transmissions (particularly
channel 23) should represent the greatest threat. However, there is little
evidence of any significant current problems resulting from any offboard
emitters. Most interference difficulties experienced thus far have been the result
of onboard interference, and these are necessarily resolved during certification.
While it is not possible to rule out future interference from offboard emitters, it
should not be difficult to remedy such problems, and the introduction of a second
civil frequency would further reduce concerns with regard to unintentional
interference.

Intentional interference (i.e., jamming) is more problematic. Although there is a
potential to jam civil GPS signals, the specific threats are difficult to define.
Jamming will not itself pose a direct safety risk, but it can create considerable
disruption. It will be necessary to define a specific civil threat environment before
this issue can be adequately addressed. However, the jamming vulnerability can
be reduced to a level that significantly decreases the threat, and some steps are
absolutely required. First, enforcement procedures should be established as
outlined in the recommendations of the report. Beyond that, numerous antenna
and receiver techniques and navigation sensor integration techniques can further
reduce this vulnerability.

Although there has been concern expressed about the ionosphere during peak
solar activity periods, this problem has not been found to pose a significant
threat. The higher refraction errors did not significantly change system
availability. Scintillation effects are more difficult to characterize, but they are
restricted to limited areas and directions.
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h. Does DOD, DOT, and/or the FAA have a clear vision for a viable end-
state satellite navigation capability? Has this vision been clearly
articulated? Is there a strategy for achieving the desired end state?

It is fair to say that there is no clear common vision for a viable end-state
satellite navigation capability. Certainly no such vision has been articulated;
therefore, any current strategy must be suspect. However, those general plans
that have been presented and some specific recommendations for the future do
appear to be on the right track. What is sorely needed is a definitive national
GPS plan and management commitment to establish a final configuration that is
responsive to the full range of DOD and DOT requirements.

K.2 OPERATIONAL

a. What are the accepted ICAO and FAA definitions for navigation service
requirements?

There appears to be a generally accepted set definitions for navigation service,
although the difficulty attempting to gain a clear understanding of these
definitions (they tended to change with time over the period of this study) might
suggest there could still be some underlying disagreements. The precise
definitions needed for consistent engineering analysis were not documented. The
definitions used in this study were based on consultation with the FAA and
guided by published definitions given in WAAS and LAAS documentation.

b. Have the definitions of navigation service been quantified? Are they
captured in NAS-level system specifications?

Considerable time was devoted to a continual refinement of the navigation
service criteria used in this study. The assessments of service required precise
quantification, and that was finally achieved. However, it is not clear that there
is universal agreement with regard to these quantified definitions. Because many
specifications are still in the formative stage, it is not certain that they are yet
captured.

c. What is the impact of radio-navigation on other air traffic control
functions, i.e., the provision of surveillance and communications? Is
there overlap? Does GPS and its augmentations (operational and
technical) alter this relationship?

Apart from the different means for providing navigation input to the surveillance
and communications functions, there has been no indication that current
surveillance and communication functions would be altered. Both GPS
augmentations will naturally add new communication requirements, but they are
understood to be independent of current links. Initiatives are in place to exploit
GPS for surveillance.
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d. Are there operational augmentations to GPS service that can satisfy
NAS and user requirements? For example, can procedural steps be
implemented to address GPS (or augmented GPS) shortcomings?

Final assessment results did not assume any more operational constraints than
those defined within the two augmentations (WAAS and LAAS). However, it is
reasonable to expect that operational augmentations to further enhance system
performance will evolve naturally. For example, time periods when GPS
availability is relatively poor are highly predictable and could be used to modify
operations.

e. Have the DOT and FAA thoroughly assessed the projected growth in
demand in NAS operations and factored in the impact of GPS and GPS-
related services? Has the user community been consulted in these
projections?

The study did not assess projected growth in demand. However, this factor was
noted as an important reason for establishing GPS services in planning
documents. It is not clear to what extent the community has been consulted in
these projections.

f. Has the FAA assessed the steps necessary to introduce GPS and GPS-
related services into the NAS? Is there a comprehensive set of
operational requirements for implementation of GPS and GPS-related
services? Have these requirements been properly planned for cost and
schedule? Has the FAA operational community committed to these
plans? Have NAS users?

Certainly the FAA has preliminarily assessed the steps necessary for introducing
GPS and GPS-related services into the NAS. However, until the planning has
reached a greater level of detail and specificity, the assessment cannot be
complete. Similarly, the current operational requirements cannot be considered
comprehensive. Costs and schedules are not yet adequately planned and there is
no large-scale commitment.

g. In light of the study recommendations, has the FAA thoroughly planned
for the impact of GPS and GPS-related services on the present inventory
of radio-navigation aids? Are planning horizons adequate? Are they
consistent with the budgetary cycle? Have user fiscal constraints been
considered?

These questions presuppose a level of planning that has not yet been apparent.
Indeed, the need for a more complete and detailed plan is a primary
recommendation. The study has only been able to address whether an improved
GPS and the currently defined augmentations of GPS can meet the quantitative
requirements established as the basis for the study.

h. Have operational benefits from GPS and GPS-related services been
captured? Has user input been incorporated? Are they valid and
realistic? Are they quantified?
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This study was primarily concerned with ensuring that current capabilities could
be maintained with a GPS-based system. Most of the benefits would be expected
to apply to service extensions or more cost-effective operations, and these were
not directly considered. However, there does appear to be a valid expectation that
qualitative operational benefits will be achieved.

K.3 INSTITUTIONAL

a. What are the arrangements for DOD and DOT day-to-day oversight,
control, and management of GPS?

While some general policy guidance has been established, no procedures suitable
to the management of a truly national GPS seem to exist.

b. (question removed from SOW)

c. What is the U.S. Government’s mechanism for addressing navigation,
positioning, and timing requirements for all users and modes of
transportation?

There is no definition of all users and modes of transportation to be
unambiguously addressed. In any event, there is no clearly defined mechanism
for addressing the full range of requirements.

d. How does the U.S. Government address international issues regarding
GPS and other satellite navigation systems and augmentations? Is U.S.
policy consistent in this regard? Is it timely and thoroughly
coordinated?

The Government has made GPS available for global civil use. It cannot assume
the responsibility for meeting operational service requirements for other nations,
but it has not objected to making a significant portion of its required civil GPS
services available. Naturally, the Government would object to alternative system
concepts that would interfere with its intended uses for GPS, but it would not
otherwise object to any other legitimate satellite navigation systems and
augmentations established by other nations. Certainly, the Government would
prefer that the alternatives instituted by other nations would be compatible with
U.S. GPS avionics (i.e., U.S. aircraft could be supported in that airspace without
the need for additional equipment). The Government has already indicated its
willingness to support international cooperation with regard to the use of
satellite navigation systems and augmentations. U.S. policy is consistent in this
regard. It is difficult to assess timeliness and thorough coordination without
reference to specific issues.

e. (question removed from SOW)
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f. What is DOD policy regarding civil access to GPS performance
monitoring, anticipated GPS failure modes and their effects, and plans
for service improvement?

DOD policy regarding failure modes and their effects is sufficient to protect DOD
applications. A key recommendation of this study is to establish a coordinated
DOD/DOT policy to also protect the joint applications. This is just one of the
details that must be worked out to implement a joint plan. Service improvements
are already being identified, but the details associated with these are also subject
to a committed U.S. Government plan.

g. (question removed from SOW)

h. Are DOT and FAA properly organized to address GPS issues –
institutional, operational, and technical?

They are certainly more able to address these issues than anyone else. They have
enlisted external expertise to help fill those GPS-unique technological areas
where needed, and they are reaching out to the user community for additional
support. They probably will need to extend these efforts and increase the level of
coordination with the DOD before an acceptable national plan can be developed.

i. What is U.S. Government’s long-term commitment to sustainment (and
improvement) of GPS? Are there competing military technologies that
could draw resources from a commitment to GPS?

The DOD is very committed to maintaining and improving GPS to meet its
current and projected needs. Due to the increasing dependence of military
systems on the GPS, it is expected that no competing military technology will be
allowed to draw down this commitment. However, it must be recognized that the
NAS requirements addressed in this study will require some capabilities that are
not central to the DOD requirements. Therefore, an additional commitment from
the Government will be needed to ensure these are adequately maintained and
improved.


