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0HV�SUHPLHU�UHPHUFLHPHQWV�VRQW�DGUHVVpV�j�0U�%UXQR�/REHUW�TXL�P¶D�GRQQp�O¶RSSRUWXQLWp

GH�UpDOLVHU�FHWWH�WKqVH�DYHF��OD�FROODERUDWLRQ�G¶$OFDWHO�(VSDFH��-H�UHPHUFLH�0U��&KULVWRSKH

%RXUJD�TXL�P¶D�DSSULV� EHDXFRXS� HW� TXL�P¶D� VRXWHQXH� WRXW� OH� ORQJ� GH� FHWWH� WKqVH� DYHF

EHDXFRXS�GH�SDWLHQFH�HW�SOXV�JpQpUDOHPHQW� WRXWHV� OHV�SHUVRQQHV�G¶$OFDWHO�TXL�P¶RQW� VL

ELHQ�DFFXHLOOLV�

-H�YRXGUDLV�DXVVL�H[SULPHU�PD�SOXV�YLYH�UHFRQQDLVVDQFH�j�0U��&KULVWRSKH�0DFDELDX�SRXU

VRQ�DLGH�ORUV�GH�OD�FDPSDJQH�GH�PHVXUHV�

0HV�SOXV�VLQFqUHV�UHPHUFLHPHQWV�j�0U��OH�3URIHVVHXU�)UDQFLV�&DVWDQLp��OH�UHVSRQVDEOH�GH

O¶pFROH�GRFWRUDOH�HW�OH�UHVSRQVDEOH�GX�ODERUDWRLUH�7H6$�

-H� YRXGUDLV� DXVVL� UHPHUFLHU� PRQ� GLUHFWHXU� GH� UHFKHUFKH� 0U�� OH� 3URIHVVHXU� 0LFKHO

%RXVTXHW�SRXU�VHV�FRQVHLOV�HW�VD�FRQILDQFH�

-H� WLHQV� j� H[SULPHU�PD� UHFRQQDLVVDQFH� j� 0U�� $QGUp� %RXUULFDXG�� FKHI� GX� GpSDUWHPHQW

6\VWqPH� (OHFWURQLTXHV� 3KRWRQLTXHV� HW� 7pOpFRPV�� SRXU� P¶DYRLU� DFFXHLOOL� GDQV� VRQ

ODERUDWRLUH�

-¶DL�XQH�SHQVpH�WRXWH�SDUWLFXOLqUH�SRXU�0U��9LQFHQW�&DOPHWWHV�TXL�P¶D�VXLYL�GHSXLV�PRQ

'($� HW� TXL� D� WRXMRXUV� VX� VH� PRQWUHU� G¶XQ� WUqV� JUDQG� VRXWLHQ�� -H� UHPHUFLH� pJDOHPHQW

0HOOH��'DPLHQQH�%DMRQ�SRXU�VHV�SUpFLHX[�FRQVHLOV�HQ�pOHFWURPDJQpWLVPH�

-H� UHPHUFLH� DXVVL� 0U�� )UDQoRLV� 0DUWLQH]� SRXU� VRQ� WUDYDLO� VXU� OH� ORJLFLHO� GH� ODQFHU� GH

UD\RQV�

(QILQ�� MH� YRXGUDLV� DGUHVVHU� XQ� UHPHUFLHPHQW� j� WRXWHV� OHV� SHUVRQQHV� GX� GpSDUWHPHQW

6\VWqPHV�(OHFWURQLTXHV�3KRWRQLTXHV�HW�7pOpFRPV�TXL�P¶RQW�DFFRPSDJQpV�WRXW�DX�ORQJ�GH

FHV�WURLV�DQQpHV��DLQVL�TX¶DX�SHUVRQQHO�GH�7H6$�

$�PD�IDPLOOH��j�/XF��MH�GpGLH�FHV�GHUQLHUV�PRWV�GH�UHPHUFLHPHQWV�HW�FH�WUDYDLO�
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/¶(XURSH� D� LQLWLp� OH� SURJUDPPH� *DOLOHR� DILQ� G¶LPSOpPHQWHU� XQ� V\VWqPH� GH� QDYLJDWLRQ

LQGpSHQGDQW�HW�LQWHU�RSpUDEOH�DYHF�OHV�V\VWqPHV�*36�HW�*ORQDVV��/¶DUFKLWHFWXUH�GH�*DOLOHR

HVW�EDVpH�VXU�OH�SULQFLSH�G¶XQH�FRQVWHOODWLRQ�FRPSRVpH�GH����VDWHOOLWHV�j�RUELWH�PR\HQQH

�0(2�� GRQW� �� GH� VHFRXUV� j� XQH� DOWLWXGH� GH� ������ NP�� DYHF� XQH� LQFOLQDLVRQ� GH� ���

GLVWULEXpV�VXU���SODQV�

$X� FRXUV� GH� FHV� GHUQLqUHV� DQQpHV� OHV� DSSOLFDWLRQV� GHV� V\VWqPHV� GH� QDYLJDWLRQ� SDU

VDWHOOLWHV� VH� VRQW� EHDXFRXS� GLYHUVLILpHV�� HW� OH� V\VWqPH� *DOLOHR� GRLW� WHQLU� FRPSWH� GH� FH

JUDQG�QRPEUH�G¶DSSOLFDWLRQV��3DUPL�WRXWHV�FHV�DSSOLFDWLRQV��OD�QDYLJDWLRQ�HQ�PLOLHX�XUEDLQ

VHPEOH� rWUH� O¶XQH� GHV� SOXV� LPSRUWDQWH�� /¶HQYLURQQHPHQW� XUEDLQ� HVW� FDUDFWpULVp� SDU

G¶LPSRUWDQWV� DQJOHV� GH� PDVTXDJH� HW� OD� SUpVHQFH� G¶XQ� JUDQG� QRPEUH� G¶REVWDFOHV� TXL

SURGXLVHQW� GHV� WUDMHWV�PXOWLSOHV�� ,O� HVW� GRQF� SULPRUGLDO� GH� SUpFLVpPHQW� FDUDFWpULVHU� OHV

SHUIRUPDQFHV�G¶XQ�UpFHSWHXU�SRXU�FH�W\SH�G¶DSSOLFDWLRQ�

8QH�WHOOH�pWXGH�QpFHVVLWH�XQ�PRGqOH�GH�OD�SURSDJDWLRQ�GHV�RQGHV�GDQV�O¶HQYLURQQHPHQW

FRQVLGpUp��8QH�PpWKRGH�GpWHUPLQLVWH��EDVpH�VXU�O¶RSWLTXH�JpRPpWULTXH��D�pWp�FKRLVLH��(OOH

SHUPHW�GH�PRGpOLVHU� O¶HQYLURQQHPHQW� HQ���GLPHQVLRQV� � HW� OHV� WUDMHWV�PXOWLSOHV� DYHF� OD

SUpFLVLRQ�QpFHVVDLUH�

$ILQ�GH�FDOLEUHU� OHV� VLPXODWLRQV� UpDOLVpHV�DYHF�FHW�RXWLO��GHV�PHVXUHV�VXU� OD�YLVLELOLWp�GX

V\VWqPH� *36� GDQV� GLIIpUHQWV� HQYLURQQHPHQWV� RQW� pWp� UpDOLVpHV� HW� FRPSDUpHV� DYHF� OHV

UpVXOWDWV�REWHQXV�DYHF�QRWUH�RXWLO�GH�VLPXODWLRQ�

/¶K\SRWKqVH�HVW�IDLWH�TX¶XQ�XWLOLVDWHXU�XUEDLQ�D�EHVRLQ�G¶XQH�GLVSRQLELOLWp�GH�������SRXU

XQH� SUpFLVLRQ� KRUL]RQWDOH� PHLOOHXUH� TXH� ��� PqWUHV�� /HV� FRQGLWLRQV� FRQWUDLJQDQWHV� GX

PLOLHX�XUEDLQ�QH�UHQGHQW�SDV�WRXMRXUV�SRVVLEOH�OH�FDOFXO�GH�OD�SRVLWLRQ�GH�O¶XVDJHU�DYHF�OH

GHJUp�GH�SUpFLVLRQ�GpVLUp�

,O� HVW� GRQF� QpFHVVDLUH� GH� FRQVLGpUHU� GHV� PpWKRGHV� TXL� SHUPHWWURQW� G¶DPpOLRUHU� OHV

SHUIRUPDQFHV�GX�V\VWqPH��7RXW�G¶DERUG�DX�QLYHDX�GX�VHJPHQW�VSDWLDO�HQ�DXJPHQWDQW�OH

QRPEUH�GH�VDWHOOLWHV�JUkFH�j�OD�FRQVWHOODWLRQ�*36��/D�VHFRQGH�PpWKRGH�HVW�DX�QLYHDX�GX

VHJPHQW�XWLOLVDWHXU�HQ�K\EULGDQW�OH�UpFHSWHXU�DYHF�GHV�FDSWHXUV�DGGLWLRQQHOV�FRPPH�XQ

EDUR�DOWLPqWUH�RX�XQ�RGRPqWUH��8QH�DXWUH�PpWKRGH�FRQVLVWH�HQ�O¶XWLOLVDWLRQ�GH�FRUUHFWLRQV

GLIIpUHQWLHOOHV� FH� TXL� DXJPHQWH� OD� SUpFLVLRQ� GX� V\VWqPH�� (QILQ� OD� GHUQLqUH�PpWKRGH� HVW

O¶XWLOLVDWLRQ�GH�SVHXGROLWHV�TXL�SHUPHW�G¶DXJPHQWHU�OH�QRPEUH�G¶REVHUYDWLRQV�

0RWV�FOpV

*DOLOHR�� QDYLJDWLRQ� SDU� VDWHOOLWHV�� WUDMHWV� PXOWLSOHV�� PLOLHX� XUEDLQ�� ODQFHU� GH� UD\RQV�

K\EULGDWLRQ��SURSDJDWLRQ��ERXFOH�GH�FRGH�QRQ�FRKpUHQWH�
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6DWHOOLWHV�QDYLJDWLRQ�V\VWHP�SHUIRUPDQFHV�IRU�XUEDQ�XVHUV

(XURSH� KDV� LQLWLDWHG� WKH� *DOLOHR� SURJUDP� WDUJHWLQJ� WKH� LPSOHPHQWDWLRQ� RI� QDYLJDWLRQ

V\VWHP�LQGHSHQGHQW�DQG�LQWHURSHUDEOH�ZLWK�*36�DQG�*ORQDVV��7KH�DUFKLWHFWXUH�RI�*DOLOHR

LV�EDVHG�RQ�0(2�FRQVWHOODWLRQ�RI����VDWHOOLWHV�ZLWK���VSDUHV�DW�DQ�DOWLWXGH�RI�������NP�

ZLWK�DQ�LQFOLQDWLRQ�RI������GLVWULEXWHG�RYHU���SODQHV�

2YHU� WKH� SDVW� IHZ� \HDUV�� DSSOLFDWLRQV� RI� VDWHOOLWHV� QDYLJDWLRQ� V\VWHP� DUH� H[SHQGLQJ

UDSLGO\��DQG�*DOLOHR�PXVW�WDNH�LQWR�DFFRXQW�WKH�QHHG�RI�WKLV�ODUJH�QXPEHU�RI�DSSOLFDWLRQV�

$PRQJ� WKH� ZLGH� UDQJH� RI� DSSOLFDWLRQV� RI� VXFK� V\VWHP�� WUDQVSRUWDWLRQ� LQ� XUEDQ

HQYLURQPHQW� VHHPV� WR� EH� RQH� RI� WKH� PRVW� SURPLQHQW�� 7KH� XUEDQ� HQYLURQPHQW� LV

FKDUDFWHUL]HG�E\�KLJK�PDVNLQJ�DQJOHV�DQG�WKH�SUHVHQFH�RI�D�JUHDW�QXPEHU�RI�REVWDFOHV

ZKLFK�SURGXFH�PXOWLSDWK��+HQFH�� LW�LV� LPSRUWDQW�WR�IXOO\�DQG�DFFXUDWHO\�FKDUDFWHUL]H�WKH

UHFHLYHU�SHUIRUPDQFH�IRU�WKLV�DSSOLFDWLRQ�

,QYHVWLJDWLQJ� WKH� UHFHLYHU� SHUIRUPDQFH� LQ� WKLV� PHGLXP� UHTXLUHV� D� PRGHO� RI� WKH� ZDYH

SURSDJDWLRQ��$�GHWHUPLQLVWLF�PHWKRG��EDVHG�RQ�JHRPHWULFDO�RSWLF��KDV�EHHQ�VHOHFWHG�DQG

DOORZV�WR�PRGHO�WKH�HQYLURQPHQW�LQ��'�DQG�PXOWLSDWK�SURSDJDWLRQ�WR�WKH�GHVLUHG�OHYHO�RI

DFFXUDF\��,Q�RUGHU�WR�FDOLEUDWH�WKH�SHUIRUPDQFH�RI�WKH�VLPXODWLRQ�WRRO��PHDVXUHPHQWV�RI

VDWHOOLWH�YLVLELOLW\�VWDWLVWLFV�IRU�GLIIHUHQW�W\SHV�RI�HQYLURQPHQWV�KDYH�EHHQ�SHUIRUPHG�DQG

FRPSDUHG�ZLWK�WKH�UHVXOWV�REWDLQHG�ZLWK�RXU�VLPXODWLRQ�WRRO�

:H�PD\�DVVXPH� WKDW� DQ�XUEDQ� XVHU� QHHGV� DQ� DYDLODELOLW\� JUHDWHU� WKDQ� ������ZLWK� DQ

DFFXUDF\�EHWWHU�WKDQ����PHWHUV��+RZHYHU�PHHWLQJ�WKLV�REMHFWLYH�LV�QRW�JHQHUDOO\�DQ�HDV\

WDVN�VLQFH�WKH�XUEDQ�PHGLXP�SUHVHQWV�TXLWH�FRQVWUDLQLQJ�FRQGLWLRQV�ZKLFK�GR�QRW�DOZD\V

HQDEOH�WR�FRPSXWH�WKH�XVHU�ORFDWLRQ�DW�WKH�OHYHO�RI�DFFXUDF\�UHTXLUHG�

6R�D�PHDQ�WR�PHHW�XVHU�SHUIRUPDQFH�REMHFWLYH�LV�VXJJHVWHG��)LUVW�DW�WKH�VSDFH�VHJPHQW

OHYHO��WKH�QXPEHU�RI�VDWHOOLWHV�LV�LQFUHDVHG�ZLWK�WKH�*36�FRQVWHOODWLRQ��6HFRQG�DW�WKH�XVHU

OHYHO�� WKH� UHFHLYHU� LV� K\EULGL]HG� ZLWK� DGGLWLRQDO� VHQVRUV� OLNH� EDUR�DOWLPHWHU� RU� GHDG

UHFNRQLQJ�� $Q� RWKHU� PHWKRG� LV� WR� XVH� GLIIHUHQWLDO� FRUUHFWLRQV� WR� LPSURYH� WKH� V\VWHP

DFFXUDF\�� 7KH� ODVW�PHDQ� LV� WR� XVH� SVHXGROLWH� ZKLFK� SHUPLW� WR� LPSURYH� WKH� QXPEHU� RI

REVHUYDWLRQV�

.H\�ZRUGV

*DOLOHR��VDWHOOLWH�QDYLJDWLRQ��PXOWLSDWK��XUEDQ�HQYLURQPHQW��UD\�ODXQFKLQJ��K\EULGLVDWLRQ�

SURSDJDWLRQ��QRQ�FRKHUHQW�GHOD\�ORFN�ORRS�
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&+$3,75(�����,1752'8&7,21�������������������������������������������������������������������

�����6\VWqPHV�GH�QDYLJDWLRQ�SDU�VDWHOOLWHV������������������������������������������������������������ �

�������3ULQFLSH��������������������������������������������������������������������������������������������������� �

�������&DUDFWpULVWLTXHV�GX�VLJQDO�������������������������������������������������������������������������� �

�������$UFKLWHFWXUH�JpQpUDOH�G¶XQ�UpFHSWHXU ���������������������������������������������������������� �

�������&DOFXO�GH�OD�SRVLWLRQ���������������������������������������������������������������������������������� �

���������3RVWHV�G¶HUUHXU ������������������������������������������������������������������������������ �

���������(TXDWLRQV�GH�QDYLJDWLRQ ����������������������������������������������������������������� �

���������)LOWUH�GH�.DOPDQ ���������������������������������������������������������������������������� �

�����&RQWH[WH�GH�O¶pWXGH���������������������������������������������������������������������������������������� �

�����2EMHFWLI�GH�O¶pWXGH�HW�GpPDUFKH�SURSRVpH ����������������������������������������������������� ��

%LEOLRJUDSKLH �������������������������������������������������������������������������������������������������������� ��

&+$3,75(�����&$1$/�$�(9$128,66(0(17 ����������������������������������������������������

�����&DQDO�HQ�HQYLURQQHPHQW�XUEDLQ��������������������������������������������������������������������� ��

�������7UDMHWV�PXOWLSOHV �������������������������������������������������������������������������������������� ��

���������5HWDUG�GH�SURSDJDWLRQ�������������������������������������������������������������������� ��

���������$WWpQXDWLRQ�VXELH�ORUV�G¶XQH�UpIOH[LRQ����������������������������������������������� ��

���������&KDQJHPHQW�GH�SRODULVDWLRQ������������������������������������������������������������ ��

���������'pFDODJH�IUpTXHQWLHO ���������������������������������������������������������������������� ��

���������)RUPH�GX�VLJQDO�HQ�HQWUpH�GX�UpFHSWHXU ������������������������������������������� ��

�������&DUDFWpULVDWLRQ�GX�FDQDO ���������������������������������������������������������������������������� ��

�����0RGpOLVDWLRQ�GH�OD�SURSDJDWLRQ�HQ�HQYLURQQHPHQW�XUEDLQ ����������������������������� ��

�������0RGqOHV�H[LVWDQWV������������������������������������������������������������������������������������� ��

�������0RGpOLVDWLRQ�GpWHUPLQLVWH�������������������������������������������������������������������������� ��

���������&RQGLWLRQV�G¶XWLOLVDWLRQ ������������������������������������������������������������������� ��

���������/RJLFLHO�GH�PRGpOLVDWLRQ�GH�OD�SURSDJDWLRQ�HQ�PLOLHX�XUEDLQ����������������� ��

���������/RJLFLHO�G¶DQDO\VH�GHV�SHUIRUPDQFHV������������������������������������������������� ��
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�����&DUDFWpULVDWLRQ�GH�GLIIpUHQWV�HQYLURQQHPHQWV ����������������������������������������������� ��

�������0LVH�HQ�°XYUH�G¶XQH�FDPSDJQH�GH�PHVXUHV ������������������������������������������������ ��

������� &RPSDUDLVRQ� GHV� VWDWLVWLTXHV� GH� YLVLELOLWp� GH� OD� FDPSDJQH� GH�PHVXUHV� DYHF

FHOOHV�REWHQXHV�SDU�OD�VLPXODWLRQ ��������������������������������������������������������������� ��

���������3DUDPpWUDJH�GHV�VLPXODWLRQV ���������������������������������������������������������� ��

���������&RPSDUDLVRQ�GHV�UpVXOWDWV�������������������������������������������������������������� ��

�������2EVHUYDWLRQV�GHV�WUDMHWV�PXOWLSOHV�������������������������������������������������������������� ��

���������9LVLELOLWp�DYHF�OD�FRQVWHOODWLRQ�*DOLOHR������������������������������������������������ ��
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���������$WWpQXDWLRQ�SRXU�GLIIpUHQWHV�SRODULVDWLRQV ����������������������������������������� ��

���������,QIOXHQFH�GHV�WH[WXUHV�������������������������������������������������������������������� ��

���������&RPSDUDLVRQ�VFqQH�DXWRPDWLTXH�HW�VFqQH�UpDOLVWH ����������������������������� ��

%LEOLRJUDSKLH �������������������������������������������������������������������������������������������������������� ��

&+$3,75(�����3(5)250$1&(6�'8�5(&(37(85�(1�$872120( ����������������������������

�����,QIOXHQFH�GHV�WUDMHWV�PXOWLSOHV�VXU�OD�ERXFOH�GH�FRGH�QRQ�FRKpUHQWH������������� ��

�������(Q�SUpVHQFH�G¶XQ�VHXO�WUDMHW�UpIOpFKL ����������������������������������������������������������� ��

���������(WXGH�WKpRULTXH����������������������������������������������������������������������������� ��

���������,QIOXHQFH�GHV�GLIIpUHQWV�SDUDPqWUHV�GpILQLVVDQW�OHV�WUDMHWV�PXOWLSOHV ���� ��

�������(Q�SUpVHQFH�GH�SOXVLHXUV�WUDMHWV�UpIOpFKLV ���������������������������������������������������� ��

�����3HUIRUPDQFHV�GX�V\VWqPH������������������������������������������������������������������������������ ��

�������5pVXOWDWV�REWHQXV�DYHF�OD�FDPSDJQH�GH�PHVXUHV ����������������������������������������� ��

�������5pVXOWDWV�REWHQXV�SDU�OD�VLPXODWLRQ ������������������������������������������������������������ ��

���������0RGpOLVDWLRQ�GHV�SRVWHV�G¶HUUHXU������������������������������������������������������ ��

���������3HUIRUPDQFHV�GX�V\VWqPH�*DOLOHR�HQ�DXWRQRPH ��������������������������������� ��

�����&RQFOXVLRQ ����������������������������������������������������������������������������������������������������� ��
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�����6\VWqPHV�GH�QDYLJDWLRQ�SDU�VDWHOOLWHV

/¶DYqQHPHQW�GH�O¶qUH�VSDWLDOH��DYHF�OH�ODQFHPHQW�GX�SUHPLHU�VDWHOOLWH�DUWLILFLHO��6SRXWQLN��

OH� �� RFWREUH� ������ D� GRQQp� DX� SUREOqPH� GH� ORFDOLVDWLRQ� GHV� PRELOHV� XQH� GLPHQVLRQ

QRXYHOOH�� 3DUDOOqOHPHQW� DX� GpYHORSSHPHQW� GHV� V\VWqPHV� GH� ORFDOLVDWLRQ� WHUUHVWUHV�� GHV

V\VWqPHV�GH�QDYLJDWLRQ�SDU�VDWHOOLWHV�RQW�pWp�PLV�HQ�SODFH�

/H� V\VWqPH� OH� SOXV� XWLOLVp� DFWXHOOHPHQW� HVW� OH� *36� �*OREDO� 3RVLWLRQLQJ� 6\VWHP��� XQ

HQVHPEOH�GH�VDWHOOLWHV�GH�UDGLRQDYLJDWLRQ�j�FRXYHUWXUH�PRQGLDOH��&H�V\VWqPH�D�pWp�FRQoX

SRXU�O¶DUPpH�DPpULFDLQH�HW�HVW�DXMRXUG¶KXL�XWLOLVp�SDU�GH�QRPEUHX[�XVDJHUV�FLYLOV�

/HV�(WDWV�8QLV�QH�VRQW�SDV�OHV�VHXOV�j�DYRLU�GpYHORSSp�GH�WHOV�V\VWqPHV��$LQVL��OD�5XVVLH�D

PLV�HQ�SODFH��HQ������� OH�V\VWqPH�*/21$66��*OREDO�2UELWRJUDSK\�1DYLJDWLRQ�6DWHOOLWHV

6\VWHP�

(QILQ� OHV� SD\V� GH� O¶8QLRQ� (XURSpHQQH� QH� VRQW� SDV� HQ� UHVWH� DYHF� OHV� SURMHWV� *166�� HW

*166�� �*OREDO� 1DYLJDWLRQ� 6DWHOOLWH� 6\VWHP��� /H� SURMHW� *166��� DXVVL� DSSHOp� (*126

�(XURSHDQ� *HRVWDWLRQDU\� 1DYLJDWLRQ� 2YHUOD\� 6HUYLFH�� VH� FRPSRVH� GH� �� VDWHOOLWHV

JpRVWDWLRQQDLUHV� VLWXpV� DX�GHVVXV� GH� O¶(XURSH� HW� HVW� FRPSOpPHQWDLUH� DX� *36� HW� j

*/21$66�� /H� GHX[LqPH� SURMHW�� SOXV� FRQQX� VRXV� OH� QRP� GH� *DOLOHR�� HVW� XQ� V\VWqPH� j

O¶pWXGH�FRPSRVp�GH�VDWHOOLWHV�j�RUELWH�PR\HQQH���������NP��HW�GRQW�OD�FRXYHUWXUH�VHUDLW

PRQGLDOH�

�������3ULQFLSH

/HV� V\VWqPHV� GH� QDYLJDWLRQ� SDU� VDWHOOLWHV� SHXYHQW� VH� GpFRPSRVHU� HQ� WURLV� VHJPHQWV

IRQGDPHQWDX[��

• /H�VHJPHQW�VSDWLDO

• /H�VHJPHQW�GH�FRQWU{OH

• /H�VHJPHQW�XWLOLVDWHXU
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SEGMENT SPATIAL

SEGMENT DE CONTROLE SEGMENT UTILISATEUR

Figure 1. 1: Structure d’un système de navigation par satellites

/H� VHJPHQW� VSDWLDO� FRUUHVSRQG� j� OD� FRQVWHOODWLRQ� GH� VDWHOOLWHV�� /HV� VDWHOOLWHV� GRQW� OHV

RUELWHV� VRQW� FRQWU{OpHV�� UHoRLYHQW� GHV� LQIRUPDWLRQV� pODERUpHV� SDU� OH� JHVWLRQQDLUH� GX

V\VWqPH��GLVSRVHQW�j�ERUG�G¶XQH�UpIpUHQFH�GH�WHPSV�SUpFLVH�HW�WUDQVPHWWHQW�GHV�VLJQDX[

SRUWHXUV� GH� O¶LQIRUPDWLRQ� YHUV� O¶XWLOLVDWHXU�� /¶DQQH[H� $� SUpVHQWH� TXHOTXHV� QRWLRQV

G¶RUELWRJUDSKLH�

/H� VHJPHQW�GH�FRQWU{OH�HVW� OH� UHVSRQVDEOH�GX� IRQFWLRQQHPHQW� FRUUHFW� GX� V\VWqPH��6HV

SULQFLSDOHV�IRQFWLRQV�VRQW�GH�SRXUVXLYUH�OHV�VDWHOOLWHV��GH�FDOFXOHU�OHV�pSKpPpULGHV�HW�OHV

FRUUHFWLRQV� G¶KRUORJH� HW� j� SDUWLU� GH� FHV� FDOFXOV�� GH� JpQpUHU� HW� GH� WUDQVPHWWUH

SpULRGLTXHPHQW�DX[�VDWHOOLWHV�XQ�PHVVDJH� LQIRUPDWLI�GH�QDYLJDWLRQ�GHVWLQp�DX� VHJPHQW

XWLOLVDWHXU�

(QILQ�� OH� VHJPHQW� XWLOLVDWHXU� FRPSUHQG� O¶HQVHPEOH� GHV� UpFHSWHXUV�� &HV� UpFHSWHXUV

IRXUQLVVHQW�GHV�LQIRUPDWLRQV�GH�SRVLWLRQ��GH�YLWHVVH�HW�GH�WHPSV�

/H�SULQFLSH�GH�PHVXUH�GH�SRVLWLRQ�HVW�EDVp�VXU�OD�PHVXUH�GH�OD�GLVWDQFH�HQWUH�OH�VDWHOOLWH

HW� OH� UpFHSWHXU�� 3RXU� XQ� V\VWqPH� GH� QDYLJDWLRQ� IRQFWLRQQDQW� HQ� WURLV� GLPHQVLRQV�� OHV

PHVXUHV�GH�GLVWDQFHV�GpWHUPLQHQW�GHV�VSKqUHV�j�OD�VXUIDFH�GHVTXHOOHV�O¶XVDJHU�HVW�VLWXp�

/¶LQWHUVHFWLRQ� GH� WURLV� ©�VSKqUHV� GH� GLVWDQFH�ª� GRQQH� GHX[� VROXWLRQV�� &ODVVLTXHPHQW�

O¶XQH� GHV� GHX[� VROXWLRQV� SHXW� rWUH� UHMHWpH� FDU� WURS� pORLJQpH� GH� OD� WHUUH� RX� D\DQW� XQH

YLWHVVH�TXL�QH�SHXW�rWUH�DWWHLQWH�

&H�SULQFLSH�GH�PHVXUH�QpFHVVLWH�XQH�UpIpUHQFH�WHPSRUHOOH��&KDTXH�VDWHOOLWH�SRVVqGH�XQH

KRUORJH�SUpFLVH��PDLV�O¶XWLOLVDWHXU�QH�SHXW�SDV�SRVVpGHU�XQH�KRUORJH�DXVVL�VWDEOH�FDU�HOOH

DXUDLW� XQ� FR�W� WURS� pOHYp�� /¶XVDJHU� YD� GRQF� XWLOLVHU� XQH� UpIpUHQFH� ©�SVHXGR�

V\QFKURQLVpH�ª� GRQW� OH� ELDLV� SDU� UDSSRUW� DX� WHPSV� GH� UpIpUHQFH� GX� V\VWqPH� VHUD

FRQVLGpUp� FRPPH� XQH� TXDWULqPH� YDULDEOH� j� GpWHUPLQHU� HQ� SOXV� GHV� WURLV� YDULDEOHV� GH

SRVLWLRQ�JUkFH�j�O¶XWLOLVDWLRQ�G¶XQ�TXDWULqPH�VDWHOOLWH�
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A partir d’un satellite,
on définit une sphère.

Avec deux satellites,
on définit un cercle.

Enfin, grâce à un troisième
satellite, on localise le
récepteur (en rejetant la
solution aberrante).

Figure 1. 2: Détermination de la position à partir des pseudo-distances

/D� PHVXUH� GH� GLVWDQFH�� HQWUH� OH� VDWHOOLWH� HW� OH� UpFHSWHXU�� FRQVLVWH� j� GDWHU� O¶LQVWDQW

G¶DUULYpH�GX� GpEXW� G¶XQ� VLJQDO� VSpFLILTXH�� VDFKDQW� TXH� O¶LQVWDQW� G¶pPLVVLRQ� HVW� VXSSRVp

FRQQX�� FDU� YpKLFXOp� SDU� OH� PHVVDJH� GH� QDYLJDWLRQ�� &ODVVLTXHPHQW�� OH� SULQFLSH� GH� OD

PHVXUH�FRQVLVWH�j�FRUUpOHU�GHX[�VpTXHQFHV�SVHXGR�DOpDWRLUHV�LGHQWLTXHV�TXL�VRQW�OH�FRGH

UHoX�HW�OH�PrPH�FRGH�JpQpUp�ORFDOHPHQW��/H�GpFDODJH��DSSOLTXp�DX�FRGH�ORFDO�HW�TXL�IDLW

DSSDUDvWUH�OH�SLF�GH�FRUUpODWLRQ��HVW�HQ�IDLW�pJDO�DX�UHWDUG�GH�SURSDJDWLRQ�

&HWWH�PpWKRGH�HVW�SRVVLEOH�JUkFH�DX[�SURSULpWpV�VSpFLILTXHV�GHV�FRGHV�XWLOLVpV�

�������&DUDFWpULVWLTXHV�GX�VLJQDO

/D�WUDQVPLVVLRQ�GX�VLJQDO�VH�IDLW�SDU�O¶LQWHUPpGLDLUH�G¶XQH�IUpTXHQFH�SRUWHXVH�VH�VLWXDQW

GDQV� OD� EDQGH� /� ����� *+]�� HQ� SRODULVDWLRQ� FLUFXODLUH�� &HWWH� IUpTXHQFH� HVW�PRGXOpH� HQ

SKDVH�SDU�GHV�VLJQDX[�ELQDLUHV�DSSDUWHQDQW�j�GHX[�IDPLOOHV�GLIIpUHQWHV���FRGH�HW�GRQQpH�

/HV�GRQQpHV�FRUUHVSRQGHQW�j�XQ�IORW�GH�ELWV�j�IDLEOH�GpELW�����+]���(OOHV�FRQWLHQQHQW�GHV

LQIRUPDWLRQV� SURSUHV� DX� VDWHOOLWH� TXL� OHV� JpQpUH�� PDLV� DXVVL� GHV� LQIRUPDWLRQV� VXU

O¶HQVHPEOH�GH�OD�FRQVWHOODWLRQ��VXU�OD�SURSDJDWLRQ�LRQRVSKpULTXH��«

&KDTXH�VDWHOOLWH�pPHW�XQ�FRGH�TXL�HVW�XQH�VpTXHQFH�ELQDLUH�SVHXGR�DOpDWRLUH��&I��$QQH[H

%��� /D� FDUDFWpULVWLTXH� LPSRUWDQWH� GH� FHV� FRGHV� HVW� OHXU� IRQFWLRQ� G¶DXWRFRUUpODWLRQ

SpULRGLTXH�� /H� GpELW� GX� FRGH� HVW� SOXV� pOHYp� TXH� FHOXL� GHV� GRQQpHV� FH� TXL� SHUPHW� XQ

pWDOHPHQW�GX�VLJQDO��/¶DYDQWDJH�GH�FHW�pWDOHPHQW�GX�VLJQDO�VH�VLWXH�j�SOXVLHXUV�QLYHDX[��

• 5pVLVWDQFH�DX�EURXLOODJH

• &DSDFLWp�G¶DGUHVVDJH�VpOHFWLI

• /RFDOLVDWLRQ�VSDWLDOH�HW�WHPSRUHOOH�WUqV�SUpFLVH
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�������$UFKLWHFWXUH�JpQpUDOH�G¶XQ�UpFHSWHXU

/HV� JUDQGHV� RSpUDWLRQV� TXH� UpDOLVH� XQ� UpFHSWHXU� GH� QDYLJDWLRQ� SDU� VDWHOOLWHV� VRQW

SUpVHQWpHV�GDQV�OD�ILJXUH�VXLYDQWH�

N

antenne

Préamplificateur Convertisseur

Oscillateur de
référence

Synthétiseur
de fréquence

CAG

CAN

2

1
Canal

numérique

Processeur
de navigation

Interface
utilisateur

Figure 1. 3: Architecture du récepteur

/¶DQWHQQH�GH�UpFHSWLRQ�UHoRLW�OD�SRUWHXVH�HQ�SRODULVDWLRQ�FLUFXODLUH�GURLWH��/D�SRUWHXVH�HVW

HQVXLWH� DPSOLILpH� HW� FRQYHUWLH� j� XQH� IUpTXHQFH� LQWHUPpGLDLUH� If � TXL� SHUPHW

G¶pFKDQWLOORQQHU�OH�VLJQDO�SRXU�OH�WUDLWHPHQW�QXPpULTXH��&HWWH�IUpTXHQFH�LQWHUPpGLDLUH�HVW

JpQpUDOHPHQW�FRPSULVH�HQWUH��0+]�HW���0+]�

/H�VLJQDO�HVW�DORUV�HQYR\p�YHUV�XQ�FDQDO�QXPpULTXH�TXL�YD�GpPRGXOHU�OHV�GRQQpHV��ERXFOH

GH�SKDVH��HW�HIIHFWXHU� OH�FDOFXO�GHV�PHVXUHV�GH�GLVWDQFH�VDWHOOLWH±UpFHSWHXU� �ERXFOH�GH

FRGH���8QH�SUpVHQWDWLRQ�SOXV�GpWDLOOpH�GX�FDQDO�QXPpULTXH�HVW�GRQQpH�GDQV�O¶DQQH[H�(���

,O� H[LVWH�SOXVLHXUV� DUFKLWHFWXUHV�GH� FDQDO� QXPpULTXH�� /HV�SOXV� FRQQXHV� VRQW� OHV� FDQDX[

DYHF�GHV�ERXFOHV�GH�FRGH�FRKpUHQWHV��TXL�XWLOLVHQW�O¶HVWLPDWLRQ�GH�OD�SKDVH�UpDOLVpH�SDU�OD

ERXFOH� GH� SKDVH� SRXU� GpPRGXOpH� OH� VLJQDO� HW� OHV� UpFHSWHXUV� GLWV� QRQ� FRKpUHQWV�� TXL

Q¶XWLOLVHQW�SDV�O¶HVWLPDWLRQ�GH�OD�SKDVH�HW�TXL�XWLOLVHQW�GHV�GpWHFWHXUV�G¶HQYHORSSHV��&¶HVW

FH�GHX[LqPH�W\SH�GH�UpFHSWHXU�TXL�VHUD�XWLOLVp�

8QH� IRLV� OHV�GRQQpHV�GpPRGXOpHV� HW� OHV�SVHXGR�GLVWDQFHV�PHVXUpHV��XQ� WUDLWHPHQW� HVW

HIIHFWXp�SRXU�GpWHUPLQHU�OD�SRVLWLRQ�GX�UpFHSWHXU�
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�������&DOFXO�GH�OD�SRVLWLRQ

$LQVL��j�SDUWLU�GH�OD�PHVXUH�GH�SVHXGR�GLVWDQFHV��OHV�V\VWqPHV�GH�QDYLJDWLRQ�pWDEOLVVHQW

OD�SRVLWLRQ�GX� UpFHSWHXU��&RPPH�QRXV� O¶DYRQV� YX� SUpFpGHPPHQW�� OHV� SVHXGR�GLVWDQFHV

VRQW� OHV� GLVWDQFHV� UpHOOHV� HQWUH� OHV� VDWHOOLWHV� HW� OH� UpFHSWHXU� HQWDFKpHV� G¶XQ� FHUWDLQ

QRPEUH�G¶HUUHXUV�

���������3RVWHV�G¶HUUHXU

6L[�FDWpJRULHV�G¶HUUHXUV�H[LVWHQW�

v (UUHXUV�G¶pSKpPpULGHV

&HV�HUUHXUV�VRQW�OHV�HUUHXUV�GH�SRVLWLRQV�GHV�VDWHOOLWHV��&I��$QQH[H�'�����&HV�GHUQLHUV�QH

GpFULYHQW�SDV�SDUIDLWHPHQW�O¶RUELWH�GRQW� LOV� WUDQVPHWWHQW� OHV�SDUDPqWUHV��&HV�pFDUWV�RQW

GHX[�RULJLQHV��

• 3HUWXUEDWLRQV� G¶RUELWH� �GLVV\PpWULH� GX� SRWHQWLHO� GH� JUDYLWDWLRQ� WHUUHVWUH�

LQIOXHQFH�GH�OD�OXQH�HW�GX�VROHLO�

• 2ULJLQH�GDQV�OD�SUpFLVLRQ�GX�VXLYL�GHV�VDWHOOLWHV�SDU�OH�VHJPHQW�GH�FRQWU{OH

v (UUHXUV�G¶KRUORJH

&H� VRQW� OHV� HUUHXUV� QRQ� FRPSHQVpHV� SDU� OH� VHJPHQW� GH� FRQWU{OH� HW� LQWURGXLWHV� SDU� OD

GpULYH� GH� O¶KRUORJH� GX� VDWHOOLWH�� /HV� LQIRUPDWLRQV� GH� QDYLJDWLRQ� WUDQVPLVHV� SDU� OHV

VDWHOOLWHV�FRQWLHQQHQW�OHV�SDUDPqWUHV�XWLOLVpV�SRXU�FDOFXOHU�OD�GpULYH�GH�O¶KRUORJH�DWRPLTXH

VDWHOOLVpH��/¶HUUHXU�GH�SRVLWLRQ�GX�VDWHOOLWH�GXH�j�VD�GpULYH�G¶KRUORJH�VH�VLWXH�VHXOHPHQW�OH

ORQJ�GH�VD�WUDMHFWRLUH�HW�HVW�QpJOLJHDEOH�

v (IIHWV�LRQRVSKpULTXH

/D�SDUWLH�KDXWH�GH�O¶DWPRVSKqUH��DX�GHVVXV�GH����NP��FRPSRUWH�XQH�FRXFKH�LRQLVpH�TXL

SHUWXUEH� OD� SURSDJDWLRQ� GHV� RQGHV� pOHFWURPDJQpWLTXHV�� &HWWH� LRQLVDWLRQ� HVW

SULQFLSDOHPHQW�GXH�DX[�UD\RQV�XOWUDYLROHWV�pPLV�SDU�OH�VROHLO�HW�VH�WUDGXLW�SDU�XQ�QRPEUH

LPSRUWDQW�G¶pOHFWURQV�OLEUHV�GRQW�OD�GHQVLWp�YDULH�DX�FRXUV�GH�OD�MRXUQpH�VXLYDQW�O¶DFWLYLWp

VRODLUH� HW� OH� OLHX� JpRJUDSKLTXH�� 'H� SOXV�� FHWWH� GHQVLWp� HVW� PRGLILpH� SDU� OH� FKDPS

PDJQpWLTXH�GH�OD�WHUUH�

/RUVTXH�OH�VLJQDO�WUDYHUVH�FHWWH�FRXFKH�GH�O¶DWPRVSKqUH��LO�HVW�SOXV�RX�PRLQV�DWWpQXp�HW

UHWDUGp�VXLYDQW�OD�GHQVLWp�LRQRVSKpULTXH��&I��$QQH[H�'����

v (IIHWV�WURSRVSKpULTXHV

/D� WURSRVSKqUH� HVW� OD� FRXFKH� DWPRVSKpULTXH� OD� SOXV� SURFKH� GH� OD� WHUUH�� 'DQV

O¶DWPRVSKqUH� WHUUHVWUH�� OD� GHQVLWp� GH� O¶DLU� VHF� HW� GH� OD� YDSHXU� G¶HDX� GLPLQXHQW� DYHF
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O¶DOWLWXGH��&HWWH�YDULDWLRQ�FUpH�XQ�JUDGLHQW�G¶LQGLFH�GH�UpIUDFWLRQ��/¶LQGLFH�GH�UpIUDFWLRQ�HVW

vcn = � UDSSRUW� HQWUH� OD� YLWHVVH� GH� SURSDJDWLRQ� HQ� HVSDFH� OLEUH� HW� OD� YLWHVVH� GH

SURSDJDWLRQ�GDQV�OH�PLOLHX��LO�GpFURvW�OLQpDLUHPHQW�MXVTX¶j�XQH�DOWLWXGH�GH���NP��SXLV�VD

GpFURLVVDQFH�GHYLHQW�H[SRQHQWLHOOH��'H�SOXV��FHW� LQGLFH�HVW� LQGpSHQGDQW�GH� OD� IUpTXHQFH

MXVTX¶j����*+]�

/D� FRQVpTXHQFH� GH� FHWWH� YDULDWLRQ� G¶LQGLFH� HVW� XQH� DXJPHQWDWLRQ� GX� WHPSV� GH

SURSDJDWLRQ� TXL� HVW� pJDOH� j� OD� GLIIpUHQFH� HQWUH� OH� WHPSV� UpHO� PLV� SDU� O¶RQGH

pOHFWURPDJQpWLTXH�SRXU�DOOHU�GX�VDWHOOLWH�DX�UpFHSWHXU�HQ�WUDYHUVDQW�OD�WURSRVSKqUH�HW�OH

WHPSV�TXH�PHWWUDLW�FHWWH�RQGH�SRXU�SDUFRXULU�OD�GLVWDQFH�VDWHOOLWH�UpFHSWHXU�GDQV�OH�YLGH

�&I��$QQH[H�'����

v %UXLW�WKHUPLTXH

'LIIpUHQWV�VLJQDX[� LQGpVLUDEOHV��EUXLWV��VH� VXSHUSRVHQW�j� OD�SRUWHXVH� UHoXH�GX� VDWHOOLWH�

(Q�H[FOXDQW�OHV�EURXLOODJHV�G¶RULJLQH�UDGLRpOHFWULTXH�HQ�SURYHQDQFH�G¶DXWUHV�V\VWqPHV�GH

FRPPXQLFDWLRQ��LO�HVW�FRPPRGH�GH�FRPELQHU�OHV�EUXLWV�HQ�SURYHQDQFH�GH�O¶DQWHQQH��GH�OD

FRQQH[LRQ� DQWHQQH� UpFHSWHXU�� HW� OH� EUXLW� pTXLYDOHQW� GX� UpFHSWHXU� HQ� XQ� EUXLW� GpILQL� j

O¶HQWUpH�GX�UpFHSWHXU�HW�FDUDFWpULVp�SDU�OD�WHPSpUDWXUH�GH�EUXLW�V\VWqPH��&I��$QQH[H�&��

v 7UDMHWV�PXOWLSOHV

/HV�WUDMHWV�PXOWLSOHV�VRQW�GXV�j�GHV�SKpQRPqQHV�GH�UpIOH[LRQ�VXU� O¶HQYLURQQHPHQW� ORFDO

GX� UpFHSWHXU�� 'H� QRPEUHX[� UpIOHFWHXUV� VRQW� SUpVHQWV� GDQV� O¶HQYLURQQHPHQW� G¶XQH

DQWHQQH� GH� UpFHSWHXU� GH� UDGLRORFDOLVDWLRQ��� VRO�� EkWLPHQWV� HW� G¶DXWUHV� REMHWV�� /HV

FRQWULEXWLRQV�HQ�HQYLURQQHPHQW�XUEDLQ�VRQW�VLJQLILFDWLYHV�HW�FH�SRVWH�G¶HUUHXU�VHUD�pWXGLp

SOXV�HQ�GpWDLO�GDQV�OH�FKDSLWUH���

���������(TXDWLRQV�GH�QDYLJDWLRQ

&RPPH� FHOD� D� pWp� GLW� SUpFpGHPPHQW�� O¶REMHFWLI� GX� UpFHSWHXU� GH� QDYLJDWLRQ� HVW� GH

PHVXUHU� OD� GLVWDQFH� HQWUH� OH� VDWHOOLWH� HW� OH� UpFHSWHXU�� /D� GLVWDQFH� UpHOOH� HQWUH� OH� LLqPH

VDWHOOLWH�HW�OH�UpFHSWHXU�V¶pFULW�GH�OD�PDQLqUH�VXLYDQWH��

)( siui TTcR −= Eq.1. 1

/RUVTXH�OH�UpFHSWHXU�PHVXUH�FHWWH�GLVWDQFH��LO�PHVXUH�HQ�UpDOLWp�XQH�SVHXGR�GLVWDQFH��/D

GLVWDQFH� PHVXUpH� SDU� OH� UpFHSWHXU� HVW� HQWDFKpH� G¶XQ� EUXLW� G�� DX[� GLIIpUHQWV� SRVWHV

G¶HUUHXU� GpILQLV� GDQV� OH� SDUDJUDSKH� SUpFpGHQW� HW� G¶XQH� HUUHXU� FDXVpH� SDU� OH� GpFDODJH

WHPSRUHO�HQWUH�O¶KRUORJH�GX�UpFHSWHXU�HW�OH�WHPSV�GH�UpIpUHQFH�GX�V\VWqPH��/D�SVHXGR�

GLVWDQFH�PHVXUpH�SDU�OH�UpFHSWHXU�VH�SUpVHQWH�GRQF�VRXV�OD�IRUPH�VXLYDQWH��

[ ] isisiuimes vTTTTc +∆+−∆+= )()(,ρ Eq.1. 2
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R���

siT ���,QVWDQW��WHPSV�GH�UpIpUHQFH�GX�V\VWqPH��DXTXHO�OH�VLJQDO�TXLWWH�OH�VDWHOOLWH

uT ���,QVWDQW��WHPSV�GH�UpIpUHQFH�GX�V\VWqPH��DXTXHO�OH�VLJQDO�DUULYH�DX�UpFHSWHXU

siT∆ ��� pFDUW� GH� O¶KRUORJH� GX� VDWHOOLWH� 6L� SDU� UDSSRUW� DX� WHPSV� GH� UpIpUHQFH� GX

V\VWqPH�

T∆ ���pFDUW�GH�O¶KRUORJH�GX�UpFHSWHXU�SDU�UDSSRUW�DX�WHPSV�GH�UpIpUHQFH�*36�

c ���YLWHVVH�GH�OD�OXPLqUH

6L� OD� SVHXGR�GLVWDQFH� HVW� FRUULJpH� SDU� OH� GpFDODJH� GH� O¶KRUORJH� GX� VDWHOOLWH�� VRQ

H[SUHVVLRQ�VHUD�GRQQpH�SDU��

iiimes vTcR +∆⋅+=,ρ Eq.1. 3

/D�VROXWLRQ�GH�O¶XVDJHU�HVW�DORUV�OD�VROXWLRQ�GX�V\VWqPH�VXLYDQW��
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Eq.1. 4

/H�UpFHSWHXU�GRLW�UpVRXGUH�XQ�V\VWqPH�R�� x � y � z ��SRVLWLRQ�GX�UpFHSWHXU��HW� T∆ �VRQW�OHV

LQFRQQXHV�HW� ix � iy � iz � VRQW�GHV�TXDQWLWpV� FRQQXHV�j� VDYRLU� OD�SRVLWLRQ�GX�VDWHOOLWH� iS � �

%LHQ�TX¶LO�VRLW�SRVVLEOH�GH�UpVRXGUH�GLUHFWHPHQW�OH�V\VWqPH�� OHV�UpFHSWHXUV�XWLOLVHQW�XQH

YHUVLRQ�OLQpDULVpH�EHDXFRXS�SOXV�VLPSOH��/¶REWHQWLRQ�GH�FH�V\VWqPH�OLQpDULVp�HVW�GRQQpH

GDQV�O¶DQQH[H�(���

&H�QRXYHDX�V\VWqPH�SHXW�V¶pFULUH�VRXV�IRUPH�PDWULFLHOOH�GH�OD�PDQLqUH�VXLYDQWH��

ρ∆=+∆ vXH . Eq.1. 5

DYHF��

ρ∆ �YHFWHXU�GH�SVHXGR�GLVWDQFH�G¶pYROXWLRQ�GH�OD�PHVXUH

X∆ �YHFWHXU�G¶pYROXWLRQ�GH�O¶LQIRUPDWLRQ��SRVLWLRQ�HW�ELDLV�G¶KRUORJH�GX�UpFHSWHXU�

H �PDWULFH�GHV�FRVLQXV�GLUHFWHXUV�XVDJHU�VDWHOOLWH

v �EUXLW�GH�PHVXUH

/D� SUpFLVLRQ� GH� QDYLJDWLRQ� HVW� IRQFWLRQ� GHV� HUUHXUV� GHV� PHVXUHV� GH� SVHXGR�GLVWDQFHV

DLQVL�TXH�GH�OD�JpRPpWULH�GHV�VDWHOOLWHV�SDU�UDSSRUW�j�O¶XWLOLVDWHXU�

/D�SUpFLVLRQ�GH� OD�PHVXUH�GH�GLVWDQFH�HQWUH� O¶XWLOLVDWHXU�HW� FKDTXH�VDWHOOLWH�HVW� IRQFWLRQ

GHV� GLIIpUHQWV� SRVWHV� G¶HUUHXUV� GpILQLV� SUpFpGHPPHQW� HW� HVW� DSSHOpH� 8(5(� �8VHU

(TXLYDOHQW�5DQJH�(UURU��
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/D� SUpFLVLRQ� ILQDOH� VXU� OD� SRVLWLRQ� GX� UpFHSWHXU� GpSHQG� GH� OD� SRVLWLRQ� UHODWLYH� GHV

VDWHOOLWHV�SDU�UDSSRUW�j�O¶XWLOLVDWHXU��TXL�LGpDOHPHQW�GRLYHQW�DYRLU�XQH�VpSDUDWLRQ�DQJXODLUH

DXVVL�JUDQGH�TXH�SRVVLEOH�

/H� IDFWHXU� UHSUpVHQWDWLI�GH� OD�JpRPpWULH� HVW� OH�*'23� �*HRPHWULF�'LOXWLRQ�RI� 3UHFLVLRQ��

/¶LQWHUVHFWLRQ� GHV� VSKqUHV�� GpILQLHV� DX� GpEXW� SRXU� GpWHUPLQHU� OD� SRVLWLRQ� GH� O¶XVDJHU�

GpILQLUD� DORUV� XQH� UpJLRQ� G¶LQFHUWLWXGH� GRQW� OD� JUDQGHXU� GpSHQG� GH� OD� VLWXDWLRQ� GHV

VDWHOOLWHV�SDU�UDSSRUW�j�O¶XVDJHU�

/D� SUpFLVLRQ� ILQDOH� GH� ORFDOLVDWLRQ� GH� O¶XVDJHU� SHXW� V¶H[SULPHU� FRPPH� OH� SURGXLW� GH

O¶HUUHXU� GH� PHVXUH� GH� OD� GLVWDQFH� HQWUH� OH� VDWHOOLWH� HW� OH� UpFHSWHXU� HW� GX� IDFWHXU

UHSUpVHQWDWLI�GH�OD�TXDOLWp�GH�OD�JpRPpWULH�XWLOLVDWHXU�VDWHOOLWHV�

Incertitude sur la
Pseudo-distance

Régions
d’incertitude

Figure 1. 4 : Incertitude sur la pseudo-distance

���������)LOWUH�GH�.DOPDQ

/D�PpWKRGH� OD�SOXV� FRXUDPPHQW�XWLOLVpH�SRXU� FDOFXOHU� OD� SRVLWLRQ�GX� UpFHSWHXU� j�SDUWLU

GHV� SVHXGR�GLVWDQFHV� HVW� OH� ILOWUDJH� GH� .DOPDQ�� /H� ILOWUH� GH� .DOPDQ� HVW� XQH� YHUVLRQ

DPpOLRUpH�GH�OD�PpWKRGH�GHV�PRLQGUHV�FDUUpV�TXL�XWLOLVH�XQH�pTXDWLRQ�UpFXUVLYH�

/HV� GHX[� SULQFLSDX[� DYDQWDJHV� GX� ILOWUH� GH� .DOPDQ� VRQW� TX¶LO� SHXW� IRQFWLRQQHU� DYHF

VHXOHPHQW�XQH�SDUWLH�GHV�PHVXUHV� HW� TX¶LO� DMXVWH� OH� SRLGV� TX¶LO� GRQQH� DX[�PHVXUHV� HQ

IRQFWLRQ�GHV�PHVXUHV�GH�EUXLW�

&H�ILOWUH�XWLOLVH�GHX[�PRGqOHV��

• �/H�PRGqOH�GX�V\VWqPH

• /H�PRGqOH�GH�PHVXUH�TXL�FRUUHVSRQG�DX�V\VWqPH�TXH�QRXV�DYRQV�YX�GDQV� OD

VHFWLRQ�SUpFpGHQWH��pTXDWLRQV�GH�QDYLJDWLRQ�

8QH�SUpVHQWDWLRQ�GX�SULQFLSH�GX�ILOWUH�GH�.DOPDQ�HVW�GRQQpH�GDQV�O¶DQQH[H�(���
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�����&RQWH[WH�GH�O¶pWXGH

/¶HQWKRXVLDVPH� GHV� XWLOLVDWHXUV� FLYLOV� SRXU� OHV� V\VWqPHV� GH� QDYLJDWLRQ� SDU� VDWHOOLWHV

H[SOLTXH� O¶LQWpUrW� SRXU� GH� QRXYHDX[� V\VWqPHV� D\DQW� GHV� SHUIRUPDQFHV� DSSURSULpHV� HQ

WHUPH�GH�SUpFLVLRQ��GH�GLVSRQLELOLWp��G¶LQWpJULWp�

(VVHQWLHOOHPHQW� D[p� VXU� OHV� EHVRLQV� GH� O¶DYLDWLRQ� FLYLOH�� OH� GLPHQVLRQQHPHQW� GH� FHV

V\VWqPHV� Q¶HQWUDvQH� SDV� QpFHVVDLUHPHQW� OD� VDWLVIDFWLRQ� GHV� EHVRLQV� GHV� DSSOLFDWLRQV

JUDQG�SXEOLF�

/HV�EHVRLQV�GH�O¶DYLDWLRQ�FLYLOH�VRQW�UHODWLYHPHQW�ELHQ�GpILQLV��&HFL�Q¶HVW�SDV�OH�FDV�SRXU

OHV� DXWUHV� FRPPXQDXWpV� G¶XWLOLVDWHXUV� TXL� FRQVWLWXHQW� FHSHQGDQW� O¶HVVHQWLHO� GX�PDUFKp

GHV� UpFHSWHXUV� HW� TXL� SHXYHQW� DYRLU� GHV� H[LJHQFHV� VSpFLILTXHV� IRUWHPHQW

GLPHQVLRQQDQWHV��/HV� IXWXUHV�DSSOLFDWLRQV�JUDQG�SXEOLF�GX�GRPDLQH�DXWRPRELOH�VRQW� OHV

SUHPLqUHV�FRQFHUQpHV��FRPPH�OH�PRQWUH�OD�)LJXUH����FH�W\SH�G¶DSSOLFDWLRQ�FRQVWLWXH����

GX�PDUFKp�HXURSpHQ��&H�JUDSKLTXH�HVW�LVVX�G¶XQ�DUWLFOH�GH�/��'XWWRQ�>'87���@�

Taille du marché : 1 milliard d’euro

73%
Automobile

5%
Aviation

4%
Marine

5%
Géodésie

5%
Augmentation

5%
  Loisir

3%
 Autre

Figure 1. 5 : Marché européen des systèmes de navigation européens en 1999

/¶(XURSH� D� LQLWLp� OH� SURJUDPPH� *DOLOHR� DYHF� SRXU� REMHFWLI� OD� FUpDWLRQ� G¶XQ� V\VWqPH� GH

QDYLJDWLRQ�SDU�VDWHOOLWHV�LQGpSHQGDQW�HW�LQWHU�RSpUDEOH�DYHF�OHV�V\VWqPHV�*36�HW�*ORQDVV�

/¶DUFKLWHFWXUH� GH� *DOLOHR� HVW� EDVpH� VXU� XQH� FRQVWHOODWLRQ� GH� ��� VDWHOOLWHV� j� RUELWH

PR\HQQH�� GRQW� �� GLVSRQLEOHV� HQ� FDV� GH� SDQQH�� UpSDUWLV� VXU� �� SODQV� j� XQH� DOWLWXGH� GH

������NP��DYHF�XQH�LQFOLQDLVRQ�GH�����

/H�PLOLHX�XUEDLQ�HVW�FDUDFWpULVp�SDU�GHV�HIIHWV�GH�PDVTXDJH�HW�GHV�WUDMHWV�PXOWLSOHV��&HV

SKpQRPqQHV�LQWURGXLVHQW�XQH�HUUHXU�VXU�OHV�PHVXUHV�HIIHFWXpHV�SDU�OH�UpFHSWHXU��FH�TXL

UHQG�GLIILFLOH�OH�SRVLWLRQQHPHQW�GDQV�O¶HQYLURQQHPHQW�XUEDLQ�
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,O� HVW� GRQF� LPSRUWDQW� GH� ELHQ� FDUDFWpULVHU� OHV� EHVRLQV� GH� FHV� XWLOLVDWHXUV� XUEDLQV�� HW

G¶REVHUYHU� OHV�SHUIRUPDQFHV�GX�V\VWqPH�*DOLOHR�DILQ�GH�TXDQWLILHU� OHV�DPpOLRUDWLRQV�TXL

GHYURQW�rWUH�DSSRUWpHV�DX�V\VWqPH�

&HV� DSSOLFDWLRQV� VH� FDUDFWpULVHQW� SDU� GHV� H[LJHQFHV� GH� SUpFLVLRQ� GH� SRVLWLRQQHPHQW

KRUL]RQWDO�WUqV�ERQQH���GXUDQW�������GX�WHPSV��O¶HUUHXU�KRUL]RQWDOH�GRLW�rWUH�LQIpULHXUH�j

���PqWUHV�� &HV� H[LJHQFHV� GH� SUpFLVLRQ� RQW� pWp� pWDEOLHV� SDU� OD� FRPPLVVLRQ� HXURSpHQQH

GDQV�OH�FDGUH�GH�O¶pWXGH�GHV�SHUIRUPDQFHV�H[LJpHV�SRXU�*DOLOHR�>(85���@�

'DQV�FH�W\SH�G¶HQYLURQQHPHQW��LO�HVW�QpFHVVDLUH�G¶DPpOLRUHU�OHV�SHUIRUPDQFHV�GX�V\VWqPH

HW� G¶DVVXUHU� OD� FRQWLQXLWp� GH� OD� QDYLJDWLRQ� SHQGDQW� OHV� SpULRGHV� GH�PDVTXDJH� WRWDO� RX

SDUWLHO� GHV� VDWHOOLWHV� �LPPHXEOHV�� WXQQHOV�«��� HQ� XWLOLVDQW� GLIIpUHQWV� SURFpGpV� WHOV� TXH

O¶K\EULGDWLRQ� GX� UpFHSWHXU� DYHF� GHV� FDSWHXUV� RX� O¶XWLOLVDWLRQ� GH� SVHXGROLWHV�� WRXW� HQ

SUHQDQW�HQ�FRPSWH�GHV�FRQWUDLQWHV�GH�FR�WV�UpGXLWV�DX�QLYHDX�XWLOLVDWHXU�

�����2EMHFWLI�GH�O¶pWXGH�HW�GpPDUFKH�SURSRVpH

/¶REMHFWLI�GH�FHWWH�WKqVH�YLVH�j�pYDOXHU�OHV�SHUIRUPDQFHV�GHV�V\VWqPHV�GH�QDYLJDWLRQ�SDU

VDWHOOLWHV�SRXU�OHV�DSSOLFDWLRQV�HQ�PLOLHX�XUEDLQ�

2Q� V¶LQWpUHVVHUD� G¶XQH� SDUW� j� TXDQWLILHU� OHV� GpJUDGDWLRQV� LQGXLWHV� SDU� OHV� FRQGLWLRQV

SDUWLFXOLqUHV� GH� SURSDJDWLRQ� GHV� VLJQDX[� GH� QDYLJDWLRQ� HW� G¶DXWUH� SDUW� j� PHWWUH� HQ

pYLGHQFH� OHV� WHFKQLTXHV� SHUPHWWDQW� G¶DPpOLRUHU� OH� SRVLWLRQQHPHQW� DX� QLYHDX� GH

O¶XWLOLVDWHXU�

8QH�DQDO\VH�TXDQWLWDWLYH�SOXV�SURIRQGH�GX�SUREOqPH�VH�KHXUWH�j�XQH�SUHPLqUH�GLIILFXOWp

TXL� HVW� GH� SRXYRLU� FDUDFWpULVHU� OD� SHUIRUPDQFH� HQ� DXWRQRPH� G¶XQ� UpFHSWHXU�PRELOH� HQ

PLOLHX� XUEDLQ��� FHFL� SDVVH� SDU� XQH�PRGpOLVDWLRQ� GHV� FRQGLWLRQV� GH� SURSDJDWLRQ� DYHF� OD

SULVH� HQ� FRPSWH� GHV� VWUXFWXUHV� HQYLURQQDQWHV� TXL� SHXYHQW� PDVTXHU� OH� VLJQDO� RX� OH

UpIOpFKLU� YHUV� OH� UpFHSWHXU�� ,O� HQ� UpVXOWH� XQH� GpJUDGDWLRQ� VXU� OD� PHVXUH� GHV� SVHXGR�

GLVWDQFHV�TXL�GpSHQG�GH� O¶LPSRUWDQFH�GH� O¶DWWpQXDWLRQ�GX� WUDMHW�GLUHFW��GX�QLYHDX�UHODWLI

GHV�WUDMHWV�PXOWLSOHV�HW�GX�WUDLWHPHQW�HIIHFWXp�GDQV�OH�UpFHSWHXU�

3RXU� UpDOLVHU� FHWWH� pWXGH�� XQ� ORJLFLHO� XWLOLVDQW� XQH� PpWKRGH� GH� ODQFHU� GH� UD\RQV

SHUPHWWDQW�GH�PRGpOLVHU�GH�PDQLqUH�GpWHUPLQLVWH�OHV�WUDMHWV�PXOWLSOHV�GDQV�GHV�VFqQHV�j

��GLPHQVLRQV�D�pWp�GpYHORSSp��&H� ORJLFLHO�SHUPHWWDQW�GH�PRGpOLVHU� OH�PDVTXDJH� HW� OHV

WUDMHWV�PXOWLSOHV� HQ�PLOLHX� XUEDLQ� HVW� FRXSOp� DYHF� XQ� ORJLFLHO� GpYHORSSp� j� O¶RULJLQH� SDU

$OFDWHO�(VSDFH�TXL�SHUPHW�GH�SUHQGUH�HQ�FRPSWH�OHV�GLIIpUHQWV�SRVWHV�G¶HUUHXU�HW�SHUPHW

DORUV�GH�VLPXOHU�OHV�SHUIRUPDQFHV�GX�V\VWqPH�

/HV�UpVXOWDWV�REWHQXV�DYHF�O¶RXWLO�GH�VLPXODWLRQ�GRLYHQW�GDQV�XQ�SUHPLHU�WHPSV�SHUPHWWUH

G¶pYDOXHU�OHV�SHUIRUPDQFHV�GX�V\VWqPH�VHXO�HW�GH�TXDQWLILHU�OHV�DPpOLRUDWLRQV�GHPDQGpHV

DX�VHJPHQW�VSDWLDO�HW�RX�DX[�DXJPHQWDWLRQV�ORFDOHV�
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8QH�FDPSDJQH�GH�PHVXUH�D�pWp�UpDOLVpH�SRXU�YDOLGHU�OD�PRGpOLVDWLRQ�GH�O¶HQYLURQQHPHQW

UpDOLVpH� SDU� OH� ORJLFLHO� GH� ODQFHU� GH� UD\RQV� HW� SRXU� IRXUQLU� XQ� RUGUH� G¶LGpH� GHV

SHUIRUPDQFHV�TXH�O¶RQ�SHXW�DWWHQGUH�GDQV�GLIIpUHQWV�HQYLURQQHPHQWV�

&HV�WUDYDX[�FRQVWLWXHQW�OD�SUHPLqUH�SDUWLH�GH�OD�WKqVH�

/¶DPpOLRUDWLRQ�GHV� WHFKQLTXHV� UpFHSWHXU� VH� IHUD�j�SDUWLU� GH� WHFKQLTXHV�GpMj� H[LVWDQWHV�

DILQ� GH� GpWHUPLQHU� FHOOHV� TXL� VRQW� FRPSDWLEOHV� G¶XQH� DSSURFKH� IDLEOH� FR�W� DX� QLYHDX

XWLOLVDWHXU�HW�TXL�VHURQW�j�SUHQGUH�HQ�FRPSWH�GDQV�OD�PRGpOLVDWLRQ�GX�UpFHSWHXU�

/¶pWXGH� GH� FHV� DXJPHQWDWLRQV� FRQVWLWXH� OD� GHUQLqUH� SDUWLH� GH� FHWWH� WKqVH��� HOOH� GHYUD

SDVVHU�SDU�XQ�UHFHQVHPHQW�GHV�WHFKQLTXHV�SRVVLEOHV�DYHF�HQWUH�DXWUHV��

• O¶K\EULGDWLRQ� SDU� G¶DXWUHV� FDSWHXUV� �RGRPqWUH�� EDUR�DOWLPqUH�� FHQWUDOH

LQHUWLHOOH�«��

• O¶XWLOLVDWLRQ�GHV�SVHXGROLWHV�

• O¶XWLOLVDWLRQ�GH�FRUUHFWLRQV�GLIIpUHQWLHOOHV�

&H� UDSSRUW� VH� SUpVHQWH� HQ� TXDWUH� FKDSLWUHV�� /H� SUHPLHU� FKDSLWUH� UDSSHOOH� OHV� SULQFLSHV

IRQGDPHQWDX[�GHV� V\VWqPHV�GH�QDYLJDWLRQ�SDU� VDWHOOLWHV��'DQV� OH� VHFRQG� FKDSLWUH�� XQH

SUpVHQWDWLRQ�GX�SKpQRPqQH�GHV�WUDMHWV�PXOWLSOHV�DLQVL�TX¶XQH�PpWKRGH�GH�PRGpOLVDWLRQ

GH�FH�SKpQRPqQH�VRQW�GRQQpHV��/H�FKDSLWUH���pWXGLH�O¶LQIOXHQFH�GHV�WUDMHWV�UpIOpFKLV�VXU

OH�IRQFWLRQQHPHQW�GX�UpFHSWHXU�HW�SUpVHQWH�OHV�SHUIRUPDQFHV�GX�V\VWqPH�*36�REWHQXHV

ORUV�GH� OD� FDPSDJQH�GH�PHVXUH�� (QILQ� OH� GHUQLHU� FKDSLWUH�SUpVHQWH�SOXVLHXUV�PpWKRGHV

SHUPHWWDQW�G¶DXJPHQWHU�OHV�SHUIRUPDQFHV�GX�V\VWqPH�GDQV�XQ�HQYLURQQHPHQW�SHUWXUEp

SDU�GHV�WUDMHWV�PXOWLSOHV�
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%LEOLRJUDSKLH

>%2,���@ %2,7+,$6�/�

©�3URSDJDWLRQ�GHV�RQGHV�UDGLRpOHFWULTXHV�GDQV�O¶HQYLURQQHPHQW�WHUUHVWUH�ª

'XQRG�������

>%27���@ %27721�6HUJH�HW�DO�

©�*36�ORFDOLVDWLRQ�HW�QDYLJDWLRQ�ª�

3DULV��+(50(6�������

>&+(���@ &+(=(//(6�1LFRODV

©�/H�V\VWqPH�GH�UDGLRQDYLJDWLRQ�*36�1$967$5�ª�

7RXORXVH��&RQIpUHQFH�j�O¶(16$(��IpYULHU������

>&1(���@ &1(6

©�$�OD�FURLVpH�GH�O¶DpURQDXWLTXH�HW�GH�O¶HVSDFH�«�OD�QDYLJDWLRQ�SDU�VDWHOOLWH�ª�

7RXORXVH��&ROORTXH�LQWHUQDWLRQDO��������RFWREUH������

>&1(���@ &1(6

©�*OREDO�QDYLJDWLRQ�VDWHOOLWH�V\VWHPV�*166����ª�

7RXORXVH���qPH�V\PSRVLXP�HXURSpHQ��7RPH����������������RFWREUH������

>'87���@ '87721�/���$+0('�5���%28�-�)�

©�7KH�FRPPHUFLDOLVDWLRQ�RI�*166�VHUYLFHV�ª�

,21�*36�������6DOW�/DNH�&LW\��VHSWHPEUH������

>(85���@ (8523($1�&200,66,21

©�*DOLOHR�PLVVLRQ�UHTXLUHPHQWV�GRFXPHQW�ª�

LVVXH����UpYLVLRQ������MXLOOHW������

>*2/���@ *2/'+,56+�-���92*(/�:�-�

©�3URSDJDWLRQ� HIIHFWV� IRU� ODQG� PRELOH� VDWHOOLWH� V\VWHPV��� RYHUYLHZ� RI

H[SHULPHQWDO�DQG�PRGHOOLQJ�UHVXOWV�ª�

1$6$�UHIHUHQFH�SXEOLFDWLRQ�������IpYULHU������

>+2)���@ +2)0$11�:(//(1+2)�%���/,&+7(1(**(5�+���&2//,16�-�

©�*36�7KHRU\�DQG�3UDFWLFH�ª�

6SULQJHU�9HUODJ�������

>-$1���@ -$1,&=(.�3��0�

©�*OREDO�3RVLWLRQLQJ�6\VWHP�ª�

$OH[DQGULD��,QVWLWXWH�RI�QDYLJDWLRQ��9$��9ROXPH�,�,,�,,,��������
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>.$3���@ .$3/$1�(OOLRWW�'�

©�8QGHUVWDQGLQJ�*36��SULQFLSOHV�DQG�DSSOLFDWLRQV�ª�

/RQGUHV��$UWHFK�+RXVH�������

>./2���@ ./2%8&+$5�-�$�

©�,RQRVSKHULF�(IIHFWV�RQ�*36�ª�

$,$$�ERRN�RQ�*36�������

>0$/���@ 0$/,&251(�0DULH

©�0RGpOLVDWLRQ�GX�FDQDO�GH�SURSDJDWLRQ�SRXU�GHV�V\VWqPHV�GH�QDYLJDWLRQ�SDU

VDWHOOLWHV�ª�

7RXORXVH��UDSSRUW�G¶DYDQFHPHQW�GH��HUH�DQQpH�GH�WKqVH��DYULO������

>0$/���@ 0$/,&251(�0DULH

©�/D� UpFHSWLRQ� GHV� V\VWqPHV� GH� QDYLJDWLRQ� SDU� VDWHOOLWHV� HQ� SUpVHQFH� GH

WUDMHWV�PXOWLSOHV�ª�

7RXORXVH��UDSSRUW�G¶DYDQFHPHQW�GH��LHPH�DQQpH�GH�WKqVH��PDL������

>0$5���@ 0$5$/�*���%28648(7�0�

©�6DWHOOLWH�&RPPXQLFDWLRQV�6\VWHPV�ª�

:LOH\�������

>27$���@ 27$1

©�&DUDFWpULVWLTXHV� GX� V\VWqPH� PRQGLDO� GH� GpWHUPLQDWLRQ� GH� OD� SRVLWLRQ

1DYVWDU��*36��

67$1$*�������(GLWLRQ�����DR�W������

>3$5���@ 3$5.,1621�%UDGIRUG�:���63,/.(5�-DPHV�-�

©�*OREDO�3RVLWLRQLQJ�6\VWHP���7KHRU\�DQG�$SSOLFDWLRQV�ª�

$PHULFDQ�LQVWLWXWH�RI�DHURQDXWLFV�DQG�DVWURQDXWLFV��YROXPH�,�,,��������

>3$5���@ 3$56216�-�'�

©�7KH�0RELOH�5DGLR�3URSDJDWLRQ�&KDQQHO�ª�

3HQWHFK�3UHVV�������

>352���@ 352$.,6�-�*�

©�'LJLWDO�&RPPXQLFDWLRQV�ª�

0F*UDZ�+LOO�%RRN�&RPSDQ\�������

>5(0���@ 5(0<�-�*��5HP\�HW�DO�

©�6\VWqPHV�GH�5DGLRFRPPXQLFDWLRQV�DYHF�OHV�0RELOHV�ª�

(\UROOHV��&1(7�(167��&KDS�����SS���������
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$ILQ� G¶pWXGLHU� OHV� SHUIRUPDQFHV� G¶XQ� V\VWqPH� GH� QDYLJDWLRQ� HQ� HQYLURQQHPHQW� XUEDLQ�

XQH� PRGpOLVDWLRQ� GH� OD� SURSDJDWLRQ� GH� O¶RQGH� GDQV� FH� PLOLHX� GRLW� rWUH� UpDOLVpH�� &H

GHX[LqPH� FKDSLWUH� D� SRXU� EXW� GH� PLHX[� FRPSUHQGUH� OHV� SKpQRPqQHV� DIIHFWDQW� OD

SURSDJDWLRQ�HQ�PLOLHX�XUEDLQ�SRXU�rWUH�HQ�PHVXUH�GH�GpILQLU�VRQ� LQIOXHQFH�VXU� OH�VLJQDO

UHoX� SDU� OH� UpFHSWHXU�� GH� GRQQHU� XQH� PpWKRGH� GH� PRGpOLVDWLRQ� HW� GH� FDUDFWpULVHU

GLIIpUHQWV�HQYLURQQHPHQWV�SRXU�OHV�VLPXODWLRQV�UpDOLVpHV�GDQV�OHV�DXWUHV�FKDSLWUHV�

�����&DQDO�HQ�HQYLURQQHPHQW�XUEDLQ

(Q�HQYLURQQHPHQW�XUEDLQ��OD�SURSDJDWLRQ�GH�O¶RQGH�VHUD�DIIHFWpH�SDU�GHX[�SKpQRPqQHV��

OH�PDVTXDJH�HW�OHV�WUDMHWV�PXOWLSOHV��&I��)LJXUH����

/H�PDVTXDJH�HVW�SURYRTXp�SDU�OHV�GLIIpUHQWV�REVWDFOHV�TXL�FRQVWLWXHQW�O¶HQYLURQQHPHQW�HW

TXL�HPSrFKHQW� OH�VLJQDO�GH�SDUYHQLU�DX�UpFHSWHXU��,O�HVW�DORUV�GLIILFLOH�G¶DYRLU� OHV�TXDWUH

VDWHOOLWHV�HQ�YLVLELOLWp�QpFHVVDLUHV�DX�FDOFXO�GH�OD�SRVLWLRQ�GX�UpFHSWHXU�

/H�VHFRQG�SKpQRPqQH��OHV�WUDMHWV�PXOWLSOHV��V¶REVHUYHQW�ORUVTXH�OHV�RQGHV�pPLVHV�SDU�OH

VDWHOOLWH� VH� UpIOpFKLVVHQW� VXU� GH� QRPEUHXVHV� VXUIDFHV� SUpVHQWHV� GDQV� O¶HQYLURQQHPHQW�

&HV� GLIIpUHQWHV� FRQWULEXWLRQV� YRQW� VH� UHFRQVWLWXHU� DX� QLYHDX� GX� UpFHSWHXU� TXL� YD� GRQF

WUDLWHU�XQ�VLJQDO�GLIIpUHQW�GX�VLJQDO�RULJLQDO�
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Satellite
masqué

Trajets
réfléchis

Trajet
direct

Figure 2. 1 : Propagation en environnement urbain

3RXU�FRPSUHQGUH�FRPPHQW�OHV�WUDMHWV�PXOWLSOHV�SHUWXUEHQW�OH�UpFHSWHXU��&I��FKDSLWUH����

LO�HVW�LPSRUWDQW�GH�PLHX[�SUpVHQWHU�FH�SKpQRPqQH�HW�OHV�PR\HQV�SRXU�OH�PRGpOLVHU�

�������7UDMHWV�PXOWLSOHV

/RUVTXH� O¶RQGH� pPLVH� SDU� OH� VDWHOOLWH� LQWHUFHSWH� XQ� pOpPHQW� GH� O¶HQYLURQQHPHQW� GX

UpFHSWHXU��HOOH�VXELW�SOXVLHXUV�FKDQJHPHQWV�SDU�UDSSRUW�DX�WUDMHW�GLUHFW��

• XQ�UHWDUG

• XQH�DWWpQXDWLRQ

• XQ�FKDQJHPHQW�GH�SRODULVDWLRQ

• XQ�GpFDODJH�IUpTXHQWLHO�

7RXV� FHV� SDUDPqWUHV� YDULHQW� GDQV� OH� WHPSV� HQ� IRQFWLRQ� GH� OD� YLWHVVH� GH� O¶pPHWWHXU� HW

FHOOH�GX�UpFHSWHXU��PDLV�DXVVL�HQ�IRQFWLRQ�GH�O¶HQYLURQQHPHQW�

���������5HWDUG�GH�SURSDJDWLRQ

&KDTXH� WUDMHW� VXLW� XQ� FKHPLQ� GLIIpUHQW�� FKDTXH� WUDMHW� D� GRQF� VRQ� SURSUH� UHWDUG� GH

SURSDJDWLRQ�SDU�UDSSRUW�DX�WUDMHW�GLUHFW��&H�UHWDUG�SRXU�OH�PLqPH�WUDMHW�HVW�GpILQL�SDU��

c

LLm
m

0−
=τ

DYHF��

mL �ORQJXHXU�GX�PLqPH�WUDMHW

0L �ORQJXHXU�GX�WUDMHW�GLUHFW

18 .10.3 −= smc �YLWHVVH�GH�OD�OXPLqUH

0DLQWHQDQW�TXH�OH�UHWDUG�GHV�WUDMHWV�HVW�GpILQL��OHV�DWWpQXDWLRQV�VXELHV�SDU�OHV�WUDMHWV�YRQW

rWUH�WUDLWpHV�
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���������$WWpQXDWLRQ�VXELH�ORUV�G¶XQH�UpIOH[LRQ

'DQV�FHUWDLQHV�FRQGLWLRQV��&I��SDUDJUDSKH����������� � ORUVTXH� O¶RQGH�pPLVH� UHQFRQWUH�XQ

REVWDFOH�� HOOH� VXLW� OD� ORL� GH� O¶RSWLTXH� JpRPpWULTXH�� /H� VLJQDO� pPLV� HVW� SRODULVp

FLUFXODLUHPHQW�� O¶RQGH� V¶H[SULPH� DORUV� HQ� WHUPH� GH� GHX[� FRPSRVDQWHV� SRODULVpHV

OLQpDLUHPHQW��XQH�SDUDOOqOH�DX�SODQ�G¶LQFLGHQFH��SODQ�GpILQL�SDU�OD�QRUPDOH�j�OD�VXUIDFH� n
r

HW� OH� UD\RQ� LQFLGHQW�� HW� O¶DXWUH� SHUSHQGLFXODLUH� j� FH� PrPH� SODQ� FRPPH� OH� PRQWUH� OD

)LJXUH����2Q�SDUOHUD�GH�FRPSRVDQWHV�SDUDOOqOH�HW�SHUSHQGLFXODLUH�

 

n 
   → 

E i // 

E i // 

E i ⊥ 

Rayon incident 
Rayon réfléchi 

M ILIEU  1 

M ILIEU  2 

φ 1 φ 1 

 

Figure 2. 2 : la réflexion

&KDFXQH� GH� FHV� FRPSRVDQWHV� HVW� DWWpQXpH� GH� PDQLqUH� GLIIpUHQWH�� /HV� FRHIILFLHQWV� GH

UpIOH[LRQ� SHUPHWWDQW� GH� FDOFXOHU� FHV� DWWpQXDWLRQV� VRQW� GRQQpV� GDQV� OHV� pTXDWLRQV

VXLYDQWHV��
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R���

1φ �DQJOH�G¶LQFLGHQFH�GH�O¶RQGH

rε �SHUPLWWLYLWp�GX�PDWpULDX

ω �SXOVDWLRQ�GH�OD�SRUWHXVH

σ �FRQGXFWLYLWp�pOHFWULTXH�VSpFLILTXH�GX�PDWpULDX
112

0 .10.854.8 −−= mFε �SHUPLWWLYLWp�GX�YLGH

/¶REWHQWLRQ�GH�FHV�pTXDWLRQV�HVW�GRQQpH�GDQV�O¶DQQH[H�)����
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0$7(5,$8 3(50,77,9,7( &21'8&7,9,7(

9HUUH ��� �����

6RO�VHF � ����

%pWRQ � �����

)HU � ���������

Table 2. 1 : Exemples de permittivité et conductivité de matériaux

/HV� TXDWUH� ILJXUHV� VXLYDQWHV� SUpVHQWHQW� OHV� PRGXOHV� HW� OHV� SKDVHV� GHV� FRHIILFLHQWV� GH

UpIOH[LRQ� SDUDOOqOH� HW� SHUSHQGLFXODLUH� HQ� IRQFWLRQ� GH� O¶DQJOH� G¶LQFLGHQFH� SRXU� GLIIpUHQWV

PDWpULDX[�
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0.2
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0.5
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0.7

0.8

0.9

1

1.1
Module du coeficient de reflexion perpendiculaire

Angle d'incidence en degrés
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0.6

0.8
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Module du coeficient de reflexion parallèle

Angle d'incidence en degrés

Verre  
Sol sec
Béton  
Fer    

Figure 2. 3 : Module du coefficient de réflexion Figure 2. 4 : Module du coefficient de réflexion

perpendiculaire parallèle

&RPPH�OH�PRQWUHQW�OHV�)LJXUHV���HW����OD�FRPSRVDQWH�SHUSHQGLFXODLUH�Q¶HVW�SDV�DWWpQXpH

GH�OD�PrPH�PDQLqUH�TXH�OD�FRPSRVDQWH�SDUDOOqOH��&HFL�LQGXLW�TXH�ORUVTXH�O¶RQGH�LQFLGHQWH

HVW�SRODULVpH�FLUFXODLUHPHQW��O¶RQGH�UpIOpFKLH�DXUD�DORUV�XQH�SRODULVDWLRQ�HOOLSWLTXH�

0 10 20 30 40 50 60 70 80 90
3.1404

3.1406

3.1408
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3.1412

3.1414

3.1416

3.1418
Phase du coeficient de réflexion perpendiculaire

Angle d'incidence en degrés

Verre  
Sol sec
Béton  
Fer    

0 10 20 30 40 50 60 70 80 90
-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0

0.5
Phase du coeficient de réflexion parallèle

Angle d'incidence en degrés

Verre  
Sol sec
Béton  
Fer    

Figure 2. 5 : Phase du coefficient de réflexion Figure 2. 6 : Phase du coefficient de réflexion

perpendiculaire parallèle
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���������&KDQJHPHQW�GH�SRODULVDWLRQ

'¶DSUqV� OD� )LJXUH� ��� LO� HVW� SRVVLEOH� GH� WURXYHU� XQ� DQJOH� G¶LQFLGHQFH� SRXU� OHTXHO� OH

FRHIILFLHQW� GH� UpIOH[LRQ� SDUDOOqOH� HVW� QXO�� FH� TXL� VLJQLILH� TXH� SRXU� FHW� DQJOH� O¶RQGH� HQ

SRODULVDWLRQ�SDUDOOqOH�HVW�WRWDOHPHQW�WUDQVPLVH�GDQV�OH�PLOLHX����&I��)LJXUH�����&HW�DQJOH�

DSSHOp�DQJOH�GH�%UHZVWHU� Bθ ��HVW�FDOFXOp�JUkFH�j�OD�UHODWLRQ�VXLYDQWH��







−= −

0

1tan
ωε
σεθ jrB Eq. 2. 3

/H�SKpQRPqQH�GH�UpIOH[LRQ�LQWURGXLW�XQ�FKDQJHPHQW�GH�SRODULVDWLRQ�GH�O¶RQGH��(Q�HIIHW�

SRXU� GHV� DQJOHV� G¶LQFLGHQFH� LQIpULHXUV� j� O¶DQJOH� GH� %UHZVWHU�� OHV� RQGHV� UpIOpFKLHV

VXELVVHQW�XQ�FKDQJHPHQW�GH�SKDVH�j�������'H�SOXV��FRPPH�FKDTXH�FRPSRVDQWH�VXELH

XQH�DWWpQXDWLRQ�GLIIpUHQWH��VL�O¶RQGH�pWDLW�SRODULVpH�FLUFXODLUHPHQW��HOOH�GHYLHQW�SRODULVpH

HOOLSWLTXHPHQW�HW�FHFL�TXHO�TXH�VRLW�O¶DQJOH�GH�%UHZVWHU��/HV�GpWDLOV�GX�UDLVRQQHPHQW�VRQW

GRQQpV�GDQV�O¶DQQH[H�)���

/H�WDEOHDX�VXLYDQW�UpVXPH�OHV�FKDQJHPHQWV�GH�SRODULVDWLRQ�SRVVLEOHV��

3RODULVDWLRQ�LQFLGHQWH
3RODULVDWLRQ�UpIOpFKLH

φ��θ%�����������������������������������φ�!θ%

&LUFXODLUH�GURLWH

&LUFXODLUH�JDXFKH

(OOLSWLTXH�GURLWH

(OOLSWLTXH�JDXFKH

(OOLSWLTXH�JDXFKH

(OOLSWLTXH�GURLWH

(OOLSWLTXH�JDXFKH

(OOLSWLTXH�GURLWH

(OOLSWLTXH�GURLWH

(OOLSWLTXH�JDXFKH

(OOLSWLTXH�GURLWH

(OOLSWLTXH�JDXFKH

Table 2. 2 :Changement de polarisation

���������'pFDODJH�IUpTXHQWLHO

/RUVTXH�O¶pPHWWHXU�HW�OH�UpFHSWHXU�VRQW�HQ�PRXYHPHQW��OD�IUpTXHQFH�UHoXH�VHUD�IRQFWLRQ

GX�PRXYHPHQW�UHODWLI�HQWUH�O¶pPHWWHXU�HW�OH�UpFHSWHXU��HIIHW�'RSSOHU��

/¶HIIHW�'RSSOHU�LQWURGXLW�XQ�GpFDODJH�GH�OD�IUpTXHQFH�
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Figure 2. 7 : Effet Doppler

&H�GpFDODJH� HQ� IUpTXHQFH� dmf � SHXW� VH� GpFRPSRVHU� HQ� GHX[� GpFDODJHV� IUpTXHQWLHOV�� OH

SUHPLHU�G��DX�PRXYHPHQW�GX�VDWHOOLWH�HW�OH�GHX[LqPH�G��DX�PRXYHPHQW�GX�UpFHSWHXU��/H

GpFDODJH�WRWDO�V¶pFULW�DORUV��

[ ])cos()cos( mrs
p

drmdsdm vv
c

f
fff θβ +=+= Eq. 2. 4

DYHF��

dsf �GpFDODJH�'RSSOHU�G��DX�PRXYHPHQW�GX�VDWHOOLWH

dmf �GpFDODJH�'RSSOHU�G��DX�PRXYHPHQW�GX�UpFHSWHXU

sv �YLWHVVH�GX�VDWHOOLWH

rv �YLWHVVH�GX�UpFHSWHXU

β �DQJOH�HQWUH�OD�YLWHVVH�GX�VDWHOOLWH�HW�OH�WUDMHW�pPLV

mθ �DQJOH�HQWUH�OD�YLWHVVH�GX�UpFHSWHXU�HW�OH�WUDMHW�UHoX

'DQV�OH�FDV�R��O¶pPHWWHXU�HVW�j�XQH�GLVWDQFH�WUqV�JUDQGH�SDU�UDSSRUW�j�FHOOH�TXL�VpSDUH

OHV� UpIOHFWHXUV� GX� UpFHSWHXU�� FRPPH� F¶HVW� OH� FDV� SRXU� XQ� V\VWqPH� VDWHOOLWDLUH�� RQ� SHXW

IDLUH� O¶K\SRWKqVH� TXH� OH� GpFDODJH� 'RSSOHU� G�� DX�PRXYHPHQW� GX� VDWHOOLWH� HVW� OH�PrPH

SRXU� WRXV� OHV� WUDMHWV� DUULYDQW� DX� UpFHSWHXU� HW� SURYHQDQW� GX� PrPH� VDWHOOLWH�� &HW� HIIHW

'RSSOHU�VDWHOOLWH�FUpH�DORUV�XQ�GpFDODJH�GX�VSHFWUH�GX�VLJQDO�WRWDO�UHoX��'RSSOHU�VKLIW���&H

GpFDODJH� SHXW� rWUH� FRUULJp� SDU� OH� UpFHSWHXU� JUkFH� j� XQ� PpFDQLVPH� GH� FRQWU{OH� GH

IUpTXHQFH� DXWRPDWLTXH�� 'DQV� OD� VXLWH� GH� FH� UDSSRUW� FH� GpFDODJH� QH� VHUD� SOXV� SULV� HQ

FRPSWH�

/H�GHX[LqPH�GpFDODJH�HQ� IUpTXHQFH�G��DX�PRXYHPHQW�GX� UpFHSWHXU� HVW� GLIIpUHQW�SRXU

FKDTXH�WUDMHW�SURYHQDQW�GX�PrPH�VDWHOOLWH�FH�TXL�FUpH�XQ�pWDOHPHQW�GX�VSHFWUH�GX�VLJQDO

UHoX�SDU�OH�UpFHSWHXU�
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���������)RUPH�GX�VLJQDO�HQ�HQWUpH�GX�UpFHSWHXU

/H�VLJQDO�pPLV�SDU�OH�VDWHOOLWH�HVW�GH�OD�IRUPH��

))(2sin()()()( 0 ttftdtptc pe φπ += Eq. 2. 5

R�

)(tp �HVW�OH�FRGH

)(td �OHV�GRQQpHV�TXH�QRXV�QpJOLJHURQV�GDQV�OD�VXLWH�HQ�UDLVRQ�GH�OHXU�IDLEOH�GpELW�SDU

UDSSRUW�DX�FRGH

pf �OD�IUpTXHQFH�GH�OD�SRUWHXVH

0φ �OD�SKDVH�LQLWLDOH�TXH�QRXV�VXSSRVHURQV�QXOOH�GDQV�FH�TXL�VXLW

/¶DQWHQQH� GX� UpFHSWHXU� HVW� FRQoXH� SRXU� UHFHYRLU� GHV� RQGHV� HQ� SRODULVDWLRQ� FLUFXODLUH

GURLWH��5+&3���HW�SUpVHQWH�GHV�FDUDFWpULVWLTXHV�GH�JDLQV�G¶DQWHQQH�GLIIpUHQWHV�SRXU�GHV

VLJQDX[�SRODULVpV�HQ�FLUFXODLUH�GURLWH�RX�FLUFXODLUH�JDXFKH��/+&3��
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Figure 2. 8 : Gains d’antenne récepteur

&RPPH�OH�PRQWUH�OD�ILJXUH�FL�GHVVXV��OHV�RQGHV�SRODULVpHV�FLUFXODLUHPHQW�j�JDXFKH�VHURQW

EHDXFRXS�SOXV�DWWpQXpHV�SDU�O¶DQWHQQH�TXH�OHV�RQGHV�SRODULVpHV�FLUFXODLUHPHQW�j�GURLWH�

/HV�RQGHV�UpIOpFKLHV�VRQW�SRODULVpHV�HOOLSWLTXHPHQW��OHV�JDLQV�G¶DQWHQQH�QH�SHXYHQW�GRQF

SDV�rWUH�XWLOLVpV�WHO�TXH�

3RXU� SUHQGUH� HQ� FRPSWH� FH� SUREOqPH�� OHV� RQGHV� SRODULVpHV� HOOLSWLTXHPHQW� VRQW

GpFRPSRVpHV�HQ�GHX[�RQGHV�SRODULVpHV�FLUFXODLUHPHQW��O¶XQH�j�GURLWH�HW�O¶DXWUH�j�JDXFKH

�FHWWH�GpFRPSRVLWLRQ�HVW�GRQQpH�GDQV�O¶DQQH[H�)������,O�QH�UHVWH�SOXV�DORUV�TX¶j�DSSOLTXHU

OHV�JDLQV�FRUUHVSRQGDQWV�j�FKDFXQH�GH�FHV�RQGHV�
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/D�SRUWHXVH�UHoXH�DXUD�DORUV�OD�IRUPH�VXLYDQWH��
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Eq. 2. 6

DYHF��

)(2)(2 tfttf mpdmm τππφ −= Eq. 2. 7

mPDRHCPmRHCP aGa ,, ×= Eq. 2. 8

mPGLHCPmLHCP aGa ,, ×= Eq. 2. 9

R�

RHCPG �JDLQ�GH�O¶DQWHQQH�UpFHSWHXU�HQ�SRODULVDWLRQ�FLUFXODLUH�GURLWH

LHCPG �JDLQ�GH�O¶DQWHQQH�UpFHSWHXU�HQ�SRODULVDWLRQ�FLUFXODLUH�JDXFKH

mPDa , �JDLQ�GH�O¶RQGH�SRODULVpH�FLUFXODLUHPHQW�j�GURLWH�LVVXH�GX�PLqPH�WUDMHW

mPGa , �JDLQ�GH�O¶RQGH�SRODULVpH�FLUFXODLUHPHQW�j�JDXFKH�LVVXH�GX�PLqPH�WUDMHW

7RXV� OHV� WUDMHWV� V¶DGGLWLRQQDQW� j� O¶HQWUpH� GX� UpFHSWHXU�� FHWWH� VRPPH� SHXW� VH� IDLUH� GH

PDQLqUH� GHVWUXFWLYH� HW� FRQVWUXFWLYH�� /RUVTXH� OHV� WUDMHWV� V¶DGGLWLRQQHQW� GH� PDQLqUH

GHVWUXFWLYH��LO�DSSDUDvW�DORUV�GHV�SHUWHV�GH�SXLVVDQFH�GX�VLJQDO��FHV�SHUWHV�VRQW�DSSHOpHV

GHV�pYDQRXLVVHPHQWV��©�IDGLQJ�ª�HQ�DQJODLV��

+ +

= =

Figure 2. 9 : Evanouissements
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'DQV�OD�)LJXUH����OHV�FRXUEHV�VH�VLWXDQW�DX�EDV�GH�OD�ILJXUH�VRQW�OH�UpVXOWDW�GH�OD�VRPPH

GHV� GHX[� FRXUEHV� VH� VLWXDQW� DX�GHVVXV�� 6HORQ� OD� GLIIpUHQFH� GH� SKDVH� HQWUH� OHV� GHX[

RQGHV��O¶RQGH�UpVXOWDQWH�DXUD�XQH�DPSOLWXGH�LPSRUWDQWH�RX�QRQ�

9RLOj� SRXUTXRL�� OH� FDQDO� HQ� SUpVHQFH� GH� WUDMHWV� PXOWLSOHV� HVW� DSSHOp� FDQDO� j

pYDQRXLVVHPHQWV�

�������&DUDFWpULVDWLRQ�GX�FDQDO

8Q� FDQDO� j� pYDQRXLVVHPHQWV� VH� FDUDFWpULVH� j� GHX[� QLYHDX[��� j� XQ� LQVWDQW� GRQQp� SRXU

FRQQDvWUH�VD�VpOHFWLYLWp�HQ�IUpTXHQFH�HW�GDQV�OH�WHPSV�SRXU�VDYRLU�V¶LO�HVW�j�pYDQHVFHQFH

OHQWH�RX�UDSLGH��/HV�SDUDPqWUHV�TXL�OH�FDUDFWpULVHQW�VRQW��

• OD�GLVSHUVLRQ�GHV�UHWDUGV

• OD�EDQGH�GH�FRKpUHQFH

• OH�WHPSV�GH�FRKpUHQFH

• OD�EDQGH�pYDQHVFHQWH

8Q�UDSSHO�GH�FHV�GpILQLWLRQV�HVW�IDLW�GDQV�O¶DQQH[H�*�

SELECTIVITE
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Tco: temps de cohérence

TL: période de la boucle

coF TB 1= : bande évanescente

LL TB 1= : bande de la boucle

Tm: dispersion des retards

Tc : période du code

mco TB 1= : bande de cohérence

cTW 1= : bande du signal

Figure 2. 10 : Caractérisation du canal

6DYRLU� VL� OH� FDQDO�HVW� VpOHFWLI� HQ� IUpTXHQFH�SHUPHW�GH�GpWHUPLQHU� VL� WRXV� OHV� WUDMHWV� VH

FRPSRUWHQW�GH�OD�PrPH�PDQLqUH��RX�VL�OH�UpFHSWHXU�SHXW�GLVVRFLHU�OHV�GLIIpUHQWV�WUDMHWV��

/RUVTXH�OH�FDQDO�HVW�VpOHFWLI�HQ�IUpTXHQFH��OH�VLJQDO�SUpVHQWH�XQH�GLVWRUVLRQ�HQ�IUpTXHQFH

TXL� VH� WUDGXLW� SK\VLTXHPHQW� SDU� XQ� FRPSRUWHPHQW� GLIIpUHQW� GH� FKDTXH� FRPSRVDQWH

UpIOpFKLH��6L�OH�FDQDO�HVW�QRQ�VpOHFWLI�HQ�IUpTXHQFH��WRXWHV�OHV�IUpTXHQFHV�GDQV�OH�VSHFWUH

GX�VLJQDO�VH�FRPSRUWHQW�GH�OD�PrPH�PDQLqUH�
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6L�OH�FDQDO�HVW�j�pYDQHVFHQFH�OHQWH�DORUV�FHOD�VLJQLILH�TX¶LO�QH�YDULH�SDV�EHDXFRXS�GDQV�OH

WHPSV��GDQV�OH�FDV�FRQWUDLUH�OH�FDQDO�YDULH�UDSLGHPHQW�

8Q�FDQDO�HVW�GLW�j�pYDQHVFHQFH�OHQWH�RX�VpOHFWLI�HQ�WHPSV�ORUVTXH�OD�EDQGH�pYDQHVFHQWH

HVW� LQIpULHXUH� j� OD� EDQGH� GH� OD� ERXFOH�� /H� FRPSRUWHPHQW� GX� FDQDO� YDULH� SHX� VXU� XQH

SpULRGH�GH� LB1 ��OD�ERXFOH�SRXUVXLW�DORUV�WRXWHV�OHV�FRPSRVDQWHV�UpIOpFKLHV��'DQV�OH�FDV

GH�O¶pYDQHVFHQFH�UDSLGH��OD�ERXFOH�SRXUVXLW�XQLTXHPHQW�OD�FRPSRVDQWH�GLUHFWH��(Q�HIIHW�

OHV� FRPSRVDQWHV� UpIOpFKLHV� YDULDQW� EHDXFRXS� GDQV� OH� SODQ� GH� )UHVQHO�� ORUVTXH� QRXV

UpDOLVRQV�O¶LQWpJUDWLRQ�VXU�XQH�SpULRGH�GH� LB1 ��OHV�FRPSRVDQWHV�UpIOpFKLHV�VRQW�ILOWUpHV�

&HW�DVSHFW�GX�SUREOqPH�VHUD�WUDLWp�SOXV�HQ�GpWDLO�GDQV�OH�FKDSLWUH���

'DQV�FHWWH�SUHPLqUH�SDUWLH�GX�FKDSLWUH���� OH�SKpQRPqQH�GHV�WUDMHWV�PXOWLSOHV�DLQVL�TXH

VHV� FRQVpTXHQFHV� VXU� OH� VLJQDO� RQW� pWp� WUDLWpV�� OD� GHX[LqPH� SDUWLH� VH� SURSRVH� GH

UpSHUWRULHU� OHV� PpWKRGHV� H[LVWDQWHV� SRXU� PRGpOLVHU� FH� SKpQRPqQH� HW� GH� SUpVHQWHU� OD

PpWKRGH�FKRLVLH�

�����0RGpOLVDWLRQ�GH�OD�SURSDJDWLRQ�HQ�HQYLURQQHPHQW�XUEDLQ

�������0RGqOHV�H[LVWDQWV

3OXVLHXUV�PpWKRGHV�H[LVWHQW�SRXU�PRGpOLVHU�XQ�FDQDO�SHUWXUEp�SDU�GHV� WUDMHWV�PXOWLSOHV

>*2/���@��

• HPSLULTXH

• VWDWLVWLTXH

• GpWHUPLQLVWH

/HV�PRGqOHV�HPSLULTXHV�VRQW� LVVXV�GH�FDPSDJQH�GH�PHVXUHV�HW�GpFULYHQW� OD�SUREDELOLWp

GH� GLVWULEXWLRQ� GHV� pYDQRXLVVHPHQWV�� /HV�PRGqOHV� VWDWLVWLTXHV� VRQW� HX[� DXVVL� LVVXV� GH

FDPSDJQHV� GH� PHVXUHV� HW� LOV� VRQW� IRQGpV� VXU� O¶XWLOLVDWLRQ� GH� SOXVLHXUV� IRQFWLRQV� GH

GHQVLWpV� GH� SUREDELOLWp��� 5D\OHLJK�� 5LFH�� /RJ1RUPDOH�«� /HV� PRGqOHV� GpWHUPLQLVWHV

XWLOLVHQW�TXDQW�j�HX[�O¶RSWLTXH�JpRPpWULTXH�SRXU�SUpGLUH�OD�SURSDJDWLRQ�GH�FKDTXH�WUDMHW�

/H�FKRL[�HQWUH�FHV�GLIIpUHQWV�PRGqOHV�GpSHQG�GHV�DSSOLFDWLRQV�SRXU�OHVTXHOOHV�RQ�YHXW�OHV

XWLOLVHU�� /HV�PRGqOHV�HPSLULTXHV�QH� IRXUQLVVHQW�SDV�XQ�DSHUoX�GX�SKpQRPqQH�SK\VLTXH

GHV� WUDMHWV� PXOWLSOHV�� /HV� PRGqOHV� VWDWLVWLTXHV� DSSURIRQGLVVHQW� XQ� SHX� SOXV� OH

SKpQRPqQH� SK\VLTXH� PDLV� DYHF� GHV� K\SRWKqVHV� VLPSOLILpHV�� (QILQ� OD� PRGpOLVDWLRQ

GpWHUPLQLVWH� V¶DSSOLTXH� j� XQH� VLWXDWLRQ� SDUWLFXOLqUH� �WHOOH� TXH� OD� VFqQH� FKRLVLH��� LO� IDXW

GRQF� GLVSRVHU� G¶XQH� UHSUpVHQWDWLRQ� GH� O¶HQYLURQQHPHQW� GDQV� OHTXHO� QRXV� VRXKDLWRQV

PHQHU�O¶pWXGH�

&RPPH� FHOD� D� pWp� GLW� GDQV� OH� FKDSLWUH� ��� O¶REMHFWLI� GH� FHWWH� WKqVH� pWDQW� G¶pWXGLHU� OHV

SHUIRUPDQFHV� G¶XQ� V\VWqPH� GH� QDYLJDWLRQ� GDQV� XQ� HQYLURQQHPHQW� SHUWXUEp� SDU� GHV

WUDMHWV�PXOWLSOHV�� XQH�PRGpOLVDWLRQ� SUpFLVH� GH� FH� SKpQRPqQH� HVW� GRQF� QpFHVVDLUH� DILQ
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G¶REVHUYHU�FRPPHQW�FKDFXQ�GHV�SDUDPqWUHV�GpILQLVVDQW�OHV�WUDMHWV�PXOWLSOHV��DPSOLWXGH�

UHWDUG��«��LQIOXHQFH�OH�UpFHSWHXU�

/D� PpWKRGH� GpWHUPLQLVWH� VHPEOH� GRQF� OD� SOXV� DGDSWpH� FDU� FHWWH� PpWKRGH� SHUPHW

G¶REWHQLU� WRXV� OHV� WUDMHWV� DUULYDQW� DX� UpFHSWHXU� j� FKDTXH� LQVWDQW� SRXU� XQH� SRVLWLRQ

SDUWLFXOLqUH�GX�UpFHSWHXU�GDQV�XQ�HQYLURQQHPHQW�GRQQp��&HFL�SHUPHWWUD�GH�FRPSDUHU�OHV

SHUIRUPDQFHV� DYHF� GLIIpUHQWHV� K\SRWKqVHV� DX� QLYHDX� GX� V\VWqPH� GDQV� OHV� PrPHV

FRQGLWLRQV�G¶HQYLURQQHPHQWV�

'H�SOXV��XQ�DXWUH�LQFRQYpQLHQW�GHV�GHX[�SUHPLqUHV�PpWKRGHV�HVW�TX¶HOOHV�VRQW�pODERUpHV

j�SDUWLU�GH�FDPSDJQHV�GH�PHVXUHV�FH�TXL�LPSOLTXH�TXH�FHV�PRGqOHV�QH�VRQW�YDODEOHV�TXH

SRXU� GHV� YDOHXUV� SDUWLFXOLqUHV� G¶DQJOHV� GH� VLWH�� FHUWDLQHV� IUpTXHQFHV� HW� SRXU� GHV

HQYLURQQHPHQWV� VSpFLILTXHV�� ,O� Q¶HVW� GRQF� SDV� QpFHVVDLUHPHQW� YUDL� TXH� FHV� PRGqOHV

VRLHQW� UHSUpVHQWDWLIV� GHV� HQYLURQQHPHQWV� TXL� QRXV� LQWpUHVVHQW�� $YHF� OD� PpWKRGH

GpWHUPLQLVWH�� XQ�PRGqOH� UHSUpVHQWDQW� O¶HQYLURQQHPHQW� UpHO� HVW� XWLOLVp�� &H�PRGqOH� SHXW

rWUH� VRLW� XQ�PRGqOH� QXPpULTXH� G¶XQH� VFqQH� UpHOOH�� VRLW� XQ�PRGqOH� UHSUpVHQWDWLI� G¶XQH

FODVVH� G¶HQYLURQQHPHQW� GRQQp� �PLOLHX� XUEDLQ�� SDYLOORQQDLUH�� LQGXVWULHO�� HWF��� TXL� HVW

JpQpUp�DXWRPDWLTXHPHQW�j�SDUWLU�GH�SDUDPqWUHV�FDUDFWpULVWLTXHV�

(Q� RXWUH�� DYHF� OHV� PpWKRGHV� VWDWLVWLTXHV� RX� HPSLULTXHV�� O¶HIIHW� GH� PDVTXH� HQ

HQYLURQQHPHQW� XUEDLQ� HVW� PRGpOLVp� SDU� GHV� DQJOHV� GH� PDVTXDJH� IL[HV� RX� YDULDQW

DOpDWRLUHPHQW��FH�TXL�QH�GRQQDLW�SDV�XQH�UHSUpVHQWDWLRQ�UpDOLVWH�GX�SKpQRPqQH��/¶HIIHW

GH�PDVTXH�UpHO�HVW�REWHQX�DYHF�OD�PpWKRGH�GpWHUPLQLVWH�

3RXU�UpVRXGUH�OH�SUREOqPH�GH�OD�UHSUpVHQWDWLYLWp�GH�OD�VFqQH��GDQV�XQ�SUHPLHU�WHPSV��GHV

FODVVLILFDWLRQV�G¶HQYLURQQHPHQWV�RQW�pWp�XWLOLVpHV�>3$5���@��8QH�FDPSDJQH�GH�PHVXUHV�D

pWp�UpDOLVpH�SRXU�FDOLEUHU�GHV�VFqQHV�UHSUpVHQWDWLYHV�

'HV�VLPXODWLRQV�RQW�pWp�UpDOLVpHV�DYHF�OHV�FODVVLILFDWLRQV�SUpVHQWHV�GDQV�OD�OLWWpUDWXUH��OHV

UpVXOWDWV�VRQW�GLVSRQLEOHV�GDQV�OHV�UpIpUHQFHV�>/2%���@��>0$/����D�@�

�������0RGpOLVDWLRQ�GpWHUPLQLVWH

���������&RQGLWLRQV�G¶XWLOLVDWLRQ

7RXW�G¶DERUG��OD�SUHPLqUH�FRQGLWLRQ�j�UHPSOLU�HVW�TXH�OHV�VXUIDFHV�VXU�OHVTXHOOHV�O¶RQGH�YD

VH�UpIOpFKLU�VRLHQW�FRQVLGpUpHV�FRPPH�OLVVHV�

(Q� HIIHW�� OD� UpIOH[LRQ� G¶XQH� RQGH� VH� WUDGXLW� JpQpUDOHPHQW� SDU� O¶DSSDULWLRQ� GH� GHX[

FRPSRVDQWHV��� XQH� FRPSRVDQWH� VSpFXODLUH� HW� XQH� FRPSRVDQWH� GLIIXVH�� 6L� OD� VXUIDFH

UpIOpFKLVVDQWH�HVW�FRQVLGpUpH�FRPPH� OLVVH�DORUV� O¶RQGH� UpVXOWDQWH�GH� OD� UpIOH[LRQ�SRXUUD

FRQVWLWXHU�XQ� WUDMHW� UpIOpFKL� YHUV� OH� UpFHSWHXU��6L� OD� VXUIDFH�Q¶HVW� SDV� OLVVH�� O¶RQGH� VHUD

UpIOpFKLH�GDQV�GHV�GLUHFWLRQV�GLIIpUHQWHV�
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8QH� VXUIDFH� HVW� FRQVLGpUpH� FRPPH� OLVVH� SDU� UDSSRUW� j� O¶RQGH� pPLVH� VL� HOOH� VDWLVIDLW� DX

FULWqUH�GH�5D\OHLJK��&H�FULWqUH�HVW�GRQQp�SDU�O¶pTXDWLRQ�VXLYDQWH��

)sin(
4

θλ ×≥ H Eq. 2. 10

DYHF��

λ ORQJXHXU�G¶RQGH�GH�OD�SRUWHXVH�pPLVH��LFL�����P�

H �QLYHDX�PR\HQ�GHV�LUUpJXODULWpV�GH�OD�VXUIDFH

θ �DQJOH�G¶pOpYDWLRQ�GX�WUDMHW

H

θ

Figure 2. 11 : Critère de Rayleigh

(Q�FRQVLGpUDQW�OHV�LUUpJXODULWpV�GH�VXUIDFH�G¶XQ�UHYrWHPHQW�G¶LPPHXEOH�� H �GH�O¶RUGUH�GH

TXHOTXHV� PLOOLPqWUHV��� OH� FULWqUH� GH� 5D\OHLJK� SHUPHW� GH� FRQVLGpUHU� OD� VXUIDFH� FRPPH

OLVVH�

'H�SOXV��DILQ�G¶XWLOLVHU�OD�PpWKRGH�GX�ODQFHU�GH�UD\RQ��OD�ORQJXHXU�G¶RQGH�GH�O¶RQGH�pPLVH

GRLW�rWUH�SHWLWH�SDU�UDSSRUW�j�OD�WDLOOH�GHV�REMHWV�TXL�FRQVWLWXHQW�O¶HQYLURQQHPHQW�

'DQV� OH� FDV� G¶XQ�PLOLHX� FRPSRVp� XQLTXHPHQW� GH� EkWLPHQWV�� OH� FULWqUH� GH� 5D\OHLJK� HVW

YpULILp� HW� OD� ORQJXHXU� G¶RQGH� HVW� SHWLWH� SDU� UDSSRUW� j� OD� WDLOOH� GHV� UpIOHFWHXUV�� /D

PRGpOLVDWLRQ�SURSRVpH�HVW�GRQF�MXVWLILpH�

���������/RJLFLHO�GH�PRGpOLVDWLRQ�GH�OD�SURSDJDWLRQ�HQ�PLOLHX�XUEDLQ

/H�ORJLFLHO�XWLOLVp�SRXU�PRGpOLVHU�OD�SURSDJDWLRQ�GH�O¶RQGH�HQ�PLOLHX�XUEDLQ�VH�GpFRPSRVH

HQ�SOXVLHXUV�PRGXOHV�FRPPH�OH�PRQWUH�O¶RUJDQLJUDPPH�FL�GHVVRXV�
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CONSTELLATION

TRAJECTOIRE RECEPTEUR

SCENE LANCER DE RAYONS

MODELE
ELECTROMAGNETIQUE

MODULE DE
CALCUL

DOPPRECISION CARTE DE
VISIBILITE

FICHIER DE
RESULTATS

STATISTIQUES

Figure 2. 12 : Architecture de l’outil de simulation des trajets multiples

/HV�PRGXOHV�OH�FRQVWLWXDQW�VRQW�SUpVHQWpV�SOXV�HQ�GpWDLO�GDQV�OD�VXLWH�

&RQVWHOODWLRQ

/H� PRGXOH� FRQVWHOODWLRQ� VLPXOH� OHV� PRXYHPHQWV� GHV� VDWHOOLWHV�� $� FKDTXH� PHVXUH�� OD

SRVLWLRQ� GH� WRXV� OHV� VDWHOOLWHV� HVW� FDOFXOpH�� 3OXVLHXUV� FRQVWHOODWLRQV�� /(2��0(2�RX�*(2�

SHXYHQW� rWUH� XWLOLVpHV� VpSDUpPHQW� RX� HQ� FRPELQDLVRQ�� /¶XWLOLVDWHXU� SHXW� XWLOLVHU� GHV

FODVVHV�GH�FRQVWHOODWLRQV�SUpGpILQLHV��FRQVWHOODWLRQ�GH�:DONHU��RX�SHXW� OXL�PrPH�GpILQLU

XQH�FRQVWHOODWLRQ�VXLYDQW�VHV�SURSUHV�SDUDPqWUHV��&I��$QQH[H�$��

&H� PRGXOH� SHUPHW� DXVVL� GH� GpILQLU� OD� FKDUJH� XWLOH� GHV� VDWHOOLWHV��� IUpTXHQFHV� GH� OD

SRUWHXVH��JDLQ�G¶DQWHQQH��«
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Figure 2. 13 : Constellation Galileo

5pFHSWHXU

/H�PRGXOH�UpFHSWHXU�GpILQLW�OD�FRPELQDLVRQ�GHV�GLIIpUHQWV�WUDMHWV�UHoXV�j�SDUWLU�GHV�JDLQV

G¶DQWHQQH�GH�UpFHSWLRQ�HQ�SRODULVDWLRQ�GURLWH�HW�JDXFKH�

6FqQH

'HX[�W\SHV�GH�VFqQHV�SHXYHQW�rWUH�XWLOLVpV��

• GHV� VFqQHV� DXWRPDWLTXHV� TXL� VRQW� GHV� SDUDOOpOpSLSqGHV� UHSUpVHQWDQW� OHV

EkWLPHQWV� TXL� VRQW� GLVSRVpV� HQ� OLJQH�� /¶XWLOLVDWHXU� SHXW�PRGLILHU� OD� VFqQH� HW

DIIHFWHU� OD� WH[WXUH� TX¶LO� VRXKDLWH� �EpWRQ�� ERLV�� YHUUH�� «�� DX[� EkWLPHQWV�� &H

W\SH�GH�VFqQH�HVW�PRQWUp�GDQV�OD�)LJXUH���

• GHV�VFqQHV�GpILQLHV�GDQV�GHV�ILFKLHUV�GH�W\SH�950/��9LUWXDO�5HDOLW\�0RGHOOLQJ

/DQJXDJH����FHV�VFqQHV�VRQW�GHV�VFqQHV�UpDOLVWHV�FRPPH�OH�PRQWUH�OD�)LJXUH

��

Figure 2. 14 : Scène automatique
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7UDMHFWRLUH�GX�UpFHSWHXU

/H� PRXYHPHQW� GX� UpFHSWHXU� SHXW� rWUH� FKRLVL� GH� WURLV� IDoRQV� GLIIpUHQWHV��� VWDWLTXH�

SDUFRXUV�RX�XQ�FLUFXLW��SDUFRXUV�IHUPp��

/DQFHU�GH�UD\RQV

/H�ODQFHU�GH�UD\RQV�HVW�XQH�PpWKRGH�GH�VLPXODWLRQ�GH�SURSDJDWLRQ�G¶RQGH�TXL�FRQVLVWH�j

PRGpOLVHU� OH� FKHPLQ� LQYHUVH� GH� OD� SURSDJDWLRQ� G¶XQH� RQGH�� RX� UD\RQ�� GHSXLV� OH� SRLQW

G¶REVHUYDWLRQ�MXVTX¶j�O¶pPHWWHXU��YLD�OHV�VXUIDFHV�GH�O¶HQYLURQQHPHQW�

Figure 2. 15 : Interface du simulateur

8QH� SUpVHQWDWLRQ� SOXV� GpWDLOOpH� GH� OD� PpWKRGH� GX� ODQFHU� GH� UD\RQV� HVW� GRQQp� GDQV

O¶DQQH[H�+�

0RGqOH�pOHFWURPDJQpWLTXH

/H� PRGXOH� pOHFWURPDJQpWLTXH� FDOFXOH� WRXV� OHV� SDUDPqWUHV� GpILQLVVDQW� OHV� WUDMHWV

PXOWLSOHV���DWWpQXDWLRQ��FKDQJHPHQW�GH�SRODULVDWLRQ��UHWDUG�HW�'RSSOHU�

0RGXOH�GH�FDOFXO

/H� PRGXOH� GH� FDOFXO� HIIHFWXH� OH� FDOFXO� GH� '23�� GH� SUpFLVLRQ� HW� GH� VWDWLVWLTXHV� VXU� OD

YLVLELOLWp�

6RUWLHV

'DQV� OH� FDGUH�GH� FHWWH� WKqVH�� OHV� VRUWLHV�GX� ORJLFLHO�GH�VLPXODWLRQ�GHV� WUDMHWV�PXOWLSOHV

VRQW� FRXSOpHV� DYHF� XQ� ORJLFLHO�� GpYHORSSp� j� O¶RULJLQH� SDU� $OFDWHO� (VSDFH�� TXL� SHUPHW

G¶pWXGLHU�OHV�SHUIRUPDQFHV�GX�V\VWqPH�GH�QDYLJDWLRQ��6,035(&�
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���������/RJLFLHO�G¶DQDO\VH�GHV�SHUIRUPDQFHV

&H� VHFRQG� ORJLFLHO� SHUPHW� GH� FDOFXOHU� WRXV� OHV� SRVWHV� G¶HUUHXU� �&I�� FKDSLWUH� ��� HW� DLQVL

G¶REWHQLU� OHV� SVHXGR�GLVWDQFHV� TXL� VRQW� DORUV� HQYR\pHV� GDQV� XQ� ILOWUH� GH� .DOPDQ� SRXU

REWHQLU�OD�SRVLWLRQ�GX�UpFHSWHXU�

Modèle
d’erreur

Bilan d’erreur
à 1 sigma

Géométrie
du système

Modélisation
temporelle

Figure 2. 16 : Principe de modélisation des erreurs

6,035(&� GpWHUPLQH� OD� VWDWLVWLTXH� GHV� SRVWHV� G¶HUUHXU� HW� j� SDUWLU� GH� FHWWH� VWDWLVWLTXH

UpDOLVH�XQ�WLUDJH�DOpDWRLUH�SRXU�IRXUQLU�O¶HUUHXU�j�FKDTXH�LQVWDQW�GH�PHVXUH�

$LQVL�GHX[�W\SHV�GH�FDOFXOV�VRQW�PHQpV�VXU�OHV�SRVWHV�G¶HUUHXU��

• OD�GpWHUPLQDWLRQ�GH�OD�VWDWLVWLTXH�GH�FKDTXH�SRVWH�G¶HUUHXU��ELODQ�G¶HUUHXU�j��

VLJPD��

• OD�VLPXODWLRQ�GH�HUUHXUV�j�FKDTXH�LQVWDQW�GH�PHVXUH��TXL�VH�IDLW�SDU�XQ�WLUDJH

DOpDWRLUH��j�O¶H[FHSWLRQ�GH�O¶HUUHXU�GXH�DX[�WUDMHWV�PXOWLSOHV��$�FKDTXH�LQVWDQW

GH�PHVXUH�� O¶HUUHXU�GXH�DX[�WUDMHWV�PXOWLSOHV�HVW�FDOFXOpH�JUkFH�j�XQ�PRGqOH

GH�ERXFOH�GH�FRGH�QRQ�FRKpUHQWH�

(Q� FRXSODQW� FHV� GHX[� RXWLOV� GH� VLPXODWLRQ�� XQ� RXWLO� FRPSOHW� HVW� REWHQX�� &HW� RXWLO� HVW

SUpVHQWp�GDQV�OD�)LJXUH����
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SIMULATION DES TRAJETS MULTIPLES

• Atténuations des trajets réfléchis
• Retards des trajets réfléchis
• Décalage Doppler pour chaque trajet

réfléchi
• Position des satellites
• Trajectoire du récepteur dans

l’environnement

Calcul des postes d’erreur :

• Ephémérides
• Ionosphère
• Troposphère
• Trajets multiples
• Bruit thermique
• Horloge

Filtre de Kalman

CALCUL DES PSEUDO-DISTANCES

Pseudo-distance

MATLAB

Etude des performances du système en
présence de trajets multiples

Figure 2. 17 : Outil de simulation complet
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�����&DUDFWpULVDWLRQ�GH�GLIIpUHQWV�HQYLURQQHPHQWV

�������0LVH�HQ�°XYUH�G¶XQH�FDPSDJQH�GH�PHVXUHV

/D� FDPSDJQH�GH�PHVXUHV� D� HX� SRXU� REMHFWLI� G¶pWXGLHU� OD� YLVLELOLWp� GDQV� SOXVLHXUV� W\SHV

G¶HQYLURQQHPHQWV� HW� G¶REWHQLU� GHV� VWDWLVWLTXHV� VXU� OD� YLVLELOLWp� SRXU� FHV� GLIIpUHQWV

HQYLURQQHPHQWV�DILQ�GH� OHV� FRPSDUHU�DX[� UpVXOWDWV� IRXUQLV�SDU� OH� ORJLFLHO� GH� VLPXODWLRQ

GHV�WUDMHWV�PXOWLSOHV�

&HWWH� FDPSDJQH� GH� PHVXUHV� D� pWp� UpDOLVpH� DYHF� OD� FROODERUDWLRQ� GH� O¶(1$&� �(FROH

1DWLRQDOH�GH�O¶$YLDWLRQ�&LYLOH��

'DQV�FHWWH�VHFWLRQ��OD�PLVH�HQ�°XYUH�GH�FHWWH�FDPSDJQH�GH�PHVXUH��OHV�GRQQpHV�TXL�RQW

pWp�UpFROWpHV��OH�PDWpULHO�TXL�D�pWp�XWLOLVp�VRQW�SUpVHQWpV�

4XDWUH�HQYLURQQHPHQWV�RQW�pWp�FRQVLGpUpV�GDQV�FHWWH�FDPSDJQH�GH�PHVXUH��

• XUEDLQ

• LQGXVWULHO

• SDYLOORQQDLUH

• HQYLURQQHPHQW�FDUDFWpULVp�SDU�GH�KDXWV�LPPHXEOHV�HW�GHV�HVSDFHV�RXYHUWV

/¶HQYLURQQHPHQW�SDYLOORQQDLUH�HVW�UHSUpVHQWDWLI�GH�QRPEUHX[�ORWLVVHPHQWV�GHV�EDQOLHXHV

XUEDLQHV�HW�QRXV�DYRQV�FKRLVL�&DVWDQHW�7RORVDQ��3RXU�O¶HQYLURQQHPHQW�LQGXVWULHO��OD�]RQH

LQGXVWULHOOH�GH�7KLEDXOW�D�pWp�XWLOLVpH��HW�SRXU� O¶HQYLURQQHPHQW�XUEDLQ�� OH�FHQWUH�YLOOH�GH

7RXORXVH�HVW�OH�SOXV�UHSUpVHQWDWLI��&DSLWROH��:LOVRQ�«���&HWWH�FDPSDJQH�GH�PHVXUHV�D�pWp

FRPSOpWpH� GDQV� XQ� HQYLURQQHPHQW� FRPSRVp� GH� JUDQGV� LPPHXEOHV� DYHF� GHV� HVSDFHV

RXYHUWV��0LUDLO��

/H�SURWRFROH�GH�PHVXUH�FRQVLVWDLW�j�GpSODFHU�XQ�UpFHSWHXU�GDQV�XQH�YRLWXUH�GXUDQW�XQH

KHXUH�GDQV�XQ�HQYLURQQHPHQW�UHSUpVHQWDWLI��/HV�FDUDFWpULVWLTXHV�GX�UpFHSWHXU�XWLOLVp�VRQW

GRQQpHV�GDQV�O¶DQQH[H�,����8QH�DQWHQQH�PDJQpWLTXH�SODTXpH�VXU�OH�WRLW�GX�YpKLFXOH�D�pWp

XWLOLVpH��3RXU� OHV�DSSOLFDWLRQV�HQ�PLOLHX�XUEDLQ�� OHV� UpFHSWHXUV�XWLOLVHQW� OH� ILOWUDJH�SDU� OD

SKDVH� SRXU� GLPLQXHU� OHV� HIIHWV� GHV� WUDMHWV� PXOWLSOHV�� $ILQ� G¶DYRLU� XQH� LGpH� GHV

SHUIRUPDQFHV�GHV�UpFHSWHXUV�WHOV�TX¶LOV�VRQW�XWLOLVpV�DFWXHOOHPHQW��XQ�ILOWUDJH�SDU�OD�SKDVH

D�pWp�XWLOLVp� DX� FRXUV�GHV�PHVXUHV�DYHF�XQH� FRQVWDQWH�GH� WHPSV�GH����� VHFRQGHV�� /H

SULQFLSH�GX�ILOWUDJH�SDU�OD�SKDVH�HVW�GRQQp�GDQV�O¶DQQH[H�,���

3RXU�pWDEOLU�OHV�VWDWLVWLTXHV�GH�YLVLELOLWp��QRXV�DYRQV�HQUHJLVWUp�SOXVLHXUV�GRQQpHV��

• 1XPpURV�GHV�VDWHOOLWHV�YLVLEOHV�DX�FRXUV�GX�WHPSV

• (SKpPpULGHV

• 0HVXUH�GH�SVHXGR�GLVWDQFHV�GH�FRGH�HW�GH�SKDVH

• $QJOHV�GH�VLWH�HW�D]LPXW�SDU�VDWHOOLWH�SRXUVXLYL

• 3RVLWLRQ�HVWLPpH

• 0NC
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RECEPTEUR GPS
Batteries

Antenne

(a) (b)

Figure 2. 18 : Matériel utilisé (a) Récepteur GPS – (b) Banc de mesures

/D� )LJXUH� ����D�� PRQWUH�� j� JDXFKH� GH� O¶LPDJH�� OH� UpFHSWHXU� XWLOLVp�� /D� )LJXUH� ����E�

SUpVHQWH�OH�EDQF�GH�PHVXUH��/HV�VRUWLHV�G¶XQ�UpFHSWHXU�LQVWDOOp�j�SRVWH�IL[H�j�O¶(1$&�RQW

pWp�HQUHJLVWUpHV�HQ�YXH�G¶XQ�WUDLWHPHQW�GLIIpUHQWLHO�

������� &RPSDUDLVRQ� GHV� VWDWLVWLTXHV� GH� YLVLELOLWp� GH� OD� FDPSDJQH� GH

PHVXUHV�DYHF�FHOOHV�REWHQXHV�SDU�OD�VLPXODWLRQ

���������3DUDPpWUDJH�GHV�VLPXODWLRQV

$ILQ�GH�FRPSDUHU� OHV�VWDWLVWLTXHV�GH�YLVLELOLWp�REWHQXHV�GXUDQW� OD�FDPSDJQH�GH�PHVXUHV

HW� FHOOHV� REWHQXHV� SDU� OD� VLPXODWLRQ�� LO� HVW� QpFHVVDLUH� GH� FRUUHFWHPHQW� SDUDPpWUHU� OHV

VLPXODWLRQV�

7RXW�G¶DERUG�� DFWXHOOHPHQW� OHV� UpFHSWHXUV� GH� QDYLJDWLRQ� QH� SHXYHQW� SDV� DFFURFKHU� GHV

WUDMHWV� UpIOpFKLV�VDQV� WUDMHW�GLUHFW��XQ�VDWHOOLWH�QH�VHUD�GRQF�FRQVLGpUp�FRPPH�XWLOLVDEOH

TXH�V¶LO�HVW�YLVLEOH�GLUHFWHPHQW�

(QVXLWH�� LO� IDXW�GpWHUPLQHU� OH�QRPEUH�GH�UpIOH[LRQ�PD[LPXP�j�SUHQGUH�HQ�FRPSWH�SRXU

XQ�WUDMHW��/D�ILJXUH�VXLYDQWH�SUpVHQWH�OH�JDLQ�HQ�DPSOLWXGH�DSSOLTXp�DX�WUDMHW�IRQFWLRQ�GX

QRPEUH�GH�UpIOH[LRQV�VXELHV�

0 1 2 3 4 5 6 7 8 9 10
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Nombre de réflexions

G
ai

n

Angle d'incidence de 60°

Verre  
Sol sec
Béton  

Figure 2. 19:Gain en fonction du nombre de réflexions
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,O� UHVVRUW� GH� FHWWH� ILJXUH� TX¶LO� HVW� LQXWLOH� GH� IDLUH� XQH� UHFKHUFKH� GH� WUDMHW� DYHF� XQH

SURIRQGHXU�VXSpULHXUH�j���UpIOH[LRQV��(Q�HIIHW��DX�GHOj�GH���UpIOH[LRQV�OH�JDLQ�DSSOLTXp�DX

WUDMHW�HVW� LQIpULHXU�j�������SDU� OD�VXLWH��&I��FKDSLWUH���� LO� VHUD�PRQWUp�TX¶XQ� WUDMHW�DYHF

XQH�WHOOH�DWWpQXDWLRQ�Q¶D�TXH�WUqV�SHX�G¶LPSDFW�VXU�OH�UpFHSWHXU�

���������&RPSDUDLVRQ�GHV�UpVXOWDWV

3RXU�FRPSDUHU�OHV�PHVXUHV�DYHF�OHV�UpVXOWDWV�IRXUQLV�SDU�OD�VLPXODWLRQ��OHV�WUDMHWV�GLUHFWV

YRQW�rWUH�FKHUFKpV�SRXU�XQ�PRELOH�D\DQW�XQH�YLWHVVH�GH����NP�K��DYHF� OD�FRQVWHOODWLRQ

*36�� /HV� PHVXUHV� VHURQW� UpDOLVpHV� WRXWHV� OHV� VHFRQGHV�� VXU� XQH� GXUpH� GH� VLPXODWLRQ

G¶XQH�KHXUH�

685)$&(�,00(8%/( +$87(85�,00(8%/( /$5*(85�'(�58(

/DUJHXU

�P�

/RQJXHXU

�P�

0R\HQQH

�P�

(FDUW�W\SH

�P�

�P�

85%$,1 20 30 25 6 20 - 25

5(6,'(17,(/ 11 12 6 3 7

,1'8675,(/ 21 31 8 2 19

,00(8%/(6�+$876 25 90 30 10 45 – 60

Table 2. 3 : Paramétrage des scènes

/H� WDEOHDX� FL�GHVVXV� SUpVHQWH� OHV� SDUDPqWUHV� XWLOLVpV� SRXU� PRGpOLVHU� OHV� GLIIpUHQWV

HQYLURQQHPHQWV�
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Figure 2. 20 : Comparaison mesures et simulations Figure 2. 21 : Comparaison mesures et simulations

en milieu urbain en milieu industriel



&+$3,75(���±�&$1$/�$�(9$128,66(0(176

34

0 1 2 3 4 5 6 7 8 9 10
0

10

20

30

40

50

60

70

80

90

100
%

 d
e 

te
m

ps
, 

no
m

br
e 

de
 s

at
el

lit
e 

<
 X

PAVILLONNAIRE

Nombre de satellites visibles

Scene cube
Mesures   

�
0 1 2 3 4 5 6 7 8 9 10

0

10

20

30

40

50

60

70

80

90

100
HAUTS IMMEUBLES

Nombre de satellites visibles

%
 d

e 
te

m
ps

, 
no

m
br

e 
de

 s
at

el
lit

e 
<

 X

Scene cube
Mesures   

Figure 2. 22 : Comparaison mesures et simulations Figure 2. 23 : Comparaison mesures et simulations

en milieu pavillonnaire en milieu avec de hauts immeubles

/HV�TXDWUH� ILJXUHV�FL�GHVVXV�FRPSDUHQW� OHV�VWDWLVWLTXHV�GH�YLVLELOLWp�REWHQXHV�JUkFH�DX[

PHVXUHV��WUDLW�SOHLQ��DYHF�OHV�VWDWLVWLTXHV�REWHQXHV�JUkFH�j�QRWUH�VLPXODWHXU��SRLQWLOOpV��

SRXU�OHV�GLIIpUHQWV�HQYLURQQHPHQWV�

&RPPH�DWWHQGX��O¶HQYLURQQHPHQW�XUEDLQ�HVW�OH�FDV�SLUH�DYHF�GXUDQW�����GX�WHPSV�PRLQV

GH� TXDWUH� VDWHOOLWHV�� &HFL� HVW� GX� j� O¶pWURLWHVVH� GHV� UXHV� SDU� UDSSRUW� j� OD� KDXWHXU� GHV

EkWLPHQWV�

'DQV�OHV�WURLV�DXWUHV�FDV��OD�YLVLELOLWp�HVW�QHWWHPHQW�PHLOOHXUH��3RXU�OHV�PLOLHX[�LQGXVWULHO

HW� SDYLOORQQDLUH�� GXUDQW� DX� PRLQV� ���� GX� WHPSV� TXDWUH� VDWHOOLWHV� VRQW� WRXMRXUV� HQ

YLVLELOLWp��(Q�HIIHW��GDQV�OH�SUHPLHU�HQYLURQQHPHQW��OHV�EkWLPHQWV�VRQW�HVSDFpV�HW�GDQV�OH

GHX[LqPH�PLOLHX��OHV�EkWLPHQWV�VRQW�SHX�pOHYpV����j���pWDJHV�

(QILQ��SRXU�OH�GHUQLHU�HQYLURQQHPHQW��PRLQV�GH���VDWHOOLWHV�VRQW�YLVLEOHV�SHQGDQW����GX

WHPSV��/D�YLVLELOLWp�HVW�PRLQV�ERQQH�TXH�SRXU�OH�PLOLHX�LQGXVWULHO�HW�OH�PLOLHX�UpVLGHQWLHO

FDU�j�SUR[LPLWp�GH�FHV�JUDQGV�EkWLPHQWV�����j����pWDJHV��O¶HIIHW�GH�PDVTXH�HVW�LPSRUWDQW

VXU�SUDWLTXHPHQW�OD�PRLWLp�GX�FLHO�

&HWWH� FRPSDUDLVRQ� HQWUH� OHV� PHVXUHV� HW� OD� VLPXODWLRQ� D� SHUPLV� GH� FKRLVLU� GLIIpUHQWV

SDUDPqWUHV� GpILQLVVDQW� OHV� VFqQHV� JpQpUpHV� DXWRPDWLTXHPHQW�� HQ� WHQDQW� FRPSWH� GH

O¶HQYLURQQHPHQW�R��OHV�PHVXUHV�RQW�pWp�UpDOLVpHV��3RXU�OH�PLOLHX�XUEDLQ��XQH�VFqQH�950/

G¶XQH� JUDQGH� YLOOH� HXURSpHQQH� D� pWp� DXVVL� XWLOLVpH� SRXU� FRPSDUDLVRQ�� /D� VFqQH� 950/

GRQQH�GHV�VWDWLVWLTXHV�GH�YLVLELOLWp�VLPLODLUHV�j�FHOOHV�GH�OD�FDPSDJQH�GH�PHVXUHV�

�������2EVHUYDWLRQ�GHV�WUDMHWV�PXOWLSOHV

/¶pWXGH� GHV� VWDWLVWLTXHV� VXU� OD� YLVLELOLWp� D� pWp� IDLWH� DYHF� OD� FRQVWHOODWLRQ� *36�� VHXOH

GLVSRQLEOH� SRXU� GHV�PHVXUHV� UpHOOHV�� $ILQ� GH�PRGpOLVHU� FHWWH� FRQVWHOODWLRQ�� QRXV� DYRQV

XWLOLVp�GHV�pSKpPpULGHV�GLVSRQLEOHV�VXU�,QWHUQHW�HW�FRQVLGpUp����VDWHOOLWHV�

0DLQWHQDQW�� QRXV� DOORQV� QRXV� LQWpUHVVHU� j� O¶pWXGH� GHV� SHUIRUPDQFHV� GX� V\VWqPH� GH

QDYLJDWLRQ�*DOLOHR��&H�V\VWqPH�HVW�FRPSRVp�GH����VDWHOOLWHV�j�RUELWH�PR\HQQH��HQYLURQ

�������NP��GRQW���GH�VHFRXUV��UpSDUWLV�VXU���SODQV�DYHF�XQH�LQFOLQDLVRQ�GH�����
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'DQV� FH� TXL� VXLW�� OHV� SDUDPqWUHV� GH� VFqQHV� YDOLGpHV� GDQV� OD� SDUWLH� SUpFpGHQWV� VRQW

DSSOLTXpV�j�OD�FRQVWHOODWLRQ�*DOLOHR

/HV�VLPXODWLRQV�VRQW�UpDOLVpHV�VXU���PLQXWHV�DYHF�XQH�PHVXUH�WRXWHV�OHV�����VHFRQGHV�HW

VH� VLWXHQW� j�7RXORXVH� �/RQJLWXGH������ �� HW� /DWLWXGH���������� /H�PRELOH� VH�GpSODFHUD�j

XQH�YLWHVVH�GH����NP�K�

���������9LVLELOLWp�DYHF�OD�FRQVWHOODWLRQ�*DOLOHR

'DQV� FH� SDUDJUDSKH�� XQH� pWXGH� VXU� OD� YLVLELOLWp� GH� OD� FRQVWHOODWLRQ� *DOLOHR� HVW� UpDOLVpH

SRXU�OHV�GLIIpUHQWV�HQYLURQQHPHQWV�FRQVLGpUpV�
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Figure 2. 24:Visibilité de la constellation GALILEO pour différents environnements

/D�)LJXUH����SUpVHQWH� OH�SRXUFHQWDJH�GH� WHPSV�R�� OH�QRPEUH� GH� VDWHOOLWHV� YLVLEOHV� HVW

LQIpULHXU�j�OD�YDOHXU�GRQQpH�HQ�DEVFLVVH���,O�DSSDUDvW�HQ�FRPSDUDQW�FHWWH�FRXUEH�DYHF�OHV

)LJXUHV������������HW�����TXH�OD�FRQVWHOODWLRQ�*DOLOHR�SHUPHW�G¶DYRLU�SOXV�ORQJWHPSV�SOXV

GH���VDWHOOLWHV�YLVLEOHV�SRXU�XQ�SRXUFHQWDJH�GH�WHPSV�VXSpULHXU�TXH�SRXU�OD�FRQVWHOODWLRQ

*36�

/H�PLOLHX�XUEDLQ�HVW�WRXMRXUV�OH�SLUH�FDV�HQ�WHUPH�GH�YLVLELOLWp�DYHF�XQH�VFqQH�PRGpOLVpH

DYHF�GHV�FXEHV�SHQGDQW������GX�WHPSV�LO�\�D�PRLQV�GH���VDWHOOLWHV�YLVLEOHV��HW�SRXU�XQH

VFqQH�UpDOLVWH��FHWWH�VLWXDWLRQ�VH�UHWURXYH�SHQGDQW������GX�WHPSV�

���������2EVHUYDWLRQ�GHV�WUDMHWV�PXOWLSOHV�SRXU�GLIIpUHQWV�HQYLURQQHPHQWV

'DQV� XQ� SUHPLHU� WHPSV�� SRXU� REVHUYHU� OHV� WUDMHWV� PXOWLSOHV� GDQV� GLIIpUHQWV

HQYLURQQHPHQWV��GHV�VFqQHV�JpQpUpHV�j�O¶DLGH�GH�FXEHV�DYHF� OH�VRO�D\DQW� OD�WH[WXUH�VRO

VHF�HW�OHV�EkWLPHQWV�HQ�EpWRQ�RQW�pWp�XWLOLVpHV��/HV�TXDWUH�ILJXUHV�VXLYDQWHV�SUpVHQWHQW�OH
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JDLQ� GHV� WUDMHWV� UpIOpFKLV� G�� DX� SKpQRPqQH� GH� UpIOH[LRQ� HQ� IRQFWLRQ� GHV� UHWDUGV� GH

SURSDJDWLRQ�SDU�UDSSRUW�DX�WUDMHW�GLUHFW��VHORQ�TXH�OH�WUDMHW�D�VXEL�������RX���UpIOH[LRQV�

/H�JDLQ�XWLOLVp�GDQV�FHV�ILJXUHV�HVW�GpILQL�FRPPH�O¶LQYHUVH�GH�O¶DWWpQXDWLRQ�HW�HVW�GRQQp

SDU�O¶pTXDWLRQ�VXLYDQWH��

∏
=

⊥ +
=
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ii
réfléchitrajet
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2
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2
Eq. 2. 11

réflexionN �pWDQW�OH�QRPEUH�GH�UpIOH[LRQV�VXELHV�SDU�OH�WUDMHW�UpIOpFKL

Figure 2. 25 : Trajets multiples en milieu urbain Figure 2. 26 : Trajets multiples en milieu industriel

Figure 2. 27 : Trajets multiples Figure 2. 28 : Trajets multiples 

        en milieu pavillonnaire en milieu avec de hauts immeubles

(Q�PLOLHX�SDYLOORQQDLUH��OHV�UHWDUGV�GH�SURSDJDWLRQ�VRQW�SOXV�IDLEOHV�TXH�SRXU�OHV�DXWUHV

FDV�GX�IDLW�GH�O¶pWURLWHVVH�GHV�UXHV�
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���������$WWpQXDWLRQ�SRXU�GLIIpUHQWHV�SRODULVDWLRQV

&RPPH� SUpFLVp� SOXV� KDXW�� O¶RQGH� UpIOpFKLH� HVW� GpFRPSRVpH� HQ� GHX[� RQGHV� SRODULVpHV

FLUFXODLUHPHQW�GURLWH�HW�JDXFKH��/HV�)LJXUHV����HW����SUpVHQWHQW�UHVSHFWLYHPHQW�OHV�JDLQV

HQ�SRODULVDWLRQ�GURLWH�HW�HQ�SRODULVDWLRQ�JDXFKH�GHV�WUDMHWV�UpIOpFKLV�HQ�IRQFWLRQ�GX�UHWDUG

GH�SURSDJDWLRQ�SDU�UDSSRUW�DX�WUDMHW�GLUHFW�VHORQ�OH�QRPEUH�GH�UpIOH[LRQV�VXELHV�SDU� OHV

WUDMHWV�UpIOpFKLV�

/HV� JDLQV� G¶DQWHQQH� GX� UpFHSWHXU� SRXU� OD� SRODULVDWLRQ� FRQVLGpUpH�� QH� VRQW� SDV� SULV� HQ

FRPSWH�GDQV�FHV�UpVXOWDWV�

�
Figure 2. 29 : Trajets multiples pour l’onde RHCP Figure 2. 30 : Trajets multiples pour l’onde LHCP

en milieu urbain en milieu urbain

2Q�SHXW�QRWHU�j�SDUWLU�GH�FHV�ILJXUHV��TXH�OHV�JDLQV��DWWpQXDWLRQ��HQ�SRODULVDWLRQ�JDXFKH

VRQW�QHWWHPHQW�SOXV�IDLEOHV��IRUWH��TXH�OHV�JDLQV�HQ�SRODULVDWLRQ�JDXFKH��'H�SOXV��XQH�IRLV

OHV�JDLQV�G¶DQWHQQH�GX�UpFHSWHXU�HIIHFWLYHPHQW�SULV�HQ�FRPSWH��SOXV�IDLEOH�HQ�SRODULVDWLRQ

JDXFKH���OHV�RQGHV�SRODULVpHV�FLUFXODLUHPHQW�JDXFKH�FRQVWLWXHURQW�GRQF�XQH�FRQWULEXWLRQ

OLPLWpH�

���������,QIOXHQFH�GHV�WH[WXUHV

-XVTX¶j� SUpVHQW� VHXO� GHV� HQYLURQQHPHQWV� FRPSRVpV� GH� EpWRQ� HW� GH� VRO� VHF� RQW� pWp

FRQVLGpUpV�� ,O� HVW� LQWpUHVVDQW� GH� YRLU� FRPPHQW� OH� SURILO� GHV� WUDMHWV� UpIOpFKLV� FKDQJH� VL

GLIIpUHQWHV�WH[WXUHV�VRQW�DSSOLTXpHV�DX[�HQYLURQQHPHQWV�
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Figure 2. 31 : Trajets multiples en milieu urbain Figure 2. 32 : Trajets multiples en milieu urbain

avec sol sec et béton avec sol sec, béton ,verre et fer

,O� DSSDUDvW� FODLUHPHQW�TXH� O¶XWLOLVDWLRQ�GX� IHU� GDQV� OD�PRGpOLVDWLRQ�GHV� VFqQHV� LQIOXHQFH

IRUWHPHQW� OH� SURILO� GHV� WUDMHWV� UpIOpFKLV�� /H� IHU� pWDQW� XQ� UpIOHFWHXU� SDUIDLW�� OH� JDLQ� GHV

WUDMHWV� UpIOpFKLV� HVW� QHWWHPHQW� SOXV� pOHYp�� FH� TXL� HVW� G¶DXWDQW� SOXV� SHUWXUEDQW� SRXU� OH

UpFHSWHXU��'RQF�OH�FDV�R��OHV�HQYLURQQHPHQWV�VRQW�XQLTXHPHQW�PRGpOLVpV�DYHF�GX�VRO�VHF

HW�GX�EpWRQ�HVW�XQ�FDV�TXL�Q¶HVW�SDV�UpDOLVWH�HW�XQ�FDV�TXL�IDYRULVH�OHV�SHUIRUPDQFHV�GX

V\VWqPH��LO�HVW�GRQF�LPSRUWDQW�GH�SUHQGUH�HQ�FRPSWH�GHV�VXUIDFHV�PpWDOOLTXHV�TXL�VRQW

SUpVHQWHV�GDQV�OHV�HQYLURQQHPHQWV�FRQVLGpUpV�

���������&RPSDUDLVRQ�VFqQH�DXWRPDWLTXH�HW�VFqQH�UpDOLVWH

/HV�HQYLURQQHPHQWV�XWLOLVpV�VRQW�FRPSRVpV�GH�FXEHV��3RXU�FRPSOpWHU�FHWWH�pWXGH�VXU� OH

SURILO�GHV�WUDMHWV�UpIOpFKLV�QRXV�DOORQV�FRPSDUHU�FH�W\SH�G¶HQYLURQQHPHQW�DYHF�XQH�VFqQH

UpDOLVWH�

Figure 2. 33 : Trajets multiples en milieu urbain Figure 2. 34 : Trajets multiples en milieu urbain

modélisé avec des cubes modélisé avec des fichiers VRML
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/HV�)LJXUHV����HW����SUpVHQWHQW� OH�JDLQ�GHV�WUDMHWV� UpIOpFKLV�HQ�IRQFWLRQ�GHV� UHWDUGV�GH

SURSDJDWLRQ�SDU� UDSSRUW� DX� WUDMHW� GLUHFW�� (Q� WHUPH�GH� JDLQ�� LO� Q¶\� D� SDV� GH� GLIIpUHQFHV

VLJQLILFDWLYHV�HQWUH�OHV�GHX[�VFqQHV��3DU�FRQWUH�OHV�UHWDUGV�GH�SURSDJDWLRQ�GDQV�OD�VFqQH

FXEH�VRQW�SOXV�LPSRUWDQWV�TXH�GDQV�OD�VFqQH�950/��&HFL�V¶H[SOLTXH�SDU�OH�IDLW�TXH�GDQV�OD

VFqQH�FXEH��OHV�EkWLPHQWV�VRQW�DOLJQpV�FH�TXL�FUpH�GH�JUDQGHV�DYHQXHV�SHUSHQGLFXODLUHV�

$YHF�FHWWH�JpRPpWULH��LO�HVW�ORJLTXH�TXH�OHV�WUDMHWV�SXLVVHQW�YHQLU�GH�SOXV�ORLQ�TXH�GDQV

XQ�HQYLURQQHPHQW�R��OHV�EkWLPHQWV�VRQW�GLVSRVpV�GH�IDoRQ�PRLQV�UpJXOLqUH�

&H�GHX[LqPH�FKDSLWUH�D�SHUPLV�GH�PLHX[�FRPSUHQGUH�OH�SKpQRPqQH�GHV�WUDMHWV�PXOWLSOHV

HW�VRQ�LQIOXHQFH�VXU� OD�SRUWHXVH�UHoXH��8QH�GHVFULSWLRQ�GpWDLOOpH�GH� O¶RXWLO�GH�VLPXODWLRQ

GH�FH�SKpQRPqQH�D�pWp�GRQQp��DLQVL�TXH�TXHOTXHV�UpVXOWDWV�REWHQXV�j�SDUWLU�GH�FH�PrPH

ORJLFLHO�� ,O� HVW� DSSDUX�TXH�SRXU�XWLOLVHU� FHWWH�PpWKRGH� LO� pWDLW� LPSRUWDQW� GH� VH� SRVHU� OD

TXHVWLRQ�GH�OD�UHSUpVHQWDWLYLWp�GH�OD�VFqQH��3RXU�FHOD�GHV�FDPSDJQHV�GH�PHVXUH�RQW�pWp

UpDOLVpHV� GDQV� GHV� HQYLURQQHPHQWV� UHSUpVHQWDWLIV� SRXU� FDOLEUHU� OHV� SDUDPqWUHV

UHSUpVHQWDWLIV�GHV�VFqQHV�XWLOLVpHV�

'DQV�OD�VXLWH�GH�FH�UDSSRUW��XQ�VHXO�HQYLURQQHPHQW�VHUD�WUDLWp�FDU�OH�SOXV�LQWpUHVVDQW��LO

V¶DJLW� GX�PLOLHX� XUEDLQ�� 3RXU� rWUH� OH� SOXV� UHSUpVHQWDWLI�� OD� VFqQH� XWLOLVpH� VHUD� OD� VFqQH

950/�TXL�XWLOLVH�SOXVLHXUV� WH[WXUHV�HW�TXL�SHUPHW�GH�SUHQGUH�HQ�FRPSWH�XQH�JpRPpWULH

UpDOLVWH�GHV�EkWLPHQWV�
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%LEOLRJUDSKLH

>%(5���@ %(50(6�6�

« Les arbres octaux paresseux : une méthode dynamique de subdivision spatiale

pour le lancer de rayons »,

7KqVH�(16$(�1�������������

>%2,���@ %2,7+,$6�/�

©�3URSDJDWLRQ�GHV�RQGHV�UDGLRpOHFWULTXHV�GDQV�O¶HQYLURQQHPHQW�WHUUHVWUH�ª�

'XQRG�������

>)21���@ )217$1�)�3��HW�DO�

©�$�PHWKRGRORJ\� IRU� WKH� FKDUDFWHUL]DWLRQ� RI� HQYLURQPHQWDO� HIIHFWV� RQ� *166

SURSDJDWLRQ�ª

,QWHUQDWLRQDO�-RXUQDO�RI�6DWHOOLWH�&RPPXQLFDWLRQ��MDQYLHU�������SS�������

>*2$���@ *2$'�&�&�

©�2SWLPDO� ILOWHULQJ� RI� SVHXGRUDQJHV� DQG� SKDVHV� IURP� VLQJOH� IUHTXHQF\� *36

UHFHLYHUV�ª�

1DYLJDWLRQ�MRXUQDO��YRO����1����(WDWV�8QLV��������SS����������

>*2/���@ *2/'+,56+�-���92*(/�:�-�

©�3URSDJDWLRQ� HIIHFWV� IRU� ODQG� PRELOH� VDWHOOLWH� V\VWHPV��� RYHUYLHZ� RI

H[SHULPHQWDO�DQG�PRGHOOLQJ�UHVXOWVª�

1$6$�UHIHUHQFH�SXEOLFDWLRQ�������IpYULHU������

>+$7���@ +$7&+�5�

©�7KH�V\QHUJLVP�RI�*36�FRGH�DQG�FDUULHU�PHDVXUHPHQWV�ª�

7KLUG� LQWHUQDWLRQDO� V\PSRVLXP�RQ� VDWHOOLWH� GRSSOHU� SRVLWLRQQLQJ��1HZ�0H[LFR

6WDWH�8QLYHUVLW\��YRO����������SS������������

>.28���@ .28<280-,$1�5�*���3$7+$.�3�+�

©�$� XQLIRUP� JHRPHWULFDO� WKHRU\� RI� GLIIUDFWLRQ� IRU� DQ� HGJH� LQ� D� SHUIHFWHO\

FRQGXFWLQJ�VXUIDFH�ª�

3URF��,(((�$QWHQQDV�	�SURSDJDWLRQ��QRYHPEUH�������YRO������SS�����������

>/2%���@ /2%(57�%���%285*$�&��0$/,&251(�0���0$57,1(=�)�

©�3HUIRUPDQFH�RI�*166��QDYLJDWLRQ�VLJQDO�DQG�LQVWUXPHQWDWLRQ��$SSOLFDWLRQ�WR

XUEDQ�XVHU��ª�

,21�170�������$QDKHLP��(WDWV�8QLV��MDQYLHU������
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>0$&���@ 0$&$%,$8� &��� 5RWXULHU� %��� &KDWUH� (��� 5HQDUG� $��� ©�*36� UHIHUHQFH� VWDWLRQ

VLWLQJ�WRRO�ª�

,21�1DWLRQDO�7HFKQLFDO�0HHWLQJ��$QDKHLP��MDQXDU\������������

>0$/���@ 0$/,&251(�0�

©�0RGHOLVDWLRQ�GX�FDQDO�GH�SURSDJDWLRQ�SRXU�GHV�V\VWqPHV�GH�QDYLJDWLRQ�SDU

VDWHOOLWHV�ª�

7RXORXVH��UDSSRUW�G¶DYDQFHPHQW�GH��HUH�DQQpH�GH�WKqVH��DYULO������

>0$/����D�@ 0$/,&251(�0���%28648(7�0���/2%(57�%���%285*$�&�

©�3HUIRUPDQFH� RI� *166�� QDYLJDWLRQ� VLJQDO� DQG� LQVWUXPHQWDWLRQ� LQ� XUEDQ

HQYLURQPHQW�ª�

,21�*36��MXLQ�������6DQ�'LHJR��(WDWV�8QLV

>0$/����D�@ 0$/,&251(�0�

©�,QIOXHQFH� RI� PXOWLSDWK� RQ� *166� UHFHLYHU� SHUIRUPDQFH� LQ� XUEDQ

HQYLURQPHQW�ª�

$,$$����HPH�FRQIpUHQFH� LQWHUQDWLRQDOH� VXU� OHV� V\VWqPHV�GH�FRPPXQLFDWLRQV

SDU�VDWHOOLWHV��7RXORXVH��)UDQFH��DYULO������

>0$/����E�@ 0$/,&251(�0�

©�*DOLOHR�SHUIRUPDQFH�LQ�GLIIHUHQW�HQYLURQPHQWV�ª�

�LHPH� FRQIpUHQFH� LQWHUQDWLRQDOH� GH� 6W� 3HWHUVERXUJ� VXU� OHV� V\VWqPHV� GH

QDYLJDWLRQV�LQWpJUpV��6W�3HWHUVERXUJ��5XVVLH��PDL������

>0$/����F�@ 0$/,&251(�0�

©�*DOLOHR�SHUIRUPDQFH�LPSURYHPHQW�IRU�XUEDQ�XVHUV�ª�

,21�*36��6DOW�/DNH�&LW\��(WDWV�8QLV��VHSWHPEUH������

>0$5���@ 0$57,1(=�)�

« Modélisation de propagation d’ondes électromagnétiques par lancer de rayons »,

3UREDWRLUH�&1$0��IpYULHU������

>0&1���@ 0F1$0$5$�'�$���3,6725,86�&�:�,���0$/+(5%(�-�$�*�

©�,QWURGXFWLRQ�WR�WKH�XQLIRUP�JHRPHWULFDO�WKHRU\�RI�GLIIUDFWLRQ�ª�

$UWHFK�KRXVH�������

>129���@ 129$7(/

©�0,//HQQLXP�*36&DUG�ª�

*XLGH�WR�,QVWDOODWLRQ�	�RSHUDWLRQ��20�����������PDUV������

>3$5���@ 3$56216�-�'�

©�7KH�0RELOH�5DGLR�3URSDJDWLRQ�&KDQQHO�ª�

3HQWHFK�3UHVV�������
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>352���@ 352$.,6�-�*�

©�'LJLWDO�&RPPXQLFDWLRQV�ª�

0F*UDZ�+LOO�%RRN�&RPSDQ\�������

>5(0���@ 5(0<�-�*��5HP\�HW�DO�

©�6\VWqPHV�GH�5DGLRFRPPXQLFDWLRQV�DYHF�OHV�0RELOHV�ª�

(\UROOHV��&1(7�(167��&KDS�����SS���������

>5,6���@ 5,6.�.�

©�3URSDJDWLRQ�LQ�PLFURFHOOXODU�DQG�VPDOO�FHOO�XUEDQ�HQYLURQPHQW�ª�

7KqVH�(3)/�1������������

>6$5���@ 6$50$�$�'���&+$.5$9$57,�0��

©�:DYH�SURSDJDWLRQ�HIIHFWV�RQ� VDWHOOLWH�DLGHG�FRPPXQLFDWLRQ�QDYLJDWLRQ�DQG

VXUYHLOODQFH�ª�

,(7(�7HFKQLFDO�UHYLHZ��QRYHPEUH�GpFHPEUH�������YRO�����1����SS���������

>6$8���@ 6$81'(56�6�5�

©�$QWHQQDV�DQG�SURSDJDWLRQ�IRU�ZLUHOHVV�FRPPXQLFDWLRQ�V\VWHPV�ª�

:LOH\�������
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$ILQ�G¶pWXGLHU�OHV�SHUIRUPDQFHV�G¶XQ�V\VWqPH�GH�QDYLJDWLRQ�GDQV�XQ�PLOLHX�SHUWXUEp�SDU

GHV� WUDMHWV� PXOWLSOHV�� LO� IDXW� DQDO\VHU� FRPPHQW� OHV� WUDMHWV� PXOWLSOHV� LQWURGXLVHQW� XQH

HUUHXU�VXU�OD�PHVXUH�GH�SVHXGR�GLVWDQFH�

����� ,QIOXHQFH� GHV� WUDMHWV� PXOWLSOHV� VXU� OD� ERXFOH� GH� FRGH� QRQ

FRKpUHQWH

6HXO�OH�FDV�GH�OD�ERXFOH�GH�FRGH�QRQ�FRKpUHQWH�VHUD�WUDLWp�LFL��FH�W\SH�GH�ERXFOH�pWDQW�OH

PRGqOH�OH�SOXV�IUpTXHPPHQW�XWLOLVp�GDQV�OHV�UpFHSWHXUV��'H�SOXV��FHWWH�ERXFOH�SHUPHW�GH

V¶DIIUDQFKLU�GH�O¶HVWLPDWLRQ�GH�OD�SRUWHXVH�IDLWH�SDU�OD�ERXFOH�GH�SKDVH��LO�Q¶HVW�GRQF�SDV

QRQ�SOXV�QpFHVVDLUH�GH�V¶LQWpUHVVHU�DX�FDV�GH�OD�ERXFOH�GH�SKDVH�

�������(Q�SUpVHQFH�G¶XQ�VHXO�WUDMHW�UpIOpFKL

/¶pWXGH�GH�O¶LQIOXHQFH�GHV�WUDMHWV�PXOWLSOHV�VXU�OD�ERXFOH�GH�FRGH�FRPPHQFHUD�SDU�XQ�FDV

VLPSOH�FHOXL�R��XQ�VHXO�WUDMHW�UpIOpFKL�HVW�SUpVHQW�DYHF�OH�WUDMHW�GLUHFW�

(Q�SUDWLTXH��XQ�UpFHSWHXU�QH�SHXW�SDV�DFFURFKHU�XQ�WUDMHW�UpIOpFKL��GRQF�GDQV�OD�VXLWH�GH

QRWUH�WUDYDLO��XQ�VDWHOOLWH�HVW�FRQVLGpUp�FRPPH�SRXUVXLYL�XQLTXHPHQW�V¶LO�HVW�YLVLEOH�DYHF

XQ�WUDMHW�GLUHFW�

'H� SOXV�� O¶K\SRWKqVH� HVW� IDLWH� TXH� OH� UpFHSWHXU� HVW� HQ� SKDVH� GH� SRXUVXLWH�� HW� GRQF� OHV

DVSHFWV�UHODWLIV�DX[�SKDVHV�G¶DFFURFKDJH�Q¶RQW�SDV�pWp�SULV�HQ�FRPSWH�

/H�VLJQDO�HQ�HQWUpH�GH�OD�ERXFOH�HVW�GH�OD�IRUPH�VXLYDQWH��

)2sin()()2sin()()( 111000 φπτφπτ +−++−= tftpatftpatc IIr Eq.3. 1



&+$3,75(���±�3(5)250$1&(6�'8�5(&(37(85�(1�$872120(

44

���������(WXGH�WKpRULTXH

/H�VFKpPD�VXLYDQW�SUpVHQWH�OH�PRGqOH�GH�OD�ERXFOH�GH�FRGH�QRQ�FRKpUHQWH�

)(tcr

Σ

Σ

 (  )2

 (  )2

Σ
)(tA

)(tR

+

-

eV

Figure 3. 1 : Représentation simplifiée de la boucle de code non cohérente

$ILQ�GH�SRXUVXLYUH�OH�UHWDUG�GX�WUDMHW�GLUHFW�� OH�VLJQDO�HVW�FRQYHUWL�j�XQH�IUpTXHQFH�SOXV

IDLEOH�HW�FRUUpOp�DYHF�GHV�FRGHV�HQ�DYDQFH�HW�HQ�UHWDUG��&HV�FRGHV�VRQW�GHV�UpSOLTXHV�GX

FRGH�UHoX�DYHF�XQ�UHWDUG�GH�SOXV�RX�PRLQV� 2sC �SDU�UDSSRUW�DX�FRGH�HQ�SKDVH�JpQpUp

ORFDOHPHQW��6L�OD�ERXFOH�HVW�DFFURFKpH��OH�UHWDUG�GX�FRGH�HQ�SKDVH�HVW�OH�UHWDUG�HVWLPp�GX

VLJQDO�G¶HQWUpH�

/H� SUHPLHU� ILOWUH� LQWpJUDWHXU� FRUUHVSRQG� DX� ILOWUDJH� GH� FRUUpODWLRQ�� OHV� YDOHXUV

FODVVLTXHPHQW� UHQFRQWUpHV� VRQW� FRPSULVHV� HQWUH� �� N+]� HW� ���� +]�� /H� GHX[LqPH� ILOWUH

LQWpJUDWHXU�UHSUpVHQWH�OH�ILOWUDJH�GH�ODUJHXU�GH�EDQGH� LB �UpDOLVp�SDU�OD�ERXFOH�GH�FRGH�

>9$1���@

6RLHQW� )(tA �HW� )(tR �OHV�VLJQDX[�TXL�SLORWHQW�OHV�YRLHV�DYDQFH�HW�UHWDUG��

tfj
s

IeCtptA πτ 2
0 )2ˆ()( −−= Eq.3. 2

tfj
s

IeCtptR πτ 2
0 )2ˆ()( +−= Eq.3. 3

DYHF��

0τ̂ �HVWLPDWLRQ�GX�UHWDUG� 0τ �GH�OD�SRUWHXVH�GX�VLJQDO�GLUHFW

sC �HVSDFHPHQW�DYDQFH���UHWDUG

If �IUpTXHQFH�LQWHUPpGLDLUH



&+$3,75(���±�3(5)250$1&(6�'8�5(&(37(85�(1�$872120(

45

/D�WHQVLRQ�G¶HUUHXU�V¶H[SULPH�DORUV�VRXV�OD�IRUPH��

dteCR
a

eCR
a

eCR
a

eCR
a

V

j
sp

j
sp

B
j

sp
j

spe

L






+−++−






−−−+−−= ∫

2

01
1

00
0

1

0

2

01
1

00
0

10

10

)2ˆ(
2

)2ˆ(
2

)2ˆ(
2

)2ˆ(
2

φφ

φφ

ττττ

ττττ K

Eq.3. 4

R�� ∫ −= dttptpRp )()()( ττ Eq.3. 5

/¶H[SUHVVLRQ�GH�FHWWH�WHQVLRQ�G¶HUUHXU�SHXW�VH�GpYHORSSHU�GH�OD�PDQLqUH�VXLYDQWH��
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'qV� TXH� OH� UHWDUG� UHODWLI� GX� VLJQDO� UpIOpFKL� SDU� UDSSRUW� DX� VLJQDO� GLUHFW� HVW� LQIpULHXU� j

2sc CT + �� LO� VXEVLVWH� XQ� ELDLV� GH� SRXUVXLWH� FDU� OD� FRQWULEXWLRQ� GHV� WUDMHWV� Q¶HVW� SDV

HQWLqUHPHQW�pOLPLQpH�

(Q�HIIHW��GH�SDU�OD�VWUXFWXUH�GHV�FRUUpODWHXUV��WRXV�OHV�WUDMHWV�D\DQW�XQ�UHWDUG�VXSpULHXU�j

2sc CT + �VHURQW�ILOWUpV�

$X�YX�GH� O¶pTXDWLRQ���� LO� DSSDUDvW� TXH� VHORQ� OD� YLWHVVH� GH� YDULDWLRQ� GH� OD� GLIIpUHQFH� GH

SKDVH�HQWUH�OH�WUDMHW�GLUHFW�HW�OH�WUDMHW�UpIOpFKL��O¶LQIOXHQFH�GX�WUDMHW�UpIOpFKL�QH�VHUD�SDV�OD

PrPH�

6L� OH� FDQDO� YDULH� YLWH� �pYDQHVFHQFH� UDSLGH�� &I�� FKDSLWUH� ���� DORUV� OHV� FRPSRVDQWHV� HQ

FRVLQXV�VRQW�ILOWUpHV�HW�OD�WHQVLRQ�G¶HUUHXU�V¶pFULW�DORUV��









+−−−−

+







+−−−−=

)2ˆ(
4

)2ˆ(
4

)2ˆ(
4

)2ˆ(
4

01
2

2
1

01
2

2
1

00
2

2
0

00
2

2
0

spsp

spspe

CR
a

CR
a

CR
a

CR
a

V

ττττ

ττττ K

Eq.3. 7

&HWWH�pTXDWLRQ�PRQWUH�TXH�ORUVTXH�OH�FDQDO�YDULH�YLWH��OD�FRXUEH�G¶HUUHXU�HVW�OD�VRPPH�GH

FRXUEHV�G¶HUUHXU�GLIIpUHQWHV�
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6L�OH�FDQDO�YDULH�OHQWHPHQW�DORUV�OD�WHQVLRQ�G¶HUUHXU�DXUD�OD�IRUPH�VXLYDQWH��
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Eq.3. 8

/¶pTXDWLRQ���PRQWUH�TXH�OHV�HUUHXUV�PD[LPDOHV�GHV�SRXUVXLWHV�VRQW�REWHQXHV�ORUVTXH�OHV

VLJQDX[�GLUHFW�HW�UpIOpFKL�VRQW�HQ�SKDVH�RX�HQ�RSSRVLWLRQ�GH�SKDVH��/D�SKDVH�GX�VLJQDO

FRPSRVLWH�UHoX�HVW�DORUV�OD�SKDVH�GX�VLJQDO�GLUHFW�

/¶H[SUHVVLRQ�GH�O¶RIIVHW�GH�FRGH�PD[LPDO�V¶pFULW�DORUV�>9$1���@��
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Eq.3. 9

/¶REWHQWLRQ�GH�O¶pTXDWLRQ���HVW�GRQQpH�GDQV�O¶DQQH[H�-�

/D�ILJXUH�VXLYDQWH�SUpVHQWH�GDQV�OH�FDV�GH�YDULDWLRQV�OHQWHV�O¶RIIVHW�GH�FRGH�PD[LPDO�HQ

IRQFWLRQ�GX�UHWDUG�UHODWLI� Rτ �HQWUH�OH�WUDMHW�UpIOpFKL�HW�OH�WUDMHW�GLUHFW�
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Figure 3. 2 : Erreur de poursuite maximum

/¶LQGLFH��� FRUUHVSRQG� DX� FDV� R�� OHV� VLJQDX[� VRQW� HQ� SKDVH� HW� O¶LQGLFH� ±� DX� FDV� R�� OHV

VLJQDX[�VRQW�HQ�RSSRVLWLRQ�GH�SKDVH�

2Q� SHXW� QRWHU� TXH� ORUVTXH� O¶DPSOLWXGH� UHODWLYH� 01 aaaR = � HVW� SURFKH� GH� ��� O¶HUUHXU

PD[LPXP� HVW� SURFKH� GH� 2sC �� &HFL� PRQWUH� O¶LQWpUrW� GHV� FRUUpODWHXUV� pWURLWV� SRXU

GLPLQXHU�O¶HIIHW�GHV�WUDMHWV�PXOWLSOHV��3OXV� sC �HVW�SHWLW��SOXV�O¶HUUHXU�PD[LPDOH�VHUD�IDLEOH�

��������� ,QIOXHQFH� GHV� GLIIpUHQWV� SDUDPqWUHV� GpILQLVVDQW� OHV� WUDMHWV

PXOWLSOHV

'¶DSUqV�O¶pTXDWLRQ����OD�WHQVLRQ�G¶HUUHXU�GpSHQG�GH�WURLV�SDUDPqWUHV��

• OH�UHWDUG�UHODWLI� 01 τττ −=R

• O¶DPSOLWXGH�UHODWLYH� 01 aaaR =

• OD�SKDVH�UHODWLYH� 01 φφφ −=R

'DQV�OHV�FRXUEHV�SUpVHQWpHV�FL�GHVVRXV��OHV�K\SRWKqVHV�VXLYDQWHV�RQW�pWp�IDLWHV��

• OH�UpFHSWHXU�HVW�HQ�PRGH�GH�SRXUVXLWH

• OD�ERXFOH�GH�FRGH�HVW�DFFURFKpH�VXU�OH�WUDMHW�GLUHFW��� 0ˆ00 =−ττ
• OHV�SDUDPqWUHV�GpILQLVVDQW�OHV�WUDMHWV�PXOWLSOHV�VRQW�FRQVWDQWV�GDQV�OH�WHPSV

• cs TC =
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&HV�FRXUEHV�RQW�pWp�UpDOLVpHV�DYHF�OH�PRGqOH�GH�OD�ERXFOH�GH�FRGH�QRQ�FRKpUHQWH�
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Figure 3. 3 : Offset de code pour une Figure 3. 4 : Offset de code pour une

amplitude relative de 0.1 amplitude relative de 0.5

/HV� )LJXUHV� �� HW� �� SUpVHQWHQW� O¶RIIVHW� GH� FRGH� HQ� IRQFWLRQ� GX� UHWDUG� UHODWLI� GX� WUDMHW

UpIOpFKL�SRXU�GLIIpUHQWHV�SKDVHV��/D�)LJXUH���PRQWUH�OH�FDV�R��O¶DPSOLWXGH�UHODWLYH�HVW�GH

����HW�OD�)LJXUH���OH�FDV�R��HOOH�HVW�pJDOH�j�����

/¶HUUHXU�GXH�DX[�WUDMHWV�PXOWLSOHV�HVW�ELHQ�PD[LPDOH�ORUVTXH� OH�WUDMHW�GLUHFW�HW� OH� WUDMHW

UpIOpFKL�VRQW�HQ�SKDVH�RX�HQ�RSSRVLWLRQ�GH�SKDVH��6L�FHV�GHX[�ILJXUHV�VRQW�FRQVLGpUpHV

GDQV�OH�FDV�R��OD�SKDVH�UHODWLYH�HVW�GH���RX�GH�π ��DORUV�O¶pTXDWLRQ���HVW�YpULILpH�

/HV�WUDMHWV�D\DQW�XQ�IDLEOH�UHWDUG�UHODWLI�� cT×< 1.0 ��DXURQW�SHX�G¶LPSDFW�VXU�OH�UpFHSWHXU�

(QILQ�� HQ� FRPSDUDQW� FHV�GHX[� FRXUEHV�� RQ�SHXW�QRWHU� TXH� SOXV� O¶DPSOLWXGH� UHODWLYH� HVW

LPSRUWDQWH�SOXV�O¶HUUHXU�GXH�DX[�WUDMHWV�PXOWLSOHV�VHUD�LPSRUWDQWH��&HFL�HVW�FRQILUPp�GDQV

OD�)LJXUH���TXL�PRQWUH�O¶RIIVHW�GH�FRGH�HQ�IRQFWLRQ�GX�UHWDUG�UHODWLI�GX�WUDMHW�UpIOpFKL�SRXU

SOXVLHXUV�DPSOLWXGHV�UHODWLYHV�
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Figure 3. 5 : Offset de code  pour une phase relative de π/4

/D�)LJXUH���SUpVHQWH� O¶RIIVHW�GH�FRGH�HQ� IRQFWLRQ�GH� OD�SKDVH� UHODWLYH�GX� WUDMHW� UpIOpFKL

SRXU�SOXVLHXUV�DPSOLWXGHV�UHODWLYHV��,O�DSSDUDvW�GHV�PD[LPXPV�ORUVTXH�OHV�WUDMHWV�VRQW�HQ

SKDVH�RX�HQ�RSSRVLWLRQ�GH�SKDVH�
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Figure 3. 6 : Offset de code pour un retard relatif de 0.5xTc

'DQV�FH�SDUDJUDSKH�OH�FDV�SRXU�XQ�VHXO�WUDMHW�UpIOpFKL�D�pWp�WUDLWp��LO�DSSDUDvW�TXH�O¶HUUHXU

GXH�DX[�WUDMHWV�PXOWLSOHV�GpSHQG�GH�OD�PDQLqUH�GRQW�OH�FDQDO�YDULH�GDQV�OH�WHPSV�HW�GHV

SDUDPqWUHV�GpILQLVVDQW�OHV�WUDMHWV�PXOWLSOHV�
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�������(Q�SUpVHQFH�GH�SOXVLHXUV�WUDMHW�UpIOpFKLV

/¶pWXGH� GH� O¶LQIOXHQFH� GHV� WUDMHWV�PXOWLSOHV� VXU� OD� ERXFOH� GH� FRGH� HVW�PDLQWHQDQW� IDLWH

SRXU�SOXVLHXUV�WUDMHWV�UpIOpFKLV�

/H�VLJQDO�HQ�HQWUpH�GH�OD�ERXFOH�DXUD�GRQF�OD�IRUPH�VXLYDQWH��

))2sin()()(
0

∑
=

+−=
N

m
mImmr tftpatc φπτ Eq.3. 10

/D� WHQVLRQ� G¶HUUHXU� HQ� SUpVHQFH� GH� SOXVLHXUV� FRPSRVDQWHV� UpIOpFKLHV� V¶pFULW� VRXV� OD

IRUPH��

dteCRaeCRaV
L
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j
smpm
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smpme ∫ ∑∑
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0 )2ˆ()2ˆ( φφ ττττ Eq.3. 11

&RPPH� GDQV� OH� FDV� G¶XQ� VHXO� WUDMHW� UpIOpFKL�� VL� OH� FDQDO� YDULH� UDSLGHPHQW�� OD� WHQVLRQ

G¶HUUHXU�HVW�OD�VRPPH�GH�FRXUEHV�G¶HUUHXU�GLIIpUHQWHV��

[ ]∑
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+−−−−=
N

m
smpmsmpme CRaCRaV
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0

22
0

22 )2ˆ()2ˆ( ττττ Eq.3. 12

'DQV� OH� FDV� R�� OH� FDQDO� YDULH� OHQWHPHQW� HW� GRQF� R�� OH� ILOWUDJH� Q¶D� SDV� G¶LQIOXHQFH�� OD

WHQVLRQ�G¶HUUHXU�V¶pFULW��

2
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==
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N

m

j
smpm

N

m

j
smpme

mm eCRaeCRaV φφ ττττ Eq.3. 13

&RQVLGpUDQW� O¶pTXDWLRQ� ��� LO� DSSDUDvW� TXH� OD� YDOHXU� PD[LPDOH� GH� O¶RIIVHW� GH� FRGH� HVW

REWHQXH�GDQV� OH� FDV�R�� OD� FRQWULEXWLRQ�GH� FKDTXH� VLJQDO� UpIOpFKL� HVW�PD[LPDOH�� F¶HVW� j

GLUH�ORUVTXH�OHXU�FRQWULEXWLRQ�HVW�pJDOH�j� csm TCa± �

'H�SOXV�SRXU�XQ�VLJQDO�QH�VXELVVDQW�DXFXQH�SHUWXUEDWLRQ�� OD�]RQH�OLQpDLUH�GH�VD�WHQVLRQ

G¶HUUHXU�HVW�GRQQpH�SDU��&I��$QQH[H�-���

c
linéaire T

a
V

τ∆= 02
Eq.3. 14
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/¶HUUHXU�PD[LPDOH�HVW�GRQF�REWHQXH�HQ�UpVROYDQW�O¶pTXDWLRQ�VXLYDQWH��

c

ss

c T

Ca

T

a ±=∆τ02
Eq.3. 15

DYHF� ∑=
m

ms aa Eq.3. 16

/¶RIIVHW�GH�FRGH�PD[LPDO�HQ�SUpVHQFH�GH�SOXVLHXUV�WUDMHWV�UpIOpFKLV�V¶H[SULPH�DORUV�GH�OD

PDQLqUH�VXLYDQWH��

0
max 2a

Ca ss
e ±=τ Eq.3. 17

&RPPH�FHOD�D�pWp�YX�GDQV�OH�FDV�G¶XQ�VHXO�WUDMHW�UpIOpFKL�� O¶HUUHXU�PD[LPDOH�GpSHQG�GH

O¶HVSDFHPHQW�GHV�FRUUpODWHXUV��(Q�FKRLVLVVDQW�GH�SHWLWHV�YDOHXUV�GH� sC ��O¶HUUHXU�PD[LPDOH

G��DX[�WUDMHWV�PXOWLSOHV�VHUD�SOXV�IDLEOH�

/HV�)LJXUHV���HW���RQW�pWp�REWHQXHV�HQ�IDLVDQW�OHV�K\SRWKqVHV�VXLYDQWHV��

• OH�UpFHSWHXU�HVW�HQ�PRGH�GH�SRXUVXLWH

• OD�ERXFOH�GH�FRGH�HVW�DFFURFKpH�VXU�OH�WUDMHW�GLUHFW��� 0ˆ00 =−ττ
• OHV�SDUDPqWUHV�GpILQLVVDQW�OHV�WUDMHWV�PXOWLSOHV�VRQW�FRQVWDQWV�GDQV�OH�WHPSV

• cs TC =

• VHXO���WUDMHWV�UpIOpFKLV�VRQW�SUpVHQWV�HQ�SOXV�GX�WUDMHW�GLUHFW

/H�EXW�GH�OD�)LJXUH���HVW�GH�PRQWUHU�TXH�VL�XQ�GHV�WUDMHWV�UpIOpFKLV�D�XQ�UHWDUG�VXSpULHXU

j� cT×5.1 �DORUV�LO�Q¶D�DXFXQH�LQIOXHQFH�VXU�OH�UpFHSWHXU�HW�OHV�FRXUEHV�SUpVHQWpHV�GDQV�OH

FDV�G¶XQ�VHXO�WUDMHW�UpIOpFKL�VRQW�UHWURXYpHV�

&HWWH�ILJXUH�SUpVHQWH�GRQF�O¶RIIVHW�GH�FRGH�HQ�IRQFWLRQ�GX�UHWDUG�UHODWLI�GX�SUHPLHU�WUDMHW

UpIOpFKL�SRXU�SOXVLHXUV�DPSOLWXGHV�UHODWLYHV�GH�FH�SUHPLHU�WUDMHW��/H�VHFRQG�WUDMHW�UpIOpFKL

D�GRQF�XQ�UHWDUG�UHODWLI�GH� cT×6.1 ��&HWWH�ILJXUH�HVW�ELHQ�LGHQWLTXH�j�OD�)LJXUH���
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Figure 3. 7 : Offset de code en présence de 2 trajets réfléchis,

a2 = 0.2, τ2= 1.6 Tc, φ2 = pi, φ1= pi/4

/D�)LJXUH���PRQWUH�O¶RIIVHW�GH�FRGH�HQ�IRQFWLRQ�GX�UHWDUG�UHODWLI�GX�SUHPLHU�WUDMHW�UpIOpFKL

SRXU�SOXVLHXUV�SKDVHV�UHODWLYHV�GH�FH�SUHPLHU�WUDMHW��/H�GHX[LqPH�WUDMHW�D�XQH�DPSOLWXGH

UHODWLYH�GH������XQ�UHWDUG�UHODWLI�GH� cT×5.0 �HW�XQH�SKDVH�UHODWLYH�GH����/H�FDV�R��OH�WUDMHW

GLUHFW�HW�OHV�GHX[�WUDMHWV�UpIOpFKLV�VRQW�HQ�SKDVH�RX�HQ�RSSRVLWLRQ�GH�SKDVH�HVW�OH�FDV�R�

O¶HUUHXU�GXH�DX[�WUDMHWV�PXOWLSOHV�HVW�PD[LPXP�
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Figure 3. 8 : Offset de code en présence de 2 trajets réfléchis,

a2 = 0.2, τ2 = 1.6 Tc, φ2 = pi, φ1= pi/4
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&HWWH� SUHPLqUH� SDUWLH� GX� FKDSLWUH� �� D� SHUPLV� GH� UpDOLVHU� XQH� pWXGH� WKpRULTXH� GH

O¶LQIOXHQFH� GHV� WUDMHWV� PXOWLSOHV� VXU� OD� ERXFOH� GH� FRGH� QRQ� FRKpUHQWH�� ,O� DSSDUDvW� TXH

VHORQ� TXH� OH� FDQDO� YDULH� UDSLGHPHQW� RX� SDV�� OHV� HIIHWV� GHV� WUDMHWV� PXOWLSOHV� VHURQW

GLPLQXpV� RX� SDV�� (Q� HIIHW�� ORUVTXH� OH� FDQDO� YDULH� UDSLGHPHQW� OHV� HIIHWV� GHV� WUDMHWV

PXOWLSOHV�VHURQW�PRLQV�LPSRUWDQW�TXH�VL�OH�FDQDO�YDULH�OHQWHPHQW�FDU�OD�FRQWULEXWLRQ�GHV

WUDMHWV�UpIOpFKLV�VHUD�HQ�SDUWLH�ILOWUpH�

'H�SOXV��FHWWH�pWXGH�D�PLV�HQ�pYLGHQFH�TXH�O¶HUUHXU�GXH�DX[�WUDMHWV�PXOWLSOHV�GpSHQGDLW

GHV� SDUDPqWUHV� GpILQLVVDQW� FHV� WUDMHWV��� DPSOLWXGH� UHODWLYH�� UHWDUG� UHODWLI� HW� SKDVH

UHODWLYH�� &HFL�PRQWUH� O¶LQWpUrW� G¶XWLOLVHU� XQH�PpWKRGH� GH�PRGpOLVDWLRQ� GpWHUPLQLVWH� GHV

WUDMHWV�PXOWLSOHV�WHOOH�TXH�FHOOH�XWLOLVpH�GDQV�QRWUH�RXWLO�GH�VLPXODWLRQ�

�����3HUIRUPDQFHV�GX�V\VWqPH

/D� VXLWH�GH� FH� FKDSLWUH� V¶LQWpUHVVHUD�SOXV� DX[�SHUIRUPDQFHV�HQ�JpQpUDO� GX� V\VWqPH�GH

QDYLJDWLRQ�GDQV�GHV�HQYLURQQHPHQWV�SHUWXUEpV�SDU�OHV�WUDMHWV�PXOWLSOHV��'DQV�XQ�SUHPLHU

WHPSV� OHV� UpVXOWDWV�REWHQXV�JUkFH�j� OD� FDPSDJQH�GH�PHVXUH� VHURQW�SUpVHQWpV�� SXLV� FH

VHUD�OH�WRXU�GHV�UpVXOWDWV�REWHQXV�SDU�OD�VLPXODWLRQ�

�������5pVXOWDWV�REWHQXV�DYHF�OD�FDPSDJQH�GH�PHVXUH

*UkFH� j� OD� FDPSDJQH� GH� PHVXUH� UpDOLVpH� SRXU� FKRLVLU� GHV� VFqQHV� UHSUpVHQWDWLYHV� GH

GLIIpUHQWV� HQYLURQQHPHQWV�� XQH� pWXGH� VXU� OHV� SHUIRUPDQFHV� GX� V\VWqPH� *36� GDQV� FHV

GLIIpUHQWV� HQYLURQQHPHQWV� D� SX� rWUH� UpDOLVpH�� 'DQV� FH� FKDSLWUH�� VHXO� OH� FDV� GX� PLOLHX

XUEDLQ�VHUD�WUDLWp��OHV�DXWUHV�FDV��SDYLOORQQDLUH��LQGXVWULHO�HW�OH�PLOLHX�FDUDFWpULVp�SDU�GH

KDXWV�LPPHXEOHV��VHURQW�SUpVHQWpV�GDQV�O¶DQQH[H�.�

/D�)LJXUH���PRQWUH�OH�SDUFRXUV�UpDOLVp�DYHF�OD�YRLWXUH�GDQV�OH�PLOLHX�XUEDLQ�HW�OD�)LJXUH

��� OHV� SRVLWLRQV� FDOFXOpHV� SDU� OH� UpFHSWHXU�� 2Q� SHXW� GpMj� YRLU� HQ� FRPSDUDQW� FHV� GHX[

ILJXUHV�TXH�OD�GLVSRQLELOLWp�GH�OD�SRVLWLRQ�HVW�IDLEOH�
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Figure 3. 9 : Plan du milieu urbain Figure 3. 10 : Position du calculée par le
récepteur en milieu urbain

/D� )LJXUH� ��� SUpVHQWH� O¶pYROXWLRQ� GH� O¶pWDW� GH� OD� VROXWLRQ� FDOFXOpH� SDU� OH� UpFHSWHXU� DX

FRXUV�GX�WHPSV��&HW�pWDW�HVW�FDUDFWpULVp�SDU�GLIIpUHQWV�FULWqUHV�

���VROXWLRQ�FDOFXOpH

���QRPEUH�GH�VDWHOOLWHV�HQ�YLVLELOLWp�LQVXIILVDQW

���3DV�GH�FRQYHUJHQFH

���0DWULFH� HRH t 1− �VLQJXOLqUH��&I��DQQH[H�(�

���7UDFH�GH�OD�FRYDULDQFH�GpSDVVpH��!������PqWUHV�

���7HVW�GH�OD�GLVWDQFH�GpSDVVpH��GLVWDQFH�!����NP�

���3DV�HQFRUH�GH�FRQYHUJHQFH�GHSXLV�OH�GpSDUW

���KDXWHXU�RX�YLWHVVH�GpSDVVpH

$X�YX�GH�FHWWH�ILJXUH��RQ�FRQVWDWH�TXH�OH�FDOFXO�GH�OD�SRVLWLRQ�Q¶HVW�SDV�VRXYHQW�UpDOLVp�j

FDXVH�G¶XQ�PDQTXH�GH�VDWHOOLWHV�HQ�YLVLELOLWp��'H�SOXV��OHV�SpULRGHV�R��OD�VROXWLRQ�QH�SHXW

rWUH�FDOFXOpH�SHXYHQW�rWUH�WUqV�ORQJXHV��HQYLURQ����PLQXWHV���8Q�DXWUH�pOpPHQW�HVW�TXH

GDQV� FHUWDLQ� FDV�� OD� VROXWLRQ� HVW� FDOFXOpH� PDLV� Q¶HVW� SDV� ILDEOH�� FHFL� pWDQW� G�� j� XQH

PDXYDLVH�JpRPpWULH�GHV�VDWHOOLWHV�YLVLEOHV�RX�j�XQH�SHUWXUEDWLRQ�GHV�PHVXUHV�
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Figure 3. 11 : Statut de la solution Figure 3. 12 : Erreur horizontale
en milieu urbain en milieu urbain

/RUV�GH�FHWWH�FDPSDJQH�GH�PHVXUH��XQ�DXWUH�UpFHSWHXU�IL[H�D�pWp�XWLOLVp�DILQ�GH�UpDOLVHU

GHV� FRUUHFWLRQV� GLIIpUHQWLHOOHV�� 3RXU� HVWLPHU� OHV� HUUHXUV� GH� SRVLWLRQ�� QRXV� DYRQV� GRQF

FRPSDUp�OD�SRVLWLRQ�FDOFXOpH�SDU�OH�UpFHSWHXU�HW�OD�SRVLWLRQ�FDOFXOpH�DYHF�GHV�FRUUHFWLRQV

GLIIpUHQWLHOOHV� TXH� QRXV� SRXYRQV� FRQVLGpUHU� FRPPH� D\DQW� XQH� SUpFLVLRQ� GH� O¶RUGUH� GX

PqWUH��/D�)LJXUH����SUpVHQWH�OH�UpVXOWDW�GH�FHWWH�FRPSDUDLVRQ�

/D�SOXSDUW�GHV�HUUHXUV�VRQW�LQIpULHXUHV�j����PqWUHV��DYHF�XQ�PD[LPXP�j����PqWUHV�TXL

FRUUHVSRQG�j�XQH�VLWXDWLRQ�R��OD�JpRPpWULH�Q¶pWDLW�SDV�ERQQH�

,O� UHVVRUW� GH� FHWWH� FDPSDJQH� GH� PHVXUHV� TX¶LO� HVW� GLIILFLOH� HQ� PLOLHX� XUEDLQ� G¶DYRLU� OH

QRPEUH�GH� VDWHOOLWHV� YLVLEOHV� QpFHVVDLUH� HW� TXH� FH�PDVTXDJH� SHX� GXUHU� ORQJWHPSV��'H

SOXV�OHV�HUUHXUV�VXU�OD�SRVLWLRQ�VRQW�LPSRUWDQWHV��,O�HVW�j�QRWHU�FHSHQGDQW�TXH�SRXU�FHWWH

FDPSDJQH�GH�PHVXUH� UpDOLVpH� DYHF� OD� FRQVWHOODWLRQ�*36�� OH� UpFHSWHXU� Q¶XWLOLVDLW� SDV� GH

ILOWUH�GH�.DOPDQ�HW�XQ�ILOWUDJH�SDU�OD�SKDVH�GH�����VHFRQGHV�pWDLW�UpDOLVp�

/¶DYDQWDJH�GX�ILOWUDJH�SDU�OD�SKDVH�HVW�GH�GLPLQXHU�OHV�HUUHXUV�GXHV�DX[�WUDMHWV�PXOWLSOHV

HW� FHOOHV� GXHV� DX[� EUXLWV� GH� SRXUVXLWH�� 3DU� FRQWUH� OH� ILOWUH� GH� .DOPDQ� SHXW� IRQFWLRQQHU

DYHF�VHXOHPHQW�XQH�SDUWLH�GHV�PHVXUHV� HW�DMXVWH� OH�SRLGV�TX¶LO�GRQQH�DX[�PHVXUHV� HQ

IRQFWLRQ�GHV�PHVXUHV�GH�EUXLW�

1H�GLVSRVDQW�SDV�GH�PRGpOLVDWLRQ�QXPpULTXH�GH�O¶HQYLURQQHPHQW�UpHO�GH�OD�FDPSDJQH�GH

PHVXUHV��FHV�UpVXOWDWV�QH�SRXUURQW�GRQF�SDV�rWUH�FRPSDUpV�DYHF�OHV�UpVXOWDWV�IRXUQLV�SDU

OD� VLPXODWLRQ�� ,OV� SHUPHWWHQW� FHSHQGDQW� XQH� DSSUpFLDWLRQ� GHV� SHUIRUPDQFHV� G¶XQ

UpFHSWHXU� GDQV� OD� UpDOLWp�� ,O� DSSDUDvW� TXH� OHV� SHUIRUPDQFHV� G¶XQ� UpFHSWHXU� VHXO��PrPH

DYHF� XQ� ILOWUDJH� SDU� OD� SKDVH�� QH� VRQW� SDV� VXIILVDQWHV�� VL� QRXV� FRQVLGqURQV� TX¶XQ

XWLOLVDWHXU� XUEDLQ� j� EHVRLQ� G¶XQH� HUUHXU� KRUL]RQWDOH� LQIpULHXUH� j� ��� PqWUHV� GXUDQW� DX

PRLQV�������GX�WHPSV�
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�������5pVXOWDWV�REWHQXV�SDU�OD�VLPXODWLRQ

'DQV�FH�SDUDJUDSKH��OHV�SHUIRUPDQFHV�GX�V\VWqPH�*DOLOHR�YRQW�rWUH�pWXGLpHV�HQ�XWLOLVDQW

OH�ORJLFLHO�GH�VLPXODWLRQ�TXH�QRXV�DYRQV�PLV�HQ�SODFH�

���������0RGpOLVDWLRQ�GHV�SRVWHV�G¶HUUHXU

3RXU�pWXGLHU� OHV�SHUIRUPDQFHV�GX�V\VWqPH�� LO� IDXW�pYDOXHU� OHV�GLIIpUHQWHV�HUUHXUV� VXU� OD

PHVXUH�GH�OD�GLVWDQFH�VDWHOOLWH�UpFHSWHXU��

• GpODL�LRQRVSKpULTXH

• GpODL�WURSRVSKpULTXH

• HUUHXU�G¶pSKpPpULGHV

• EUXLW�WKHUPLTXH

• HUUHXU�GH�V\QFKURQLVDWLRQ�GH�O¶KRUORJH�VDWHOOLWH

• HUUHXU�GXH�DX[�WUDMHWV�PXOWLSOHV

&HV�HUUHXUV�VRQW�DORUV�DMRXWpHV�j�OD�GLVWDQFH�VDWHOOLWH�UpFHSWHXU�SRXU�GRQQHU�OD�SVHXGR�

GLVWDQFH�� &HWWH� SVHXGR�GLVWDQFH� VHUD� XWLOLVpH� GDQV� XQ� ILOWUH� GH� .DOPDQ� TXL� IRXUQLUD� OD

SRVLWLRQ�GX�UpFHSWHXU�DYHF�XQH�FHUWDLQH�HUUHXU�

• Ionosphère

8QH�SUpVHQWDWLRQ�GH�FH�SRVWH�G¶HUUHXU�HVW�GRQQpH�GDQV�O¶DQQH[H�'���

(Q�SUDWLTXH�� O¶HUUHXU� LRQRVSKpULTXH�HVW�FRUULJpH�HQ�SDUWLH�GDQV�OH�UpFHSWHXU�JUkFH�j�GHV

PRGqOHV� SUpGpILQLV� �&I�� FKDSLWUH� ���� 'DQV� OHV� VLPXODWLRQV�� OH�PRGqOH� GH� .OREXFKDU� HVW

XWLOLVp� SRXU� FRUULJHU� FHWWH� HUUHXU�� FHWWH� FRUUHFWLRQ� SHUPHW� G¶pOLPLQHU� � ���� GH� O¶HUUHXU

LRQRVSKpULTXH�

• Troposphère

/¶DQQH[H�'���SUpVHQWH�FH�SRVWH�G¶HUUHXU��&RPPH�SRXU�O¶LRQRVSKqUH��LO�H[LVWH�GHV�PRGqOHV

TXL�SHUPHWWHQW�GH�FRUULJHU�FH�UHWDUG�LQWURGXLW�SDU�OD�WUDYHUVpH�GH�OD�WURSRVSKqUH��&HWWH

FRUUHFWLRQ�SHUPHW�G¶pOLPLQHU�GH����j�����GH�O¶HUUHXU�WURSRVSKpULTXH�

• Ephémérides

8QH�SUpVHQWDWLRQ�SOXV�GpWDLOOpH�GH�FH�SRVWH�G¶HUUHXU�D�pWp� IDLW�GDQV� O¶DQQH[H�'���� 7URLV

HUUHXUV�GH�SRVLWLRQ�G¶XQ�VDWHOOLWH�SDU�UDSSRUW�j�VRQ�RUELWH�SHXYHQW�rWUH�GLVWLQJXpHV��

½ O¶HUUHXU�UDGLDOH�TXL�HVW�O¶HUUHXU�G¶DOWLWXGH�GX�VDWHOOLWH

½ O¶HUUHXU�GH�SRVLWLRQ�OH�ORQJ�GH�VD�WUDMHFWRLUH

½ O¶HUUHXU�RUWKRJRQDOH�j�O¶RUELWH�HW�j�OD�YHUWLFDOH
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• Bruit thermique

3RXU�XQH�ERXFOH�QRQ�FRKpUHQWH��O¶HUUHXU�VXU�OD�SVHXGR�GLVWDQFH�V¶pFULW��

02 NC

Bc
cbt λσ =

DYHF��

cλ �ORQJXHXU�G¶RQGH�OLpH�DX�FRGH

cB �EDQGH�GH�EUXLW�GH�OD�ERXFOH�GH�FRGH�pJDOH�j��+]

• (UUHXU�GH�V\QFKURQLVDWLRQ�GH�O¶KRUORJH�VDWHOOLWH

&H�SRVWH�G¶HUUHXU�GpSHQG�GX�V\VWqPH�FKRLVL�

• (UUHXU�GXH�DX[�WUDMHWV�PXOWLSOHV

/HV� SDUDPqWUHV� GpILQLVVDQW� OHV� WUDMHWV�PXOWLSOHV� VRQW� GpWHUPLQpV� j� O¶DLGH� GX� ORJLFLHO� GH

ODQFHU�GH�UD\RQV�HW�VRQW�HQYR\pV�GDQV�XQ�PRGqOH�GH�ERXFOH�GH�FRGH�QRQ�FRKpUHQWH�TXL

IRXUQLW�O¶HUUHXU�LQWURGXLWH�SDU�OHV�WUDMHWV�PXOWLSOHV�

���������3HUIRUPDQFHV�GX�V\VWqPH�*DOLOHR�HQ�DXWRQRPH

/D� FRQVWHOODWLRQ� XWLOLVpH� HVW� GRQF� OD� FRQVWHOODWLRQ� *DOLOHR� FRPSRVpH� GH� ��� VDWHOOLWHV� j

RUELWH�PR\HQQH�UpSDUWLV�VXU���SODQV�DYHF�XQH�LQFOLQDLVRQ�GH������/HV�VLJQDX[�XWLOLVpV�VRQW

VXSSRVpV�GX�PrPH�W\SH�TXH�OHV�VLJQDX[�*36��LOV�VRQW�pPLV�j�XQH�IUpTXHQFH�SRUWHXVH�GH

������*+]� HW� OHV� FRGHV� XWLOLVpV� RQW� XQH� IUpTXHQFH� ������0+]�� /HV� RQGHV� pPLVHV� VRQW

SRODULVpHV�FLUFXODLUHPHQW�j�GURLWH�

/H�UpFHSWHXU�HVW�SODFp�j�����PqWUHV�DX�GHVVXV�GX�VRO��/¶HVSDFHPHQW�GHV�FRUUpODWHXUV�HVW

pJDO�j� OD�SpULRGH�GX�FRGH��/D�ERXFOH�GH�FRGH�QRQ�FRKpUHQWH�HVW�VXSSRVpH�HQ�SKDVH�GH

SRXUVXLWH�� /HV� VLPXODWLRQV� VRQW� UpDOLVpHV� VXU� XQH� SpULRGH� GH� �� PLQXWHV� HW� WRXWHV� OHV

VHFRQGHV�

/HV� EHVRLQV� G¶XQ� XWLOLVDWHXU� HQ� PLOLHX� XUEDLQ� VRQW� VXSSRVpV� VDWLVIDLWV� DYHF� XQH� HUUHXU

KRUL]RQWDOH�LQIpULHXUH�j����PqWUHV�HW�XQH�GLVSRQLELOLWp�G¶DX�PRLQV�������

/¶HQYLURQQHPHQW� XWLOLVp� HVW� O¶HQYLURQQHPHQW� UpDOLVWH� DYHF� SOXVLHXUV� WH[WXUHV� SRXU� OHV

PDWpULDX[��/HV�SHUIRUPDQFHV�GX�V\VWqPH�VRQW�pWXGLpHV�SRXU�WURLV�YLWHVVHV�GX�UpFHSWHXU��

��NP�K�����NP�K�HW����NP�K�
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Figure 3. 13 : Bilan d’erreur du système Galileo

/D�)LJXUH����SUpVHQWH�OHV�GLIIpUHQWHV�FRQWULEXWLRQV�j�O¶HUUHXU�VXU�OD�SVHXGR�GLVWDQFH�SRXU

OH� V\VWqPH�*DOLOHR�� ,O� DSSDUDvW�TXH� O¶HUUHXU�GXH�DX[� WUDMHWV�PXOWLSOHV�HVW� O¶XQH�GHV�SOXV

LPSRUWDQWHV�� (OOH�HVW�SOXV�JUDQGH�SRXU�GHV�DQJOHV�GH� VLWH� IDLEOHV� FDU� RQ�SHXW� VXSSRVHU

TXH�VL�OH�VDWHOOLWH�HVW�MXVWH�DX�GHVVXV�GX�UpFHSWHXU��LO�\�DXUD�PRLQV�GH�WUDMHWV�UpIOpFKLV�

&HWWH�ILJXUH�PRQWUH�DXVVL�TXH�O¶HUUHXU�LRQRVSKpULTXH�HVW�OH�SULQFLSDO�SRVWH�G¶HUUHXU��3RXU

GLPLQXHU�VRQ�LQIOXHQFH��XQ�UpFHSWHXU�EL�IUpTXHQFH�DXUDLW�SX�rWUH�XWLOLVp��PDLV�pWDQW�GRQQp

TXH�OH�FR�W�DX�QLYHDX�GX�UpFHSWHXU�HVW�O¶XQH�GHV�SULQFLSDOHV�FRQWUDLQWHV��VHXO�OH�UpFHSWHXU

PRQR�IUpTXHQFH�D�pWp�FRQVLGpUp�

/¶8(5(�SHXW�YDULHU�GH���j����PqWUHV�

&H�ELODQ�G¶HUUHXU�D�pWp�pWDEOL�VXLYDQW�GHV�K\SRWKqVHV�GpILQLHV�DX�GpEXW�GH�FH�WUDYDLO�GH

WKqVH��PDLV�FHV�K\SRWKqVHV�QH�VRQW�SOXV�IRUFHPHQW�OHV�PrPHV�DXMRXUG¶KXL�



&+$3,75(���±�3(5)250$1&(6�'8�5(&(37(85�(1�$872120(

59

0 10 20 30 40 50 60 70 80 90 100
0

10

20

30

40

50

60

70

80

90

100

Erreur horizontale

%
 d

e 
te

m
ps

, 
er

re
ur

 h
or

iz
on

ta
le

 <
=

 X
5 km/h 
30 km/h
60 km/h

Figure 3. 14 : Performance du système en autonome

/D�)LJXUH����SUpVHQWH�OH�SRXUFHQWDJH�GH�WHPSV�R��O¶HUUHXU�KRUL]RQWDOH�HVW�LQIpULHXUH�j�OD

YDOHXU� HQ� DEVFLVVH�� ,O� DSSDUDvW� TXH� ORUVTXH� OH� PRELOH� D� XQH� YLWHVVH� GH� �� NP�K�� VHV

SHUIRUPDQFHV�VRQW�PHLOOHXUHV��DYHF�XQH�HUUHXU�KRUL]RQWDOH�LQIpULHXUH�j����PqWUHV�GXUDQW

����GX�WHPSV��&HFL�SHXW�V¶H[SOLTXHU�SDU�XQH�PHLOOHXUH�YLVLELOLWp�HW�SDU�OH�IDLW�TXH�FRPPH

VD�YLWHVVH�HVW�IDLEOH��OH�ILOWUH�GH�.DOPDQ�D�SOXV�GH�IDFLOLWp�SRXU�HVWLPHU�OD�SRVLWLRQ�

/HV� GHX[� DXWUHV� FDV� RQW� GHV� SHUIRUPDQFHV� LGHQWLTXHV� DYHF� XQH� HUUHXU� KRUL]RQWDOH� GH

PRLQV�GH����PqWUHV�GXUDQW�HQYLURQ�����GX�WHPSV��'DQV�FHV�FDV��QRXV�VRPPHV�ELHQ�ORLQ

GHV�SHUIRUPDQFHV�HVSpUpHV��LO�HVW�GRQF�QpFHVVDLUH�GH�FRQVLGpUHU�GHV�PR\HQV�SHUPHWWDQW

G¶DXJPHQWHU�OHV�SHUIRUPDQFHV�GX�V\VWqPH�WRXW�HQ�SUHQDQW�HQ�FRPSWH�OD�QpFHVVLWH�G¶XQ

IDLEOH�FR�W�DX�QLYHDX�GH�O¶XWLOLVDWHXU�

�����&RQFOXVLRQ

&H�WURLVLqPH�FKDSLWUH�D�SHUPLV�GH�PLHX[�FRPSUHQGUH�O¶LQIOXHQFH�GHV�WUDMHWV�PXOWLSOHV�VXU

OH�UpFHSWHXU�HW�G¶REVHUYHU�OHV�SHUIRUPDQFHV�GH�V\VWqPHV�GH�QDYLJDWLRQ�HQ�PLOLHX�XUEDLQ�

'DQV� OD� SUHPLqUH� SDUWLH� GH� FH� FKDSLWUH�� LO� HVW� DSSDUX� TXH� O¶HUUHXU� GXH� DX[� WUDMHWV

PXOWLSOHV�GpSHQGDLW�G¶DERUG�GHV�YDULDWLRQV�GX�FDQDO��OHQWH�RX�UDSLGH��HW�GHV�SDUDPqWUHV

GpILQLVVDQW�OHV�WUDMHWV�PXOWLSOHV��&HWWH�pWXGH�D�FRQILUPp�OH�FKRL[�G¶XQ�RXWLO�GH�VLPXODWLRQ

GpWHUPLQLVWH�GHV�WUDMHWV�PXOWLSOHV�SRXU�REWHQLU�GLUHFWHPHQW�OHV�HUUHXUV�LQWURGXLWHV�SDU�FH

SKpQRPqQH�

'DQV� XQH� GHX[LqPH� SDUWLH�� XQH� pWXGH� GHV� SHUIRUPDQFHV� GX� V\VWqPH� D� pWp� UpDOLVpH�� ,O

DSSDUDvW� TXH� FHV� SHUIRUPDQFHV� QH� VRQW� SDV� VDWLVIDLVDQWHV� HW� TX¶LO� HVW� QpFHVVDLUH� GH

FRQVLGpUHU� SOXVLHXUV� PpWKRGHV� SRXU� DWWHLQGUH� OHV� REMHFWLIV� IL[pV� j� VDYRLU� XQH� HUUHXU

KRUL]RQWDOH�LQIpULHXUH�j����PqWUHV�SHQGDQW�DX�PRLQV�������GX�WHPSV�
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%LEOLRJUDSKLH

>%5$���@ %5$$6&+�0���9$1�*5$$6�)�

©�*XLGDQFH�DFFXUDF\�FRQVLGHUDWLRQV�IRU�UHDO�WLPH�*36�LQWHUIHURPHWU\�ª�

,21�*36�����$OEXTXHUTXH��VHSWHPEUH������

>%5$���@ %5$$6&+�0�

« ,VRODWLRQ�RI�*36�PXOWLSDWK�DQG�UHFHLYHU�WUDFNLQJ�HUURUV�ª�

,21�1DWLRQDO�7HFKQLFDO�0HHWLQJ��6DQ�'LHJR��MDQYLHU������������

>%52���@ %52',1�*�

©�*166�FRGH�DQG�FDUULHU�WUDFNLQJ�LQ�WKH�SUHVHQFH�RI�PXOWLSDWK�

�WK� LQWHUQDWLRQDO�7HFKQLFDO�PHHWLQJ�RI� WKH�VDWHOOLWH�GLYLVLRQ�RI� WKH� LQVWLWXWH�RI

QDYLJDWLRQ��,21�*36�����VHSWHPEUH������SS�����������

>'25���@ '25,6�'�

©�0RGpOLVDWLRQ� GH� UpFHSWHXUV� *36�� $SSOLFDWLRQ� j� O¶pWXGH� GH� O¶LQIOXHQFH� GHV

PXOWLWUDMHWV�VXU�OHV�SHUIRUPDQFHV�GX�UpFHSWHXU�/��*36�ª�

7KqVH�,13�1�������7RXORXVH��VHSWHPEUH������

>-(5���@ -(58&+,0�0�&��%$/$%$1�3���6+$108*$1�.�6�

©�6LPXODWLRQ�RI�FRPPXQLFDWLRQ�V\VWHPV�ª�

.OXZHU�$FDGHPLF�3OHQXP�3XEOLVKHUV��VHFRQG�HGLWLRQ��1HZ�<RUN�������

>.(/���@ .(//<�-�0���%5$$6&+�0�

©�9DOLGDWLRQ� RI� *36� IDGLQJ� PXOWLSDWK� HIIHFWV� WKURXJK� PRGHOLQJ� DQG

VLPXODWLRQ�ª�

,21�170��MDQYLHU�������$QDKHLP��(WDW�8QLV��SS����������

>/,3���@ /,33,1&277�:�/��0,//*$1�7�$��,*/,�'�$

©�0HWKRG� IRU� FDOFXODWLQJ�PXOWLSDWK�HQYLURQPHQW�DQG� LPSDFW� RQ�*36� UHFHLYHU

VROXWLRQ�DFFXUDF\�ª�

,21�170��MDQYLHU�������SS����������

>0$&���@ 0$&$%,$8�&���52785,(5�%���&+$75(�(���5(1$5'�$�

©�*36�UHIHUHQFH�VWDWLRQ�VLWLQJ�WRRO�ª�

,21�1DWLRQDO�7HFKQLFDO�0HHWLQJ��$QDKHLP��MDQYLHU�������

>0$/����D�@ 0$/,&251(�0���%28648(7�0���/2%(57�%���%285*$�&�

©�3HUIRUPDQFH� RI� *166�� QDYLJDWLRQ� VLJQDO� DQG� LQVWUXPHQWDWLRQ� LQ� XUEDQ

HQYLURQPHQW�ª�

,21�*36��MXLQ�������6DQ�'LHJR��(WDWV�8QLV
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>0$/���@ 0$/,&251(�0�

©�/D� UpFHSWLRQ� GHV� V\VWqPHV� GH� QDYLJDWLRQ� SDU� VDWHOOLWHV� HQ� SUpVHQFH� GH

WUDMHWV�PXOWLSOHV�ª�

7RXORXVH��UDSSRUW�G¶DYDQFHPHQW�GH��LHPH�DQQpH�GH�WKqVH��PDL������

>0$/����D�@ 0$/,&251(�0�

©�,QIOXHQFH� RI� PXOWLSDWK� RQ� *166� UHFHLYHU� SHUIRUPDQFH� LQ� XUEDQ

HQYLURQPHQW�ª�

$,$$����HPH�FRQIpUHQFH� LQWHUQDWLRQDOH� VXU� OHV� V\VWqPHV�GH�FRPPXQLFDWLRQV

SDU�VDWHOOLWHV��7RXORXVH��)UDQFH��DYULO������

>0$/����E�@ 0$/,&251(�0�

©�*DOLOHR�SHUIRUPDQFH�LQ�GLIIHUHQW�HQYLURQPHQWV�ª�

�LHPH� FRQIpUHQFH� LQWHUQDWLRQDOH� GH� 6W� 3HWHUVERXUJ� VXU� OHV� V\VWqPHV� GH

QDYLJDWLRQV�LQWpJUpV��6W�3HWHUVERXUJ��5XVVLH��PDL������

>0$/����F�@ 0$/,&251(�0�

©�*DOLOHR�SHUIRUPDQFH�LPSURYHPHQW�IRU�XUEDQ�XVHUV�ª�

,21�*36��6DOW�/DNH�&LW\��(WDWV�8QLV��VHSWHPEUH������

>129���@ 129$7(/

©�0,//HQQLXP�*36&DUG�ª�

*XLGH�WR�,QVWDOODWLRQ�	�RSHUDWLRQ��20�����������PDUV������

>3$5���@ 3$5.,1621�%�:���63,/.(5�-�-�

©�*OREDO�3RVLWLRQLQJ�6\VWHP���7KHRU\�DQG�$SSOLFDWLRQV�ª�

$PHULFDQ�LQVWLWXWH�RI�DHURQDXWLFV�DQG�DVWURQDXWLFV��:DVKLQJWRQ�������

>352���@ 352$.,6�-�*�

©�'LJLWDO�&RPPXQLFDWLRQV�ª�

0F*UDZ�+LOO�%RRN�&RPSDQ\�������

>5$'���@ 5$',;�-�&�

©�,QWURGXFWLRQ�DX�ILOWUDJH�QXPpULTXH�ª�

(\UROOHV��3DULV�������

>72:���@ 72:6(1'�%���)(1721�3�

©�$�SUDFWLFDO�DSSURDFK�WR�WKH�UHGXFWLRQ�RI�SVHXGRUDQJH�PXOWLSDWK�HUURUV� LQ�D

/��*36�UHFHLYHU�ª�

,21�,QWHUQDWLRQDO�7HFKQLFDO�0HHWLQJ�RI�WKH�6DWHOOLWH�'LYLVLRQ�RI�WKH�,QVWLWXWH�RI

1DYLJDWLRQ��6DOW�/DNH�&LW\��6HSWHPEUH��������������SS���������
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>9$1���@ 9$1�1((�5�'�-�

©�0XOWLSDWK�HIIHFWV�RQ�*36�FRGH�SKDVH�PHDVXUHPHQWV�ª�

-RXUQDO�RI�WKH�,QVWLWXWH�RI�1DYLJDWLRQ��YRO����1����������SS���������

>9$1���@ 9$1�1((�5�'�-�

©�6SUHDG� VSHFWUXP�FRGH� DQG� FDUULHU� V\QFKURQLVDWLRQ� HUURUV� FDXVHG� E\

PXOWLSDWK�DQG�LQWHUIHUHQFHª�

,(((� WUDQVDFWLRQ� RQ� DHURVSDFH� DQG� HOHFWURQLF� V\VWHPV�� YRO���� 1���� RFWREUH

������SS������������
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'DQV�OH�FKDSLWUH�SUpFpGHQW�� LO�HVW�DSSDUX�TXH�OHV�SHUIRUPDQFHV�GX�V\VWqPH�*DOLOHR�VHXO

HQ�HQYLURQQHPHQW�XUEDLQ�Q¶pWDLHQW�SDV�VXIILVDQWHV�VL�RQ�FRQVLGqUH�TX¶XQ�XWLOLVDWHXU�XUEDLQ

D�EHVRLQ�G¶XQH�SUpFLVLRQ�LQIpULHXUH�j����PqWUHV�DYHF�XQH�GLVSRQLELOLWp�G¶DX�PRLQV�������

,O� HVW� GRQF� QpFHVVDLUH� GH� SUHQGUH� HQ� FRQVLGpUDWLRQ� GHV� PpWKRGHV� TXL� SHUPHWWURQW

G¶DWWHLQGUH�FHW�REMHFWLI�

4XDWUH�PpWKRGHV�YRQW�rWUH�WUDLWpHV�GDQV�FH�FKDSLWUH��

• DXJPHQWDWLRQ�GX�QRPEUH�GH�VDWHOOLWHV�DYHF�OD�FRQVWHOODWLRQ�*36

• XWLOLVDWLRQ�GH�FDSWHXUV�DGGLWLRQQHOV

• XWLOLVDWLRQ�GH�FRUUHFWLRQV�GLIIpUHQWLHOOHV

• XWLOLVDWLRQ�GH�SVHXGROLWHV

'DQV�FH�FKDSLWUH��VHXO�OH�FDV�GX�UpFHSWHXU�D\DQW�XQH�YLWHVVH�GH����NP�K�HVW�FRQVLGpUp�

�����&RPSOpWHU�OD�FRQVWHOODWLRQ�SDU�OD�FRQVWHOODWLRQ�*36

/D�SUHPLqUH�DXJPHQWDWLRQ�TXH�QRXV�DOORQV�pWXGLHU�HVW�OD�SULVH�HQ�FRPSWH�HQ�FRPSOpPHQW

GH� OD� FRQVWHOODWLRQ� *36�� 3RXU� TXH� FHWWH� PpWKRGH� VRLW� SRVVLEOH�� RQ� VXSSRVH� TXH� OH

UpFHSWHXU�SHXW�rWUH�XWLOLVp�HQ�PRGH�GXDO��*DOLOHR���*36���DYHF�XQ�ELDLV�G¶KRUORJH�FRQQX

HQWUH�OH�V\VWqPH�*36�HW�OH�V\VWqPH�*DOLOHR�
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Figure 4. 1: Performances du système Figure 4. 2:Nombre de satellites visibles

avec/sans augmentation du nombre de satellites avec/sans GPS

8QH� DPpOLRUDWLRQ� GHV� SHUIRUPDQFHV� HVW� j� QRWHU�� PDLV� O¶DSSRUW� GH� OD� FRQVWHOODWLRQ� *36

Q¶HVW�SDV�VXIILVDQW�SDU�UDSSRUW�DX[�REMHFWLIV�TXH�QRXV�QRXV�VRPPHV�IL[pV��%LHQ�TX¶LO�\�DLW

XQH�DXJPHQWDWLRQ�GX�QRPEUH�G¶REVHUYDWLRQV��OD�JpRPpWULH�Q¶HVW�SDV�IRUFHPHQW�PHLOOHXUH�
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Figure 4. 3: DOP avec/sans GPS

/D�)LJXUH���SUpVHQWH�OH�'23�VXU�OD�SRVLWLRQ�DYHF�RX�VDQV�OD�FRQVWHOODWLRQ�*36�

�����+\EULGDWLRQ�SDU�GHV�FDSWHXUV
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/H�SULQFLSH�FRQVLVWH�j�XWLOLVHU� OHV� FDSWHXUV� VXSSOpPHQWDLUHV� ORUVTX¶LO� \� D�XQ�PDQTXH�GH

PHVXUHV�VDWHOOLWDLUHV�HW�G¶XWLOLVHU�OH�V\VWqPH�GH�QDYLJDWLRQ�SRXU�UHFDOLEUHU�OHV�FDSWHXUV�

/D� SUHPLqUH� VHFWLRQ� WUDLWDQW� GH� FHWWH� PpWKRGH�PRQWUH� FRPPHQW� O¶DMRXW� GH� PHVXUH� VH

UpDOLVH�DX�QLYHDX�GX�ILOWUH�GH�.DOPDQ�

�������3ULQFLSH�GH�O¶K\EULGDWLRQ

/RUVTXH� GHV� PHVXUHV� VXSSOpPHQWDLUHV� SURYHQDQW� G¶DXWUHV� FDSWHXUV� VRQW� DMRXWpHV�� OH

V\VWqPH�GHYLHQW�DORUV��
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Eq.4. 1

/¶K\SRWKqVH�HVW�IDLWH��TXH�OHV�PHVXUHV�VXSSOpPHQWDLUHV�LQWURGXLWHV�SDU�OHV�FDSWHXUV�QH

VRQW�SDV�FRUUpOpHV�DYHF�OHV�PHVXUHV�GH�SVHXGR�GLVWDQFHV�VDWHOOLWDLUHV�

6L�QRXV�SRVRQV� ][ t
ccc vvER = ��FRYDULDQFH�GHV�PHVXUHV�VXSSOpPHQWDLUHV��QRXV�REWHQRQV��
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c
tot R

R
R
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0
�OD�PDWULFH�GH�FRYDULDQFH�GH�O¶HQVHPEOH�GHV�PHVXUHV�

/D�VROXWLRQ�GHV�PRLQGUHV�FDUUpV�GX�V\VWqPH�HVW�DORUV��
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Eq.4. 2
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Eq.4. 3

/D�FRYDULDQFH�D�SRVWHULRUL�VHUD�GRQF��

( ) 111 ....
−−− += cc

t
c

t
tot HRHHRHP Eq.4. 4

$LQVL� SRXU� HVWLPHU� O¶DPpOLRUDWLRQ� DPHQpH� SDU� OHV�PHVXUHV� VXSSOpPHQWDLUHV�� LO� VXIILW� GH

VRPPHU�OHV�PDWULFHV�GH�FRYDULDQFH�VXU�OHV�PHVXUHV�HW�OHV�PHVXUHV�VXSSOpPHQWDLUHV�

'H� SOXV�� GDQV� OH� FDV� R�� LO� \� D� PRLQV� GH� �� VDWHOOLWHV� GH� GLVSRQLEOHV�� OD� PDWULFH� GH

FRYDULDQFH� HVW� VLQJXOLqUH�� 6L� GHV� PHVXUHV� VXSSOpPHQWDLUHV� VRQW� DMRXWpHV�� OD� PDWULFH

GHYLHQW�LQYHUVLEOH�HW�QRXV�SRXYRQV�GpWHUPLQHU� X∆ �DYHF�XQH�SUpFLVLRQ�GRQQpH�SDU� totP �

&HWWH� GpPRQVWUDWLRQ� SHXW� rWUH� JpQpUDOLVpH� SRXU� Q� PHVXUHV� VXSSOpPHQWDLUHV�� 1RXV

REWHQRQV�DORUV��
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HW� ( ) 1

111 ......
−+++= cncn

t
cncc

t
c

t
tot HRHHRHHRHP K Eq.4. 6

�������3HUIRUPDQFHV�GX�UpFHSWHXU�K\EULGp

'HX[�W\SHV�GH�FDSWHXUV�YRQW�rWUH�pWXGLpV���XQ�DOWLPqWUH�HW�XQ�RGRPqWUH�

���������$OWLPqWUH

/HV�SHUIRUPDQFHV�GX�V\VWqPH�SHXYHQW�GRQF�rWUH�DXJPHQWpHV�JUkFH�j�XQ�EDUR�DOWLPqWUH�

/H� FDSWHXU� IRXUQLW� DORUV� XQ� pOpPHQW� VXSSOpPHQWDLUH� j� OD� QDYLJDWLRQ�� HQ� DMRXWDQW� XQH

pTXDWLRQ�OLQpDLUH�DX�V\VWqPH�G¶pTXDWLRQV�

/D�PHVXUH�EDURPpWULTXH�SHXW�rWUH�PRGpOLVpH�GH�OD�PDQLqUH�VXLYDQWH��

hGNSSbaro +∆=∆ ρρ Eq.4. 7

h �pWDQW�XQ�ELDLV�GH�PHVXUH�TXH�QRXV�VXSSRVRQV�rWUH�PRGpOLVDEOH�VRXV�OD�IRUPH��

thhh ∆+= .10 Eq.4. 8

/D�PDWULFH�GH�PRGpOLVDWLRQ�GHYLHQW�GRQF��
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HW� ( )00000100=baroH Eq.4. 11

/HV�SHUIRUPDQFHV�GH�GHX[�DOWLPqWUHV�YRQW�PDLQWHQDQW�rWUH�FRPSDUpHV��&KDFXQ�HVW�GpILQL

SDU�XQ�EUXLW�IL[p�j����PqWUH��XQ�ELDLV�GH���PqWUH�HW�XQH�GpULYH�pJDOH�j������P�V�SRXU�OH

SUHPLHU�HW�j�������P�V�SRXU�OH�GHX[LqPH�
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Figure 4. 4: Performances du système avec ou sans altimètre

&RPPH�OH�PRQWUH�OD�)LJXUH����O¶DOWLPqWUH�DSSRUWH�XQH�DPpOLRUDWLRQ�DX[�SHUIRUPDQFHV�GX

V\VWqPH�PDLV� FHOD� Q¶HVW� SDV� VXIILVDQW�� /D� SUpFLVLRQ� GH� O¶DOWLPqWUH�� FRPPH� RQ� SHXW� V¶\

DWWHQGUH�� Q¶D� SDV� EHDXFRXS� G¶LQIOXHQFH� VXU� O¶DPpOLRUDWLRQ� DSSRUWpH� HQ� WHUPH� G¶HUUHXU

KRUL]RQWDOH��&H�FDSWHXU�HVW�SOXV�LQWpUHVVDQW�SRXU�XQH�SUpFLVLRQ�YHUWLFDOH�

3UpFLVRQV�TXH�OD�VLPXODWLRQ�Q¶D�GXUp�TXH���PLQXWHV�HW�TX¶DX�GpEXW�GH�OD�VLPXODWLRQ��OHV

DOWLPqWUHV�pWDLHQW�FDOLEUpV��FH�TXL�H[SOLTXH�OH�SHX�GH�GLIIpUHQFH�GH�SHUIRUPDQFHV�HQWUH�OHV

GHX[�DOWLPqWUHV��6L� OD�VLPXODWLRQ�DYDLW�pWp�SOXV� ORQJXH��XQH�GLIIpUHQFH�SOXV�QHWWH� VHUDLW

DSSDUXH�
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���������2GRPqWUH

8QH�DXWUH�SRVVLELOLWp�G¶K\EULGDWLRQ�HVW� O¶XWLOLVDWLRQ�G¶XQ�RGRPqWUH�PRGpOLVp�FRPPH�GHX[

FDSWHXUV�GRQQDQW�GHV�LQIRUPDWLRQV�VXU�[�HW�\�HW�D\DQW�XQ�ELDLV�HW�XQH�GpULYH��

txxdx ∆+= 10 Eq.4. 12

tyyd y ∆+= 10 Eq.4. 13

/D�PDWULFH�GH�PRGpOLVDWLRQ�GHYLHQW�GRQF��
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HW� 





=

0000000010

0000000001
odoH Eq.4. 15

&RPPH�SRXU�O¶DOWLPqWUH�FKDTXH�RGRPqWUH�HVW�GpILQL�SDU�XQ�EUXLW�IL[p�SRXU�WRXV�OHV�GHX[�j

����PqWUH��XQ�ELDLV�GH���PqWUH�HW�XQH�GpULYH�TXH�QRXV�SUHQGURQV�pJDOH�j������P�V�SRXU

OH�SUHPLHU�HW�j�������P�V�SRXU�OH�GHX[LqPH�



&+$3,75(���±�7(&+1,48(6�'¶$8*0(17$7,21�'(6�3(5)250$1&(6

69

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

10

20

30

40

50

60

70

80

90

100

Erreur horizontale

%
de
te
mp
s,
err
eur
hor
izo
nta
le
<
X

sans odomètre
avec odomètre (dérive 0.1m)
avec odomètre (dérive 0.01m)

Figure 4. 5: Performances du système avec ou sans odomètre

/D� )LJXUH� �� PRQWUH� OHV� SHUIRUPDQFHV� GX� V\VWqPH� K\EULGp� DYHF� GHV� RGRPqWUHV�� 1RXV

SRXYRQV� QRWHU� TX¶DYHF� OH� FDSWHXU� OH� PRLQV� FKHU� �GpULYH� OD� SOXV� pOHYpH�� OH� QLYHDX� GH

SHUIRUPDQFHV�GpVLUp�HVW�DWWHLQW��&HSHQGDQW��LO�IDXW�SUpFLVHU��FRPPH�SRXU�O¶DOWLPqWUH��TXH

OD� VLPXODWLRQ� Q¶D� GXUpH� TXH� �� PLQXWHV� HW� TXH� OHV� FDSWHXUV� Q¶RQW� GRQF� SDV� EHDXFRXS

GpULYp� ��� PqWUHV� SRXU� OH� SUHPLHU� HW� ���� PqWUHV� SRXU� OH� VHFRQG��� FH� TXL� H[SOLTXH� OD

VLPLOLWXGH�GHV�UpVXOWDWV�HQ�WHUPH�GH�SHUIRUPDQFH�

/¶K\EULGDWLRQ�SDU�XQ�RGRPqWUH�VHPEOH�rWUH�OD�PHLOOHXUH�VROXWLRQ�

&HSHQGDQW�FHWWH�VROXWLRQ�QH�VHPEOH�SDV�HQYLVDJHDEOH�SRXU�GHV�SLpWRQV�SRXU�GHV�UDLVRQV

G¶HQFRPEUHPHQW�

�����&RUUHFWLRQV�GLIIpUHQWLHOOHV

�������3ULQFLSH�GHV�FRUUHFWLRQV�GLIIpUHQWLHOOHV

/H�SULQFLSH�GHV�FRUUHFWLRQV�GLIIpUHQWLHOOHV�FRQVLVWH�j�O¶XWLOLVDWLRQ�G¶XQH�VWDWLRQ�GH�UpIpUHQFH

GRQW�RQ�FRQQDvW� OD�SRVLWLRQ��&HWWH� VWDWLRQ�GH� UpIpUHQFH� UpDOLVH�GHV�PHVXUHV�GH�SVHXGR�

GLVWDQFH�� FRPPH� OH� UpFHSWHXU� XWLOLVDWHXU�� OD� SRVLWLRQ� pWDQW� FRQQXH�� OHV� ELDLV� VXU� OHV

PHVXUHV� SHXYHQW� rWUH� GpWHUPLQpV�� 3RXU� FKDTXH� VDWHOOLWH� HQ� YXH� GH� OD� VWDWLRQ� GH

UpIpUHQFH�� FHV� ELDLV� VRQW� FDOFXOpV� HQ� IDLVDQW� OD� GLIIpUHQFH� HQWUH� OD�PHVXUH� GH� SVHXGR�

GLVWDQFH�HW�OD�GLVWDQFH�HQWUH�OH�VDWHOOLWH�HW�OD�VWDWLRQ�GH�UpIpUHQFH�

/¶XWLOLVDWLRQ�GX�V\VWqPH�GLIIpUHQWLHO�DXJPHQWH� OD�SUpFLVLRQ�GX� V\VWqPH�GH�QDYLJDWLRQ�HW

pOLPLQH�OHV�HUUHXUV�FRPPXQHV�DIIHFWDQW�SOXVLHXUV�UpFHSWHXUV�D\DQW� OHV�PrPHV�VDWHOOLWHV

HQ�YXH�
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3RXU� GHV� DSSOLFDWLRQV� WHPSV� UpHO�� OD� VWDWLRQ� GH� UpIpUHQFH� WUDQVPHW� FHV� ELDLV�� TXL� VRQW

DSSHOpV� FRUUHFWLRQV� GLIIpUHQWLHOOHV�� j� WRXV� OHV� XWLOLVDWHXUV� GDQV� O¶DLUH� FRXYHUWH�� /HV

XWLOLVDWHXUV�LQWURGXLVHQW�FHV�FRUUHFWLRQV�SRXU�DXJPHQWHU�OD�SUpFLVLRQ�GH�OHXU�SRVLWLRQ�

3OXVLHXUV�WHFKQLTXHV�RQW�pWp�SURSRVpHV�SRXU�DXJPHQWHU�OHV�SHUIRUPDQFHV�GX�V\VWqPH�GH

QDYLJDWLRQ��&HV� WHFKQLTXHV�YDULHQW�HQ� VRSKLVWLFDWLRQ�HW�HQ� FRPSOH[LWp�GHSXLV�XQH� VHXOH

VWDWLRQ�GH�UpIpUHQFH�TXL�FDOFXOH�VRQ�HUUHXU�GH�SRVLWLRQ�SRXU�O¶XWLOLVHU�DYHF�OHV�UpFHSWHXUV

VLWXpV�j�SUR[LPLWp�� MXVTX¶j� UpVHDX�j�FRXYHUWXUH�PRQGLDOH�TXL� IRXUQLW� GHV�GRQQpHV�SRXU

HVWLPHU� OHV�HUUHXUV�j�SDUWLU�GH�PRGqOHV�G¶HUUHXUV�SUpFLV��SRXU�Q¶LPSRUWH�TXHOOH�SRVLWLRQ

SURFKH�GH�OD�VXUIDFH�GH�OH�WHUUH�

$LQVL�FHV�WHFKQLTXHV�VRQW�FODVVpHV�HQ���FDWpJRULHV��

• 6\VWqPH�/$'��/RFDO�$UHD�'LIIHUHQWLDO��RX�V\VWqPH�GLIIpUHQWLHO�ORFDO

• 6\VWqPH�:$'��:LGH�$UHD�'LIIHUHQWLDO��RX�V\VWqPH�GLIIpUHQWLHO�pWHQGX

'DQV�OH�V\VWqPH�/$'��FKDTXH�VWDWLRQ�GH�UpIpUHQFH�GpWHUPLQH� OHV�HUUHXUV�GH�PHVXUH�GH

SVHXGR�GLVWDQFH�HW�WUDQVPHW�FHWWH�LQIRUPDWLRQ�DX[�XWLOLVDWHXUV��'DQV�OH�V\VWqPH�:$'��XQ

UpVHDX�GH�VWDWLRQV�GpWHUPLQH�HW�FRQWLQXHOOHPHQW�PHW�j�MRXU�OHV�FRPSRVDQWHV�YDULDQW�GDQV

OH� WHPSV� HW� VSDWLDOHPHQW� GH� O¶HUUHXU� WRWDOH� SRXU� GLIIpUHQWV� SRLQWV� GH� OD� UpJLRQ� GH

FRXYHUWXUH� HW� IDLW� HQ� VRUWH� TXH� OD� FRUUHFWLRQ� VRLW� GLVSRQLEOH� SRXU� OHV� XWLOLVDWHXUV� GDQV

FHWWH�UpJLRQ�GH�FRXYHUWXUH�

,FL��VHXO�OH�FDV�GX�V\VWqPH�GLIIpUHQWLHO�ORFDO�VHUD�WUDLWp�FDU�FRKpUHQW�DYHF�OHV�DSSOLFDWLRQV

HQYLVDJpHV�

8QH�VHXOH�VWDWLRQ�GH�UpIpUHQFH�HVW�XWLOLVpH��/D�SUpFLVLRQ�GX�V\VWqPH�GpSHQG�GX�IDLW�TXH

FHUWDLQHV� FRPSRVDQWHV� GH� O¶HUUHXU� VXU� OD� SVHXGR�GLVWDQFH� VRQW� FRPPXQHV� j� WRXV� OHV

UpFHSWHXUV� VLWXpV� GDQV� XQH� DLUH� ORFDOH�� 6L� OH� UpFHSWHXU� HVW� SURFKH� GH� OD� VWDWLRQ�� OHV

FRPSRVDQWHV� GH� O¶HUUHXU� DWWULEXpHV� DX[� VHJPHQWV� VSDWLDO� HW� GH� FRQWU{OH� SHXYHQW� rWUH

HQWLqUHPHQW� pOLPLQpHV� WDQGLV�TXH� O¶HUUHXU� JOREDOH� GXH� DX� VHJPHQW� XWLOLVDWHXU� SHXW� rWUH

UpGXLWH�GH�PDQLqUH�VLJQLILFDWLYH�

&HUWDLQHV�VRXUFHV�G¶HUUHXU�VRQW�VSDWLDOHPHQW�FRUUpOpHV�VL� OD�VWDWLRQ�HW� OH� UpFHSWHXU�VRQW

SURFKHV�� &RPPH� OHV� GHX[� UpFHSWHXUV� V¶pORLJQHQW� O¶XQ� GH� O¶DXWUH�� OHV� HUUHXUV� FRUUpOpHV

VSDWLDOHPHQW� �� SHUWXUEDWLRQ� GHV� VDWHOOLWHV� QRQ� FRUULJpHV�� HUUHXU� pSKpPpULGHV�� HUUHXUV

DWPRVSKpULTXHV�� VRQW� GH� SOXV� HQ� SOXV� GLIIpUHQWHV� SRXU� OHV� GHX[� UpFHSWHXUV� MXVTX¶j� FH

TX¶HOOHV�QH�VRLHQW�SOXV�FRUUpOpHV�

&HWWH� SHUWH� GH� SUpFLVLRQ� GXH� j� OD� GpFRUUpODWLRQ� VSDWLDOH� SHXW� rWUH� DPpOLRUpH� DYHF� GHV

WHFKQLTXHV� SOXV� VRSKLVWLTXpHV� TXL� WRPEHQW� GDQV� OH� GRPDLQH� GX� GLIIpUHQWLHO� pWHQGX�� &H

SUREOqPH�HVW�DERUGp�GDQV�O¶DQQH[H�/�

'DQV�FH�TXL�VXLW��OD�SULVH�HQ�FRPSWH�GHV�FRUUHFWLRQV�GLIIpUHQWLHOOHV�DX�QLYHDX�GX�UpFHSWHXU

HVW�SUpVHQWpH�

�������3ULVH�HQ�FRPSWH�GHV�FRUUHFWLRQV�GLIIpUHQWLHOOHV
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/D�VWDWLRQ�GpWHUPLQH�HW�UpSDUWLW�OHV�FRUUHFWLRQV�VXU� OHV�SVHXGR�GLVWDQFHV��/D�VWDWLRQ�GRLW

FRQQDvWUH�SUpFLVpPHQW�VD�SURSUH�SRVLWLRQ�

6RLHQW�� iii zyx ,, ��OD�SRVLWLRQ�GX�LqPH�VDWHOOLWH��� mmm zyx ,, ��OD�SRVLWLRQ�GH�OD�VWDWLRQ�HW� i
mR

OD�GLVWDQFH�HQWUH�OD�VWDWLRQ�HW�OH�LqPH�VDWHOOLWH�

222 )()()( mimimi
i
m zzyyxxR −+−+−= Eq.4. 16

(Q�UHJURXSDQW�OHV�GLIIpUHQWHV�HUUHXUV��GpWDLOOpHV�GDQV�OH�FKDSLWUH����HQ�HUUHXU�GX�VHJPHQW

VSDWLDO�� HUUHXU� GX� VHJPHQW� GH� FRQWU{OH� HW� HUUHXU� GX� VHJPHQW� XWLOLVDWHXU�� OD�PHVXUH� GH

SVHXGR�GLVWDQFHV�UpDOLVpH�SDU�OD�VWDWLRQ�VHUD�GH�OD�IRUPH��

musermcontrolmspacem
i
m

i
m TcR ∆+∈+∈+∈+= ,,,ρ Eq.4. 17

R���

spacem,∈ �HUUHXU�GX�VHJPHQW�VSDWLDO

controlm,∈ �HUUHXU�GX�VHJPHQW�GH�FRQWU{OH

userm,∈ �HUUHXU�GX�VHJPHQW�XWLOLVDWHXU

c �YLWHVVH�GH�OD�OXPLqUH

mT∆ �pFDUW�GH�O¶KRUORJH�GH�OD�VWDWLRQ�SDU�UDSSRUW�DX�WHPSV�GH�UpIpUHQFH�*36

3RXU�IRUPHU�OD�FRUUHFWLRQ�GLIIpUHQWLHOOH��OD�GLIIpUHQFH�HQWUH�OD�SVHXGR�GLVWDQFH�PHVXUpH�HW

OD�GLVWDQFH�YUDLH�HVW�UpDOLVpH��

musermcontrolmspacem
i
m

i
m

i
m TcR ∆+∈+∈+=∈−=∆ ,,,ρρ Eq.4. 18

&HWWH�FRUUHFWLRQ�HVW�HQYR\pH�j�O¶XWLOLVDWHXU�R��HOOH�HVW�VRXVWUDLWH�j�OD�PHVXUH�GH�SVHXGR�

GLVWDQFHV�FDOFXOpH�SDU�O¶XWLOLVDWHXU�SRXU�OH�PrPH�VDWHOOLWH��

musermcontrolmspacemuuserucontroluspaceu
i
u

i
m

i
u TcTcR ∆−∈−∈−∈−∆+∈+∈+∈+=∆− ,,,,,,ρρ Eq.4. 19

/D� SOXSDUW� GHV� FRPSRVDQWHV� GH� O¶HUUHXU� VXU� OD� SVHXGR�GLVWDQFH� GH� O¶XWLOLVDWHXU� VRQW

LGHQWLTXHV� j� FHOOHV� GH� OD� VWDWLRQ� �HQ� UpDOLWp� LO� VXEVLVWH� GHV� UpVLGXV� TXL� SHXYHQW� rWUH

QpJOLJpV��� H[FHSWp� SRXU� OHV� HUUHXUV� GXHV� DX[� WUDMHWV� PXOWLSOHV� HW� DX� UpFHSWHXU�� /D

SVHXGR�GLVWDQFH�FRUULJpH�SHXW�V¶H[SULPHU�GH�OD�PDQLqUH�VXLYDQWH��

combu
i
u

i
coru TcR ∆+∈+= ’,ρ Eq.4. 20

R���

’u∈ HUUHXU�UpVLGXHOOH�GX�VHJPHQW�XWLOLVDWHXU
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combT∆ �HVW�O¶pFDUW�G¶KRUORJH�FRPELQp

&RPPH�OHV�FRUUHFWLRQV�GLIIpUHQWLHOOHV�VRQW�WUDQVPLVHV�j�FHUWDLQV�LQVWDQWV�SDU�OD�VWDWLRQ�HW

TXH� OD� SRVLWLRQ� GHV� VDWHOOLWHV� DIIHFWH� O¶HUUHXU� VXU� OD� SVHXGR�GLVWDQFH� �TXL� FKDQJH� GH

PDQLqUH� VLJQLILFDWLYH� HQWUH� OHV� WUDQVPLVVLRQV��� OD� FRUUHFWLRQ� WUDQVPLVH� HVW� YDODEOH

XQLTXHPHQW� j� O¶LQVWDQW� SRXU� OHTXHO� OD� FRUUHFWLRQ� D� pWp� FDOFXOpH�� /H� UpFHSWHXU� pWDQW

LQFDSDEOH�GH�FRPSHQVHU� FH�PRXYHPHQW�� OD� VWDWLRQ� WUDQVPHW�DXVVL� XQH� FRUUHFWLRQ�GH� OD

YLWHVVH�GH�YDULDWLRQ�GH�OD�SVHXGR�GLVWDQFH� i
mρ&∆ ��/¶XWLOLVDWHXU�DMXVWH�DORUV�OD�FRUUHFWLRQ�GH

OD� SVHXGR�GLVWDQFH� SRXU� FRUUHVSRQGUH� DX� WHPSV� GH� VD� SURSUH� PHVXUH� GH� SVHXGR�

GLVWDQFH��

)).(()()( mm
i
mm

i
m

i
m ttttt −∆+∆=∆ ρρρ & Eq.4. 21

/D�SVHXGR�GLVWDQFH�FRUULJpH�GH�O¶XWLOLVDWHXU�GHYLHQW�DORUV��

)()(, tt i
mi

i
coru ρρρ ∆+= Eq.4. 22

/D� VHFWLRQ� VXLYDQWH� SUpVHQWH� OHV� UpVXOWDWV� REWHQXV� DYHF� O¶XWLOLVDWLRQ� GHV� FRUUHFWLRQV

GLIIpUHQWLHOOHV�

�������3HUIRUPDQFHV�GX�UpFHSWHXU�DYHF�GHV�FRUUHFWLRQV�GLIIpUHQWLHOOHV

8QH� VWDWLRQ� GH� UpIpUHQFH� D� pWp� SODFpH� DX� PLOLHX� GH� OD� VFqQH� VXU� XQ� LPPHXEOH� j� XQH

KDXWHXU� SDU� UDSSRUW� DX� VRO� GH� ��� PqWUHV� HW� j� ��� PqWUHV� DX�GHVVXV� GX� EkWLPHQW�

/¶K\SRWKqVH� HVW� IDLWH� TX
LO� Q¶\� D� DXFXQ� SUREOqPH� SRXU� WUDQVPHWWUH� OHV� FRUUHFWLRQV� DX

UpFHSWHXU�

(WDQW�GRQQp�O¶HPSODFHPHQW�GH�O¶DQWHQQH�GH�OD�VWDWLRQ�GH�UpIpUHQFH��WRXV�OHV�VDWHOOLWHV�YXV

SDU�OH�UpFHSWHXU�VRQW�DXVVL�YXV�SDU�OD�VWDWLRQ�GH�UpIpUHQFH�

/D� )LJXUH� �� FRPSDUH� OHV� SHUIRUPDQFHV� GX� V\VWqPH� *DOLOHR� DYHF� HW� VDQV� FRUUHFWLRQV

GLIIpUHQWLHOOHV�
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Figure 4. 6 : Performance du système avec ou sans corrections différentielles

8QH�DPpOLRUDWLRQ�GHV�SHUIRUPDQFHV�DYHF�OHV�FRUUHFWLRQV�GLIIpUHQWLHOOHV�DSSDUDvW�PDLV�HOOH

HVW� LQVXIILVDQWH� SDU� UDSSRUW� DX[� REMHFWLIV� IL[pV�� /D� SUpFLVLRQ� HVW� DPpOLRUpH�PDLV� LO� \� D

WRXMRXUV�XQ�PDQTXH�G¶REVHUYDWLRQV�

�����8WLOLVDWLRQ�GH�SVHXGROLWHV

/D�GHUQLqUH�PpWKRGH�TXL�VHUD�DERUGpH�HVW�O¶XWLOLVDWLRQ�G¶XQ�SVHXGROLWH�

/HV� SVHXGROLWHV� VRQW� GHV� pPHWWHXUV� VRO� TXL� SHXYHQW� rWUH� FRQILJXUpV� SRXU� pPHWWUH� GHV

VLJQDX[�GX�PrPH�W\SH�TXH�FHX[�pPLV�SDU�OHV�VDWHOOLWHV��8QH�DXJPHQWDWLRQ�GH�OD�SUpFLVLRQ

DSSDUDvW� JUkFH� j� XQH� PHLOOHXUH� JpRPpWULH� HW� OD� GLVSRQLELOLWp� HVW� DPpOLRUpH� FDU� OH

SVHXGROLWH� IRXUQLW� XQH� VRXUFH� G¶LQIRUPDWLRQ� VXSSOpPHQWDLUH� SRXU� DXJPHQWHU� OD

FRQVWHOODWLRQ�GX�V\VWqPH�

%LHQ�TXH�O¶XWLOLVDWLRQ�GHV�SVHXGROLWHV�VHPEOH�VpGXLVDQWH��XQ�FHUWDLQ�QRPEUH�GH�SUREOqPHV

WHFKQLTXHV� FRQFHUQH� OHV� GLIIpUHQFHV� HW� OHV� YDULDWLRQV� GH� QLYHDX� GH� SXLVVDQFH� HQWUH� OHV

SRUWHXVHV�UHoXHV�GHV�VDWHOOLWHV�HW�FHOOHV�UHoXHV�SURYHQDQW�GX�SVHXGROLWH��6L�OD�SXLVVDQFH

G¶pPLVVLRQ�GX�SVHXGROLWH�HVW�WURS�IRUWH�DORUV�LO�\�D�XQ�ULVTXH�TXH�OH�VLJQDO�GX�SVHXGROLWH

EURXLOOH�OHV�VLJQDX[�pPLV�SDU�OHV�VDWHOOLWHV��&H�SUREOqPH�SHXW�rWUH�UpVROX�HQ�SDUWLH�SDU�OH

FKRL[�GH�OD�IRUPH�GX�VLJQDO�XWLOLVp�

3RXU�OHV�VLPXODWLRQV��O¶K\SRWKqVH�HVW�IDLWH�TXH�OH�VLJQDO�GX�SVHXGROLWH�QH�EURXLOOH�SDV�OHV

VLJQDX[�pPLV�SDU�OHV�VDWHOOLWHV�

/H�ELODQ�GH�OLDLVRQ�GX�SVHXGROLWH�SHXW�V¶pFULUH�GH�OD�PDQLqUH�VXLYDQWH��
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DYHF��

rP �SXLVVDQFH�GX�VLJQDO�UHoX�j�O¶HQWUpH�GH�O¶DQWHQQH�GX�UpFHSWHXU

tP �SXLVVDQFH�G¶pPLVVLRQ�GX�SVHXGROLWH

d �GLVWDQFH�HQWUH�OH�SVHXGROLWH�HW�OH�UpFHSWHXU

λ �ORQJXHXU�G¶RQGH�GX�VLJQDO��LGHQWLTXH�j�FHOOH�GHV�VDWHOOLWHV

/H�WHUPH�HQ�ORJ�FRUUHVSRQG�DX[�SHUWHV�HQ�HVSDFH�OLEUH�
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Figure 4. 7 : Perte en espace libre en fonction de la distance pseudolite récepteur

/D� )LJXUH� �� SUpVHQWH� OHV� SHUWHV� HQ� HVSDFH� OLEUH� HQ� IRQFWLRQ� GH� OD� GLVWDQFH� SVHXGROLWH

UpFHSWHXU��6XLYDQW�TXH�FHWWH�GLVWDQFH�HVW�GH����RX�����PqWUHV��OH�VLJQDO�VXELW�XQH�SHUWH

GH���G%��/H�VLJQDO�GX�SVHXGROLWH�HVW�UDSLGHPHQW�DWWpQXp�

/D� )LJXUH� �� PRQWUH� OH� SODQ� GH� OD� VFqQH� XWLOLVpH� HW� OH� QRPEUH� PR\HQ� GH� VDWHOOLWHV� HQ

YLVLELOLWp�DX�FRXUV�GH�OD�VLPXODWLRQ��&HWWH�FDUWH�HVW�UpDOLVpH�DYHF�XQ�PDLOODJH�GH���PqWUH

VXU���PqWUH�
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Figure 4. 8 : Visibilité de la constellation Galileo dans la ville

/H�SVHXGROLWH�HVW�SODFp��FRPPH�SRXU� OD�VWDWLRQ�GLIIpUHQWLHOOH��DX�PLOLHX�GH� OD�VFqQH��VXU

XQ�LPPHXEOH�GH����PqWUHV�GH�KDXW�HW�O¶DQWHQQH�HVW�HQFRUH�VXUpOHYpH�GH����PqWUHV�SRXU

pYLWHU�TXH�OH�VLJQDO�QH�VRLW�WURS�PDVTXp�SDU�OH�WRLW�GX�EkWLPHQW�

/D�)LJXUH���PRQWUH�OH�SODQ�GH�OD�VFqQH�PDLV�FHWWH�IRLV�FL�DYHF�OD�YLVLELOLWp�GX�SVHXGROLWH�

Figure 4. 9 : Visibilité du pseudolite dans la ville



&+$3,75(���±�7(&+1,48(6�'¶$8*0(17$7,21�'(6�3(5)250$1&(6

76

/H�SVHXGROLWH�SHUPHW�GRQF�G¶DXJPHQWHU�OH�QRPEUH�GH�PHVXUHV�HQ�FHUWDLQV�SRLQWV�GH�OD

VFqQH��PDLV�LO�Q¶DVVXUH�SDV�WRXW�OH�WHPSV�XQH�REVHUYDWLRQ�VXSSOpPHQWDLUH�

/D�)LJXUH����SUpVHQWH�O¶DPpOLRUDWLRQ�DSSRUWpH�DX�V\VWqPH�SDU�O¶XWLOLVDWLRQ�GX�SVHXGROLWH�
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Figure 4. 10 : Performance du système avec ou sans pseudolite

3RXU� OH� V\VWqPH� VHXO�� OD� GLVSRQLELOLWp� GX� V\VWqPH� pWDLW� GH� ��� �� SRXU� XQH� HUUHXU

KRUL]RQWDOH� LQIpULHXUH� j� ��� PqWUHV�� DYHF� OH� SVHXGROLWH�� XQH� GLVSRQLELOLWp� GH� ��� �� HVW

DWWHLQWH�

&HWWH� PpWKRGH� PpULWH� G¶rWUH� DSSURIRQGLH� HQ� WUDYDLOODQW� SRXU� DPpOLRUHU� OD� YLVLELOLWp� GX

SVHXGROLWH�HW�SHXW�rWUH�HQ�OD�FRXSODQW�DYHF�GHV�FRUUHFWLRQV�GLIIpUHQWLHOOHV�

'DQV� FH� GHUQLHU� FKDSLWUH�� QRXV� DYRQV� pWXGLp� SOXVLHXUV� PpWKRGHV� SRXU� DXJPHQWHU� OHV

SHUIRUPDQFHV� GX� V\VWqPH�� OD� SOXV� SURPHWWHXVH� HVW� O¶XWLOLVDWLRQ� G¶XQ� RGRPqWUH�� K\EULGp

DYHF�OH�UpFHSWHXU��0DLV��O¶XWLOLVDWLRQ�G¶XQ�SVHXGROLWH�PpULWH�G¶rWUH�DSSURIRQGLH�
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%LEOLRJUDSKLH

>$/7���@ $/76+8/(5�(�(�

©�&RUUHFWLRQV�IRU�WURSRVSKHULF�UDQJH�HUURU�ª�

5HSRUW�$)&5/����������$LU�)RUFH�&DPEULGJH�5HVHDUFK�/DERUDWRU\��+DQVFRP

)LHOG��%HGIRUG��MXLOOHW������

>.$3���@ .$3/$1�(�'�

©�8QGHUVWDQGLQJ�*36��SULQFLSOHV�DQG�DSSOLFDWLRQV�ª�

$UWHFK�+RXVH��/RQGUHV�������

>/$3���@ /$38&+$�'���+8))�0�

©�0XOWL�VLWH�UHDO�WLPH�'*36�V\VWHP�XVLQJ�6WDUIL[�OLQN���RSHUDWLRQDO�UHVXOWV�ª�

,21�*36�����$OEXTXHUTXH��VHSWHPEUH�������SS����������

>0$/����D�@ 0$/,&251(�0���%28648(7�0���/2%(57�%���%285*$�&�

©�3HUIRUPDQFH� RI� *166�� QDYLJDWLRQ� VLJQDO� DQG� LQVWUXPHQWDWLRQ� LQ� XUEDQ

HQYLURQPHQW�ª�

,21�*36��MXLQ�������6DQ�'LHJR��(WDWV�8QLV

>0$/���@ 0$/,&251(�0�

©�/D� UpFHSWLRQ� GHV� V\VWqPHV� GH� QDYLJDWLRQ� SDU� VDWHOOLWHV� HQ� SUpVHQFH� GH

WUDMHWV�PXOWLSOHV�ª�

7RXORXVH��UDSSRUW�G¶DYDQFHPHQW�GH��LHPH�DQQpH�GH�WKqVH��PDL������

>0$/����D�@ 0$/,&251(�0�

©�,QIOXHQFH�RI�PXOWLSDWK�RQ�*166�UHFHLYHU�SHUIRUPDQFH�LQ�XUEDQ

HQYLURQPHQW�ª�

$,$$����HPH�FRQIpUHQFH� LQWHUQDWLRQDOH� VXU� OHV� V\VWqPHV�GH�FRPPXQLFDWLRQV

SDU�VDWHOOLWHV��7RXORXVH��)UDQFH��DYULO������

>0$/����E�@ 0$/,&251(�0�

©�*DOLOHR�SHUIRUPDQFH�LQ�GLIIHUHQW�HQYLURQPHQWV�ª�

�LHPH�FRQIpUHQFH�LQWHUQDWLRQDOH�GH�6W�3HWHUVERXUJ�VXU�OHV�V\VWqPHV�GH

QDYLJDWLRQV�LQWpJUpV��6W�3HWHUVERXUJ��5XVVLH��PDL������

>0$/����F�@ 0$/,&251(�0�

©�*DOLOHR�SHUIRUPDQFH�LPSURYHPHQW�IRU�XUEDQ�XVHUV�ª�

,21�*36��6DOW�/DNH�&LW\��(WDWV�8QLV��VHSWHPEUH������

>3$5���@ 3$5.,1621�%�:���63,/.(5�-�-�

©�*OREDO�SRVLWLRQLQJ�V\VWHP���WKHRU\�DQG�DSSOLFDWLRQV�ª�

$PHULFDQ�LQVWLWXWH�RI�DHURQDXWLFV�DQG�DVWURQDXWLFV��:DVKLQJWRQ�������
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>9$1���@ 9$1�',(5(1'21&.�$�-�

©�7KH�UROH�RI�SVHXGROLWHV�LQ�WKH�LPSOHPHQWDWLRQ�RI�GLIIHUHQWLDO�*36�ª�

,(((�SRVLWLRQ��ORFDWLRQ�DQG�QDYLJDWLRQ�V\PSRVLXP��1HZ�<RUN��PDUV������

>9$1���@ 9$1�',(5(1'21&.�$�-���)(1721�3���+(*$57<�&�

©�3URSRVHG�DLUSRUW�SVHXGROLWH�VLJQDO�VSHFLILFDWLRQ� IRU�*36�SUHFLVLRQ�DSSURDFK

ORFDO�DUHD�DXJPHQWDWLRQ�V\VWHPV�ª�

,21�*36����������
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&HV�GHUQLqUHV�DQQpHV��XQ�LQWpUrW�FURLVVDQW�SRXU�OHV�V\VWqPHV�GH�QDYLJDWLRQ�SDU�VDWHOOLWHV

V¶HVW�PDQLIHVWp��OD�QDYLJDWLRQ�HQ�PLOLHX�XUEDLQ�DSSDUDLVVDQW�FRPPH�O¶XQH�GHV�DSSOLFDWLRQV

OHV�SOXV�LPSRUWDQWHV�

&HWWH� DSSOLFDWLRQ� HQWUDvQH� GHV� H[LJHQFHV� WUqV� IRUWHV� HQ� WHUPH� GH� SHUIRUPDQFHV��� XQH

GLVSRQLELOLWp�G¶DX�PRLQV�����SRXU�XQH�HUUHXU�KRUL]RQWDOH� LQIpULHXUH�j����PqWUHV�HVW�XQ

REMHFWLI�DFFHSWp�SDU� OH�PLOLHX�SURIHVVLRQQHO��/HV�EHVRLQV�GHV�XWLOLVDWHXUV�XUEDLQV�GRLYHQW

GRQF� rWUH� SULV� HQ� FRPSWH� GDQV� OH� GLPHQVLRQQHPHQW� GHV� QRXYHDX[� V\VWqPHV� GH

QDYLJDWLRQ�WHOV�TXH�*DOLOHR�

/D�QDYLJDWLRQ�HQ�PLOLHX�XUEDLQ�HVW�UHQGXH�GLIILFLOH�SDU�OD�SUpVHQFH�GH�QRPEUHX[�REVWDFOHV

SURYRTXDQW� GHV� HIIHWV� GH� PDVTXH� HW� GHV� WUDMHWV� PXOWLSOHV�� /HV� WUDMHWV� PXOWLSOHV

LQWURGXLVHQW� XQH� HUUHXU� VXU� OD� PHVXUH� GX� WHPSV� GH� SURSDJDWLRQ�� GpSHQGDQW� GHV

FDUDFWpULVWLTXHV�GHV�WUDMHWV���DPSOLWXGH��UHWDUG�HW�SKDVH��HW�GRQF�VXU�OD�SRVLWLRQ�FDOFXOpH

SDU� OH� UpFHSWHXU�� 'H� WRXV� OHV� SRVWHV� G¶HUUHXU�� FHOXL� GX� DX[� WUDMHWV� PXOWLSOHV� HVW� OH

GHX[LqPH�HQ�WHUPH�G¶LPSRUWDQFH�

&HWWH� WKqVH� D� SHUPLV� GH�PHWWUH� DX� SRLQW� XQ� RXWLO� GH� VLPXODWLRQ� GH� OD� SURSDJDWLRQ� HQ

PLOLHX� XUEDLQ� DILQ� G¶pWXGLHU� O¶LQIOXHQFH� GHV� WUDMHWV� PXOWLSOHV� VXU� OHV� SHUIRUPDQFHV� G¶XQ

V\VWqPH�GH�QDYLJDWLRQ�SDU�VDWHOOLWH��&HW�RXWLO�XWLOLVH�OH�SULQFLSH�GH�O¶RSWLTXH�JpRPpWULTXH

SRXU� PRGpOLVHU� OD� SURSDJDWLRQ� GH� O¶RQGH� FRPPH� XQ� UD\RQ�� FH� TXL� SHUPHW� G¶DYRLU� XQH

UHSUpVHQWDWLRQ�UpDOLVWH�GX�SKpQRPqQH�GHV�WUDMHWV�PXOWLSOHV�

8QH�FDOLEUDWLRQ�GH�O¶RXWLO�GH�VLPXODWLRQ�D�pWp�UpDOLVpH�JUkFH�j�XQH�FDPSDJQH�GH�PHVXUHV

HQ� FRPSDUDQW� OD� YLVLELOLWp� REWHQXH� DYHF� OHV� PHVXUHV� HW� OD� YLVLELOLWp� REWHQXH� SDU� OD

VLPXODWLRQ�

/RUVTXH�OHV�SHUIRUPDQFHV�G¶XQ�V\VWqPH�GH�QDYLJDWLRQ�SDU�VDWHOOLWHV�HQ�PLOLHX�XUEDLQ�VRQW

REVHUYpHV�� LO�DSSDUDvW�TXH� OHV�SHUIRUPDQFHV�GX�V\VWqPH�VHXO�QH�VRQW�SDV�VXIILVDQWHV�HW

TX¶LO� HVW� QpFHVVDLUH� GH� FRQVLGpUHU� GHV� PpWKRGHV� TXL� SHUPHWWURQW� G¶DXJPHQWHU� FHV

SHUIRUPDQFHV�
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3OXVLHXUV�PpWKRGHV�RQW�pWp�DQDO\VpHV��

• O¶DXJPHQWDWLRQ�GX�QRPEUH�GH�VDWHOOLWHV�HQ�XWLOLVDQW� OHV�PHVXUHV� LVVXHV�GH�GHX[

FRQVWHOODWLRQV�GLIIpUHQWHV

• O¶XWLOLVDWLRQ�GH�FDSWHXUV�DGGLWLRQQHOV�WHOV�TX¶XQ�EDUR�DOWLPqWUH�RX�XQ�RGRPqWUH

• O¶XWLOLVDWLRQ�GH�FRUUHFWLRQV�GLIIpUHQWLHOOHV

• O¶XWLOLVDWLRQ�GH�SVHXGROLWH

/D�SUHPLqUH�PpWKRGH�QH�IRXUQLW�SDV�OH�QLYHDX�GH�SUpFLVLRQ�VRXKDLWp�HQ�PLOLHX�XUEDLQ��(Q

HIIHW��ORUVTXH�OH�PDVTXDJH�HVW�LPSRUWDQW��O¶DXJPHQWDWLRQ�GX�QRPEUH�GH�VDWHOOLWHV�YLVLEOHV

Q¶HQWUDvQH� SDV� � V\VWpPDWLTXHPHQW� XQH� DPpOLRUDWLRQ� GH� OD� JpRPpWULH� GHV� VDWHOOLWHV� TXL

FRQGXLUDLW�j�XQH�PHLOOHXUH�SUpFLVLRQ�

/D� GHX[LqPH�PpWKRGH� HVW� SOXV� SURPHWWHXVH�� /¶XWLOLVDWLRQ� G¶XQ� EDUR�DOWLPpWUH� DPpOLRUH

VXUWRXW� OHV� SHUIRUPDQFHV� YHUWLFDOHV� GX� V\VWqPH� HW� WUqV� SHX� OD� SUpFLVLRQ� KRUL]RQWDOH�

/¶DPpOLRUDWLRQ� DSSRUWpH� SDU� O¶RGRPqWUH� HVW� HQ� UHYDQFKH� VLJQLILFDWLYH� GDQV� OH� SODQ

KRUL]RQWDO��/H�SUREOqPH�UpVLGH�GDQV�O¶LPSOpPHQWDWLRQ�GHV�FDSWHXUV�

8QH� DXWUH� PpWKRGH� FRQVLGpUpH� HVW� O¶XWLOLVDWLRQ� GHV� FRUUHFWLRQV� GLIIpUHQWLHOOHV�� &HWWH

PpWKRGH�QH� UpSRQG�SDV� DX[� EHVRLQV� GH� O¶XWLOLVDWHXU� XUEDLQ� FDU� ELHQ� TX¶HOOH� DPpOLRUH� OD

SUpFLVLRQ�GHV�PHVXUHV��OH�QRPEUH�GH�PHVXUHV�UpDOLVpHV�SDU�OH�UpFHSWHXU�UHVWH�OH�PrPH�

/D� GHUQLqUH� PpWKRGH� SURSRVpH� FRQVLVWH� HQ� O¶XWLOLVDWLRQ� GH� SVHXGROLWHV�� /¶DYDQWDJH� GH

FHWWH�PpWKRGH�HVW�TX¶HOOH�IRXUQLW�GHV�PHVXUHV�VXSSOpPHQWDLUHV��'DQV�FHWWH�WKqVH��VHXOH

XQH� pWXGH� SUpOLPLQDLUH� GH� FHWWH� PpWKRGH� D� pWp� UpDOLVpH�� LO� VHPEOH� LQWpUHVVDQW� GH

O¶DSSURIRQGLU�
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$����3RVLWLRQV�GHV�VDWHOOLWHV

/¶XWLOLVDWHXU�GHV�V\VWqPHV�GH�QDYLJDWLRQ�SDU�VDWHOOLWHV�D�EHVRLQ��G¶XQH�LQIRUPDWLRQ�SUpFLVH

VXU�OD�SRVLWLRQ�GHV�VDWHOOLWHV�j�FKDTXH�LQVWDQW�DILQ�GH�GpWHUPLQHU�VD�SRVLWLRQ��/D�SRVLWLRQ

G¶XQ�VDWHOOLWH�HVW�GpILQLH�SDU�XQ�MHX�GH�SDUDPqWUHV�GpILQLV�j�SDUWLU�GHV�ORLV�GH�.HSOHU�

$������/RLV�GH�.HSOHU

&HV� ORLV� UpVXOWHQW� G¶REVHUYDWLRQV� UpDOLVpHV� SDU� .HSOHU� VXU� OH� PRXYHPHQW� GHV� SODQqWHV

DXWRXU�GX�VROHLO��

�� /HV�SODQqWHV�pYROXHQW�GDQV�XQ�SODQ���OHV�RUELWHV�GpFULWHV�VRQW�GHV�HOOLSVHV�GRQW�OH

VROHLO�HVW�OH�SRLQW�FHQWUDO��������

�� /H�YHFWHXU�SDUWDQW�GX�VROHLO�YHUV�OD�SODQqWH�EDOD\H�GHV�VXUIDFHV�pJDOHV�GDQV�GHV

WHPSV�LGHQWLTXHV��OD�ORL�GHV�DLUHV�������

�� /H�UDSSRUW�GX�FDUUp�GH�OD�SpULRGH�GH�UpYROXWLRQ�GH�OD�SODQqWH�DXWRXU�GX�VROHLO�VXU

OH� FXEH� GX� GHPL� JUDQG� D[H� GH� O¶HOOLSVH� HVW� OH� PrPH� SRXU� WRXWHV� OHV� SODQqWHV

�������
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$������3RVLWLRQ�GX�VDWHOOLWH�VXU�O¶RUELWH

Apogée

E

a

Périgée

v

ω

NA

Figure A. 1. : Position du satellite sur l’orbite

/D� SRVLWLRQ� GX� VDWHOOLWH� HVW� GpWHUPLQpH� SDU� O¶DQJOH� Y� DSSHOp� O¶DQRPDOLH� YUDLH�� HQWUH� OD

GLUHFWLRQ�GX�SpULJpH�HW�OD�GLUHFWLRQ�GX�VDWHOOLWH��2Q�SHXW�DXVVL�XWLOLVHU�O¶DQRPDOLH�PR\HQQH

0�TXL�VHUDLW� O¶DQRPDOLH�YUDLH�G¶XQ�VDWHOOLWH�DYHF�XQH�RUELWH� FLUFXODLUH�GH�PrPH�SpULRGH�

&HWWH� DQRPDOLH� PR\HQQH� HVW� UHOLpH� j� O¶DQRPDOLH� GH� O¶H[FHQWULFLWp� (� SDU� O¶pTXDWLRQ� GH

.HSOHU��

EeEM sin−= �UDG� Eq.A. 1

/¶H[FHQWULFLWp�GH�O¶RUELWH�H�HW�OH�GHPL�JUDQG�D[H�D�FDUDFWpULVHQW�OD�IRUPH�GH�O¶RUELWH��6L�RQ

GpILQL� UD� FRPPH� pWDQW� OD� GLVWDQFH� HQWUH� OH� FHQWUH� GH� OD� WHUUH� HW� O¶DSRJpH�� HW� US�
FRPPH

pWDQW�OD�GLVWDQFH�HQWUH�OH�FHQWUH�GH�OD�WHUUH�HW�OH�SpULJpH��O¶H[FHQWULFLWp�GH�O¶RUELWH�V¶pFULW

GH�OD�PDQLqUH�VXLYDQWH��

pa

pa

rr

rr
e

+
−

= Eq.A. 2

(QILQ��O¶RULHQWDWLRQ�GH�O¶RUELWH�GDQV�OH�SODQ�HVW�GpILQLH�SDU�O¶DUJXPHQW�GX�SpULJpH�ω��&¶HVW
O¶DQJOH�HQWUH�OD�GLUHFWLRQ�GX�Q°XG�DVFHQGDQW�1$�HW�OD�GLUHFWLRQ�GX�SpULJpH�
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$������3RVLWLRQ�GX�SODQ�RUELWDO�GDQV�O¶HVSDFH

/D� SRVLWLRQ� GX� SODQ� RUELWDO� GDQV� O¶HVSDFH� HVW� FDUDFWpULVpH� SDU� GHX[� SDUDPqWUHV��

O¶LQFOLQDLVRQ�L�HW�O¶DVFHQVLRQ�GURLWH�GX�Q°XG�DVFHQGDQW�Ω�

Plan équatorial

i

•  P

•
A

Direction de
référence

Plan orbital

X

Z

Y

•
NA

Ω

ω

V

Figure A. 2. : Position du plan orbital dans l’espace

/¶LQFOLQDLVRQ�GX�SODQ�GH�O¶RUELWH�HVW�O¶DQJOH��DX�Q°XG�DVFHQGDQW��HQWUH�OD�SHUSHQGLFXODLUH�j

OD� OLJQH� GHV� Q°XGV� RULHQWpH� YHUV� O¶(VW� GDQV� OH� SODQ� pTXDWRULDO� HW� OD� SHUSHQGLFXODLUH

RULHQWpH� GDQV� OD� GLUHFWLRQ� GH� OD� YLWHVVH� GX� VDWHOOLWH� j� OD� OLJQH� GHV� Q°XGV� GDQV� OH� SODQ

RUELWDO�

/¶DVFHQVLRQ� GURLWH� GX� Q°XG� DVFHQGDQW� HVW� O¶DQJOH� HQWUH� XQH� GLUHFWLRQ� GH� UpIpUHQFH� HW

O¶LQWHUVHFWLRQ�GH�O¶RUELWH�DYHF�OH�SODQ�pTXDWRULDO�

2Q�SHXW�GpILQLU� FRPSOqWHPHQW� OD� WUDMHFWRLUH� G¶XQ� VDWHOOLWH� GDQV� O¶HVSDFH� HQ� FRQQDLVVDQW

FLQT�SDUDPqWUHV� ( )ω,,,, Ωiea �UHVSHFWLYHPHQW�OH�GHPL�JUDQG�D[H��O¶H[FHQWULFLWp�GH�O¶RUELWH�

O¶LQFOLQDLVRQ�� O¶DVFHQVLRQ� GURLWH� GX� Q°XG� DVFHQGDQW� HW� O¶DUJXPHQW� GX� SpULJpH�� /H

PRXYHPHQW�G¶XQ�VDWHOOLWH��TXDQW�j�OXL��SHXW�rWUH�GpILQL�SDU�O¶XQH�GHV�DQRPDOLHV� ( )MEv ,,

TXL�VRQW�O¶DQRPDOLH�YUDLH��O¶DQRPDOLH�H[FHQWULTXH�HW�O¶DQRPDOLH�PR\HQQH�

6HORQ� OHV� EHVRLQV� GH� O¶XWLOLVDWHXU��FRXYHUWXUH� PRQGLDOH� RX� ORFDOH��� OHV� VDWHOOLWHV� GH� OD

FRQVWHOODWLRQ�GHYURQW� rWUH� UpSDUWLV� GH� WHOOH�PDQLqUH�TXH� ORUVTXH� O¶XQ� G¶HX[� FHVVH� G¶rWUH

YLVLEOH�GH�O¶XWLOLVDWHXU��LO�VRLW�UHPSODFp�SDU�XQ�DXWUH�DILQ�TXH�O¶XWLOLVDWHXU�DLW�FRQVWDPPHQW

�� VDWHOOLWHV� HQ� YLVLELOLWp�� 3OXVLHXUV� W\SHV� GH� FRQVWHOODWLRQ� RQW� pWp� pWXGLpV�� WHOOH� TXH� OHV
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FRQVWHOODWLRQV�GH�:DONHU�7�3�)��R��7��HVW�OH�QRPEUH�WRWDO�GH�VDWHOOLWHV�GH�OD�FRQVWHOODWLRQ�

3�HVW�OH�QRPEUH�GH�SODQV�RUELWDX[�HW�)�HVW�OH�SKDVDJH�LQWHUSODQ�

/HV� VDWHOOLWHV� JpRVWDWLRQQDLUHV� XWLOLVHQW� XQH� RUELWH� FLUFXODLUH� � 0=e �� GDQV� OH� SODQ

pTXDWRULDO� � 0=i ��� HW� RQW� XQH� DOWLWXGH� GH� ��� ���� NP� WHOOH� TXH� OH� VDWHOOLWH� WRXUQH� j� OD

PrPH� YLWHVVH� TXH� OD� 7HUUH�� 6D� SDUWLFXODULWp� HVW� TXH� SRXU� XQ� REVHUYDWHXU� WHUUHVWUH�� OH

VDWHOOLWH�DSSDUDvW�IL[H�GDQV�OH�FLHO�

$����*pRPpWULH�HQWUH�OD�7HUUH�HW�OH�VDWHOOLWH

&KDTXH� VDWHOOLWH� HVW� GpILQL� SDU� VD� ODWLWXGH� HW� VD� ORQJLWXGH� SDU� UDSSRUW� j� XQ� SRLQW� GH

UpIpUHQFH�3�

R

h

N

O

P T

A

B

RT
L

ϕ
l

φ

Figure A. 3. : Géométrie entre la terre et le satellite

ϕ ���ODWLWXGH�GX�VDWHOOLWH

λ ���ORQJLWXGH�GX�VDWHOOLWH

l ���ODWLWXGH�GX�SRLQW�GH�UpIpUHQFH�3�VXU�OD�WHUUH

ψ ���ORQJLWXGH�GH�3

λψ −=L �GLIIpUHQFH�GHV�ORQJLWXGHV�GX�VDWHOOLWH�HW�GX�SRLQW�3

h ���DOWLWXGH�GX�VDWHOOLWH

kmRT 6378= �UD\RQ�GH�OD�WHUUH

hRr T += ���GLVWDQFH�HQWUH�OH�FHQWUH�GH�OD�WHUUH�HW�OH�VDWHOOLWH

φcos222 rRrRR TT −+= ���GLVWDQFH�HQWUH�OH�VDWHOOLWH�HW�OH�SRLQW�3

DYHF� llL sinsincoscoscoscos ϕϕφ +=

'HX[�DQJOHV�VRQW�QpFHVVDLUHV�SRXU�ORFDOLVHU�OH�VDWHOOLWH�j�SDUWLU�G¶XQ�SRLQW�3�GH�OD�VXUIDFH

GH�OD�WHUUH��+DELWXHOOHPHQW��RQ�XWLOLVH�OHV�DQJOHV�GH�VLWH�HW�G¶D]LPXW�

/¶DQJOH�GH�VLWH�(O�HVW�O¶DQJOH�HQWUH�O¶KRUL]RQ�DX�SRLQW�FRQVLGpUp�HW�OH�VDWHOOLWH��PHVXUp�GDQV

OH�SODQ�FRQWHQDQW�OH�SRLQW�FRQVLGpUp��OH�VDWHOOLWH�HW�OH�FHQWUH�GH�OD�WHUUH�
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/¶DQJOH�D]LPXW�$�HVW�O¶DQJOH��PHVXUp�GDQV�OH�SODQ�KRUL]RQWDO�DX�SRLQW�3��HQWUH�OD�GLUHFWLRQ

GX�1RUG�JpRJUDSKLTXH�HW� O¶LQWHUVHFWLRQ�GX�SODQ� FRQWHQDQW� OH� VDWHOOLWH� HW� OH� FHQWUH�GH� OD

WHUUH�

O

S

El
h

RT

R

Figure A. 4. : Angle de nadir et angle de site

8Q�DXWUH�DQJOH�XWLOH�HVW�O¶DQJOH�GH�QDGLU�6��&¶HVW�O¶DQJOH�DX�VDWHOOLWH�HQWUH�OD�GLUHFWLRQ�GX

FHQWUH�GH�OD�WHUUH�HW�OD�GLUHFWLRQ�GX�SRLQW�GH�UpIpUHQFH�3��







+

= )cos(.sin El
hR

R
aS

T

T Eq.A. 3

%LEOLRJUDSKLH

>0$5���@ 0$5$/�*���%28648(7�0�

©�6DWHOOLWH�&RPPXQLFDWLRQV�6\VWHPV�ª�

:LOH\�������
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&2'(6�36(8'2�$/($72,5(6

/HV�FRGHV�SVHXGR�DOpDWRLUHV�VRQW�XWLOLVpV�SDU�OHV�V\VWqPH�GH�QDYLJDWLRQ�SDU�VDWHOOLWH�SRXU

GpWHUPLQHU�OH�WHPSV�GH�SURSDJDWLRQ�GX�VLJQDO�GX�VDWHOOLWH�DX�UpFHSWHXU�

&HV� FRGHV� VRQW� GLW� SVHXGR�DOpDWRLUHV� FDU� j� FRXUW� WHUPH� OHV� SURSULpWpV� GH� FHV� FRGHV� VH

UDSSURFKHQW� GH� FHOOHV� G¶XQH� VpTXHQFH� DOpDWRLUH� GH� µ�¶� HW� GH� µ�¶�� PDLV� HQ� UpDOLWp� OD

VpTXHQFH�VH�UHSURGXLW�LGHQWLTXHPHQW�j�HOOH�PrPH�WRXV�OHV� cNT �R�� cT �HVW�OD�GXUpH�G¶XQ

ELW��EULEH��

/H� FRGH� HVW� REWHQX� j� SDUWLU� G¶XQH� VpTXHQFH� ELQDLUH�� JpQpUpHV� j� SDUWLU� GH� UHJLVWUHV� j

GpFDODJH��8Q�UHJLVWUH�j�GpFDODJH�GH�m �pWDJHV�JpQqUH�GHV�VpTXHQFHV�GpILQLHV�SDU��

mtmttmtmt ScScScScS −+−−−−− ⊕⊕⊕⊕= 0112211 L Eq.B. 1

R�� tS � HVW� OD� YDOHXU� GH� OD� VpTXHQFH� j� O¶LQVWDQW� t �� OHV� FRHIILFLHQWV� ic � VRQW� GHV� YDOHXUV

ELQDLUHV�HW�OH�⊕ �LQGLTXH�O¶DGGLWLRQ�PRGXOR���

3XLVTXH� OH� QRPEUH� G¶pWDWV� GLVWLQFW� G¶XQ� UHJLVWUH� j� GpFDODJH� j� m � pWDJHV� HVW� m2 �� OD

VpTXHQFH� G¶pWDW� HW� OHV� VpTXHQFHV� GH� VRUWLH� SHXYHQW� pYHQWXHOOHPHQW� GHYHQLU� SpULRGLTXH

DYHF�XQH�SpULRGH�PD[LPDOH�GH� 12 −m �

/HV�FRHIILFLHQWV�GpILQLV�GDQV�O¶pTXDWLRQ�,����SHXYHQW�rWUH�DVVRFLpV�j�XQ�SRO\Q{PH�GH�GHJUp

m �

01
1

1)( cXcXcXXP m
m

m
m ++++= −

− L Eq.B. 2
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$LQVL��LO�SHXW�rWUH�PRQWUp�TXH�OD�VpTXHQFH�{ }tS �HVW�XQH�VpTXHQFH�j�ORQJXHXU�PD[LPDOH�VL

mP �HVW�XQ�SRO\Q{PH�SULPLWLI�>-(5���@�

/HV�VpTXHQFHV�j�ORQJXHXU�PD[LPDOH�RQW�XQH�IRQFWLRQ�G¶DXWRFRUUpODWLRQ�GpILQLH�SDU��

∑
=

−=
N

nc
p tYtY

NT
R

1

)()(
1

)( ττ DYHF� 12 −= mN �HW� tStY )1()( −= Eq.B. 3

)(τpR �HVW�SpULRGLTXH�HW�VLPLODLUH�j� OD� IRQFWLRQ�G¶DXWRFRUUpODWLRQ�G¶XQH�VpTXHQFH�ELQDLUH

DOpDWRLUH�VXU�XQH�SpULRGH

1

-1 10

�D�

1

NTc

1/N

Tc
t

Tc durée du chip

�E�
Figure B. 1: Fonction d’autocorrelation. (a) séquence binaire aléatoire ; (b) du code

&HWWH� pTXDWLRQ� GH� OD� IRQFWLRQ� G¶DXWRFRUUpODWLRQ� GHV� FRGHV� SHXW� DXVVL� V¶pFULUH� GH� OD

PDQLqUH�VXLYDQWH��
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 +−
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N

NTR c
p

1

1
11

)(

τ

τ
pour

pour

cc

c

NTT

T

2

1

0

≤≤

≤≤

τ

τ

Eq.B. 4

3DU�OD�VXLWH��QRXV�FRQVLGqUHURQV� N �WUqV�JUDQG��OD�IRUPXOH�GH�OD�IRQFWLRQ�G¶DXWRFRUUpODWLRQ

GHYLHQW��
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Eq.B. 5

/D�IRQFWLRQ�G¶DXWRFRUUpODWLRQ�HVW�GRQF�XQ�WULDQJOH��/H�PD[LPXP�HVW�G¶DXWDQW�PLHX[�GpILQL

HW�GLVFHUQDEOH�TXH� OH�SLF�HVW�pWURLW�HW�TXH�VD�KDXWHXU� UHODWLYH�HVW� LPSRUWDQWH��3RXU�GHV

DSSOLFDWLRQV� GH� SRVLWLRQQHPHQW�� LO� HVW� SDUWLFXOLqUHPHQW� LQWpUHVVDQW� G¶XWLOLVHU� GH� ORQJXHV

VpTXHQFHV� 351� j� GXUpH� GH� EULEH� IDLEOH�� SXLVTXH� OH� SLF� G¶DXWRFRUUpODWLRQ� FRQVWLWXH� OH

UHSqUH� GH� WHPSV� QpFHVVDLUH� j� O¶REWHQWLRQ� GH� O¶HVWLPDWLRQ� GX� WHPSV� GH� SURSDJDWLRQ� GX

VLJQDO�

%LEOLRJUDSKLH

>-(5���@ -(58&+,0�0LFKHO�&���%$/$%$1�3KLOLS��6+$108*$1�.��6DP

©�6LPXODWLRQ�RI�FRPPXQLFDWLRQ�V\VWHPV��PRGHOLQJ��PHWKRGRORJ\�DQG

WHFKQLTXHV�ª�

1HZ�<RUN��.OXZHU�DFDGHPLF�3OHQXP�SXEOLVKHUV��VHFRQG�HGLWLRQ�������

>.$3���@ .$3/$1�(OOLRWW�'�

©�8QGHUVWDQGLQJ�*36��SULQFLSOHV�DQG�DSSOLFDWLRQV�ª�

/RQGUHV��$UWHFK�+RXVH�������

>3$5���@ 3$5.,1621�%UDGIRUG�:���63,/.(5�-DPHV�-�

©�*OREDO�3RVLWLRQLQJ�6\VWHP���7KHRU\�DQG�$SSOLFDWLRQV�ª�

$PHULFDQ�LQVWLWXWH�RI�DHURQDXWLFV�DQG�DVWURQDXWLFV��YROXPH�,�,,��������
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&����3XLVVDQFH�GX�VLJQDO

FRXFTXEL

recsate

LALL

GGP
C = Eq.C. 1

eP ��SXLVVDQFH�G¶pPLVVLRQ

satG ��JDLQ�G¶DQWHQQH�VDWHOOLWH

recG ��JDLQ�G¶DQWHQQH�UpFHSWHXU

ELL ��SHUWH�G¶HVSDFH�OLEUH

A ��SHUWH�GX�DX[�FRPSRVDQWHV�JD]HXVHV�GH�O¶DWPRVSKqUH

FTXL ��SHUWH�GH�WUDQVPLVVLRQ�DX�QLYHDX�GX�VDWHOOLWH

FRXL ��SHUWH�GH�WUDQVPLVVLRQ�DX�QLYHDX�GX�UpFHSWHXU

&������3XLVVDQFH�G¶pPLVVLRQ�HW�SHUWH�GH�WUDQVPLVVLRQ�DX�QLYHDX�GX�VDWHOOLWH

FTXLXT

GT

Pe PT

Figure C. 1. : Pertes au niveau de l’émetteur

/)7;� HVW� OD� SHUWH� HQWUH� O¶pPHWWHXU� HW� O¶DQWHQQH�� 3RXU� DOLPHQWHU� O¶DQWHQQH� DYHF� XQH

SXLVVDQFH� 37�� LO� HVW� QpFHVVDLUH� GH� IRXUQLU� XQH� SXLVVDQFH� G¶pPLVVLRQ� 3H� HQ� VRUWLH� GH

O¶pPHWWHXU�WHO�TXH��

FTXTe LPP ×= Eq.C. 2
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&������*DLQ�G¶DQWHQQH�GX�VDWHOOLWH

8Q�pOpPHQW�HVVHQWLHO�GH� OD�FKDUJH�XWLOH�G¶XQ�VDWHOOLWH�HVW�VRQ�GLDJUDPPH�G¶DQWHQQH��&H

GLDJUDPPH�HVW�UpDOLVp�GH�WHOOH�PDQLqUH�TXH�OD�GHQVLWp�GH�SXLVVDQFH�UHoXH�DX�QLYHDX�GH�OD

WHUUH�VRLW�VHQVLEOHPHQW�FRQVWDQWH�VXU�OD�]RQH�GH�FRXYHUWXUH�GX�VDWHOOLWH�

l

L

l’

L’

Figure C. 2. : Diagramme d’antenne

3RXU� XQH� ]RQH� GH� FRXYHUWXUH� GRQQpH�� SOXV� O¶DOWLWXGH� HVW� IDLEOH�� SOXV� O¶DQJOH� QDGLU� HVW

JUDQG��HW�SOXV�OH�JDLQ�G¶DQWHQQH�HVW�IDLEOH��3DU�DLOOHXUV��RQ�UHPDUTXH�TXH�SOXV�OH�VDWHOOLWH

D�XQH�DOWLWXGH� IDLEOH��SOXV� OHV�GLIIpUHQFHV�GDQV� OH�JDLQ�G¶DQWHQQH�SRXU�GHV�DQJOHV�QDGLU

GLIIpUHQWV� � GRLYHQW� rWUH� LPSRUWDQWHV� SRXU� REWHQLU� XQH� GHQVLWp� VXUIDFLTXH� GH� SXLVVDQFH

FRQVWDQWH��&HFL�HVW�GX�DX�IDLW�TXH��FRPPH�OH�PRQWUH�OD�)LJXUH�����OD�GLIIpUHQFH�HQWUH�O�HW�O¶

HVW�SOXV�JUDQGH�TXH�OD�GLIIpUHQFH�HQWUH�/�HW�/¶�

Pour des orbites MEO, le diagramme d’antenne est défini pour des angles variant entre 0° et

16° (couverture pour un angle nadir allant jusqu’à 14°).






= ∑

=

6

0

.log.10
i

i
iMEO SaG Eq.C. 3

a0 13.1801 a4 -0.008

a1 0.3494 a5 0.0004

a2 -0.1076 a6 0.0

a3 0.0608

Table C. 1 : paramètres du gain d’antenne des satellites
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Figure C. 3. : Gain d’antenne des satellites

&������*DLQ�G¶DQWHQQH�GX�UpFHSWHXU�HW�SHUWH�GH�WUDQVPLVVLRQ�DX�QLYHDX�GX

UpFHSWHXU

&��������*DLQ�G¶DQWHQQH�GX�UpFHSWHXU

/HV�WUDMHWV�PXOWLSOHV�FKDQJHDQW� OD� IRUPH�GH� OD�SRODULVDWLRQ�GH� O¶RQGH��GHX[�GLDJUDPPHV

GH� JDLQ� G¶DQWHQQH� GX� UpFHSWHXU� GRLYHQW� rWUH� FRQVLGpUpV�� /H� SUHPLHU� GRQQH� OH� JDLQ� GH

O¶DQWHQQH�SRXU�GHV�VLJQDX[�D\DQW�XQH�SRODULVDWLRQ�FLUFXODLUH�GURLWH�HW� OH�GHX[LqPH�SRXU

XQH� SRODULVDWLRQ� FLUFXODLUH� JDXFKH�� 2Q� QRWHUD� TXH� SXLVTXH� O¶DQWHQQH� HVW� FRQoXH

QRPLQDOHPHQW� SRXU� UHFHYRLU� GHV� VLJQDX[� j� SRODULVDWLRQ� FLUFXODLUH� GURLWH�� OHV� JDLQV

G¶DQWHQQHV�SRXU�GHV�VLJQDX[�j�SRODULVDWLRQ�FLUFXODLUH�JDXFKH�VRQW�IDLEOHV�

'H�SOXV��SRXU�SUHQGUH�HQ�FRPSWH�OH�FKDQJHPHQW�GH�OD�IRUPH�GH�OD�SRODULVDWLRQ�GH�O¶RQGH

�GH�FLUFXODLUH��O¶RQGH�GHYLHQW�SRODULVpH�HOOLSWLTXH���O¶RQGH�SHXW�rWUH�GpFRPSRVpH�HQ�GHX[

RQGHV�GRQW�O¶XQH�HVW�SRODULVpH�FLUFXODLUH�GURLWH�HW�O¶DXWUH�FLUFXODLUH�JDXFKH��,O�VXIILW�DORUV

G¶DSSOLTXHU�DX[�GHX[�RQGHV�DLQVL�REWHQXHV�OH�JDLQ�G¶DQWHQQH�TXL�OXL�FRUUHVSRQG�

/HV� GLDJUDPPHV� G¶DQWHQQH� W\SLTXHV� GX� UpFHSWHXU�� FRPPH� SRXU� OHV� GLDJUDPPHV

G¶DQWHQQH�GHV�VDWHOOLWHV�VRQW�GRQQpV�VRXV�IRUPH�GH�SRO\Q{PHV�GRQW�OHV�FRHIILFLHQWV�VRQW

IRXUQLV�GDQV�OHV�WDEOHDX[�TXL�VXLYHQW�

∑
=

=
6

0

.
i

i
iREC aG α Eq.C. 4

/¶DQJOH� α� HVW� O¶DQJOH� �HQ� UDGLDQ�� HQWUH� O¶D[H� GH� O¶DQWHQQH� GH� OD� GLUHFWLRQ� FRQVLGpUpH� HW
O¶RQGH� LQFLGHQWH�� /¶D[H� GH� O¶DQWHQQH� VHUD� VXSSRVp� RULHQWp� DX� ]pQLWK�� HW� O¶DQJOH� α� VH
FRQIRQG� DYHF� O¶DQJOH� G¶LQFLGHQFH� SDU� UDSSRUW� j� OD� QRUPDOH� DX� SODQ� KRUL]RQWDO� ORFDO

�FRPSOpPHQW�GH�O¶DQJOH�GH�VLWH��
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v 3RODULVDWLRQ�GURLWH

α Angle d’incidence a3 -104.4102

a0 0.0006 a4 59.7165

a1 -22.8316 a5 -15.26

a2 77.2018 a6 1.4088

Table C. 2 : paramètres du gain d’antenne récepteur en polarisation droite

v 3RODULVDWLRQ�JDXFKH

α Angle d’incidence a3 33.6161

a0 -24.9948 a4 -19.1146

a1 10.8642 a5 4.6611

a2 -26.0155 a6 -0.4025

Table C. 3 : paramètres du gain d’antenne récepteur en polarisation gauche
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Figure C. 4.. : gain d’antenne RHCP Figure C. 5.: gain d’antenne LHCP

&��������3HUWH�GH�WUDQVPLVVLRQ

FRXL XR

GR

PR PRX

Figure C. 6.: Pertes au niveau du récepteur
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La puissance du signal PRX à l’entrée du récepteur est égale à :

FRX

R
RX L

P
P = Eq.C. 5

où RP  est la puissance au pied de l’antenne et FRXL  est la perte entre l’antenne et le récepteur.

&������3HUWH�HQ�HVSDFH�OLEUH

/D�SHUWH�HQ�HVSDFH� OLEUH�UHSUpVHQWH� OH�UDSSRUW�GHV�SXLVVDQFHV� UHoXH�HW�pPLVH�SRXU�XQH

OLDLVRQ�HQWUH�GHX[�DQWHQQHV�LVRWURSLTXHV�






 ××
=

c

fR
L p

EL

π4
log.20 Eq.C. 6

R�� pf �HVW�OD�IUpTXHQFH�GH�OD�SRUWHXVH�pPLVH�SDU�OH�VDWHOOLWH

HW� R �HVW�OD�GLVWDQFH�HQWUH�OH�UpFHSWHXU�HW�OH�VDWHOOLWH

&����3XLVVDQFH�GX�EUXLW

'LIIpUHQWV�VLJQDX[� LQGpVLUDEOHV��EUXLWV��VH� VXSHUSRVHQW�j� OD�SRUWHXVH� UHoXH�GX� VDWHOOLWH�

(Q�H[FOXDQW�OHV�EURXLOODJHV�G¶RULJLQH�UDGLRpOHFWULTXH�HQ�SURYHQDQFH�G¶DXWUHV�V\VWqPHV�GH

FRPPXQLFDWLRQV��LO�HVW�FRPPRGH�GH�FRPELQHU�OHV�EUXLWV�HQ�SURYHQDQFH�GH�O¶DQWHQQH��GH

OD�FRQQH[LRQ�DQWHQQH�UpFHSWHXU��HW� OH�EUXLW�pTXLYDOHQW�GX�UpFHSWHXU�HQ�XQ�EUXLW�GpILQL�j

O¶HQWUpH�GX�UpFHSWHXU�HW�FDUDFWpULVp�SDU�OD�WHPSpUDWXUH�GH�EUXLW�V\VWqPH�

r
FRX

FRX

FRX

a TT
L

L

L

T
T +

−
+= 0

1
Eq.C. 7

R���

0T  température de référence

aT  température d’antenne

FRXL  perte de câble récepteur

0)1( TFTr −=  température récepteur

F  facteur de bruit du récepteur

'DQV�OD�EDQGH�GH�EUXLW�GX�UpFHSWHXU��FH�EUXLW�HVW�PRGpOLVp�SDU�XQ�EUXLW�EODQF�GH�GHQVLWp

VSHFWUDOH�GH�SXLVVDQFH�PRQRODWpUDOH� 0N �WHOOH�TXH��

TkN .0 = Eq.C. 8

R�� k �HVW�OD�FRQVWDQWH�GH�%ROW]PDQQ� HzKWHzKdBWk ./1038.1./6.228 23−⋅=−=
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3RXU� DYRLU� XQ� RUGUH� G¶LGpH� GX� QLYHDX� GH� EUXLW� HQ� HQWUpH� GX� UpFHSWHXU�� /HV� YDOHXUV

VXLYDQWHV�VRQW�DSSOLTXpHV�DX[�GLIIpUHQWV�SDUDPqWUHV�GHV�pTXDWLRQV�FL�GHVVXV��

KTa 130=

dBLFRX 1.1=
dBF 25.1=
KT 2900 =

T GHYLHQW�DORUV��

dBKKT 36.23217 ==
G¶R���

HzdBWN /24.2050 −=

&����5DSSRUW�VLJQDO�j�EUXLW

/H�UDSSRUW�VLJQDO�j�EUXLW�V¶REWLHQW�DORUV�HQ�IDLVDQW�OH�UDSSRUW�HQWUH�OD�SXLVVDQFH�GX�VLJQDO

HW�OD�SXLVVDQFH�GX�EUXLW��

00 NLALL

GGP

N

C

FRXFTXEL

recsate= Eq.C. 9

eP ��SXLVVDQFH�G¶pPLVVLRQ

satG ��JDLQ�G¶DQWHQQH�VDWHOOLWH

recG ��JDLQ�G¶DQWHQQH�UpFHSWHXU

ELL ��SHUWH�G¶HVSDFH�OLEUH

A ��SHUWH�GX�DX[�FRPSRVDQWHV�JD]HXVHV�GH�O¶DWPRVSKqUH

FTXL ��SHUWH�GH�WUDQVPLVVLRQ�DX�QLYHDX�GX�VDWHOOLWH

FRXL ��SHUWH�GH�WUDQVPLVVLRQ�DX�QLYHDX�GX�UpFHSWHXU

%LEOLRJUDSKLH

>0$5���@ 0$5$/�*���%28648(7�0�

©�6DWHOOLWH�&RPPXQLFDWLRQV�6\VWHPV�ª�

:LOH\�������

>3$5���@ 3$5.,1621�%UDGIRUG�:���63,/.(5�-DPHV�-�

©�*OREDO�3RVLWLRQLQJ�6\VWHP���7KHRU\�DQG�$SSOLFDWLRQV�ª�

$PHULFDQ�LQVWLWXWH�RI�DHURQDXWLFV�DQG�DVWURQDXWLFV��YROXPH�,�,,��������
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&HWWH�DQQH[H�D�SRXU�EXW�GH�SUpVHQWHU�SOXV�HQ�GpWDLO� WURLV�SRVWHV�G¶HUUHXU�GHV�V\VWqPHV

GH�QDYLJDWLRQ�SDU�VDWHOOLWHV��

• (UUHXUV�G¶pSKpPpULGHV

• (UUHXU�LRQRVSKpULTXH

• (UUHXU�WURSRVSKpULTXH

'����/HV�HUUHXUV�G¶pSKpPpULGHV

/H�SULQFLSH�GHV�V\VWqPHV�GH�QDYLJDWLRQ�SRXU�FDOFXOHU�OD�SRVLWLRQ�GX�UpFHSWHXU�SDU�VDWHOOLWH

HVW� GH� PHVXUHU� OD� GLVWDQFH� VpSDUDQW� OH� VDWHOOLWH� HW� OH� UpFHSWHXU�� 2U�� OHV� VDWHOOLWHV� QH

GpFULYHQW�SDV�SDUIDLWHPHQW�O¶RUELWH�GRQW�LOV�WUDQVPHWWHQW�OHV�SDUDPqWUHV��LOV�SHXYHQW�rWUH

HQ�DYDQFH�RX�HQ�UHWDUG�YRLUH�GpFDOpV�GH�OD�WUDMHFWRLUH�TXL�HVW�HQYR\pH�j�O¶XWLOLVDWHXU��&HV

HUUHXUV�VXU�OHV�SRVLWLRQV�GHV�VDWHOOLWHV�LQWURGXLVHQW�GRQF�XQH�HUUHXU�GDQV�OD�PHVXUH�GH�OD

SVHXGR�GLVWDQFH�

&HV�HUUHXUV�G¶RUELWRJUDSKLH�RQW�SOXVLHXUV�RULJLQHV���O¶LQIOXHQFH�GH�OD�OXQH�HW�GX�VROHLO��HW�OD

SUpFLVLRQ�GX�VXLYL�GHV�VDWHOOLWHV�SDU�OH�VHJPHQW�GH�FRQWU{OH�

7URLV�HUUHXUV�GH�SRVLWLRQ�G¶XQ�VDWHOOLWH�SDU�UDSSRUW�j�VRQ�RUELWH�SHXYHQW�rWUH�GLVWLQJXpHV��

• /¶HUUHXU�UDGLDOH�TXL�HVW�O¶HUUHXU�G¶DOWLWXGH�GX�VDWHOOLWH��5$'�

• /¶HUUHXU�GH�SRVLWLRQ�OH�ORQJ�GH�VD�WUDMHFWRLUH��$7.�

• /¶HUUHXU�RUWKRJRQDOH�j�O¶RUELWH�HW�j�OD�YHUWLFDOH��;7.�

RT

O

Mobile  El

S

ATK

XTK

RAD

R

Figure D. 1 : Erreurs d’orbitographie
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/D�FRQWULEXWLRQ�GH�FHV�HUUHXUV�HVW�GRQQpH�SDU��

XTKSATKSRADSR .sin.sin.cos.sin.cos ββ ++=∆ Eq.D. 1

DYHF��

S �O¶DQJOH�GH�QDGLU

R∆ � O¶HUUHXU� LQWURGXLWH� VXU� R � �GLVWDQFH� VDWHOOLWH� UpFHSWHXU�� SDU� OHV� HUUHXUV
G¶RUELWRJUDSKLH

β � O¶DQJOH� HQWUH� O¶RUELWH�GX� VDWHOOLWH� HW� OH� SODQ� GpILQL� SDU� OHV� WURLV� SRLQWV��� VDWHOOLWH�
UpFHSWHXU�HW�FHQWUH�GH�OD�WHUUH�

/¶HIIHW�GH�FHV�HUUHXUV�GpSHQG�GRQF�GH�OD�SRVLWLRQ�GH�O¶XWLOLVDWHXU�SDU�UDSSRUW�DX�VDWHOOLWH�

1RXV�DYRQV�SULV�GHV�YDOHXUV�G¶HUUHXUV�j���VLJPD�GH��P�SRXU�5$'��HW�GH����P�SRXU�$7.

HW�;7.�

'����/¶LRQRVSKqUH

/¶LRQRVSKqUH�HVW�XQ�PLOLHX�GLVSHUVLI�VLWXp�GDQV�OD�UpJLRQ�GH�O¶DWPRVSKqUH�FRPSULVH�HQWUH

���NP�HW�������NP��'DQV�FHWWH� UpJLRQ�� OHV� UD\RQV�XOWUDYLROHWV�HQ�SURYHQDQFH�GX� VROHLO

LRQLVHQW� GHV� PROpFXOHV� GH� JD]� HW� OLEqUHQW� GHV� pOHFWURQV� OLEUHV�� &HV� pOHFWURQV� OLEUHV

LQIOXHQFHQW�OD�SURSDJDWLRQ�GHV�RQGHV�pOHFWURPDJQpWLTXHV��/HV�HIIHWV�VRQW�OD�VFLQWLOODWLRQ�

YDULDWLRQ� GH� OD� GLUHFWLRQ� G¶DUULYpH�� UHWDUG� GH� SURSDJDWLRQ�� GLVSHUVLRQ�� FKDQJHPHQW� GH

IUpTXHQFH�HW�URWDWLRQ�GH�SRODULVDWLRQ�

'������3HUWXUEDWLRQV�LQWURGXLWHV�SDU�OD�WUDYHUVpH�GH�O¶LRQRVSKqUH

'��������6FLQWLOODWLRQV

/
LRQLVDWLRQ�TXL�VH�SURGXLW�GDQV�O
LRQRVSKqUH�FRPSRUWH�GHV�YDULDWLRQV�KRUL]RQWDOHV�HW�GHV

YDULDWLRQV� WHPSRUHOOHV� j� FRXUW� WHUPH�� TXL� FUpHQW� GRQF� GHV� IOXFWXDWLRQV� GDQV� OHV

FDUDFWpULVWLTXHV� G
XQH� RQGH� WUDYHUVDQW� O
LRQRVSKqUH�� &HV� IOXFWXDWLRQV� SHXYHQW� DIIHFWHU

O
DPSOLWXGH��OD�SKDVH�G
DQJOH�G
DUULYpH�HW�OD�SRODULVDWLRQ�GH�O
RQGH�

/¶HIIHW�GH�VFLQWLOODWLRQ�GpSHQG�GH�OD�ODWLWXGH��HW�OH�JOREH�D�pWp�GLYLVp�HQ�WURLV�JUDQGV

VHFWHXUV�G¶DFWLYLWp�GH�VFLQWLOODWLRQ��

• 5pJLRQ�pTXDWRULDOH���±�����SDU�UDSSRUW�j�O¶pTXDWHXU
• /DWLWXGH�PR\HQQH���±�����j�±����
• 5pJLRQ�SRODLUH���±�����j�±����

&HV�IOXFWXDWLRQV�LRQRVSKpULTXHV�VRQW�VXUWRXW�LPSRUWDQWHV�GDQV�OHV�UpJLRQV�pTXDWRULDOHV�HW

SRODLUHV�HW�SHQGDQW�OD�QXLW�
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'��������9DULDWLRQ�GH�OD�GLUHFWLRQ�G¶DUULYpH

/¶LQGLFH� GH� UpIUDFWLRQ� GH� O¶LRQRVSKqUH� HVW� UHVSRQVDEOH� GH� OD� GpYLDWLRQ� GHV� RQGHV� SDU

UDSSRUW�j� OD� OLJQH�GURLWH�HQWUH� OH�VDWHOOLWH�HW� OH�VRO��/¶HUUHXU� LRQRVSKpULTXH�GH�UpIUDFWLRQ

DQJXODLUH�HVW�GRQQpH�SDU�O¶H[SUHVVLRQ�VXLYDQWH��

Rf

TEC

ElRhRh

ElRElRR
E

pTiTi

TT
222

3.40

)sin()2(

)cos)(sin( ××
++

+
=∆ Eq.D. 2

R �HVW�OD�GLVWDQFH�HQWUH�OH�VDWHOOLWH�HW�OH�UpFHSWHXU

ih �KDXWHXU�GH�OD�GLVWULEXWLRQ�GX�7(&��GHQVLWp�G¶pOHFWURQV�OH�ORQJ�GX�WUDMHW�HQ�pOHFWURQV

SDU�P���HQ�JpQpUDO�FRPSULV�HQWUH�����HW�����NP�

&HWWH�HUUHXU�SHXW�rWUH�FHSHQGDQW�QpJOLJpH�

'��������5HWDUG�GH�SURSDJDWLRQ

/HV�UHWDUGV�LRQRVSKpULTXHV�VRQW�WUqV�VHQVLEOHV�j�O¶DFWLYLWp�VRODLUH�FH�TXL�UHQG�OHV�PRGqOHV

SHX�SUpFLV�

8QH�H[SUHVVLRQ�GX�SUHPLHU�RUGUH�GX�UHWDUG�LRQRVSKpULTXH�HVW��

)sin(

3.403.40
22 El

N

cf
TEC

cf pp
iono ×=×=τ Eq.D. 3

R�� F� HVW� OD� YLWHVVH� GH� OD� OXPLqUH�� pf � HVW� OD� IUpTXHQFH� SRUWHXVH� GX� VLJQDO�� 7(&� HVW� OD

GHQVLWp�G¶pOHFWURQV� OH� ORQJ�GX� WUDMHW�HQ�pOHFWURQV�SDU�P��HW�1�HVW� OH�7(&�G¶XQH�FRORQQH

YHUWLFDOH�GH���P��GH�VHFWLRQ�

'HX[�PRGqOHV�VRQW�IUpTXHPPHQW�XWLOLVpV��OH�SUHPLHU�HVW�OH�PRGqOH�GH�.OREXFKDU��TXL�HVW

XWLOLVp�GDQV� OHV� UpFHSWHXUV�*36�SRXU� FRUULJHU� OHV�PHVXUHV�GH�SVHXGR�GLVWDQFHV�GX�GpODL

LRQRVSKpULTXH��8Q�DXWUH�PRGqOH�HVW�OH�PRGqOH�GH�%HQW��TXL�VHORQ�VHV�DXWHXUV�D�XQ�QLYHDX

G¶H[DFWLWXGH�GH����j�����SDU�UDSSRUW�j�OD�UpDOLWp��&HV�GHX[�PRGqOHV�VRQW�GRQQpV�j�OD�ILQ

GH�FHWWH�DQQH[H�

/¶LRQRVSKqUH�LQWURGXLW�DXVVL�XQH�DYDQFH�GH�OD�SKDVH�GH�OD�SRUWHXVH�GpSHQGDQW�GX�UHWDUG

GH�SURSDJDWLRQ��

ionopiono f τφ −= Eq.D. 4

'��������'LVSHUVLRQ

/D�GLVSHUVLYLWp�GH� O¶LRQRVSKqUH�SHXW�SURGXLUH�XQH�GLVSHUVLRQ�GX�VSHFWUH�GX� VLJQDO��PDLV

FHV�HIIHWV�SHXYHQW�rWUH�QpJOLJpV�
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'��������&KDQJHPHQW�GH�IUpTXHQFH

3XLVTXH�OD�IUpTXHQFH�HVW� OD�GpULYpH�SDU�UDSSRUW�DX�WHPSV�GH� OD�SKDVH��XQH�FRQWULEXWLRQ

VXSSOpPHQWDLUH� DX� GpFDODJH� 'RSSOHU� DSSDUDvW�� &H� GpFDODJH� IUpTXHQWLHO� HVW� SHWLW� SDU

UDSSRUW�DX�GpFDODJH�'RSSOHU�HW�HVW�OH�PrPH�SRXU�WRXV�OHV�WUDMHWV�SURYHQDQW�G¶XQ�PrPH

VDWHOOLWH��QRXV�QH�OH�SUHQGURQV�GRQF�SDV�HQ�FRPSWH�

'��������5RWDWLRQ�GH�SRODULVDWLRQ

/RUVTX¶XQH� RQGH� UDGLR� SRODULVpH� OLQpDLUHPHQW� WUDYHUVH� O¶LRQRVSKqUH�� O¶RQGH� VXELW� XQH

URWDWLRQ�GX�SODQ�GH�SRODULVDWLRQ��SKpQRPqQH�FRQQX�VRXV�OH�QRP�GH�URWDWLRQ�GH�)DUDGD\�

'DQV� QRWUH� FDV�� QRXV� XWLOLVRQV� GHV� VLJQDX[� SRODULVpV� FLUFXODLUHPHQW�� OD� URWDWLRQ� GH

)DUDGD\�Q¶D�GRQF�DXFXQ�HIIHW�VXU�OH�VLJQDO�

'������0RGqOHV�GX�UHWDUG�GH�SURSDJDWLRQ�LQWURGXLW�SDU�OD�WUDYHUVpH�GH

O¶LRQRVSKqUH

'��������0RGqOH�GH�.OREXFKDU

/H�PRGqOH�GH�.OREXFKDU�SHUPHW�G¶HVWLPHU�HQ�SDUWLH� OH� UHWDUG�GH� O¶RQGH� LQWURGXLW�SDU� OD

WUDYHUVpH�GH�O¶LRQRVSKqUH��















+−+×=

242
15

22 xx
AmpnsFTion VL� 1<x ��GXUDQW�OD�MRXUQpH Eq.D. 5

nsFTion 5×= VL� 57.1≥x �GXUDQW�OD�QXLW Eq.D. 6

F �HVW�OH�FRHIILFLHQW�G¶REOLTXLWp���OH�WUDMHW�GH�O¶RQGH�GDQV�O¶LRQRVSKqUH�HVW�SOXV�LPSRUWDQW
HQ�REOLTXH�TX¶j�OD�YHUWLFDOH��/H�UHWDUG�GpWHUPLQp�j�OD�YHUWLFDOH�GX�SRLQW�G¶LQWHUVHFWLRQ�GH

OD� OLDLVRQ� VDWHOOLWH�� UpFHSWHXU� HW� O¶LRQRVSKqUH� GRLW� rWUH� PXOWLSOLp� SDU� XQ� FRHIILFLHQW

GpSHQGDQW�GH�O¶DQJOH�GH�VLWH�

3)53.0(0.161.1 ElF −×+= Eq.D. 7






 −=

Per

t
x

50400
2π �R��W�KHXUH�ORFDOH Eq.D. 8
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/¶DPSOLWXGH�GX�PRGqOH�HVW�GRQQpH�SDU��

∑
=

=
3

0

.
n

n
mnAmp φα Eq.D. 9

/D�SpULRGH�GX�PRGqOH�HVW�REWHQXH�SDU�OHV�UHODWLRQV�VXLYDQWHV��

∑
=

=
3

0

.
n

n
mnPer φβ Eq.D. 10

mφ �HVW�OD�ODWLWXGH�JpRPDJQpWLTXH�GX�SRLQW�G¶LQWHUVHFWLRQ�� iφ � iλ ��GH�OD� OLDLVRQ�VDWHOOLWH��

UpFHSWHXU�HW�O¶LRQRVSKqUH�

8QH�FRUUHFWLRQ�PDJQpWLTXH�HVW�QpFHVVDLUH�FDU�RQ�XWLOLVH�OD�ODWLWXGH�JpRPDJQpWLTXH

GDQV�OD�SpULRGH�HW�O¶DPSOLWXGH��/¶pTXDWHXU�JpRPDJQpWLTXH�HVW�GpFDOp�DX�PD[LPXP�GH����

SDU�UDSSRUW�j�O¶pTXDWHXU�JpRJUDSKLTXH�

)617.1cos(.0064.0 −+= iim λφφ Eq.D. 11

&HWWH�UHODWLRQ�SURYLHQW�G¶XQH�DSSUR[LPDWLRQ�GH��

)cos(.cos.cossin.sinsin pipipim λλφφφφφ −+= Eq.D. 12

R�� pφ �HW� pλ �VRQW�GHV�FRQVWDQWHV�

iφ �HW� iλ �VRQW�UHVSHFWLYHPHQW�OD�ODWLWXGH�HW�OD�ORQJLWXGH�JpRFHQWULTXH�GH�OD�SURMHFWLRQ�VXU

WHUUH�GX�SRLQW�G¶LQWHUVHFWLRQ� OLDLVRQ�LRQRVSKqUH��&HV�SDUDPqWUHV� VRQW�GpWHUPLQpV�SDU� OD

SRVLWLRQ�GX�UpFHSWHXU�

/D�ORQJLWXGH�HVW�GRQQpH�SDU��

Aui cos.ψφφ += VL� 416,0≤iφ

416,0+=iφ VL� 416,0>iφ Eq.D. 13

416,0−=iφ VL� 416,0<iφ

HW�OD�ODWLWXGH�SDU��

i
ui

A

φ
ψλλ
cos

sin.+= Eq.D. 14
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A

Récepteur

( )uu λφ ,

Vers le pôle Nord

Vers satellite

Point subionosphèrique

( )ii λφ ,

Figure D. 2 :Géométrie par rapport au pôle Nord

uφ �HW� uλ �VRQW�UHVSHFWLYHPHQW�OD�ODWLWXGH�HW�OD�ORQJLWXGH�JpRFHQWULTXH�GX�UpFHSWHXU�RX�GH

O¶XWLOLVDWHXU�

ψ � HVW� O¶DQJOH� DX� FHQWUH� GH� OD� WHUUH� HQWUH� OH� UpFHSWHXU� HW� OH� SRLQW� G¶LQWHUVHFWLRQ� OLDLVRQ

LRQRVSKqUH�

zEl −−= 90ψ �HQ�GHJUpV Eq.D. 15

HW� )cos(sin El
hR

R
az

T

T ×
+

= �� Eq.D. 16

kmRT 6400=
kmh 350=

2Q�SHXW�XWLOLVHU�XQ�DOJRULWKPH�VLPSOLILp�SRXU�OH�FDOFXO�GH�ψ ��

022.0
11.0

00137.0 −
+

=
El

ψ Eq.D. 17

/HV�FRHIILFLHQWV� nα �HW� nβ �VRQW�GHV�SDUDPqWUHV�WUDQVPLV�SDU�OHV�VDWHOOLWHV�



$11(;(�'���/(6�3267(6�'¶(55(85

101

7(50( +,9(5 35,17(036 (7( $87201(

α� �������� �������� �������� ��������

α� ��������� �������� ��������� ���������

α� ��������� ��������� ��������� ���������

α� �������� ��������� ��������� ��������

β� ������� ������� ������� �������

β� �������� ������� ������� ��������

β� �������� �������� �������� ��������

β� ������� �������� �������� �������

Table D. 1 : paramètres du modèle de Klobuchar en fonction des saisons

Ionosphère

Terre

Satellite

Centre de la terre

■

Liaison

Récepteur

( )uu λφ ,

ψ

El
z

RT

h

hs

( )ii λφ ,

Figure D. 3 : Traversée de l’ionosphère
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'��������0RGqOH�GH�%HQW

/H� PRGqOH� LRQRVSKpULTXH� GH� %HQW� FRQVLVWH� HQ� XQ� DOJRULWKPH� FDSDEOH� GH� IRXUQLU� XQH

HVWLPDWLRQ�GX�FRQWHQX�pOHFWURQLTXH�WRWDO�WUqV�SUpFLVH�TXHO�TXH�VRLW�OH�OLHX�R��RQ�FKHUFKH�j

O¶HVWLPHU�HW�TXHOOH�TXH�VRLW�O¶KHXUH�ORFDOH�

/H�SURILO�LRQRVSKpULTXH�D�pWp�PRGpOLVp�HPSLULTXHPHQW�j�SDUWLU�G¶XQH�WUqV�JUDQGH�TXDQWLWp

GH�PHVXUHV�

)sin(

3.403.40
22 El

N

cf
TEC

cf pp

×=×=τ Eq.D. 18

&H�PRGqOH�SUpVHQWH�OHV�FDUDFWpULVWLTXHV�VXLYDQWHV��

• 8QH�IRQFWLRQ�TXDUWLTXH�GDQV�OD�EDVVH�LRQRVSKqUH

• 7URLV�IRQFWLRQV�H[SRQHQWLHOOHV�GDQV�OD�KDXWH�LRQRVSKqUH�MXVTX¶j������NP

• 8QH�SDUDEROH�GDQV�OD�SDUWLH�LQWHUPpGLDLUH

densité (m-2)

altitude (km)

1 000 km

h2

h1

hm

ym

h0
d
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2

akeNN −=
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1

akeNN −=

11
0

akeNN −=
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2
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2
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m
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[ ] mt yFfy 1)5.10(1333.0 20 +−=

[ ]1)1(
1 212
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−+= Ky
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d t

N2 N1 N0 Nm

Figure D. 4 : Modèle de Bent
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'����/D�WURSRVSKqUH

/D� WUDYHUVpH� GH� OD� WURSRVSKqUH� LQWURGXLW� SOXVLHXUV� SHUWXUEDWLRQV�� /D� WURSRVSKqUH� HVW� OD

FRXFKH�DWPRVSKpULTXH�OD�SOXV�YRLVLQH�GH�OD�WHUUH�HW�VRQ�pSDLVVHXU�HVW�FRPSULVH�HQWUH��

NP�DX[�S{OHV�HW����NP�VXU�O¶pTXDWHXU�

'������5HWDUG�GH�SURSDJDWLRQ

/RUVTXH�O¶DQJOH�GH�VLWH�HVW�IDLEOH��OH�WUDMHW�j�WUDYHUV�O¶DWPRVSKqUH�HVW�SOXV�LPSRUWDQW��3DU

FRQVpTXHQW��OD�FRUUHFWLRQ�GRLW�WHQLU�FRPSWH�GH�O¶DOWLWXGH�GX�UpFHSWHXU�HW�GH�O¶DQJOH�GH�VLWH

SDU�UDSSRUW�j�O¶KRUL]RQ�

/D�FRUUHFWLRQ�HQ�GLVWDQFH�V¶H[SULPH�GH�OD�PDQLqUH�VXLYDQWH��

)()(),( hRElfElhR ∆×=∆ Eq.D. 19

R���� ),( ElhR∆ �HVW�OD�FRUUHFWLRQ�WRWDOH�HQ�GLVWDQFH

)(hR �OD�FRUUHFWLRQ�HQ�IRQFWLRQ�GH�O¶DOWLWXGH

El �O¶DQJOH�GH�VLWH

&H� PRGqOH� GH� FRUUHFWLRQ� HVW� YDODEOH� TXHOOH� TXH� VRLW� O¶DOWLWXGH� GX� UpFHSWHXU� GDQV

O¶DWPRVSKqUH�

/D�FRUUHFWLRQ�GX�WHPSV�GH�SURSDJDWLRQ�RX�GH� OD�GLVWDQFH�UpFHSWHXU�VDWHOOLWH�HQ� IRQFWLRQ

GH�O¶DQJOH�GH�VLWH�HVW�GRQQpH�SDU�OD�UHODWLRQ��

0455,0tan

00143,0
sin

1
)(

+
+

=

El
El

Elf SSRRXXUU�� °< 90El Eq.D. 20

1)( =θf SSRRXXUU�� °= 90El Eq.D. 21

/D�FRUUHFWLRQ�GH�OD�GLVWDQFH�HQWUH�OH�UpFHSWHXU�HW�OHV�VDWHOOLWHV�HVW�GRQQpH�SDU��

)()()()( 321 hRhRhRhR ∆+∆+∆=∆ Eq.D. 22

R���

)(1 hR∆ ���FRUUHFWLRQ�GH�GLVWDQFH�SRXU�XQH�DOWLWXGH�FRPSULVH�HQWUH���HW���NP

)(2 hR∆ ���FRUUHFWLRQ�GH�GLVWDQFH�SRXU�XQH�DOWLWXGH�FRPSULVH�HQWUH���HW���NP

)(3 hR∆ ���FRUUHFWLRQ�GH�GLVWDQFH�SRXU�XQH�DOWLWXGH�FRPSULVH�HQWUH���NP�HW� sath
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6L�O¶DOWLWXGH�GH�O¶XWLOLVDWHXU� uh �HVW�FRPSULVH�HQWUH���HW���NP��

∫ −∆+=∆
km

h

u

u

mètresdhhNNhR
1

3
01 )(10.)..()( Eq.D. 23

mhR u 430.1)(2 =∆ Eq.D. 24

mhR u 732.0)(3 =∆ Eq.D. 25

DYHF� 8.3240 =N �LQGLFH�GH�UpIUDFWLRQ�DX�QLYHDX�GH�OD�PHU

��� 792.44−=∆N

6L� uh �HVW�FRPSULVH�HQWUH���HW���NP��

0)(1 =∆ uhR Eq.D. 26

∫ −−−=∆
km

h

h
u

u

mètresdheNhR
9

3)1.(
12 )(10...)( α Eq.D. 27

mhR u 732.0)(3 =∆ Eq.D. 28

DYHF� 2801 =N

����
105

ln
8

1 1N=α Eq.D. 29

/H�UHWDUG�WURSRVSKpULTXH�HVW�DORUV��

c

hR
ElfT

)(
)(

∆×= Eq.D. 30

'������$WWpQXDWLRQ�GXH�DX[�FRPSRVDQWHV�JD]HXVHV

'DQV� OD� EDQGH� ���� *+=�� OH� SKpQRPqQH� G¶DWWpQXDWLRQ� SDU� OHV� JD]� SUpVHQWV� GDQV

O¶DWPRVSKqUH�HVW�GRPLQp�SDU�DWWpQXDWLRQ�GH�O¶R[\JqQH��&HWWH�DWWpQXDWLRQ�HVW�GH�O¶RUGUH�GH

������ G%� SRXU� XQ� VDWHOOLWH� DX� ]pQLWK� �(O ������ 7RXWHIRLV�� HOOH� SHXW� rWUH� GL[� IRLV� SOXV

LPSRUWDQWH�SRXU�GH�IDLEOHV�DQJOHV�GH�VLWH�

/¶DWWpQXDWLRQ�GH�O¶R[\JqQH� )(ElA �YDULH�DYHF�O¶DQJOH�GH�VLWH� El �SURSRUWLRQQHOOHPHQW�j�OD

WDLOOH�GX�WUDMHW�WURSRVSKpULTXH� L
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6L� OD�WURSRVSKqUH�HVW�PRGpOLVpH�SDU�XQH�VLPSOH�FRTXLOOH�VSKpULTXH�XQLIRUPH�GH�KDXWHXU
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Figure D. 5 : Troposphère Figure D. 6 : Atténuation due aux gaz

'������$WWpQXDWLRQ�GXH�DX[�SKpQRPqQHV�K\GURPpWpRURORJLTXHV

(WDQW� GRQQp� OHV� IUpTXHQFHV� TXH� QRXV� SUHQRQV� HQ� FRPSWH� �EDQGH� /��� QRXV� SRXYRQV

QpJOLJHU�OHV�DWWpQXDWLRQV�DWPRVSKpULTXHV�GXHV�j�OD�SOXLH��OD�QHLJH��OHV�HIIHWV�GH�OD�YDSHXU

G¶HDX�

%LEOLRJUDSKLH

>.$3���@ .$3/$1�(OOLRWW�'�

©�8QGHUVWDQGLQJ�*36��SULQFLSOHV�DQG�DSSOLFDWLRQV�ª�

/RQGUHV��$UWHFK�+RXVH�������

>./2���@ ./2%8&+$5�-�$�

©�,RQRVSKHULF�(IIHFWV�RQ�*36�ª�

$,$$�ERRN�RQ�*36�������

>3$5���@ 3$5.,1621�%UDGIRUG�:���63,/.(5�-DPHV�-�

©�*OREDO�3RVLWLRQLQJ�6\VWHP���7KHRU\�DQG�$SSOLFDWLRQV�ª�

$PHULFDQ�LQVWLWXWH�RI�DHURQDXWLFV�DQG�DVWURQDXWLFV��YROXPH�,�,,��������
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/H�EXW�GH�FHWWH�DQQH[H�HVW�GH�SUpVHQWHU�OH�SULQFLSH�GH�IRQFWLRQQHPHQW�G¶XQ�UpFHSWHXU�GH

QDYLJDWLRQ�� 7RXW�G¶DERUG��QRXV�YHUURQV� FRPPHQW� OD� SVHXGR�GLVWDQFH� HVW�PHVXUpH�� SXLV

FRPPHQW�OD�SRVLWLRQ�GX�UpFHSWHXU�SHXW�rWUH�FDOFXOpH�JUkFH�j�XQ�ILOWUH�GH�.DOPDQ�

(����/D�SRXUVXLWH

/HV� UpFHSWHXUV� GH� QDYLJDWLRQ� SRXUVXLYHQW� OH� VLJQDO� j� O¶DLGH� G¶XQH� ERXFOH� GH� SKDVH� TXL

GpPRGXOH�OHV�GRQQpHV��HW�G¶XQH�ERXFOH�GH�FRGH�TXL�PHVXUH�OH�WHPSV�GH�SURSDJDWLRQ�GX

VLJQDO�

(������/D�ERXFOH�GH�SKDVH

3RXU�GpPRGXOHU� OD�SRUWHXVH�� OHV� UpFHSWHXUV�GH�QDYLJDWLRQ�SDU� VDWHOOLWHV�XWLOLVHQW� OH�SOXV

VRXYHQW�XQH�ERXFOH�GH�&RVWDV��'DQV� OH�VFKpPD�TXL�VXLW�� OD�VWUXFWXUH�FODVVLTXH�GH�FHWWH

ERXFOH�HVW�UDSSHOpH��

)(tc
r

)ˆcos( 0φω +tc

)ˆsin( 0φω +tc

I

Q

ϕV

Filtre
passe-bas

Filtre
passe-bas

Filtre de
boucleVCO

)ˆ( 0τ−tp

Figure E. 1: la boucle de Costas
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)(tcr �HVW�OH�VLJQDO�UHoX�SDU�OD�ERXFOH�GH�SKDVH�HW�HVW�GpILQLW�SDU��

))(2sin())(())(()()( 0000 ttfttdttptatc cr φπττ +−−= Eq.E. 1

/D�SRUWHXVH�UHoXH�HVW�PXOWLSOLpH�SDU�OD�FRPSRVDQWH�HQ�FRVLQXV�HW�SDU�OD�FRPSRVDQWH�HQ

VLQXV� GH� OD� SRUWHXVH� JpQpUpH� ORFDOHPHQW� SDU� OH� 9&2�� /HV� WHUPHV� j� IUpTXHQFH� GRXEOH

UpVXOWDQW�GX�SDVVDJH�HQ�EDQGH�GH�EDVH��VRQW�pOLPLQpV�SDU�OHV�ILOWUHV�SDVVH�EDV�VLWXpV�HQ

VRUWLH�GHV�PXOWLSOLHXUV��/H�VLJQDO�G¶HUUHXU�HVW�DORUV�REWHQX�HQ�PXOWLSOLDQW� OHV� WHUPHV�HQ

VRUWLH�GHV�ILOWUHV��&H�VLJQDO�G¶HUUHXU�DSSHOp�DXVVL�WHQVLRQ�G¶HUUHXU�HVW�ILOWUp�SDU�OH�ILOWUH�GH

ERXFOH�TXL�GRQQH�HQ�VRUWLH�OD�WHQVLRQ�GH�FRQWU{OH�SLORWDQW�OH�9&2�
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Eq.E. 2

)ˆ)(sin()ˆ)((
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)ˆ()ˆcos()()( 0000

0

)1(
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−

ccp
c
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Tk

crc kTkTR
kTa

dttpttckTQ
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Eq.E. 3

0̂φ �HW� 0τ̂ � VRQW� OHV�HVWLPDWLRQV�GH� OD�SKDVH� 0φ �HW�GX� UHWDUG� 0τ �GH� OD�SRUWHXVH�GX� VLJQDO

GLUHFW�

/D�WHQVLRQ�G¶HUUHXU�GH�OD�ERXFOH�GH�&RVWDV�HVW�DORUV�GRQQpH�SDU�O¶H[SUHVVLRQ�VXLYDQWH���

( ))ˆ)((2sin)ˆ)((
8

)(
)( 0000

2
2
0 φφττϕ −−=×= ccp

c
c kTkTR

kTa
QIkTV Eq.E. 4
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Figure E. 2: Tension d’erreur de la boucle de Costas

/¶HVWLPDWLRQ� GH� OD� SKDVH� 0̂φ � HVW� REWHQXH� SRXU� XQH� WHQVLRQ� G¶HUUHXU� QXOOH�� DYHF� XQH

FRQVWDQWH�GH�WHPSV���%/��%/�pWDQW�OD�EDQGH�GH�ERXFOH�TXL�UHSUpVHQWH�OD�ODUJHXU�GH�EDQGH

pTXLYDOHQWH�GH�EUXLW�XQLODWpUDOH�GH�OD�ERXFOH�
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(������/D�ERXFOH�GH�FRGH�QRQ�FRKpUHQWH

0DLQWHQDQW� OH� SULQFLSH� GH� IRQFWLRQQHPHQW� G¶XQH� ERXFOH� GH� FRGH� QRQ� FRKpUHQWH� YD� rWUH

DERUGp�

/D�PHVXUH�GX� WHPSV� GH� SURSDJDWLRQ� GX� VLJQDO�� FRQVLVWH� HQ� GDWHU� O¶LQVWDQW� G¶DUULYpH� GX

GpEXW� RX� GH� OD� ILQ� G¶XQH� EULEH� VSpFLILTXH� GX� FRGH� j� O¶DLGH� GH� O¶KRUORJH� GX� UpFHSWHXU�

VDFKDQW�O¶LQVWDQW�G¶pPLVVLRQ�GH�FHW�pYpQHPHQW�FDU�YpKLFXOp�SDU�OH�PHVVDJH�GH�QDYLJDWLRQ�

&ODVVLTXHPHQW�� OH� SULQFLSH�GH� OD�PHVXUH� FRQVLVWH� j� FRUUpOHU� GHX[� VpTXHQFHV� LGHQWLTXHV

TXL�VRQW�OH�FRGH�UHoX�HW�OH�PrPH�FRGH�JpQpUp�ORFDOHPHQW�

$ILQ�GH�SRXUVXLYUH�OH�UHWDUG�GX�WUDMHW�GLUHFW��OD�SRUWHXVH�FRQYHUWLH�HQ�EDQGH�GH�EDVH�HVW

FRUUpOpH�DYHF�GHV�FRGHV�HQ�DYDQFH�HW�HQ� UHWDUG��&HV�FRGHV�VRQW�GHV� UpSOLTXHV�GX�FRGH

UHoX� DYHF� XQ� UHWDUG� GH� SOXV� RX� PRLQV� 2sC � SDU� UDSSRUW� DX� FRGH� HQ� SKDVH� JpQpUp

ORFDOHPHQW�� /H� SDUDPqWUH� sC � UHSUpVHQWH� O¶HVSDFHPHQW� DYDQFH�UHWDUG�� 6L� OD� ERXFOH� HVW

DFFURFKpH��OH�UHWDUG�GX�FRGH�HQ�SKDVH�HVW�OH�UHWDUG�HVWLPp�GX�VLJQDO�G¶HQWUpH�

/D�ILJXUH�VXLYDQWH�SUpVHQWH�OD�VWUXFWXUH�G¶XQH�ERXFOH�GH�FRGH�QRQ�FRKpUHQWH�

)2cos( tf Iπ
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Figure E. 3 : la boucle de code non-cohérente

/D�ERXFOH�GH�FRGH�QRQ�FRKpUHQWH�IRQFWLRQQH�PrPH�VL�OD�IUpTXHQFH�SRUWHXVH�HQ�UpFHSWLRQ

Q¶HVW�SDV�FRQQXH��(OOH�GRLW�GRQF�rWUH� FDSDEOH�GH� IRQFWLRQQHU� HQ�SUpVHQFH� GH�GpFDODJHV

SDU�UDSSRUW�j�OD�IUpTXHQFH�QRPLQDOH��&HV�GpFDODJHV�SHXYHQW�rWUH�GXV�DX[�HIIHWV�'RSSOHU�
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,O� HVW� VXSSRVp�TXH� OH�GRSSOHU� VXU� OD�SRUWHXVH� UHoXH�G��DX�PRXYHPHQW�GX� VDWHOOLWH� �GH

O¶RUGUH�GH�±���N+]��HVW�FRUULJp�ORUV�GX�SDVVDJH�HQ�IUpTXHQFH�LQWHUPpGLDLUH�GH�OD�SRUWHXVH�

(Q�HIIHW��XQH�JUDQGH�SDUWLH�GHV�RIIVHWV�GH�IUpTXHQFH�SHXW�rWUH�FRPSHQVpH�j�O¶DLGH�G¶XQH

IRUPH� GH� FRQWU{OH� GH� IUpTXHQFH� DXWRPDWLTXH�� /¶HVWLPDWLRQ� 'RSSOHU� SHXW� DXVVL� rWUH

UpDOLVpH�ORUV�GHV�SURFHVVXV�G¶DFTXLVLWLRQ�HW�GH�SRXUVXLWH��&HV�GHX[�RSpUDWLRQV�SHUPHWWHQW

OD�UpGXFWLRQ�GH�OD�ODUJHXU�GH�EDQGH�GHV�ILOWUHV�SDVVH�EDV��>3$5���@

'DQV�OH�FDV�FRQWUDLUH��OHV�ILOWUHV�SDVVH�EDV�GHV�YRLHV� AI �� AQ �� RI �� RQ �GHYUDLHQW�DYRLU�GHV

ODUJHXUV� GH� EDQGH� GLPHQVLRQQpHV� SRXU� SUHQGUH� HQ� FRPSWH� O¶RIIVHW� GH� IUpTXHQFH� GH� OD

SRUWHXVH� FDXVp� SDU� OHV� GpFDODJHV� 'RSSOHU� VDWHOOLWH�XWLOLVDWHXU� DX� GpWULPHQW� GHV

SHUIRUPDQFHV�HQ�WHUPH�GH�EUXLW�

/D� FRPELQDLVRQ� GHV� VLJQDX[� HQ� VRUWLH� GHV� YRLHV� DYDQFH� HW� UHWDUG� SHUPHW� G¶DYRLU� XQH

H[SUHVVLRQ�GH�OD�WHQVLRQ�G¶HUUHXU�GH�OD�ERXFOH�GH�FRGH�

2
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/¶HVWLPDWLRQ� GH� OD� SKDVH� GH� OD� SRUWHXVH� Q¶HVW� SDV� QpFHVVDLUH� GDQV� OHV� UpFHSWHXUV� QRQ�

FRKpUHQWV�GX�IDLW�GH�O¶pOpYDWLRQ�DX�FDUUp�TXL�HVW�UpDOLVpH�

1RXV�REWHQRQV�DLQVL��
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kTV −−−+−= ττττ Eq.E. 9
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Figure E. 4 : Sortie du discriminateur en fonction du retard en entrée

$LQVL�OD�ERXFOH�GH�FRGH�SHUPHW�G¶HVWLPHU�OD�YDOHXU�GH� 0τ̂ �SRXU�ODTXHOOH�OD�WHQVLRQ�G¶HUUHXU

V¶DQQXOH�

1RXV� DOORQV� PDLQWHQDQW� YRLU� SOXV� SUpFLVpPHQW� FRPPHQW� j� SDUWLU� GX� WHPSV� GH

SURSDJDWLRQ��OH�UpFHSWHXU�FDOFXOH�VD�SRVLWLRQ�

(����/HV�pTXDWLRQV�GH�QDYLJDWLRQ

1RXV�DYRQV�OH�V\VWqPH�G¶pTXDWLRQV�VXLYDQW��
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Eq.E. 10

/¶XVDJHU�GRLW�UpVRXGUH�XQ�V\VWqPH�GH�TXDWUH�IRUPHV�TXDGUDWLTXHV�R��[��\��]�HW� T∆ �VRQW

OHV�LQFRQQXHV��SRVLWLRQ�XVDJHU�HW�pFDUW�GH�O¶KRUORJH�GX�UpFHSWHXU�SDU�UDSSRUW�DX�WHPSV�GH

UpIpUHQFH����[L��\L��]L��VRQW�GHV�TXDQWLWpV�FRQQXHV�j�VDYRLU�OD�SRVLWLRQ�GX�VDWHOOLWH�6L��%LHQ

TX¶LO� VRLW� SRVVLEOH� GH� UpVRXGUH� GLUHFWHPHQW� OH� V\VWqPH�� OHV� UpFHSWHXUV� XWLOLVHQW� XQH

YHUVLRQ� OLQpDULVpH� EHDXFRXS� SOXV� VLPSOH�� 3RXU� OH� LqPH� VDWHOOLWHV�� OD� SVHXGR�GLVWDQFH

PHVXUpH�SDU�OH�UpFHSWHXU�HVW�QRWpH imes ,ρ �

1RXV�HVWLPRQV�OD�SRVLWLRQ�HW�OH�ELDLV�GH�O¶KRUORJH�GH�O¶XVDJHU����[Q��\Q��]Q��HW� nT∆ �

ical ,ρ HVW�OD�GLVWDQFH�HVWLPpH�DX�VDWHOOLWH�6L�HW� imes,ρ �OD�GLVWDQFH�PHVXUpH�DX�VDWHOOLWH�6L�

/¶pYROXWLRQ�GH�OD�SRVLWLRQ�V¶pFULW��

xxx n ∆+= Eq.E. 11
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yyy n ∆+= Eq.E. 12

zzz n ∆+= Eq.E. 13

)( TTT n ∆∆+∆=∆ Eq.E. 14

iicalimes ρρρ ∆+= ,, Eq.E. 15

(Q� DSSOLTXDQW� XQ� GpYHORSSHPHQW� HQ� VpULH� GH� 7D\ORU�� QRXV� SRXYRQV� OLQpDULVHU� OHV

pTXDWLRQV�EDVLTXHV�SDU�UDSSRUW�DX[�YDOHXUV�HVWLPpHV��
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&HWWH�pTXDWLRQ�SHXW�V¶pFULUH�DXVVL�GH�OD�PDQLqUH�VXLYDQWH��
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222 )()()(),,( zzzyyyxxxzyxg iii ∆+−+∆+−+∆+−= Eq.E. 19

2Q�REWLHQW�DORUV��

),,(
),,(

2

1),,( 21 zyxg
x

zyxg

x

zyxf nnn −

∂
∂=

∂
∂

Eq.E. 20

R���

)(2)(2
),,(

ini xxxxx
x

zyxg −=∆+−−=
∂

∂
Eq.E. 21

HW

Tczyxg
zyxg

ical ∆−
==−

.

1

),,(

1
),,(

,

21

ρ
Eq.E. 22

)LQDOHPHQW��QRXV�REWHQRQV��

Tc

xx

x

zyxf

ical

innnn

∆⋅−
−

=
∂

∂

,

),,(

ρ
Eq.E. 23

6L�OD�PrPH�RSpUDWLRQ�HVW�UpDOLVpH�VXU�OHV�GpULYpHV�VXU�\�HW�VXU�]��DORUV��
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Eq.E. 27

⇔� ρ∆=+∆⋅ vEH Eq.E. 28

DYHF��

ρ∆ ���YHFWHXU�SVHXGR�GLVWDQFH�G¶pYROXWLRQ�GH�OD�PHVXUH

E∆ ���YHFWHXU�G¶pYROXWLRQ�GH�O¶LQIRUPDWLRQ��SRVLWLRQ�HW�ELDLV�G¶KRUORJH�GH�O¶XVDJHU�

+���PDWULFH�GHV�FRVLQXV�GLUHFWHXUV�XVDJHU�VDWHOOLWH

v ���EUXLW�GH�PHVXUH

].[ tvvER = ���FRYDULDQFH�GHV�PHVXUHV

/D� PDWULFH� +� GpSHQG� GH� OD� JpRPpWULH� UHODWLYH� XVDJHU�VDWHOOLWH� HW� GRQF� GH� OD� SRVLWLRQ

UHODWLYH�GHV�VDWHOOLWHV�XWLOLVpV�DX�PRPHQW�GH�OD�PHVXUH�

(����/H�ILOWUH�GH�.DOPDQ

/D�PpWKRGH� OD�SOXV� FRXUDPPHQW�XWLOLVpH�SRXU� FDOFXOHU� OD� SRVLWLRQ�GX� UpFHSWHXU� j�SDUWLU

GHV� SVHXGR�GLVWDQFHV� HVW� OH� ILOWUDJH� GH� .DOPDQ�� /H� ILOWUH� GH� .DOPDQ� HVW� XQH� YHUVLRQ

DPpOLRUpH�GH�OD�PpWKRGH�GHV�PRLQGUHV�FDUUpV�TXL�XWLOLVH�XQH�pTXDWLRQ�UpFXUVLYH�

/HV� GHX[� SULQFLSDX[� DYDQWDJHV� GX� ILOWUH� GH� .DOPDQ� VRQW� TX¶LO� SHXW� IRQFWLRQQHU� DYHF

VHXOHPHQW�XQH�SDUWLH�GHV�PHVXUHV� HW� TX¶LO� DMXVWH� OH� SRLGV� TX¶LO� GRQQH� DX[�PHVXUHV� HQ

IRQFWLRQ�GHV�EUXLWV�GH�PHVXUH�
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(������$OJRULWKPH�GX�ILOWUH�GH�.DOPDQ

/HV� IRUPXOHV� XWLOLVpHV� GDQV� FHW� DOJRULWKPH�� VRQW� GH� W\SH� UpFXUUHQW�� j� FKDTXH� F\FOH� GH

FDOFXO��RQ�SDUW�GH� O¶HVWLPDWLRQ�GH� 1/1 −−∆ kkX �HW�GH� 1/1 −− kkP �SRXU�DERXWLU�j� O¶HVWLPDWLRQ�GH

kkX /∆ � HW� GH� kkP / �� X∆ � pWDQW� OH� YHFWHXU� G¶pWDW� �FH� TXH� O¶RQ� VRXKDLWH� FDOFXOHU�� HW� P � OD

FRYDULDQFH�GH�O¶HUUHXU�VXU�OD�VROXWLRQ�� )( XCovP ∆= ��

/H� ILOWUH� GH� .DOPDQ�� XQH� IRLV� OH� SURFHVVXV� LQLWLDOLVp�� DOWHUQH� HQWUH� GHX[� HQVHPEOHV

G¶pTXDWLRQV�GpFULYDQW��

�� O¶H[WUDSRODWLRQ�GH� O¶HVWLPDWHXU�HW� O¶HUUHXU�GH� FRYDULDQFH�HQWUH� OHV�PHVXUHV

�PRGqOH�GX�V\VWqPH�

�� O¶LQFRUSRUDWLRQ�GH�QRXYHOOHV�PHVXUHV�GDQV�O¶HVWLPDWHXU��PRGqOH�GH�PHVXUH�

/HV�H[WUDSRODWLRQV�GH�O¶HVWLPDWHXU�HW�GH�OD�FRYDULDQFH�GH�O¶HUUHXU�VRQW�GRQQpHV�SDU��

1/11/ . −−− ∆Φ=∆ kkkk XX Eq.E. 29

11/11/ .. −−−− +ΦΦ= k
t

kkkk QPP Eq.E. 30

1RXV�REWHQRQV�HQVXLWH�OD�PHVXUH�HVWLPpH�JUkFH�j�O¶pTXDWLRQ�VXLYDQWH��

).( 1/1// −− ∆−∆+∆=∆ kkkkkkkkk XHKXX ρ Eq.E. 31

DYHF� � kK � OD�PDWULFH�GH� FRUUHFWLRQ�TXL� SHUPHW�G¶DPpOLRUHU� O¶HVWLPDWLRQ� FRPSWH� WHQX� GX

UpVXOWDW�GHV�PHVXUHV�

1
1/.1/ )...(. −

−− += k
t
kkkk

t
kkkk RHPHHPK Eq.E. 32

HW�OD�FRYDULDQFH�GH�O¶HUUHXU��

1// ).( −−= kkkkkk PHKIP Eq.E. 33

/H�VFKpPD�VXLYDQW�UpVXPH�OH�SULQFLSH�GX�ILOWUH�GH�.DOPDQ��
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Estimation de

1/1 −−∆
kkX  et de 1/1 −− kkP

11/11/1/ . −−−−− +∆Φ=∆
kkkkkkk uXX

11/1/11/1/ .. −−−−−− +ΦΦ= k
T

kkkkkkkk QPP

1
1/1/ )...(. −

−− +=
k

T
kkkk

T
kkkk RHPHHPK

)..( 1/.1// −− ∆−∆+∆=∆
kkkkkkkkk XHKXX ρ

1// )..( −−= kkkkkk PHKIP

Figure E. 5 ��Algorithme de Kalman

(������)LOWUH�GH�.DOPDQ�DSSOLTXp�DX[�V\VWqPHV�GH�QDYLJDWLRQ�SDU�VDWHOOLWHV

/H�ILOWUH�GH�.DOPDQ�XWLOLVH�GHX[�PRGqOHV��

• �/H�PRGqOH�GX�V\VWqPH

• /H� PRGqOH� GH� PHVXUH� TXL� VRQW� OHV� pTXDWLRQV� GH� QDYLJDWLRQ� GDQV� OH� FDV� GHV

V\VWqPHV�GH�QDYLJDWLRQ

/H�PRGqOH�GX�V\VWqPH�HVW�GRQQp�SDU�O¶pTXDWLRQ�VXLYDQWH��

11/11/ −−−− +Φ∆=∆ kkkkk wXX Eq.E. 34

R���

X∆ �HVW�OH�YHFWHXU�G¶pWDW�TXL�UHSUpVHQWH�OH�YHFWHXU�G¶pYROXWLRQ�GDQV�OH�WHPSV�GH�OD

VROXWLRQ

Φ �HVW�OD�PDWULFH�GH�WUDQVLWLRQ

1−kw �HVW�XQ�EUXLW�EODQF�JDXVVLHQ�� ),0( 1−kQN

/H�PRGqOH�GH�PHVXUH�HVW�GRQQp�SDU��

kkkkk vXH +∆⋅=∆ /ρ Eq.E. 35

/¶pWDW� GX� V\VWqPH� HVW� REVHUYp� SDU� O¶LQWHUPpGLDLUH� GH� PHVXUHV� UDVVHPEOpHV� GDQV� OH

YHFWHXU� kρ∆ �� /D� PDWULFH� kH � HVW� OD� PDWULFH� GHV� FRVLQXV� GLUHFWHXUV� HW� OH� YHFWHXU� kv

UHSUpVHQWH�OH�EUXLW�VXU�OHV�PHVXUHV�VXLYDQW�XQH�ORL�QRUPDOH� ),0( kRN �
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/D�VROXWLRQ�GHV�PRLQGUHV�FDUUpV�GH�FH�V\VWqPH�HVW��

( ) kk
t
kkk

t
kkk RHHRHX ρ∆=∆ −−− ..... 111

/ Eq.E. 36

,O�V¶DJLW�PDLQWHQDQW�GH�GpWHUPLQHU�OD�UHODWLRQ�OLDQW�O¶HUUHXU�GH�ORFDOLVDWLRQ�HW�O¶HUUHXU

FRPPLVH�VXU�OHV�PHVXUHV�GH�SVHXGR�GLVWDQFHV��SRXU�FHOD��QRXV�FDOFXORQV�OD�FRYDULDQFH

GX�V\VWqPH��

( ) 11
// ..)(

−−=∆= kk
t
kkkkk HRHXCovP Eq.E. 37

(��������9HFWHXU�G¶pWDW

/HV�pWDWV�VpOHFWLRQQpV�VRQW�OHV�pYROXWLRQV�DYHF�OH�WHPSV�GH�OD�SRVLWLRQ��GH�OD�YLWHVVH�HW�GX

ELDLV�G¶KRUORJH��/H�YHFWHXU�G¶pWDW�GH�QRWUH�V\VWqPH�HVW�DORUV��
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X Eq.E. 38

(Q�FRQVLGpUDQW�TXH�OD�YLWHVVH�HVW�FRQVWDQWH��OD�PDWULFH� H �V¶pFULW�GH�OD�PDQLqUH�VXLYDQWH��
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Eq.E. 39

(��������0DWULFH�GH�WUDQVLWLRQ

3RXU�IRUPXOHU�OD�PDWULFH�GH�WUDQVLWLRQ��QRXV�SRXYRQV�pFULUH�OHV�pTXDWLRQV�GH�WUDQVLWLRQ

SRXU�OD�SRVLWLRQ��OD�YLWHVVH��OH�ELDLV�G¶KRUORJH��

)()(

.

1

1,,

1,1

−

−

−−

∆∆=∆∆
∆=∆

∆∆+∆=∆

kk

kxkx

kxkk

TT

vv

tvxx

Eq.E. 40
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R�� t∆ �HVW�O¶LQWHUYDOOH�GH�WHPSV�HQWUH�OHV�PHVXUHV�

1RXV�REWHQRQV�GRQF�OD�PDWULFH�GH�WUDQVLWLRQ�VXLYDQWH��
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Eq.E. 41

(Q�VRUWLH�GX�ILOWUH�GH�.DOPDQ��QRXV�REWHQRQV�O¶HUUHXU�VXU�OD�SRVLWLRQ�HW�GRQF�OD�SRVLWLRQ�GX

UpFHSWHXU�

%LEOLRJUDSKLH

>%(/���@ %(//$1*(5�0�

©�$QDO\VH�GHV�VLJQDX[�HW�ILOWUDJH�QXPpULTXH�DGDSWDWLI�ª�

3DULV��0DVVRQ�������

>%(/���@ %(//$1*(5�0�

©�7UDLWHPHQW�QXPpULTXH�GX�VLJQDO��WKpRULH�HW�SUDWLTXH�ª�

3DULV��0DVVRQ�������

>.$3���@ .$3/$1�(OOLRWW�'�

©�8QGHUVWDQGLQJ�*36��SULQFLSOHV�DQG�DSSOLFDWLRQV�ª�

/RQGUHV��$UWHFK�+RXVH�������

>/$%���@ /$%$55(5(�0���.5,()�-�3���*,021(7�%�

©�/H�ILOWUDJH�HW�VHV�DSSOLFDWLRQV�ª�

3DULV��&HSDGXHV�pGLWLRQV�������

>3$5���@ 3$5.,1621�%UDGIRUG�:���63,/.(5�-DPHV�-�

©�*OREDO�3RVLWLRQLQJ�6\VWHP���7KHRU\�DQG�$SSOLFDWLRQV�ª�

$PHULFDQ�LQVWLWXWH�RI�DHURQDXWLFV�DQG�DVWURQDXWLFV��YROXPH�,�,,��������

>5$'���@ 5$',;�-�&�

©�,QWURGXFWLRQ�DX�ILOWUDJH�QXPpULTXH�ª�

3DULV��(\UROOHV�������



$11(;(�)���02'(/(6�(/(&7520$*1(7,48(6

117

$11(;(�)

02'(/(6�(/(&7520$*1(7,48(6

&HWWH� DQQH[H� SUpVHQWH� OH� FDOFXO� GHV� FRHIILFLHQWV� GH� UpIOH[LRQ� XWLOLVp� GDQV� O¶RXWLO� GH

VLPXODWLRQ� HW� OD� GpFRPSRVLWLRQ� G¶XQH� RQGH� SRODULVpH� HOOLSWLTXHPHQW� HQ� GHX[� RQGHV

SRODULVpHV�FLUFXODLUHPHQW�

)����&DOFXO�GHV�FRHIILFLHQWV�GH�UpIOH[LRQ

)������5DSSHO

/H�FKDPS�pOHFWULTXH�G¶XQH�RQGH�SRODULVpH�OLQpDLUHPHQW�VH�GpSODoDQW�VXU�O¶D[H�]��KRUV�GH

OD�SDJH��HVW�GRQQp�FRPPH�XQH�IRQFWLRQ�GX�WHPSV�HW�GH�OD�SRVLWLRQ�SDU��

)sin(2 kztEE y −= ω Eq.F. 1

(Q�JpQpUDO��OH�FKDPS�pOHFWULTXH�G¶XQH�RQGH�VH�GpSODoDQW�GDQV�OD�GLUHFWLRQ�GH�]�SHXW�DYRLU

XQH�FRPSRVDQWH�\�HW�XQH�FRPSRVDQWH�[��3RXU�XQH�YDOHXU�IL[H�GH�]��OH�YHFWHXU�pOHFWULTXH

(�WRXUQH�FRPPH�XQH�IRQFWLRQ�GX�WHPSV��O¶H[WUpPLWp�GX�YHFWHXU�GpFULW�XQH�HOOLSVH�DSSHOpH

O¶HOOLSVH�GH�SRODULVDWLRQ�

/H�UDSSRUW�GX�SOXV�JUDQG�D[H�VXU�OH�SOXV�SHWLW�D[H�GH�O¶HOOLSVH�GH�SRODULVDWLRQ�HVW�DSSHOp�OH

WDX[�G¶HOOLSWLFLWp�$5�
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ë
xz

y

Axe
principal Petit axe

γ τ

ε
//E

⊥E

Figure F. 1 : Ellipse de polarisation

DYHF�FRPPH�UHODWLRQV��

)cos()2tan()2tan( δγτ = Eq.F. 2

)sin()2sin()2sin( δγε = Eq.F. 3

)(cot 1 ARm−=ε Eq.F. 4

'HX[�FDV� H[WUrPHV�GH�SRODULVDWLRQ�HOOLSWLTXH�FRUUHVSRQGHQW�j� OD�SRODULVDWLRQ�FLUFXODLUH��

21 EE = �HW� 1=AR ��HW�j�OD�SRODULVDWLRQ�OLQpDLUH��� 01 =E �HW� ∞=AR �

•

y

x
z

E2

•

y

xz

E2

•

y

xz

E2

Polarisation
linéaire

Polarisation
elliptique

Polarisation
circulaire

E1E1

E E

Figure F. 2 : Les différentes polarisations
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8QH�RQGH�SRODULVpH�HOOLSWLTXHPHQW�V¶H[SULPH�HQ� WHUPH�GH�GHX[� FRPSRVDQWHV�SRODULVpHV

OLQpDLUHPHQW��XQH�GDQV�OD�GLUHFWLRQ�GH�[�HW�XQH�GDQV�OD�GLUHFWLRQ�GH�\�

)sin(1 kziEEx −= ω Eq.F. 5

)sin(2 δω +−= kztEE y Eq.F. 6

R�� 1E �HVW�O¶DPSOLWXGH�GH�O¶RQGH�SRODULVpH�GDQV�OD�GLUHFWLRQ�GH�[

2E �HVW�O¶DPSOLWXGH�GH�O¶RQGH�SRODULVpH�GDQV�OD�GLUHFWLRQ�GH�\

δ �DQJOH�WHPSV�SKDVH�SDU�OHTXHO� yE �SRUWH� xE

/H�YHFWHXU�FKDPSV�DLQVL�REWHQX�V¶pFULW�GH�OD�PDQLqUH�VXLYDQWH��

)sin(ˆ)sin(ˆ 21 δωω +−+−= kztEykztExE Eq.F. 7

6L� 1E �RX� 2E �HVW�pJDO�j�]pUR�DORUV�O¶RQGH�HVW�SRODULVpH�OLQpDLUHPHQW�

6L� 21 EE = �HW� °±= 90δ �O¶RQGH�HVW�SRODULVpH�FLUFXODLUHPHQW��/RUVTXH� °+= 90δ ��O¶RQGH�HVW

SRODULVpH�FLUFXODLUH�JDXFKH��HW�ORUVTXH� °−= 90δ ��O¶RQGH�HVW�SRODULVpH�FLUFXODLUH�GURLWH�

)������$WWpQXDWLRQ�VXELH�SDU�XQH�RQGH�ORUV�G¶XQH�UpIOH[LRQ

$ILQ�GH�GpWHUPLQHU�O¶DWWpQXDWLRQ�VXELH�SDU�OH�VLJQDO�ORUV�G¶XQH�UpIOH[LRQ��OHV�FRPSRVDQWHV

GX�FKDPS�pOHFWULTXH�� //E �GDQV� OH�SODQ�LQFLGHQW�HW� ⊥E �QRUPDOH�j�FH�SODQ��HW�GX�FKDPS

PDJQpWLTXH�� //H �HW� ⊥H ��VHURQW�FRQVLGpUpHV�VpSDUpPHQW�

3RXU�FHOD��QRXV�GpWHUPLQRQV� OD�PDWULFH�QRXV�SHUPHWWDQW�GH�SDVVHU�GX�UHSqUH�GH� O¶RQGH

),’,’( zyx
rrr

�DX�UHSqUH�GH�OD�VXUIDFH� ),,( zyx
rrr
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)sin()cos(

)sin()cos(

)sin()cos(

)cos()sin(

)cos()sin(

)cos()sin(
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Eq.F. 8
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)��������&DV�GH�OD�SRODULVDWLRQ�SHUSHQGLFXODLUH�DX�SODQ�G¶LQFLGHQFH
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  ë
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Figure F. 3 :Onde réfléchie en polarisation perpendiculaire

/HV�GLIIpUHQWV�FKDPSV�V¶pFULYHQW�GH�OD�PDQLqUH�VXLYDQWH��

)))cos()(sin(sin()’sin( 1100 yxktEzxktEzEi

rrrrrr
φφωω +−=−=⊥ Eq.F. 9

)))cos()(sin(sin())sin()cos(()’sin(’ 11
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0
11

1

0 yxkt
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E
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E
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rrrrrrr
φφωφφω +−+−=−=⊥ Eq.F. 10

)))cos()(sin(sin()’’sin( 1100 yxktERzxktERzEr
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φφωω −−=−= ⊥⊥⊥ Eq.F. 11
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E
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E
RyH r

rrrrrrr
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)))cos()(sin(sin()’’’sin( 2200 yxktETzxktETzEt

rrrrrr
φφωω +−=−= ⊥⊥⊥ Eq.F. 13

)))cos()(sin(sin())sin()cos((
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Eq.F. 14
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/HV�FRQGLWLRQV�DX[� OLPLWHV�SRXU� 0=y � VRQW�PDLQWHQDQW�DSSOLTXpHV�VXU� OHV� FRPSRVDQWHV

WDQJHQWLHOOHV��WDQJHQWH�DX�SODQ�GH�OD�VXUIDFH��GX�FKDPS��

00 ==
=+

yttgyrtgitg EEE
rrr

Eq.F. 15

00 ==
=+

yttgyrtgitg HHH
rrr

Eq.F. 16

&H�TXL�GRQQH��

))sin(sin())sin(sin()1( 21 xktTxktR
rr φωφω −=−+ ⊥⊥ Eq.F. 17

))sin(sin(
)cos(

))sin(sin()1(
)cos(
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⊥ Eq.F. 19
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Figure F.4 :Onde réfléchie en polarisation parallèle
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)))cos()(sin(sin())sin()cos(()’sin(’ 110110// yxktEyxxktEyEi

rrrrrrr
φφωφφω +−+−=−= Eq.F. 20
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φφωω +−=−= Eq.F. 21
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)))cos()(sin(sin()’’sin( 11
1

0
//

1

0
//// yxkt

Z

E
Rzxkt

Z

E
RzH r

rrrrrr
φφωω −−=−= Eq.F. 23
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0DLQWHQDQW� OHV� FRQGLWLRQV� DX[� OLPLWHV� SRXU� 0=y � VRQW� DSSOLTXpHV� VXU� OHV� FRPSRVDQWHV

WDQJHQWLHOOHV��WDQJHQWH�DX�SODQ�GH�OD�VXUIDFH��GX�FKDPS��
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Eq.F. 26
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Eq.F. 27
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)��������/HV�FRHIILFLHQWV�GH�UpIOH[LRQ

)LQDOHPHQW��OHV�FRHIILFLHQWV�GH�UpIOH[LRQV�GRQQpV�SDU�OHV�pTXDWLRQV�,����HW�,����VRQW��
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/HV�FRHIILFLHQWV�GH�UpIOH[LRQ�GHYLHQQHQW�DORUV��
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= Eq.F. 33

'H�SOXV��OD�ORL�GH�6QHOO�VXU�OD�UpIUDFWLRQ�GRQQH�OD�UHODWLRQ�VXLYDQWH��
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00100 φ
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Eq.F. 34

3RXU� 1=rµ ��OHV�GHX[�FRHIILFLHQWV�GH�UpIOH[LRQ�GHYLHQQHQW��
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)(sin)cos(

)(sin)cos(
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R���� 1φ �DQJOH�G¶LQFLGHQFH�GH�O¶RQGH

rε �FRQVWDQWH�GLpOHFWULTXH�GX�PDWpULDX

λ �ORQJXHXU�G¶RQGH�GH�OD�SRUWHXVH

rµ �SHUPpDELOLWp�GX�PDWpULDX��VXSSRVpH�pJDOH�j���

σ �FRQGXFWLYLWp�pOHFWULTXH�VSpFLILTXH�GX�PDWpULDX
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Figure F. 5 : Changement de polarisation d’une onde après réflexion
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/H� FKDPS� pOHFWULTXH� LQFLGHQW� HVW� FRPSRVp� G¶XQH� FRPSRVDQWH� SDUDOOqOH� HW� G¶XQH

FRPSRVDQWH�SHUSHQGLFXODLUH��

)’sin( kxtEE iz −= ⊥ ω Eq.F. 37

)’sin(//’ iiy kxtEE δω +−= Eq.F. 38

&RQVLGpURQV�PDLQWHQDQW�OH�FKDPS�pOHFWULTXH�UpIOpFKL��

)’’sin()’’sin( ⊥⊥⊥⊥ +−=−= φωω kxtERkxtEE irz Eq.F. 39

)sin()’’sin( ////////’’ iirry kztERkxtEE δφωδω ++−=+−= Eq.F. 40

&H�TXL�GRQQH��

)( // ⊥−+= φφδδ ir �DYHF� πφ =⊥ Eq.F. 41

VL� Bθφ <1 0// =φ πδδ −=⇒ ir Eq.F. 42

VL� Bθφ >1 πφ =// ir δδ =⇒ Eq.F. 43

/RUVTXH� O¶DQJOH� G¶LQFLGHQFH� HVW� LQIpULHXU� j� O¶DQJOH� GH� %UHZVWHU� DORUV� OD� SRODULVDWLRQ� GH

O¶RQGH�FKDQJH�GH�VHQV�

3RXU�GpILQLU�FRPSOqWHPHQW� OD�SRODULVDWLRQ�G¶XQH�RQGH�� LO�VXIILW�GRQF�GH�FRQQDvWUH� rδ �TXL

GRQQHUD� OH� VHQV� GH� URWDWLRQ� GX� FKDPS� pOHFWULTXH�� HW� 





=

⊥

−
ir R

R
γγ tantan //1 R�







=

⊥

−

i

i
i E

E //1tanγ �

)����'pFRPSRVLWLRQ�G¶XQH�RQGH�SRODULVpH�HOOLSWLTXHPHQW

/H� EXW� GH� FHWWH� GHX[LqPH� SDUWLH� HVW� GH� PRQWUHU� FRPPHQW� XQH� RQGH� SRODULVpH

HOOLSWLTXHPHQW� SHXW� VH� GpFRPSRVHU� HQ� GHX[� RQGHV� SRODULVpHV� FLUFXODLUHPHQW�� O¶XQH� j

GURLWH�HW�O¶DXWUH�j�JDXFKH�
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6RLW�XQH�RQGH�SRODULVpH�HOOLSWLTXH�GURLWH��






 −−+−= ⊥ 2

sin)sin(//

πωω kztEkztEE Eq.F. 44

HW�GHX[�RQGHV�SRODULVpHV�FLUFXODLUH�GURLWH�SRXU�O¶XQH�HW�JDXFKH�SRXU�O¶DXWUH��
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πωω kztEkztEE ddcd Eq.F. 45
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Eq.F. 47
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sin)sin(

22
sin)sin(

2
//// πωωπωω kztkzt

EE
kztkzt

EE
E Eq.F. 48

E � SHXW� GRQF� VH� GpFRPSRVHU� HQ� GHX[� RQGHV� GRQW� OD� SUHPLqUH� HVW� SRODULVpH� FLUFXODLUH

GURLWH� DYHF� FRPPH� DPSOLWXGH�
2

//EE +⊥ � HW� OD� GHX[LqPH� HVW� SRODULVpH� FLUFXODLUH� JDXFKH

DYHF�FRPPH�DPSOLWXGH�
2

// ⊥− EE
�
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%LEOLRJUDSKLH

>%2,���@ %2,7+,$6�/�

©�3URSDJDWLRQ�GHV�RQGHV�UDGLRpOHFWULTXHV�GDQV�O¶HQYLURQQHPHQW�WHUUHVWUH�ª�

'XQRG�������

>.28���@ .28<280-,$1�5�*���3$7+$.�3�+�

©�$� XQLIRUP� JHRPHWULFDO� WKHRU\� RI� GLIIUDFWLRQ� IRU� DQ� HGJH� LQ� D� SHUIHFWHO\

FRQGXFWLQJ�VXUIDFH�ª�

3URF��,(((�$QWHQQDV�	�SURSDJDWLRQ��QRYHPEUH�������YRO������SS�����������

>0&1���@ 0F1$0$5$�'�$���3,6725,86�&�:�,���0$/+(5%(�-�$�*�

©�,QWURGXFWLRQ�WR�WKH�XQLIRUP�JHRPHWULFDO�WKHRU\�RI�GLIIUDFWLRQ�ª�

$UWHFK�KRXVH�������

>3$5���@ 3$56216�-�'�

©�7KH�0RELOH�5DGLR�3URSDJDWLRQ�&KDQQHO�ª�

3HQWHFK�3UHVV�������

>5(0���@ 5(0<�-�*��5HP\�HW�DO�

©�6\VWqPHV�GH�5DGLRFRPPXQLFDWLRQV�DYHF�OHV�0RELOHV�ª�

(\UROOHV��&1(7�(167��&KDS�����SS���������

>5,6���@ 5,6.�.�

©�3URSDJDWLRQ�LQ�PLFURFHOOXODU�DQG�VPDOO�FHOO�XUEDQ�HQYLURQPHQW�ª�

7KqVH�(3)/�1������������

>6$8���@ 6$81'(56�6�5�

©�$QWHQQDV�DQG�SURSDJDWLRQ�IRU�ZLUHOHVV�FRPPXQLFDWLRQ�V\VWHPV�ª�

:LOH\�������
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&HWWH�DQQH[H�D�SRXU�REMHFWLI�GH�UDSSHOHU�XQ�FHUWDLQ�QRPEUH�GH�GpILQLWLRQV�SHUPHWWDQW�GH

FDUDFWpULVHU�OH�FDQDO�j�pYDQRXLVVHPHQWV�

*����/D�6pOHFWLYLWp�HQ�IUpTXHQFH�GX�FDQDO

*������'LVSHUVLRQ�GHV�UHWDUGV

/¶K\SRWKqVH� HVW� IDLWH� TXH� OD� UpSRQVH� LPSXOVLRQQHOOH� GX� FDQDO� HVW� VWDWLRQQDLUH� DX� VHQV

ODUJH��/D�IRQFWLRQ�G¶DXWRFRUUpODWLRQ�GH�OD�UpSRQVH�LPSXOVLRQQHOOH�GX�FDQDO�HVW�DORUV�GpILQLH

SDU��

)],().,([
2

1
),,( 21

*
21 tththEtRh ∆+=∆ ττττ Eq.G. 1

8QH�DXWUH�K\SRWKqVH�HVW�PDLQWHQDQW�IDLWH�TXH�O¶DWWpQXDWLRQ�HW�OH�GpSKDVDJH�DVVRFLpV�DX

WUDMHW� GH� UHWDUG� 1τ � VRQW� QRQ� FRUUpOpV� DYHF� O¶DWWpQXDWLRQ� HW� OH� GpSKDVDJH� GX� UHWDUG� 2τ �

O¶pTXDWLRQ�SUpFpGHQWH�GHYLHQW�DORUV��

)().,(),,( 21121 ττδτττ −∆=∆ tRtR hh Eq.G. 2

6L� 0=∆t �� )()0,( ττ hh RR ≡ � UHSUpVHQWH� OD� SXLVVDQFH� PR\HQQH� GH� VRUWLH� GX� FDQDO� HQ

IRQFWLRQ�GX�WHPSV�GH�UHWDUG�τ ��HW�HVW�DSSHOpH�OH�SURILO�GHV�WUDMHWV�PXOWLSOHV�GX�FDQDO�

$VVRFLp�j�FH�SURILO�GHV�WUDMHWV�� OD�GLVSHUVLRQ�GHV�UHWDUGV� mT �HVW�GpILQLH�FRPPH�pWDQW

O¶pWHQGXH�GHV�YDOHXUV�GH�τ �SRXU�OHVTXHOOHV�OH�SURILO�GHV�WUDMHWV�HVW�QRQ�QXO�
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*������%DQGH�GH�FRKpUHQFH

8QH�FDUDFWpULVDWLRQ�DQDORJXH�GX�FDQDO�SHXW�rWUH�UpDOLVpH�GDQV�OH�GRPDLQH�GHV�IUpTXHQFHV�

/D�IRQFWLRQ�GH�WUDQVIHUW�GX�FDQDO�HQ�IRQFWLRQ�GX�WHPSV�HVW�GpILQLH�SDU��

∫
+∞

∞−

−= ττ τπ dethtfH fj 2),(),( Eq.G. 3

3XLVTXH� ),( th τ � HVW� XQ�SURFHVVXV�DOpDWRLUH�JDXVVLHQ� FHQWUp� FRPSOH[H�GDQV� OH� WHPSV�� OD

IRQFWLRQ�GH�WUDQVIHUW�GX�FDQDO�GDQV�OH�WHPSV�D�OHV�PrPHV�SURSULpWpV�VWDWLVWLTXHV�

/HV� K\SRWKqVHV� VRQW� WRXMRXUV� TXH� OH� FDQDO� HVW� VWDWLRQQDLUH� DX� VHQV� ODUJH� HW� TXH� OHV

GLIIpUHQWV� WUDMHWV� QH� VRQW� SDV� FRUUpOpV�� OD� IRQFWLRQ� G¶DXWRFRUUpODWLRQ� GH� OD� IRQFWLRQ� GH

WUDQVIHUW�GX�FDQDO�V¶H[SULPH�GH�OD�PDQLqUH�VXLYDQWH��

[ ]),(),(
2

1
),,( 21

*
21 ttfHtfHEtffRh ∆+=∆ Eq.G. 4

[ ]∫ ∫
+∞

∞−

+∞

∞−

−∆+=∆ 21
)(2

21
*

21
2211),(),(),,( ττττ ττπ ddetththEtffR ffj

h Eq.G. 5

∫
+∞

∞−

− ∆∆≡∆=∆ ),(),(),,( 121 )(2
121 tfRdetRtffR h

ffj
hh ττ τπ Eq.G. 6

R�� 21 fff −=∆

6L� 0=∆t ��OD�UHODWLRQ�VXLYDQWH�HVW�REWHQXH��

∫
+∞

∞−

∆−=∆ τπτ fj
hh eRfR 2)()( Eq.G. 7

,O� DSSDUDvW� OH� SURILO� GHV� WUDMHWV� HVW� OD� WUDQVIRUPpH� GH� )RXULHU� HQ� IRQFWLRQ� GH� τ � GH� OD

IRQFWLRQ�G¶DXWRFRUUpODWLRQ�GpSHQGDQW�GX�WHPSV�HW�GHV�IUpTXHQFHV��'H�OD�PrPH�PDQLqUH�OD

UpFLSURTXH�GH�OD�GLVSHUVLRQ�GHV�UHWDUGV�HVW�OD�EDQGH�GH�FRKpUHQFH�GX�FDQDO� coB �
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f∆

coB

0

)( fRh ∆

τ

mT
0

)(τhR

Figure G. 1:Fonction d’autocorrélation Figure G. 2: Profil des trajets multiples

dans le domaine des fréquences

*������6pOHFWLYLWp�HQ�IUpTXHQFH

6DYRLU� VL� OH� FDQDO�HVW� VpOHFWLI� HQ� IUpTXHQFH�SHUPHW�GH�GpWHUPLQHU� VL� WRXV� OHV� WUDMHWV� VH

FRPSRUWHQW�GH�OD�PrPH�PDQLqUH�

/RUVTXH�OH�FDQDO�HVW�VpOHFWLI�HQ�IUpTXHQFH��OH�VLJQDO�SUpVHQWH�XQH�GLVWRUVLRQ�HQ�IUpTXHQFH

TXL� VH� WUDGXLW� SK\VLTXHPHQW� SDU� XQ� FRPSRUWHPHQW� GLIIpUHQW� GH� FKDTXH� FRPSRVDQWHV

PXOWLWUDMHW�� 6L� OH� FDQDO� HVW� QRQ� VpOHFWLI� HQ� IUpTXHQFH� FHOD� VLJQLILH� TXH� WRXWHV� OHV

IUpTXHQFHV� GDQV� OH� VSHFWUH� GX� VLJQDO� VH� FRPSRUWHQW� GH� OD� PrPH� PDQLqUH�� 8Q� FDQDO

VpOHFWLI�HQ�IUpTXHQFH�FRUUHVSRQG�HQ�JpQpUDO�j�XQ�VLJQDO�ODUJH�EDQGH�

8Q�FDQDO�HVW�VpOHFWLI�HQ�IUpTXHQFH�ORUVTXH�OD�GLVSHUVLRQ�GHV�UHWDUGV� mT �HVW�VXSpULHXUH�j�OD

SpULRGH�GX�FRGH� cT ��6L� OH�FDQDO�HVW�VpOHFWLI��FKDTXH�WUDMHW�GRLW�rWUH�PRGpOLVp�FDU� LOV�RQW

GHV� FRPSRUWHPHQWV� GLIIpUHQWV�� /HV� WUDMHWV� D\DQW� GHV� UHWDUGV� GLIIpUHQWV� SRXUURQW� rWUH

VpSDUpV� �LVROpV�� ORUVTXH� OD� GLIIpUHQFH� GH� UHWDUG� HQWUH� FHV� pFKRV� VHUD� VXSpULHXUH� j� OD

EDQGH�GX�UpFHSWHXU��� Blk 1>−ττ �

8Q�FDQDO�QRQ�VpOHFWLI�HQ�IUpTXHQFH�FRUUHVSRQG�HQ�JpQpUDO�j�XQ�VLJQDO�EDQGH�pWURLWH�

$LQVL�� ORUVTX¶XQ� FDQDO� HVW� QRQ� VpOHFWLI�� QRXV� SRXYRQV� FRQVLGpUHU� TXH� VD� IRQFWLRQ� GH

WUDQVIHUW� ),( tfH � HVW� FRQVWDQWH�GDQV� OD�EDQGH�GH� WUDQVPLVVLRQ� W �� (Q� FRQVpTXHQFH�� OD

UpSRQVH� LPSXOVLRQQHOOH� GX� FDQDO� HVW� LQGpSHQGDQWH� GH� OD� IUpTXHQFH� GDQV� OD� EDQGH� GH

WUDQVPLVVLRQ�W ��8Q�FDQDO�HVW�QRQ�VpOHFWLI�HQ�IUpTXHQFH�ORUVTXH�OD�GLVSHUVLRQ�GHV�UHWDUGV

mT �HVW�LQIpULHXUH�j�OD�SpULRGH�GX�FRGH� cT �
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*����/¶pYDQHVFHQFH�GX�FDQDO

3RXU�GpILQLU� OD�VpOHFWLYLWp�HQ�IUpTXHQFH�� OH�FDQDO�pWDLW�REVHUYp�j�XQ� LQVWDQW�GRQQp��SRXU

pWXGLHU� O¶pYDQHVFHQFH�GX�FDQDO� F¶HVW� VRQ� FRPSRUWHPHQW�DX� FRXUV�GX� WHPSV�TXL� YD� rWUH

REVHUYp�

*������%DQGH�pYDQHVFHQWH

3RXU�FHOD��LO�IDXW�GpILQLU�OD�WUDQVIRUPpH�GH�)RXULHU�GH� ),( tfRh ∆∆ �HQ�IRQFWLRQ�GH� t∆ �

tdetfRfS tj
hh ∆∆∆=∆ ∆−

+∞

∞−
∫ πλλ 2),(),( Eq.G. 8

6L� 0=∆f ��O¶pTXDWLRQ�FL�GHVVXV�GHYLHQW��

∫
+∞

∞−

∆− ∆∆= tdetRS tj
hh

πλλ 2)()( Eq.G. 9

/D� IRQFWLRQ� )(λhS � HVW� XQ� VSHFWUH� HQ� SXLVVDQFH� TXL� GRQQH� O¶LQWHQVLWp� HQ� IRQFWLRQ� GH� OD

IUpTXHQFH� 'RSSOHU� λ �� &HWWH� IRQFWLRQ� HVW� DSSHOpH� OH� VSHFWUH� 'RSSOHU� GX� FDQDO�� 6L� OH

FDQDO�HVW�LQYDULDQW�GDQV�OH�WHPSV� 1)( =∆tRh �HW� )(λhS �GHYLHQW�pJDO�j�XQH�LPSXOVLRQ� )(λδ

/¶pWHQGXH�GHV�YDOHXUV�GH� λ �SRXU�OHVTXHOOHV�OH�VSHFWUH�'RSSOHU�HVW�QRQ�QXO�HVW�DSSHOp�OD

EDQGH�'RSSOHU�RX�OD�EDQGH�pYDQHVFHQWH�GX�FDQDO� FB �

*������7HPSV�GH�FRKpUHQFH

'H�SOXV��SXLVTXH� )(λhS �HVW�OLp�j� )( tRh ∆ �SDU�OD�WUDQVIRUPpH�GH�)RXULHU��OD�UpFLSURTXH�GH

FB �HVW�OH�WHPSV�GH�FRKpUHQFH� coT GX�FDQDO�

8Q� FDQDO� D\DQW� GHV� YDULDWLRQV� OHQWHV� DXUD� XQ� JUDQG� WHPSV� GH� FRKpUHQFH� RX� XQ� IDLEOH

EDQGH�G¶pYDQHVFHQWH�
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0
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)( tRh ∆

coT

0
λ

)(λhS

FB

Figure G. 3:Fonction d’autoccorélation Figure G. 4: Spectre Doppler

dans le domaine temporel

*������(YDQHVFHQFH

6DYRLU� VL� OH� FDQDO� HVW� j� pYDQHVFHQFH� OHQWH� RX� UDSLGH� GRQQH� XQH� LQGLFDWLRQ� VXU� OHV
YDULDWLRQV�WHPSRUHOOHV�GX�FDQDO�

8Q�FDQDO�HVW�GLW�j�pYDQHVFHQFH�OHQWH�RX�VpOHFWLI�HQ�WHPSV�ORUVTXH�OD�EDQGH�pYDQHVFHQWH

HVW� LQIpULHXUH� j� OD� EDQGH� GH� OD� ERXFOH�� /H� FRPSRUWHPHQW� GX� FDQDO� YDULH� SHX� VXU� XQH

SpULRGH�GH� LB1 ��OD�ERXFOH�SRXUVXLW�DORUV�WRXWHV�OHV�FRPSRVDQWHV�UpIOpFKLHV��'DQV�OH�FDV

GH�O¶pYDQHVFHQFH�UDSLGH��OD�ERXFOH�SRXUVXLW�XQLTXHPHQW�OD�FRPSRVDQWH�GLUHFWH��(Q�HIIHW�

OHV� FRPSRVDQWHV� UpIOpFKLHV� YDULDQW� EHDXFRXS� GDQV� OH� SODQ� GH� )UHVQHO�� ORUVTXH� QRXV

UpDOLVRQV�O¶LQWpJUDWLRQ�VXU�XQH�SpULRGH�GH� LB1 ��OHV�FRPSRVDQWHV�UpIOpFKLHV�VRQW�ILOWUpHV�

%LEOLRJUDSKLH

>352���@ 352$.,6�-�*�

©�'LJLWDO�&RPPXQLFDWLRQV�ª�

0F*UDZ�+LOO�%RRN�&RPSDQ\�������
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&HWWH�DQQH[H�D�SRXU�EXW�GH�SUpVHQWHU�OH�PRGXOH�GH�ODQFHU�GH�UD\RQ�XWLOLVp�GDQV�OH�ORJLFLHO

PRGpOLVDQW�OD�SURSDJDWLRQ�GH�O¶RQGH�GDQV�XQ�HQYLURQQHPHQW�FRPSOH[H�

+����3ULQFLSH�GX�ODQFHU�GH�UD\RQV

/H�ODQFHU�GH�UD\RQV�HVW�XQH�PpWKRGH�GH�VLPXODWLRQ�GH�SURSDJDWLRQ�G¶RQGH�TXL�FRQVLVWH�j

PRGpOLVHU� OH� FKHPLQ� LQYHUVH� GH� OD� SURSDJDWLRQ� G¶XQH� RQGH�� RX� UD\RQ�� GHSXLV� OH� SRLQW

G¶REVHUYDWLRQ�MXVTX¶j�O¶pPHWWHXU��YLD�OHV�VXUIDFHV�GH�O¶HQYLURQQHPHQW�

&¶HVW�OD�UHFKHUFKH�GDQV�OH�GRPDLQH�GH�O¶LPDJH�GH�V\QWKqVH�TXL�D�GRQQp�QDLVVDQFH�j�FHWWH

PpWKRGH�UpDOLVWH�GH�PRGpOLVDWLRQ�GHV�RQGHV��5pDOLVWH��FDU�HOOH�V¶HIIRUFH�GH�UHSURGXLUH�OHV

PRGqOHV� SK\VLTXHV� GpFULYDQW� OHV� RQGHV�� 'H� QRPEUHX[� W\SHV� GH� FRPSRUWHPHQWV

SK\VLTXHV�SHXYHQW�rWUH�SULV�HQ�FRPSWH���UpIOH[LRQ��GLIIUDFWLRQ��GLIIXVLRQ��«

&HWWH�PpWKRGH�D�SX�rWUH�XWLOLVpH�GDQV� OH�FDGUH�GH� OD�QDYLJDWLRQ�SDU�VDWHOOLWHV�HQ�PLOLHX

XUEDLQ� FDU� OD� ORQJXHXU�G¶RQGH� GX� VLJQDO� pWDQW� GH� O¶RUGUH� GH� ��� FP�� HOOH� HVW� FRQVLGpUpH

FRPPH� SHWLWH� GHYDQW� OHV� REVWDFOHV� TXL� FRQVWLWXHQW� O¶HQYLURQQHPHQW� HW� VD� SURSDJDWLRQ

SHXW�GRQF�rWUH�PRGpOLVpH�FRPPH�XQ�UD\RQ�TXL�VH�FRPSRUWHUD�VXLYDQW�OHV�ORLV�GH�O¶RSWLTXH

JpRPpWULTXH�

$� FKDTXH� VXUIDFH� UHQFRQWUpH�� OH� UD\RQ� SRXUUD� VH� VFLQGHU� HQ� GH� PXOWLSOHV� UD\RQV

VHFRQGDLUHV� �� GHV� UD\RQV� UpIOpFKLV�� GHV� UD\RQV� UpIUDFWpV�� GHV� UD\RQV� GLIIUDFWpV�� HWF���

VHORQ� OHV� FDUDFWpULVWLTXHV� pOHFWURPDJQpWLTXHV� HW� OD� JUDQXODULWp� GH� OD� VXUIDFH� DX� SRLQW

G¶LPSDFW��&HV�UD\RQV�VHFRQGDLUHV��SRXUURQW�j�OHXU�WRXU�VH�VFLQGHU�HQ�GH�PXOWLSOHV�UD\RQV�

HW� DLQVL� GH� VXLWH� MXVTX¶j� FH� TXH� OD� TXDQWLWp� G¶pQHUJLH� YpKLFXOpH� SDU� XQ� UD\RQ� VRLW

QpJOLJHDEOH�SRXU�OH�VXMHW�PRGpOLVp�

'DQV� QRWUH� FDV�� QRXV� Q¶DYRQV� SULV� HQ� FRPSWH� TXH� OH� SKpQRPqQH� GH� UpIOH[LRQ� VXU� OHV

VXUIDFHV��/D�PRGpOLVDWLRQ�GH�OD�WUDQVPLVVLRQ�Q¶HVW�SDV�QpFHVVDLUH�FDU�OHV�FDV�G¶XWLOLVDWLRQ

GX�UpFHSWHXU�j�O¶LQWpULHXU�GHV�EkWLPHQWV�Q¶RQW�SDV�pWp�FRQVLGpUpV�
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+����3DUFRXUV�VXLYL�SDU�OH�UD\RQ

,O�IDXGUD�GRQF�GpILQLU�GHV�OLPLWHV�HQ�WHUPH�GH�QRPEUH�GH�UpIOH[LRQV�HW�GH�W\SH�GH�UD\RQV

VHFRQGDLUHV�

/H� FRPSRUWHPHQW� GX� UD\RQ� XQH� IRLV� TX¶LO� D� UHQFRQWUp� XQH� GHV� VXUIDFHV� FRPSRVDQW

O¶HQYLURQQHPHQW�HVW�GpWHUPLQp�SDU�OD�ORL�GH�6QHOO�'HVFDUWHV�

&HWWH�ORL�V¶DSSOLTXH�j�O¶RSWLTXH�FODVVLTXH��RSWLTXH�JpRPpWULTXH���DLQVL�TX¶j�OD�SURSDJDWLRQ

HQ� JpQpUDO� G¶RQGHV� GH� KDXWH� IUpTXHQFH� �GRQW� OD� ORQJXHXU� G¶RQGH� HVW� IDLEOH� GHYDQW� OD

JpRPpWULH�GH�O¶HQYLURQQHPHQW���/D�VXUIDFH�GH�UpIOH[LRQ�HVW�DORUV�GLWH�SROLH�

6RLW�XQ�UD\RQ�LQFLGHQW�,��DUULYDQW�VXU�XQH�VXUIDFH�GH�QRUPDOH�1��VpSDUDQW�GHX[�PLOLHX[

G¶LQGLFHV�Q�� HW�Q��� &H� UD\RQ� HVW� UpIOpFKL� GDQV� OD� GLUHFWLRQ�5�� GH�PDQLqUH� j� FH� TXH� OH

YHFWHXU�5�VRLW�GDQV�OH�SODQ�YHFWRULHO�GpILQL�SDU�,�HW�1��HW�TXH�O¶DQJOH���,�1���VRLW�pJDO�j

O¶DQJOH� �1��5���&H�PrPH� UD\RQ�HVW� UpIUDFWp�GDQV� OD�GLUHFWLRQ�7�� DSSDUWHQDQW� DX�PrPH

SODQ�YHFWRULHO��GH�PDQLqUH�j�REWHQLU�O¶pJDOLWp��

),sin(),sin( 21 NTnNIn =

,O�Q¶\�D�SDV�UpIUDFWLRQ�VL� 1),sin(
2

1 >
n

n
NI

NI

R

T

n1

n2

Figure H. 1 : Reflection et refraction de Snell-Descartes

/HV� SKpQRPqQHV� GH� UpIOH[LRQ� HW� GH� UpIUDFWLRQ� pWDQW� FDUDFWpULVpV�� QRXV� DOORQV� YRLU

FRPPHQW�OHV�UD\RQV�TXL�UHOLHQW�O¶pPHWWHXU�DX�UpFHSWHXU�VRQW�REWHQXV�



$11(;(�+���/(�/$1&(5�'(�5$<216

135

+����%DOD\DJH�GH�O¶HQYLURQQHPHQW�HW�UHFKHUFKH�GHV�UD\RQV

/D�UHFKHUFKH�GHV�UD\RQV�UpIOpFKLV�VH�IDLW�HQ�GHX[�WHPSV��

• XQ� EDOD\DJH� JURVVLHU� GH� O¶HVSDFH�� GHVWLQp� j� ORFDOLVHU� OHV� UD\RQV� VXVFHSWLEOHV

G¶DWWHLQGUH�O¶XQ�GHV�FDSWHXUV�DSUqV�PXOWLSOHV�UpIOH[LRQV�

• XQH� UHFKHUFKH� DQDO\WLTXH� RX� SDU� UDIILQDJH�� G¶XQH� VROXWLRQ� H[DFWH� RX� SOXV

SUpFLVH�

1RXV�pFKDQWLOORQQRQV�XQ�FXEH�GRQW�O¶pPHWWHXU�HVW�SRVLWLRQQp�DX�FHQWUH��'HV�UD\RQV�VRQW

DORUV�HQYR\pV��SDU�EDOD\DJH�GHV�IDFHV�GH�FH�FXEH��GDQV�WRXWHV�OHV�GLUHFWLRQV�GH�O¶HVSDFH�

$�FKDTXH�pFKDQWLOORQ�G¶XQH�IDFH��HW�SRXU�FKDTXH�FDSWHXU��QRXV�DVVRFLRQV�XQH� OLVWH�^GL`

GH�YDOHXUV��FRUUHVSRQGDQW�DX[�GLVWDQFHV�HQWUH�OH�VHJPHQW�GX�UD\RQ�DSUqV�L�UpIOH[LRQV�HW

OH�FDSWHXU�

'qV� TX¶XQH� IDFH� D� pWp� EDOD\pH�� QRXV� ORFDOLVRQV� SRXU� FKDTXH� VRXUFH� HW� SRXU� FKDTXH

SURIRQGHXU�GH�O¶DUEUH�GHV�VHJPHQWV�GH�UD\RQ�OHV�PLQLPD�ORFDX[�GHV�GLVWDQFHV� id ��HW�OHV

UD\RQV�FRUUHVSRQGDQWV�VRQW�DIILQpV�GDQV�OH�EXW�GH�UHFKHUFKHU�XQH�VROXWLRQ�SOXV�SUpFLVH�

émetteur

Echantillon : {d1 , d2 , d3}

capteur

d3

d1
d2

Figure H. 2 : Balayage pour la recherche des rayons réfléchis

&RPPH� WRXWHV� OHV� VXUIDFHV� VRQW� SODQHV�� LO� HVW� SUREDEOH� TXH� V¶LO� H[LVWH� XQH� VROXWLRQ� DX

YRLVLQDJH�G¶XQ�UD\RQ�GRQQp��FHWWH�VROXWLRQ�HPSUXQWH�XQ�FKHPLQ�RSWLTXH�WUqV�SURFKH��HW

TXH� SDU� FRQVpTXHQW� LO� VH� UpIOpFKLVVH� VXU� OHV�PrPHV� VXUIDFHV�� ,O� VXIILW� GDQV� FH� FDV� GH
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FDOFXOHU� O¶LPDJH� GX� FDSWHXU� SDU� OHV� SODQV� FRQWHQDQW� OHV� VXUIDFHV� VXU� OHVTXHOOHV� V¶HVW

UpIOpFKL� OH� UD\RQ�� DILQ� GH� FDOFXOHU� DQDO\WLTXHPHQW� OD� GLUHFWLRQ� LQLWLDOH� TXL� DERXWLUD� j� OD

VROXWLRQ�H[DFWH�

8QH� IRLV� FHWWH� GLUHFWLRQ� FDOFXOpH�� OH� ODQFHU� GH� UD\RQV� HVW� HIIHFWXp�� HW� RQ� YpULILH� TXH� OH

UD\RQ�WUDYHUVH�HIIHFWLYHPHQW�OD�VRXUFH��DSUqV�XQ�FHUWDLQ�QRPEUH�GH�UpIOH[LRQV��6L�FH�Q¶HVW

SDV�OH�FDV��SOXVLHXUV�UD\RQV�DXWRXU�GH�OD�GLUHFWLRQ�VpOHFWLRQQpH�SDU�OD�SKDVH�GH�EDOD\DJH

VRQW� ODQFpV�� j� XQH� SUpFLVLRQ� LQIpULHXUH� j� FHOOH� GX� EDOD\DJH�� HW� OH� SURFHVVXV� DQDO\WLTXH

UHSUHQG�DYHF�OH�UD\RQ�OH�SOXV�SURFKH�GH�OD�VROXWLRQ�

&HWWH� pWDSH� HVW� UHSURGXLWH� MXVTX¶j� FRQYHUJHQFH�� /D� GLYHUJHQFH� HVW� GpWHFWpH� ORUVTXH� OH

EDOD\DJH�VH�IDLW�j�XQH�SUpFLVLRQ�LQIpULHXUH�j�XQ�VHXLO�IL[p�

Emetteur

Surface 1

Image 1

Image 2

Capteur

Solution exacte

Rayon approché

Surface 2

Figure H. 3 : Recherche analytique d’un rayon réfléchi

/H� SULQFLSDO� LQFRQYpQLHQW� GH� FHWWH�PpWKRGH� HVW� OD� OHQWHXU� GHV� FDOFXOV� GHV� LQWHUVHFWLRQV

GHV� UD\RQV�DYHF� OHV�VXUIDFHV�FRPSRVDQW� O¶HQYLURQQHPHQW��3RXU� UHPpGLHU�j�FH�SUREOqPH

QRXV�DYRQV�XWLOLVp�XQ�ODQFHU�GH�UD\RQ�TXL�D�pWp�GpYHORSSp�j�6XS$HUR�GDQV�OH�FDGUH�G¶XQH

WKqVH�>%(5���@�HW�TXL�SUpVHQWH�GHV�SHUIRUPDQFHV�HQ�WHUPH�GH�UHVVRXUFHV�LQIRUPDWLTXHV

QpFHVVDLUHV��7HPSV�HW�PpPRLUH��SOXV�TXH�VDWLVIDLVDQWHV�
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%LEOLRJUDSKLH

>%(5���@ %(50(6�6�

©�/HV�DUEUHV�RFWDX[�SDUHVVHX[���XQH�PpWKRGH�G\QDPLTXH�GH�VXEGLYLVLRQ

VSDWLDOH�SRXU�OH�ODQFHU�GH�UD\RQV�ª�

7KqVH�(16$(�1�������������

>0$5���@ 0$57,1(=�)�

©�0RGpOLVDWLRQ�GH�SURSDJDWLRQ�G¶RQGHV�pOHFWURPDJQpWLTXHV�SDU�ODQFHU�GH

UD\RQV�ª�

3UREDWRLUH�&1$0��IpYULHU������
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,����&DUDFWpULVWLTXHV�GX�UpFHSWHXU�XWLOLVp

/D�FDUWH�*36�0,//HQQLXP�VH�FRPSRVH�G¶XQH�VHXOH�FDUWH�GH�FLUFXLWV�LPSULPpV�DXWRQRPH�

&¶HVW�XQ�UpFHSWHXU�*36�GH�KDXWH�SHUIRUPDQFH��FDSDEOH�GH�UHFHYRLU�HW�GH�SRXUVXLYUH�OH

FRGH�&�$�GH�/���OD�SKDVH�GH�OD�SRUWHXVH�VXU�/��HW�/���HW�OH�FRGH�3�GH�/��

*(1(5$/
���SDLUHV�GH�FDQDX[�/��/� ✓

0HVXUHV�GH�SKDVH�HW�GH�SVHXGR�GLVWDQFH�SRXU�/��/� ✓

&RUUHFWLRQV�LRQRVSKpULTXHV�GDQV�OH�FDOFXO�GH�SRVLWLRQ
(FKDQWLOORQQDJH�GH�����ELWV ✓

&RUUpODWHXU�pWURLW�����7F� ✓

3RUW�VpULH�GRXEOH ✓

5p�DFTXLVLWLRQ�UDSLGH ✓

3RUW�SRXU�XQH�KRUORJH�H[WHUQH�RSWLRQQHOOH ✓

'211((6�(;3/2,7$%/(6
'RQQpHV�FDOFXOpHV���SRVLWLRQ��YLWHVVH��GLUHFWLRQ��RIIVHW�GH�O¶KRUORJH�#
�+]

✓

'RQQpHV�PHVXUpHV���SVHXGR�GLVWDQFH��SKDVH�GH�OD�SRUWHXVH�#��+] ✓

)250$7�'(6�'211((6�'(�6257,(6
$6&,,�HW�ELQDLUH ✓

02'(�'(�326,7,211(0(17

3RLQW�VLPSOH ✓

3DUFRXUV�G¶XQ�SRLQW�PRELOH ✓

&RUUHFWLRQ�GLIIpUHQWLHOOH�GH�OD�SVHXGR�GLVWDQFH ✓

&21752/(�5(&(37(85
&RUUHFWLRQ�GH�OD�GpULYH�GH�O¶KRUORJH ✓

3RVVLELOLWp�GH�VDXYHU�OD�FRQILJXUDWLRQ�GX�UpFHSWHXU�HW�O¶DOPDQDFK ✓

5HVHW��KDUGZDUH�HW�VRIWZDUH� ✓

&RQWU{OH�GX�SRUW�VpULH ✓

3RLQW�GH�UpIpUHQFH ✓

&RUUHFWLRQ�GHV�YDULDWLRQV�PDJQpWLTXHV ✓

&DOFXO�GH�O¶RQGXODWLRQ�GX�JpRwGH ✓

3RVVLELOLWp�G¶pOLPLQHU�GHV�VDWHOOLWHV�HQ�IRQFWLRQ�GH�OHXUV�DQJOHV�GH�VLWH ✓

&RQWUDLQWHV�GH�SRVLWLRQ��G¶KDXWHXU�HW�GH�YLWHVVH ✓

&RQWU{OH�GX�GpFURFKDJH�GHV�VDWHOOLWHV ✓

&RQWU{OH�GH�OD�VDQWp�GHV�VDWHOOLWHV ✓

Table I. 1 : Caractéristiques du récepteur utilisé pour les mesures
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,����3ULQFLSH�GX�ILOWUDJH�SDU�OD�SKDVH

/H� EXW� GX� ILOWUDJH� SDU� OD� SKDVH� HVW� GH� IRXUQLU� XQH�PHVXUH� GH� SVHXGR�GLVWDQFHV� R�� OHV

EUXLWV�GH�SRXUVXLWH�VXU�OD�ERXFOH�GH�FRGH�HW�OHV�WUDMHWV�PXOWLSOHV�VRLHQW�UpGXLWV�

(Q� HIIHW�� OHV� PHVXUHV� UpDOLVpHV� SDU� OD� ERXFOH� GH� FRGH� VRQW� SOXV� EUXLWpHV� TXH� FHOOHV

UpDOLVpHV�SDU�OD�ERXFOH�GH�SKDVH��/¶LGpH�GX�ILOWUDJH�SDU�OD�SKDVH�HVW�GRQF�GH�GLPLQXHU�OH

EUXLW�VXU� OD�PHVXUH�GH�SVHXGR�GLVWDQFH� UpDOLVpH�SDU� OD�ERXFOH�GH�FRGH�HQ� OD�FRPELQDQW

DYHF�OD�PHVXUH�GH�OD�SRUWHXVH�UpDOLVpH�SDU�OD�ERXFOH�GH�SKDVH�

/HV�PHVXUHV�HIIHFWXpHV�SDU� OD�ERXFOH�GH�FRGH� � HW�SDU� OD�ERXFOH�GH�SKDVH�SHXYHQW�rWUH

PRGpOLVpHV�GH�OD�PDQLqUH�VXLYDQWH��

ρηρ ++= IR Eq I. 1

φηφ ++−= NIR Eq I. 2

DYHF��

ρ �SVHXGR�GLVWDQFH

φ �PHVXUH�GH�OD�SRUWHXVH

R �GLVWDQFH�VDWHOOLWH�UpFHSWHXU

I �HUUHXU�LRQRVSKpULTXH

N �DPELJXwWp�VXU�OD�PHVXUH�GH�SKDVH

ρη �EUXLW�GH�SRXUVXLWH�VXU�OD�ERXFOH�GH�FRGH�HW�WUDMHWV�PXOWLSOHV

φη �EUXLW�GH�SRXUVXLWH�VXU�OD�ERXFOH�GH�SKDVH�HW�WUDMHWV�PXOWLSOHV

/H� ILOWUDJH� SDU� OD� SKDVH� SHXW� rWUH� UpDOLVp� DYHF� XQ� ILOWUH� FRPPH� OH� PRQWUH� OD� ILJXUH

VXLYDQWH�

F
+ +

+
_

Ψ

Φ

χ Ψ ^χ̂

Figure I. 1 : Diagramme du filtre par la phase

/HV� HQWUpHV� GX� ILOWUH� VRQW� Ψ � �SVHXGR�GLVWDQFH�� HW� Φ � �PHVXUH� GH� OD� SRUWHXVH��� /D

GLIIpUHQFH�GH�FHV�GHX[�HQWUpHV�HVW�ILOWUpH�SRXU�pOLPLQHU�OHV�FRPSRVDQWHV�QRQ�GpVLUpHV��/H

UpVXOWDW� HVW� DORUV� UHFRPELQp� DYHF� OD�PHVXUH� GH� OD� SRUWHXVH� SRXU� GRQQHU� OD�PHVXUH� GH

FRGH�ILOWUpH�
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/H�ILOWUH� F �HVW�JpQpUDOHPHQW�XQ�ILOWUH�SDVVH�EDV�TXH�QRXV�VXSSRVHURQV�GX�SUHPLHU�RUGUH

GRQW�OD�IRQFWLRQ�GH�WUDQVIHUW�HVW��

1

1
)(

+
=

s
sF

τ
Eq I. 3

R��τ �HVW�OD�FRQVWDQWH�GH�WHPSV�GX�ILOWUH

φρχ −= Eq I. 4

)(2 φρ ηηχ −++= NI Eq I. 5

χχ F=ˆ Eq I. 6

)(2ˆ φρ ηηχ −++= FNFI Eq I. 7

φχ +=Ψ ˆˆ Eq I. 8

φρ ηη )1()12(ˆ FFIFR −++−+=Ψ Eq I. 9

6RLW� φρ ηηε )1( FF −+= �HW�σ �OD�GpYLDWLRQ�VWDQGDUG�GH�ε

6RXV� O¶K\SRWKqVH� TXH� OHV� FRPSRVDQWHV� GH� EUXLW� GHV� HQWUpHV� VRQW� VWDWLVWLTXHPHQW

LQGpSHQGDQWHV��OD�FRQWULEXWLRQ�GX�EUXLW�VXU�σ �SHXW�V¶pFULUH��

τ
σσ ρ 2

T= Eq I. 10

R��T �HVW�O¶LQWHUYDOOH�GH�WHPSV�HQWUH�OHV�PHVXUHV�� T>>τ �

HW� ρσ �HVW�OD�GpYLDWLRQ�VWDQGDUG�VXU�OD�SVHXGR�GLVWDQFH�PHVXUpH�SDU�OD�ERXFOH�GH�FRGH

/¶HUUHXU� GXH� DX[� WUDMHWV� PXOWLSOHV� GpSHQG� GH� OD� IUpTXHQFH� GHV� RVFLOODWLRQV� GHV� WUDMHWV

PXOWLSOHV�HW�GHV�FRQVWDQWHV�GH� WHPSV�GX� ILOWUH�GH�SOXVLHXUV�FHQWDLQHV�GH�VHFRQGHV�VRQW

QpFHVVDLUHV�SRXU�IRXUQLU�XQH�DWWpQXDWLRQ�VLJQLILFDWLYH�GH�O¶HUUHXU�
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%LEOLRJUDSKLH

>*2$���@ *2$'�&�&�

©�2SWLPDO� ILOWHULQJ� RI� SVHXGRUDQJHV� DQG� SKDVHV� IURP� VLQJOH� IUHTXHQF\� *36
UHFHLYHUV�ª�
1DYLJDWLRQ�MRXUQDO��YRO����1����(WDWV�8QLV��������SS����������

>+$7���@ +$7&+�5�

©�7KH�V\QHUJLVP�RI�*36�FRGH�DQG�FDUULHU�PHDVXUHPHQWV�ª�

7KLUG� LQWHUQDWLRQDO� V\PSRVLXP�RQ� VDWHOOLWH� GRSSOHU� SRVLWLRQQLQJ��1HZ�0H[LFR

6WDWH�8QLYHUVLW\��YRO����������SS������������

>+(*�@ +(*$57<�&�-�

©�$QDO\WLFDO� GHULYDWLRQ� RI�PD[LPXP� WROHUDEOH� LQ�EDQG� LQWHUIHUHQFH� OHYHOV� IRU
DYLDWLRQ�DSSOLFDWLRQV�RI�*166�ª�

>+:$�@ +:$1*�3�<���0F*5$:�*�$���%$'(5�5�%�

©�(QKDQFHG� GLIIHUHQWLDO� *36� FDUULHU�VPRRWKHG� FRGH� SURFHVVLQJ� XVLQJ� GXDO
IUHTXHQF\�PHDVXUHPHQWV�ª�

>129���@ 129$7(/

©�0,//HQQLXP�*36&DUG�ª�

*XLGH�WR�,QVWDOODWLRQ�	�RSHUDWLRQ��20�����������PDUV������
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/¶REMHFWLI� GH� FHWWH� DQQH[H� HVW� GH� GpWHUPLQHU� O¶RIIVHW� GH� FRGH�PD[LPDO� GH� OD� ERXFOH� GH

FRGH� QRQ� FRKpUHQWH�� 3RXU� FHOD�� OH� FDV� GH� OD� ERXFOH� GH� FRGH� FRKpUHQWH� VHUD� WUDLWp� HQ

SUHPLHU�

-����3ULQFLSH�GH�OD�%RXFOH�GH�&RGH�&RKpUHQWH

/D�)LJXUH�VXLYDQWH�SUpVHQWH�XQ�VFKpPD�VLPSOLILp�GH� OD�ERXFOH�GH� FRGH� FRKpUHQWH��'DQV

FHWWH�ERXFOH��OHV�GpWHFWHXUV�G¶HQYHORSSH�QH�VRQW�SOXV�XWLOLVpV�FDU�RQ�FRQQDvW��D�SULRUL�� OD

SKDVH�GX�VLJQDO�
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Figure J. 1 : Représentation simplifiée de la boucle de code cohérente

$LQVL� OHV� VLJQDX[� TXL� YRQW� SLORWHU� OHV� EUDQFKHV� DYDQFH� HW� UHWDUG� GH� FHWWH� ERXFOH

V¶H[SULPHQW�GH�OD�PDQLqUH�VXLYDQWH��
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peCtptR Eq. J. 2

'DQV� OH� FDV� LGpDO�� R�� VHXO� OH� WUDMHW� GLUHFW� HVW� UHoX�� OD� WHQVLRQ� G¶HUUHXU� GH� OD� ERXFOH

FRKpUHQWH�V¶pFULW�GH�OD�PDQLqUH�VXLYDQWH��
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'RLW� OD� WHQVLRQ� G¶HUUHXU� LGpDOH� GH� OD� ERXFOH� GH� FRGH� FRKpUHQWH�� OD� WHQVLRQ� GpILQLW� SDU

O¶pTXDWLRQ�VXLYDQWH��

)2()2()( spspidéalec CRCRV +∆−−∆=∆ τττ Eq. J. 4
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Eq. J. 5

(Q�SUpVHQFH�G¶XQ�VHXO�WUDMHW�UpIOpFKL��OHV�YRLHV�DYDQFH�HW�UHWDUG�GHYLHQQHQW��
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/D�WHQVLRQ�G¶HUUHXU�HVW�DORUV��

[ ]

[ ])2ˆ()2ˆ(
2

)2ˆ()2ˆ(
2

0101
)ˆ(1

0000
)ˆ(0

01

00

spsp
j

spsp
j

c

CRCRe
a

CRCRe
a

V

+−−−−

++−−−−=

−

−

ττττ

ττττ

φφ

φφ K

Eq. J. 8

1RXV�DOORQV�pWDEOLU�XQH�UHODWLRQ�HQWUH�FHWWH�WHQVLRQ�G¶HUUHXU�HW�OD�WHQVLRQ�G¶HUUHXU�LGpDOH��
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-����2IIVHW�GH�&RGH�0D[LPDO�GH�OD�%RXFOH�GH�&RGH�&RKpUHQWH

6L� O¶LQIOXHQFH� GH� OD� ERXFOH� GH� SKDVH� VXU� OHV� SHUIRUPDQFHV� GH� OD� ERXFOH� GH� FRGH� HVW

QpJOLJpH� 00̂0 ≅−φφ ���OD�WHQVLRQ�G¶HUUHXU�GHYLHQW��
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RidélaecRidélaecc V
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V ττφτ −∆+∆= Eq. J. 10

R�� 01 φφφ −=R

'DQV�OD�VXLWH�GHV�FDOFXOV��QRXV�IDLVRQV�O¶K\SRWKqVH�TXH� 01 aa < �

3RXU� REWHQLU� O¶H[SUHVVLRQ�GH� O¶RIIVHW� GH� FRGH� cτ � HQ� IRQFWLRQ�GH� rτ �� LO� IDXW� UpVRXGUH� SDU

UDSSRUW� j� OD� YDULDEOH� τ∆ � O¶pTXDWLRQ� 0=cV �� 3RXU� FHOD� QRXV� DOORQV� GpILQLU� OD� WHQVLRQ

G¶HUUHXU�GH�FRGH�GLUHFWH� directecV �HW�OD�WHQVLRQ�G¶HUUHXU�GH�FRGH�UpIOpFKLH� réfléchiecV �

)(0 τ∆= idéalecdirectec VaV Eq. J. 11

)()cos(1 RidéalecRréfléchiec VaV ττφ −∆= Eq. J. 12

3RXU� UpVRXGUH� O¶pTXDWLRQ�� O¶H[SUHVVLRQ� GX� SRLQW� G¶LQWHUVHFWLRQ� GH� FHV� GHX[� WHQVLRQV

G¶HUUHXU� GRLW� rWUH� FDOFXOpH� SRXU� GLIIpUHQWHV� YDOHXUV� GH� rτ �� &RPPH� OH�PRQWUH� OD� ILJXUH

VXLYDQWH��TXDWUH�]RQHV�GH�IRQFWLRQQHPHQW�GRLYHQW�rWUH�pWXGLpHV�
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2sC+

2sc CT +−2sc CT −−

2sc CT +2sc CT −

Signal direct
Signal réfléchi
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zone 3zone 4

Coordonnées de
l’offset de code

Figure J. 2 : Zones de fonctionnement de la boucle de code cohérente
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-������=RQH��

'DQV�FHWWH�]RQH�GH�IRQFWLRQQHPHQW��QRXV�DYRQV��
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-������=RQH��

'DQV�OD�]RQH����QRXV�DYRQV��
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Eq. J. 28

-����2IIVHW�GH�&RGH�0D[LPDO�GH�OD�%RXFOH�GH�&RGH�1RQ�&RKpUHQWH

Le schéma suivant présente le modèle de la boucle de code non cohérente.
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Figure J. 3 : Représentation simplifiée de la boucle de code non cohérente
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6L� OH� WUDMHW� GLUHFW� HW� OH� WUDMHW� UpIOpFKL� VRQW� HQ� SKDVH� RX� HQ� RSSRVLWLRQ� GH� SKDVH�� OHV

WHQVLRQV�G¶HUUHXU�GHV�ERXFOHV�GH�FRGH�FRKpUHQWH�HW�QRQ�FRKpUHQWH�GHYLHQQHQW�DORUV��
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Eq. J. 30

/RUVTXH� OD� ERXFOH� GH� FRGH� HVWLPH� OH� UHWDUG� GX� FRGH�� LO� FKHUFKH� OD� YDOHXU� GH� 0τ̂ � SRXU

ODTXHOOH� OD� WHQVLRQ� G¶HUUHXU� HVW� pJDOH� j� ]pUR��'¶R�� GDQV� OH� FDV� GH� OD� ERXFOH� FRKpUHQWH�

QRXV�DYRQV��
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Eq. J. 32

'H�OD�PrPH�PDQLqUH��DYHF�OD�ERXFOH�GH�FRGH�QRQ�FRKpUHQWH��ORUVTXH�OD�WHQVLRQ�G¶HUUHXU

HVW�pJDOH�j�]pUR��RQ�REWLHQW��
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Eq. J. 33

'¶DSUqV�FH�TXL�SUpFqGH�� ORUVTXH�OH�WUDMHW�GLUHFW�HW� OH�WUDMHW�UpIOpFKL�VRQW�HQ�SKDVH�RX�HQ

RSSRVLWLRQ�GH�SKDVH��OH�UHWDUG�HVWLPp�SDU�OD�ERXFOH�GH�FRGH�FRKpUHQWH�VHUD�OH�PrPH�TXH

FHOXL�GH�OD�ERXFOH�GH�FRGH�QRQ�FRKpUHQWH�

$LQVL�� O¶RIIVHW� GH� FRGH�PD[LPDO� FDOFXOp� SRXU� OD� ERXFOH� GH� FRGH� FRKpUHQWH� HVW� OH�PrPH

SRXU�OD�ERXFOH�GH�FRGH�QRQ�FRKpUHQWH��&H�TXL�GRQQH��
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$11(;(�.��

5(68/7$76�'(�/$�&$03$*1(�'(�0(685(

'DQV�FHWWH�DQQH[H�� OHV� UpVXOWDWV�REWHQXV�JUkFH�j�FHWWH� FDPSDJQH�GH�PHVXUH�YRQW� rWUH

REVHUYpV�� 'DQV� XQ� SUHPLHU� WHPSV�� OD� YLVLELOLWp� REWHQXH� SRXU� OHV� GLIIpUHQWV

HQYLURQQHPHQWV�VHUD�UHJDUGpH��SXLV� OH�SRVLWLRQQHPHQW�TXH�IRXUQLW� OH�UpFHSWHXU�SRXU�OHV

PLOLHX[� LQGXVWULHO�� SDYLOORQQDLUH� HW� FHOXL� FDUDFWpULVp� SDU� GH� KDXWV� LPPHXEOHV�� OH� PLOLHX

XUEDLQ�pWDQW�WUDLWp�GDQV�OH�FKDSLWUH���

.����9LVLELOLWp�SRXU�OHV�GLIIpUHQWV�HQYLURQQHPHQWV

'HV� VWDWLVWLTXHV� GH� YLVLELOLWp� j� SDUWLU� GHV�PHVXUHV� UpDOLVpHV� RQW� GRQF� pWp� pWDEOLHV�� /HV

UpVXOWDWV�VRQW�SUpVHQWpV�GDQV�OD�ILJXUH�VXLYDQWH��
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Figure K. 1: Histogramme des satellites visibles

&RPPH�OH�PRQWUH�OD�)LJXUH����OH�PLOLHX�XUEDLQ�HVW�OH�SLUH�FDV�DYHF�����GX�WHPSV�R��QRXV

DYRQV� PRLQV� GH� �� VDWHOOLWHV�� 3RXU� OHV� PLOLHX[� LQGXVWULHO� HW� SDYLOORQQDLUH�� DX� PRLQV� �

VDWHOOLWHV�VRQW�HQ�YXH�GXUDQW�����GX�WHPSV��(QILQ�SRXU�OH�GHUQLHU�HQYLURQQHPHQW��LO�\�D

PRLQV�GH���VDWHOOLWHV�SHQGDQW����GX�WHPSV�
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'DQV�OH�PLOLHX�XUEDLQ��OHV�VDWHOOLWHV�VRQW�VRXYHQW�PDVTXpV�DYHF�WUqV�SHX�G¶HVSDFH�RXYHUW

R�� OH� QRPEUH� GH� VDWHOOLWHV� SRXUUDLW� rWUH� VXSpULHXU� j� ��� 'DQV� OH� PLOLHX� LQGXVWULHO�� OHV

VDWHOOLWHV�VRQW�SHX�RX�SDV�PDVTXpV��3RXU� OH�PLOLHX�SDYLOORQQDLUH�� OHV�VDWHOOLWHV�D\DQW�GH

IDLEOH�DQJOH�GH�VLWH�VRQW�PDVTXpV�HW�OD�SK\VLRQRPLH�GH�O¶HQYLURQQHPHQW�YDULH�SHX��(QILQ

OH�GHUQLHU�FDV��O¶KLVWRJUDPPH�HVW�SOXV�pWDOp��FHWWH�IRUPH�SHXW�V¶H[SOLTXHU�SDU�OH�IDLW�TXH

SUqV�G¶XQ�GH�FHV�JUDQGV�EkWLPHQWV��OHV�VDWHOOLWHV�VRQW�PDVTXpV�TXH�G¶XQ�F{Wp�HW�OH�UHVWH

GX�WHPSV�QRXV�pWLRQV�GDQV�GHV�HVSDFHV�RXYHUWV�

.����3HUIRUPDQFHV�GX�UpFHSWHXU

.������0LOLHX�LQGXVWULHO

/D�)LJXUH���SUpVHQWH�OH�SDUFRXUV�VXLYL�SDU�OH�UpFHSWHXU�GDQV�O¶HQYLURQQHPHQW�LQGXVWULHO�HW

OD�)LJXUH���OD�SRVLWLRQ�FDOFXOpH�

Figure K. 2 : Plan du milieu industriel Figure  K. 3: Position du calculée par le récepteur

en milieu industriel
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/D� )LJXUH� �� PRQWUH� O¶pWDW� GH� OD� VROXWLRQ� FDOFXOpH� SDU� OH� UpFHSWHXU� HW� OD� )LJXUH� ��� OD

GLIIpUHQFH� HQWUH� OD� SRVLWLRQ� KRUL]RQWDOH� FDOFXOpH� SDU� OH� UpFHSWHXU� HW� OD� SRVLWLRQ� FDOFXOpH

DYHF�OHV�FRUUHFWLRQV�GLIIpUHQWLHOOHV�

Figure  K. 4 : Etat de la solution Figure  K. 5: Erreur horizontale en milieu

en milieu industriel  industriel

'DQV�OH�PLOLHX�LQGXVWULHO��OD�SRVLWLRQ�HVW�OD�SOXSDUW�GX�WHPSV�FDOFXOpH��DYHF���FDV�R��LO�Q¶\

D�SDV�DVVH]�GH�VDWHOOLWHV�HQ�YLVLELOLWp��HW�XQ�FDV�RX�OD�WUDFH�HVW�VXSpULHXUH�j������P��2Q�D

GRQF� � XQH� ERQQH� YLVLELOLWp� PDLV� OHV� SHUIRUPDQFHV� QH� VRQW� SDV� VDWLVIDLVDQWHV� VL� RQ

FRQVLGqUH�TXH�O¶XWLOLVDWHXU�D�EHVRLQ�G¶XQH�HUUHXU�KRUL]RQWDOH�LQIpULHXUH�j����PqWUHV�GXUDQW

DX�PRLQV�������GX�WHPSV�

.������0LOLHX�SDYLOORQQDLUH

Comme pour le milieu industriel, les deux figures suivantes présentent la trajectoire suivie par

le véhicule et la position calculée par le récepteur.
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Figure K. 6: Plan du milieu pavillonnaire Figure K. 7: Position du calculée par le

récepteur en milieu pavillonnaire

La Figure 8 montre l’état de la solution calculée par le récepteur et la Figure 9 la comparaison

entre la position calculée par le récepteur et la position calculée à l’aide des corrections

différentielles.

Figure K. 8: Etat de la solution Figure K. 9: Erreur horizontale

en milieu pavillonnaire en milieu pavillonnaire

'DQV�OH�PLOLHX�SDYLOORQQDLUH��LO�Q¶\�D�SDV�GH�FDV�R��QRXV�DYRQV�PRLQV�GH���VDWHOOLWHV��SDU

FRQWUH�SDU�PRPHQWV�OD�WUDFH�HVW�VXSpULHXUH�j������P��HW�OD�SRVLWLRQ�FDOFXOpH�Q¶HVW�DORUV

SOXV�ILDEOH�

$X�YXH�GH�OD�)LJXUH����OHV�EHVRLQV�GH�O¶XWLOLVDWHXU�VHPEOHQW�VDWLVIDLWV��VL�RQ�FRQVLGqUH�TX¶LO

D�EHVRLQ�G¶XQH�GLVSRQLELOLWp�G¶DX�PRLQV�������DYHF�XQH�HUUHXU�KRUL]RQWDOH�LQIpULHXUH�j���

PqWUHV�
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.������0LOLHX�FDUDFWpULVp�SDU�GH�KDXWV�LPPHXEOHV

/D� )LJXUH� ���PRQWUH� OD� WUDMHFWRLUH� VXLYLH� SDU� OH� UpFHSWHXU� HW� OD� )LJXUH� ���� OD� SRVLWLRQ

FDOFXOpH�

Figure K. 10 : Plan du milieu avec de hauts immeubles Figure K. 11: Position du calculée par le

récepteur en milieu avec de hauts immeubles

Les deux figures suivantes présentent l’état de la solution et l’erreur horizontale estimée à

l’aide des corrections différentielles.

Figure K. 12: Etat de la solution Figure K. 13: Erreur horizontale

en milieu avec de hauts immeubles en milieu avec de hauts immeubles
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Le milieu caractérisé par de hauts immeubles semble être le deuxième pire cas, car assez

souvent nous n’avons pas assez de satellites en visibilité et pour une dizaine de mesures la

position calculée n’est pas fiable. Cependant ces situations ne durent pas longtemps (quelques

secondes) et la plupart du temps l’erreur horizontale est inférieure à 10 mètres.

%LEOLRJUDSKLH

>0$&���@ 0$&$%,$8�&���52785,(5�%���&+$75(�(���5(1$5'�$�

©�*36�UHIHUHQFH�VWDWLRQ�VLWLQJ�WRRO�ª�

,21�1DWLRQDO�7HFKQLFDO�0HHWLQJ��$QDKHLP��MDQYLHU�������

>129���@ 129$7(/

©�0,//HQQLXP�*36&DUG�ª�

*XLGH�WR�,QVWDOODWLRQ�	�RSHUDWLRQ��20�����������PDUV������
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/H�EXW�GH�FHWWH�DQQH[H�HVW�GH�PRQWUHU�OHV�OLPLWHV�VSDWLDOHV�GX�V\VWqPH�GLIIpUHQWLHO�ORFDO�

$�PHVXUH�TXH�O¶XWLOLVDWHXU�V¶pORLJQH�GH�OD�VWDWLRQ�OHV�HUUHXUV�GHYLHQQHQW�GpFRUUpOpHV��'DQV

FHWWH� VHFWLRQ�� QRXV� DOORQV� GpYHORSSHU� GHV� H[SUHVVLRQV� TXL� SHUPHWWHQW� G¶HVWLPHU� OHV

HUUHXUV�LQWURGXLWHV�SDU�OD�GpFRUUpODWLRQ�VSDWLDOH��7URLV�SRVWHV�G¶HUUHXU�VRQW�FRQFHUQpV�SDU

FHWWH�GpFRUUpODWLRQ�VSDWLDOH��

• HUUHXU�G¶pSKpPpULGH

• HUUHXU�WURSRVSKpULTXH

• HUUHXU�LRQRVSKpULTXH

3RXU� OHV� UHWDUGV� LRQRVSKpULTXH� HW� WURSRVSKpULTXH�� GHV� PRGqOHV� VRQW� XWLOLVpV� SRXU

GpWHUPLQHU� OHV� UHWDUGV� TXL� GpSHQGHQW� GH� SDUDPqWUHV� YDULDEOHV� TXL� FKDQJHQW� GDQV� OH

WHPSV�HW�GDQV�O¶HVSDFH�

/����(UUHXU�SURYHQDQW�GH�O¶DQJOH�GH�VLWH

/HV� FRUUHFWLRQV� QpFHVVDLUHV� DX[� SHUWXUEDWLRQV� GHV� VDWHOOLWHV�� HUUHXU� GH� SUpGLFWLRQ

G¶pSKpPpULGHV� HW� HUUHXUV� VXU� OD� SRVLWLRQ� GX� VDWHOOLWH� FKDQJHQW� O¶DQJOH� GH� YXH� GX

UpFHSWHXU��3RXU�GpWHUPLQHU�O¶LPSRUWDQFH�GX�FKDQJHPHQW��QRWRQV� p �OD�VpSDUDWLRQ�HQWUH�OD

GLVWDQFH�HQWUH�O¶XWLOLVDWHXU�HW�OD�VWDWLRQ��/¶HUUHXU�VXU�O¶HVWLPDWLRQ�GH�OD�SRVLWLRQ�GX�VDWHOOLWH

HVW�UHSUpVHQWpH�SDU� s∈ ��6RLHQW� md �HW� ’md �OHV�GLVWDQFHV�YUDLH�HW�HVWLPpH�HQWUH�OD�VWDWLRQ

HW� OH� VDWHOOLWH��HW� VRLHQW� ud � HW� ’ud � OHV�GLVWDQFHV�YUDL�HW�HVWLPpH�HQWUH� O¶XWLOLVDWHXU�HW� OH

VDWHOOLWH�

S S’

α

φm

du

d’ u

dm

d’ m

Figure L. 1 : Variation de la correction de la pseudo-distance avec l’angle de sire
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/D�ORL�GHV�FRVLQXV�GRQQH�OHV�GHX[�UHODWLRQV�VXLYDQWHV��

)’cos(’2’’ 222 αφ −−+= mmmu pdpdd Eq.L. 1

)cos(2222
mmmu pdpdd φ−+= Eq.L. 2

R�� ’α �HVW�OD�GLIIpUHQFH�GHV�DQJOHV�GH�VLWH�HQWUH�OHV�SRVLWLRQV�GX�VDWHOOLWH�YUDLH�HW�HVWLPpH�

/D�YDOHXU�DEVROXH�GH� ’α �HVW�LQIpULHXUH�RX�pJDOH�j�OD�YDOHXU�DEVROXH�GH�α �

(Q�UpVROYDQW�OHV�pTXDWLRQV� ’’ um dd − �HW� mu dd − ��HW�HQ�QpJOLJHDQW�OHV�WHUPHV�G¶RUGUH�pOHYpV

GDQV�OH�GpYHORSSHPHQW�DX�FDUUp��QRXV�REWHQRQV��

pppp
d

p
dd mm

m
um

2’
2

1
)sin(’)cos(.

’2

1
’’ αφαφ +++−=− Eq.L. 3

)cos(.
’2

1
m

m
mu pp

d

p
dd φ−=− Eq.L. 4

(Q� DGGLWLRQQDQW� FHV� �� pTXDWLRQV�� OD� GLIIpUHQFH� HQWUH� OHV� HUUHXUV� uuu dd −=∈ ’ � HW

mmm dd −=∈ ’ �HVW��

ppdddd mummumu
2’

2

1
)sin(’)()’’( αφα +=−+−=∈−∈ Eq.M. 5

RX

ppdddd mummumu
2

2

1
)sin()()’’( αφα +≤−+−=∈−∈ Eq.L. 6

/D� GLIIpUHQFH� mu ∈−∈ � HVW� O¶HUUHXU� LQWURGXLWH� SDU� OD� FRUUHFWLRQ� GH� SVHXGR�GLVWDQFH� SDU

O¶XWLOLVDWHXU�

3RXU�VLPSOLILHU�O¶H[SUHVVLRQ��VXSSRVRQV�TXH� mφ �HVW�VXSpULHXU�j������TXH�OD�GLVWDQFH�HQWUH

O¶XWLOLVDWHXU�HW�OD�VWDWLRQ�HVW�LQIpULHXUH�j�������NP�HW�TXH�OD�GLUHFWLRQ�66¶�HVW�SDUDOOqOH�j�OD

GLUHFWLRQ�VWDWLRQ��XWLOLVDWHXU��DORUV��

)(sin)sin(
)sin(

)sin( 2
m

m

s
m

m

ms
mmu p

d
p

d
p φφφφα ∈

=
∈

≈≤∈−∈ Eq.L. 7
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&HWWH� pTXDWLRQ� PRQWUH� TXH� O¶HUUHXU� DXJPHQWH� GLUHFWHPHQW� DYHF� OD� GLVWDQFH� HQWUH� OD

VWDWLRQ�HW�O¶XWLOLVDWHXU�
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Figure L. 2 : Erreur introduite par la correction des erreurs provenant de l’angle de site

/D�)LJXUH���PRQWUH�O¶HUUHXU�LQWURGXLWH�SDU�OD�FRUUHFWLRQ�HQ�IRQFWLRQ�GH�OD�GLVWDQFH�VWDWLRQ

UpFHSWHXU�SRXU�GLIIpUHQWV�DQJOHV�GH�VLWH�

/����(UUHXU�SURYHQDQW�GX�UHWDUG�WURSRVSKpULTXH

/H�GHX[LqPH�SRVWH�G¶HUUHXU�FRQFHUQp�SDU� OD�GpFRUUpODWLRQ�VSDWLDOH�HVW� O¶HUUHXU� LQWURGXLWH

SDU� OD� WUDYHUVpH� GH� OD� WURSRVSKqUH�� /D� YLWHVVH� GHV� RQGHV� pOHFWURPDJQpWLTXHV� YDULH� HQ

IRQFWLRQ�GH�OD�WHPSpUDWXUH��GH�OD�SUHVVLRQ��GH�O¶KXPLGLWp�UHODWLYH��&HV�IDFWHXUV�GpSHQGDQW

GHV�FRQGLWLRQV�ORFDOHV�FRPPH�OHV�SUpFLSLWDWLRQV�HW�OD�FRXYHUWXUH�QXDJHXVH��OD�FRUUpODWLRQ

GHV�UHWDUGV�GH�GHX[�UpFHSWHXUV�FDXVpV�SDU�OD�WURSRVSKqUH�GLPLQXHUD�SOXV�UDSLGHPHQW�TXH

SRXU�GHV�UHWDUGV�LRQRVSKpULTXHV�

/H� UHWDUG� WURSRVSKpULTXH�V¶H[SULPH�JUkFH�DX�PRGqOH�GpYHORSSp�SDU�$OWVKXOHU� >$/7���@�

/¶HUUHXU�WURSRVSKpULTXH��$QQH[H�'����SHXW�V¶H[SULPHU�GH�OD�PDQLqUH�VXLYDQWH��

3.22
, ].294)360(00586.0[3048.0).0029611.04588.1)(csc( −+−−+=∈ φφ sstropou NN Eq.L. 8

R�

tropou ,∈ �UHWDUG�WURSRVSKpULTXH�VXEL�SDU�O¶XWLOLVDWHXU�HQ�PqWUH

φ �DQJOH�GH�VLWH�GX�VDWHOOLWH�SDU�UDSSRUW�j�O¶XWLOLVDWHXU�HQ�GHJUp

sN �UpIUDFWLYLWp�GH�OD�VXUIDFH
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S

φm

du

dm

φ

ds

Station Utilisateur

Figure L. 3 :Différence de retard troposphérique

6RLW� mφ �O¶DQJOH�GH�VLWH�GX�VDWHOOLWH�SDU�UDSSRUW�j�OD�VWDWLRQ��OD�GLIIpUHQFH� )csc()csc( mφφ −

SHXW�rWUH�DORUV�FDOFXOpH��

s

m

s

mu

s

m

s

u
m d

p
d

dd

d

d

d

d )cos(
)csc()csc(

φφφ ≈
−

=−=− Eq.L. 9

3RXU�OH�PRPHQW��QRXV�VXSSRVRQV� sN �FRQVWDQWH��/D�GLIIpUHQFH�GH�UHWDUG�HQWUH�OD�VWDWLRQ

HW�O¶XWLOLVDWHXU�HVW�GRQQpH�SDU��

)](294)360.(00586.0[3048.0

).0029611.04588.1(
)cos(

3.23.22

,,

−− −+−

−+≈∈−∈

ms

s
s

m
tropomtropou

N

N
d

p

φφ

φ
K

Eq.L. 10

/H� VHFRQG� WHUPH� GX� PHPEUH� GH� GURLWH�� SRXU� GHV� DQJOHV� GH� VLWH� VXSpULHXU� j� ���� HVW

QpJOLJHDEOH�� O¶HUUHXU� GH� OD� FRUUHFWLRQ� HVW� DORUV� SURSRUWLRQQHOOH� j� OD� GLVWDQFH� HQWUH� OD

VWDWLRQ�HW�O¶XWLOLVDWHXU�
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Figure L. 4 : Erreur introduite par la correction troposphérique

(Q�UpDOLWp��OD�GLIIpUHQFH�HVW�SOXV�JUDQGH�j�FDXVH�GH�O¶HUUHXU�GX�PRGqOH�

8QH�GLIIpUHQFH�HQ�DOWLWXGH�HQWUH�OD�VWDWLRQ�HW�O¶XWLOLVDWHXU�DXUD�XQH�SOXV�JUDQGH�LQIOXHQFH

TX¶XQH� GLVWDQFH� KRUL]RQWDOH�� ,O� H[LVWH� XQH� UHODWLRQ� HQWUH� O¶HUUHXU� WURSRVSKpULTXH� GH� OD

VWDWLRQ�HW�O¶HUUHXU�WURSRVSKpULTXH�GH�O¶XWLOLVDWHXU�VLWXp�j�XQH�KDXWHXU� h �SDU�UDSSRUW�j� OD

VWDWLRQ�>$/7���@�
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Figure L. 5 : Erreur troposphérique en fonction de la différence de hauteur station-récepteur

/D�)LJXUH���SUpVHQWH�O¶HUUHXU�HQ�IRQFWLRQ�GH�OD�GLIIpUHQFH�GH�KDXWHXU�HQWUH�OD�VWDWLRQ�HW�OH

UpFHSWHXU�SRXU�GLIIpUHQWHV�UpIUDFWLYLWp�
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/����(UUHXU�SURYHQDQW�GX�UHWDUG�LRQRVSKpULTXH

/H�GHUQLHU�SRVWH�G¶HUUHXU�GpFRUUpOp�VSDWLDOHPHQW�HVW�O¶HUUHXU�LRQRVSKpULTXH�

dm

du

RT

Ψpp

P

h
Station

Utilisateur

φm

φ’ m

φ

φ’

Figure L. 6 : Différence de retard ionosphérique

/H�UHWDUG�LRQRVSKpULTXH��$QQH[H�'����HVW�GRQQp�SDU�O¶H[SUHVVLRQ�VXLYDQWH��

TEC
f

iono 2

3.40

)’sin(

1

φ
=∈ Eq.L. 12

R�

’φ �HVW�O¶DQJOH�GH�VLWH�DX�SRLQW� P

f �OD�IUpTXHQFH�GH�OD�SRUWHXVH

TEC OD�GHQVLWp�WRWDOH�G¶pOHFWURQV

/H� SRLQW� P � HVW� OH� SRLQW� VH� VLWXDQW� j� PL�FKHPLQ� VXU� OH� YHFWHXU� UHOLDQW� OD� SRVLWLRQ� GH

O¶XWLOLVDWHXU�j�OD�SRVLWLRQ�GX�VDWHOOLWH��HQ�JpQpUDO�RQ�SUHQG�XQH�DOWLWXGH�GH�����j����NP�

'H�SDU�OD�UpIUDFWLRQ�LRQRVSKpULTXH��O¶DQJOH� ’φ �HVW�GLIIpUHQW�GH�O¶DQJOH�φ �

/D�GLIIpUHQFH�GH�UHWDUG�HQWUH�OD�VWDWLRQ�HW�O¶XWLOLVDWHXU�HVW�DORUV��
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Eq.L. 13

/H� 7(&� HVW� JpQpUDOHPHQW� FRPSULV� HQWUH� ����� HW� ����� pOHFWURQV�Pð�� DYHF� W\SLTXHPHQW

��[����� pOHFWURQV�Pð�GDQV� OHV� ]RQHV� WHPSpUpHV�� /D�GLIIpUHQFH�GH� UHWDUG� LRQRVSKpULTXH

HQWUH�OD�VWDWLRQ�HW�O¶XWLOLVDWHXU�VHUD�GRQF��
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Eq.L. 14

0 10 20 30 40 50 60 70 80 90 100
0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

Distance station utilisateur (km)

D
iff

ér
en

ce
 d

e 
re

ta
rd

 (
m

)

10°
45°

Figure L. 7 : Erreur introduite par la correction ionosphérique

/����6\VWqPH�GLIIpUHQWLHO�pWHQGX

3RXU�pWHQGUH�OD�UpJLRQ�GDQV�ODTXHOOH�OHV�FRUUHFWLRQV�GLIIpUHQWLHOOHV�SHXYHQW�rWUH�UpDOLVpHV

VDQV� OD� GpFRUUpODWLRQ� TXL� DFFRPSDJQH� O¶pORLJQHPHQW� GH� O¶XWLOLVDWHXU� SDU� UDSSRUW� j� OD

VWDWLRQ��SOXVLHXUV�VWDWLRQV�GH�UpIpUHQFH�SHXYHQW�rWUH�GLVSRVpHV�VXU�OD�UpJLRQ�j�FRXYULU�

/H� UpFHSWHXU� REWLHQW� DORUV� XQH� FRUUHFWLRQ� SOXV� SUpFLVH� HVWLPpH� SDU� XQH� PR\HQQH

SRQGpUpH� GHV� FRUUHFWLRQV� SURYHQDQW� GHV� VWDWLRQV�� &RPPH� O¶HUUHXU� VXU� OHV� FRUUHFWLRQV

YDULH�DYHF�OD�GLVWDQFH�HQWUH�OH�UpFHSWHXU�HW�OD�VWDWLRQ��OHV�SRLGV�SHXYHQW�rWUH�GpWHUPLQpV
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j�SDUWLU�GH�FRQVLGpUDWLRQV�JpRPpWULTXHV�SRXU�GRQQHU� OH�SOXV�JUDQG�SRLGV�j� OD�VWDWLRQ� OD

SOXV� SURFKH�� HQ� FKRLVLVVDQW� OHV� SRLGV� TXL� GpFULYHQW� OD� SRVLWLRQ� GH� O¶XVDJHU� FRPPH� XQH

VRPPH�SRQGpUpH�GHV�SRVLWLRQV�GHV�VWDWLRQV�

3DU� H[HPSOH�� DYHF� �� VWDWLRQV� ORFDOLVpHV� SDU� OHXU� ODWLWXGH� φ � HW� OHXU� ORQJLWXGH� λ �� OHV� �

SRLGV� 1w �� 2w �HW� 3w �GHV�VWDWLRQV� ),( 111 λφM � ),( 222 λφM �HW� ),( 333 λφM �SRXU�XQ�XWLOLVDWHXU

),( λφU �SHXYHQW�rWUH�GpWHUPLQpV�SDU�O¶HQVHPEOH�G¶pTXDWLRQV�VXLYDQW��
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Figure L. 8 : Calcul du poids des corrections

/DSXFKD�>/$3���@�GpFULW�XQH�DSSURFKH�HQ�GHX[�pWDSHV�HQ�XWLOLVDQW�SOXVLHXUV�VWDWLRQV�SRXU

DXJPHQWHU�OD�SUpFLVLRQ�GH�O¶HVWLPDWLRQ�GH�OD�SRVLWLRQ�GH�O¶XWLOLVDWHXU�

'DQV� OD� SUHPLqUH� pWDSH�� OHV� FRUUHFWLRQV� GH� SVHXGR�GLVWDQFH� GH� FKDTXH� VWDWLRQ� VRQW

XWLOLVpHV�SRXU�GpWHUPLQHU� OD� SRVLWLRQ� GH� O¶XWLOLVDWHXU� LQGLYLGXHOOHPHQW�� /D� VHFRQGH� pWDSH

FRQVLVWH� j� FDOFXOHU� XQH� PR\HQQH� SRQGpUpH� GHV� HVWLPDWLRQV� GH� SRVLWLRQ� FDOFXOpHV

LQGLYLGXHOOHPHQW��&KDTXH�SRLGV�HVW�IRUPp�j�SDUWLU�GH�O¶LQYHUVH�GX�SURGXLW�GH� OD�GLVWDQFH

VWDWLRQ� XWLOLVDWHXU� HW� GH� OD� GpYLDWLRQ� VWDQGDUG� GH� OD� PR\HQQH� GHV� HVWLPDWLRQV� GH� OD

VWDWLRQ�� QRUPDOLVp� SDU� OD� VRPPH� GHV� SRLGV�� /¶HUUHXU� LQWURGXLWH� SDU� FKDTXH� VWDWLRQ� HVW

DORUV�GLOXpH�SDU�VRQ�SRLGV��SDU�H[HPSOH��VL�OHV�SRLGV�VRQW�WRXV�pJDX[��FKDTXH�HUUHXU�GH

VWDWLRQ�VHUD�GLOXpH�SDU�XQ�IDFWHXU� n1 ��0DLV�SXLVTXH�OHV�HUUHXUV�QH�VRQW�SDV�FRUUpOpHV��OD

GpYLDWLRQ�VWDQGDUG�GH�OHXU�VRPPH�HVW� n1 ��OD�GpYLDWLRQ�VWDQGDUG�GH�O¶HUUHXU�WRWDOH�HVW

GLPLQXpH�SDU�XQ�IDFWHXU� n �SDU�UDSSRUW�j�XQH�VHXOH�VWDWLRQ�
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Figure E. 4 ��6RUWLH�GX�GLVFULPLQDWHXU�HQ�IRQFWLRQ�GX�UHWDUG�HQ�HQWUpH ������������������������������� ���

Figure E. 5 ��$OJRULWKPH�GX�ILOWUH�GH�.DOPDQ������������������������������������������������������������������� ���

$QQH[H�)

Figure F. 1 ��(OOLSVH�GH�SRODULVDWLRQ ������������������������������������������������������������������������������� ���
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Figure F. 2 ��/HV�GLIIpUHQWHV�SRODULVDWLRQV ���������������������������������������������������������������������� ���

Figure F. 3 ��2QGH�UpIOpFKLH�HQ�SRODULVDWLRQ�SHUSHQGLFXODLUH ��������������������������������������������� ���

Figure F. 4 ��2QGH�UpIOpFKLH�HQ�SRODULVDWLRQ�SDUDOOqOH ������������������������������������������������������� ���

Figure F. 5 ��&KDQJHPHQW�GH�SRODULVDWLRQ�G¶XQH�RQGH�DSUqV�UpIOH[LRQ �������������������������������� ���

$QQH[H�*

Figure G. 1 ��)RQFWLRQ�G¶DXWRFRUUpODWLRQ�GDQV�OH�GRPDLQH�GHV�IUpTXHQFHV ��������������������������� ���

Figure G. 2 ��3URILO�GHV�WUDMHWV�PXOWLSOHV������������������������������������������������������������������������� ���

Figure G. 3 ��)RQFWLRQ�G¶DXWRFRUUpODWLRQ�GDQV�OH�GRPDLQH�WHPSRUHO ����������������������������������� ���

Figure G. 4 ��6SHFWUH�'RSSOHU��������������������������������������������������������������������������������������� ���

$QQH[H�+

Figure H. 1 ��5pIOH[LRQ�HW�UpIUDFWLRQ�GH�6QHOO�'HVFDUWHV ��������������������������������������������������� ���

Figure H. 2 ��%DOD\DJH�SRXU�OD�UHFKHUFKH�GHV�UD\RQV�UpIOpFKLV ������������������������������������������ ���

Figure H. 3 ��5HFKHUFKH�DQDO\WLTXH�G¶XQ�UD\RQ�UpIOpFKL ���������������������������������������������������� ���

$QQH[H�,

Figure I.1���'LDJUDPPH�GX�ILOWUH�GH�SKDVH ��������������������������������������������������������������������� ���

Table I. 1 ��&DUDFWpULVWLTXHV�GX�UpFHSWHXU�XWLOLVp�SRXU�OHV�PHVXUHV������������������������������������ ���

$QQH[H�-

Figure J. 1 ��5HSUpVHQWDWLRQ�VLPSOLILpH�GH�OD�ERXFOH�GH�FRGH�FRKpUHQWH ������������������������������ ���

Figure J. 2 ��=RQHV�GH�IRQFWLRQQHPHQW�GH�OD�ERXFOH�GH�FRGH�FRKpUHQWH ������������������������������ ���

Figure J. 3 ��5HSUpVHQWDWLRQ�VLPSOLILpH�GH�OD�ERXFOH�GH�FRGH�QRQ�FRKpUHQWH ������������������������ ���

$QQH[H�.

Figure K. 1 ��+LVWRJUDPPH�GHV�VDWHOOLWHV�YLVLEOHV ������������������������������������������������������������ ���

Figure K. 2 ��3ODQ�GX�PLOLHX�LQGXVWULHO���������������������������������������������������������������������������� ���

Figure K. 3 ��3RVLWLRQ�FDOFXOpH�SDU�OH�UpFHSWHXU�HQ�PLOLHX�LQGXVWULHO ����������������������������������� ���

Figure K. 4 ��(WDW�GH�OD�VROXWLRQ�HQ�PLOLHX�LQGXVWULHO �������������������������������������������������������� ���

Figure K. 5 ��(UUHXU�KRUL]RQWDOH�HQ�PLOLHX�LQGXVWULHO �������������������������������������������������������� ���

Figure K. 6 ��3ODQ�GX�PLOLHX�SDYLOORQQDLUH����������������������������������������������������������������������� ���

Figure K. 7 ��3RVLWLRQ�FDOFXOpH�SDU�OH�UpFHSWHXU�HQ�PLOLHX�SDYLOORQQDLUH ������������������������������ ���

Figure K. 8 ��(WDW�GH�OD�VROXWLRQ�HQ�PLOLHX�SDYLOORQQDLUH ��������������������������������������������������� ���

Figure K. 9 ��(UUHXU�KRUL]RQWDOH�HQ�PLOLHX�SDYLOORQQDLUH ��������������������������������������������������� ���

Figure K. 10 ��3ODQ�GX�PLOLHX�DYHF�GH�KDXWV�LPPHXEOHV ��������������������������������������������������� ���

Figure K. 11 ��3RVLWLRQ�FDOFXOpH�SDU�OH�UpFHSWHXU�HQ�PLOLHX�DYHF�GH�KDXWV�LPPHXEOHV ����������� ���

Figure K. 12 ��(WDW�GH�OD�VROXWLRQ�HQ�PLOLHX�DYHF�GH�KDXWV�LPPHXEOHV �������������������������������� ���

Figure K. 13 ��(UUHXU�KRUL]RQWDOH�HQ�PLOLHX�DYHF�GH�KDXWV�LPPHXEOHV �������������������������������� ���
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$QQH[H�/

Figure L. 1 ��9DULDWLRQ�GH�OD�FRUUHFWLRQ�GH�OD�SVHXGR�GLVWDQFH�DYHF�O¶DQJOH�GH�VLUH ��������������� ���

Figure L. 2 ��(UUHXU�LQWURGXLWH�SDU�OD�FRUUHFWLRQ�GHV�HUUHXUV�SURYHQDQW�GH�O¶DQJOH�GH�VLWH������ ���

Figure L. 3 �'LIIpUHQFH�GH�UHWDUG�WURSRVSKpULTXH ������������������������������������������������������������ ���

Figure L. 4 ��(UUHXU�LQWURGXLWH�SDU�OD�FRUUHFWLRQ�WURSRVSKpULTXH ���������������������������������������� ���

Figure L. 5 �� (UUHXU� WURSRVSKpULTXH� HQ� IRQFWLRQ� GH� OD� GLIIpUHQFH� GH� KDXWHXU� VWDWLRQ�

UpFHSWHXU���������������������������������������������������������������������������������������������������������������� ���

Figure L. 6 ��'LIIpUHQFH�GH�UHWDUG�LRQRVSKpULTXH������������������������������������������������������������� ���

Figure L. 7 ��(UUHXU�LQWURGXLWH�SDU�OD�FRUUHFWLRQ�LRQRVSKpULTXH ������������������������������������������ ���

Figure L. 8 ��&DOFXO�GX�SRLGV�GHV�FRUUHFWLRQV ������������������������������������������������������������������ ���


