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Abstract: This in-depth article covers the theory behind a Delta-Sigma analog-to-digital converter (ADC). It
 specifically focuses on the difficult to understand key digital concepts of over-sampling, noise shaping, and
 decimation filtering. A description of new converter, the MAX1402, and several applications for Delta-
Sigma converters are included.�
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Figure 1. FFT diagram of a multi-bit ADC with a sampling frequency FS. 

�,I�ZH�GLYLGH�WKH�IXQGDPHQWDO�DPSOLWXGH�E\�WKH�506�VXP�RI�DOO�WKH�IUHTXHQFLHV�UHSUHVHQWLQJ�QRLVH��ZH
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�SDVVHV�WKURXJK�WKH�GLJLWDO�ILOWHU��7KLV�DFWLRQ�HQDEOHV�VLJPD�GHOWD�FRQYHUWHUV�WR�DFKLHYH�ZLGH�G\QDPLF�UDQJH
�IURP�D�ORZ�UHVROXWLRQ�$'&�
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Figure 2. FFT diagram of a multi-bit ADC with a sampling frequency kFS.

Figure 3. Effect of the digital filter on the noise bandwidth.
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��Figure 4���,W�LQFOXGHV�D�GLIIHUHQFH�DPSOLILHU��DQ�LQWHJUDWRU��DQG�D�FRPSDUDWRU�ZLWK�IHHGEDFN�ORRS�WKDW
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Figure 4. Block diagram of a sigma-delta modulator.
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�FRPSDUDWRU�JHQHUDWHV�D�JUHDWHU�QXPEHU�RI��RQHV���DQG�YLFH�YHUVD�IRU�D�GHFUHDVLQJ�LQSXW��%\�VXPPLQJ�WKH
�HUURU�YROWDJH��WKH�LQWHJUDWRU�DFWV�DV�D�ORZSDVV�ILOWHU�WR�WKH�LQSXW�VLJQDO�DQG�D�KLJKSDVV�ILOWHU�WR�WKH
�TXDQWL]DWLRQ�QRLVH��7KXV��PRVW�RI�WKH�TXDQWL]DWLRQ�QRLVH�LV�SXVKHG�LQWR�KLJKHU�IUHTXHQFLHV��Figure 5��
�2YHUVDPSOLQJ�KDV�FKDQJHG�QRW�WKH�WRWDO�QRLVH�SRZHU��EXW�LWV�GLVWULEXWLRQ�

Figure 5. Affect of the integrator in the sigma-delta modulator.
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�VLPSOH�RYHUVDPSOLQJ��Figure 6���7KLV�W\SH�RI�PRGXODWRU��ILUVW�RUGHU��SURYLGHV�D��G%�LPSURYHPHQW�LQ�615
�IRU�HYHU\�GRXEOLQJ�RI�WKH�VDPSOLQJ�UDWH��)RU�KLJKHU�RUGHUV�RI�TXDQWL]DWLRQ��ZH�FDQ�DFKLHYH�QRLVH�VKDSLQJ�E\
�LQFOXGLQJ�PRUH�WKDQ�RQH�VWDJH�RI�LQWHJUDWLRQ�DQG�VXPPLQJ�LQ�WKH�VLJPD�GHOWD�PRGXODWRU��)RU�H[DPSOH��WKH
�VHFRQG�RUGHU�VLJPD�GHOWD�PRGXODWRU�RI�Figure 7�SURYLGHV�D���G%�LPSURYHPHQW�LQ�615�IRU�HYHU\�GRXEOLQJ
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�RI�WKH�VDPSOLQJ�UDWH��Figure 8�VKRZV�WKH�UHODWLRQVKLS�EHWZHHQ�WKH�RUGHU�RI�WKH�VLJPD�GHOWD�PRGXODWRU�DQG
�WKH�DPRXQW�RI�RYHU�VDPSOLQJ�QHFHVVDU\�WR�DFKLHYH�D�SDUWLFXODU�615�

Figure 6. Effect of the digital filter on the shaped noise.

Figure 7. Using more than one integrator and summing stage to achieve a higher order of quantization
 noise.
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Figure 8. Relationship between order of sigma-delta modulator and the amount of over-sampling necessary
 to achieve a particular SNR.
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�7KH�RXWSXW�RI�WKH�VLJPD�GHOWD�PRGXODWRU�LV�D���ELW�GDWD�VWUHDP�DW�WKH�VDPSOLQJ�UDWH��ZKLFK�FDQ�EH�LQ�WKH
�PHJDKHUW]�UDQJH��7KH�SXUSRVH�RI�WKH�GLJLWDO�DQG�GHFLPDWLRQ�ILOWHU��Figure 9��LV�WR�H[WUDFW�LQIRUPDWLRQ�IURP
�WKLV�GDWD�VWUHDP�DQG�UHGXFH�WKH�GDWD�UDWH�WR�D�PRUH�XVHIXO�YDOXH��,Q�D�VLJPD�GHOWD�$'&��WKH�GLJLWDO�ILOWHU
�DYHUDJHV�WKH���ELW�GDWD�VWUHDP��LPSURYHV�WKH�$'&�UHVROXWLRQ��DQG�UHPRYHV�TXDQWL]DWLRQ�QRLVH�WKDW�LV
�RXWVLGH�WKH�EDQG�RI�LQWHUHVW��,W�GHWHUPLQHV�WKH�VLJQDO�EDQGZLGWK��VHWWOLQJ�WLPH��DQG�VWRSEDQG�UHMHFWLRQ�

Figure 9. Digital side of sigma-delta modulator.
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��Figure 10���7KH�PDLQ�DGYDQWDJH�RI�WKLV�ILOWHU�LV�LWV�QRWFK�UHVSRQVH��ZKLFK��IRU�H[DPSOH��FDQ�UHMHFW�WKH�OLQH
�IUHTXHQF\�ZKHQ�VHW�DW�WKDW�IUHTXHQF\��7KH�QRWFK�SRVLWLRQ�LV�GLUHFWO\�UHODWHG�WR�WKH�RXWSXW�GDWD�UDWH����GDWD�
ZRUG�SHULRG���7KH�6,1&ñ�ILOWHU�VHWWOHV�LQ�WKUHH�GDWD�ZRUG�SHULRGV��:LWK�D���+]�QRWFK����+]�GDWD�UDWH��WKH
�VHWWOLQJ�WLPH�LV�����+]� ���PV��)RU�DSSOLFDWLRQV�WKDW�UHTXLUH�ORZHU�UHVROXWLRQ�DQG�D�IDVWHU�VHWWOLQJ�WLPH�
�FRQVLGHU�DQ�$'&�RI�WKH�0$;�����IDPLO\��ZKLFK�JLYHV�\RX�D�FKRLFH�RI�ILOWHU�W\SH��6,1&ï�RU�6,1&ñ��

3DJH���RI���



Figure 10. Low-pass function performed by Sincñ filter.

�7KH�VHWWOLQJ�WLPH�RI�D�6,1&ï�ILOWHU�LV�RQH�GDWD�ZRUG��$V�LQ�WKH�H[DPSOH�DERYH������+]� �����PV��%HFDXVH
�EDQGZLGWK�LV�UHGXFHG�E\�WKH�GLJLWDO�RXWSXW�ILOWHU��WKH�RXWSXW�GDWD�UDWH�FDQ�VDWLVI\�WKH�1\TXLVW�FULWHULRQ�HYHQ
�WKRXJK�LW�LV�ORZHU�WKDQ�WKH�RULJLQDO�VDPSOLQJ�UDWH��7KLV�FDQ�EH�DFFRPSOLVKHG�E\�SUHVHUYLQJ�FHUWDLQ�LQSXW
�VDPSOHV�DQG�GLVFDUGLQJ�WKH�UHVW��7KLV�SURFHVV�LV�NQRZQ�DV�GHFLPDWLRQ�E\�D�IDFWRU�RI�0��WKH�GHFLPDWLRQ
�UDWLR���0�FDQ�KDYH�DQ\�LQWHJHU�YDOXH��SURYLGHG�WKDW�WKH�RXWSXW�GDWD�UDWH�LV�PRUH�WKDQ�WZLFH�WKH�VLJQDO
�EDQGZLGWK��Figure 11���,I�WKH�LQSXW�KDV�EHHQ�VDPSOHG�DW�IV��WKH�ILOWHUHG�RXWSXW�GDWD�UDWH�FDQ�WKHUHIRUH�EH
�UHGXFHG�WR�IV�0�ZLWKRXW�ORVV�RI�LQIRUPDWLRQ�

Figure 11. Decimation does not cause any loss of information.
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Figure 12. MAX1402 block diagram.

�7KH�0$;�����VLJQDO�FKDLQ�FRQVLVWV�RI�WKH�IROORZLQJ��D�IOH[LEOH�LQSXW�PXOWLSOH[HU�WKDW�FDQ�EH�VHW�WR�PDQDJH
�WKUHH�IXOO\�GLIIHUHQWLDO�VLJQDOV�RU�ILYH�SVHXGR�GLIIHUHQWLDO�VLJQDOV��WZR�FKRSSHU�DPSOLILHUV��D�SURJUDPPDEOH
�3*$��ZLWK�JDLQ�IURP���WR�������D�FRDUVH�'$&�WR�UHPRYH�V\VWHP�RIIVHW��DQG�D�VHFRQG�RUGHU�VLJPD�GHOWD
�PRGXODWRU��7KH���ELW�GDWD�VWUHDP�LV�WKHQ�ILOWHUHG�ZLWK�DQ�LQWHJUDWHG�GLJLWDO�ILOWHU�FRQILJXUDEOH�DV�6,1&ï�RU
�6,1&ñ��7KH�FRQYHUVLRQ�UHVXOW�LV�PDGH�DYDLODEOH�YLD�DQ�63,��463,��FRPSDWLEOH����ZLUH�VHULDO�LQWHUIDFH�

�7KH�FKLS�DOVR�LQFOXGHV�WZR�IXOO\�GLIIHUHQWLDO�LQSXW�FKDQQHOV�IRU�FDOLEUDWLRQ�RI�RIIVHW�DQG�JDLQ��WZR�PDWFKHG
�����$�WUDQVGXFHU�H[FLWDWLRQ�FXUUHQWV��VXLWDEOH�IRU���ZLUH�DQG���ZLUH�57'�DSSOLFDWLRQV���DQG�WZR��EXUQ�RXW�
�FXUUHQWV�IRU�WHVWLQJ�WKH�LQWHJULW\�RI�WKH�VHOHFWHG�WUDQVGXFHU��7KH�GHYLFH�LV�SURJUDPPHG�YLD�WKH�VHULDO
�LQWHUIDFH�WR�DFFHVV�WKH�HLJKW�LQWHUQDO�UHJLVWHUV�WKDW�VHOHFW�WKH�PRGH�RI�RSHUDWLRQ��6HWWLQJ�WKH�6&$1�FRQWURO
�ELW�HQDEOHV�WKH�FKLS�WR�UHDG�WKH�LQSXW�FKDQQHO�HLWKHU�RQ�GHPDQG�RU�FRQWLQXDOO\��DQG�WKH�LQSXW�FKDQQHO�LV
�LGHQWLILHG�E\�D���ELW��FKDQQHO�LGHQWLILFDWLRQ��DWWDFKHG�WR�HDFK�FRQYHUVLRQ�UHVXOW�

Figure 13�HVWDEOLVKHV�WKH�FRUUHFW�LQSXW�YROWDJH�UDQJH��ZKLFK�LV�GHILQHG�E\�WKH�8�%�EDU�ELW��9UHI��3*$��DQG
�'$&�VHWWLQJV��1R�RIIVHW�DFWLRQ�LV�SHUIRUPHG�ZKHQ�WKH�'$&�FRGH�HTXDOV���������:LWK�9UHI� ����9��IRU
�H[DPSOH��D�IXOO�VFDOH�RI��9�WR��9�FDQ�EH�DFFRPPRGDWHG�E\�VHWWLQJ�WKH�'$&�WR���������WKH�3*$�WR�������
�DQG�WKH�8�%�EDU�ELW�WR�����
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Figure 13. MAX1402 input voltage-range setting.
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�SXUSRVH��&$/2))�LQSXWV�DUH�FRQQHFWHG�WR�JURXQG�DQG�&$/*$,1�LQSXWV�DUH�FRQQHFWHG�WR�WKH�UHIHUHQFH
�YROWDJH��7KH�DYHUDJHG�PHDVXUHPHQWV�SHUIRUPHG�RQ�WKHVH�FKDQQHOV�DUH�XVHG�LQ�WKH�IROORZLQJ�LQWHUSRODWLRQ
�IRUPXOD��9ROWDJH� �>9UHI�î��&RGH�&$/2))�FRGH�@�>�&$/*$,1�FRGH�&$/2))�FRGH��î�3*$�JDLQ@��

$SSOLFDWLRQ�RI�6LJPD�'HOWD�$'&V
7KHUPRFRXSOH�0HDVXUHPHQW�ZLWK�&ROG�-XQFWLRQ�&RPSHQVDWLRQ
�7R�HOLPLQDWH�QRLVH�SLFNXS�IURP�WKH�WKHUPRFRXSOH�OHDGV��WKH�0$;�����LQ�WKLV�DSSOLFDWLRQ��Figure 14��XVHV
�WKH�EXIIHUHG�PRGH�WR�DOORZ�ODUJH�GHFRXSOLQJ�FDSDFLWRUV�RQ�WKH�IURQW�HQG��'XH�WR�WKH�UHGXFHG�FRPPRQ�
PRGH�UDQJH�DYDLODEOH�LQ�WKLV�PRGH��LW�LV�QHFHVVDU\�WR�ELDV�WKH�$,1��LQSXW�DW�WKH�UHIHUHQFH�YROWDJH�����9��
�7KHUPRFRXSOH�PHDVXUHPHQWV�SUHVHQW�WKH�SUREOHP�RI�D�WKHUPRHOHFWULF�SRWHQWLDO��FUHDWHG�E\�FRQQHFWLQJ�WKH
�WKHUPRFRXSOH�SUREH�WR�WKH�PHDVXUHPHQW�LQVWUXPHQW��7KLV�SRWHQWLDO�LQWURGXFHV�D�WHPSHUDWXUH�GHSHQGHQW
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�HUURU�WKDW�PXVW�EH�VXEWUDFWHG�IURP�WKH�WHPSHUDWXUH�PHDVXUHPHQW�WR�REWDLQ�DQ�DFFXUDWH�UHVXOW�

Figure 14. Thermocouple measurement with cold-junction compensation.

�9ROWDJH�PHDVXUHG�E\�WKH�LQVWUXPHQW�FDQ�EH�H[SUHVVHG�DV�Ơ�7��7UHI���ZKHUH�Ơ�LV�WKH�6HHEHFN�FRQVWDQW�IRU
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�7R�FRPSHQVDWH�WKH�6HHEHFN�FRHIILFLHQW��\RX�FDQ�DGG��WR�WKH�WKHUPRFRXSOH�RXWSXW��D�SRUWLRQ�RI�WKH
�WHPSHUDWXUH�GHSHQGHQW�YROWDJH�GHYHORSHG�E\�D�GLRGH��RU�\RX�FDQ�DFTXLUH�WKH�MXQFWLRQ�EORFN�WHPSHUDWXUH
�DQG�FDOFXODWH�WKH�FRPSHQVDWLRQ�ZLWK�VRIWZDUH��,Q�WKDW�DUUDQJHPHQW��WKH�SQ�MXQFWLRQ�WHPSHUDWXUH�LV
�PHDVXUHG�E\�WKH�GLIIHUHQWLDO�LQSXW�FKDQQHO�$,1��$,1���ELDVHG�E\�WKH�����$�LQWHUQDO�FXUUHQW�JHQHUDWRU�
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�DQG�DQ�DSSOLHG�H[FLWDWLRQ�FXUUHQW�RI�����$�SURGXFHV���P9�DW���&�DQG���P9�DW������&��7KHVH�VLJQDO
�OHYHOV�FDQ�EH�KDQGOHG�GLUHFWO\�E\�WKH�0$;����
V�DQDORJ�LQSXW�

�7KH�PHDVXUHPHQW�DFFXUDF\�FDQ�EH�DIIHFWHG�E\�HUURUV�GXH�WR�ZLULQJ�UHVLVWDQFH��<RX�FDQ�XVH�D�WUDGLWLRQDO���
ZLUH�FRQILJXUDWLRQ�ZKHQ�WKH�57'�LV�ORFDWHG�QHDU�WKH�FRQYHUWHU��EXW�ZKHQ�LW�LV�ORFDWHG�UHPRWHO\��WKH�ZLULQJ
�UHVLVWDQFH�FDQ�FDXVH�VLJQLILFDQW�HUURU�E\�DGGLQJ�WR�WKH�57'�LPSHGDQFH��7KUHH�ZLUH�DQG���ZLUH�57'
�FRQILJXUDWLRQV�VKRXOG�EH�XVHG�IRU�WKHVH�W\SHV�RI�LQVWDOODWLRQ�
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�7KH�WZR�PDWFKHG�����$�FXUUHQW�VRXUFHV�HQDEOH�FRPSHQVDWLRQ�RI�WKH�HUURUV�LQ���ZLUH�DQG���ZLUH�57'
�FRQILJXUDWLRQV��,Q�WKH���ZLUH�FDVH��Figure 15���WKHVH�FXUUHQW�VRXUFHV��IORZLQJ�LQ�5/��DQG�5/���HQVXUH�WKDW
�WKH�GLIIHUHQWLDO�YROWDJH�DW�$,1��$,1��LV�QRW�DIIHFWHG�E\�OHDG�UHVLVWDQFH��7KLV�KROGV�WUXH�SURYLGHG�ERWK�OHDGV
�DUH�RI�WKH�VDPH�PDWHULDO�DQG�RI�HTXDO�OHQJWK��5/�� �5/����DQG�WKDW�WKH�FXUUHQW�VRXUFHV�KDYH�ILQHO\
�PDWFKHG�WHPSFRV��WKH�0$;�����WHPSFR�LV��SSP��&��

Figure 15. 3-Wire RTD application.

�7KH���ZLUH�FRQILJXUDWLRQ�KDV�QR�OHDG�UHVLVWDQFH�HUURU�EHFDXVH�QR�FXUUHQW�IORZV�LQ�WKH�PHDVXUHPHQW�OHDGV
�FRQQHFWHG�WR�$,1��DQG�$,1���Figure 16���&XUUHQW�VRXUFH�287��SURYLGHV�H[FLWDWLRQ�FXUUHQW�IRU�WKH�57'�
�DQG�FXUUHQW�VRXUFH�287��SURYLGHV�FXUUHQW�WR�JHQHUDWH�WKH�UHIHUHQFH�YROWDJH��7KH�UDWLRPHWULF�FRQILJXUDWLRQ
�HQVXUHV�WKDW�57'�WHPSFR�HUURUV��GXH�WR�WHPSHUDWXUH�GULIW�LQ�WKH�57'�FXUUHQW�VRXUFH��DUH�FRPSHQVDWHG�E\
�YDULDWLRQ�LQ�WKH�UHIHUHQFH�YROWDJH�
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Figure 16. 4-Wire RTD application.

6PDUW�����P$�7UDQVPLWWHU
�,Q�WKH�ROG�IDVKLRQHG�����P$�WUDQVPLWWHU��D�ILHOG�PRXQWHG�GHYLFH�VHQVHV�D�SK\VLFDO�SDUDPHWHU�VXFK�DV
�SUHVVXUH�RU�WHPSHUDWXUH��DQG�JHQHUDWHV��LQ�WKH�VWDQGDUG�����P$�UDQJH��D�FXUUHQW�SURSRUWLRQDO�WR�WKH
�PHDVXUHG�YDULDEOH��&XUUHQW�ORRSV�SURYLGH�DGYDQWDJHV��WKH�PHDVXUHPHQW�VLJQDO�LV�LQVHQVLWLYH�WR�QRLVH��DQG
�SRZHU�FDQ�EH�GHULYHG�IURP�D�UHPRWHO\�VXSSOLHG�YROWDJH��,Q�UHVSRQVH�WR�LQGXVWU\�GHPDQG��WKH�VHFRQG
�JHQHUDWLRQ�RI�����P$�WUDQVPLWWHUV��FDOOHG��VPDUW��WUDQVPLWWHUV��ZHUH�GHYHORSHG�WR�FRQGLWLRQ�WKH�VLJQDO
�UHPRWHO\��XVLQJ�D�PLFURSURFHVVRU�DQG�GDWD�FRQYHUWHUV�

�6PDUW�GHYLFHV�FDQ�QRUPDOL]H�JDLQ�DQG�RIIVHW��DQG�WKH\�OLQHDUL]H�VHQVRUV�VXFK�DV�57'V�DQG�WKHUPRFRXSOHV
�E\�FRQYHUWLQJ�WR�GLJLWDO��SURFHVVLQJ�ZLWK�DULWKPHWLF�DOJRULWKPV�LQ�WKH��3��FRQYHUWLQJ�EDFN�WR�DQDORJ��DQG
�WUDQVPLWWLQJ�D�VWDQGDUG�FXUUHQW�YLD�WKH�ORRS��Figure 17���7KLUG�JHQHUDWLRQ��VPDUW�DQG�LQWHOOLJHQW������P$
�WUDQVPLWWHUV�DGG��WR�WKH�VPDUW�GHYLFH��GLJLWDO�FRPPXQLFDWLRQV�WKDW�VKDUH�WKH�WZLVWHG�SDLU�OLQH�ZLWK�WKH���
��P$�VLJQDO��7KLV�FRPPXQLFDWLRQ�FKDQQHO�DOVR�DOORZV�WUDQVPLVVLRQ�RI�FRQWURO�DQG�GLDJQRVWLF�VLJQDOV��$
�ORZ�SRZHU�GHYLFH�VXFK�DV�WKH�0$;�����LV�VXLWDEOH�EHFDXVH�LWV�����$�VXSSO\�FXUUHQW�VDYHV�FRQVLGHUDEOH
�SRZHU�IRU�WKH�UHPDLQLQJ�WUDQVPLWWHU�FLUFXLWU\�
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Figure 17. Intelligent 4-20mA transmitter.

�7KH�FRPPXQLFDWLRQ�VWDQGDUG�IRU�VPDUW�WUDQVPLWWHUV�LV�WKH�+$57�SURWRFRO��%DVHG�RQ�WKH�%HOO�����WHOHSKRQH
�FRPPXQLFDWLRQ�VWDQGDUG��+$57�HPSOR\V�WKH�IUHTXHQF\�VKLIW�NH\LQJ��)6.��SULQFLSOH��7KH�GLJLWDO�VLJQDO
�FRQVLVWV�RI�WZR�IUHTXHQFLHV�UHSUHVHQWLQJ���DQG��������+]�DQG�����+]���7R�SURYLGH�VLPXOWDQHRXV�DQDORJ
�DQG�GLJLWDO�FRPPXQLFDWLRQV��VLQH�ZDYHV�DW�WKHVH�IUHTXHQFLHV�DUH�VXSHULPSRVHG�RQ�WKH�'&�DQDORJ�VLJQDO
�FDEOHV��Figure 18���%HFDXVH�WKH�DYHUDJH�YDOXH�RI�WKH�)6.�VLJQDO�LV�DOZD\V�]HUR��LW�GRHV�QRW�DIIHFW�WKH���
��P$�DQDORJ�VLJQDO��5HVSRQVH�WLPH�IRU�WKH�GLJLWDO�FRPPXQLFDWLRQ�VLJQDO�DOORZV�DSSUR[LPDWHO\�����GDWD
�XSGDWHV�SHU�VHFRQG�ZLWKRXW�LQWHUUXSWLQJ�WKH�DQDORJ�VLJQDO��$�PLQLPXP�ORRS�LPSHGDQFH�RI���ȍ�LV�UHTXLUHG
�IRU�FRPPXQLFDWLRQ�

Figure 18. Simultaneous analog and digital communication.

6XPPDU\
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�%HIRUH�WKH�DGYHQW�RI�KLJKO\�LQWHJUDWHG�FRQGLWLRQLQJ�V\VWHPV��SURFHVV�FRQWURO�ZDV�LPSOHPHQWHG�XVLQJ
�VHYHUDO�LQGHSHQGHQW�FKLSV�IRU�VLJQDO�FRQGLWLRQLQJ�DQG�SURFHVVLQJ��$V�DQ�DOWHUQDWLYH��WKH�6LJPD�'HOWD
�DSSURDFK�ORZHUV�FRVW�ZKLOH�PLQLPL]LQJ�WKH�ERDUG�VSDFH�DQG�SRZHU�VXSSO\�UHTXLUHPHQWV��PDQ\
�DSSOLFDWLRQV�UHTXLUH�RQO\�D�VLQJOH��9�RU��9�VXSSO\���6LQJOH�VXSSO\�RSHUDWLRQ�LV�SDUWLFXODU�VXLWDEOH�IRU
�EDWWHU\�SRZHUHG�SRUWDEOH�V\VWHPV��DQG�IHZHU�FRPSRQHQWV�LPSURYHV�WKH�V\VWHP�UHOLDELOLW\�

A similar version of this article appeared in the August 2002 issue of Sensors magazine.�
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