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The how and why of COFDM
-�+��6WRWW

%%&�5HVHDUFK�DQG�'HYHORSPHQW

Coded Orthogonal Frequency Division Multiplexing (COFDM) is a form of 
modulation which is particularly well-suited to the needs of the terrestrial 
broadcasting channel.  COFDM can cope with high levels of multipath 
propagation, with a wide spread of delays between the received signals.  This 
leads to the concept of single-frequency networks in which many transmitters 
send the same signal on the same frequency, generating “artificial multipath”.  
COFDM also copes well with co-channel narrowband interference, as may be 
caused by the carriers of existing analogue services.

COFDM has therefore been chosen for two recent new standards for 
broadcasting – DAB and DVB-T, both of which have been optimized for their 
respective applications and have options to suit particular needs.

The special performance of COFDM in respect of multipath and interference is 
only achieved by a careful choice of parameters and with attention to detail in 
the way in which the forward error-correction coding is applied.

1. Introduction

'LJLWDO�WHFKQLTXHV�KDYH�EHHQ�XVHG�IRU�PDQ\�\HDUV�E\�EURDGFDVWHUV�LQ�WKH�SURGXFWLRQ��GLVWULEX�
WLRQ� DQG� VWRUDJH� RI� WKHLU� SURJUDPPH�PDWHULDO�� � 7KH\� KDYH� DOVR� EHHQ� XVHG� LQ� ´VXSSRUWLQJ
UROHVµ�LQ�EURDGFDVWLQJ�LWVHOI��ZLWK�WKH�LQWURGXFWLRQ�RI�7HOHWH[W�DQG�GLJLWDO�VRXQG��1,&$0��IRU
WHOHYLVLRQ��DQG�WKH�5DGLR�'DWD�6\VWHP��5'6��WR�DFFRPSDQ\�)0�VRXQG�EURDGFDVWV���7KHVH�KDYH
DOO�XVHG�UHODWLYHO\�FRQYHQWLRQDO�IRUPV�RI�GLJLWDO�PRGXODWLRQ�

6RXQG�DQG�WHOHYLVLRQ� WHUUHVWULDO�EURDGFDVWLQJ� LV�QRZ�HQWHULQJ�D�QHZ�DJH� LQ�ZKLFK�WKH�PDLQ
DXGLR�DQG�YLGHR�VLJQDOV�ZLOO�WKHPVHOYHV�EH�EURDGFDVW�LQ�GLJLWDO�IRUP���6\VWHPV�IRU�'$%�>�@�DQG
'9%�7� >�@� KDYH� EHHQ� VWDQGDUGL]HG� E\� (76,� IRU� XVH� LQ� (XURSH� DQG� HOVHZKHUH� LQ� WKH�ZRUOG�
7KHVH�V\VWHPV�KDYH�EHHQ�GHVLJQHG�LQ�UHFRJQLWLRQ�RI�WKH�FLUFXPVWDQFHV�LQ�ZKLFK�WKH\�ZLOO�EH
XVHG�
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➩ '$%��XQOLNH�LWV�$0�DQG�)0�SUHGHFHVVRUV��ZDV�HVSHFLDOO\�GHVLJQHG�WR�FRSH�ZLWK�WKH�ULJ�
RXUV�RI�UHFHSWLRQ�LQ�PRYLQJ�FDUV�²�HVSHFLDOO\�WKH�SUREOHP�RI�PXOWLSDWK�UHFHSWLRQ�ZKLFK��LQ
WKLV�FDVH��LV�WLPH�YDU\LQJ�

➩ )RU�'9%�7��D�KLJKHU�FDSDFLW\�WKDQ�'$%�ZDV�HVVHQWLDO��PRELOH�UHFHSWLRQ�ZDV�QRW�D�SULRULW\�
EXW�PXOWL�SDWK�WROHUDQFH�ZDV�VWLOO�LPSRUWDQW�EHFDXVH�RI�WKH�ZLGHVSUHDG�XVH�RI�VHW�WRS�79
DQWHQQDV�

$�QHZ�IRUP�RI�PRGXODWLRQ�²�&2)'0�²�ZDV�FKRVHQ�IRU�ERWK�V\VWHPV��DOEHLW�ZLWK�GLIIHUHQFHV�LQ
GHWDLO��DQG�ZLWK�DSSURSULDWH�FKDQJHV�RI�SDUDPHWHUV��WR�VXLW�WKH�GLIIHUHQW�UHTXLUHPHQWV�RI�'$%
DQG�'9%�7���%RWK�V\VWHPV�LQFOXGH�D�GHJUHH�RI�IOH[LELOLW\�

&2)'0� LQYROYHV�PRGXODWLQJ� WKH�GDWD�RQWR�D� ODUJH�QXPEHU�RI� FDUULHUV�XVLQJ� WKH�)'0�WHFK�
QLTXH���7KH�NH\�IHDWXUHV�ZKLFK�PDNH�LW�ZRUN��LQ�D�PDQQHU�WKDW�LV�VR�ZHOO�VXLWHG�WR�WHUUHVWULDO
FKDQQHOV��LQFOXGH�

➩ RUWKRJRQDOLW\��WKH�´2µ�RI�&2)'0��

➩ WKH�DGGLWLRQ�RI�D�JXDUG�LQWHUYDO�

➩ WKH�XVH�RI�HUURU�FRGLQJ��WKH�´&µ�RI�&2)'0���LQWHUOHDYLQJ�DQG�FKDQQHO�VWDWH�LQIRUPDWLRQ��&6,��

7KLV�DUWLFOH�VHWV�RXW�WR�H[SODLQ�WKHVH�IHDWXUHV�RI�&2)'0��DQG�WKHLU�VLJQLILFDQFH�

2. Why use multiple carriers?

7KH�XVH�RI�PXOWLSOH�FDUULHUV�IROORZV�IURP�WKH�SUHVHQFH�RI�VLJQLILFDQW�OHYHOV�RI�PXOWLSDWK�

6XSSRVH�ZH�PRGXODWH�D�FDUULHU�ZLWK�GLJLWDO� LQIRUPDWLRQ�� �'XULQJ�HDFK�V\PERO��ZH�WUDQVPLW
WKH�FDUULHU�ZLWK�D�SDUWLFXODU�SKDVH�DQG�DPSOLWXGH�ZKLFK�LV�FKRVHQ�IURP�WKH�FRQVWHOODWLRQ�LQ
XVH���(DFK�V\PERO�FRQYH\V�D�QXPEHU�RI�ELWV�RI�LQIRUPDWLRQ��HTXDO�WR�WKH�ORJDULWKP��WR�WKH�EDVH
���RI�WKH�QXPEHU�RI�GLIIHUHQW�VWDWHV�LQ�WKH�FRQVWHOODWLRQ�

1RZ�LPDJLQH�WKDW�WKLV�VLJQDO�LV�UHFHLYHG�YLD�WZR�SDWKV��ZLWK�D�UHODWLYH�GHOD\�EHWZHHQ�WKHP�
7DNLQJ�WUDQVPLWWHG�V\PERO�Q�DV�DQ�H[DPSOH��WKH�UHFHLYHU�ZLOO�DWWHPSW�WR�GHPRGXODWH�WKH�GDWD
WKDW�ZDV�VHQW�LQ�WKLV�V\PERO�E\�H[DPLQLQJ�DOO�WKH�UHFHLYHG�LQIRUPDWLRQ�UHODWLQJ�WR�V\PERO�Q�²
ERWK�WKH�GLUHFWO\�UHFHLYHG�LQIRUPDWLRQ�DQG�WKH�GHOD\HG�LQIRUPDWLRQ�

:KHQ�WKH�UHODWLYH�GHOD\�LV�PRUH�WKDQ�RQH�V\PERO�SHULRG�²�VHH�)LJ� ���OHIW��²�WKH�VLJQDO�UHFHLYHG
YLD�WKH�VHFRQG�SDWK�DFWV�SXUHO\�DV�LQWHUIHUHQFH��VLQFH�LW�RQO\�FDUULHV�LQIRUPDWLRQ�EHORQJLQJ�WR�D
SUHYLRXV�V\PERO�RU�V\PEROV���6XFK�LQWHU�V\PERO�LQWHUIHUHQFH��,6,��LPSOLHV�WKDW�RQO\�YHU\�VPDOO
OHYHOV�RI�WKH�GHOD\HG�VLJQDO�FDQ�EH�WROHUDWHG��WKH�H[DFW�OHYHO�GHSHQGLQJ�RQ�WKH�FRQVWHOODWLRQ�LQ
XVH�DQG�WKH�DFFHSWDEOH�ORVV�RI�QRLVH�PDUJLQ��

:KHQ� WKH� UHODWLYH� GHOD\� LV� OHVV� WKDQ� RQH� V\PERO� SHULRG�� )LJ� �� �ULJKW��� SDUW� RI� WKH� VLJQDO
UHFHLYHG� YLD� WKH� VHFRQG� SDWK� DFWV� SXUHO\� DV� LQWHUIHUHQFH�� VLQFH� LW� RQO\� FDUULHV� LQIRUPDWLRQ
EHORQJLQJ�WR�WKH�SUHYLRXV�V\PERO���7KH�UHVW�RI�LW�FDUULHV�WKH�LQIRUPDWLRQ�IURP�WKH�ZDQWHG�V\P�
ERO�²�EXW�PD\�DGG�FRQVWUXFWLYHO\�RU�GHVWUXFWLYHO\�WR�WKH�PDLQ�SDWK�LQIRUPDWLRQ�

7KLV�WHOOV�XV�WKDW��LI�ZH�DUH�WR�FRSH�ZLWK�DQ\�DSSUHFLDEOH�OHYHO�RI�GHOD\HG�VLJQDOV��WKH�V\PERO
UDWH�PXVW�EH�UHGXFHG�VXIILFLHQWO\�VR�WKDW� WKH�WRWDO�GHOD\�VSUHDG��EHWZHHQ�WKH�ILUVW��DQG�ODVW�
UHFHLYHG�SDWKV��LV�RQO\�D�PRGHVW�IUDFWLRQ�RI�WKH�V\PERO�SHULRG���7KH�LQIRUPDWLRQ�WKDW�FDQ�EH
FDUULHG�E\�D�VLQJOH�FDUULHU�LV�WKXV�OLPLWHG�LQ�WKH�SUHVHQFH�RI�PXOWLSDWK���,I�RQH�FDUULHU�FDQQRW
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WKHQ� FDUU\� WKH� LQIRUPDWLRQ� UDWH�ZH� UHTXLUH�� WKLV� OHDGV�QDWXUDOO\� WR� WKH� LGHD� RI� GLYLGLQJ� WKH
KLJK�UDWH� GDWD� LQWR�PDQ\� ORZ�UDWH� SDUDOOHO� VWUHDPV�� HDFK� FRQYH\HG� E\� LWV� RZQ� FDUULHU� ²� RI
ZKLFK�WKHUH�DUH�D�ODUJH�QXPEHU���7KLV�LV�D�IRUP�RI�)'0�²�WKH�ILUVW�VWHS�WRZDUGV�&2)'0�

(YHQ�ZKHQ�WKH�GHOD\�VSUHDG�LV�OHVV�WKDQ�RQH�V\PERO�SHULRG��D�GHJUHH�RI�,6,�IURP�WKH�SUHYLRXV
V\PERO�UHPDLQV���7KLV�FRXOG�EH�HOLPLQDWHG�LI�WKH�SHULRG�IRU�ZKLFK�HDFK�V\PERO�LV�WUDQVPLWWHG
ZHUH�PDGH�ORQJHU�WKDQ�WKH�SHULRG�RYHU�ZKLFK�WKH�UHFHLYHU�LQWHJUDWHV�WKH�VLJQDO�²�D�ILUVW�LQGLFD�
WLRQ�WKDW�DGGLQJ�D�JXDUG�LQWHUYDO�PD\�EH�D�JRRG�WKLQJ����:H�VKDOO�UHWXUQ�WR�WKLV�LGHD�VKRUWO\������

3. Orthogonality and the use of the DFT/FFT

3.1. Orthogonality

7KH�XVH�RI�D�YHU\�ODUJH�QXPEHU�RI�FDUULHUV�LV�D�SURVSHFW�ZKLFK�LV�SUDFWLFDOO\�GDXQWLQJ��VXUHO\�
ZH�ZRXOG�QHHG�PDQ\�PRGXODWRUV�GHPRGXODWRUV�DQG�ILOWHUV�WR�DFFRPSDQ\�WKHP"��,W�ZRXOG�DOVR�DSSHDU
WKDW�DQ�LQFUHDVH�RI�EDQGZLGWK�ZRXOG�EH�UHTXLUHG�WR�DFFRPPRGDWH�WKHP���%RWK�WKHVH�ZRUULHV
FDQ�IRUWXQDWHO\�EH�GLVSHOOHG�LI�ZH�GR�RQH�VLPSOH�WKLQJ��ZH�VSHFLI\�WKDW�WKH�FDUULHUV�DUH�HYHQO\
VSDFHG� E\� SUHFLVHO\� �� ZKHUH� � LV� WKH� SHULRG� �WKH� ´XVHIXOµ� RU� ´DFWLYHµ� V\PERO
SHULRG��RYHU�ZKLFK�WKH�UHFHLYHU�LQWHJUDWHV�WKH�GHPRGXODWHG�VLJQDO���:KHQ�ZH�GR�WKLV��WKH�FDU�
ULHUV�IRUP�ZKDW�PDWKHPDWLFLDQV�FDOO�DQ�RUWKRJRQDO�VHW�

7KH�NWK�FDUULHU��DW�EDVHEDQG��FDQ�EH�ZULWWHQ�DV�����

ZKHUH� ��DQG�WKH�RUWKRJRQDOLW\�FRQGLWLRQ�WKDW�WKH�FDUULHUV�VDWLVI\�LV�����

Integration
period

Main path

Delayed path

symbol nn − 1

Both act as interference

Acts as ISI

Adds constructively or destructively,
according to phase

LONG DELAY SHORT DELAY
Time

Integration
period

n + 1 n − 1 symbol n n + 1

n − 5 n − 4 n − 1 symbol n

Figure 1
How a delayed path causes inter-symbol interference, with two examples of delay.
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0RUH�LQWXLWLYHO\��ZKDW�WKLV�UHSUHVHQWV�LV�WKH�FRPPRQ�SURFHGXUH�RI�GHPRGXODWLQJ�D�FDUULHU�E\
PHDQV� RI�PXOWLSO\LQJ� LW� E\� D� FDUULHU �� RI� WKH� VDPH� IUHTXHQF\� �´EHDWLQJ� LW� GRZQ� WR� ]HUR� IUH�
TXHQF\µ�� DQG� WKHQ� LQWHJUDWLQJ� WKH� UHVXOW�� �$Q\�RWKHU� FDUULHUV�ZLOO� JLYH� ULVH� WR� ´EHDW� WRQHVµ
ZKLFK�DUH�DW�LQWHJHU�PXOWLSOHV�RI� ���$OO�RI�WKHVH�XQZDQWHG�´EHDW�WRQHVµ�WKHUHIRUH�KDYH�DQ
LQWHJHU�QXPEHU�RI�F\FOHV�GXULQJ�WKH�LQWHJUDWLRQ�SHULRG� ��DQG�WKXV�LQWHJUDWH�WR�]HUR�

+HQFH��ZLWKRXW�DQ\�´H[SOLFLWµ�ILOWHU�LQJ ���ZH�FDQ�VHSDUDWHO\�GHPRGXODWH�DOO�WKH�FDUULHUV�ZLWK�
RXW�DQ\�PXWXDO�FURVV�WDON��MXVW�E\�RXU�SDUWLFXODU�FKRLFH�IRU�WKH�FDUULHU�VSDFLQJ���)XUWKHUPRUH�
ZH�KDYH�QRW�ZDVWHG�DQ\�VSHFWUXP�HLWKHU���7KH�FDUULHUV�DUH�FORVHO\�SDFNHG�VR�WKDW�WKH\�RFFXS\
WKH�VDPH�VSHFWUXP�LQ�WRWDO�DV�ZRXOG�D�VLQJOH�FDUULHU�²�LI�PRGXODWHG�ZLWK�DOO�WKH�GDWD�DQG�VXE�
MHFW�WR�LGHDO�VKDUS�FXW�ILOWHULQJ�

3.2. Preserving the orthogonality

,Q�SUDFWLFH��RXU�FDUULHUV�DUH�PRGXODWHG�E\�FRPSOH[�QXPEHUV�ZKLFK�FKDQJH� IURP�V\PERO� WR
V\PERO���,I�WKH�LQWHJUDWLRQ�SHULRG�VSDQV�WZR�V\PEROV��DV�IRU�WKH�GHOD\HG�SDWKV�LQ�)LJ� ����QRW
RQO\�ZLOO�WKHUH�EH�VDPH�FDUULHU�,6,��EXW�LQ�DGGLWLRQ�WKHUH�ZLOO�EH�LQWHU�FDUULHU�LQWHUIHUHQFH��,&,��DV
ZHOO���7KLV�KDSSHQV�EHFDXVH�WKH�EHDW�WRQHV�IURP�RWKHU�FDUULHUV�PD\�QR�ORQJHU�LQWHJUDWH�WR�]HUR
LI�WKH\�FKDQJH�LQ�SKDVH�DQG�RU�DPSOLWXGH�GXULQJ�WKH�SHULRG���:H�DYRLG�WKLV�E\�DGGLQJ�D�JXDUG
LQWHUYDO��ZKLFK�HQVXUHV�WKDW�DOO�WKH�LQIRUPDWLRQ�LQWHJUDWHG�FRPHV�IURP�WKH�VDPH�V\PERO�DQG
DSSHDUV�FRQVWDQW�GXULQJ�LW�

)LJ� ��VKRZV�WKLV�DGGLWLRQ�RI�D
JXDUG� LQWHUYDO�� � 7KH� V\PERO
SHULRG� LV� H[WHQGHG� VR� LW
H[FHHGV� WKH� UHFHLYHU� LQWHJUD�
WLRQ�SHULRG� �� �6LQFH�DOO�WKH
FDUULHUV� DUH� F\FOLF�ZLWKLQ� �
VR� WRR� LV� WKH� ZKROH� PRGX�
ODWHG� VLJQDO�� � 7KXV� WKH� VHJ�
PHQW�DGGHG�DW� WKH�EHJLQQLQJ
RI� WKH� V\PERO� WR� IRUP� WKH
JXDUG� LQWHUYDO� LV� LGHQWLFDO� WR
WKH� VHJPHQW� RI� WKH� VDPH
OHQJWK�DW�WKH�HQG�RI�WKH�V\P�
ERO�� �$V� ORQJ� DV� WKH�GHOD\� RI
DQ\�SDWK�ZLWK�UHVSHFW�WR�WKH�PDLQ��VKRUWHVW��SDWK�LV�OHVV�WKDQ�WKH�JXDUG�LQWHUYDO��DOO�WKH�VLJQDO
FRPSRQHQWV�ZLWKLQ�WKH�LQWHJUDWLRQ�SHULRG�FRPH�IURP�WKH�VDPH�V\PERO�DQG�WKH�RUWKRJRQDOLW\
FULWHULRQ� LV�VDWLVILHG�� � ,&,�DQG� ,6,�ZLOO�RQO\�RFFXU�ZKHQ�WKH�UHODWLYH�GHOD\�H[FHHGV�WKH�JXDUG
LQWHUYDO�����

7KH�JXDUG�LQWHUYDO�OHQJWK�LV�FKRVHQ�WR�PDWFK�WKH�OHYHO�RI�PXOWLSDWK�H[SHFWHG���,W�VKRXOG�QRW
IRUP�WRR� ODUJH�D� IUDFWLRQ�RI� ��RWKHUZLVH� WRR�PXFK�GDWD�FDSDFLW\� �DQG�VSHFWUDO�HIILFLHQF\�
ZLOO� EH� VDFULILFHG�� � '$%� XVHV� D� JXDUG� LQWHUYDO� RI� DSSUR[LPDWHO\ � �� '9%�7� KDV� PRUH
RSWLRQV��RI�ZKLFK� �LV�WKH�ODUJHVW���7R�WROHUDWH�YHU\�ORQJ�GHOD\V��DV�LQ�WKH�´DUWLILFLDO�PXOWLS�

1. Actually a complex conjugate, corresponding to the standard I-Q quadrature demodulation process.

2. In fact the “integrate-and-dump” process can itself be shown to be equivalent to a filter with a 
characteristic, with nulls on all the carriers except the wanted one.

3. Actually, it is precisely  .

ωu
Tu

sinc ω ωu⁄( )

Integration
period

Signal during guard interval is the same as here 

Main
path

Delayed
path 

nn − 1

n

Time

n + 1

n − 1

Figure 2
The addition of a guard interval.

Tu
Tu

Tu
Tu 4⁄

63Tu 256⁄ 0.246Tu≈

Tu 4⁄
(%8�7HFKQLFDO�5HYLHZ�� :LQWHU����� 4
J.H. Stott



TUTORIAL – COFDM
DWKµ�RI�DQ�6)1�� �PXVW�WKHUHIRUH�EH�PDGH�ODUJH��LPSO\LQJ�D�ODUJH�QXPEHU�RI�FDUULHUV�²�IURP
KXQGUHGV�WR�WKRXVDQGV�

7KH�SDWKV�RI�)LJ� ��PD\�VWLOO�DGG�FRQVWUXFWLYHO\�RU�GHVWUXFWLYHO\���,Q�IDFW�LW�LV�SRVVLEOH�WR�VKRZ
WKDW�WKH�VLJQDO�GHPRGXODWHG�IURP�D�SDUWLFXODU�FDUULHU�LV�YHU\�VLPLODU�WR�WKH�WUDQVPLWWHG�VLJQDO�
EXW�LV�VLPSO\�PXOWLSOLHG�E\�WKH�HIIHFWLYH�IUHTXHQF\�UHVSRQVH�RI�WKH��PXOWLSDWK��FKDQQHO�DW�WKDW
VDPH�FDUULHU�IUHTXHQF\ ��

0DQ\�RWKHU�WKLQJV�FDQ�FDXVH�D�ORVV�RI�RUWKRJRQDOLW\�DQG�KHQFH�DOVR�FDXVH�,&,���7KH\�LQFOXGH
HUURUV� LQ� WKH� ORFDO�RVFLOODWRU�RU�VDPSOLQJ� IUHTXHQFLHV�RI� WKH� UHFHLYHU��DQG�SKDVH�QRLVH� LQ� WKH
ORFDO�RVFLOODWRU�>�@>�@���+RZHYHU��LQ�SUDFWLFH��WKH�HIIHFWV�RI�WKHVH�FDQ��ZLWK�FDUH��EH�KHOG�ZLWKLQ
DFFHSWDEOH�OLPLWV�

3.3. Use of FFT

:H·YH�DYRLGHG� WKRXVDQGV�RI� ILOWHUV�� WKDQNV� WR�RUWKRJRQDOLW\�²�ZKDW�DERXW� LPSOHPHQWLQJ�DOO
WKH�GHPRGXODWLQJ�FDUULHUV��PXOWLSOLHUV�DQG�LQWHJUDWRUV"

,Q�SUDFWLFH��ZH�ZRUN�ZLWK�WKH�UHFHLYHG�VLJQDO�LQ�VDPSOHG�IRUP��VDPSOHG�DERYH�WKH�1\TXLVW
OLPLW��RI�FRXUVH����7KH�SURFHVV�RI�LQWHJUDWLRQ�WKHQ�EHFRPHV�RQH�RI�VXPPDWLRQ��DQG�WKH�ZKROH
GHPRGXODWLRQ�SURFHVV� WDNHV�RQ�D� IRUP�ZKLFK� LV� LGHQWLFDO� WR� WKH�'LVFUHWH�)RXULHU�7UDQVIRUP
�')7����)RUWXQDWHO\��HIILFLHQW�)DVW�)RXULHU�7UDQVIRUP��))7��LPSOHPHQWDWLRQV�RI�WKLV�DOUHDG\�H[LVW
�WKH�LQWHJUDWHG�FLUFXLWV�DUH�DOUHDG\�DYDLODEOH���VR�WKDW�ZH�DUH�DEOH�WR�EXLOG�ODERUDWRU\�&2)'0

HTXLSPHQW�UHDVRQDEO\�HDVLO\���&RPPRQ�YHUVLRQV�RI�WKH�))7�RSHUDWH�RQ�D�JURXS�RI� �WLPH
VDPSOHV��FRUUHVSRQGLQJ�WR�WKH�VDPSOHV�WDNHQ�LQ�WKH�LQWHJUDWLRQ�SHULRG��DQG�GHOLYHU�WKH�VDPH
QXPEHU�RI�IUHTXHQF\�FRHIILFLHQWV���7KHVH�FRUUHVSRQG�WR�WKH�GDWD�GHPRGXODWHG�IURP�WKH�PDQ\
FDUULHUV�� � ,Q�SUDFWLFH��EHFDXVH�ZH�VDPSOH�DERYH� WKH�1\TXLVW� OLPLW��QRW�DOO�RI� WKH�FRHIILFLHQWV
REWDLQHG�FRUUHVSRQG�WR�DFWLYH�FDUULHUV�WKDW�ZH�KDYH�XVHG ��

7KH� LQYHUVH� ))7� LV� VLPLODUO\� XVHG� LQ� WKH� WUDQVPLWWHU� WR� JHQHUDWH� WKH�2)'0� VLJQDO� IURP� WKH
LQSXW�GDWD�

4. Choice of basic modulation

,Q�HDFK�V\PERO�� HDFK�FDUULHU� LV�PRGXODWHG� �PXOWLSOLHG��E\�D� FRPSOH[�QXPEHU� WDNHQ� IURP�D
FRQVWHOODWLRQ�VHW���7KH�PRUH�VWDWHV�WKHUH�DUH�LQ�WKH�FRQVWHOODWLRQ��WKH�PRUH�ELWV�WKDW�FDQ�EH�FRQ�
YH\HG�E\� HDFK� FDUULHU�GXULQJ�RQH� V\PERO� ²�EXW� WKH� FORVHU�EHFRPH� WKH� FRQVWHOODWLRQ�SRLQWV�
DVVXPLQJ�FRQVWDQW� WUDQVPLWWHG�SRZHU�� �7KXV� WKHUH� LV�D�ZHOO�NQRZQ�WUDGH�RII�RI� UXJJHGQHVV
YHUVXV�FDSDFLW\�

$W� WKH� UHFHLYHU�� WKH� FRUUHVSRQGLQJ� GHPRGXODWHG� YDOXH� �WKH� IUHTXHQF\� FRHIILFLHQW� IURP� WKH
UHFHLYHU�))7��KDV�EHHQ�PXOWLSOLHG�E\�DQ�DUELWUDU\�FRPSOH[�QXPEHU��WKH�UHVSRQVH�RI�WKH�FKDQ�

4. For the mathematically inclined, the addition of the guard interval has in effect turned the normal process of
“convolution of the signal with the impulse response of the channel” into a circular convolution, which
corresponds to multiplication of the DFT frequency coefficients.

5. Note that this does not lead to any loss of capacity or inefficient use of bandwidth.  It merely corresponds to
“headroom” for the analogue filtering in the system.
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TUTORIAL – COFDM
QHO�DW�WKH�FDUULHU�IUHTXHQF\����7KH�FRQVWHOODWLRQ�LV�WKXV�URWDWHG�DQG�FKDQJHG�LQ�VL]H���+RZ�FDQ
ZH�WKHQ�GHWHUPLQH�ZKLFK�FRQVWHOODWLRQ�SRLQW�ZDV�VHQW"

2QH�VLPSOH�ZD\�LV�WR�XVH�GLIIHUHQWLDO�GHPRGXODWLRQ��VXFK�DV�WKH�'436.�XVHG�LQ�'$%���,QIRUPD�
WLRQ�LV�FDUULHG�E\�WKH�FKDQJH�RI�SKDVH�IURP�RQH�V\PERO�WR�WKH�QH[W�� �$V�ORQJ�DV�WKH�FKDQQHO
FKDQJHV�VORZO\�HQRXJK��LWV�UHVSRQVH�GRHV�QRW�PDWWHU���8VLQJ�VXFK�D�GLIIHUHQWLDO��UDWKHU�WKDQ�D
FRKHUHQW��GHPRGXODWLRQ�SURFHVV�FDXVHV�VRPH�ORVV�LQ�WKHUPDO�QRLVH�SHUIRUPDQFH�²�EXW�'$%�LV
QHYHUWKHOHVV�D�YHU\�UXJJHG�V\VWHP�

:KHQ� KLJKHU� FDSDFLW\� LV
QHHGHG� �DV� LQ� '9%�7�� WKHUH
DUH� DGYDQWDJHV� LQ� FRKHUHQW
GHPRGXODWLRQ�� � ,Q� WKLV�� WKH
UHVSRQVH� RI� WKH� FKDQQHO� IRU
HDFK� FDUULHU� LV� VRPHKRZ
GHWHUPLQHG��DQG�WKH�UHFHLYHG
FRQVWHOODWLRQ� LV� DSSURSULDWHO\
HTXDOL]HG� EHIRUH� GHWHUPLQLQJ
ZKLFK�FRQVWHOODWLRQ�SRLQW�ZDV
WUDQVPLWWHG�� DQG� KHQFH�ZKDW
ELWV�ZHUH� WUDQVPLWWHG�� �7R�GR
WKLV� LQ� '9%�7�� VRPH� SLORW
LQIRUPDWLRQ� LV� WUDQVPLWWHG
�VR�FDOOHG� VFDWWHUHG� SLORWV ��� VR
WKDW�� LQ� VRPH� V\PEROV� RQ
VRPH�FDUULHUV��NQRZQ�LQIRUPDWLRQ�LV�WUDQVPLWWHG��VHH�)LJ� ���IURP�ZKLFK�D�VXE�VDPSOHG ��YHU�
VLRQ�RI�WKH�IUHTXHQF\�UHVSRQVH�LV�PHDVXUHG���7KLV�LV�WKHQ�LQWHUSRODWHG��XVLQJ�D���'�RU���'�ILOWHU�
WR�ILOO�LQ�WKH�XQNQRZQ�JDSV��DQG�LV�XVHG�WR�HTXDOL]H�DOO�WKH�FRQVWHOODWLRQV�ZKLFK�FDUU\�GDWD�����

5. Use of error coding

5.1. Why do we need error coding?

,Q�IDFW��ZH�ZRXOG�H[SHFW�WR�XVH�IRUZDUG�HUURU�FRUUHFWLRQ�FRGLQJ�LQ�DOPRVW�DQ\�SUDFWLFDO�GLJLWDO
FRPPXQLFDWLRQ�V\VWHP��LQ�RUGHU�WR�EH�DEOH�WR�GHOLYHU�DQ�DFFHSWDEOH�ELW�HUURU�UDWLR��%(5��DW�D
UHDVRQDEO\�ORZ�VLJQDO�WR�QRLVH�UDWLR��615����$W�D�KLJK�615�LW�PLJKW�QRW�EH�QHFHVVDU\�²�DQG�WKLV
LV�DOVR�WUXH�IRU�XQFRGHG�2)'0��EXW�RQO\�ZKHQ�WKH�FKDQQHO�LV�UHODWLYHO\�IODW���8QFRGHG�2)'0
GRHV�QRW�SHUIRUP�YHU\�ZHOO�LQ�D�VHOHFWLYH�FKDQQHO���,WV�SHUIRUPDQFH�FRXOG�EH�HYDOXDWHG�IRU�DQ\
VHOHFWLYH�FKDQQHO�DQG�IRU�DQ\�PRGXODWLRQ�VFKHPH��E\�

➩ QRWLQJ�WKH�615�IRU�HDFK�FDUULHU�

➩ GHGXFLQJ�WKH�FRUUHVSRQGLQJ�%(5�IRU�HDFK�FDUULHU·V�GDWD�

➩ REWDLQLQJ�WKH�%(5�IRU�WKH�ZKROH�GDWD�VLJQDO��E\�DYHUDJLQJ�WKH�%(5V�RI�DOO�WKH�FDUULHUV�XVHG�

9HU\�VLPSOH�H[DPSOHV�ZLOO�VKRZ�WKH�SRLQW���&OHDUO\�� LI�WKHUH�LV�D�� G%�HFKR�ZKLFK�LV�GHOD\HG
VXFK� WKDW�HYHU\�P WK� FDUULHU� LV� FRPSOHWHO\�H[WLQJXLVKHG�� WKHQ� WKH�´V\PEROµ�HUURU� UDWLR� �6(5�

6. Some carriers always carry further continual-pilot information which is used for synchronization.

7. Sub-sampled in both frequency and time.

denotes a scattered pilot cell

Frequency →

←
Ti

m
e

Figure 3
The pattern of inserting scattered pilot cells that is used in 
DVB-T.
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TUTORIAL – COFDM
ZLOO�EH�RI�WKH�RUGHU�RI���LQ�P�²�HYHQ�DW�LQILQLWH�615����+HUH��´V\PEROµ�GHQRWHV�WKH�JURXS�RI�ELWV
FDUULHG�E\�RQH�FDUULHU�ZLWKLQ�RQH�2)'0�V\PERO����$Q�HFKR�GHOD\�RI�VD\� �²�WKH�PD[LPXP
IRU�ZKLFK�D� ORVV�RI�RUWKRJRQDOLW\� LV�DYRLGHG�ZKHQ�WKH�JXDUG�LQWHUYDO� IUDFWLRQ� LV����� � �DV� LQ
'$%�DQG�VRPH�PRGHV�RI�'9%�7��²�ZRXOG�WKXV�FDXVH�WKH�6(5�WR�EH���LQ�����6LPLODUO\��LI�WKHUH�LV
RQH�FDUULHU��DPRQJVW�1�FDUULHUV�LQ�DOO��ZKLFK�LV�EDGO\�DIIHFWHG�E\�LQWHUIHUHQFH��WKHQ�WKH�6(5�ZLOO
EH�RI�WKH�RUGHU�RI���LQ�1��HYHQ�ZLWK�LQILQLWH�615�

7KLV�WHOOV�XV�WZR�WKLQJV�

➩ XQFRGHG�2)'0�LV�QRW�VDWLVIDFWRU\�IRU�XVH�LQ�VXFK�H[WUHPHO\�VHOHFWLYH�FKDQQHOV�

➩ IRU�DQ\�UHDVRQDEOH�QXPEHU�RI�FDUULHUV��&:�LQWHUIHUHQFH�WKDW�LV�DIIHFWLQJ�RQH�FDUULHU�LV�OHVV
RI�D�SUREOHP�WKDQ�D�� G%�HFKR�

+RZHYHU�� MXVW� DGGLQJ� KDUG�GHFLVLRQ�EDVHG� FRGLQJ� WR� WKLV� XQFRGHG� V\VWHP� LV� QRW� HQRXJK�
HLWKHU�²�LW�ZRXOG�WDNH�D�UHPDUNDEO\�SRZHUIXO�KDUG�GHFLVLRQ�FRGH�WR�FRSH�ZLWK�DQ�6(5�RI���LQ���
7KH�VROXWLRQ�LV�WR�XVH�FRQYROXWLRQDO�FRGLQJ�LQ�FRQMXQFWLRQ�ZLWK�VRIW�GHFLVLRQ�GHFRGLQJ��SURS�
HUO\�LQWHJUDWHG�ZLWK�WKH�2)'0�V\VWHP�

5.2. Soft decisions and channel-state information

)LUVW�OHW�XV�UHYLVH��IRU�VLPSOLFLW\����OHYHO�PRGXODWLRQ�RI�D�VLQJOH�FDUULHU��RQH�ELW�LV�WUDQVPLWWHG
SHU�V\PERO�ZLWK��VD\��D�´�µ�EHLQJ�VHQW�E\�D�PRGXODWLQJ�VLJQDO�RI�² � 9�DQG�D�´�µ�E\�� � 9���$W�D
UHFHLYHU��DVVXPLQJ�WKDW�WKH�JDLQ�LV�FRUUHFW��ZH�VKRXOG�H[SHFW�WR�GHPRGXODWH�D�VLJQDO�DOZD\V�LQ
WKH�YLFLQLW\�RI�HLWKHU�² � 9�RU�� � 9��GHSHQGLQJ�RQ�ZKHWKHU�D�´�µ�RU�D�´�µ�ZDV� WUDQVPLWWHG�
$Q\�GHSDUWXUH�IURP�WKH�H[DFW�YDOXHV�� � 9�ZRXOG�KDYH�EHHQ�FDXVHG�E\�WKH�LQHYLWDEOH�QRLVH
DGGHG�GXULQJ�WUDQVPLVVLRQ�

$�KDUG�GHFLVLRQ�UHFHLYHU�ZRXOG�RSHUDWH�DFFRUGLQJ�WR�WKH�UXOH�WKDW�QHJDWLYH�VLJQDOV�VKRXOG�EH
GHFRGHG�DV�´�µ�DQG�SRVLWLYH�RQHV�DV�´�µ��ZLWK�� 9�EHLQJ�WKH�GHFLVLRQ�ERXQGDU\���,I�WKH�LQVWDQWD�
QHRXV� DPSOLWXGH� RI� WKH� QRLVH�ZHUH� QHYHU� WR� H[FHHG� � � 9�� WKHQ� WKLV� VLPSOH� UHFHLYHU�ZRXOG
PDNH�QR�PLVWDNHV���%XW�QRLVH�PD\�RFFDVLRQDOO\�KDYH�D�ODUJH�DPSOLWXGH��DOWKRXJK�ZLWK�ORZHU
SUREDELOLW\�WKDQ�IRU�VPDOOHU�YDOXHV�� �7KXV�LI�VD\�� ��� 9�LV�UHFHLYHG��LW�PRVW�SUREDEO\�PHDQV
WKDW�D�´�µ�ZDV�WUDQVPLWWHG��EXW�WKHUH�LV�D�VPDOOHU�\HW�VWLOO�ILQLWH�SUREDELOLW\�WKDW�DFWXDOO\�´�µ
ZDV�VHQW���&RPPRQ�VHQVH�VXJJHVWV�WKDW�ZKHQ�D�ODUJH�DPSOLWXGH�VLJQDO�LV�UHFHLYHG�ZH�FDQ�EH
PRUH�FRQILGHQW�LQ�WKH�KDUG�GHFLVLRQ��WKDQ�LI�WKH�DPSOLWXGH�LV�VPDOO�

7KLV�YLHZ�RI�D�GHJUHH�RI�FRQILGHQFH�LV�H[SORLWHG�LQ�VRIW�GHFLVLRQ�9LWHUEL�GHFRGHUV���7KHVH�PDLQ�
WDLQ�D�KLVWRU\�RI�PDQ\�SRVVLEOH� WUDQVPLWWHG� VHTXHQFHV�� EXLOGLQJ�XS�D�YLHZ�RI� WKHLU� UHODWLYH
OLNHOLKRRGV�DQG�ILQDOO\�VHOHFWLQJ�WKH�YDOXH�´�µ�RU�´�µ�IRU�HDFK�ELW��DFFRUGLQJ�WR�ZKLFK�KDV�WKH
PD[LPXP� OLNHOLKRRG�� �)RU�FRQYHQLHQFH��D�9LWHUEL�GHFRGHU�DGGV� ORJDULWKPLF� OLNHOLKRRGV� �UDWKHU
WKDQ�PXOWLSO\LQJ�SUREDELOLWLHV��WR�DFFXPXODWH�WKH�OLNHOLKRRG�RI�HDFK�SRVVLEOH�VHTXHQFH���,W�FDQ
EH�VKRZQ�WKDW��LQ�WKH�FDVH�RI�%36.�RU�436.��WKH�DSSURSULDWH�ORJ�OLNHOLKRRG�PHDVXUH��RU�PHWULF�
RI�WKH�FHUWDLQW\�RI�HDFK�GHFLVLRQ�LV�LQGHHG�VLPSO\�SURSRUWLRQDO�WR�WKH�GLVWDQFH�IURP�WKH�GHFL�
VLRQ�ERXQGDU\���7KH�VORSH�RI�WKLV�OLQHDU�UHODWLRQVKLS�LWVHOI�DOVR�GHSHQGV�GLUHFWO\�RQ�WKH�VLJQDO�
WR�QRLVH�UDWLR�� �7KXV�WKH�9LWHUEL�GHFRGHU� LV� IHG�ZLWK�D�VRIW�GHFLVLRQ�FRPSULVLQJ�ERWK�WKH�KDUG
GHFLVLRQ��WKH�VLJQ�RI�WKH�VLJQDO��WRJHWKHU�ZLWK�D�PHDVXUH�RI�WKH�DPSOLWXGH�RI�WKH�UHFHLYHG�VLJ�
QDO�

:LWK�RWKHU� UHFWDQJXODU�FRQVWHOODWLRQ�PRGXODWLRQ�V\VWHPV�� VXFK�DV� ���4$0�RU����4$0�� HDFK
D[LV�FDUULHV�PRUH�WKDQ�RQH�ELW��XVXDOO\�ZLWK�*UD\�FRGLQJ���$W�WKH�UHFHLYHU��D�VRIW�GHFLVLRQ�FDQ�EH
PDGH�VHSDUDWHO\�IRU�HDFK�UHFHLYHG�ELW���7KH�PHWULF�IXQFWLRQV�DUH�QRZ�PRUH�FRPSOLFDWHG�WKDQ
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TUTORIAL – COFDM
IRU�436.��EHLQJ�GLIIHUHQW�IRU�HDFK�ELW��EXW�WKH�SULQFLSOH�²�WKH�GHFRGHU�H[SORLWV�LWV�NQRZOHGJH�RI
WKH�H[SHFWHG�UHOLDELOLW\�RI�HDFK�ELW�²�VWLOO�UHPDLQV�

0HWULFV�IRU�&2)'0�DUH�VOLJKWO\�PRUH�FRPSOLFDWHG���:H�VWDUW�IURP�WKH�XQGHUVWDQGLQJ�WKDW�WKH
VRIW�GHFLVLRQ� LQIRUPDWLRQ� LV� D�PHDVXUH�RI� WKH� FRQILGHQFH� WR�EH�SODFHG� LQ� WKH�DFFRPSDQ\LQJ
KDUG�GHFLVLRQ�

:KHQ�GDWD�DUH�PRGXODWHG�RQWR�D�VLQJOH�FDUULHU�LQ�D�WLPH�LQYDULDQW�V\VWHP��WKHQ�D�SULRUL�DOO�GDWD
V\PEROV�VXIIHU�IURP�WKH�VDPH�QRLVH�SRZHU�RQ�DYHUDJH��WKH�VRIW�GHFLVLRQ�LQIRUPDWLRQ�VLPSO\
QHHGV�WR�WDNH�QRWH�RI�WKH�UDQGRP�V\PERO�E\�V\PERO�YDULDWLRQV�WKDW�WKLV�QRLVH�FDXVHV�

:KHQ� GDWD� DUH�PRGXODWHG� RQWR� WKH�PXOWLSOH� &2)'0� FDUULHUV�� WKH�PHWULFV� EHFRPH� VOLJKWO\
PRUH�FRPSOLFDWHG�DV�WKH�YDULRXV�FDUULHUV�ZLOO�KDYH�GLIIHUHQW�VLJQDO�WR�QRLVH�UDWLRV���)RU�H[DP�
SOH��D�FDUULHU�ZKLFK�IDOOV�LQWR�D�QRWFK�LQ�WKH�IUHTXHQF\�UHVSRQVH�ZLOO�FRPSULVH�PRVWO\�QRLVH�
RQH� LQ�D�SHDN�ZLOO� VXIIHU�PXFK�OHVV�� �7KXV�� LQ�DGGLWLRQ�WR� WKH�V\PERO�E\�V\PERO�YDULDWLRQV�
WKHUH�LV�DQRWKHU�IDFWRU�WR�WDNH�DFFRXQW�RI�LQ�WKH�VRIW�GHFLVLRQV��GDWD�FRQYH\HG�E\�FDUULHUV�KDY�
LQJ�D�KLJK�615�DUH�D�SULRUL�PRUH�UHOLDEOH�WKDQ�WKRVH�FRQYH\HG�E\�FDUULHUV�KDYLQJ�ORZ�615���7KLV
H[WUD�D�SULRUL�LQIRUPDWLRQ�LV�XVXDOO\�NQRZQ�DV�FKDQQHO�VWDWH�LQIRUPDWLRQ��&6,��

7KH�&6,�FRQFHSW�FDQ�EH�H[WHQGHG�WR�HPEUDFH�LQWHUIHUHQFH�ZKLFK�DIIHFWV�FDUULHUV�VHOHFWLYHO\�

7KH�LQFOXVLRQ�RI�FKDQQHO�VWDWH�LQIRUPDWLRQ�LQ�WKH�JHQHUDWLRQ�RI�VRIW�GHFLVLRQV�LV�WKH�NH\�WR
WKH�XQLTXH�SHUIRUPDQFH�RI�&2)'0�LQ�WKH�SUHVHQFH�RI�IUHTXHQF\�VHOHFWLYH�IDGLQJ�DQG�LQWHU�
IHUHQFH�

:H�QRZ�UHWXUQ� WR� WKH� VLPSOH
H[DPSOH� LQ� ZKLFK� WKHUH� LV� D
� G%� HFKR�� RI� VXFK� D� GHOD\
�DQG�SKDVH�UHODWLRQVKLS��DV�WR
FDXVH� D� FRPSOHWH� QXOO� RQ� �
FDUULHU�LQ�HYHU\�����)LJ� ��LOOXV�
WUDWHV� WKH� HIIHFW� RI� WKLV� VHOHF�
WLYH� FKDQQHO�� �� FDUULHU� LQ
HYHU\� �� LV� QXOOHG� RXW�� ZKLOH
DQRWKHU� FDUULHU� LQ� HYHU\� �� LV
DFWXDOO\� ERRVWHG�� DQG� WKH
UHPDLQLQJ� WZR� DUH� XQDI�
IHFWHG�� � 1RWH� WKDW� UHFHLYHG
SRZHU� LV� VKRZQ�� WR�ZKLFK� WKH
615V� RI� WKH� FDUULHUV� ZLOO� EH
SURSRUWLRQDO� LI� WKH� UHFHLYHU
QRLVH�LV�LWVHOI�IODW��DV�LV�XVXDO�
7KH� ´PHDQ� SRZHUµ� PDUNHG
RQ�WKH�GLDJUDP�LV�WKH�PHDQ�RI
DOO�FDUULHUV�� � ,W� LV�HTXDO� WR�WKH
WRWDO�UHFHLYHG�SRZHU��YLD�ERWK�SDWKV���VKDUHG�HTXDOO\�EHWZHHQ�DOO�FDUULHUV�����

$OWKRXJK�RQO\�D�IHZ�&2)'0�FDUULHUV�DUH� LOOXVWUDWHG�� WKH�SDWWHUQ�UHSHDWV�F\FOLFDOO\�IRU�DOO�RI
WKHP���7KH�GRWWHG�FXUYH�UHSUHVHQWV�WKH�SRZHU�IUHTXHQF\�UHVSRQVH�RI�WKH�FKDQQHO�IRUPHG�E\
WKH�WZR�SDWKV�

,Q�&2)'0��WKH�9LWHUEL�PHWULFV� IRU�HDFK�ELW� VKRXOG�EH�ZHLJKWHG�DFFRUGLQJ� WR�WKH�615�RI� WKH
FDUULHU�E\�ZKLFK�LW�WUDYHOOHG���&OHDUO\��WKH�ELWV�IURP�WKH�QXOOHG�FDUULHUV�DUH�HIIHFWLYHO\�IODJJHG�DV
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Figure 4
The effect of a channel with a single 0 dB echo of long delay, 
such that exactly 1 carrier in every 4 is nulled out.
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KDYLQJ�´QR�FRQILGHQFHµ���7KLV�LV�HVVHQWLDOO\�WKH�VDPH�WKLQJ�DV�DQ�HUDVXUH�²�WKH�9LWHUEL�GHFRGHU
LQ�HIIHFW�MXVW�UHFRUGV�WKDW�LW�KDV�QR�LQIRUPDWLRQ�DERXW�WKHVH�ELWV�

7KHUH� LV� DQRWKHU�ZHOO�NQRZQ� FDVH� RI� UHJXODUO\�RFFXUULQJ� HUDVXUHV�� QDPHO\� SXQFWXUHG� FRGHV�
7\SLFDOO\��FRQYROXWLRQDO�FRGHV�LQWULQVLFDOO\�KDYH�FRGH�UDWHV�H[SUHVVHG�DV�VLPSOH�IUDFWLRQV�VXFK
DV�����RU�������:KHQ�D�FRGH�KDYLQJ�D�KLJKHU�UDWH��OHVV�UHGXQGDQF\��LV�QHHGHG��WKHQ�RQH�RI�WKHVH
ORZHU�UDWH� ´PRWKHUµ� FRGHV� LV�SXQFWXUHG�� WKDW� LV� WR� VD\� FHUWDLQ� RI� WKH� FRGHG�ELWV� DUH� MXVW� QRW
WUDQVPLWWHG��DFFRUGLQJ�WR�D�UHJXODU�SDWWHUQ�NQRZQ�WR�WKH�UHFHLYHU�� �$W�WKH�UHFHLYHU�´GXPP\
ELWVµ�DUH�UH�LQVHUWHG�WR�UHSODFH�WKH�RPLWWHG�RQHV��EXW�DUH�PDUNHG�DV�HUDVXUHV�²�ELWV�KDYLQJ�]HUR
FRQILGHQFH�²�VR�WKDW�WKH�9LWHUEL�GHFRGHU�WUHDWV�WKHP�DFFRUGLQJO\���3XQFWXUHG�FRGHV�REYLRXVO\
DUH�OHVV�SRZHUIXO�WKDQ�WKH�PRWKHU�FRGH��EXW�WKHUH�LV�DQ�DFFHSWDEOH�VWHDG\�WUDGH�RII�EHWZHHQ
SHUIRUPDQFH�DQG�FRGH�UDWH��DV�WKH�GHJUHH�RI�SXQFWXULQJ�LV�LQFUHDVHG�

6XSSRVH�ZH�WDNH�D�UDWH�����FRGH�DQG�SXQFWXUH�LW�E\�UHPRYLQJ���ELW�LQ�HYHU\�����7KH�UDWH����
FRGH�SURGXFHV���FRGHG�ELWV�IRU�HYHU\���XQFRGHG�ELW��DQG�WKXV���FRGHG�ELWV�IRU�HYHU\���XQFRGHG
ELWV���,I�ZH�SXQFWXUH���LQ���RI�WKHVH�FRGHG�ELWV��WKHQ�ZH�FOHDUO\�ILQLVK�E\�WUDQVPLWWLQJ���FRGHG
ELWV�IRU�HYHU\���XQFRGHG�ELWV���,Q�RWKHU�ZRUGV�ZH�KDYH�JHQHUDWHG�D�UDWH�����FRGH���,QGHHG��WKLV
LV�H[DFWO\�KRZ�WKH�UDWH�����RSWLRQ�RI�'9%�7�LV�PDGH�

1RZ�UHWXUQ�WR�RXU�VLPSOH�&2)'0�H[DPSOH�LQ�ZKLFK���FDUULHU�LQ���LV�QXOOHG�RXW�E\�WKH�FKDQQHO
²�EXW�WKH�FRUUHVSRQGLQJ�ELWV�DUH�HIIHFWLYHO\�IODJJHG�DV�HUDVXUHV��WKDQNV�WR�WKH�DSSOLFDWLRQ�RI
FKDQQHO�VWDWH�LQIRUPDWLRQ�����RXW�RI���RI�WKH�UHPDLQLQJ�FDUULHUV�DUH�UHFHLYHG�DW�WKH�VDPH�615�DV
WKDW�RI�WKH�RYHUDOO�FKDQQHO��ZKLOH���FDUULHU�LV�DFWXDOO\�ERRVWHG��KDYLQJ�DQ�LPSURYHG�615���6XS�
SRVH�WKDW�UDWH�����FRGLQJ�LV�XVHG�IRU�WKH�&2)'0�VLJQDO���,W�IROORZV�WKDW�WKH�615�SHUIRUPDQFH
RI�&2)'0�ZLWK�WKLV�VHOHFWLYH�FKDQQHO�VKRXOG�EH�YHU\�VOLJKWO\�EHWWHU��EHFDXVH���FDUULHU�LQ���LV
ERRVWHG��WKDQ�WKDW�IRU�D�VLQJOH�FDUULHU��6&��V\VWHP�XVLQJ�WKH�FRUUHVSRQGLQJ�SXQFWXUHG�UDWH����
FRGH�LQ�D�IODW�FKDQQHO���,Q�RWKHU�ZRUGV��WKH�HIIHFW�RI�WKLV�YHU\�VHOHFWLYH�FKDQQHO�RQ�&2)'0�FDQ
EH�GLUHFWO\�HVWLPDWHG� IURP�NQRZOHGJH�RI� WKH�EHKDYLRXU�RI�SXQFWXULQJ� WKH�VDPH�FRGH�ZKHQ
XVHG�LQ�DQ�6&�V\VWHP�WKURXJK�D�IODW�FKDQQHO�

7KLV�H[SODLQV�KRZ�WKH�SHQDOW\�LQ�WKH�UHTXLUHG�&15��IRU�D�&2)'0�V\VWHP�VXEMHFW�WR�� G%�HFK�
RHV��PD\�EH�TXLWH�VPDOO�²�SURYLGHG�D�UHODWLYHO\�SRZHUIXO�FRQYROXWLRQDO�FRGH�LV�XVHG�WRJHWKHU
ZLWK�WKH�DSSOLFDWLRQ�RI�FKDQQHO�VWDWH�LQIRUPDWLRQ�

5.3. Interleaving

6R� IDU�ZH�KDYH�FRQVLGHUHG�D�YHU\�VSHFLDO� H[DPSOH� LQ�RUGHU� WR�PDNH� LW� HDV\� WR�H[SODLQ�²�E\
LQYRNLQJ�WKH�FORVH�DQDORJ\�ZLWK�WKH�XVH�RI�FRGH�SXQFWXULQJ���%XW�ZKDW�RI�WKH�RWKHU�GHOD\�YDO�
XHV"

,I�WKH�UHODWLYH�GHOD\�RI�WKH�HFKR�LV�UDWKHU�VKRUWHU�WKDQ�ZH�KDYH�MXVW�FRQVLGHUHG��WKHQ�WKH�QRWFKHV
LQ� WKH�FKDQQHO·V� IUHTXHQF\� UHVSRQVH�ZLOO�EH�EURDGHU��DIIHFWLQJ�PDQ\�DGMDFHQW�FDUULHUV�� �7KLV
PHDQV�WKDW�WKH�FRGHG�GDWD�ZH�WUDQVPLW�VKRXOG�QRW�VLPSO\�EH�DVVLJQHG�WR�WKH�2)'0�FDUULHUV�LQ
D�VHTXHQWLDO�RUGHU��VLQFH�DW�WKH�UHFHLYHU�WKLV�ZRXOG�FDXVH�WKH�9LWHUEL�VRIW�GHFLVLRQ�GHFRGHU�WR
EH�IHG�ZLWK�FOXVWHUV�RI�XQUHOLDEOH�ELWV���7KLV�LV�NQRZQ�WR�FDXVH�D�VHULRXV�ORVV�RI�SHUIRUPDQFH�
ZKLFK�ZH�DYRLG�E\�LQWHUOHDYLQJ�WKH�FRGHG�GDWD�EHIRUH�DVVLJQLQJ�WKHP�WR�2)'0�FDUULHUV�DW�WKH
PRGXODWRU�� �$�FRUUHVSRQGLQJ�GH�LQWHUOHDYHU�LV�XVHG�DW�WKH�UHFHLYHU�EHIRUH�GHFRGLQJ�� � ,Q�WKLV
ZD\��WKH�FOXVWHU�RI�HUURUV�RFFXUULQJ�ZKHQ�DGMDFHQW�FDUULHUV�IDLO�VLPXOWDQHRXVO\��DV�ZKHQ�WKHUH
LV�D�EURDG�QRWFK�LQ�WKH�IUHTXHQF\�UHVSRQVH�RI�WKH�FKDQQHO��LV�EURNHQ�XS��HQDEOLQJ�WKH�9LWHUEL
GHFRGHU�WR�SHUIRUP�EHWWHU�
(%8�7HFKQLFDO�5HYLHZ�� :LQWHU����� 9
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$V�MXVW�GHVFULEHG��WKH�SURFHVV�FRXOG�EH�FDOOHG�IUHTXHQF\�LQWHUOHDYLQJ���7KLV�LV�DOO�WKDW�LV�QHHGHG�LI
WKH�FKDQQHO�RQO\�YDULHV�VORZO\�ZLWK�WLPH��DQG�WKDW�LV�ZK\�LW�LV�XVHG�LQ�'9%�7���,Q�PRELOH�RSHU�
DWLRQ��D�NH\�DSSOLFDWLRQ�IRU�'$%���ZH�PD\�H[SHFW�WKH�YDULRXV�SDWKV�WR�EH�VXEMHFWHG�WR�GLIIHUHQW
DQG� VLJQLILFDQW�'RSSOHU� VKLIWV��PDNLQJ� WKH� IUHTXHQF\� UHVSRQVH� YDU\�ZLWK� WLPH� �VHH�)LJ� ���
)XUWKHUPRUH��D�YHKLFOH�PD\�GULYH�LQWR�VKDGHG�DUHDV��VXFK�DV�XQGHUSDVVHV��ZKHUH�DOO�WKH�VLJ�
QDOV�DUH�VHYHUHO\�DWWHQXDWHG�IRU�D�SHULRG��QRW�VKRZQ�LQ�)LJ� �����)RU�WKLV�UHDVRQ��LQ�WKH�'$%�V\V�
WHP�WKH�FRGHG�GDWD�DUH�DOVR�UH�GLVWULEXWHG�RYHU�WLPH��WR�SURYLGH�WLPH�LQWHUOHDYLQJ�����

5.4. More coding

'$%� FRQYH\V� DXGLR� GDWD� ZKLFK�� GHVSLWH� EHLQJ� FRPSUHVVHG� LQ� VRXUFH� FRGLQJ�� LV� UHODWLYHO\
UREXVW�WR�WKH�HIIHFWV�RI�WUDQVPLVVLRQ�HUURUV ����7KH�%(5�UHPDLQLQJ�DIWHU�FRUUHFWLRQ�E\�WKH�9LWHUEL
GHFRGHU�LV�DGHTXDWH���2Q�WKH�RWKHU�KDQG��WKH�FRPSUHVVHG�YLGHR�GDWD�RI�'9%�7�LV�PRUH�VXVFHS�
WLEOH�WR�HUURUV�VR�WKDW�WKH�UHVLGXDO�%(5�DW�WKH�RXWSXW�RI�WKH�9LWHUEL�GHFRGHU�LV�WRR�KLJK�

7KXV�'9%�7� LQFOXGHV�D� VHFRQG� VWDJH�RI�HUURU� FRGLQJ�� FDOOHG� WKH�´RXWHUµ� FRGLQJ�� VLQFH� LQ�DQ
RYHUDOO�EORFN�GLDJUDP�LW�VDQGZLFKHV�WKH��´LQQHUµ��FRQYROXWLRQDO�FRGLQJ���'DWD�WR�EH�WUDQVPLW�
WHG�DUH�ILUVW�FRGHG�ZLWK�D�5HHG�6RORPRQ�FRGH��LQWHUOHDYHG�ZLWK�DQ�DGGLWLRQDO�´RXWHUµ�LQWHU�
OHDYHU��WKHQ�SDVVHG�WR�WKH�´LQQHUµ�FRQYROXWLRQDO�FRGHU���$W�WKH�UHFHLYHU��WKH�9LWHUEL�GHFRGHU�LV
IROORZHG�E\�DQ�´RXWHUµ�LQWHUOHDYHU�DQG�WKH�´RXWHUµ�5�6�GHFRGHU���7KH�5�6�GHFRGHU�XVHV�KDUG
GHFLVLRQV��EXW�LV�DEOH�WR�UHGXFH�WKH�%(5�VXEVWDQWLDOO\��GHVSLWH�YHU\�PRGHVW�H[WUD�UHGXQGDQF\
KDYLQJ�EHHQ�DGGHG�DW�WKH�WUDQVPLWWHU�

8. Some more-susceptible data have special treatment.

Time

Fr
eq

u
en

cy

|H
(f, t)|

Figure 5
A time-varying channel example.  There are two delayed paths, each with different Doppler shift, in 
addition to the “main” path.  The z-axis represents the magnitude of the channel response.
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6. Single-frequency networks

2XU�VLPSOH�H[DPSOH�RI�D�� G%�HFKR�RIWHQ�FURSV�XS�ZKHQ�FRQVLGHULQJ�6)1V���,I�WZR�V\QFKUR�
QL]HG�&2)'0� WUDQVPLWWHUV�RSHUDWH�RQ�D� FRPPRQ� IUHTXHQF\�� WKHUH�ZLOO� VRPHZKHUH�EH� ORFD�
WLRQV� ZKHUH� WKH� WZR� VLJQDOV� ZLOO� EH� UHFHLYHG� DW� HTXDO� VWUHQJWK� �DQG�ZLWK� D� UHODWLYH� GHOD\�
GHSHQGLQJ�RQ�WKH�JHRPHWU\�RI�WKH�VLWXDWLRQ��ZKLFK�ZH�DVVXPH�WR�EH�ZLWKLQ�WKH�V\VWHP�OLPLWV��
$Q�REYLRXV�TXHVWLRQ�LV��GRHV�UHFHSWLRQ�VXIIHU�RU�EHQHILW�IURP�WKLV�VLWXDWLRQ"

&OHDUO\�� FRPSDUHG�ZLWK� UHFHLYLQJ�HLWKHU� WUDQVPLWWHU� DORQH�� WKH� WRWDO� UHFHLYHG�VLJQDO�WR�QRLVH
SRZHU�UDWLR��&15��LV�GRXEOHG��L�H��LQFUHDVHG�E\�� G%���+RZHYHU��WKH�SUHVHQFH�RI�WKH�WZR�WUDQV�
PLVVLRQV�PDNHV� UHFHSWLRQ� VHOHFWLYH� UDWKHU� WKDQ� IODW� �DV�ZH�PLJKW�KRSH� WR�KDYH�ZLWK�D� VLQJOH
WUDQVPLVVLRQ��ZLWKRXW�´QDWXUDOµ�HFKRHV����7KLV�LQFUHDVHV�WKH�&15�UHTXLUHG�WR�DFKLHYH�WKH�VDPH
%(5��LQ�D�ZD\�ZKLFK�GHSHQGV�RQ�WKH�HUURU�FRUUHFWLQJ�FRGH�LQ�XVH�����

:H�KDYH�DOUHDG\�VHHQ�D�TXDOLWDWLYH�DUJXPHQW�KRZ�WKLV�LQFUHDVH�LQ�&15�UHTXLUHPHQW�PD\�EH
FORVHO\�UHODWHG�WR�WKH�SHUIRUPDQFH�RI�SXQFWXUHG�FRGHV���6LPXODWLRQ�VKRZV�WKDW�WKH�LQFUHDVH�LQ
&15�UHTXLUHPHQW�EHWZHHQ�IODW�DQG�� G%�HFKR�FKDQQHOV�LV�MXVW�EHORZ�� G%�IRU�D�UDWH�����FRGH�
ZKLOH�LW�LV�JUHDWHU�IRU�KLJKHU�UDWH�FRGHV�ZKLFK�KDYH�DOUHDG\�EHHQ�SXQFWXUHG���3UDFWLFDO�H[SHUL�
HQFH�VXSSRUWV�WKH�RUGHU�RI�� G%�IRU�D�UDWH�����FRGH�ZKLOH��IRU�UDWH������WKH�LQFUHDVH�LV�RI�WKH
RUGHU�RI�� G%�

:LWK�UDWH�����FRGLQJ��ZKHQ�UHFHLYLQJ�WZR�VLJQDOV�RI�HTXDO�VWUHQJWK��UDWKHU�WKDQ�HLWKHU�VLJQDO
DORQH���WKH�UHFHLYHG�&15�LV�LQFUHDVHG�E\�� G%��WKH�&15�UHTXLUHG�IRU�VDWLVIDFWRU\�UHFHSWLRQ��LQ
WKH�QRZ�KLJKO\�VHOHFWLYH�FKDQQHO��LV�DOVR�LQFUHDVHG�E\�DERXW�WKH�VDPH�DPRXQW���7KH�SHUIRUP�
DQFH�LV�WKXV�XQFKDQJHG�E\�DGGLQJ�WKH�VHFRQG�SDWK�

Abbreviations

16-QAM 16-state quadrature amplitude 
modulation

64-QAM 64-state quadrature amplitude 
modulation

BER Bit error rate

BPSK Binary phase-shift keying

CNR Carrier-to-noise ratio

COFDM Coded orthogonal frequency 
division multiplex

CSI Channel-state information

CW Carrier wave

DAB Digital Audio Broadcasting

DFT Discrete Fourier transform

DQPSK Differential quadrature 
(quaternary) phase-shift keying

DVB Digital Video Broadcasting

DVB-T DVB - Terrestrial

ETSI European Telecommunication 
Standards Institute

FDM Frequency division multiplex

FFT Fast Fourier transform

ICI Inter-carrier interference

ISI Inter-symbol interference

NICAM Near-instantaneous companding 
and multiplexing

OFDM Orthogonal frequency division 
multiplex

QPSK Quadrature (quaternary) phase-
shift keying

R-S Reed-Solomon

RDS Radio Data System

SC Single carrier

SER Symbol error rate

SFN Single-frequency network

SNR Signal-to-noise ratio
(%8�7HFKQLFDO�5HYLHZ�� :LQWHU����� 11
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6LQFH�� IRU�PRVW�SUDFWLFDO�SXUSRVHV�� WKH�FDVH�RI� WKH�� G%�HFKR�DSSHDUV� WR�EH�PRUH�RU� OHVV� WKH
ZRUVW�RQH��WKLV�LV�YHU\�HQFRXUDJLQJ�IRU�WKH�SODQQLQJ�DQG�GHYHORSLQJ�RI�6)1V�

7. Summary of key DAB & DVB-T features

%RWK�'$%�DQG�'9%�7�KDYH�IOH[LELOLW\�EXLOW�LQ��WR�FRSH�ZLWK�D�UDQJH�RI�FLUFXPVWDQFHV�DQG�XVHV�

'$%�KDV�IRXU�PRGHV�ZLWK���������������RU������FDUULHUV��DQG�KDV�FRUUHVSRQGLQJ�JXDUG�LQWHUYDOV
IURP����WR���� �V���,Q�HDFK�PRGH��WKH�FDUULHUV�RFFXS\�D�WRWDO�EDQGZLGWK�RI������ 0+]��WKH\�XVH
'436.�DQG�WKH\�XVH�ERWK�WLPH��DQG�IUHTXHQF\�LQWHUOHDYLQJ�

'9%�7�KDV�WZR�PRGHV�ZLWK�HLWKHU������RU������FDUULHUV�LQ�D����� 0+]�EDQGZLGWK��ZLWK�D�ZLGH
UDQJH�RI�JXDUG�LQWHUYDOV�IURP���WR���� �V�� �&RKHUHQW�GHPRGXODWLRQ�LV�XVHG��ZLWK�436.������
4$0������4$0�FRQVWHOODWLRQV���,Q�FRQMXQFWLRQ�ZLWK�RSWLRQV�IRU�LQQHU�FRGH�UDWH��WKLV�SURYLGHV
H[WHQVLYH�WUDGH�RII�EHWZHHQ�UXJJHGQHVV�DQG�FDSDFLW\��IURP���WR����� 0ELW�V����1R�WLPH�LQWHU�
OHDYLQJ� LV� XVHG�� � 7KH� FRQYROXWLRQDO� LQQHU� FRGH� LV� VXSSOHPHQWHG� E\� D� 5HHG�6RORPRQ� RXWHU
FRGH����7KH�ILJXUHV�TXRWHG�DERYH�UHODWH�WR�WKH�XVH�RI�QRPLQDOO\�� 0+]�FKDQQHOV���7KH�'9%�7
VSHFLILFDWLRQ� FDQ� EH� DGDSWHG� WR� �� RU� � 0+]� FKDQQHOV� E\� VLPSO\� VFDOLQJ� WKH� FORFN� UDWH�� � WKH
FDSDFLW\�DQG�EDQGZLGWK�WKHQ�IROORZ�LQ�WKH�VDPH�SURSRUWLRQ��

8. Conclusions

&2)'0��DV�XVHG�LQ�'$%�DQG�'9%�7��LV�YHU\�ZHOO�PDWFKHG�WR�WKH�WHUUHVWULDO�FKDQQHO��EHLQJ�DEOH
WR�FRSH�ZLWK�VHYHUH�PXOWLSDWK�DQG�WKH�SUHVHQFH�RI�FR�FKDQQHO�QDUURZEDQG�LQWHUIHUHQFH���,W�DOVR
PDNHV�VLQJOH�IUHTXHQF\�QHWZRUNV�SRVVLEOH�����

&2)'0� LV� DOVR� DGDSWDEOH� WR� YDULRXV� XVHV� E\�PDNLQJ� DQ� DSSURSULDWH� FKRLFH� RI� SDUDPHWHUV�
%RWK�'$%�DQG�'9%�7�KDYH�D�UDQJH�RI�RSWLRQV�WR�IDFLOLWDWH�WKLV�

&2)'0�RQO\�ZRUNV� EHFDXVH� DOO� WKH� NH\� HOHPHQWV� DUH� FRUUHFWO\� LQWHJUDWHG�� � 7KHVH� HOHPHQWV
LQFOXGH�PDQ\�RUWKRJRQDO� FDUULHUV�� DGGHG�JXDUG� LQWHUYDOV�� LQWHUOHDYLQJ�� VRIW�GHFLVLRQ�9LWHUEL
GHFRGLQJ�DQG�WKH�XVH�RI�FKDQQHO�VWDWH�LQIRUPDWLRQ�
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