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I&JLK&KNMPOFQSRUTWVYXUK[Z]\^R0_&`WJaVSbc_�VY\WK�QSK8T^Ted8RUf�fhgLbFVSd8ij`kVYR]bFT8lGVSb*d8R]b0m^gFbFd�`WVSR]bh_�Vn`kJhK�f�K�\WZ]VYbFZobLK�_
ijOFOFQSVYdpij`WVSR]bLT8l;J>iUTcVYbFd8\^KpiUT^K8q@`WJFKrqLK8f�iUbFq@s?R]\�qFKNX]K8QYR]OFVYbFZtf�R]\WK�K�u�d8VYK8bv`hf�R]wFVYQSKx\kijqFVSR
Tzy:T^`kK�f�T�{}|obFiUQSR]Z�f�R]wFVYQSKcOLJFR]bFK�T^y:T^`WK8f�T8lHTWgFd~J�ijT*�o�I�����R]\^qFVSd��R]wLVSQSKaI;K8QYK8OFJLR]bFK��
ij\WKhd8iUQSQYK8q�F\WT^`�Z]K8bFK�\kij`WVSR]bT^y:T^`WK8f�T8{�I&JFKNy�_�K8\WKxijd8d8RUf�O>ijbFVSK�q�wvytqFVYZ]VY`kiUQ�TWK�d8R]bLq�ZUK8bP�
K�\kij`WVSR]b�T^y:T^`WK8f�T8l�s?RU\}KNMLiUf�OFQSKt�*�L� ����QYR]w>iUQ��:y:Tz`kK8f s?R]\��R]wLVSQSK	d8RUf�fhgLbFVSd8ij`kVYR]bFT~��{
I&JLR]TWK�T^y:T^`WK8f�ThiU\^K�OL\WVSf�iU\^VSQYy	X]RUVSd8K�R]\^VSK8bv`WK8qC�HJFR�_�KNX]K8\�l�K8T^O3K�d8V�ijQSQYy�TWK�d8R]bFq@Z]K8bFK�\kij`WVSR]b
Tzy:T^`kK�f�TciUQST^RT^gFOFO-R]\^`*QSR�_ q>ij`~i�\kiG`kK�TWK8\zX:VSd8K�T8{��ogLK�`kR�`kJLKrJFVYZ]J�iUd8d�K8OL`kiUbFd8KrRUs[d�K8QSQYgP�
QSiU\[f�R]wFVYQSK�\WiUqFVSRaTzy:T^`kK�f�T�l�dpiUO>ijd8VY`�y}QSVSf�VY`WT�JFi�XUKcijQS\WK8iUqLyrK8f�K8\WZUK8q	VSb�JFVSZUJFQYy�O3RUOFgFQ�iG`kK8q
ij\WKpijT8{B�>R]\ad8iUO>iUd�VY`�y�\^KpiUT^R]bFT�iUbFq�RU�3K8\WVYbFZ�bFK�_�T^K8\zXPVYd8K�TriUbLq�TzyPTz`kK�f s?K8ij`kgF\^K8T�l�`kJLVS\Wq
ZUK8bFK�\kij`WVSR]bf�R]wLVSQSK�\WiUqFVYR�TzyPTz`kK�f�T�ij\WK�gFbFqFK�\oqFKNX]K8QYR]OFf�K8bv`p{�I&JFK�TWKhTzyPTz`kK�f�T�K8f�OFJ>iUT^VS 8K
`WJFK�VSf�O3R]\z`~iUbLd8K[RUs¡d8R�X]K�\kiUZUKoiUbLq}iUd�d8K8T^T¢`WJF\WRUgFZ]JFR]gP`¢`WJFK�_�R]\^QSqC{HIH\^K8bFqLT�`kR�_�iU\WqLT�fhgLQY`kV£�
f�K8qLV�iaiUOFOLQSVSd8ij`kVYR]bFT&ijbFq�XPVYqFK8Rx`k\WiUbFT^f�VYTWTWVYR]b�VSb�f�R]wFVYQSKoK�bvXPVY\WR]bLf�K�b¤`�\^K8¥¤gFVS\^K�JFVSZ]J�\Wij`kK
qFij`~i�`k\WiUbFTWf�VST^TWVYR]b�d8iUO>iUwLVSQSVn`�yhR�X]K�\�\WiUqFVYR*VYb¤`WK8\zs�iUd8Kj{e|¦O-RU`WK8bv`kVSiUQ>OF\kijd�`kVYdpiUQ>Tzy:T^`kK�f�fhgFT^`
OL\WR�X:VSqFK�\^K8QSVSiUwFQYKoq>ij`kih`k\kijbFTWf�VST^TWVSRUb}_�VY`kJ}XUK8\zy�TWf�iUQSQ-wFVY`�K�\W\^R]\&\kij`WVSRF{HI&JFVS\^q�Z]K8bFK�\kij`WVSR]b
Tzy:T^`kK�f§T^JFR]gFQYqtw-KciUwLQSK�`kR}ijq>iUOL`�¥¤gFVSd~¨¤QYy�`WRrqFVn�¡K�\WK8bv`ogFTWK�\o\WK�¥¤gFVS\^K8f�K8bv`kToiUbFq�`WRrwFgFVYQSq
gLOT^R]QSgL`WVSR]bLT�`~iUVYQSR]\^K8q}`WR�d�gFT^`WR]f�K8\WT�{
|�QSQ[`WJFK8T^K�\WK�¥¤gFVS\^K8f�K8bv`kT�VSbFd�\WKpijTWK�`kJFK	qFK8f�iUbFq�s?R]\xf�RU\WK�w>iUbFqP_�VY`kJ�K�u�d�VSK8bv`rfhgFQY`WVSOFQYK
ijd8d8K�TWT&T^d~JFK8f�K8T�{¢I&JLK8\WK�iU\WK�TWK�XUK8\WiUQ¡_�i�y:T�`WRaiUQYQSR:dpij`WK�`WJFK�s?\^K8¥¤gFK�bFd�yrTWO-K8d�`W\WgFf�`kRcgFTWK�\WT8{
I&JLK	f�R]Tz`a_�VSqFK�QYy©¨¤bFR�_�b�fhgFQn`kVSOLQSK}ijd8d8K�TWT�TWd~JFK�f�K�Trij\WK��e���	|ª���>\WK8¥¤gFK�bFd�y���VYX:VST^VSR]b
�	gFQY`WVSOFQYKe|&d8d�K8TWT��¤KU{«ZF{¬�o�I��(iUbFq�I����|��I&VSf�K®�oVnXPVYTWVYR]b��gFQn`kVSOLQSKe|&d�d8K8T^T8�¤KU{«ZF{¬�*�L�t�N{
¯�RU`kJ�f�KN`kJFR:qFT�\WK�QYy°RUb�gLTWK8\�O>iU\z`kVn`kVSRUbFVSbFZrVSb°`kJFKx`kVYf�K��±s?\^K8¥¤gFK8bLd�y°OFQSiUbFKj{�I&JLK�b¤gFfhw-K8\
Rjs(gFTWK�\WT&`kJ>iG`[dpijb�w3K�T^K8\zX]K8q	VST�qFK�`WK8\^f�VYbFK8q�wvy�`kJFK�ipXjiUVYQ�iUwFQYK�s?\^K8¥¤gFK�bFd�yrTWQSRj`kT[VYb��e���|
���¬VSZUgF\WK�²U³´QSKNsµ`���l�iUbFq¦w¤y¶`WJFK�i�XjiUVYQ�iUwLQSK�`WVSf�K°TWQSRj`kT�VSb·I����| ���¬VYZ]gF\WK�²j³�f�VSqFqLQSK���{
¸ ���|¹� ¸ R:qFKr�oVYX:VST^VSR]b©�gFQn`kVSOLQSKx|&d8d�K8TWTk�cVST�d8R]bLTWVSqLK8\WK�q´iUThi	OF\WRUf�VYTWVSbLZT^R]QSgL`WVSR]bºs?R]\
f�R]wFVYQSK�d�R]f�fcgFbFVSd8ij`kVYR]bFT�{�»�b ¸ ���|BiUQSQ]gLTWK8\^T�iU\^K¢gLTWVSbLZ�`kJLK�TWiUf�K®s?\WK�¥¤gFK8bFdNycwFiUbFqhiG`¬ijQSQ
`WVSf�K8T����¬VYZ]gF\^K[²U³�\WVSZUJ¤`~�NlUiUT¬R]OLO3R]T^K8qc`WR��e���	|¶iUbFqhI����|c{]»�b ¸ ���|clG`kJFK�TWK8OFiU\kij`WVSR]b
Rjs�gLTWK8\^T�VST�d8iU\W\^VSK�qtR]gL`�wvytiUTWT^VSZ]bFVYbFZ}K8iUd~JºgFTWK�\�_�VY`kJti}gFbFVS¥¤gFKad�RPqLKhTWK�¥:gLK8bFd�Kt���¬VSZ]gL\WK
²G¼¤�N{
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½

TDMA CDMA

time

code

frequency frequencyfrequency

timetime

codecode

�¬VSZUgF\WK�²U³P¾��oVY�3K8\^K8bv`�fhgFQn`kVSOLQSK�ijd8d8K�TWT�TWd~JFK�f�K�T8{

�¤`~iUbFqFiU\Wq©\^K8d�K8VYXUK8\aTz`k\WgLd�`kgL\WKrs?R]\ ¸ ���|�VYT*T^VSf�OFQYy�i�wFiUbF¨�RUs�friG`kd~JFK�q@�>QY`WK8\^T��¿����Nl
¨¤VYbFqFT�RUs¢¨UKNy:T8l;KpiUd~J�friG`kd~JFK�qº`WR�i}O>iU\z`kVSd�gFQ�ij\ogFT^K8\�d8R:qFKU{h���BVST�RUOL`kVYfhgFf�_�JFK8b�R]bFQny
RUbFKof�R]wFVYQSK�OFJFR]bLK�VST�VSbrgLTWKUlLR]\¢_�JLK8b�`kJFK�d8R:qFK8T�RUs;iUQSQ>`WJFKogFT^K8\^T�iUOFO-KpiU\¢`kRhw-KoR]\z`kJFRUZ]Rj�
bFiUQ¿{�»�b�f�R]wFVSQYK�K8bvX:VS\^R]bFf�K8bv`�R]\^`WJFR]Z]R]bFiUQSVn`�yrd8iUbFbFRU`�VSb	Z]K�bFK8\WiUQ(w3K�Z]g>iU\WiUbv`kK�K8q�w-K8d8iUgFT^K
`W\kiUbLTWf�VY`W`WK8q�TWVYZ]b>iUQ¡OF\WR]OFiUZvij`WK8T[`kJL\WR]gFZUJT^K�X]K�\kiUQ(O>iG`kJFT*���HVSZ]gF\^K�²]À]��{
»�b�TWgLd~Jai�fcgFQY`WVSO>ij`WJ�K8bvX:VS\^R]bFf�K8bv`;T^`~ijbFq>iU\^q*\^K8d8K�VYXUK8\(s�iUVSQYT8l0K8T^O3K�d8V�ijQSQYy�_�JFK8b�`kJFK®qFVn�¡K�\WK�b¤`
O-R�_�K�\WT�RUs¡qLVY�3K8\WK�bv`�gFT^K8\^T�\^K8d8K�VYXUK8q}wvya`kJLK�w>ijTWK�T^`kij`kVYR]brij\WK&X]K�\^y�qFVST^TWVYf�VYQ�iU\;qFgFK�`kR�`kJFK�VS\
qLVSTWT^VSf�VSQSiU\�qLVST^`kiUbFd�K8T&`kRx`kJFK�w>ijTWK�T^`kij`kVYR]bC{�I&JFVYT�VYT&dpiUQYQSK�q�bFKpiU\Á�±s�iU\&OL\WR]wFQYK8f	{eI&JFK�\WK�s?RU\WKUl
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time

time
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Data bits  bk
Ã

Code sequence
  sk(t)

Transmitted signal
  bk*sk(t)

�¬VYZ]gF\WK�²G¼F¾�»�QSQYgFT^`W\kij`WVSR]b}RjsH`WJFK�TWVSZUb>iUQ¡s?R]\^fhgFQSij`kVYR]bC{

Time delay

M
ag

ni
tu

de


�¬VYZ]gF\WK�²]ÀP¾®Ä�\^w>iUb	fhgFQn`kVSOFij`kJ}K�bvXPVY\WR]bLf�K�b¤`�iUbLq	d~JFiUbFbFK�Q;VYf�OLgFQST^K�\WK8T^O3RUbFTWKj{

f�R]\^K�T^R]OFJFVYT^`WVSdpiG`kK8q	\WK�d8K�VYX]K�\WT�J>ipX]Kcw-K8K�b�OF\^R]O-R]TWK�qC{ ¸ R]f�f�RUb�`WR}iUQYQCRUsH`kJFK�TWKc\^K8d�K8VYXUK8\^T
VYTc`kJFij`h`kJLK�y©\^K8¥¤gFVY\WK}¨¤bFR�_�QSK�qFZ]K�RUs�R]bLK}R]\hT^K�X]K�\kiUQ&OFiU\kiUf�K�`WK8\^T8l�TWgLd~J�iUTcOF\WR]OFiUZvij`WVSR]b
qLK8Q�ipyUl¢d8iU\W\^VSK�\hOFJ>iUT^KUl�iUbFq´\WK�d8K�VYX]K�q�O-R�_�K�\xQSK�XUK8Q�{@�>\WK�¥¤gFK8bv`kQny]l®`kJFK�OL\WR]O>ijZvij`kVYR]b©qFK�Q�ipy
K�T^`WVSf�ij`kK�VYT�ixbLK8d8K�TWTWiU\^y	OF\^K8\WK�¥¤gFVST^VY`kK�`WRx`WJFK�K8Tz`kVSf�ij`WVSR]b}Rjs¬RU`WJFK8\�O>ij\kiUf�K�`WK8\WT�{
¸ RUb¤XUK8bv`kVYR]b>iUQ�qFK8QSipy�K�T^`WVSf�ij`kR]\^Tcij\WK}w>ijTWK8q�RUb´����l;d8R]\^\WK�Q�ij`WR]\cijbFq©qFK�Q�ipyv��QSR:d~¨UK�q©QSR:R]O
Tz`k\^gFd�`WgF\WK�T8l�wFgL`	`kJFKNy¦T^gL�3K8\�s?\WR]f `WJFK�TWiUf�K�O-K8\zs?R]\Wf�iUbFd�K�qLK8Z]\WiUq>ij`WVSR]b¦iUT	T^`~ijbFq>iU\^q
\^K8d�K8VYXUK8\^T8{�R]\WK	K�u�d�VSK8bv`rf�KN`kJFR:qFT�J>ipX]Ktw-K8K�bBVSbv`k\^RPqLgFd8K�q�`kR�R�X]K8\^d8R]f�K�`kJFK�TWKtOF\^R]wP�
QYK8f�T8{´I&JFK�R]\WKN`kVSd8iUQSQny©R]OP`kVSf�iUQ[f�iGMPVSfcgFfÅQYVS¨jK8QSVYJFR:RPq©f�K�`WJFR:qÆ����Ç;�t�h\WK8¥¤gFVY\WK�T�fhgLQY`kV£�
qLVSf�K8bFT^VSR]b>ijQHR]OP`kVSf�VS 8ij`kVYR]bCl-iUbFq°`WJ:gLT�VYT�d8RUf�OFgP`~ij`WVSR]b>ijQSQYy�`WRPR�qLK8f�iUbFqFVYbFZ}VSb°OL\kiUdN`kVSd�KU{
I&JLK8\WKNs?R]\WKjlLijQSZ]R]\^VY`WJFf�T¬OF\WR�X:VSqFVYbFZ�i�`W\kiUqLKN��Rj��w3KN`�_�K�K8b�ijd~JFVSKNX]K8qrO3K�\^s?R]\^friUbLd8K�iUbFq�d8R]fa�
OLgL`~ij`WVSR]bFiUQ�d8R]f�OFQYKNMPVY`�y�ij\WK�RUseOF\^VSf�iU\^y}VSbv`kK�\WK8Tz`p{��PgLwFTWO>ijd8KN�±w>iUT^K8q°f�K�`kJLRPqFT�RU�3K8\�i�O-Rj�
`WK8bv`kVSiUQ-TWR]QYgL`kVYR]b�s?RU\�`kJLK�qFK8QSipy�K�T^`WVSf�ij`kVYR]b�OL\WR]wFQYK8f	{���ijb¤y�RUs�`WJFK8T^K�f�KN`kJFR:qFT�iU\WK�w>iUTWK�q
RUbº`WJFKxOF\WR0m^K8d�`WVSR]bºf�ij`k\^VnM�K8Tz`kVSf�ij`WVSR]b�X:VSi�K�VSZ]K�b>iUb>ijQYy:TWVYT8{hI&JFKNyºgFTWKa`WJFKx¨:bLR0_�QYK8qFZUK�Rjs
gLTWK8\^T8ÈCd�RPqLKcTWK�¥¤gFK8bFd�K8T�`kR�s?R]\Wf�irOFiU\kiUf�K�`W\WVYd*f�RPqLK8Q�s?R]\�d8R]f�fhgFbFVYdpij`WVSR]b	T^y:Tz`kK8f	{oI&JLK
RUwFTWK�\^Xjij`kVYR]b�TWO>iUd�KRjso`kJLK\^K8d8K�VYXUK8q�T^VSZ]bFiUQ&VSTxTWK�O>iU\Wij`kK�q�VSbv`WR�`WJFK�J¤y:O-K8\^OFQ�iUbLK8T8l&d8iUQSQYK8q
T^VSZ]bFiUQ�iUbFq	bFR]VYTWK�T^gFwFTWOFiUd8K�Ta���HVSZ]gF\^K�²UÉv��{

Noise subspace
Ê

Signal subspace

u3

u1

u2

U
Ë

s = [uÌ 1 uÌ 2]
Í

U
Ë

n = [uÌ 3]
Í

gÎ 1

gÎ 2

�¬VSZ]gL\WK�²UÉL¾�»�QYQSgFTz`k\Wij`kVYR]b}RUsHTWVYZ]b>iUQ�ijbFq�bFR]VST^K�TWgFwFT^O>iUd�K8T8{
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I&JLK*O-R�_�K�\�RUs;`kJLK�T^gFwFT^O>iUd8K*f�KN`kJFR:qFT�QSVYK8T&VYb�`WJ>ij`�gFbLqFK8\�TWR]f�K�f�VYQSq}d�R]bFqFVn`kVYR]bFT8lLTWVSZUb>iUQ
ijbFq°bFR]VYTWKcT^gFwFT^O>iUd8K�T�gFbFVY¥:gLK8QYyqFKN`kK8\^f�VYbFK*`WJFKhgFbL¨:bLR0_�bºqFK�Q�ipy:T8l3K�X]K�bºVYse`WJFKhd8R:qFK�T�iU\WK
bLRU`;R]\^`WJFR]Z]R]bFiUQ¿{ ¸ R:qFK�T^K8¥¤gFK�bFd8K�T�iU\WK�`WJFK�RUbFQYy�VYbLs?R]\^frij`WVSR]bobFK8K�qFK8qhRUb*gFT^K8\^T8{®�RU\WK8R�XUK8\8l
fcgFQY`WVn��qLVSf�K8bFT^VSR]b>ijQ�R]OL`kVYf�VY pij`WVSR]b�OF\^R]wFQSK�fªVYTh\WK�qFgFd8K�q�`WR�itTWK8\^VSK�T�Rjs�RUbFKN�±qFVSf�K8bFT^VSR]bFiUQ
OL\WR]wFQYK8f�T8l-_�JFVSd~JºqFK�d8\WK8iUTWK�T�`kJFKhd�R]f�OFgL`~iG`kVSRUb>iUQ(\WK�¥:gLVS\WK�f�K�bv`kT�d8RUbFTWVYqFK8\WiUwFQYyU{�I&JFKaw-K8T^`
¨¤bFR�_�b�TWgFwFT^O>iUd�Kf�K�`WJFRPq´d8iUQSQYK8q���Äo�P» ¸ �¿�Ä�QY`WVSOFQYK��P»�ZUb>iUQ ¸ QSiUTWT^VY�>d8ij`kVYR]b��*OF\^RPqLgFd8K�T
qLK8Q�ipy�TWO-K8d�`W\WgFf	l�s?\WR]f _�JFVSd~JÏR]bFK°d8iUbÏK8Tz`kVSf�ij`WK`kJLK�qLK8Q�ipy:T�wvyBT^K8QSK�d�`WVSbFZ©`WJFR]TWK°`WK8T^`
qLK8Q�ipy:T�OF\WR:qFgFd�VSbFZa`WJFK�Q�iU\^Z]K8Tz`&XUijQSgFK�T[`kRa`kJFK�T^O3K�d�`k\^gFfÐ���HVSZ]gF\^K�²]²]��{
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�HVSZ]gF\^K°²]²:¾@Ñ�K8T^R]QYXjiUwFVYQSVn`�y�RUs�qFK8QSipyPTrgFTWVYbFZ���Ä��:» ¸ _�JFK�bÏTWO>iUd�VSbFZ�VYT Â l�ÒPl�³Ll�iUbFq¶¼
TWiUf�OFQSK�T8{ ¸ R]\^\WK8dN`�qFK8QSi�y:T�iU\^K�VYbFqFVYdpij`WK8q	iUT&d8VY\Wd�QSK8T�{

I&JLVSTe\^K8TWK8iU\Wd~JxOF\^RGm^K8dN`®J>iUTew-K8K�badpiU\^\WVYK8qhR]gP`�VSbhd�Rj��RUO3K�\kij`WVSR]b�_�VY`kJh��R]¨¤V�ioÑ�K�TWKpij\Wd~J ¸ K8bP�
`WK8\�{e�ogF\^VSbFZ&`WJFK�OL\WRGm^K�d�`plU�\�{eÓHKN`W`WK8\WV:Ç�gFgF¨¤¨GiUbFK�b*s?\^R]fÔ��RU¨:VSi�Ñ�K�TWKpij\Wd~J ¸ K�bv`kK8\;�>bFVYTWJFK�q
JLVSTx��ijT^`kK�\8È«TxI&JFK8T^VST}Õ�ÖL×NØ�ÙLÚ:Û~Ü�ÝhÜNÞnÚUß	à¢ØNá�âµã�ÚUá�äGå~ØoæpäGå°çHÝ�è�é§Õ�ß0ØNá�ÜNãcØ*gFbFqFK�\h`kJFK�VYbP�
Tz`k\^gFd�`WVSR]b�RUs¡�o\8{¢êjy:\W¨¤V-êUR]gP`kTWK�bFTkijQSRF{eI&JLK�\^K8TWK8iU\Wd~JrOF\WRGm^K�d�`®s?R:d8gFT^K8qrRUb�`WJFK�OF\WR]OFiUZvij`WVSR]b
qLK8Q�ipyK8Tz`kVSf�ij`WVSR]b	VSb°ijT^y:bFd~JF\^R]bFR]gFT ¸ ���	|ëd8R]f�fhgFbFVYdpij`WVSR]b	T^y:Tz`kK8f	{�ÓHK�\^s?R]\^friUbLd8K8T�Rjs
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��Ä��P» ¸ `�y:O-Krf�K�`kJLRPqC{	| ¸ ���Á��Ä��P» ¸ J>ijTcw-K8K8b�VYbv`k\WR:qFgFd�K8q©wvyº`kJLK}iUgL`WJFR]\^TcVSb
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`kVSRUb�VSb�`kJFK�f�R]wFVYQSKoOLJFR]bFK�K8bvX:VS\^R]bFf�K8bv`�J>ipX]K�QSK�q�`WR�`WJFK�O>ij`WK8bv`�iUOFOFQYVSdpiG`kVSRUbC{
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