4
Yo

IIIIIVIIIVIIIVIIIVIIIVIIIIIIIIIII o*159159* I L rerr vl
VI LEEr vierr et e *@0002* USER EQUI PMENT PERFORM NG REDUCED
CC]VPLEXIT JO CTI ON BACKGROUND The invention generally relates to
W rel ess MY n systens. In particular, the invention relates to

j oi nt det | tiple user signals in a wirel ess mmmwuﬁm mmln
system Fi gurléS9159 is an illustration of a wireless comunij em 10.

The comuni cation system 10 has base stations 12, to 125 whigglgzc0mruni cat e
wi th user equipnents (UEs) 14, to 143. Each base station 12, has an

associ ated operational area where it communicates with UEs 141 to 143 in
its operational area.USBRSEQEIEMENTI RERFORMMPMNGREDHUED as code division

mul tiple access (COMA)  agORMPIEXITY JOINTIBPTRCPRINY code division
mul tiple access (TDD/) CDVA), nultiple conmunications are sent over the sane

frequency spectrum These conmunications are typically differentiated by
their chip code sequences. To nore efficiently use the frequency spectrum
TDD/ CDVA communi cation systens usBACKIGROUWNDX rames divided into tine
slots for comunication. A conmmunication sent in such a systemw || have

one The invention generally relates to wireless communication systems. In particular,
the invention relates to joint detection of multiple user signals in a wireless
communication system.

Figure 1 is an illustration of a wireless communication system 10. The
communication system 10 has base stations 12, to 12, which communicate with user
equipments (UEs) 14, to 14,. Each base station 12, has an associated operational area
where it communicates with UEs 14, to 14, in its operational area.

In some communication systems, such as code division multiple access (CDMA)
and time division duplex using code division multiple access (TDD/CDMA), multiple
communications are sent over the same frequency spectrum. These communications are
typically differentiated by their chip code sequences. To more efficiently use the
frequency spectrum, TDD/CDMA communication systems use repeating frames divided
into time slots for communication. A communication sent in such a system will have one
or multiple associated chip codes and time slots assigned to it based on the
communication's bandwidth.

Since multiple communications may be sent in the same frequency spectrum and
at the same time, a receiver in such a system must distinguish between the multiple

communications. One approach to detecting such signals is single user detection. In
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or multiple associated chip codes and tine slots assigned to it based on
the comunication's bandw dth. Since nultiple comunications nay be sent
in the sane frequency spectrumand at the sane tinme, a receiver in such a
system nmust di stinguish between the nultiple comrunications. One approach
to detecting such signals is single user detection. In single user
detection, a receiver detects only the comunication froma desired
transmtter. using,a code associated with Hhe desired transm_tter, and
treats SYRHGI YUSesrAIEHIM, 8 (IEASIVET tdstectnonlitBE f eoaRIBICAtoNS Hiol &t dsaitedns,
it is desirable to be able to detect multiple comunications

si mul t anemsadifter using aeodd sssociptedweitipthefdesiradirensmbietee eindigama i gnalk f other
comuni cations sinultaneously is referred to as joint detection. Somne

j oi nt d%%%ﬂ{tﬁﬁé/%éﬁnggféﬁég deconposition to performa m ni nrum nmean

square error ction and zero- forcing block equalizers (ZF-BLEs).
These detectors have a high conplexity requiring extensive receiver

resour ces. Kdnisemesitegtions; i isdesirabde tio Befabde tndetsot il igpletconBnysicabased
Joi nt-detection using Approxinmte Chol esky Factorization", discloses a

dat a das%hit@ﬁ‘ecﬁﬁgf Af6fer T@%lgmrﬁérforﬁ%%é. el ﬁl‘ﬁi’t’i‘[%_l‘ﬁlcdnﬁﬂﬁhl%ﬁtions

responses are nodel ed as a channel” response matriX,” A e received data
0 SRR 5 R o, SOt R et
achi eved using an approximte Chol esky factor.
decomposition to perform a minimum mean square error (MMSE) detection and zero-
forcing block equalizers (ZF-BLEs). These detectors have a high complexity requiring
extensive receiver resources.
Karimi et al., “A Novel and Efficient Solution to Block-based Joint-detection using
Approximate Cholesky Factorization”, discloses a data detection approach. The channel
codes and the channel impulse responses are modeled as a channel response matrix, A.
The received data is modeled using a zero forcing solution. In solving the model; and
inversion of a system response matrix A"A is required. The solution is achieved using

an approximate Cholesky factor.

Accordingly, it is desirable to have alternate approaches to joint detection.

SUMMARY
A user equipment receives a plurality of data signals. The user equipment
determines a system response based on in part a measured channel response. The system

response is expanded to be piecewise orthogonal. Datais retrieved from the received data



Accordingly, it is desirable to have alternate approaches to joint
detection. SUMMARY A user equipnent receives a plurality of data signals.
The user equi pment determ nes a systemresponse based on in part a neasured
channel response. The system response is expanded to be piecew se
orthogonal. Data is retrieved fromthe received data -2 signals based on
in part the expanded system response. BRI EF DESCRI PTI ON OF THE DRAW NE S)

Figure 1.is wireless co ni cati pn system Figure 2 is a sinplified
t r ansni tsycgé],alsglmeQ %&%%Pﬁﬁé?fgﬁﬁe@é'?%qsﬁﬂ. Figure 3 is an
illustration of a conmmunication burst. Figure 4 is an illustration of

reduced conputation j BRIERBPESCRIPTIONOFATHEDRESURNE(SPN OF THE PREFERRED
EMBODI MENT(S) Figure 2 illustrates a sinplified transmtter 26 and

recei ver 28 ' j.o0int detection.in.a TDD COMA conmuni cation system In a
typi cal systmﬁ}g lltPa%g’ﬁﬁe?‘?sércgégg’il%w%ﬁg%%%ﬁémUE 141 to 143 and multiple
transmtting circuits 26 sending nmultiple conmunications are in each base

station 12, thegue® isA $mydifsditransmitied and hirecoppérosing jaindéteeticrt. | east one
transmtting circuit 26 for each actively communicating UE 14, to 143. The

joint  det ectH Oyl PREINVIFusGEHIRGS ReoRmEniaE6n BhALI On 12,, UEs 14, to 143

or both. The joint detection receiver 28 recelves conmunications from

multiple tragsmtters 26 or . D .
P ﬁgure 41s an 1?1ustrat10n of reduced computation joint detection.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT(S)

Figure 2 illustrates a simplified transmitter 26 and receiver 28 using joint detection
in a TDD/CDMA communication system. In a typical system, a transmitter 26 is in each
UE 14, to 14, and multiple transmitting circuits 26 sending multiple communications are
in each base station 12, to 12;. A base station 12, will typically require at least one
transmitting circuit 26 for each actively communicating UE 14, to 14,. The joint
detection receiver 28 may be at a base station 12,, UEs 14, to 14, or both. The joint
detection receiver 28 receives communications from multiple transmitters 26 or
transmitting circuits 26.

Each transmitter 26 sends data over a wireless communication channel 30. A data
generator 32 in the transmitter 26 generates data to be communicated over a reference
channel to a receiver 28. Reference data is assigned to one or multiple codes and/or time
slots based on the communications bandwidth requirements. A spreading and training

sequence insertion device 34 spreads the reference channel data and makes the spread



transmitting circuits 26. Each transmtter 26 sends data over a wireless
communi cati on channel 30. A data generator 32 in the transmtter 26
generates data to be conmuni cated over a reference channel to a receiver
28. Reference data is assigned to one or nultiple codes and/or time slots
based on the comuni cati ons bandw dth requirenents. A spreading and
training sequence insertion device 34 spreads the reference channel data
and nmakes the spread -3 reference data tinme-nultiplexed with a training
sequencdefacnesedaipimspmuindexebwifh adraining seqlence inihe apprrpsiataassignediime ng
sequence is referred to as a communication burst. The comunication burst
I's modul géte GnlYeodesP dhkatalltiag stQudreiio réﬂeﬁ%%‘-‘a\é -2 EomANEEARdNrst, afthat es

the RF signal through the wireless radio channel 30 to an antenna 40 of the

recei ver 28. Thet no on us for.the trapsmtted co nlc i on
o e et B bnmolafssSle Baduiar 36 ndl SRR dnssn AmpmLss
phase shift keying (DPSK) or quadrature phase shift keying (QDSK) A

t ypi cal radrmesniheaRF aigimlrthtoubh theswaelesdaadid ehafinela3@uand gneenmd4d dfahel t wo
data bursts 22, 24, as shown in Figure 3. The mi danble 20 separates the two
dat a bur i

data burstaye?as. #. R4 diSodach BRI A (LASRARLALSS LA CORMOLERL QD
fromdifferent transmtters. The two data bursts 22, 24 contain the

conmuni cftthese kewn te theseskilied Wy hictayhisual py dinget phase sbyfiseying @GWRIR) or

quadrature phase shift keying (QPSK).

A typical communication burst 16 has a midamble 20, a guard period 18 and two
data bursts 22, 24, as shown in Figure 3. The midamble 20 separates the two data bursts
22, 24 and the guard period 18 separates the communication bursts to allow for the
difference in arrival times of bursts transmitted from different transmitters. The two data
bursts 22, 24 contain the communication burst's data and are typically the same symbol
length.

The antenna 40 of the receiver 28 receives various radio frequency signals. The
received signals are demodulated by a demodulator 42 to produce a baseband signal. The
baseband signal is processed, such as by a channel estimation device 44 and a joint
detection device 40, in the time slots and with the appropriate codes assigned to the
communication bursts of the corresponding transmitters 26. The channel estimation
device 44 uses the training sequence component in the baseband signal to provide channel
information, such as channel impulse responses. The channel information is used by the

joint detection device 46 to estimate the transmitted data of the received communication



The antenna 40 of the receiver 28 receives various radio frequency signals.
The received signals are denodul ated by a denodul ator 42 to produce a
baseband signal. The baseband signal is processed, such as by a channel
estimation device 44 and a joint detection device 46, in the time slots
and with the appropriate codes assigned to the conmmunication bursts of the
corresponding transmtters 26. The channel estimation device 44 uses the
trainin% sequegéﬁ co%pﬁgent in the baseband signal to provide channel

i nf or matPEHS 2% §RI% S¥BI09annel i npul se responses. The channel information is
used by the joint detection device 46 to estimate the transmtted data of

t he recei ved Tdefjoimndertiiondevide B6usdsth@shadel indyihatich probRldddyihe cledrmpel | on
devi ce 46 uses the channel information provided by the channel estimation
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joint detection is described in conjunction with a TDD/ CDVA communi cati on
syst em estimatethe datafitbeearious rapeived epmentracastandrursis midthioughi oint dstsetéons,
such as CDVA. One approach to joint detection in a particular time slot in

a TDD CRMijes GOBERH %h:jlﬁ{btﬁhsk@ﬂ’ﬂ A STDD/EPINIAL @8minurdicaé:® ssteth, MBSO

conmmuni cation bursts are superinposed on each other 1n thé particular tine

sl ot, such as, K conmmuni cati on bursts. The K bursts nma e fromK different
1 ansmi #PBIAACh i TRRAGERIHTq PHAE FPmRBHECatiQ steTss; SHﬁh@ﬁﬁ des in the
particular time slot, the K bursts may be fromless than K

One approach to joint detection in a particular time slot in a TDD/CDMA

communication system is illustrated in Figure 4. A number of communication bursts are
superimposed on each other in the particular time slot, such as K communication bursts.
The K bursts may be from K different transmitters. If certain transmitters are using
multiple codes in the particular time slot, the K bursts may be from less than K
transmitters.

Each data burst 22, 24 of the communication burst 16 has a predefined number of
transmitted symbols, such as Ng. Each symbol is transmitted using a predetermined
number of chips of the spreading code, which is the spreading factor (SF). In a typical
TDD communication system, each base station 12, to 12, has an associated scrambling
code mixed with its communicated data. The scrambling code distinguishes the base
stations from one another. Typically, the scrambling code does not affect the spreading
factor. Although the terms spreading code and factor are used hereafter, for systems
using scrambling codes, the spreading code for the following is the combined scrambling

and spreading codes. Each data burst 22, 24 has Ng x SF chips.



transmtters. Each data burst 22, 24 of the communication burst 16 has a
predefined nunber of transmtted synbols, such as Ns. Each synbol is
transmtted using a predetermined nunber of chips of the spreadi ng code,
which is the spreading factor (SF). In a typical TDD comunication system
each base station 12, to 125 has an associ ated scranbling code m xed with
its communi cated data. The scranbling code distinguishes the base stations
from one another... Typically, the scranmbli cpde. does. n ffect e
Sprending ¢ dtedpntARtakBanerive docshiradss B vahis ittt Busbrabereno
hereafter, for systens using scranbling codes, the spreading code for the
fol | ow rgigisaliyteansatitted eBqsaticanbisiusgd toaleterapne tiungnoosasanshrttbd siahbolour st
22, 24 has N. x SF chips. -5 The joint detection device 46 estimtes the
val ue that each data burst synmbol was originally transmtted. Equation 1
is used to determ ne the unknown transmtted synbols. r=Ad+n Equation 1

In Equation 1, the known received conbined chips, r, is a product of the
system respdﬁééﬁi#}land t he unknown transmtted synbols, d. The term n,
represents the noise in the wireless radio channel. For K data bursts, the
number of data burst synmbols to be recovered is Ns x K. For armdussios 1

pur poses, the unknown data burst synbols are arranged into a colum matri x,

In Equation 1, the known received combined chips, 1, is a product of the system
response, A, and the unknown transmitted symbols, d. The term, n, represents the noise
in the wireless radio channel.

For K data bursts, the number of data burst symbols to be recovered is Ns x K. For
analysis purposes, the unknown data burst symbols are arranged into a column matrix,
d. The d matrix has column blocks, d, to dy,, of unknown data symbols. Each data

symbol block, d

)

has the i unknown transmitted data symbol in each of the K data
bursts. As a result, each column block, d, has K unknown transmitted symbols stacked
on top of each other. The blocks are also stacked in a column on top of each other, such
that d, is on top of d, and so on.

The joint detection device 46 receives a value for each chip as received. Each
received chip is a composite of all K communication bursts. For analysis purposes, the
composite chips are arranged into a column matrix, r. The matrix r has a value of each
composite chip, totaling Ns * SF chips.

A is the system response matrix. The system response matrix, A, is formed by

convolving the impulse responses with each communication burst chip code. The



d. The d matrix has colum bl ocks, d, to dNs, of unknown data synbols. Each
data synbol block, d" has the itn unknown transmtted data synbol in each
of the K data bursts. As a result, each colum bl ock, d" has K unknown
transmtted synbols stacked on top of each other. The bl ocks are al so
stacked-in a colum on top of each other, such that d, is on top of d2 and
so on. The joint detection device 46 receives a value for each chip as
recei ved. E eived chip is.a c osite of all K co ni cati on bursts.
For - analcpuralvBirotEs remdedhtotniBe Biipt ekore uhigSa N (e A6k ol um
matrix, r. The matrix r has a value of each conposite chip, totaling Ns *
SF chips. A iThetjbantslesdotionrdesperierecaives the ditemnsy shpuise esgponse hefor each A,
is formed by convolving the inpulse responses with each conmunication
burst chig tem
responsd, NBLTT ST ’i*??m%mﬁng@fmrﬁ% L TR R
channel inpul se response, h, for each i h one of the K comunication
bursts frebip lengtlak ﬁheTh@mmtr@ﬁttwmwwmwo Iesdhe shanngd impulskirpspoaseg h of
W The joint detection device convol ves the channel inpul se responses wth
t he knowitisiekadwitsprstifig @if)désftﬁ‘tlfe Kammibaratien bawts teddtenipledndiniabbhe
symbol responses, S, to SK, of the K communication bursts. A conmon
support sub-bl ock comon t f the s nbol S, s of
enoth REBosse: S o 5 of B oot Faton SR nBec i bie! STHRREE 8, °: o
BNS. Each bl ock has all of the

which is common to all of the symbol responses is of length K x (SF + W - 1).

The A matrix is arranged to have Ns blocks, B, to By,. Each block has all of the
symbol responses, §, to sy, arranged to be multiplied with the corresponding unknown
data block in the d matrix, d, to dy,. For example, d, is multiplied with B,. The symbol
responses, §, to sy, form a column in each block matrix, B,, with the rest of the block
being padded with zeros. In the first block, B,, the symbol response row starts at the first
row. In the second block, the symbol response row is SF rows lower in the block and so
on. As a result, each block has a width of K and a height of Ns x SF. Equation 2

illustrates an A block matrix showing the block partitions.

—Sl s, s 10 0 010 0 0 0

0 0 0 ois P ; : i
'0 0 0 0| !
1 | |
188 TSl i
10 0 0 0! |

A= I I ! =

. 00 0 of.B B Bl
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synbol responses, s, to sK, arranged to be nultiplied with the

correspondi ng unknown data block in the d matrix, d, to dNs. For exanpl e,
d, is multiplied with B,. The synbol responses, s, to sK, forma colum in
each block matrix, B" with the rest of the block being padded with zeros.
In the first block, B,, the synbol response row starts at the first row
In the second bl ock, the synbol response rowis SF rows |ower in the block

and so on. As a result, each block has a width of K and a hei ght of X
SF. Equation 2 illustrates an A block matrix showi ng the bl oclEPRRtS ons.
sski 00O... 000001 100000000SI S2SKA i 0000, 00O
00.., ~-Bl B2BNI S, S2SKI1 100001 Il 00000OO0OO0OO0O OOODO

;... -7 Equation 2 Then matrix has a noi se val ue corresponding to each

recei ved conki I:D, t.al.i E chi-ns. E l.ysi £ t hen

elrix Qs | @1}%@?{1&%9 t}ﬁé%rrgc%:lbé?geély% JorespSIUiRE to t8kn VS 2oRBIRASER,
totaling Ns x SF chips. For analysis purposes, the n matrix is implicit in the received

combined chip matrix, 1.

Using the block notation, Equation 1 can be rewritten as Equation 3.

0
& N
r=[B B, B Bylx| ds |+n _ ZSB,d,Jr "
1=1
4. |

Equation 3

Using a noisy version of the r matrix, the value for each unknown symbol can be
determined by solving the equation. However, a brute force approach to solving Equation
1 requires extensive processing.

To reduce the processing, the system response matrix, A, is repartitioned. Each
block, B,, is divided into Ns blocks having a width of K and a height of SF. These new
blocks are referred to as A, to A; and 0. L is the length of the common support S, as

divided by the height of the new blocks, A, to A, per Equation 4.

L=[SF+W—1]
SF



conbined chip matrix, r. Using the block notation, Equation 1 can be
rewitten as Equation 3. d, d2 N, [Bl B2 B3 ... BN,,Xd3 +n =B, d, + n
dN, Equation 3 Using a noisy version of the r matrix, the value for each
unknown synbol can be determ ned by solving the equation. However, a brute
force approach to solving Equation 1 requires extensive processing. To
reduce the processing, the systemresponse matrix, A, is repartitioned.
Each block, B" is divided into Ns blocks having a width of K and a hei ght
of SF. These new blocks are referred to as AL to AL and 0. L is the length
of the common support S, as divided by the height of the new bl ocks, A to
AL, per Equation 4. L SF + W-1 SF -8 Equation 4 Blocks A tEdhatimet
determ ned by the supports, s, to sK, and the common support,

Blocks A, to A, are determined by the supports, 5, to s,, and the common support,
S. A 0 block is a block having all zeros. A repartitioned matrix for a system having a W

of 57, SF of 16 and an L of 5 is shown in Equation 5.

4 0 0 0 0 0 O 0 0 0 o0
A 4 0 0 0 0 0 0O 0 0 0
4 A4 4 0 0 0 O 0 0 0 0
As A3 4 A4 0 0 O 0O 0 0 o
As A A3 A 4 0 O 0 0 0 0
4= 0 4s As A 4 4 O 0 0 0 0
0 0 4s As A3 A A 0 0 0 0
0 0 0 4 A 4 4 0 0 0 0
0 0 0 0 4 4 4 A 0 0 0
0 0 0 0 0 45 4 A 4 0 O
0 0 0 0 0 45 o 4 A 4 O
|10 6 0 0 0 0 O As A3 A A

Equation 5

To reduce the complexity of the matrix, a piecewise orthogonalization approach
is used. Any of the blocks B, for i being L or greater is non-orthogonal to any of the
preceding L blocks and orthogonal to any blocks preceding by more than L. Each 0 in

the repartitioned A matrix is an all zero block. As a result to use a piecewise



S. AO block is a block having all zeros. A repartitioned matrix for a
system having a W of 57, SF of 16 and an L of 5 is shown in Equation 5. A
000000 0OO0O0O0O0O0 A2A 0OOOO0OO OOO0OO0D ABAA 00O0OO0... 000
0O MABSA2A 00O0... 0000 AS MA3SA2A 00 . 0O0OO0OO0ADOA5 A
A3 A2 A O 0000 =00As MA3A2A 0000 0O000ASAM ABA200
00 0OO0OO0OO0OASAM A3 A OOO OOOOO0OAS M AA 00 0O0O0O0DO0O0O0 As
A3 A2 A 0.0.0.00.,0 . Aa A3 A2 Al uation 5 To reduce the

conpl exi 1ogpn%l%at1rp&ﬁi1g(grga P‘elt’?ee‘ﬂﬁpglé@%jr&ﬂ?g%walizatmn approach is used.
Any of the blocks B, for i being L or greater is non-orthogonal to any of
the precedi rhe Abhatrksisaxgandedby paddingd_-arperdbbxks tp tleesdhhof ¢achridoek t han
L. Each O in the repartitioned A matrix is an all zero block. As a result

to use rRh&ACKathx and shifting each row in the A matrix by its row number less one. To
illustrate for the A1 block in row 2 of Figure 2, four (L.-1) zeros are inserted between A2

and Al in row 2. Additionally, block Al (as well as A2) is shifted to the right by one

column (row 2 -1). As a result, Equation 5 after expansion would become Equation 6.

4, 0 0 0 0 0 0 0 0 0 0 ]

0 4 0 0 0 4 0 0 0 0

0 0 4 0 0 0 4 0 O 0 4

0 0 0 4 0 0 0 4 0 0 0

0 0 0 0 4 0 0 0 4 0 O

0 0 0 0 0 0 0 0 0 45 O
A=l 0 0 0 0 0 0 0 0 0 0

0 0 0 0 00 0 0 0 0 O

0 0 0 0 00 0 0 0 0 O

0O 0 0 0 0 0 0 0 0 0 0 ,

0O 0 0 0 00 0 0 0 0 O

(0 0 0 0 00 0 0 0 0 0 |

Equation 6

To accommodate the expanded A matrix, the d matrix must also be expanded, .-

Each block, d, to dy, is expanded to a new block, d,, ,, to d., . Each expanded block,

s =expl

d

~=expl

tod

=expNs?

is formed by repeating the original block L times. For example ford,,,;, a

first block row would be created having L versions of d1, stacked one below the other.

-10-



-9 orthogonalization, the A matrix is expanded (step 50). The A matrix is
expanded by padding L-1 zero blocks to the right of each block of the A
matrix and shifting each rowin the A matrix by its row nunber |ess one. To
illustrate for the Al block in row 2 of Figure 2, four (L-1) zeros are
inserted between A2 and Al in row 2. Additionally, block Al (as well as
A2) is shifted to the right by one colum (rom/2 1) As a result,

Equat|0n5after exi) Bglon uId becone E%uglon AL, 0O0OOOOOOOO0DO
0 A2 0 0 0 AATR tesltpEquaion | ggnhegeyriftsngsEQagon s 0 0 A4 0 0 0 A3 0 0 0
O0OO0OO0OASO0OO0O0OAMOOOOOOOOOOOADO Aexp =00000000O00O0
0O0O0O0O0O0OO0O0ODOO0D0ODOO0D OOOOODOOODOOOD OOOOOOOOOOO 00O
000000000 0OOODODODODOO0ODOOO Equation 6
=Aexp'@g+_r_l_ _dexplw
dexp2 N
=[Bexp1 Bexp2 Bexp3 BexpNJ>< deXP3 zzBexpxdexpl n,
: 1=1
__—dCXpN,—
Equation 7

Equation 7 can be rewritten to partition each B,,,, orthogonally in L partitions, U, j =

exp1

1 to L, as in Equation 8.

= Aexp dexp +n (é—
N. d N, 1L
Sve v o v d, +12_=ZZ “g, ZB,d +n
1=1 . 1=l =l
4]

Equation 8

-11-



1

To accommopdat e the expanded A matrix, the d matrix nust al so be expanded,
dexp Each block, d, to dNs, is expanded to a new bl ock, d xp, to dexpNs
Each expanded bl ock, dexp, to dexpNs, is formed by repeating the original
block L times. For exanple for dexp,, a first block row would be created
having L versions of dl, stacked one bel ow the other. -10 As a result,
Equation 1 can be rewitten as Equation 7. = Aexp' dexp+n dexpl dexp2 N,
[ Bexpl Bexp2 .. ' Bex Y Bexp , +n,_ =1
oG Equat | I HUEE SAEIIAATTE OB H i o OB oMY Sty Hasehs T
orthogonally in L partitions, U ('), j = | to L, as in Equation 8.
I—JAeXpdpEtfmﬁndd (Me% S2N Eqdltiorr 9 (1hsttdtgs {hed, QR(derotdpopitiah oftAY, .Ucn d, =YB, d, +n
- 1=1 J=i , =l

Aexp = Qexp Rexp

Equation 9

Due to the orthogonal partitioning of A, ,, the QR decomposition of A, is less complex.

exp?

The resulting Q,,, and R, matrices are periodic with an initial transient extending over

exp

L blocks. Accordingly, Q,,,andR,, canbe determined by calculating the injtial transient

exp
and one period of the periodic portion. Furthermore, the periodic portion of the matrices
is effectively determined by orthogonalizing A, to A;. One approach to QR
decomposition is a Gramm-Schmidt orthogonalization.

; 1s othogonalized by independently

To orthogonalize A,,, as in Equation 6, B

exp exp

orthogonalizing each of its orthogonal partitions, {Uf’)},jzl---L.

Each{4;}, j=1---Lis independently orthogonalized, and the set is zero-padded

appropriately. {Q,} are the orthonormal sets obtained by orthogonalizing {Uj(’)} . To

determine B,,,, its U® needs to be orthogonalized with respect to only Q, of B,

exp2?

formed previously. U{®, U andU {2) only need to be orthogonalized with respect to

only Q,, Q, and Q,, respectively. U{* needs to be ortogonalized to all previous Qs and

its orthogonalized result is simply a shifted version of Q, obtained from orthogonalizing

-12-



Equation 8 -11 To reduce conputational conplexity, a QR deconposition of
the AeXp matrix is perforned (step 52). Equation 9 illustrates the QR
deconposition of Aexp Aexp = Qexp RexP Equation 9 Due to the orthogonal
partitioning of AeXp, the QR deconposition of Aexp is |less conplex. The
resulting QeXp and Reap matrices are periodic with an initial transient
extendi ng over L blocks. Accordingly, Qexp and RexP can be determ ned by
calculating the initial transient and one period of the periodic portion.
Furt her mreg, the periodic portion of the matrices is effectively

determ ned by orthogonalizing A, to AL. One approach to QR deconposition
is a G amm Scherilit ohogmmpbizalg eattiroes, Geyondt thegaita] itremsisaxpthase emefgpsat i on
6, Be%, is othogonalized by independently orthogonalizing each of its
ort hogo . L i b o= 1. : [ L .i
ndependere i VA Tani sulimatiogd i folloph, Fhe s8ioftloednalizlng B 5
{Q } are the orthonormal sets obtained by orthogonalizing {U(') } . To
det er m decapeygpobtaines sinpby by egusiodis ¢erdensionof treatesuk of wirthogenalptng B.gs-onl y
@ of BexP, forned previously. U2(2), U32) and W2) only need to be
orthogonal i Z%e%ﬁﬁb%fﬁﬁﬁ%ﬁoﬁ 8f Bgnl, % é&on@fisﬁ&ﬂa%]ldﬁ PRE 1), YE€bbtaitdd 13)
needs to be ortogonalized to all 'bsrew ous and its orthoéonal i zed result

&S
'S STl B MhASE Ao oo AL " & WSS 8 M iz he

support of Qs and A,, [sup(Q;) A,], and then zero padding. Since sup(Q;) is already an
orthogonal set, only A, needs to be othogonalized with respect to sup(Qs) and itself. Its
Q, 1s obtained by orthogonalizing [sup(Q;) sup(Q,) A,] and then zero padding. Its Q, is
obtained by orthogonalizing [sup(Q;) sup(Q,) sup(Q;) A,] and then zero padding. Its Q,
is obtained by orthogonalizing [sup(Q;) sup(Q,) sup(Q;) sup(Q,) A,] and then zero
padding. Apart from the initial transient, the entire A, can be efficiently orthogonalized,

by just orthogonalizing A, per Equation 10.

Ap=[A5 As Ay A Al]

Equation 10
By effectively orthogonalizing the periodic portion of A, by using only A,

computational efficiency is achieved. Using a more compact notation, O’ ,for sup(Q,),

-18.



-12 Bexpl. As the orthogonalizing continues, beyond the initial transient,
there energes a periodicity which can be sunmari zed as follows. The result
of orthogonalizing Be,,p,, i > 6 can be obtained sinply by a periodic
extension of the result of orthogonalizing Bexps The orthogonalization of
Bexps is acconpli-shed as follows. Its @ is obtained by orthogonalizing
A5, and then zero padding. Its 4 is obtained by orthogonalizing the

support of and A4, [sup(Q®) , .and then zero, paddin Si nce .sup(@®) is
al r eady thif O%Pgﬂ%'fljliﬁgpn tAp ’Eﬁ’ﬁ‘}‘@ﬁ;@thﬁ@éﬂ@npmﬁgmﬁfrﬁ?bg(gm éﬁ%mﬂﬂw tlﬁ' respect
to sup(@®) and itself. Its @ is obtained by orthogonalizing [sup(Q®)
sup(@) A3] and en _zeraq padding. Its Q2 is obtained by orthogonali zi ng
[sup(Q sup(&4F ItQEp(QX%) &Z]an(é}ﬂhen zero padding. Its Q is obtained by
ort hogonal i zi ng [sup(@®) sup(X) sup(@) sup(@) A ] and then zero ,.P can
be efficiently orthogonalized, padding. Apart fromthe initial transient,
the entire A by just orthogonalizing Ap per Equation 10. Ap = [A5 A4 A3
A2 A/ ] Equation 10 By effectively orthogonalizing the peri odiE,ClU@@Ppi]dn of
AeXp by using only AP, conputational efficiency is achieved. Using a nore

conpact TRALRALHAD pdPof (R i8PBr Edation 143

exp

[0 0 0 0 0 0 0 0 0 0 -]
o 0 0 0 0 0 0 0 O
0 ¢ 0 0 0 O 0 0 0 0
0 0 ¢ 0 0 0 @, 0 0 0
o0 0 0 Q0 0 0 0 @ 0 0
PeriodicPartofQ,, =
Plo 0 0 0 O 0 0 0 Q; O
o 0 0 0 0 0 0 0 0 @
0 0 0 0 0 0 0 0 0 O
L L .t
(0 0 0 0 0 0 0 0 0 0 -]

Equation 12

To constructing the upper triangular matrix R, <A,>J is a block of size K x K

representing the projections of each column of A, onto all the columns of Q7. For
example, the first column of (Ad > ; represents the projections of the first column of A, on
each of the K columns of QF . Similarly, <A4 ) , Tepresents the projections of the first

column of A, on each of the K columns of Q;. However, this block will be upper
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this 'orthogonalization of AP results in the orthonormal matrix, Qp, of
[

Equation 11. Q@ [ 4 @B @ Q] Equation 11 The periodic part of Qexp is
per Equation 12. 0000 0000O00O0 GS00000000 O@EB®OOOQ O
000 00BOODOEZOOOODODODEEODODOQ@EOO PeriodicPartofQ = exp
0000QOO0OO0OXUODSO0O00O00O0D0ODODLODO0DO0DQ OOOOODODODODODO O00OOO0OO

0000O00O0 Equation 12 To constructing the upper triangular matrix
Rexp, ~A,) is a_bl ock Oféﬁi ze K x K representing the projections of each
€

col unm d¥iangulgnigcayse tha&” solummerl A; bedongs todhe spacsfpraned b the grihonosmahn of

(A), represents the projections of the first colum of A4 on
vectors of Q5 and the first k vectors of @ . This block is also orthogonal to subsequent

vectors in Q7 , leading to an upper triangular (4,), . Any (4, )J with i =j will be upper

triangular. To orthogonalize other blocks, the following results.

The first block of B viz., U® is formed by a linear combination of

exps?

{0}, j =15, with coefficients given by <A,)j, j=1-5. The second block, U, is

formed by a linear combination of {QJS}, j=2--5, with coefficients given by

<A2> j,j =2.-5. The third block, U3(5), is formed by a linear combination of
{Qf }, j =35, with coefficients given by < 4, >,’ j=3-.5. The fourth block, U, is

formed by a linear combination of {QJS }, j=4,5, with coefficients given by

(4);, j =4,5. Thefifthblock, U;”, is formed by 05 x (4);.

5

Accordingly, the coefficients in the expansion of subsequent B, ,, i > 6 are simply

periodic extensions of the above. Since the R,,, entries are computed during the

exp

orthogonalization of A, , no additional computations are needed to construct R,,,.

exp?
Disregarding the initial transient, the remainder of R, is periodic, and two periods of it
are shown in Equation 13.
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each of the Kcolums of @& s. Simlarly, (A4)4 represents the projections
of the first colum of A4 on each of the K colums of 4 s. However, this
bl ock will be upper -14 triangular, because the k" colum of A4 belongs to
t he space spanned by the orthonormal vectors of @ and the first k vectors
of @ Q This block is also orthogonal to subsequent vectors in Q4 s,

| eading to an upper triangular ~ A4 )4 . Any (A) with i = wll be upper
triangular. To orthogonalize other blocks, the follow ng results. The first
bl ock of Bexp5)[ vie., W5) i foroved by a |dnearoconbpnati on of 0 { B}, |
1. 5, wth codfficients given by: (4)j; j =1 .b . The seeond bl ock, U25)
, is formed by a linear conmbination of {Q'}, j"=2. .5, with
coefficients gilv ﬁ)by A2 )j , j=2 ..5 . The third block, U35) , is fonned
by a |inear conb( ion of {@}, ] =35 wth coeff|C|ents gi ven by |~A2)
, j=3..5. The ¥@drth block, U4(5) , is formed by a |linear conbination
of {&, }, ] 345 wth coefficients given by (A2)j, j = 4,5. The fifth
bl ock, U55) , 1|s fbr med by @S x ( ASS . Accordingly, the coefficients in
t he expansi on gf dubsequent BeXp=, i > 6 are sinply periodic extensions of
the above. Sinde r(ti} ReXp enjriesyare gonpused dyring,the g

ort hogonal i zat i|o # AeXp, no additional ci;ﬁutations are needed to

[S—

construct Rexp| Disregasdingothe o niti@l t{@nsiemt, the reomi nder of Rexp
is periodic, and tyw pefifods,of if arg sh i ny Equagion 43.

0 0 0 0 0 0 0 0 0

<A1> 0 0 0 0 0
3
o la), 0 o
0 0 <A3> 0
5
0 0 0 0
<A1> 0 0 0
2
Rexp'—' O O <A2>3 O O
0 0 <A3> 0
4
0 0 0 <A4>
5
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150000000000 0O(A)sO O O (A)4000000000(a), 00
0O(A 5000 000000000 000000000 (A)300000000
0(A2) 4000 (A 4000 00 (A3) SOO0O0 (A2 s0O0 0000000O0O
(A 00000000 Rexp=00 (A 000 (A) 0003300 (A3) 4000
(A2) 400 000 (A sO0O0O(A3) 50

Equation 13

The least squares approach to solving Q,,, and R,,, is shown in Equation 14.
Qexp 'RGXP '_‘_iﬂ =Fr

Equation 14

By pre-multiplying both sides of Equation 14 by the transpose of ., Q‘,‘TXp , and using

Qg;(p * Oexp =1 1k, » Equation 14 becomes Equation 15.

Equation 15
Equation 15 represents a triangular system whose solution also solves the LS problem of
Equation 14.

Due to the expansion, the number of unknowns is increased by a factor of L. Since
the unknowns are repeated by a factor of L, to reduce the complexity, the repeated
unknowns can be collected to collapse the system. R,,, is collapsed using L coefficient
blocks, CF, to CF,, each having a width and a height of K. For a system having an L of

5, CF, to CF; can be determined as in Equation 16.
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(A,)lOOOOOOOOO(AZ)ZOOO()2000 00 (A3) 3000 (A2 30
O 0O0OO(A 4000(A 400000 ((A) sO000(M) s 0O00OO0OO0OCO0 C(AH) O
0O000OO0O0O0O0O0OO(A 200 00O0O0O0O0O00(A 3000000000 (AM) ao0oO
0000000 (A) 50000000000 (A) -16 Equation 13 The |east
squares approach to solving QeXp and Rexp is shown in Equation 14. Qexp

Rexp ' d exp = Y Equation 14 By pre-nultiplying both sides of Equation 14

by the transpose of QeXp, QT

Fr =), +{42), + (4s), +{ds), +{4s),
CF2 = (), + () + (o), + (),
CFs = (), + (o), + (),
CFa= (), + {4a),

CFs= <A‘>5

Equation 16
Collapsing R,,, using the coefficient blocks produces a Cholesky like factor, G (step 54).
By performing analogous operations on the right hand side of Equation 15 results in a

banded upper triangular system of height and width of K x Ns as in Equation 17.

- -

Iri Tr: Trs Tre CFs 0 0 0 0 0 —d -
1
O Tr Tr. CFs CFs CFs 0 0 0 0 (7
2
0 0 CF, CF, CFs CFs CFs 0 0 0 o A
x| ds =r
0 0 0 CF CF, CFs CFs CFs 0 0 T
0 0 0 0 CF, CF, CFy CFs CFs O
: : : : 0 .. ", . . .. 0 @'_J

Equation 17

Tr, to Tr, are the transient terms and ro. By solving the upper triangle via back

substitution, Equation 17 can be solved to determine d (step 56). As a result, the
transmitted data symbols of the K data bursts is determined.

Using the piecewise orthogonalization and QR decomposition, the complexity of

.18-



"xP, and using Qe cp ' Qxp =1 LKN, , Equation 14 becomes Equation 15.
Rexp ' dexp = QI't exp- Equation 15 Equation 15 represents a triangul ar
syst em whose sol ution al so solves the LS problemof Equation 14. Due to

t he expansi on, the nunber of unknowns is increased by a factor of L. Since
t he unknowns are repeated by a factor of L, to reduce the conplexity, the
repeated unknowns can be collected to collapse the system Rexp is

col | apsed, usi L coefficient blocks, CF1 t. L, .e having a wi dth and
et gniobiidtEsst Saue bl T hGR o widh & b de RS A BRI AT ned
as in Equation 16. -17 CF1 = (A), + (A2)2 + (A3)3 + (A4)4 + (A5)5 CF2 =
(A2 + (FADduectdbyhtfactot)d 6.8F3 = (AL)3 + (A2)4 + (A3)5 CF4 = (Al)4 + (A2)5
CF5 = (45 Equation 16 Collapsing Reap using the coefficient blocks
produces a Chol esky like fagtor, G (steps54). %*
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By perfdrrri hg anal ogous operations on the right hand side of Equation 15
results in a banded upper triangular system of height and wdth of K x Ns
as in Equation 17. Trl Tr2 Tr3 Tr4 CF5 0 0 0 0 0 d1 O Trl Tr2 CF3 CF4 CF5
0000... d2 0OOCF1 CF2 CF3 CF4 CF5 0 0 0 Xd3 0 0 O CF1 CF2 CF3 CF4
CF5 000000CF1 CF2 CF3 CF4 CF5 0 dN, 0 . 0O Equation 17 Trl to Tr4
are the transient terns and r . By solving the upper triangle via back
substitution, Equation 17 can be SOléﬁgﬁ\f determ ned (step 56). As a
result, the transmtted data synbol the K data bursts is deternined.
Usi ng the piecew se orthogonalization and QR deconposition, the conplexity
of -18 Whhavisngainhe] iseast square probl em when conpared with a banded
Chol esky deconposition is reduced by a factor of 6.5. -19
1. A method for use in a user equipment of retrieving data from a plurality of
transmitted data signals, the method comprising: receiving the plurality of transmitted
data signals at the receiver and measuring a channel response associated with the
transmitted data signals; determining a system response based on in part the channel
response (48); the method characterized by:
expanding the system response to be piecewise orthogonal (50); and retrieving data

from the received data signals based on in part the expanded system response (52, 54, 56).

2. The method of claim 1 wherein each of the transmitted data signals has an
associated code and the system response is determined by convolving the associated

codes with the channel response.

3. The method of claim 1 wherein the system response is a system response
matrix, further comprising dividing the system response matrix into blocks of columns

prior to the expanding.

4. The method of claim 3 wherein the expanding is by padding zeros in the

column blocks to such that each block is orthogonal.

5. The method of claim 3 wherein SF is a spreading factor associated with the

-20-



CLAIMS What is clained is: 1. A nethod for use in a user equipnent of
retrieving data froma plurality of transmtted data signals, the nethod
conprising: receiving the plurality of transmtted data signals at the
recei ver and measuring a channel response associated with the transmtted
data signals; determ ning a systemresponse based on in part the channel
response (48); the nethod characterized by: expanding the systemresponse
to be piecew se orthogonal ., (50); and retrieving data, fromthe received
dat a si §AtA Sgnals dBdON 15 A chip lengHbasepricibw1tsyihe ehanned pespoase and thsublogky |

2. The nethod of claiml1 wherein each of the transmtted data signals has
an associ ated code and the system rgsppnsgii s determ ned by convol ving the
associa@@ﬂmntbdédumﬁmhwhﬁﬁﬂémaEﬁe#—+e§g?ﬁs§, 3. The nethod of claim1
wherein the systemresponse islLa syst response matrix, further
conprising dividing the systemresponse matri x into bl ocks of colums
prior to the expanding. 4. The nethod of claim 3 wherein the expanding is
by padding zeros in the columm blocks to such that each block is
orthogonal. 5. The nethod of claim3 wherein SF is a spreading factor
associated wwth the -20 data signals and Wis a chip |length associ ated

wth the Cha%pel Themet %d%r}%lgipnel mr%?eli'scomprising QR decomposing the expanded

system response (52).

7. The method of claim 6 wherein the QR decomposing is by Gramm-Schmitt

orthogonalization.

8. The method of claim 3 further comprising replacing elements of a column

block with sub-blocks prior to the expanding.

9. The method of claim 8 wherein in the sub-blocks have a same width as the
column blocks and have a height associated with a length of a symbol response and a

support of the symbol response.
10.  The method of claim 8 further comprising QR decomposing the system

response matrix and orthogonalizing a periodic portion of a Q matrix is by

orthogonalizing the sub-blocks.
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contain L colums, where Lis L = SF + W-1 SF 6. The nethod of claim1
further conprising QR deconposing the expanded systemresponse (52). 7.
The nethod of claim6 wherein the QR deconposing is by G anmm Schmitt
orthogonal i zati on. 8. The nmethod of claim3 further conprising replacing
el ements of a columm block with sub-blocks prior to the expanding. 9. The
met hod of claim8 wherein in the sub-blocks have a sane wdth as the

col um bl ocks, ;and % hei ght .assgciated with a th of. a synbol
osponse and W subb et pflaifh i TR En shuemise SRAGENRA IR Brediogien 8
further conprising QR deconposing the system response matrix and

or t hogormpirtian bfamRpaatrixdbased on in part e athogomanlized sub-blpckoassoopuebivithiting t he
sub-bl ocks. -21 11. The method of claim 10 further conprising
orthogoq}n@la&{ gg a periodic portion of an R matrix based on in part the

ort hogonal'i zed sub-bl ocks associated with the Q matrix. 12. The net hod of

claim6 wherein the QR deconposing results in a Qmatrix and an R matri Xx,
each having an initial transient and a periodic portion.

12.  The method of claim 6 wherein the QR decomposing results in a Q matrix

and an R matrix, each having an initial transient and a periodic portion.

13.  The method of claim 12 further comprising collapsing the R matrix by

replacing elements in the R matrix with coefficient blocks.

14. The method of claim 13 wherein the R matrix with coefficient blocks is a

Cholesky-like factor (54).

15. A user equipment for receiving a plurality of data signals, the user
equipment comprising: means (46) for determining a system response based on in part
a measured channel response; the joint user equipment detection characterized by:

means (46) for expanding the system response to be piecewise orthogonal; and
means (46) for retrieving data from the received data signals based on in part the

expanded system response.

16. A user equipment comprising: an antenna (40) for receiving transmitted

99.



13. The method of claim 12 further conprising collapsing the R matrix by
replacing elenments in the Rmatrix with coefficient blocks. 14. The net hod
of claim 13 wherein the Rnmatrix with coefficient blocks is a

Chol esky-like factor (54). 15. A user equipnent for receiving a plurality
of data signals, the user equipnent conprising: neans (46) for determ ning
a systemresponse based on in part a neasured channel response; the joint
user equj prent .detection characterijz by: neans .(46)_ for expandipg the
syst em S;ta&%@@nﬁlieéﬁlmt@é d@m@i@ﬂér detgpgining ashapngd yesponse K epelyi ng
data fromthe received data signals based on in part the expanded system
responseeccelted datdsénatOthe psentquipnent shargctefiredbyenna (40) for receiving
transmtted -22 data signals; a channel estinmation device (44) for

caui prent endrSOTAL TR BVIEE (AP AR aniFER GEGERT A8 O ol R

configured to receive the channel responses and the received data signals
for det eesponsergarzd thesteeenved slatmsignidader determming ar sy steme redpamse bassidgorais,
expandi ng the systemresponse to be piecew se orthogonal, and retrieving

data fr t i a i i fi y m
Faspons S S R e P SR o B e pib e SRR AL,

signals are in . : .
g retrieving data from the received data signals based on in part the expanded system

response.

17.  The user equipment of claim 16 wherein the transmitted data signals are in

a time division duplex using code division multiple access format.

18.  Theuserequipment of claim 17 wherein each of the transmitted data signals
has an associate code and is transmitted in a shared frequency spectrum and the system

response is determined by convolving the associated codes with the channel response.

19.  The user equipment of claim 17 wherein the channel estimation device
measures the channel response using a received training sequence associated with the data

signals.

20.  The user equipment of claim 16 wherein the system response is a system

response matrix, further comprising dividing the system response matrix into blocks of



a tinme division duplex using code division nmultiple access format. 18. The
user equi pnent of claim 17 wherein each of the transmtted data signals

has an associate code and is transmitted in a shared frequency spectrum and
the system response is determ ned by convol ving the associ ated codes with
t he channel response. 19. The user equi pnent of claim17 wherein the
channel estimation device neasures the channel response using a received
trai ni ng sequence associated with the data signals. 20. The user equi prent
of cl ai foluemgHEIQte theexpgdiags response is a system response matri x,
further conprising dividing the systemresponse matrix into bl ocks of -23
colums prior to the expanding. 21. The user equi pnent of claim20 wherein
t he expanding is by padding zeros in the colum bl ocks such that each

col um bl ock,is orthogonal .. 22. The .us ui. nt _of .cl ai m 20 erein SF
o aSpread: Al f aaPEOSERRipgPaLe! Syt nESRE TethghnnBeds B RRadRE B,

| ength associated with the channel response and the blocks contain L

col umsin thisexodubindlocks sh thut-eacBRolurayn block is orthogonal.

22.  Theuser equipment of claim 20 wherein SF is a spreading factor associated

with the data signals and W is a chip length associated with the channel response and the

blocks contain L columns, where L is [L = SF—+P—V-:—1] .

SF



