USER EQUI PMENT PERFORM NG REDUCED COVPLEXI TY JO NT DETECTI ON BACKGROUND
The invention generally relates to wireless communi cati on systens. In
particular, the invention relates to joint detection of multiple user
signals in a wireless conmunication system Figure 1 is an illustration of
a wirel ess communication system 10. The communication system 10 has base
stations 12, to 125 which communicate with user equipnments (UEs) 14, to
143. Each base station 12, has an associ ated operational area where it
comuni cates with UEs 14, to 143 in its operational area. In sone
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the invention relates to joint detection of multiple user signals in a wireless

communication system.

Figure 1 i1s 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



‘communi cations. One approach to detecting such signals is single user
detection. In single user detection, a receiver detects only the

comuni cation froma desired transmtter using a code associated with the
desired transmtter, and treats signals of other transmtters as
interference. In some situations, it is desirable to be able to detect

mul tiple comuni cations sinultaneously in order to inprove perfornmance.
Detecting multiple comunications sinultaneously is referred to as joint
det ect i ainglSomerj detattiagt & cteoeiven sdetédtol @ik ythe demamumscdtican ftcon perdesired a
nininun1nean square error (MVBE) detection and zero- forcing bl ock
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to Bl ock-based Joi nt-detection using Approximate Chol esky Factorization",
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i npul se responses are nodel ed as a channel response matrix, A. The received
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receives a plurality of data si gnal s. The user equi pnment determ nes a system
r esponseirhakastomslyi s peetred toesspimddeabaine! Soasppriae defdveors wseeGholesky
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.
"fhe 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. Data s retrieved from the received data



‘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 PTION OF THE DRAW NG S) Figure 1 is a wireless comrunication
system Figure 2 is a sinplified transmtter and a receiver using joint
detection. Figure 3 is an illustration of a conmunication burst. Figure 4
is an illustration of reduced conputation joint detection. DETAILED

DESCRI PTI ON OF THE PREFERRED EMBCDI MENT(S) Figure 2 illustrates a
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TDD/ CDVA comruni cation system In a typical system a transmtter 26 is in
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communi cat i ngFighrellis 4 wifel8ss chempaicationdgstent.i on recei ver 28 may be at a
base station 12" UEs 14, to 143 or both. The joint detection receiver 28
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channel 30. A data ,generator. 32 in the transm tter 26 generates data to be
conmmuni cat ed fogere his &t Bhustaiongd grananmugicatipabairster 28. Reference data is

assigned to one or nultiple codes and/or tine
Figure 4 is an illustration 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



sl ots based :on the comunicati ons bandw dth requirenents. A spreadi ng and
training sequence insertion device 34 spreads the reference channel data
and makes the spread -3 reference data tinme-nultiplexed with a training
sequence in the appropriate assigned time slots and codes. The resulting
sequence is referred to as a communi cati on burst. The comrunication burst
i's nodul ated by a nodul ator 36 to radio frequency. An antenna 38 radi ates
the RF signal through the wireless radio channel 30 to an antenna 40 of the
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bursts 22, 24, as shown in Figure 3. The m danble 20 separates the two data
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signal. The baseband signal is processed, such as by a channel estimation
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appropriate codes assigned to the
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 46, 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 1s used by the

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



comuni cation bursts of the corresponding transmtters 26. The channel
estimation device 44 uses the training sequence conponent in the baseband
signal to provide channel information, such as channel inpul se responses.
The channel information is used by the joint detection device 46 to
estimate the transmtted data of the received communication -4 bursts as
soft synbols. The joint detection device 46 uses the channel information
provi ded by the channel estinmation device 44 and the known spreadi ng codes
used by Hil¥ststasaBedyikissls, 26 to estimate the data of the various received
comuni cation burst's. Al though joint detection is described in conjunction

with a TDD fofo) nicatipn.s em .the sa appr.oach i. |l.icable to
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less than K transmtters. Each data burst 22, 24 of the conmmunication burst
16 has dsplesedbedidn eembaetion with snJiPAEAMA ndsohmuninationasystem, e samgnbol
is transmtted using a predeterm ned nunber of chips of the spreadi ng code,
whi ch i sipbbeachis app1iBsblE 36 b®er(cafmuhtaBoh ¥PiteAls, such as CDMA.

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
nurnll)er 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.



TDD communi cati on system each base station 12, to 125 has an associ ated
scranbling code mxed with its communi cated data. The scranbling code

di stingui shes the base stations fromone another. Typically, the scranbling
code does not affect the spreading factor. Al though the terns spreading
code and factor are used hereafter, for systens wusing scranbling codes, the
spreadi ng code for the following is the conbined scranbling and spreading
codes. Each data burst 22, 24 has Ns x SF chips. -5 The joint detection
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transmtted. Equation 1 is used to determ ne the unknown transmtted
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transmtted synbols, d. The term n, represents the noise in the wreless
radi o channel. For K data bursts, the nunber of data burst synmbols to be
recovered is Ns x K For analysis purposes, the unknown data burst synbols
are arranged fdaatpda golum matrix, d. The d matrix has columm bl ocks, d, to
dNs, of unknown data synbols. Each data synbol block, d;, has the ir'
unknown transmtted data synbol in each of the K data bursts. @s %H)re ult,
each colum bl ock, d;, has K unknown transmitted symbol s stacketdtdU8#Hh bp of
each other. The bl ocks are also stacked in a columm on top of each other,
such 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 d,,, of unknown data symbols. Each data
symbol block, d,, has the i™ unknown transmitted data symbol in each of the K data
bursts. As aresult, 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



that d is on top of d2 and so on. The joint detection device 46 receives a
val ue for each chip as received. Each received chip is a conposite of all K
comuni cation bursts. For anal ysis purposes, the conposite chips are
arranged into a colum matrix, r. The matrix r has a val ue of each
conposite chip, totaling Ns * SF chips. Ais the systemresponse matrix. The
systemresponse matrix, A is fornmed by convolving the inpul se responses

wi th each communi cation burst chip code. The -6 convolved result is
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detection device 46 receives the channel inpul se response, h;, for each i’
one of the K =1l i - : annal i i dgvi .
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channel j, npul responses, wth the known spreadi ng ¢odes .of th
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communi cation bursts. A common support sub-block, S, which is comon to all
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arranged to have Ns bl ocks, B, to BNs. Each block has all of the ‘synbol

responses, to SK, arranged to.be | tiplied. wi,th the correspgndin
nicnown Wi lie R eReRndRE Lade o e K tomplmifetiopisis |G Rt gy ibol
multiplied with B,. The synbol responses, s, to sK, forma colum in each
bl ock natsponseR;s, tavst,hof the K esmmanichtoblbocits. beicamnper deppank stb-bévaks S, | n
the first block, B" the synbol response row starts at the first

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, s; to s, arranged to be multiplied with the corresponding unknown
data block in the d matrix, d, to d,,. For example, d, is multiplied with B,. The symbol
responses, 8, to s, form a column in each block matrix, B,, with the rest of the block
being padded with zeros. Inthe 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.
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'row. In the .second block, the symbol response rowis SF rows |ower in the

bl ock and so on.
Ns x SF. Equation 2
partitions.

As a result,
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each bl ock has a width of K and a hei ght of
illustrates an A block matrix showi ng the bl ock
S1 S2 ...

SK
0000O0

100001 I A=. i . i [B, Bs ...
| 0000 0000 0OO0OO0O -7 Equation 2 The n matrix has a noi se val ue
correspondi ng to each received conbined chip, totaling Ns x SF chi ps. For
anal ysi s purposes, then matrix is inplicit in the received conignegorchi p
matrix, r. Using the block notation, Equation 1 can be rewitten as Equation
3. d,

The n matrix has a noise value corresponding to each received combined chip,
totaling Ns x SF chips. For analysis purposes, the n matrix is implicit in the received
combined chip matrix, r.

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

"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_I
SF



d2 N, r=[Bl'B2 B3 "' BN Ix d3 +M _ Bidi+ n d N, 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 bl ocks having a wwdth of K and a height of SF. These new bl ocks are
referred to as A, to AL and 0. L is the length of the commobn support S, as
di vided by the height of the new blocks, A to AL, per Equation 4. SF+W1

L= SF -8 Equation 4 Blocks A, to AL are determ ned by the supports, s, to
sK, and the common support, S. A O block is a block having al

repartitioned matrix for a systemhaving a W of 57, SF of 16 and an E of 5
is shown in Equation 5.

Blocks A, to A; are determined by the supports, s, to s,, and the common support,
S. A O 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 0 0 0 0 0 0 0 0 0 0
A A4 0 0 0 0 0 0 0 0
A 4, 4 0 0 0 0 0O 0 0 0O
As A A A4 0 0 0 0 0 0 O
As As A A A 0 O 0 0 0 0
A= 0 4s A A3 A 4 O O 0 0 0
0 0 As As A A2 A o ¢ 0 0
0 0 0 4 A A 4 0 06 0 0
0 0 0 0 4 A A 4 0 0 0
0 0 0 0 0 45 A A 4 0 0
¢ 0 0 0 0 0 4 Ay A2 A O
o 0 0 ¢ 0 0 0 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

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



0000 A A3

0000 A2 Al 0 00O 0O O 0000 A3 A2 A -
- 0 A5 M A3 A2 A

, 0
0 0000 ASAMMASA2A OO . . O A
00 0OO0OA 44 A3A2A . 0000 0O AM A3 A20000 00O
ASAAL 00O 0OO0OO0OO0OO0OAAMA2A 0O 0 000A5 A3 A2 Al O
000O0. A A3 A2 AA Equation 5 To reduce the conplexity of the
a piecew se orthogonal i zati on approach is used. Any of the blocks
B, for i being L or greater is non-orthogonal to any of the preceding L

bl ocks asithaponhtigaieh, the AAmatik eckgapded égdepgopy nmore than L. Each 0 in the
repartitioned A matrix is an all zero block. As a result to use a piecew se
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of the A matrix and shifting each row in the A matrix by its row number less one. To

0
0
0
0

llustrate 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 A1 (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] 0O 0 0 0 0 0 0 0 0 O
0 4 0 0 0 4 0 0 0 0 O
0 0 4 0 0 0 4 0 0 0 4
0O 0 0 4 0 0 0 4 0 0 O
0 0 0 0 4 0 0 0 4 0 O
/00 0 0 0 0 0 0 0 4 O
Av=10 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 ¢ 0 0 0
o 0 0 0 0 0 0 0 0 0 0
O 0 06 0 0 0 0 0 0 0 0
o 0 0 0 0 0 0 0 0 0 O
o 0 0 0 0 0 0 0 0 0 0 |

Equation 6

To accommodate the expanded A matrix, the d matrix must also be expanded, d,, .-
Each block, d, to dy,, is expanded to a new block, d, ., to d., .. Each expanded block,

d...;tod is formed by repeating the original block L times. For example for d,,,, 2

=& =expNs?

first block row would be created having L versions of d1, stacked one below the other.
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'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 (row 2 -1). As a result, Equation
5 after expansion would become Equation 6. A 00 000000000A200
OA 00O0OO0OO OOA33000A2000A 0OO0OOAMOOOA3S000 OO0OO0OO
ASs O0OO0OAM OO0 OOOODOOOOOASOAXp-0O00O0O0OO0OOOOOOO0 O0O0O
0 000 0 O 0ASardsult, Equadiod Dcah Be fevarittén Bs Bq0atdo970 0 0 0 0 000000 0
0O0O0O0O0O0O 0OO0O0O0O0OO0OO0OO0OOO Equation 6 To accomobdate the expanded A
matrix, the d matrix nust al so be expanded, dexp Each block, d, to dNs, is
expanded to a new block, d.., to d .,N . Each expanded block, d xp, to d
xpN,, is formed by repeating the original block L tinmes. For exanple for d
Xp" a

£=Aexp'dexp+.}.2_ Tdcxp]
dexpz

=[Bexpl Bexpz Bexp3 BCXPNJ]X dexp3

=

5

Bexpidexpi + H,

+
1=
i

1l
—

 des, |

Equation 7

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

expi

1 to L, as in Equation 8.

Equation 8

-11-



first block row woul d 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.
L" =Aexp- dexp+n dexpi dexp2 N, = [Bexpl Bexp2 Bexp3 ... BexpN,]x dexp3 + n =
J Bexpi dexpi + n, i=1 dexpN, Equation 7 Equation 7 can be rewitten to
partition each Be%; orthogonally in L partitions, Uj = | to L, as in

Equation 8. r = Aexp dexp +nd, N d, NN LN WUi) ti) >UlL 2 U X di
+n=YYU; di=jBidi+n ,=1 j=1i=1 A Equation 8 -11 To reduce conputational
conpl exi ty, al@QredscamopitationalafonplexiteXpQiadedompasition of the A, matrix is

performed (step 52). Equation 9 illustrates the QR decomposition of A,,,.

Aexp = Qexp Rexp

Equation 9
Due to the orthogonal partitioning of A, the QR decomposition of A, is less complex.
The resulting Q,,,, and R,,, matrices are periodic with an initial transient extending over
L blocks. Accordingly, Q,,, and R, can be determined by calculating the injtial transient
and one period of the periodic portion. Furthermore, the periodic portion of the matrices
1s effectively determined by orthogonalizing A, to A,. One approach to QR
decomposition is a Gramm-Schimidt orthogonalization.

To orthogonalize A,,, as in Equation 6, B,,, is othogonalized by mdependently

exp

orthogonalizing each of 1its orthogonal partitions, {Uf.")},j:l---L.

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

appropriately. {Q,} are the orthonormal sets obtained by orthogonalizing {U}")} . To

determine B its U,(Z) needs to be orthogonalized with respect to only Q, of B,,,

exp2?

formed previously. U2, U? and U{® only need to be orthogonalized with respect to

only Q,, Q, and Q,, respectively. US(Z) needs to be ortogonalized to all previous Qs and

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

-12.



perfornmed (step 52). Equation 9 illustrates the QR deconposition of Aexp.
Aexp = Qexp Rexp Equation 9 Due to the orthogonal partitioning of Ae%, the
R deconposition of Acxp is | ess conplex. The resulting Q% and Re%
matrices are periodic with an initial transient extending over L blocks.
Accordingly, Q% and ReXp can be determ ned by calculating the initial
transient and one period of the periodic portion. Furthernore, the periodic
portion of the matrices is effectively determ ned by orthogonalizing Al to
AL. One Bgproach to QR deconposition is a G amm Schmi dt orthogonal i zati on.
To orthogonalize AeXp as in Equation 6, B,,P, is othogonalized by

i ndependent | VAE%%B%BQ?HE@Q%S%{M&“ bbf P EARARRCaRdEld AR merees o\

{U(")},)=1L. ependen ogona ize
set is zero-padded. appropriately. { are the ort honor mal sets obtai ned by
or t hogorREnogdi¢ity whish gan besungaarzed Thezrgsult of oythpgenralizigg Beg:, 1>

orthogonal i zed with respect to only @ of BeXp| formed previously. U22)
U(2) and; threbe @B{aYné!:?ﬁ%lgﬂ? bha RirldREeR@hiBab Whé hesﬁm&q&fﬂhdgbnaﬁaing KB,

and B, respectively heeds to be ortogonalized to all previous ‘ésq;nd
or t hogonar | 21 Fi Seaoecaelismionat Bhes it #SHSHRAIGNES oh JOLONE HOd TS SEYRE Phe
initial transient, there enmerges a
orthogonalizing A,, and then zero padding. Its Q, is obtained by orthogonalizing the
support of Q, 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(Q;) and itself. Its
Q, is 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 fransient, the entire A, can be efficiently orthogonalized,

by just orthogonalizing A, per Equation 10.

Ap:[AS As As A2 Al]

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

computational efficiency is achieved. Using a more compact notation, Q" ,for sup(Q,),
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"periodicity.which can be summarized as follows. The result of
orthogonalizing Bei, i > 6 can be obtained sinply by a periodic extension
of the result of orthogonalizing BexpS The orthogonalization of BexpSis
acconplished as follows. Its b is obtained by orthogonalizing A5, and then
zero padding. Its 4 is obtained by orthogonalizing the support of b and
Ad, [sup(@B) A4], and then zero padding. Since sup(@) is already an

ort hogonal set, only A4 needs to be othogonalized with respect to sup(Q®)
and i t sehis.ortHogon&Bzdtior0b Al ResltoVn alid baomahial im@rixs Q[ EBEqsatirN). A3] and
then zero padding. Its @ is obtained by orthogonalizing [sup(@) sup()
sup(@) A2] and then zero padding. Its Q is obtained by orthogonali zi ng

[ sup(QB) sup [ p )osupl %AI] and then zero padding.' Apart fromthe
initial trangﬁﬁiggptggﬁé% iggqﬁgkp can be efficiently orthogonalized, by
just orthogonalizing Ap per Equation 10. Ap = [A5 A4 A3 A2 Al Equation 10
By effectively orthogonalizing the periodic portion of Aexp by using only
Ap, conputational efficiency is achieved. Using a nore conpacEqﬁﬁﬁﬂ{ipn, Q
,for sup (Q , -13 this orthogonalization of A results in the orthonorna

matri x, , of Equati 11. =r A B QR Q | Equation 11 The
peri odi (?%aﬂﬁp cwﬁ?i xpgépe%aaﬂv%%-z.

o, o0

0 0 0 0 0 QO 0 0 0 0

0o 0 g 0 0 0 Q0 0 0 0

s S
PeriodicPartofQ,,, = g g g Q04 SS g 8 % QOS g
s 4
0 0 0 0 0 0 0 0 0 Q§
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 (A,, ) , represents the projections of the first column of A, on
each of the K columns of Q. Similarly, (4,), represents 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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‘0000000000 Q@ 00000000 O 000Q 0000 00 Q@OO
0Q@B0003300 000Q PeriodicPartofQ=/~exp 000000 Q Q00
OQUO0O.. 000000000Q 00000000O0O0O0 0000000000.

Equation 12 To constructing the upper triangular matrix Re, P, (A, |s a

bl ock of size K x K representing the projections of each colum of A, onto
all the colums of Q'. For exanple, the first colum of ~A ) represents
the projections of the first colum of A4 on each of the K colums of (b s.

Si mi | ar ltyiangfidy, becaygeahe bt solinen pf Aj, belongs bk sphe fpanatd be thelomh@iorAvhl on
each of the K col umms of Q4 S. However, this block will be upper -14

triangul ar, because the k'" colum of A _bel on?(s to the space spanned by the
ort honorviggfors of Q; and the ﬁrstkvectors of Q . This block is also orthogonal to subsequent

vectors in ; , leading to an upper triangular (4,), . Any { Ai)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?

{Qf ¥, 7 =1---5, with coefficients given by (Al)j, j=1-5. The second block, U, is

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

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

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

(A?_)J_, 7 =4,5. The fifth block, U, is formed by 05 x (4}

5

Accordingly, the coefficients in the expansion of subsequent B,, ,,, > 6 are simply
periodic extensions of the above. Since the R, entries are computed during the
orthogonalization of A, no additional computations are needed to construct R,,,.
Disregarding the initial transient, the remainder of R, is periodic, and two periods of it

are shown in Equation 13.
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-vect'ors of @S and the first k vectors of QQ.
to subsequent vectors in 4 s,
(A). withi = wll be upper

the follow ng results.
| i near conbi nati on of

triangul ar.
The first bl ock of Bexps> viz.
{Q), j =1 5, with coefficients

1.. 5. The second block, UzZS), is formed by a |linear conbination of {QQ },
j = 2. .5, with coefficients given by (A2) ., j =2 5. The third bl ock
u3s), |s forned bﬁ a Ibnearoconbkpathp of 3 {XBlp | 3.. & wWoh .. 7
coefficients given by ~A2) ., .5. The fourth bJock us), is f
by a linear copbination of {Q 1}, ='4,5 Wwth coeffIC|ents gi ven by
(,42,)], J] = 4]5.0The fifth bIock, U5> is formed by @& x (A),
Accordi ngly, t1eg yefficients in the expansi on of subsequent BeXp,.,i
are sinply peri c extensions of the above. Since the ReXp entries a
conputed during tRe orthogonalization of Ae%), no additional conputat
are needed to construct Re%p. Disregarding the initial transient, the
remai nder of R@xpols periodic, and two periods of it are shown in Equs
13. -15000 0 0 0 00 O1 \A
A 0 0 0 0 0 0 0
4
0 <A2> 6o o0 0 <A1>5 6o 0 0
5
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
<A1> 0 0 0 0 0 0 0 0
3
0 <A2> 0 0 0 <A1>4 0 0 0
0
o 0 (e), 0 0 0 (a) 0
0 0 0 0 0 0 0 0 0
<Al> o o o 0o 0 0 0 0
2
Rep=|0 0 <A2> 6o 0 0 <A,>3 o 0 0
o 0 {4y o 0 0 (4) 0 0
o o 0 <A4>5 o o0 0 (,43>5 0
<A1> °o o o o0 0 0 0 0
1
0 (,42)2 6 o0 0 <A1>2 0 0 0
o 0 <A3> 0 0 0 <A2>3 0 0
o 0 0 (A.,) o o 0 <A3>4 0
o o o o (&) 0o 0 0 (4e)
o 0 0 0 0 (A,>! 0 0 0
o o 0o 0 0o 0 <A2> 0 0
0o 0 0 o o 0 0 (A3> 0
0 0 o o 0o 0 0 0 <A4>4
0 0 0 0 0 0 0 0 0 <As>5
0 0 0 0 0 0 0 0 0 0 <A|>
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(A)4A00O0D0D0D000OO0O(A) 5000 (A 5000 000000000
00000(A)300000000 0(A 4000(A 4000 00 (A
(AZ)500 000000000(A 00000000 Re., =00 (A 30
000 00 (A) 4000 (A2) 400 000(A) 000 (A Oss (AO
000 O (Az) 2000 (A) 000 00 (A3)30002z (Az) 300 00
000 (A3) 40

Equation 13

The least squares approach to solving Q,,, and R, is shown in Equation 14.

Eexp

Qexp ' Rexp ‘ dexp =r

Equation 14

By pre-multiplying both sides of Equation 14 by the transpose of Q,, ,, Qg(p , and using

QeTxp * Qo= 1xw, » Equation 14 becomes Equation 15.

Rew* de = Qo
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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0000 (A5)5000 (A5 00O0O0O0(A OOO 0OOOOO0OO0(Az) ZzOOOOO
0000(A3) 30 0OOOOOOOO0O(AM4A40000O00OOO0OO0O(CA, 0OODO0OO0ODO0ODO0DO
000 (A) -16 Equation 13 The |east squares approach to solving QeXp and

Rexp is shown in Equation 14. QexpRexp dexp=r Equation 14 By

pre-mul tiplying both sides of Equation 14 by the transpose of QXp , QXp ,
and using Qexp - Qexp = ILKN, Equation 14 becones Equation 15. T Rexp -
dexp - Qexpr Equation 15 Equation 15 represents a triangul ar system whose
solution al so solv he, LS pr,ohl em of q ation 14. Due to the expansion,
t he nunber of Gﬁkm(smg § (d éc{Ala)/ tor of L. Since

CF,= <A1)2 + <A2>3 + <A3>4 + <A4>5
CF3= <A1>3 + <A2>4 + (A3>5
CFq= <A1)4 + <A2>5

CFs= <A1>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.

(Trl Tra Trs Trs CFs O 0 0

0 0 [ d, ]|
O 7 Tr, CFy CFs CFs O 0 0 0 ;
2
0 0 CF, CF, CFy CFs CFs O 0 0 y ;,_ B
3 =
0 0 0 CFy, CF, CFs CF, CF;s 0 0 T -
0 0 0 0 CF, CF, CFs CFy CFs 0
. . . . . . . . . LdN.‘
| : : : 0 . - - - .. OJ —

Equation 17

Tr, to Tr, are the transient terms and o 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
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the 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 using L coefficient blocks, CFl1 to CFL, each having a width and a
hei ght of K For a systemhaving an L of 5, CFl to CFS can be determ ned as
in Equation 16. -17 CFl = (Al), + (A2)2 + (A3)3 + (A4)4 + (A5)5 CF2 = (A)2
+ (A2)3 + (A3\))4 + (A4)5 CF3 = (AI)3 + (A2)4 + (A3)5 CF4 = (A )4+(A2)5 CF5
= (A5 Equation 16 Coll apsing RexN using the coefficient blocks produces a
Chol eskysdiving thaldaet squard ploberb4)hen ddynpeed oithiartganaled Cigdeskyaleeomiposinenon
the right hand side of Equation 15 results in a banded upper triangul ar
system of i aht | f Kx Ns as in Equation 17. Tn Trz Tr3 Tr4 CF5 0
000 Ola,r&%f’%?rtf}gg?ﬁe%ﬁép 4 CF50000d200CF, CF2CF3 CFH4 CF5 00 0
xd3 =r" 00 O CFI CF2CFB*CF4CF500*OOOOCF1(£F2CFBCF4CF50 dN
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0 0 Equation 17 Tr, to Tr4 are the transient terns and r . By solving the
upper triangle via back substitution, Equation 17 can be solved to

determ ned (step 56). As a result, the transmtted data synbols of the K
data bursts is determ ned. Using the piecew se orthogonalization and QR
deconposition, the conplexity of -18 solving the |east square probl em when
conpared with a banded Chol esky deconposition is reduced by a factor of

6.5. -19 CLAIMS What is clained is: 1. A nethod for use in a user equi pment
of retrieving data froma plurality gi.AIM&@nsnmtted data signals, the nethod
conprising: receiving the plurality of transmtted data signals at the

receiver . suring a channel response associated with the transmtted
data si gwg]?g%sn(ggwgﬁﬁshi ng a system response based on in part the channel

response (48); the nethod characterized by: expanding the systemresponse to
be pi ecew se brt hofanethod30) useand uset equpingyt daneirie¥ing dataizomexpluvaltty ddt a
signal s based on in part the expanded systemresponse (52, 54, 56). 2. The
met hod Qfaﬁhﬁtt@ﬁ'da%?irgﬁhﬁ, aRcHetlod é@nﬁfiﬁﬁéﬁ&%ﬁﬁngﬁﬁ@pﬁrﬂw §f PATKRifed
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
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‘associ ated code and the systemresponse is deternined by convol ving the
associ ated codes with the channel response. 3. The nethod of claim1l
wherein the systemresponse is a systemresponse natrix, further conprising
di viding the systemresponse matrix into bl ocks of colums prior to the
expandi ng. 4. The nethod of claim3 wherein the expanding is by paddi ng
zeros in the colum blocks to such that each block is orthogonal. 5. The
met hod of claim 3 wherein SF is a spreading factor associated with the -20
dat a si gled siganl avd W & xtiup leegthtdssassted ivatle thendhanneheespbasenaid thedposkse and
the blocks contain L colums, where Lis rL = SF+W1 L SF JI 6. The nethod
of claiml further conprising de i t he expanded system response

(52). 7.cohkdinTetblocthsy, wieaé i (wherel deconposing is by

G amm Schmitt orthogonalizatign. 8 THe nethod of claim3 further
conprising replacing elenents of a colum block with sub-blocks prior to
the expanding. 9. The nmethod of claim8 wherein in the sub-bl ocks have a
same width as the i

6. The method of claim 1 further comprising 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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‘col utm bl ocks and have a height associated with a length of a synbol
response and a support of the synbol response. 10. The nethod of claim8
further conprising QR deconposing the system response matrix and
orthogonalizing a periodic portion of a Qmatrix is by orthogonalizing the
sub- bl ocks. -21 11. The nethod of claim 10 further conprising
orthogonalizing a periodic portion of an R matri x based on in part the

ort hogonal i zed sub-bl ocks associated with the Q matrix. 12. The net hod of
cl aim 6 whereiln t HEh&meatbodmicdaing 10efwmthies compmisip gratthogonaingra emedici X,
each having an initi aI “transient and a periodic portion. 13. The method of

claim1l I nts
n'the ROP? PEaRHTRELCHPRA5E 1 BRI e R td e Blocis R Rl IRE R T
the Rmatrix with coeff|C| ent blocks is a Cholesky-like factor (54). 15. A
user eqlﬁﬁhﬁéﬁtﬁ for receiving a plurality of data signals, the user

equi pnent conprising: nmeans (46) for determ ning a systemresponse based on

in part a neasured channel response; the joint user equi pnent detection
characterized by: means (46) for expanding the systemresponse to be

pi ecew se or (40000l - afdg B3N8, 640r! 2l B HEKASRS T L RFltSE" Vel

data signal s Hase

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 1s 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

929-



expanded system response. 16. A user equi pment conprising: an antenna (40)
for receiving transmtted -22 data signals; a channel estination device
(44) for determ ning a channel response for each received data signal; the
user equi pnment characterized by: a joint detection device (46) having an
i nput configured to receive the channel responses and the received data
signals for determning a systemresponse based on in part the channe
signal s, expanding the systemresponse to be pi ecew se orthogonal, and
retri eviduga sighalsf 4 dimnnlebesteastioredevded @43 fgnittamtiagc drnnel rapénselfer @xhanded
system response. 17. The user equi pnent of claim 16 wherein the transmtted
data si . e, | e V] Si S| .code division multiple
access 1% g?éﬁg?&dggﬁ%%’ hﬂsere?rfsegaﬁPﬁ)ﬁgﬂ}t%g?}aﬁ%ﬁ%d@'vvher ei n each of the
transmtted data signals has an associate code and is transnitted in a
shared frequen®nispeiectiondaviget(He) byeingmn mpyp oarBgireddiet receivadlic lshannel
convol ving the associ ated codes with the channel response. 19. The user
equi pne } i ol i A 1 he
channelq??ﬁ%ﬁﬁighﬂgﬁig%%ﬁ&gaggéEgggggﬁﬁ?%gggggu H%gﬂggﬁggﬁg?éﬁ mn?%%?ﬁ% dat a
signals. 20. The user equi pnent. of. claim 16 wherein the systemresponse is a
system Raétstb‘aﬁ an @}8@@?8:?3?%@98@%%?@@*}@%?mﬁﬁpmewg%t goBépdhse
matri x into bl ocks of

retrieving data from the received data signals based on in part the expanded system

Tesponse.

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 areceived fraining 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
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-23 colums .prior to the expanding. 21. The user equi pment of claim 20
wherein the expanding is by padding zeros in the columm blocks such that
each colum bl ock is orthogonal. 22. The user equi pnent of claim 20 wherein
SF is a spreading factor associated wth the data signals and Wis a chip
| ength associated with the channel response and the blocks contain L
colums, where Lis L = SF+ W-1 L SF -24

columns prior to the expanding.

21.  The user equipment of claim 20 wherein the expanding is by padding zeros

in the column blocks such that each column block is orthogonal.

22.  Theuserequipment 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 = 7

SF+W—1}
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