1 Method for transmtting a digital signal, nmethod for receiving a
digital signal, transmtter and receiver Field of Invention 5 The
invention relates to a nethod for transmtting a digital signal, a
met hod for receiving a digital signal,,a transmtter and a receiver
10 Background of the Invention In mobi f e conmuni cat i ons, high user
capacities and high data rates are desirable. To achieve this,
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efficiency can be achi eved. Before the OFDM nodul ation, a
pre-transformcan be carried 20 out, resulting in a so-called

PT- OFDM ( preltlr afsfovemiOEBM) system In [1] (and also in [2]), an
iter atgve detection algorithm for a PT-OFDM systemis descri bed.
This will be described 25 in the followng. An iteration
(correspomdiengnionaiont & Pt iNdexethodl fbhetrihefatimey det ection
al gorithm corresponds to-three st nges, a reconstruction step,. a

linear fiPtarFAg Step?and® g Pedod grosigpngoa digital signal, a
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10 Backgreocund of the Invention

In mobile communications, high user capacities and high
data rates are desirable. To achieve this, mobile radio
systems have to be highly spectral efficient. Using

[5 multicarrier modulation according to OFDM (orthogonal
frequency division multiplexing) robust performance and

high spectrai efficiency can be achieved.

Before the OFDM modulation, a pre-transform can be carried
20 out, resulting in a so-called PT-OFDM {pre-transform QOFDM)

systerlm.

In [1] (and alsc in [2]), an iterative detection algorithm
for a PT-OFDM system is described. This will be described
25 in the following. '

An iteration (correspcnding to an iteration index i) of the
iterative detection algorithm corresponds to three stages,
a reconstruction step, a linear filtering step and a

30 decision step.



In the ith reconstruction step, i.e. in the reconstruction step of
the iteration corresponding to the iteration index i, the mth
conponent of the received signal r (received signal vector) is
estimated. This is done by using the 5 previously detected synbol
Xi-1 (i.e. the signal vector detected®in the previous iteration). m
corresponds to the frequency domain channel with the ith small est
anpli tudery Lpcthenfillaring,slier Jdg cioss Latend eanee af,ddgdata
is renoved by S I'I near fi%tgr éénofe%ﬁby G In tﬁ% 10 detecton gtep,
a tentatiweephafdtbe Sofrytidericsirarsppddavtedobyheetiengtiian radext o
generate the o], d e i i i.terati Xl ., The .al gorithm
Is initia f25§¥mﬁ%%hr§§@§¢%éh} §&¢# %aﬁggeigg§9£%§§%%@&ergcefﬁggfth.
i terationskgn@iVeBcBYr) Ms =dtfatel, +THAL! 1 Wiond by odimy @He 20 xi =
dec(xi) where Qis defined as a diagonal matrix mnt% value 1 on its
m h di agokgkvienm ande Gcotdtbrapimbel and jasiia edi agenalign2b wactdéxr with
value 0 on its nth diagonal termand 1 otherwise. In [1], the
pre-t r ansFEFRFFEbAR D P EHE OEl dHemadan) d M r aPBFDIRATAAHTL dheon
ot her Sta@%@&@e%é?”&éﬁgfg'cﬁg%nel with the ith smallest amplitude.

In the filtering step, the cross interference of the data

is removed by a linear filter denoted by G. In the

10 detection step, a tentative (hard or soft) decision
(denoted by dec(.)) is made to generate the symbol detected

in the ith iteration, Z;.

The algorithm is initialized with rg = r, X = Grg and

15 25 = decEp).

The ith iteration is given by:

£i = Grj
20 ) ;s = deC(ii)

where 0Oy is defined as a diagonal matrix with wvalue 1 on
its mth diagonal term and 0 otherwise, and 1l as a diagonal

25 matrix with value 0 on its mth diagonal term and 1

otherwise.

In {1], the pre—-transform is based on the Walsh-Hadamard
transform (WHT} or on other standard transforms.
30



3 An object of the invention is to increase the perfornmance of
existing transmtting nmethods. The object is achieved by the nethod
for transmtting a 5 digital signal, the nethod for receiving a
digital signal, the transmtter and the receiver with the features
according to the independent cl ains. §hnnary of the Invention 10 A
method for transmtting a signal conprising a plurality of signa
val ues i s prQyi , i I u i t one
signal va gegﬁ#%gg %%gﬁgfﬁggghtﬁgéigﬁa SVS%%% %%%gﬁﬁiéﬁﬁﬁ%%ggggg by a
pre-transboér emi s oing o gpricchicg aelhodk. of nodul ati on synbols. The
pre- transformation conprises a phase rotation of the signal block
val ues, which corresponds to the nmultiplication of the signal val ue
bl ock withha ph#ser rof atdrorevaat Liyx thAt met RSt FONeL Cafdriart isiggaal i s
nndula$ed based_on, t he 20 nodul ati on synbols and the npdul ated
carriet sPyHaFa}sst . YR CRéNoda TREL RBESHBENY et 1M g la SSi9gRAr i s
provi ded pwBerehfshi dul aledreantic-elvekopatni snd eeaiMadand the 25
nodul ated carrier signal is denodul ated to produce a block of
nmodul at i oACS9RBONSG . tTH D ligelerendepdurati®a- synmbols is processed by
an inverse pre-transformation, wherein the inverse
pre-transformati on conprises a phase rotation of

Summary of the Invention

10
A method for transmitting a signal comprising a plurality
of signal values is provided, the signal values being
grouped to at least one signal value block wherein each
signal value block is processed by a pre-transformation to

15 produce a block of modulation symbols. The pre-
transformation comprises a phase rotation of the signal
block values, which corresponds to the multiplication of
the signal wvalue block with a phase rotation matrix. At
least one carrier signal is modulated based on the

20 modulation symbols and the modulated carrier signal is

sent.

Further, a methed for receiving a signal is provided
wherein a modulated carrier signal is received and the

25 modulated carrier signal is demodulated to produce a block
of modulation symbols. The block of modulation symbols is
processed by an inverse pre-transformation, wherein the
inverse pre-transformation comprises z phase rotation of
the modulation symbols, which corresponds to the

30 multiplication of the block of modulation symbols with a

phase rotation matrix.



t he nodul ati on synbols, which corresponds to the 30 nultiplication of
t he bl ock of nodul ation synbols with a phase rotation matrix. 4
Further, a transmtter according to the nethod for transmtting a
digital signal described above and a receiver according to the

met hod for receiving a digital signaV‘described above are provided.
5 Short Description of the Figures Figure 1 shows a

transmtt iver 0 r.diLng, .t odi t of the
invention?ﬁggﬁﬁfbdgét%%i o&g%% F§%§?92b8258 Q%%Q%%ﬁ%ﬁpégﬁgn

enbodi nentrefismi hieingvention.alFisgune 13dshonsbad rerdieneard det ecti on

it di t 15 di t t.he | tion. Detail.ed
Doscr i pti BRCTTTRLTSRTVary % BT, TPARGHof A | SoUSE0 Tha Toiprises a
20 phase EofAakl odesByiddie PA%E afret pi-bonde@lrors are evenly spread

and erpor propagation is reduced. Especially when the transform size
is smatl, i.e. when the dinmension of the signal value block is small

and si gnakpbPe NOLSE {Aih iy g gReREOr mance in terms of BER (bit
error ratET_T3_25_TW6?%VEH_VTTTTTESFECT_tO transm tting nethods
according to prior art.

Figure 1 shows a transmitter/receiver system 100 according

to an embodiment of the invention.

10
Figure 2 shows a receiver 200 according to an embodiment of
the invention.
Figure 3 shows a nonlinear detection unit according to an
15 embodiment of the inventicn.

Detailed Description

Illustratively, a pre-transform is used that comprises a

20 phase rotation. By the phase rotation, errors are evenly
spread and error propagation is reduced. Especially when
the transform size is small, i.e. when the dimension of the
signal walue block is small and signal-to-nolise ratio is
high, performance in terms of BER (bit error rate) is

25 improved with respect to transmitting methods according to

prior art.

Embodiments of the inventions arise from the dependent
claims. Embodiments of the invention which are described in

30 the context of the method for transmitting a digital signal
are also valid for the method for receiving a digital

signal the transmitter and the receiver.



Enbodi nents of the inventions arise fromthe dependent cl ai ns.
Enbodi ments of the invention which are described in 30 the context
of the method for transmtting a digital signal are also valid for
the nethod for receiving a digital signal the transmtter and the
receiver. 5 The pre-transformation c further conprise a domain
transformation of the signal value block. In this case, the
pre-transformati on can correspond to a nmultiplication of 5 the signal
val ue block with a product of a phase rotation matrix and a donain
t ransf or nBheopraatrixs féonatekanplee durEREr( faspr Foura efortaiansf or m

matri x. | | MEen t.he domai.n_transformtion .i.s perfor 10
after t hegﬁﬁgggggg%gjf%n& 'Ijhhee dsolr%}iar% tvra%hlgf %?ﬁ% io nc%hnl%ecaasedrg Fet e
sine trapstetmahsdormat thsafat ecragispentr anst onubt 1101 ©ft in difscrete

Fourier transformation, The pre-transformation can 15 al so conprise a
WAl sh- PadiHEr GLERahsTORHRLT HIF VR, 3| REBRECENBOM RdSe LR Ftiede

rotation petatesSaad 4 edshadne r0fsfihaat9BRONENESx Of rdhe &ingnal aval ue
bl ock by an angle that is not zero. In another enbodinent, the phase

rotation Z6Tr 6fatesFalrior Wanfprrgn@asfrizhe conponents of the
signal value block by an angle that is not zero. In one enbodinent,
t he absol ute val ues of the conponents of the signal value block are
not changéd byet debphisentottdtd oivnaddstThesphasetion ats grenfEtmmiad i s

for exanple.a, diagonal IBILIX ;o

The domain transformation can be a discrete sine
transformation, a discrete cosine transformation or a
discrete Fourier transformation. The pre-transformation can

15 also comprise a Walsh-Hadamard-transformation (WHT).

In cne embodiment, the phase rotation rotates at least one
of the components of the signal value block by an angle
that is not zero. In another embodiment, the phase rotation
20 rotates all or all but one of the components of the signal.
value block by an angle that is not zero. In one
embodiment, the absolute values of the components of the

signal value block are not changed by the phase rotation.

<25 The phase rotation matrix is for example a diagonal matrix.
In one embodiment, the absoclute value ¢f all components on

the diagonal. of the phase rectation matrix is 1.

In one embodiment, the phase rotation matrix has the form

M-1

30 diag{l, o, -, ) where a = exp(—jn/{2M)) and M is the

dimension of the signal value block. Other values can be



I n one enbodi nent, the absolute value of all conmponents on the

di agonal . of the phase rotation matrix is 1. In one enbodi nent, ‘the
phase rotation matrix has the form 30 diag(1l, a, , aM1l) where a=
exp(-jTc / (2M ) and Mis the dinension of the signal val ue bl ock.
Ot her val ues can be 6 used for a or flor the di agonal el enents of the
phase rotation matrix such that other phase rotations are realized.

5 The inv ki O a r e, be d_i ni.caiio stens
2ccor di ng T o VAN T1 &2 AN T1a  Gipar SGomHMPEREAN S ST v

(Wor | dw dectat esropertabid istyhf ahaM otbaavigha fecess)ticHd Ehe net hods
according_to . the. invention can be carried out by a conputer which is
suppl i ed Wth¥#& corresponding instructions. Fig.1l shows a
transmitter/receiver system 100 according to 15 an enbodi mnent of the
inventjon. The transmitter/receiver_system 100 is fornmed according to
a PT- OFDM tor B0 8 Hn<¥oGRNOfORo §SARP L £ BYUePRY I ViIem 1 RGEEPpl exi ng)
SyStenl.FQ&s@éﬁE”dé&&ﬁﬁidditbswﬁﬁﬁuﬂﬁg,tﬁﬁANzﬂwﬁt%ﬁmé%-%G,NE%%EREEQ
that Minformation synbol's xm nmel, 2, ..., are'transmtted at the
same tinme2idnd diifAst Olrelomdie dyptbobpeFoplilitinsimn Mimgovhese
infornat%ggcgygpols, the vector of information synbols, x=[xl, x2,
..., xmT, Tnthe following also called the original signal vector
is fed to

10 The methods according to the invention can be carried out
by a computer which is supplied with the corresponding

instructions.

Fig.l shows a transmitter/receiver system 100 according to

15 an embodiment of the invention.

The transmitter/receiver system 100 is formed according to
a PT-OFDM (Pre-Transform Orthogonal Frequency Division

Multiplexing) system. For simplicity, it is assumed that
20 M=2K, e.g. M=32, and that M information symbols xp, m=1, 2,

..+ M are fransmitted at the same time in form of one OFDM

symbol. For transmitting these information symbels, the
vector of information symbols, x=[x1, X, .., xm]T, in the

following also called the original signal vector, is fed to
25 a pre-transform unit 101. The superscript T denotes the

transpose operator.

The pre-transform unit 101 calculates a vector of
modulation symbols s=[sq, sp, .., syl! for the original

30  signal vector according to



25 a pre-transformunit 101. The superscript T denotes the transpose
operator. The pre-transformunit 101 cal cul ates a vector of

nodul ation synbols s=[sl, s2, SMT for the original 30 signal vector
accordingto 7 s =W X Wrepresents a PT (pre-transforn) matrix of
size Mx M There is no loss of code fate in terns of nunber of 5
information synbols transmtted per channel use. In the case of an
OFDM system the matrix Wwould sinply be an identity matrix. The
vector (or bl ock) of nodul ati on synbofs ¥ generated by 10 the
pre-transformunit 101 is then passed to an IFFT (inverse fast
Fourier transform unit 102 which carries out an inverse fast

Fouri er tHanspoesenis ttheé'bl (Gale-¢irangbduhnat hohr 5y bl stze181 Fhi -i nver se

fast . Fou.r 'Iﬁér%rf@sl;é)rlrgs!ss olfs%%d,ien r%nteiesine@%gé gﬁtn ea]‘:n.oei\ff ficient
realization of an inverse Fourier transform er domain
t ransfdr mahEonsachom beymisdd trasteddtell phe chaveisk fast Trouhieer

transform_ for exam an inver di screte sine transformor an
verso aPetPers SD0 L Ms Tanchor BRLTRE UCHTOH Gerbrat & B7 1 he

| FFT unit 1484t i6y tihenr-impped fromparallel to serial, i.e. to a
sequence of signal values, by a P/S (parallel to serial) unit 103. A
cyclic

The vector {(or block) of modulation symbols s generated by

10 the pre-transform unit 101 is then passed to an IFFT
(inverse fast Fouriler transform) unit 102 which carries out
an lnverse fast Fourier transform on the block of

modulation symbols.

15 The inverse fast Fourier transform is used in this
embodiment as an efficient realization of an inverse
Fourier transform. Other domain transformations can be used
instead of the inverse fast Fourier transform, for example
an inverse discrete sine transform or an inverse discrete

20 cosine transform.

The wvector generated by the IFFT unit 102 is then mapped
from parallel to serial, i.e. to a sequence of signal
values, by a P/S (parallel to serial) unit 103. A cyclic

25 prefix unit 104 inserts a cyclic prefix into the sequence
of signal values to form a PT-OFDM symbol which is

transmitted via & channel 105.

The cyclic prefix that is inserted has a duration no
30 shorter than the maximum channel delay spread. The channel

105 is assumed to be a quasi/static frequency selective



25 prefix unit 104 inserts a cyclic prefix into the sequence of
signal values to forma PT-OFDM synbol which is transmtted via a
channel 105. The cyclic prefix that is inserted has a duration no 30
shorter than the maxi num channel del ay spread. The channel 105 is
assuned to be a quasi/static frequencﬁ selective 8 Rayleigh fading
channel corrupted by additive white Gaussian noise (AWGN). The

pre-transgormy 'ttfo%ﬁéi% the R HBE%%Q@%%QP%W i Prefix

i
unit 104 are pa ransmtter s;ﬁ%b IS
recei ved Byuasiateiwviere 1@WGNA.cyclic prefix renoval unit 108 renopves
the cyclic prefix fromthe PT-OFDM synbol. The resulting sequence of
signal values is 10 mapped fromparallel to serial by a S/P unit 109
‘and is donai préfansfofdmd wdeondiingthe B/§ astitfowd emd rarstoemiby
an FFT_(fast _Fouriger transform unit 110. Analogously to the IFFT
unit 102, PFRETERT Hni 104 B ec B4 1itn ©6t ReFr2R#Bbd Sent®8 -al so be adapt ed
to performa discrete sine 15 transformor a discrete cosine
transform or another domain transformation. The output vector of the
FFT unit The FPE-QleMbteaasy is=freceized byrajmeemivasan M Wr icvcéacas

ZQ r=r réf{&:iéﬁ?FQN dﬁitn1W%6Egmgv§sd£ﬁg(£ycf%%'preéyy #r3m@ the
di agonal trix wt
PT-0OFDM symbol. The resulting segquence of signal wvalues is
10 mapped from parallel to serial by a S$/P unit 109 and is
domain transformed according to a fast Fourier transform by
an FFT (fast Fourier transform) unit 110. Analcgously to
the IFEFT unit 102, the FFT unit 110 can in other
embodiments alsc be adapted to perform a discrete sine

15 Ctransform or a discrete cosine transform or another domain

transformation.

The output vector of the FFT unit 110 is denoted by
£=[r1,r2,m,rm]T and can be written as

20

where I' = diag(hi, hp,...,hy) is a diagonal matrix with
diagonal elements hiq,..., hy which are the frequency domain
25 channel coefficients and n is the AWGN vector of dimension
M x 1. The frequency domain chénnel coefficients are given
by hy = 2;1En exp{—j2rn{m - 1) /M ,m = 1,2, ...,M, assuming a
sampled spaced Lth order FIR (finite input response)

L

channel model {En}nzo.

30



di agonal elenents hl,...., hMwhich are the frequency domain 25
channel coefficients and n is the AWGN vector of dinmension Mk 1. The
frequency domai n channel coefficients are given by hm=1In hn exp
(-j2nn(m- 1) / M , m=1,2, ... , M assumng a sanpled spaced Lth
order FIR (finite input response) ché&nel nmodel {h }L n n=0. 30 9
The out put vector r of the FFT unit 110 is fed to a detection unit

20 gor i hrt AT URF a1 Cods PESHORATRG “Eit ant ] (44 ditrbrcl fdex 1) of

the iteratévectpdeatdion 13 1al gonet AaLeOtiesSPERTS 110 tdyreRralagas, a
reconstruction  step, a linear fllterlng step and a decision step. In
the ith reEBRREHRIIGEEHSE alogrifhme h ré’%%?%?#%tﬁ%re§ﬁ3@5déﬁgt he

i terationggogs esponding tigdde it %rfaEhQnlt@g%lvé]-Qiétec;th_%nm th
conmponent of the vector r is estlnate This 1s done by using the

previ ous| §ldet eiehred wyrasaongis_[Eo( ithéeeth‘eag%mrmlramsdrru@étl@m ed in

t he preV|Q?%p|t§r ¢§gp flgterggrrgﬁgﬁ %ﬁdt$ é%ﬁ ‘%%ﬁ domai n

channel the 1 est terlng step, the
cross 15 interference of the data is renoved by a linear filter

denoted b | n, the det t t ent at har d
doci st on FAGHSt ot by R 4 Shagbobo fener i & e = bar ebet od

in the ithtédesatitan,ivdrat\Woen cbReebpshding to the iteration index

10 i, the mjth component of the vector r is estimated. This is
done by using the previously detected symbol ;1 (i.e. the
signal vector detected in the previous iteration). mj

corresponds to the frequency domain channel with the ith
smallest amplitude. In the filtering step, the cross

15 interference of the data is removed by a linear filter
denoted by G. In the detection step, a tentative (hard or
soft) decision (denoted by dec(.)) is made to generate the

symbol detected in the ith iteration, X;. When the last

i-
iteration has been performed (e.g. after a given number of
20 iterations, e.g. 4, has been performed} the detected

symbols X; are output by decision units 112.

The algorithm is initialized with rg=r, X = Grg and

~

Xqg = dec(Xp) .
25
The ith iteration is given by:

bl =1 rs —1 + 0_

=1 =1 § m i-1
x4 = QE:L
X: = dec(xi)

30



iteration has been perforned (e.g. after a given nunber of 20
iterations, e.g. 4, has been perfornmed) the detected synbols xi are
out put by decision units 112. The algorithmis initialized with r0=r,
Xx = G0 and x0 = dec(x0). 25 The ith iteration is given by: Li Im
Li 1+ Om rWi xi _ Gi xi = dec(xi)’ 30 10 where On is defined
as a diagonal matrix with value 1 on its nth diagonal termand O

ot herwi Se'wh%@g 'Om as %eﬁiﬁa&?r@é as%yo)ﬁavl\’i ﬁgtﬁkmfﬁaﬂa&%é lmo[ﬁhe

di agonal tern1an8 1 therw se. mat ri x efines
pre-transfiesmathoni 6§6hd edre@utarly o RRNREGIEEANSHAT ) UDd ta IBhdchal
chosen according to the following criteria Wshould be unitary and
10 W shoulmédthraxewétbmealse whiah idrse nah cloagbanl aephidudtlel The first
requirenen% serves to preserve the capacity of the system while the
second re§UFENERT maxi mi zes the worse post-filtered SNR
(signab-to-noise ratio) at every 15 detection step when there is no
error pro%agationn , , . _
he matrix W, which defines the pre-transformation carried
out by the pre-transform unit 101l 1s chosen according to
the feollowing criteria
W should be unitary and
10 W should have elements which are of constant amplitude
The first requirement serves to preserve the capacity of
the system, while the second requirement maximizes the
worse post-filtered SNR {signal-to-noise ratio) at every

15 detection step when there is no error propagation.

Given that the matrix satisfies the criteria mentioned,

there exist certain transforms that lead to better

performance than others when error propagation occurs. The
20 effect is most striking when a ZF filter is used for the

filtering step and when the transform size is small.

Using the Walsh Hadamard transform performs worse at high
SNR condition when QPSK (quadrature phase shift keying)

25 signal constellation is used. This is because the error
propagation leads to an “error constellation” which
increases the bit error performance as compared to the case

when other well designed transforms are used instead.

30 In this embodiment, a transform is used according to a

design which gives a more random-like “error constellation”



Gven that the matrix satisfies the criteria nmentioned, there exist
certain transforns that lead to better performance than others when
error propagation occurs. The 20 effect is nobst striking when a ZF
filter is used for the filtering steE and when the transformsize is
small. Using the Wal sh Hadamard tran ?ornlperforns wor se at high
SNR condi ti on when QPSK (quadrature phase shift keying) 25 signal

constel | aljon. is yse -rogéﬁi ﬁté\%nbﬁgaﬂéﬁné he, ec{c{ Ol . RhqRagat Lon; L eads
to an "error constel lFat oﬁ Ic I NCreases (%e bit "error
per f or mange &sirgprpared trantfiernaston Wherootiey tweltdhedesitghedig

transforns are used instead. 30 In this enbodinent, a transformis
used accoi®lf Hitpd 6-ra thgeiodAovhnehfgrveka a Wi imandemtraRe LOBRT or

constel oy 1hs YlGReLEGL-Pr PRAGALLAL, | BN 0AC6HT 5. TS 1S
achi eved y using a pre-trans?ornatlon accordi ng t6 The Matrix WO
defineéd in the following fornula, wherein the transform size M as
stated above, is assuned to beai%p wer of 2. 5 WO =F x diag(1l, a, ,
aM 1) whelg & £ expfapgt(t/¢2M ) cand F is the FFT natrix of size M 10
It can be easily verified that WD is unitary and has elenents with
constant anplitude. Coincidentally, this transformis proposed for

oM KL 3099, L8t o0 (100 A 0.00der sk GRpLe Lo 0, 3

channel diversi thé "approac

10 It can be easily verified that Wg is unitary and has

elements with constant amplitude.

Coincidentally, this transform is proposed for maximum
likelihood detection {(MLD) in order to exploit maximum
15 channel diversity in [3]. However, the approach that is

adopted here is different since Wp is used to minimize the
error propagation caused by the transform and Wp is not

used for MLD which is very complex in implementation, in
the order of 4M for QPSK constellation. Note also that when

20 Wg is used for the transform, the PT-OFDM system shown in

fig.l becomes a single carrier frequency domain
equalization (SC-FDE) system whereby the symbols are pre-
rotated according to the phase rotation diagonal matrix

defined in the formula for Wp.

25.
Advantageously, this means that the peak-to-average-power
ratio is reduced to the smallest possible when the signal

constellation used has constant amplitude.



adopted here is different since WO is used to minimze the error
propagation caused by the transformand WO is not wused for M.D which
is very conplex in inplenentation, in the order of 4Mfor QPSK
constellation. Note al so that when 20 g\Ois used for the transform

t he PT- OFDM system shown in fig.| bedénes a si ngl e carrier frequency
dormain equalization (SC- FDE) system whereby the synbols are pre-

rotated ae¢pndhpgoh® ifie, Phase Hyo%tihﬁnédbﬁgoﬁﬁéné@tﬁ]fﬂ X . dafdingd tbn
the formula for WO, 25 Advantageously, this neans that tche

peak-t o- ateragetpovelo . ratdhel parddusedceocthebs nadhhiestedagsitigiraswhen
the signal _constellation used has constant anplitude. 12

Si mul ati oRE SABRFtREF B USTHPTa 556 v r SABEGIft B% CORYT g S SN Aé

matrix \WpiBhgheheperd s MNCa HAM N8 AGRIeYRL | s t @5 B n Rfn l@WeheBER
(bit error rate), especially when the SNRis high. Therefore, if the

noi se ¥Yar iraRE&VEE, nblte kirwrurad tthens fosmeipdépws t brr Heshapmed o ®8sf or m
al | ows peri;n?qﬁ,ggggesi(gnp@icaimr ved significantly. Under the

assunption at the variance of the noise corrupting the channel 105
is known, the MMSE (m ni mum nean 10 square error) filter described

in the follqu be used hy the. detecti it 11l to | th
perf o manC88F PHE. T T AT GO RBrYar g eI 106" PRIy | no

account therMybEisgities i ehandk1aIDBMiRg khbah, the MMSE (minimum mean
10 square error) filter described in the following can be used
by the detection unit 111 to improve the performance of the

transmitter/receiver system 100.

Taking into account the MMSE criteria and assuming that
15 previous detected symbols are correct for each
reconstruction, the linear filter for the ith (i=1, 2, ..,

M} iteration can be derived:

G =wl-B=u"t. diag(PyBy, -, Bm)
20

where

B = { hﬁ;, where m = {mp,n = 1, -, i}
o =

h;/¢hnﬁ +»02), otherwise

25 and o2 is the noise variance. This G is used in the
filtering step of the reconstruction algorithm'carried out

by the detection unit 111 as described above.



15 previous detected synbols are correct for each reconstruction,

the linear filter for the ith (i=1, 2, ..., M iteration can be
derived: G=W1 . B=W1 diag((31,R2, ..., PM 20 where hm1,
where m={m, n =1, , i} Pmhnm(lhgl2 + 02) , otherwi se 25 and 62

is the noise variance. This Gis usedl'n the filtering step of the
reconstruction algorithmcarried out by the detection unit 111 as

descri bedrabovige A3itiROr itheachichi 8k ther abéonsofuddied eagRstikHal i on
algorithm the MVBE filter with Pm= hm(hm2 + (72) , m=1, ... ,
M 5 is GBedM¥fhehiktRr i x Wis chosen as unitary and has
constant anplitude el enents, even when the MVSE filter is used, the
10 choice of m is unchanged (corresponding to the frequency donain
channel wit h _the [t h snmal|2est anmplitugde). That is, this choice stil
mexi m zes F%é'mﬂvg% oé?fisrkéfgg’éNRgét every detection step under
the assunption that the previous detection is correct. 15

Si mul ations -show that using this filter, the error floor
is used.

When the matrix W is chosen as unitary and has constant
amplitude elements, even when the MMSE filter is used, the

10 choice of mj is unchanged (corresponding to the freguency

domain channel with the ith smallest amplitude). That is,
this choice still maximizes the worse pest-filtered SNR at
every detection step under the assumption that the previous
detection is correct.
15
Simulations show that using this filter, the error floor
can be reduced and superior performance can be achieved for
high SNR. Note that this MMSE filter requires the knowledge
that the noise wvariance is known at the receiver. However,
20 simulations show that it is robust to noise variance

errors.

In one embodiment, the reconstruction is extended as will
be described with reference to fig.2 and fig.3.

25
Fig.2 shows a receiver 200 according to an embodiment of

the invention.

The receiver 200 may be used instead of the receiver 107
30 shown in fig.l in the transmitter/receiver system 100. The

receiver 200 comprises a detection unit 201 and,



can be reduced and superior perfornmance can be achieved for high
SNR. Note that this MVBE filter requires the know edge that the
noi se variance is known at -the receiver. However, 20 sinmulatjons
show that it is robust to noise variance errors. |n one enbodi nent,
the reconstruction is extended as will be described with reference
to fig.2 and fig.3. 25 Fig.2 shows a receiver 200 according to an

enmbodi mentpfes 0;%&%1@/% [Relp® dQ&%sE%ﬁehM £ 200 may he usedinstegd of

the receiver shown in inthe transmtter/receiver
systen110@hOWhelnriggylmndaﬂmﬁLQQannses2a6de$mml¢qnuahy1ﬁ02®heand 14

correspondipng;to.t d '5| %eg@%&52§62F %ﬁse | ver, 107 . gggmn in

fig. 1, decrsron uni alogous recelver

recei ver 200tspnfeoit mmﬁhzeranf It uﬁmat whilch Sard arote)sdnpine ian FFT
unit, %h a%e not shown in 5 fig.2. Analogously to the detection
unit 111, "A9vector r, e.g. the output vector of an FFT unit
perfornlng an FFT, is fed to the detection unit 201. 10 Afiltering
unit 202 of the receiver 201 perfornms a filtering step of a

reconst r uBRREPIREHBY i Tl dgtechéon) Bnital 11i 12 ef¢HP B tZep cof -t KBe

reconStrUSﬁtﬁﬁtaééggdfrH? an FFT unit performing an FFT, is fed to
the detection unit 201.
10 _ ,
A filtering unit 202 of the receiver 201 performs a
filtering step of a reccnstruction algorithm, e.g. the
initial filtering step of the reconstruction algorithm
described above. The result of the filtering step, denoted

15 by 20 in accordance to the above description of the

reconstruction algorithm is supplied to a first nonlinear

detection unit 203.

The receiver further comprises a second nonlinear detection
20  algorithm unit 205. The structure of the first nonlinear
detection unit 203 and the second nonlinear detection unit

205 are described in the following with reference to fig.3.

Fig.3 shows a nonlinear detection unit 300 according to an

25 embodiment of the invention.

The nonlinear detection unit performs an ordered
interference cancellation algorithm as will be described in
the following.

30



descri bed above. The result of the filtering step, denoted 15 by xO0
in accordance to the above description of the reconstruction
algorithmis supplied to a first nonlinear detection unit 203. The
receiver further conprises a second ngglinear detection 20 algorithm
unit 205. The structure of the first nlinear detection unit 203
and the second nonlinear detection unit 205 are described in the

fol | ow ngTvkt bnkef efenes txr fin@. don- Ehﬁe§r5@@ﬂ\§ct§1&9ﬂ1dl&e%rood§%eﬁt' on
unit 300 according to an 25 enbodi ment of the invention.

nonI|nearsﬁéte%ﬁikmﬁiﬁuqfﬁbﬂﬂ@ﬁ@@léﬁedréégéﬂl lkﬁeﬁ&%ﬂéﬁbéhe first
cancel | atgn_al gorit eacs(:l\M L. ¢ dgﬁg Egdtﬁé‘ ‘.E %eggoitléov%n& 30 15

The input "vector o e non-1i near P on uni

estimte ef)gctiansmit ethosi 9%' Qhauﬁaégc%rt@@ did S&on—'lrl‘?x%al | near
detection unit, this is the output XO of the filtering unit 202).

The i nbut detecbiomfunie Ih-is fedr t& dat erdeomanitit3C®l.s fed to an
ordering unit 301. The ordering unit 301 perforns an ordering step
by obtaining the m nimum Eucl i dean di stance of the input to any
poi nt of The stdgralngansittel3joat pemfoThenant bedeoimpprerds K0 of t he

i nput vecto

are ordered fromlargest to snmll est g: nLnaé)
Eucl i dean® 8%%%%H3% T HEHE &883%98ﬁn dishanforie q%hJFW t to
conponent snpfpéhiet i sPUhe/eGl@k i1t @chetBIChtion. Then, the components
10  of the input wvector are ordered from largest to smallest
(minimal) Euclidean distance and a hard decision is

performed on the components of the input vector to form c¢q,

C2r v CM-

15 <¢9, c3, .., ¢y are fed to a cancellation unit 302 which

perfeorms the following algorithm:

For interference cancellation j=1, .., J,

(1) use {cklxx§ to cancel from reconstructed received signal
20 rj to obtain a soft estimate of cjy

(1i) perform hard decision on the soft estimate and update

the newly detected C

(iii)increment j and continue with (i)

25 J is the number of cancellation steps and is for example

chosen equal to M.

Illustratively, the interference cancellation algorithm
uses the “best” components of the estimate, in- the sense

30  that they have minimal Euclidean distance to the signal



c2, ..., cM 15 ¢cl, c2, ..., cMare fed to a cancellation unit 302
which perfornms the followng algorithm For interference
cancellation j=1, ..., J, (i) use {ck}k# to cancel from
reconstructed received signal 20 ri Eg obtain a soft estinmate of cj
(ii) performhard decision on the soft " estimate and update the newy
detected cj (iii)increnment j and continue with (i) 25 J is the nunber

of canceltgiiom SieRm aRd ikprbob €X8MPLEr s ONASGH LIRS, L ghVen have
Illustratively, the interference cancellation algorithm uses t%e

"best" coapolEms Bickigeassdiirheace| hot e surgw ] 3onshgtl leképnhave

m ni mal Eucl i dean di stance to the signal 16 constellation to inprove
the "worse" conponents, which have a higher Euclidean distance to

t he signalheonsteld atfi ahe fThetootpotl bitidre driirst30Rancelfledt contai t

302 is fed to the 5. i it 204. The trugti it
204 plor { BFHE T HE TSt Bict 08n LPBpt R 1 HETTITorTlg Chdp for - the

ith iterabéofofmherr® irebodstrubtB6805EkPGaid dHhe fineeensyr dekbofor
al gorithm descri bed above. 10 The result of each iteration perforned

by the rgeonsth udiSTeitioR t(wheaei §=tedl th 3L LHECEENGRE i near

deFECti0“;é6%ﬁsé¥¥%tiEBeaQ%bBEEthdéQ@rﬁ&&?QﬁxﬂRﬂ'|i”ear detection
unit 205 is fed back to the reconstruction unit

10 The result of each iteration performed by the
reconstruction unit 204 is fed to the second non-linear
detection unit 205. The output of the second non-linear
detection unit 205 is fed back tc the reconstruction unit
204 for the next iteration to be performed except for the

15 last iteration, when the output is supplied to the decision

units 206 which generate the output of the receiver 200.

The receiver 200 can also be used with a pre-transform
(according to a matrix W) according to prior art and with a

20 filter (according to a matrix G) according to prior art.
This means that the idea of ordering the signal values
according to a distance measure and using the signal values
which are best (in terms of smallest distance) to cancel
the interference from the other signal values is

25 independent from using a pre-transformation comprising a
phase rotation matrix and from using a filter which is
depéndent on the variance of the noise of the channel used

for data transmission.



204 for the next iteration to be performed except for the 15 | ast
iteration, when the output is supplied to the decision wunits 206

whi ch generate the output of the receiver 200. The receiver 200 can
al so be used with a pre-transform (aﬁsordlng to a matrix W
according to prior art and with a 20 filter (according to a matrix G
according to prior art. This neans that the idea of ordering the
signal valHesheagsevd] Nehd o 1dshaneeciBagdLeaa0d- usifg the signal
val ues which are best (in terns of smallest distance) to cancel the
interference fromthe other signal values is 25 independent from
using a preyt g g t tr and
fromusi ng b FTcor e BasondoneeshePRiet AT Rt O 5% Mot se
of the chinpmnet Rsddctiar, dhatsdr amsinMsshon. TH¥redh, the-cabotd,onklie

fol | owing unent s age cite r Having a Signa

Recons ru%gg %gc ion ber %gﬂ%§h£52§§h¥g System and Met hod
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plurality of signal values, the signal values being grouped 5 to at
| east one signal value bl ock wherein - each signal value block is
processed by a pre- transformation to produce a bl ock of nodul ation
synbols - the pre-transformation conprises a phase rotation of the

si gnal bl ock val ues, which correspond$8to the 10 nultiplication of
the signal value block with a phase rotation matrix - the
pre-transtosnméi on further conprises a domain transfornmation of the
signal value block - at |east one carrier signal is nodul ated based
on the 15 nodul ation synbols - the nodul ated carrier signal is sent.

2. 'VéthodlaCz@%@mgjtf%rclt@lams;lmt\e/@%eanswﬁaﬁo Jﬁlstl Rhgformation is
performed after the phase rotation. Met hod according to claim

1 or 2, vhbpedhitheodemingl Nﬁépgﬁorhhm@ngm@l avali ey éreg ngli peouped
transf§rn?5|Q@ 18 s (ﬁﬁ;gﬁ@n%gskgﬁﬁgrgpgéQrw éﬁgqlor a discrete

Fouri er F ansfornation od accor 0 any one of the
clainms 1 +o0ed8¢h sherei valhe phase ﬁstlato@@s$@:l a:ﬁ;,e& aird-east one of

the components of, ts, Yonabaalus BLOSK O 2, ang et WAk, not
- the pre-transformation comprises a phase rotation of the
signal block values, which corresponds to the

10 multiplication of the signal wvalue block with a phase

rotation matrix
— the pre-transformation further comprises a domain
transformation of the signal value block
- at least one carrier signal is modulated based on the

15 modulaticn symbols

- the modulated carrier signal is sent.

2. Method according to claim 1, wherein the domain
transformation is performed after the phase rotation.
20
3. Method according to claim 1 or 2, wherein the domain
Ttransformation is a discrete sine transformation, a
discrete cosine transformation or a discrete Fourier
transformation.
25
4. Method according to any one of the claims 1 to 3,
wherein the phase rotation rotates at least one of the
components of the signal value block by an angle that is
not zero.
30 _
5. Method according to any one of the claims 1 to 4,

wherein the phase rotation matrix is a diagonal matrix.



5. Method according to any one of the clains 1 to 4, wherein the
phase rotation matrix is a diagonal matrix. 19 6. Method according
to claim5, wherein the phase rotation matrix has the formdiag(l,
(x, , am1l) where a = exp (-j7c / (2M ) and Mis the dinension of
the signal value 5 block. 7. Method flgr receiving a signal wherein

- a nodul ated carrier signal is received - the nodul ated carrier
signal is denodulated to produce a 10 bl ock of nodul ati on synbols -
t he bl ock of nodul ation synbols is processed by an inverse
pre-transferfathen aceaddinwdroselpia- by ansebehmt floh Wedy iroggtaophase

rotation of the nodul ation synbols, mhichMQ_rresponds to the 15

mul tiplicagtbhxofas il fooin ofiamidulati-ontsynbolwhasiee h a phase
rotation matrix - the inverse pre-transfornmation further conprises a
donmi n t PafsPEPELT 0F 8 £RE B bEktit qﬁﬂﬁﬂ%ﬁﬂnoﬁfs§ﬁﬁoﬁégngg glue
Transmittgi fpr transmtting a signal, the signal conprising a
plurality o? signal values, the signal values being grouped to at

| east one signal value block, the transmtter conprising - a

pre-transgorﬂg%égg Pnit adapt.ed toﬁgrocgsgheach signal 25 val ue

bl ock by a'pre-irans %wﬁﬁa%ﬁﬁ%nﬁoap dué Btock of nodul ation

synbol s, whermebdduldteedrardrriansagmali 08 received

- the modulated carrier signal is demodulated to produce a

10 Dblock of modulation symbols
- the block of modulation Symbols is processed by an
inverse pre-transformation
- the inverse pre-transformation comprises a phase rotation
of the modulation symbols, which corresponds to the

15 multiplication of the block of modulation symbols with a
phase rotation matrix
- the inverse pre-transformation further comprises a domain

transformation of the block of modulation symbols.

20 8. Transmitter for transmitting a signal, the signal
comprising a plurality of signal values, the signal wvalues
being grouped to at least cne signal value block, the
transmitter comprising
- a pre-transformation unit adapted to process each signal

25 wvalue block by a pre-transformation to produce a block of
modulation symbols, wherein the pre-transformation
comprises a phase rotation of the signal biock wvalues,
which corresponds to the multiplication of the signal value
block with a phase rotation matrix, and wherein the pre-

30 transformation further comprises a domain transformation of

the signal wvalue block



conprises a phase rotation of the signal block values, which
corresponds to the multiplication of the signal value block with a
phase rotation matrix, and wherein the pre 30 transformation further
conprises a donmain transformation of the signal value block 20 - a
nodul ation unit adapted to nodul ate atgl east one carrier signal
based on the nodul ation synmbols - a sending unit adapted to send the

modul at ed _car pb8hi1a 81NN © HadtePitehokifl af 8CL VI Hgs@ sHanal

conprising - a receiving unit, adapted to receive a nodulated carrier
signal - gaderpdubagioh kardad adap:tf@dmtodudehmdul avebehe nodul ated 10

carrier sianalota;prodice 2 LOSK f IDULALT ARGYIDOL oo A oo

processing unit a ocess the 1'on synbol s
by an i nvedigeapre- transfornatlon, wherein the inverse
pre-trgnsfornation conprises a phase rotation of the nodul ation
synbol whi ch corresponds to 15 the nmultiplication of the block of

nodul ati o syabel sew tér Pdiase d @t atigaR1MBbhbXisang Wherein the
inverse pre- transformation further conprises a domain transformation

of the broékraﬁehﬁﬂ%gaHQ¥ﬁ7 §yﬁ*&ﬂq§ tgppgreceive a modulated carrier

signal
- a demodulation unit adapted to demodulate the modulated
10 carrier signal to produce a block of modulation symbols
- a processing unit adapted to process the block of
modulation symbols by an inverse pre-transformation,
wherein the inverse pre-transformation comprises a phase
rotation of the modulation symbols, which corresponds to
15 the multiplication of the block of modulation symbols with
a phase rotation matrix, and wherein the inverse pre-—
transformation further comprises a domain transformation of

the block of modulation symbols.

20



