10

15

20

Zer o- Forcing M MO OFDM Det ecti on and Detectors
Field of the Invention The present invention rel ates

to techniques useful in Miltiple Input I\/U! t ijgl%—edt—put—/

5 Orthogonal Frequency Division Miltiple

(Mo Gom receivers n partveular (o “aspects NN

signal detection and decodingifor use in M MO OF

receivers. Background of Invention M I\/D O:DM qvqt © TR 159159*

Yeboto din S VRO Opl e it SR Gt
i gh-Speed wi rel ess  communi cat | ons bl ol oyt i

conmbi nati on takes advantage of mnultipath propagati 0RGoooo2*
to increase throughput, range/coverage and

Fedld abthe Inyentiomd provi des rel atively | ow cost

i npl ementation particularly for high data rate

TeePEEREt A veRliSn relitefiodbEhiguek Ssefulsia Mﬁlﬁbleqnp@amltfplee@htput -
of a M MO OFDM system as al ready known. On

Ur%[éé'ﬁaﬁ Fféﬂlrg 3/19 v1suorfj‘l\/l‘{!lﬁhﬁe)§h%p§h\/[bsoPDM)%ée‘?QerpXn Particular to

tter Sep te portions o
I d
SRR oL sl ROR AT BB Rﬁ’)‘se IBM@{@%{OW%
transmtting antennas(l 2, ..., NT-1, at

the sanme carrier frequency. 01 the recei ving si de R,

the signals fromthe transmtting 20 antennas are
Baekground jof Imventiopl e (NR) spati al | y- separ at ed

recei ving antennas (1, 2, Ne,..., NR1, NR). .
MIMO-€dPMesystsing laed Welih-kﬂown ﬁqueﬁdmlg)Spa?ceMlmoﬁﬁﬁ)l\l’hplex
receiver 20, ideally outputting the sanme signal as
¥@EmuniRbior. OTHdyaré &:aB8iVely eipited & high-speed wireless
communications because the combination takes advantage of multipath propagation to

increase throughput, range/coverage and reliability, and provides relatively low-cost

implementation particularly for high data rate communications.

Figure 1 is a schematic basic view of a MIMO-OFDM system, as already known. On
the transmitting side T, a data signal is processed by a MIMO-OFDM transmitter 10.
Separate portions or symbols of the processed signal are transmitted in parallel through
multiple (Nt) spatially-separated transmitting antennas (1, 2,..., N,..., N1.1, N7), at the
same carrier frequency. On the receiving side R, the signals from the transmitting
antennas are received by multiple (NR) spatially-separated receiving antennas (1, 2,...,
Nr,..., Nr.1, Nr). . The received signals are processed by a MIMO-OFDM receiver 20,

ideally outputting the same signal as was input to the transmitter 10.
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Typi cal processing on the transm ssion side T includes
encodi ng, interleaving, mapping, nodulating the
signal by inverse FFT and the addition of a cyclic
prefix onto each synbol prior to processing. The
cyclic prefix acts as a guard space between
consecutive synbols transmtted over the sane
transmitting antenna, to mitigate for the effects of 5

el ays in transm ssions over the various channels.

p/P'&ﬁﬂ REOFRSSING Opralle transanission sidg T dppliedes encpding, interleaving, mapping,
channel estimation at the receiver side R The signa
meslelajiag thet signad hy insceseiipandrthe additiorsofza eyshib ipreditx oo edch
all the transmtted signals, with each transmtted
symgbell price ceproeeksigy dhalcyéliomsfiouas ava ghard 3padengtviehayisecutive
10 due to reflections. Sonetines the signals add up,

@yrhscsls bhaABSittbd 8Yerah® st rfsniiiag Qnten £ 4S G A fbr Ak efferets of

M MO OFDM based systen1 t he S|gnals can be expressed

Haagﬁﬁ SRRSTY éll 09%}“ 3 &fﬁ cﬂzgme qilloY%erbols mamLsRlﬁe

o war gebra. nS| d

. here NT .and NR at he nunbers of
fr}tg’%%mdﬁ%gmr%ew%ﬂﬂa?ﬂ%gge ReREp e ety the NN
recei ved signal vector on the k-th subcarrier can be
witten as y(k) = H(k)x(k)+n(k) (1) Here y(k) _ (v,

(k), yz (k),..., YN(K))T[()T indicating a transposed
e signalaecareddr it xadsreceipingaptenad is)a conthindtionsf aH ¢heveartsoritted
of received signals and x(k) is the NN signal vector
2i@nils amisinedchachnbmatedtshmaNEctéivedsoveal dilee Bva@Svitvdrii@g delays
k-th subcarrier, which is witten as x(k) =

Gdfe foebrXA dad. Somet’ﬁlﬂe& #hk kibndRQdE h? NAtRer tfrﬁ&QH@}n&:rX out o rRhase

response of the k-th subcarrier Tromthe t-t'h trans
ﬁ%})ﬁdﬁmg the r-th receiver antenna is denoted by
nd 3 _

In a MIMO-OFDM based system, the signals can be expressed in the frequency domain
using relatively straightforward matrix algebra. Considering a Ny* Ny MIMO-OFDM
system, here Ny and Ny are the numbers of transmit and receiver antennas, respectively,
the N, received signal vector on the k-th subcarrier can be written as

y(k) = H(k)x(k) +n(k) " (1)

Here y(k) = (y1 (k) ¥, (k)y.es Y (k))T 0" indicating a transposed vector or matrix as

appropriate], which is the vector of received signals and x(k) is the N, signal vector
transmitted from the Ny transmit antennas on the k-th subcarrier, which is written as
x(k) = (x,(k), %, (K),.... x, (O

The channel frequency response of the k-th subcarrier from the #-th transmit antenna to

the r-th receiver antenna is denoted by H;, (k), and
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H1,1 (k) H,2 (k) ... HO N (k) Hk) _ H2, 1 (k) H1 1
(k) ... H, N, (k) HNr,I (k) HN" I (k) ... HN N (k)
and n(k) _ (n, (k), n2 (k),..., nNT (k))T is a
spatially independent Gaussi an noi se vector for NR
receivers. 5 The channel frequency responses vary wth
the environnent between the trmansmtting and

recei vi ng ant ennas, V\,het her with changes due to noving

physical enfities, . doors, w ndows, people, cars,

etc. or evdnfdué) to%hﬂﬁges |rH|aA('kten'perature

pressure ngy p(lkm digt y(k)lo Fi gy e(kZ) is a schematic

vi ew di(k =tlypi’ cal receiver 20 i Tran M MO- OFDM syst em

The differlent channel's received at [fhe nultiple (NR)

spati al | y- seipgar )edHyeck) vi.ngHant, ¢bpjas (1, 2,

Nr ., NR 1, NR) are separately pré- processed before
|ng denodul ated. The pre-processor 22 converts from
%Iogue to digital, provides franme and synbol 15

synchroni zati on and renoves the cyclic prefix.

e el l(vh & ortk),s . pe r(ka)aned spatjxdllyd hédpyndemn Gaasshan il weetr for Ny

channel by FFT bl ocks 24. The frequency domain signals

‘f%% the FFT bl ocks 24 sub-carrier by sub-carrier.

Emodul ated channel signals are passed to a
correction and decoding block 30. A 20 M MO channel
estimator 32 uses the incomng signals to estimate the
functions or coefficients of the different channels,

Jée shansel Gequepey respepsanary wathohe envisynmest between the transmitting

and receiving antennas, whether with changes due to moving physical entities, e.g.
doors, windows, people, cars, etc. or even due to changes in air temperature, pressure

and humidity.

Figure 2 is a schematic view of a typical receiver 20 in an MIMO-OFDM system. The
different channels received at the multiple (Ng) spatially-separated receiving antennas
(1, 2,..., Np,..., Nr.j, NR) are separately pre-processed before being demodulated. The
pre-processor 22 converts from analogue to digital, provides frame and symbol
synchronization and removes the cyclic prefix. Demodulation is performed separately
on each received channel by FFT blocks 24. The frequency domain signals leave the

FFT blocks 24 sub-carrier by sub-carrier.

The demodulated channel signals are passed to a correction and decoding block 30. A
MIMO channel estimator 32 uses the incoming signals to estimate the functions or

coefficients of the different channels, using prior training and the pilot symbols
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4 continuously added to the transmtted signals.
Channel estimation outputs fromthe channel
estimation nodule 32 are utilized by a M MO detector
34 to separate out the different transmtted synbols.
5 A de-mapper 38 extracts the encoded data fromthe
carrier signals. A data de- imerleaver 40 recovers
the interl eaved encoded data. A decoder 42 decodes the

data, to tput the desired dat ideal |y the sane as
EhbTinoulyiaftitae Hr T RehSapale | Clenae HetatoRPRIBR from the
detection is applied in the M MO detector 34 to conbat
chagbestynasion seqdulee32 gre usilizeshhy alVHMQ detegiar 24 & sparate out the
recover multiple spatial streamdata. M MO detection
ulsffixbhtytranemotedagmbnls. of | i near detection, maxi nal

i kel i hood detection, and BLAST detection. Linear
detection is the sinplest spatial nultiplexing

recei ver process since it requires 15 only matrix

ﬁ:hé-hjght)&%@ e%l*a&tg thceeé?l%{)@édeda'iepﬁoﬁlttrl@@%ggrt Jé%%a'.lsc‘ A data de-

ere e of interest In practica

particularly those.wth a.lar unber .of tr mtte
REALSELRG eboel? Bt o s e AL A eogt Bhibierchg dae. o
i nclude zero-forgin ZF) linear detection and M ni nmal

PHLpYE %ﬁd’éﬁl@edﬁ%ﬂde@ samerps dhe date iput Eythe transmiftingesige T
recei ver works as follows. An NT*NR matri x equalizer G
(derived fromthe channel estimator 32) is applied to

a received frequency domain OFDM synbol to obtain an
&MIMOuieecodn ishappliedinahe MIMD deEMos $4rindombz Keqaency selective

A k)y(k) = Gk)H(k)x(k) + qk)n(k) (2) 1" |

fading, and to separate and recover multiple spatial stream data. MIMO detection

usually involves one of linear detection, maximal likelihood detection, and BLAST

detection.

Linear detection is the simplest spatial multiplexing receiver process since it requires
only matrix multiplication to separate the streams. It is therefore of interest in practical
systems, particularly those with a large number of transmitter and receiver antennas.
Known linear detection methods include zero-forcing (ZF) linear detection and Minimal

Mean Square Error (MMSE) linear detection.

A linear receiver works as follows. An Nr*Ng matrix equalizer G (derived from the
channel estimator 32) is applied to a received frequency domain OFDM symbol to
obtain an estimate of the transmitted OFDM symbol,

X(k) = G(k)y(k)

= G(K)H()x(k) + G(k)n(k) @)
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5 1In equation (2), z(k) denotes the estimate of the
transmtted synbol vector, originally derived from
training but then continuously updated, and the

detection matrix k) can be conputed according to a
zero-forcing (ZF) or m ninum nmean square error (MVSE)
criterion. 5 The detection is gperfornmed assum ng t hat

G k)H(k) = 1, where | is an identity matrix. Thus
non-zero cancellations in the off-diagonal terns
LofAuRtpl{%, Kek)adriotes shrgstimsiesef the tsansmutied syrabalvastor, originally
|'i keli hood receiver, the m ni num di stance of the

dedwidviesh traied i &tinGodsheusiAR, afd the a&te@tﬁod Mtrix G(k) can
transmt constellation. The M MO detectlon

t n s _the noi se
BQ @@Mgﬁted SQJO?CHB g {o % %erg&'o ?]‘rieg @1%2 o g}mlmu’&b glgPrg chldIet ed'rqrr%/[MSE)
I\/I\/ISE nmet hod, G(k) is calculated as in the foll ow ng
E§HPMon:  G(k) = (H'(K)H(k) + No x 1)-' HF (k) (3)
where No is noise spectral density, ( )H denotes the
conjugate and transpose transformof 15 the matri x,
and () ' denotes the matrix inverse. The
fhbs tetdetionat perforSida asaurniapithat tGy(k) Hi(ge €, fvbéred is an identity matrix.
sub-stream m (spatially nmultiplexed transmt data

Thﬁ@ zérﬁ c%k%ﬂ%lidn@ it B off- ﬁiaggﬂé %n%%ﬂﬁtﬁ’xb?% th %bdltlg{%l Soise.

enent on t onal

t he .d t
PR f}ﬂ&(@“iiﬁbﬁw v URUIA TR bkl
in the mth row and m col um of the specific matrix
copstellpgion 15&%&%&!& that gidls ﬁrapsnﬁwnér@llatrqn ckis M8MOxdatection,

fromthis that MMSE detection inplies a
however, colours the noise; thus the noise power varies as a function of the channel.

According to the MMSE method, G(k)is calculated as in the following equation:

Gk =(H" ()HMK) + Ny xI) H” (k) 3)
where Nj is noise spectral density, ()" denotes the conjugate and transpose transform of
the matrix, and ()" denotes the matrix inverse. The post-detection SNR reliability
figure for a sub-stream m (spatially mulﬁplexed transmit data stream) is given in the
following equation (4). Note that the k-th element on the diagonal of the inverse matrik
is used in the denominator.

SNR = ! -1 @)

[HY (oM (k) + N I[

where [-]mm_denote the element in the m-th row and m-column of the specific matrix and

_ []'l denotes the matrix inverse. It can be seen from this that MMSE detection implies a

high complexity with matrix inverse and multi-fold matrix multiplications.
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hi gh conplexity with matrix inverse and nulti-fold
matrix multiplications. 6 On the other hand, for a ZF
(zero-forcing) receiver, k) is calculated as the
pseudoi nverse of H(k), k) = Ht(k) = [H (k)H(k)J" H
(k) (5) 5 and its post-detection SNR for a sub-stream
m can be expressed as SNRm= [gH' 1 (6) (k)H(k)L
Comparing Eq.(3) and Eq.(4) with Eq.(5) and Eq.(6), it
can be seen that ZF and MVBE detections have simlar
conpl exity. However, MVSE detection is nore
extensively applied in practice because it provides

S the pthgehansk, fam e (zern-frapioe) repsivery 6 (&) Wgalchiatetigas the

probl enms of noi se enhancenent and matrix singularity

pbeaidoRbst oMH (%) ZF detection. The conplexity of M MO
detection is a major concern in designing MM>OFDM

receivers, due to the huge conputation involved in al |
ki nds Gfk) MBOket éﬂ@k())l‘l(k)zl Hdr(k) hrs.  Li near ZF (5)
detecti on and MMSE detection are the sinplest

dRd RE bbRRletketidESRRAS 2 SMNEVEM mCIRBERkp RN aLF

detecPlon net hods are seldomused in practice because

MVSE det ection has superior performance with
conparsag e= Ity Moreover, conventional ZF (6)
det ecti on f gdEgkYH@&)pr obl ens of noi se enhancenent and

matri x singularity (which result in infeasible

COMAIREEAS PG DB AP, By BB 5 o
% %t oI Ll’llgxsle glgn tar-ggrggle)f(i?ﬁt (r)&s:vear,r 1\6/[1\959 Elgtgcetgonl ig more extensively

applied in practice because it provides better detection performarice, by avoiding the

problems of noise enhancement and matrix singularity that exist with ZF detection.

The complexity of MIMO detection is a major concern in designing MIMO-OFDM
receivers, due to the huge computation involved in all kinds of MIMO detection
algorithms. Lineaf ZF detection and MMSE detection are the simplest detection
methods. However, conventional ZF detection methods are seldom used in practice
because MMSE detection has superior performance with comparable complexity.
Moréover, conventional ZF detection faces the problems of noise enhancement and
matrix singularity (which result in infeasible implementation due to zero division or

non-existence of a matrix inverse).

Another problem with OFDM systems is that some features are degraded in frequency
selective fading channels. For example, some subcarriers suffer deep fades due to

destructive combinations of the various reflections, while others are enhanced by
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sel ective fading channels. For exanple, sone
subcarriers suffer deep fades due to destructive
conbi nations of the various reflections, while others
are enhanced by 7 constructive addition. Coding and
interleaving applied to OFDM can be a tool to average
the | ocal fadings over the whol e signal bandw dth and
over the time interleaving depth. 5 Moreover,

M MO OFDM syst e explojt nultipath scattering
SARRIEUVeraddiian, ﬁod%%dowﬁﬁe@ng ppplied tp .%%M.CBP epgeol o

an Additive Wiite Gaussian Noi se (AWEN) channel to be
devagmihedodahfagingsiovepthe whoBGignal hapdwvitltand oyenige sime
out put) independent channels to increase the system
capdeaving deprice t hese M MO AWGN channel s are spati al
correlated, 1i.e., the channel matrix for each
subcarrier is not full rank and is singular and its 10
determ nant is alnmost zero. The richly scattering

(I;Ngu? re a: IF{(])@%P Pﬁmégﬁl n l&ﬁanneqml &&Heﬁ@e‘ﬁa%ﬁﬂédc?ltdeteaion

sible f . . paci t
BPaRrce: Dl iRERE for AR D (BT Mol PG channer
Evi dently the reliability of the M MO detection
&P%@C%Phﬂéar#@ miluple ada heaels AnRuk Bingls AL ipfensadeny chpnnels to
the channel matrix. 15 In an M MO-OFDM recei ver 20,
tipeeade thedwstedcapagityosencs these MINMOdeWEe phaﬂﬂgmevfematialtdwelated,
performance of a Viterbi decoder is degraded if the

i.el, tieluhhnde) nodftrix &gehsteshbdaiiar isdiot figh mnk aedrisSiHpodar ahé its
to subcarrier, fromspatial streamto spatial stream

db@rrhihand i5 QRGN 3o SEhEGLHIY &aﬁ@ﬁhgﬁluﬁmtﬂ\w@ﬁ&%& 8brrelation of
correlation. Therefore, dynam c 20 estimation of the

1 paﬁaﬁ | do@R1atibh % MIMRS Ui S AGAREIL SoniBP Tk QP pbRIbIdr MIMO to

streans IS

increase the capacity (the transmission within the capacity limit is feasible). Evidently,
the reliability of the MIMO detection output streams also depends on the spatial

property of the channel matrix.

In an MIMO-OFDM receiver 20, the decoder 42 can be a Viterbi decoder. However,
the performance of a Viterbi decoder is degraded if the reliability of received data
differs from subcarrier to subcarrier, from spatial stream to spatial stream due to
frequency selective fading and MIMO spatial correlation. Therefore, dynamic
estimation of the data reliability in each subcarrier position for all spatial streams is
necessary. For a linear MIMO detection receiver it is the post-detection SNR that is the
parameter of interest. The estimate of the transmitted symbol vector can be directly fed
to the de-mapper 38 that produces soft bit information for the channel decoder 42 (e.g.

Viterbi). However, the use of MIMO-OFDM and a frequency selective channel implies
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necessary. For a linear M MO detection receiver it is
the post-detection SNR that is the paraneter of
interest. The estimate of the transmtted synbo

vector can be directly fed to the de-mapper 38 that
produces soft bit information for the channel decoder

42 (e.g. Viterbi). However, ftghe use of M MO OFDM and

a frequency selective channel inplies 8 that the
reliability fjgures for each carrier have to be
HBhiGrekabay Fled i R EAoicERIeE HEve B CoBIPiEdad Gpmbined with the
channel decoder 42. Thus the post-detection SNR is

sefebits baforerthe chapaelripseder 32 sTingrethg post-detretiom SRRt iis osedafor this
aimof the present invention is to provide a

pumppbd.fi ed ZF |inear detection nethod wth attractive

| ow conplexity. Additionally, or alternatively,

post -detection SNR can be provided and conbined with

ZF detection and Viterbi decoding to alleviate, at

ﬁfr‘ﬁﬁarryﬁfi“tﬁéﬂlv'e}{umﬁ’ne or nmore problens in ZF

nol se enhancenent and/or matrix 10

PO Sl sh MBI R BSotiean wp e Ok Tntfteiceion metnod
detectors by using k) = H'1(k) in the zero- forC|ng
&&béftr%ﬁvalwyo _Plalva) y'%ﬂ“}mom’éb’p@biﬂgim%ﬁwﬁb’p pasjregtectip SNR can
M MO configurations. Optionally, for cases where det
be-proyided ane: combined svitii£F deseaion| apd Vitshi debediag o altevéate at least
is no detection and the output of the detector is
patially,wine oh mvey prioblenisin ZFete€ibh yndise emhMide@ieht and/or matrix
decoder. According to a first aspect of the invention,
tikgugridys provi ded a Zero-Forcing M MO detector for
estlnatlng synmbols in a plurality of received signals

on a plurality of 20 subcarriers, transmtted over a
plurality of channels froma pl ural i ty of transmtting

The present invention is able to provide low cost Zero-Forcing MIMO-OFDM detection
and detectors by using G(k) = H(k) in the zero-forcing equation X (k) = G(k)y.(k),
especially for symmetric MIMO configurations. Optionally, for cases where det (H(k))
= 0 or is sufficiently close thereto, there is no detection and the output of the detector is

zero, which may be input directly to a Viterbi decoder.

According to a first aspect of the invention, there is provided a Zero-Forcing MIMO
detector for estimating symbols in a plurality of received signals on a plurality of
subcarriers, transmitted over a plurality of channels from a plurality of transmitting
antennas to a first plurality of receiving antennas. The detector is operable to estimate
and output said symbols based on assuming a matrix H(k) to be square and not singular,
where H(k) is a matrix of channel frequency responses for the k-th subcarrier from each

of the transmitting antennas to a second plurality of the receiving antennas.
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antennas to a first plurality of receiving antennas.

The detector is operable to estinate and output said
synbol s based on assunming a matrix H(k) to be square

and not singular, where Hk) is a matrix of channe
frequency responses for the k-th subcarrier from each

of the transmtting antennas tg a second plurality of

the receiving antennas. 9 The detector may further
conprise nmeans for determning det(H (k)), where H (k)

is a matrix of estimated channel frequency responseS'

and neans for outputting a first result, being

ddeideigcor graydurtieropriposs mearsdar deicrmising @gﬂ’ﬂ@) nvmerq R’(k) is a
H(k) to be square and 5 not singular or outputting a
setondf essndtéd cHaendl Jrequarelyaespogsed) andrasad fomoutprating a first result,
determ ned det(H (k)). The Zero-Forcing M MO detector

MRgha e@@ﬁﬁ@wf@ala@?mbbla Bhased diledsgﬁhingrﬂh@mbwtﬁw% B& square and
of estimated synbols z (k) for the th subcarrier can

ik?xgt %ﬁgjl%s@r%tu t%é"gefcénci ke)sulf, ing gllé)lal fé‘ﬂlgi ?Rlﬁ(ﬁ.}getermmed

nal recerve
rm%fo'llr’% )of estimted channel fr equency responses.
RS ng to a second aspect of the invention, there
IS provided a Zero-Forcing 15 M MO detector for
estimating synbols in a plurality of received signals
on a plurality of subcarriers, transmtted over a
dihaZgrq-Forcutg Mildthddtectdnmony be ppenatde suoch thit atdetactinh puiputvector
antennas to a first plurality of receiving antennas.

Diestirdted §yanbdls X¢pefoathe &-thaubktiiitican be rgsedehted as
corresponding to a detection output vector of

fag; 1 £ ols z (k) for the k-th subcarrier that
?gﬁbbe rggfgzgnted as 20 z (k) = H""(k)y(k),

where y(k) is a signal vector of received signals, and H’(k) is a matrix of estimated

channel frequency responses.

According to a second aspect of the invention, there is provided a Zero-Forcing
MIMO detector for estimating symbols in a plurality of received signals on a plurality
of subcarriers, transmitted over a plurality of channels from a plurality of transmitting
antennas to a first plurality of receiving antennas. The detector is operable to output a
result corresponding to a detection output vector of estimated symbols X (k) for the k-th
subcarrier that can be represented as
% (k) = B Ry (k),
where y(k) is a signal vector of received signals, and H’(k) is a matrix of estimated
channel frequency responses for the k-th subcarrier from each of the transmitting

antennas to a second plurality of the receiving antennas.
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where y(k) is a signal vector of received signals, and
H (k) is a matrix of estimted channel frequency
responses for the k-th subcarrier fromeach of the
transmtting antennas to a second plurality of the
recei ving antennas. 10 The detector may further
conprise neans for determ ni nggdet (H (k)); and neans
for outputting a first result, being a result

rresponding to the detection output. vector of
486 drigkien H?y%a%*vfg compise mggsyigF deieApning q?b(%a(’@)éé% gheans for
result, being a zero signal, based on the determ ned
QuIDEHINgIA) fjrst syl beingireeswiecastespendiig totthe déteationgutput vector of
second aspect, the output can be determ ned based on
estenated eymlbcﬂe& (ke df for Okiputtingl adeicomed tesulg betmgessdend signal, based on
wth an output first result fromthe M MO detector if
tladcteheiod dee@’des.(H (k)) is greater than the
threshol d and an out put second result fromthe M MO
detector if the determ ned det(H (k)) is |less than or
equal 10 to the threshold. Alternatively, the output

t _resu y

o Bier iERHob el Py sPoMg AR E A fppen Bg daerigeg hesed on
t hreshol d and_an output second result fromthe M MO

@&Wﬂqdfdet(ﬂ*z@abte&ﬁ)me R a thyeshold. wash an eutpy fy sty fremm the

threshold. According to a third aspect of the

MM detgator ifithe detprmiped stk iZgncaterthag thregrthidshadd 26d an output

detector of the first or second aspect, in conbination
secohd zesdk frompherMEMO detedidref the deatemimgd det(HNE))NE Msk than or equal
detector, the de-mapper and the Viterbi decoder are

& ﬂh@fﬁlﬂ@ﬂlo‘«w CAlternRidely,aRe SuthtWirst feS @t frbRSHE MIMO Qb ebBr may be if
M MO detector is de- napped by the de-mapper prior to

%%fg %&ydet(ﬁp(k?\q 1}%/%'}% erQﬁeﬁlo(g'eer ualdl Qheatrllnre%m)lﬂ%ﬁ{lfig %ﬁgﬂt second

result rom:t etector IS I nput

gc%Sl? gr%gn t\f\{'etl\tfﬁsfb Je ec?’or 1P t%e themun"%&%‘ﬁ (%6 is Pess than the threshold.

According to a third aspect of the invention, there is provided a Zero-Forcing MIMO
detector of the first or second aspect, in combination with a de-mapper and a Viterbi
decoder. The MIMO detector, the de-mapper and the Viterbi decoder are arranged such
that: an output first result from the MIMO detector is de-mapped by the de-mapper prior
to decoding by the Viterbi decoder; and an output second result from the MIMO

detector is input to the Viterbi decoder without first being de-mapped by the de-mapper.

According to a fourth aspect of the invention, there is provided a Zero-Forcing MIMO
detector for estimating symbols in a plurality of received signals on a plurality of
subcarriers, transmitted over a plurality of channels from a plurality of transmitting

antennas to a first plurality of receiving antennas. The channels comprise frequency
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15

20 According to a fourth aspect of the invention,
there is provided a Zero-Forcing M MO detector for
estimating synbols in a plurality of received signals
on a plurality of subcarriers, transmtted over a
plurality of channels froma plurality of transmtting
antennas to a first pluralityy;pf receiving antennas.
The channel s conprise frequency 11 responses for

di fferent bcarrjers; and a, detection output vector
SRCE FPétdéfgerg%FBB?a:f“erf 3Ad(agetectign oxtat, e bt sampgH symbols
the k-th subcarrier, can be represented as det(H (k))
(& 1 (ke ok  sub-gtréamm( df)theé kxh subicamriek)dah bSpresehte) ag( k) i s
a signal vector of received signals, H (k) is a matrix
of estimatgdyg@mnel 5 frequency responses for the

K €k) dHghkopf(ki he transmtting antennas
to a j ‘ ngalﬂay of the receiving antennas; Up
(k) de h row of Hp (k), Up (k) being the
adj oi nt of H(k) and SNRm(k) is a SNRreliability

LUOW £5ibRd1 vesBr ofleb &80 HLAA¢, H© iKahfhody BFéHtﬁﬁa%d chhflpel
According to a fifth aspect of the invention, there is

r X Wi
PR RIS ATl et OB e
subcarriers, transmtted over a plurality of channels
fecond Pld@émy at iHeMe@ivihg amefndst HEY (R Tgae%&@ﬁihé -t rowlof P (x),
plurality of receiving antennas. e SNR cal cul ator is
operable to output a SNR for a sub-stream m 15 SNRm =

H 2
(i-ﬁp %k) lgeklplg the adjoint of H(k); and SNR,(k) is a SNR reliability figure for sub-

stream m for the k-th subcarrier.

According to a fifth aspect of the invention, there is provided a SNR calculator for use
in a MIMO receiver for receiving a plurality of signals on a plurality of subcarriers,
transmitted over a plurality of channels from a plurality of transmitting antennas to a
first plurality of receiving antennas. The SNR calculator is operable to output a SNR for

a sub-stream m

det(H' (k))*
SNRy = ————

2
oo

H’(k) is a matrix of estimated channel frequency responses for the k-th subcarrier from

each of the transmitting antennas to a second plurality of the receiving antennas; and

H'IPn (k) denotes the m-th row of H'p k), H'p (k) being the adjoint of H(k); and
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I[TH2 M((k)Il H(k) is a matrix of estimated channel
frequency responses for the k-th subcarrier from each
of the transmtting antennas to a second plurality of
the receiving antennas; and H m (k) denotes the mth
row of Hp (k), Hp (k) being the adjoint of H(k); and
12 A Zero-Forcing M MO detectypr of the earlier
aspects may be used in conbination with such a SNR

calcul at or, e, the output fromthe SNR cal cul ator . )
A28 wtipk MIVORetclor GE B Soater B1Decs i, Soar garpignation with
M MO detector of the earlier aspects may be used in in
Stttor BRRi cakeulagpr; whareghrowaniciooma iy SR calsalatorfis an input to the
aspect, a de-mapper and a decoder. The M MO detector,
tMIMGNRecwlrcul at or , the de-nmapper and the decoder are
arranged such that: estimated outputs fromthe M MO
detector are input to the de-nmapper for de-nmapping;

de- mapped outputs fromthe de-mapper are nultiplied

M B SRR o PRl S5 S 1 fbncin
oder for, decodin

y-u t.to,.. the des . Accor di
314 PR cals g3 BT REr: Fon e 2% 05861 adg Mo

MO recejver cC rising a M MO detector of one of
yﬁfsctabd%é%@;f@wggrpﬁ@ %?qgﬁpgwréme @ﬁ%ﬂgf‘a ag\peranggd such that:
cal culator of the fifth aspect. According to a seventh
asfpeated entputydrdm therVIIME, detdssararg mppt oviheldet mappesntfhode-olapping;
Zero- Forcing M MO detection for estimating synbols in
dephapped botpuBffrane dei deadagieq ael rulaplied with tiies$ NRYpugiuts from the
subcarriers, transmtted over a plurality of channels
SNRGAcAtEF, ahd the dfmapped outputs multiplied with the SNR output are input to

the de-coder for decoding.

According to a sixth aspect of the invention, there is provided a MIMO receiver
comprising a MIMO detector of one of the above aspects, preferably also with a SNR

calculator of the fifth aspect.

According to a seventh aspect of the invention, there is provided a method of Zero-
Forcing MIMO detection for estimating symbols in a plurality of received signals on a
plurality of subcarriers, transmitted over a plurality of channels from a plurality of
transmitting antennas to a first plurality of receiving antennas, wherein the channels
comprise frequency responses for different subcarriers. The method comprises
estimating and outputting said symbols based on assuming a matrix H(k) to be square

and not singular, where H(k) is a matrix of channel frequency responses for the k-th
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20 transmtting antennas to a first plurality of
recei ving antennas, wherein the channels conprise
frequency responses for different subcarriers. The
met hod conprises estimating and outputting said
synbol s based on assuming a matrix H(k) to be square
and not singular, where H(k) i$ a matrix of channe
frequency responses for the k-th 13 subcarrier from

each of the transmtting antennas to a second, .
SPATIar fKpTEpachipd thdcans TN HAE ABRTEAY a8 SCouodanrmlily fehesfoceiving
ei ght h aspect of the invention, there is provided a
2EEBASorcing M MO 5 detection nethod for estimating
synbols in a plurality of received signals on a

plurality of subcarriers, transmtted over a

plurality of channels froma plurality of transmtting

ArtedRSot efghth dspctRIf Whcdinhéntioal tHeRCIS ipydvidedo 7 &B Tt cing MIMO
wherei n the channels conprise frequency responses for

gétfeétﬁfn?rﬂéthéaj Rﬁ%@ﬁﬂn%%syﬁ%lﬁtmgr 'ijecc‘eq‘?éd si%rllarl]sgor% a plurality

etermning and outputting a result’ correspon
ctiop out.nut vector i mated synmol s z (K o

BB Ta R gt A i Rl bl o R el ofardgmiting
k (k) = H"t(k)y(k). y(k) is a signal . vector of i
P@é@%ﬂ\? &yadiryy &S?rél}tyaaﬁ EECRIVING antenngs.igherein thy chagpelpgemprise
channel frequency responses for the k-th subcarrier
fre@anen exsporises fre differastriubedrrigrsadihe meslsod eomprises elttrmining and
plurality of the receiving antennas. 15 According to a

outputiing apesilt wiresprndinguo ntdeaetion betpat vextqrrod estitagtedisymbols & (k)
Zero-Forcing MMO detection nmethod for estimating

£Or MIROA-th dubcarriet thabddnt e Bpres @& 38 (15 = el R)ydh. §(k) is a signal
plurality of subcarriers, transmtted over a

Pl aleid kiRl s%}@ﬁ[]%cﬁﬁz(?(?[paam%l rcﬁfleglriﬁllatgzl cflz{n%@?mi‘%h&g

anten_nas to aTiIrst P a |ty 0 receil ving ant enn
Y850 U DB R B AR GRERATE Lo

representin .
plupahty op tthe rgcelavmg antennas.

According to a ninth aspect of the invention, there is provided a Zero-Forcing MIMO
detection method for estimating symbols in a plurality of received signals on a plurality
of subcarriers, transmitted over a plurality of channels from a plurality of transmitting
antennas to a first plurality of receiving antennas, wherein the channels comprise
frequency responses for different subcarriers. The method comprises: representing a
detection output vector of estimated symbols X, (k), for a sub-stream m of the k-th
subcarrier, as

det(H' (k))

fm (K) = HP, (0y(k) .-

lp 2
H'h () SNR (k)
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20 detection output vector of estimated synbols x m
(k), for a sub-stream mof the k-th subcarrier, as
det H(k k m(k) _)) Up (k)y(k) TIHm((2 (k)Il SNR
in (k) 14 vy(k) is a signal vector of received
signals, H (k) is a matrix of estimated channe
frequency responses for the kigh subcarrier from each
of the transmtting antennas to a second plurality of

t he .recei ving antennas; H P ( denotes the mth row

é{?\(e)l_lls B SI@R?I’ vetiqr 8¥ qu?wB@ Fllgﬁalf,ﬂi)(lé)dljs airﬂzltn&o? F_f(tw)qtedaﬂgnnel
SNRM(k) is a SNRreliability figure for sub 5 stream m
fisAuensy respenses fercthe kitl pubcagies fignhepch ©f thetteansmitiigp aptennas to a
of the invention, there is provided a SNR cal cul ati on

nmet hqd for u in a MM receiypr r receiving a ,
SFaaPdipirglg ot regheit Mg Arignie e () SenorS it pbpBiad HP (0,
transmtted over a plurality of channels froma

plﬁrality of transmtting 10 antennas to a first

H'tr(kR) béiyig oe ddpsiai ofi g camdeINTEI k) 1§ RSN Fd1adilitp fgliteSossub-
calculating and outputting a SNR for a sub-stream m

SNR det Ffé;é) 2 m= 2 Hm(k) H(k) is a matrix of
éedmrat tod thehfarsabedrriequency responses for the k-th
subcarrier from each of the transmtting antennas to

a second plurality of the receiving antennas; and

According to a tenth aspect of the invention, there is provided a SNR calculation
method for use in a MIMO receiver for receiving a plurality of signals on a plurality of
subcarriers, transmitted over a plurality of channels from a plurality of transmitting
antennas to a first plurality of receiving antennas. The method comprises calculating

and outputting a SNR for a sub-stream m

o2
S m=det(H X))

:
bt

H’(Kk) is a matrix of estimated channel frequency responses for the k-th subcarrier from

each of the transmitting antennas to a second plurality of the receiving antennas; and

H'P (k) denotes the m-th row of H'P (k), H'? (k) being the adjoint of H(k); and

The present invention provides a ZF linear detection method which, in some
circumstances at least has much lower complexity than conventional MMSE methods.

This can be advantageously combined with post-detection SNR of the ZF detection.
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15 HP m (k) denotes the mth row of HP (k), Hp (k)
being the adjoint of H(k); and The present invention
provides a ZF linear detection nethod which, in sone
circunstances at | east has nmuch | ower conplexity than
conventional MVBE nethods. This can be advantageously
conbi ned wth post-detection $WR of the ZF detection.

15 Anot her aspect of the invention conbines the ZF
etection a ost-detecti.on SNB_ aided Vit erbi _
HBHT hpeef Shhb TPl Gokineh ho AP CEireen andrmRst frispiasetNR
conbi nation of post-detection SNR processing and a

@idsp | Vdterr deradting, forarions modulstior seheimes. is particularly
useful, as it makes the proposed ZF net hod nore
feasible. This contrasts with the prior art, where

such a ZF detection nethod would be generally

Mhé @eupiolddecontti flat A PostSddtettibA SR Prkéssiipand AMEmeE ZHWIIMO
si npl e met hods proposed herein did not occur in the

' cecdio B W,
o e e B R b RO Re BRRE L2 od more

e ' resent. i s descri her.ei n wa
Blasiole THISTOpRR TG 4B 7 M B0 p 2R s G FrethodBBud e
acconpanyi ng. drawi ngs, in which: 15 Figure 1 is a
STHEHRL I aﬂgﬁ en%‘m%a injlasge pertoponeseidhs sigplamedads
known; Figure 2 is a schematic view of a typica
PEesaddiergin dighnayomeurdro pricstagm  Figure 3 is a
schematic view of a correction and decodi ng bl ock
according to a first enbodi nent of the invention;

Figure 4 is a flowhart relating to operation of the

Hetadbly allbhestovelasfdcitre uskd in &9 fér MUHEDRI-MIMO system
schematic view of a correction and decodi ng bl ock

according to a

Brief description of the drawings
The present is described herein by way of non-limitative example, with reference to the
accompanying drawings, in which:-
Figure 1 is a schematic basic view of a MIMO-OFDM system, as already known;
Figure 2 is a schematic view of a typical receiver in an MIMO-OFDM system;
Figure 3 is a séhematic view of a correction and decoding block according toa |
.first embodiment of the invention;
Figure 4 is a flowchart relating to operation of the decoding block of Figﬁre 3;
Figure 5 is a schematic view of a correction and decoding block according to a
second embodiment of the invention;
Figure 6 is a flowchart relating to operation of the decoding block of Figure 5;
Figure 7 is a schematic view of a correction and decoding block according to a

third embodiment of the invention;
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second enbodi nent of the invention; Figure 6 is a
flowchart relating to operation of the decodi ng bl ock
of Figure 5; Figure 7 is a schematic view of a
correction and decodi ng bl ock according to a third
enbodi nent of the invention; 16 Figure 8 is a
flowhart relating to operati @ga of the decodi ng bl ock
of Figure 7; Figure 9 is a flowhart relating to

opera tor of Figure 7;. Figur

2L 5180 B MRutbiehEingdh ResrBione 5t desbiing G S Figure 7
usi ng enbodlnents of the present invention, i

Channé&iiguge 9as ?cﬂawﬁ%arwlqt@géo gPEptionLef the Mlkﬁbedetector of Figure 7;
performance of ZF detections, using enbodi nments of

t he plegeadOisa/gnaph ofithe FER pexforeian; of A lydatectibas,i using

graph of the PER performance of ZF detections, using
enbodiembodisnents dfhike preeae MiventiorE i ChAnnel B; Channel =

and Figure 13 is a graph of the BER perfornmance of ZF

det eC‘Pﬁgﬂﬂ@ll C%‘gph 8 Pthg B pePdHn & oftiledé’cé&ﬁﬁl@tusmg

i nvention, hnel E. Descrlpt|on For th

parti %H]Ibe{im’?e &eofvmee 43{[ lnvemﬂl@ngﬁggén%%ng that H(k)

IS square an not pseudoi nver se of

o SRR B b VS@“‘%%#B ROFpARE o Ahoitectane, aige

that of the MVSBE M MO det ecti on. However, for such a

- si t uafMbAdiments of dheprepesty inygntione ik Ghanns! Ej @ﬂﬂ ified as:

Q k) = H" (k) Then the detection output is
r epr e¥egvred3 isfa graplicgf the BERoparéoremnce of ZF detections, using

embodiments of the present invention, in Channel E.

Description

For the particular case where Nr = Ng and assuming that H(k) is square and not singular,
the pseudoinverse of H(k) is an expensive way to the implementation of ZF MIMO
detection, whose complexity is almost same as that of the MMSE MIMO detection.
However, for such a situation, the detection matrix can be simplified as:

Gk)=H"(k)
Then the detection output is represented, from Eq.(2) above as,

X(k) =G(k)y(k)
=H" (k)Hk)x(k) + H™ (k)n(k) : (7)
=x(k)+H™ (k)n(k)

and the post-detection SNR for sub-stream m can be expressed as,
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z(k) = Qk)y(k) 20 = H"' (k)H(k)x(k) + H* (k)n(k) (7)

= x(k) + H' (k)n(k) and the post-detection SNR for

sub-stream m can be expressed as, 17 det(H(k))2 SNR, ~

(8) 11H' (k)2 Hm k)2 where HM (k) denotes the mth

row of H' (k) , and H (k) is the adjoint of H(k), and

det (H(k))! = Hk)H P (k), singg H' (k) = H (k)

det (H(k)) 5 Using this approach, two matriXx

nultlpllcatlons can be saved in M MO detection. Thus

t he cqg@keX|tv of Lh@ﬁﬂﬂﬁﬂ9detect|on is greatly )

decr eased. - JPQ Fﬂé t wo- di nensi on

post - det ect i W R o dd tion, another matrix

multiplication is saved. This inplies a significant

oiepd BIX| (kyddroeischéd mth rd@ JFi LStk )Erhe d hgntis ﬁ'leglk!{)cﬁnt?ofllél(k) and

a schematic view of a correction and decodi ng bl ock

130 according to a first eg&gdlnent of the invention.

Fi I 5 €l 4 to the operation of
%ﬁ&@}o E§q385 %@ Iﬁe C r&g EKQQ and decodi ng bl ock

130 of Figure 3 can be used in a M M>OFDM system

repl aci ng the known correction and decodi ng bl ock 20

of Figure 2. Preferably, the systemhas a symretric

nfi gur n, .tha . = NR : .
Ms%% thid aplp %ct?tt{vg matglx rrgultlﬁc'hclz\ilt-ll-ons can be saved in MIMO detection. Thus

the complexity of the MIMO detection is greatly decreased. Moreover, in the two-
dimension post-detection SNR calculation, another matrix multiplication is saved. This

implies a significant complexity reduction.

First Embodiment
Figure 3 is a schematic view of a correction and decoding block 130 according to a first

embodiment of the invention. Figure 4 is a flowchart relating to the operation of the

block 130.

The correction and decoding block 130 of Figure 3 can be used in a MIMO-OFDM
system, replacing the known correction and decoding block 20 of Figure 2. Preferably,

the system has a symmetric MIMO configuration, that is N7 = Ng.

After the received signal streams are converted to the frequency domain by FFT
transform, as in the circuit of Figure 2, they are passed to the correction and decoding
block 130 of Figure 3. In the correction and decoding block 130, the transformed

streams are passed to the MIMO channel estimation module 32, to estimate the channels
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After the received signal streans are converted to the
frequency domain by FFT 20 transform as in the
circuit of Figure 2, they are passed to the correction
and decoding block 130 of Figure 3. In the correction
and decodi ng bl ock 130, the transforned streans are
passed to the M MO channel estgmation nodule 32, to
estimate the channels 18 (step S 102), and the M MO

t egtiQn u .. Channel esti ion outputs from
e SO et MM s romonde 13+ Ghaiet FsBEton output from the
according to the prior art, are utilized by a MM
ghanset estimptian mpdule 3o 8% derdted @crarding o thei prias rtoare SkiRzed by a
cal cul ati on nodule 136. The SNR cal cul ator 136

- MIMQIdateewr tl Bé aBNRpogidepcaopvas dssensmaeINR nalapipliyn mgdule 136.

Eq. (8) 5 above (step S104). The M MO detector 134

det ShRscdlfiatdi {IReAdlatey o SINR Usih$@ procesy ¥8&56n Bkt g Eq.(8)
on applying Eqg.(7) above (step S 108). The detected

g%\@&égfsrl g@' P';l? %WM%&&E&W Qrde%egé tﬁ%@?’fe&% Qﬂgg?lg'ﬂg ng a

e- mapper e- mappi ng (ste

- Lnter ver .40 for -interl i\n te 110).. An

R TR B sl B = B B ST St BB s from he
romth NR cal cul ator 136. The recovered data 10

RiSHo RiEcian 37 Boss Throush e lermaryes 8 are meRRRG SEsp QR and
fromthe SNR de-interleaver 44 are nmultiplied to
grtavedetcdeayntl? frsdleriaterlaaving {sjep( St1d) SnBNR de-inthdeaver 44
input to the decoder 42, preferably a Viterb

drovete the sehuarice dé e BNR fioen thatSNK sdledatSr 1361) Thd fecStedd data
S 106, the output of the M MO detector 134 is 15 z

(doin the data Hekinietikaverisd Andrithe@é Ve rdd ENR B0t the BNR de-interleaver 44
estimates fromthe M MO channel estinmati on nodul e 32.

3
I{'@%@lﬂf)ﬁécﬂt%cﬂgé?llg%] f} gg‘%gtﬁhg %Iiaﬁ)nﬁy gﬁ%;gg?fr?g fas ﬁ% 1[161.\&38 g'lxet c?ecoder

signed reli abi corresp rece

Toor#Rinfl SoRElP Qe8] WSLEGLLAR BhFah e 8F Sy 0O

In step S106, the output of the MIMO detector 134 is

(b =H"' 0y

with H’ being the matrix of estimates from the MIMO channel estimation module 32.
The soft-decision output of the de-mapper 38 is the signed reliability of the
corresponding received bit. The two-dimension post-detection SNR for each symbol in
the specific spatial stream is multiplied with this soft decision. The obtained result is the

combined reliability and input to the Viterbi decoder 42.

Second Embodiment
The above embodiment of Figures 3 and 4 is based on a symmetric MIMO

configuration, i.e., Ny = Ng, and assumes that H(k) is a full rank matrix. However, in
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the specific spatial streamis nmultiplied with this
soft decision. The obtained result is the 20 conbi ned
reliability and input to the Viterbi decoder 42.
Second Enbodi nent The above enbodi nent of Figures 3
and 4 is based on a symmetric M MO configuration,
i.e., NT = NR and assunes thay H(k) is a full rank
matri x. Hovvever in 19 practl ce H(k) may be singul ar

be square. eC| n
gr%ga? !ﬂ ) may BY %eyglaare%r F§ uar%ﬁ@r&%@ﬂly hen Hkyis singular,
caf_. the antenna is closely spatial correlated. Even
#R &k} dagpsIngk exist. Monovere irethis ehse.rihs/aniennadp plosdlsispasiahpgrrelated.
more because it faces the problens of noise
Evhareanpguiar 2R YIVED detecsommay aot dpplicdblie in ydinesecheamisagetaces the
can be at 5 least partially overcone by way of the

?M&hﬁ@ﬂﬁo&&ﬁﬁﬁh&ﬁﬂ:nbﬁ@ﬂaﬂﬂsﬁhgbﬂiﬁy 86 diSadvimtd Q:%n be at

and 6. |If the nodul ati on nethod for the transm

SR N oo b RR7 PR Dol ‘%%éf%?%@é”%“@%“ o

g_e ma$ an be 10 denoted as M.), and its out put

e ef"?da ility can be witten as, Mx", (k))

{Re(zm (k)), Im(xm(Kk))} QPSK (9) Re(zm (k)) BPSK
Evidently it is a linear function of the input %m (k).
The post detection SNR for the kth subcarrier SNRm

(kthe imodafntion cadthasl foo thegranswirtedsymbolstfraie tesramamisision sede T is
the de-mapper. Thus, the conbined reliability of each
BASK opQPSK @r sheMlikegtheh tistefiactton sfad BBS KAFPIKde-hiapper can be
followi ng relationship, SNRm (k) * Mzm (k)) = M SNRm

doted EW(-D(,)a)nd(ié%tput soft reliability can be written as,

{Re(%,, (k). Im(x,,(k))} QPSK

Re(k,, (k)) BPSK ©)

M(im<k>)={

Evidently it is a linear function of the inputX, (k). The post detection SNR for the kth
subcarrier SNR,, (k) is applicable for all output soft-decision bits of the de-mapper.

Thus, the combined reliability of each bit input to a Viterbi decoder satisfies the

following relationship,

SNR,, (k) * M(&,, (k)) = M(SNR,, (k) *X,, (k)) (10)

Bearing in mind the property of Eq.(10), above, the embodiment of Figures 5 and 6
combines ZF MIMO detection and post-detection SNR before a de-mapper, instead of

after the de-mapper,
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Bearing in mnd the property of Eq.(10), above, the
enbodi nent of Figures 5 and 6 conbines ZF M MO
detection and post-detection SNR before a de-nmapper,
instead of 20 after the de-mapper, 20 (SNRm (k) *
x(k)) = det(H(k))2 (H' (K)y(k)),, IIHM(k)Il I
det (H(k))2 HP (k) y(k) (11) &t m (k)I1l~ det(H(k)
det (H(k)) Hm (k)y(k) 1IHM (k)Il Even when H' (k
does not exist due b%(gzé Hk)) =0 d HP (kl) st
exi st * LFpyM Cfyj0 on appl yi ng

Eqg. (7)%812%’2(1\1}2 i?r@(ks)z\%wﬂla@ﬂ’lzi ab g?@ﬁrther, in the 5
scenari o of det (H( k)L 2170, the noise enhancenent is
avoi dedddv@®b@pSe Hf (k)ys renoved by higher order of (an
det (H(K pl{sigﬁt(mﬂ Y&k ection SNR Thus noi se _
enhanceignt ﬂm et |)i X singularity can be dealt with

at the &umkiby ne. Figure 5 is a schematic view of a
correct] ddopdidng bl ock 230 according to a 10
second i ment of the invention. Figure 6 is a
flowhart relating to the operation of the block 230.
The correction and decodi ng bl ock 230 of Figure 5 can

be used in a M MO OFDM system replacing the known
orrection, and decoding block 20 of Figure 2.

et whem Bl (6 daes ot expbdusrionss A S e P (D) willists. Thus ZF
configuration, that is NT = NR This is an

MIMO detection based on applying Eq.(7) above is still applicable. Further, in the

)
)
N

scenario of det(H(k)) — 0, the noise enhancement is avoided because it is removed by
higher order of det(H(k)) in the post-detection SNR. Thus noise enhancement and

matrix singularity can be dealt with at the same time.

Figure 5 is a schematic view of a correction and decoding block 230 according to a
second embodiment of the invention. Figure 6 is a flowchart relating to the operation of

the block 230.

The correction and decoding block 230 of Figure 5 can be used in a MIMO-OFDM
system, replacing the known correction and decoding block 20 of Figure 2. Preferably,
the system has a.symmetric MIMO configuration, that is Ny = Ng. This is an

implementation for a MIMO-OFDM transceiver with a linear modulation scheme, such

as BPSK or QPSK.
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i npl enentation for a M MO OFDM transceiver with a
i near nodul ati on schenme, such as BPSK or QPSK. 21
After the received signal streanms are converted to the
frequency domain by FFT transform as in the circuit
of Figure 2, they are passed to the correction and
decoding block 230 of Figurezpb. In the correction and
decodi ng bl ock 230, the transforned streans are

ssed to.the M channel estimation nodule 32, for
AieR e reerdyeksie PITCAMSAE GOMYSEY (;hg iefengp dermain by FFT
detection nmodul e 234. Channel estimation outputs from
traesfogmaas i theecdncnirgf Figtirand dl Yearg assad tadidie icomection and decoding
according to the prior art, are utilized by a
btk 238 béEiguoms.t luothe comersioo an®NEr calid gehlbekt 2310 threngianls formed
136 .and the M MO detector 234. The SNR cal cul ator 136

cadAinl At pssstd R thAINIMSO REarfthePERERIDN PRSI 31) f&UMadhd) @stimation
Eg. (8) above (step S204). The SNR from the SNR

gsgéfs&(ﬁt) Qﬁde &%Q\d'\g{gz(%e%&tibﬁ] H‘g)gglﬂfe Fah b M eg‘t?mgﬁérﬁﬁ.gﬁﬁts from the

In’t ector the outputs tTromt

MO channel est.i ion.nodyle 32 are multiplied . wt
el RB R Frop b B RLaERiRd afscifing o e Phor ol 3 i by o
a copbined reliabjlity. The reliability conbination
PESLGRIACHOR: Y & HImEgIon RN calcelgtion medie 1g6ragd theoMIM{E detector 234.
The integration is inplenmented based on Eq.(1 1) above
Tbe §HR828®}@torrh?é elauhaies ¢ SiNReusing dpragessdasest orpdpplyisg Kq.(8)
m (k) det(H (k)) Hm(k)y(k) , TIHm((k)Il SNRm (k)
abdve (kfep 5204)g TtHeeSNRafronkthe SNEstdlemites 1 36 BrisoligpultdABe MIMO
channel estimation nodule 32. 20 The detected outputs
Héwedrot o.M MO det ect or 234 pass through a |inear
de- mapper 238

In the MIMO detector 234 the outputs from the MIMO channel estimation module 32
are multiplied with the SNR output from the SNR calculator 136 to provide a combined
.reliability. The reliability combination is implemented and integrated with ZF detection.
The integration is implemented based on Eq.(11) above (step S206). The outpﬁt of the

MIMO detector 234 is

5 (k)= det(H'(k))

Sre— HY, (k)y (k).
e )| SR, (k)

with H’ being the matrix of estimates from the MIMO channel estimation module 32.

The detected outputs from the MIMO detector 234 pass through a linear de-mapper 238
for de-mapping (step S208) and a data and SNR de-interleaver 240 for de-interleaving

(step S210) before entering the decoder 42 for decoding (step S214).
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for de-mapping (step S208) and a data and SNR
de-interleaver 240 for de-interleaving (step S210)
before entering the decoder 42 for decoding (step
S214). 22 Third Enbodi nent The above-descri bed second
enbodi nment reduces potential problens of the first
enbodi nent for applications ofpthe systemw th a

| i near de-mapper. However, when the nodul ati on met hod
IS, M or 64QAM or ot herw se, such that the
J@Uﬁgﬁégwgaﬂgs 5 not have the nentioned |inear

roperty, and H' (k) does not exist due to det(H(k))
T'hg aboygsdesgibadpecand ¢mbagdimpntiredusgs petenialiprebderas ef e firg
suspect. The third enbodi mrent solves this problem and
embobdingng énapplicatiops efthe s psdtéro wvithet lvedr dé-ntapperp Hipaserd when the
sinplified ZF detection, applicable for all symetric

hJ a¢io i fmhe@hticeik 11 6Q A SF 6AQAM Br Mhervise, Mid¥hhrHe B8 mapper does
channel is closely spatially correlated, det(H(k)) - O

nd H . (k) does,not exist. This ns that all o
BPEhells it ot B P PRt Y2 g PEARS a i o  ikt = 0,
i.e., SNRm (k) = 0. However, in this case, the erasing
necoiEq (@ in singlifivd Z&r MIMOedaebeion ¢gasuspect.uThé thirldensbodiment
x(k) = k)y(k) = 0 can be enforced, nanely there is

86l vePdisairoBBmaindM ivi2 gdatarinifémentatid meined of hﬁrpl{%ﬁﬁé’d
when det(H(k)) # 0, the normal sinplified ZF M

SRR s e AP, ERGREAERS et s
third enbodi nent can be expressed as, Vm (k) = SNRm

(k) 1; Mz(k)) 20 det(H(k))z MH"(k)y(k)) det(H(k)) ~
%Vtgen a) MIMO fading channel is closely spatially correlated, det(H(k)) — 0 and

H ™' (k) does not exist. This means that all output of the MIMO detection is unreliable
and meaningless, i.e., SNR,, (k) = 0. However, in this case, the erasing technique in a

Viterbi depoder can be utilized and X(k) = G(k)y(k) =0 can be enforced, namely there

is no operation of MIMO detection.

On the other hand, when det(H(k)) # 0, the normal simplified ZF MIMO detection

using Eq.(7) above can be employed. Thus in a full scenario, the input to a Viterbi

decoder in a third embodiment can be expressed as,

V, (k) = SNR,, (k) *M(R,, (k))

2
GBED Mo G0y t0) - derH(i) =0 (12)
S0

0 det(H(k)) =0
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Hr(k)l O det(H(k)) = 0 23 Using this enbodi nent for
nonl i near de-mappers, in the case of det(H(k)) # O,
the conplexity is sane as the first enbodi nent, but
much | ower than for conventional ZF M MO detection.
When det (H(k)) = 0, the processes of M MO detection,
de-mapping, and reliability gonbination can be
el i m nated, which bring a great benefit in power 5

Vi ng, This,inplenen}ation can be further extended to
iﬁ@gégsséwda%qne fgndonlinear ge-mappersyin the apgeaf des(Hk W=t the
(k)) z det(H k)2 MHM (k)y(k)) det(H(k)) > Threshold
cddplexity Hafrie)as Ithe Orsdenbddient, butlhudslooletlthan for conventional ZF
Alternatively, for non-zero thresholds, the estinmated

VIO defeBtior? SV A H’él(H(k??_lg @, (A ]!_Dl'gbcesgél: oFtMBOUetbctid He-mapping,
the zero result if det(H(k) < Threshold. Wth a .

reasonabl e threshold sett.in hi.s ,i npl enent ati op .

T R e e abiBRI dao Y8 A pted. SiBei B T ERRnE ) pmower
performance loss. 15 Figure 7 is a schematic view of a
é®f&kcti on and decodi ng bl ock 330 according to a third
enbodi ment of the invention. Figure 8 is a flowhart
relating to the operation of the block 330. The
correction and decodi ng bl ock 330 of Figure 7 can be

THBdmiptengenbdtidrcalr B&further extended to the case of det(H(k)) — 0,

V, (k) = SNR,, (k) * M(%,, (k))
det(H(k))?

L M(H;' (0y(K) det(H(k)) > Threshold (13)
=1 B

0 det(H(k)) < Threshold

Alternatively, for non-zero thresholds, the estimated result can be output if det(H(k) 2

Threshold, and the zero result if det(H(k) < Threshold.

With a reasonable threshold setting, this implementation further decreases the process

burden with negligible performance loss.

Figure 7 is a schematic view of a correction and decoding block 330 according to a third
embodiment of the invention. Figure 8 is a flowchart relating to the operation of the

block 330.

The correction and decoding block 330 of Figure 7 can be used in a MIMO-OFDM
system, replacing the known correction and decoding block 20 of Figure 2. Preferably,

the system has a symmetric MIMO configuration, that is Ny = Ng. This is an
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20 system replacing the known correction and decodi ng
bl ock 20 of Figure 2. Preferably, the systemhas a
symetric M MO configuration, that is NT = NR This is
an 24 inplementation for a M MO OFDM transceiver with
a non-linear nodul ati on schene, such as 16QAM 64QAM
(although it can al so be usedypth a |inear nodul ation
schenme, but with some performance loss). 5 After the

recei ved SI nal stre re convert d to the frequenc

afa MengY a YRMQSOEPI trgmscefyer wishay qoedmeabm%ﬂ@@%%heme,
2, the aref?assed to the correction and decodlng )

shedcas BHRAMIO4QAM(althoughiit qanealsodierused wath adingatimedelatien scheme,

bl ock 330, the transforned streans are passed to the
butitt keme pbrfermtanpmtoso®n nodul e 32, for channel

estimation (step S302) and the M MO detection nodul e

334. Channel estimation outputs fromthe 10 channe

estimati on nodul e 32, as derived according to the

PSP el R L iy, ey cRETy HERGARR domein Ry FET
t or 33 .Th or cal cul ate

SRSy il 5.8 P hiREER GO BB portag <Ee Fared i g Secoding
& S g The M MO detector 334 detects and out uts
ff@kﬁﬁ pEFigvre Lyyde somsctionad deeading hlocky d3Qy dhectrans

bel ow (step S306). 15 In effect, the M MO detector
8Beanraare padseh tasthe Mmalch@rmhcsitmti@utrmdu@ Shdomehapual sstimation
the appropriate one (step S306). The first output

psaes 8302) modnteNd INOMBtebeibe Oicalule3B4. CHannel@htiRatien oEpye from the
338 (generally non-linear for this enbodiment), for

dRanfBP&titGitioh HoAR1eS08 derped a@éﬂr@mgﬁo tHe Fg?fo'r QARS utfitked by a
for de-interleaving (step S3 10).

fa it
k)ﬁ%t%g Ne%aéérg F A ulé é{l%%fb}‘_l%@ %;Elguﬁﬁgﬁj fHYA61e36 JAQ tP%\BIIM@ Hitector 334.

The SNR calculator 136 calculates the SNR using a process based on applying Eq.(8)
above (step S304). The MIMO detector 334 detects and outputs the different symbols

or other results, as described below (step S306).

In effect, the MIMO detector 334 has two possible alternative outputs and outputs the
appropriate one (step S306). The first output passes from the MIMO detector 334
through a de-mapper 338 (generally non-linear for this embodiment), for de-mapping
(step S308), and data de-interleaver 40, for de-interleaving (step S310). An SNR de-
interleaver 44 recovers the sequence of the SNR from the SNR calculator 136. The
recovered data from the data de-interleaver 40 and the recovered SNR from the SNR de-
interleaver 44 are multiplied to provide a combined reliability (step S312) as the input to

a Viterbi decoder 342. The second output passes straight from the MIMO detector 334
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recovered data fromthe data de-interleaver 40 and the
recovered SNR fromthe SNR de- interleaver 44 are
multiplied to provide a conbined reliability (step
S312) as the input to a Viterbi decoder 342. The
second out put passes straight fromthe M MO detector
334 25 to the Viterbi decodeps342. The input data to
the Viterbi decoder 342 is decoded (step S314).
Fi gur. fl rt relatin t he operatjon
B Mt B dier 372580 nphiegh i e g deqilen S b decoded (step
Eeratlon of step S306 of Figure 8 To decide which
is used, the M MO detector 334 detern nes

det(H(k)) (step 5350) and conpares the result agai nst
a threshold (step S352). The threshold nay be zero or
cl ose thereto. When det(H(k)) is above the rel evant

BIASEL9 (Y BSNEH A, relafiGS tPMe GPESLiBE 0P e WIBMONetddforS8aEthat is a
nanner as according to the first enbodinent. That 1Is

%tmd‘jﬁeﬁa‘ffoﬂrof §l%é E%ﬁ? uld'® b PE&H@Q/Eac.hgog put js used, the

S using a proc ase on applyi ng

sy
S354 out det ect or 334 .
&@f‘ﬁ dB‘SCB‘i’% S d‘ﬁﬁfm‘“gﬁ?@kf )RE‘FB Wbaé‘ﬁr?ﬁmtpﬁ%?s ﬁ%ﬁﬁewt against a
stimates fromthe M MO channel estimation _npd
es?' H@epééém sThsrthreshald rayeher segmortieseghersiod h%rsdqtﬂé(k)) is
flrst out put as nentioned above, passing 15 to the
aeoveshprelevaggerarthrelkoldt thes ploaesdingwivewrs diethetdainy mann@r as
or is belowor is equal to the relevant erase
aduoedihgtatthe ififrst @atbodiniem. Whaidds detMDVOodetecta-338 pIpicd@, the different
de-interleaving and the conmbined reliability

%ahwé alihen pﬁrc@ssbaa@@cﬁeﬁgpéﬂﬁh g PRSF) Qédoe%tégbbﬁg) T@ns.toﬁﬁvut of the
, and zeros are 20 rectl’y 1 nput (step to

KﬁﬁKYH&ﬁ&B¥3ﬂP%89ﬁﬁw342- An input of zeros neans the

% (k) = H™' (k)y(k)

with H’ being the matrix of estimates from the MIMO channel estimation module 32.

The results of this detection are provided as the first output as mentioned above, passing

to the de-mapper 338.

On the other hand, when det(H(k)) =0 or is below or is equal to the relevant erase

threshold, if set, then MIMO detection, de-mapping, de-interleaving and the combined
reliability calculetion are bypassed (or possibly disabled) (step S360), and zeros are
directly input (step S362) to the Viterbi decoder 342. An input of zeros means the
higher puncturing rate for the codec, namely an erasing effect, pending state. The
MIMO detection is performed symbol by. symbol, and with streams in parallel. Thus
the number of zeros input to the decoder can easily be predetermined, depending on the

modulation scheme and number of streams.
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hi gher puncturing rate for the codec, nanely an

erasing effect, pending state. The M MO detection is

performed synbol by synbol, and with streans in

paral l el. Thus the nunber of zeros input to the

decoder can easily be predeterm ned, depending on the

nodul ati on schene and nunber 9§ streams. 26 1In the

enbodi ment of Figure 7, multiplication of the data and

SNR occurs after de- interleaving. This is generally

for the case where the demapper function is not |inear

&Lor exanpl e, 16QAMI64QAM . However, where the
thespdiodfogié of Bigures7,Imyeplkicatipp of eedagaasdeSNR occurs after de-

BPSK/ QPSK), multiplication before and after

drgernlenviangl ddnd ingenarali hfor slenease whhreshé tlemappebfunpaod Grooedinear

before de-interleaving, as in the enbodi nent of Figure

Bfor &xam awes_@mmgomgleﬂb%%ﬂ, @avienBe dcthappeiRfuntiod RQinear (for
above descri bed enbodi nents, the SNR has been used, in

ekdiBAL, Bm?hgft&giﬁ:%iorﬂ&f&@faﬂg '3'%%1: it lcl)/inggs dlthg Qame.

decoder. However, sources o can be u

o ance fadin th del ay spre th nu .S
IRl i APRE PR efal Mt hec B B3 o BBrdppplid e 5. 0
fadi ng channel , the SNR al so varies subcarrier by
S5 SaPa e de- e Rkt SNFake use of the SNR for a
speci fic subcarrier in 15 a specific data stream
after M MO detection. The codes used in the above
descri bed enbodi nents are exenplified by Viterb
bodhe sboveddxs adteed dmybadirvertenid SNRdnd®een iHedeivi@ffecthdiettannel state
types of codes (and decoder) can also be used, for

efaridtidn (O81) byahe HedBdee Héweverl dthétsBeiced HE SR be used, for
including all convolutional 20 codes, Turbo codes,

Rt EORG H39085 de 1l drédd, bR nldibeRNEle behind Eq. (7) and
Eq.€8)2%bove, é§¥%§g (%h afﬁ tﬁreecenbodinents,

In an OFDM system with a frequency-selective fading channel, the SNR also varies
subcarrier by subcarrier. Embodiments make use of the SNR for a specific subcarrier in

a specific data stream after MIMO detection.

The codes used in the above described embodiments are exemplified by Viterbi codes,
decoded by a Viterbi decoder. However, other types of codes (and decoder) can also be
used, for example, but not limited to: all other FEC codec, including all convolutional

codes, Turbo codes, and LDPC codes.

Whilst the rationale behind Eq.(7) and Eq.(8) above, as used in all three embodiments,
is that the MIMO system has a symmetric configuration (i.e. Ny = N, for instance in

2*2 MIMO and 4*4 MIMO), that does not mean the present invention can only be used
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is that the M MO system has a symmetric configuration

(i.e. NT = NR for instance in 2*2 M MO and 4*4

M MD), that does not nean the present invention can

only be used 27 in symetric configurations. The

i nvention can be used with asymmetric configurations,
where the nunber of transmtteg data streans i s not
[Inventor - please confirmthis "not" is correct] the
sanme as the punber of the receiving antennas, e.q.

5 %m‘BFm&*CQHﬁE%'%nfTihﬁ AP ENHBm sanpe ‘I‘FCEOOB”?&&F‘F‘Q“%U at a
streanms, or others, where cyclic 5 delay diversity
copurgions wheraithe mimbes afrfrarsmitied date in¢agusas ingt [iBeentotr please
spatial expansion. Wilst the above-descri bed

eorifixin ithis { ‘aotlY is calrect] alsechnesivhdvinbdodf shesteediging tahennas, e.g.,
present invention also extends to other narrow band,
BrBErane WINROcoRfi Qahiine wiatiwidspatifl ddtd\aetins! & Bihers, where cyclic
Simul ati on and Verification The above descri bed

: ri S
O B IS or o A e ROl ot S S
W.AN system platform In the sinulation, two spatia
StREITE were transnitted over a M MO fading channel
with a 20MHz frequency band, utilizing the spati al
division multiplexing (SDM technique. Convol utiona
codes with different puncturing rates were adopt ed.
Phialstitheaabpeetdesggbehemberiimiefis @zgt albbased on MIMOLQFPM systems, the
WLAN 802.11 In standard draft, "EWC HT PHY 20
presenitfinwationalse ekiehdaweaghdtinaebestsand@pfisquiehd yimon-selective fading
Publ i cation. V1.27, Decenber 23rd, 2005. Type B and
MIRO Eydd YD f adi ng channel nodel's, as described in
"1 EEE "~ P802.11 Wreless LANs TG Channel Model s",
doc.: | EEE 802.11-03/940r4, May

Simulation and Verification

The above described embodiments were simulated and verified. The receivers were
simulated as used in a 2*2 MIMO-OFDM based WLAN system platform. In the
simulation, two spatial streams were transmitted over a MIMO fading channel with a
20MHz frequency band, utilizing the spatial division multiplex.ing (SDM) technique.
Convolutional codes with different puncturing rates were adopted. The detailed system
specification is referred to the WLAN 802.11n standard draft, “EWC HT PHY.
Specification”, Enhanced Wireless Consortium Publication. V1.27, December 23rd,
2005. Type B and type E MIMO fading channel models, as described in “IEEE
P802.11 Wireless LANs TGn Channel Models”, doc.: IEEE 802.11-03/940r4, May

2004, were employed in the system simulation.
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2004, were enployed in the systemsinulation. 28 The
antenna configuration in the sinulation was a |inear
array and the di stance between adjacent two antennas
was a half carrier wavelength. In the considered
system perfect synchronization was assuned. Least
square M MO channel estimationgw thout snoothing was
adopted in the receiver for the Channel Estimator 32. _
aﬁ%eover HEE 5 decoqﬁr,42 .342 used Viterbi decaoding

e AN RS ESRURNB AR Y sypulptian wapafifeararigyjand thsiistapge between
sinplified ZF detection based on the use of Eq.(7) and

R gcent kP anienrastwasre hadf Gastierovryelgagid. o thef gasgidered system, perfect
first enbodi nent, under the condition that the channe
wpiahronize®n vets assungpdl dreastadquart MIMArchamel Eaimaivaevidout
the conventional ZF detection nethod. The second

SMdOMi EEWAs adepebalin tHeere€itielifbt BB AhAAkel HIBmEARY FRPBEdreover, the
function has a |linear property had sanme performance

| OR@lhi o The third
SorRrEPIERN PRAb SRl BRI S B of (e

proposed sinplified ZF detection. It is applicable
for all symretric M MO detection M MO OFDM syst ens
Sith [inear or nonlin nodul ati on schenes.

ar Its
e SHTAGEn S FERIIfIE] REKiECtpR BAREPR theserdEq.(7) and its
i npl emrent ation. The sinul ations were perforned in
viapleagstagomdaridtions weee wifwdnonstrate this, including
di fferent nodul ati on schenes, BPSK and 64QAM Channel
B and channel E, the erase threshold being 0, 0.1, and
0.01. The sinulation results are shown in Figures 10

e Ligst efmbBdingmt, MAdantle tdnditiothah@e RERRNHaBBERvas not singular had
performance, respectively, in channel B and Fi gures

e ARE pLAosRAWe hD &heRERVARDNBEE BELEUTRAGS.

The second embodiment, under the condition that the de-mapper function has a linear

property had same performance as the conventional ZF detection method.

The third embodiment is the general implementation method of the proposed simplified
ZF detection. It is applicable for all symmetric MIMO detéction MIMO-OFDM systems
with linear or nonlinear modulation schemes. Its performance varied with the threshold
of the implementation. The simulations were performed in various conditions to
demonstrate this, including different modulation schemes, BPSK and 64QAM, Channel
B and channel E, the erase threshold being 0, 0.1, and 0.01. The simulation results are
shown in Figures 10 to 13. Figures 10 and 11 show the PER and BER performance,
respectively, in channel B and Figures 12 and 13 show the PER and BER performance,

respectively, in channel E. In all the Figures 10 to 13, simplified ZF detection, based on
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respectively, in channel E. In all the Figures 10 to
13, sinplified ZF detection, based on 29 Eq.(7), wth
di fferent erase thresholds were adopted for BPSK and
64QAM Fromthese simulation results it can be seen
that the performance for BSPK is robust for these
threshol d settings. Wien 64QAMyi s consi dered, the
performances were alnost sane wth the threshold of 0
d_0.01. . er, when the threshol d increased
Fir@nart HGren! Cigse Hermboliag eBAtopts BB SKHaAGAQAM. From these
degradation for 64QAM Further, a conparison i s now
viraelatien weedlfs it pan beLaeble thabthe pgiformance GersB SR és whnstifgr these
use of various enbodi nents of the present invention,
thrlestiald/ settigest Wiee 64QAM duicdnsigleredpihie e iformaices were almost same
conventional ZF or MVBE. 10 Estimates of the required

WULH the kirésHol PO 4 0.0 NEHBWERR SR Herl Bk MREShoM MicRASRuRRer t0 0.1,
t he follomnng assunpti ons: Cbnp ex matrix

@B’ér WQL b pﬁrﬂnnahée’%e@%%ﬁ:ﬁﬂﬂ 64 *M'N conpl ex.

sca cat1 ons; e matri X inversion

operatlon of matri x ANXN takes o(N3) nultiplications.

Each conplex nultiplication consists of 4 real ones,

and each real nultlpllcatlon t akes one operation to
fuRhea camparignds AeW &ade betaveren thegiumpep ob caigylatigns made during use
i nvol ves no conplex nultiplication. The matri x
ohyaniaisemboflinaenes of thepreisentiimweotiom gel@ti votophese made during

mul tiplications. 20 Assuming a 2*2 M MO system the
opemaspofcinngntictallZF r MMSEuUdi ng t he SNR

Estimates of the required multiplications for the proposed methods are based on the

following assumptions:

. Complex matrix multiplication A,,,, X B,y requires L*M*N complex
scalar multiplications;

o The matrix inversion operation of matrix A,,, takes o(N*) multiplications.
. Each complex multiplication consists of 4 real ones, and each real
multiplication takes one operation to finish

. The adjoint calculation of a 2*2 matrix involves no complex multiplication.

. The matrix inversion of a 2*2 matrix involves 6 complex multiplications.

Assuming a 2*2 MIMO system, the corresponding results (including the SNR
calculation) based on these assumptions are given in Table I. From the comparisons, it

can be seen that the complexity of ZF detection for symmetric MIMO configuration,
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cal cul ati on) based on these assunptions are given in
Table |I. Fromthe conparisons, it can be seen that

the conplexity of ZF detection for symretric M MO
configuration, 30 wusing the present invention, is

much [ ower than for conventional ZF detection and

MMSE det ection. The nunber of zgultiplications involved
inthe sinplified ZF detection for |inear de-nappers
are less half that for conventional ZF/ MVBE i
D@ &G RSRSENL InYRRIIQN, gTiash loyrephap fier qpaentignalF detection and
detection of the third enbodi mrent depends on the 5
MMSEqistactior Bhe nyabesrgd inyyeplicatorreinselvedin thp sémplified |78
I, conplexity conparison Detection nethod Rea

detettignl fioc Hhé¢apds-nCppesrire eeshal ZhaMfdsEodvdhtiOeal ARNMIMSE detections.
the conbined reliability calculation) The invented -

The dehprkitpf thé gehéral 2 degct dreoraRdihifagshtolihéfidepdnds on the

for |inear de-mapper (second cal cul ati on) enbodi nent)
i r 2 *poa &excl udi ng the conbi ned

g%?'gg??{tg%%?%|°?‘§‘gf%(e?tz3/}z§%€°gh°ﬁaw’0n) (third enbodi ment)
Enbodi nents of the invention may be inplenmented, inter
alia, using just hardware, with 10 circuits dedi cated

or the required processing, by software or by a

ahlsi In somplexHy compagiseR e and sof tware nmodul es, even if
the_hardware is just that of a conventjonal conputer
sy gtlRatection method Real multiplications

Conventional ZF/MMSE 104 (excluding the combined reliability

calculation)

The invented ZF detection 44 (including the combined reliability
for linear de-mapper (second calculation)

embodiment)

The invented general ZF 48*p% (excluding the combined
detection reliability calculation)

(third embodiment)

Embodiments of the invention may be implemented, inter alia, using just hardware, with
circuits dedicated for the required processing, by software or by a combination of
hardware and software modules, even if the hardware is just that of a conventional

computer system.

A module, and in particular the module's functionality, can be implemented in either

hardware or software. In the software sense, a module is a process, program, or portion
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A nodul e, and in particular the nodule's
functionality, can be inplenented in either 15
hardware or software. In the software sense, a nodul e
IS a process, program or portion 31 thereof, that
usually perforns a particular function or rel ated
functions. In the hardware s@mnse, a nodule is a
functional hardware unit designed for use with other

dul es. For anpl e, ul e may, b
TP Bl pRrgors 2ot S Pl a8 sTigR Sln t harduware
it can forma portion of an entire electronic circuit
SERSS> amodpleds a Amctienal ihandwageenit designgd dofruse athcother somponents or
(ASIC). Numerous other possibilities exist. Oher
endstudis ot exaniple,remoduie may dr implemepedappardiserett elethose
skilled in the art from consideration of the
epapbii¢ntsy br titarfwinpd pertioa of o ertlre eiedM it cirBuit such as an

- Furthernore, certain termnology has been used for

Eﬁud&%@@ﬁ&ﬁﬁ&iﬁm@%@a élrtturt\@sqtﬁm&aﬁema@ Gthepbosfsrbuhtréyeklst

e 10 present invention. The enbodi nents and
preferred features descri bed above shoul d be
consi dered exenplary, with the invention being defined

t he .appended. cl ai ns .and/ as descri be
e sDRIRETS ot e SER G il s bRt Bt s S s afrom
synhbols in a plurality of received signals on a
EPRsidaratiqn offthe speeidicatiient and practivs il theddvenron. Fuphenmgre.togrtain
of channels froma 5 plurality of transmtting
sevtreniagy bas beerd sesitfopthepatiosss affdes@ipeive ichagityahé noas, limit the
wherein the channels conprise frequency responses for

Prdsé@risvintisnb TaE EinBoGimeaitint Peefeled ERhRIFes deséitREaABb R $Hduld be
esti mate and out put said synbols based on assum ng a

BB didefed dendify DEitR Heah feritid bBRE RHAGHbRIhe ApP&Idd Hdiths and/or
is-a matrix of channel frequency

as described.
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responses for the k-th subcarrier fromeach of the
transmtting antennas to a second 10 plurality of the
recei ving antennas. 2. A Zero-Forcing M MO detector
according to claim1 further conprising: neans for
determining det(H (k)), where H (k) is a matrix of
esti mated channel frequency Bgsponses; and 15 neans
for outputting a first result, being an estimte of

id synbols based on assuming the matrix H(k) to be
33 and not singular or outputting a second result,
being a zero signal, based on the determ ned
det(H (k)). 3. A Zero-Forcing M MO detector according
toclaiml or 2, operable such that a 20 detection
dut putA Yerotkarciof MBMOmdeteethr §ymesbmatiag g)m)bcﬂs:'m a plerakityt &f received
subcarrier can be represented as x (k) = H"1(k)y(k),
wizaile oy @kpluraltyeofSubdtatiery Qednomittdd dveE & piealit$ b Otddngiels &ideh a
33 H (k) is amtrix of estimated channel frequency

bﬁﬁﬂﬁ?%@ﬁanﬁmttﬁ(ﬁzﬁﬁ&n%)fo it MJMRI:F?(‘ ﬁeélwn\%egfennas whf:rem

estinmati ng sy Sina urality ‘of recei

on a allt of suhcarriers tra

ol ur a4 §edd e %%ﬁe%q}ls'}ﬁyafe%mgfﬁr 3 sy SWiRhrites: and
trans [ anten stoaflrst lurality

Fecer T ranpe s feruimate iko Bhhsadi S8 ngepekon assuming a
frequency responses for different subcarriers; and the
et Hek) tode speare B netsingulasuwhere Fikbista mesrixef ghanichfgequency
to a detection output vector of estimated synbols z
tdsporises fdarhibe k-th subsalvieafromegach béitheaeansin@ting pitersan tea seednd

plurality of the receiving antennas.

2. A Zero-Forcing MIMO detector according to claim 1 further comprising:
means for determining det(H’(k)), where H’(k) is a matrix of estimated channel
frequency responses; and
means for outputtiﬁg a first result, being an estimate of said symbols based on
assuming the matrix H(k) to be square and not singular or outputting a second result,

being a zero signal, based on the determined det(H’(k)).

3. A Zero-Forcing MIMO detector according to claim 1 or 2, operable suéh that a
detection output vector of estimated symbols X (k) for the k-th subcarrier can be
represented as

R (k) = B (kyy (k),

where

y(k) is a signal vector of received signals, and
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X (k) = H"1(k)y(k), 10 where y(k) is a signal vector
of received signals, and H (k) is a matrix of

esti mated channel frequency responses for the k-th
subcarrier fromeach of the transmtting antennas to a
second plurality of the receiving antennas. 15 5. A
Zero-Forcing M MO detector acgerding to claimi4
further conprising: neans for determ ning det(H (k));

and for out tt|n a f|r result, being a
resurﬁﬁgéﬂ§égﬁﬂﬁﬂgﬁ “F@ ﬁé@ﬂFﬂﬁyrﬁﬁPBﬁ? vect or

of estimated synmbols z (k), or for outputting a second
result, being a zero 20 signal, based on the

determined det(H (k)). 6. A Zero-Forcing M MO detector

dccor &\ Agotkorcihg MilMO aletebtor Wdreasematinheymbilpin a plarality of received
determ ned based on the determ ned det(H (k)) relative

tiznals bhragsinalig: of Wubdarddrs QkdnBitted dves pru@ﬁﬁ b of ERRRE®m a
M MO detector i f the determ ned det( (k)) is greater

#Jpg%t% e trﬁ/I fsmitt é?ag%{ﬁlg?s ﬁ)néjﬁlﬁpplg Er)rg %e@gﬂlg aBFeélHl.f(\s{( wherein

is less than.,or e

rer o- Bl R F v Bl s ?lsfeaﬁngflmcemers and
wher ei n éhe threshold = 0. 5 8. A Zero- For0|%é;

det ectrOCREBIHPPRIARD (U Brepylt epIreRAYding o hdetesitiop @utput
is determ ned based on the deternined det(H (k))

vegter ¢fiastimated symbeksholk forwhe h—t}awbgautrputhat can be represented as

% (k) = B (kyy (k),
where

y(k) is a signal vector of received signals, and

H’(k) is a matrix of estimated channel frequency responses for the k-th
subcarrier from each of the transmitting antennas to a second plurality of the receiving

antennas.

5. A Zero-Forcing MIMO detector according to claim 4 further comprising:
means for determining det(H’(k)); and |
means for outputting a first result, being a result corresponding to the detection
output vector of estimated symbols X (k), or for outputting a second result, being a zero

signal, based on the determined det(H’(k)).

6. A Zero-Forcing MIMO detector according to claim 2 or 5, wherein the output is
determined based on the determined det(H’(k)) relative to a threshold, with an output

ﬁ_rst result from the MIMO detector if the determined det(H’(k)) is greater than the
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first result fromthe M MO detector if the determ ned
det(H (k)) is greater than or equal to the threshold
and an out put second result fromthe M MO detector if
the determned 10 det(H (k)) is less than the
threshold. 9. A Zero-Forcing M MO detector according
to any one of clains 2 and 5 8¢ 8, in conbination
with a de-mapper and a Viterbi decoder, wherein the

R A A SRR W

the M MO detector is de-mapped by the de-nmapper prior
der(H&&bds legs tan ohequgl taethpithreshobier ; and an out put
second result fromthe M MO detector is input to the
Viterbi decoder wthout first being de-mapped by the
de- mapper. 20 10. A Zero-Forcing M MO detector for

gst i Mg Z&g-For ¢t MIMO dateplod hédokdiNg &f clhige 6, wigslein ShdihadsEold = 0.
on a plurality of subcarriers, transmtted over a

plurality of channels froma plurality of
transmtting antennas to a first pI urality of

ecei i n the..c

Fequinig o TR BR R gpletior peP i f AT ? PEr v heifg tpsoutputis
a detectlon out put vector of estimted synbols z m
gtprmingd based o the desermipgdodetcHigk) r&l%tweéa Béléﬂef’*}oéi Withyan output
be represented as det(H (k)) m(k) (2 )) Hm(k)y(k),
firgtrepu{tikiomn sMBYIOidetecidraf e Bleig(rained slenﬁﬁéﬁk@nagrea@c than or equal
of received signals, H (k) is a matrix of estinmated
ahthn nietesHol @ apdearcyutp spasnslassul tofiforh ltiee MIMIO detector if the determined

det(H’(k)) is less than the threshold.

9. A Zero-Forcing MIMO detector according to any one of claims 2 and 5 to 8, in
combination with a de-mapper and a Viterbi decoder, wherein the MIMO detector, the
de-mapper and the Viterbi decoder are arranged such that:

an output first result from the MIMO detector is de-mapped by the de-mapper
prior to decoding by the Viterbi decoder; and

an output second result from the MIMO detector is input to the Viterbi decoder

without first being de-mapped by the de-mapper.

10. A Zero-Forcing MIMO detector for estimating symbols in a plurality of received
signals on a plurality of subcarriers, transmitted over a plurality of channels from a
plurality of transmitting antennas to a first plurality of receiving antennas, wherein

the channels comprise frequency responses for different subcarriers; and
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subcarrier fromeach of the transmtting antennas to a
second plurality of the receiving antennas; H m (k)
denotes the mth row of Hp (k), Hp (k) being the
adjoint of H(k); 10 and SNRm k) is a SNRreliability
figure for sub-streammfor the k-th subcarrier. 11.
A Zero-Forcing M MO detector ggcording to claim110 in
conbination with a |I|inear de-mapper for de-napping
the output fromthe MMD detector. 15 12, A

Zer o- ROFEFHRN RHtRMS Yeetos of estimatedbsydbals Km &).4pna qub-stream m of the
further in conbination wth a decoder, wherein the
@uh pubicafriedyoahibe reprogmtedds- mapper is input to the
decoder. 13. A SNR cal culator for use in a MM

recei ver fQeyte&§) Vi ng E,, plurality of signals 20 on a

Enutkal= (Khy@hsnitted over a plurality
of chan‘ Ps(kF“rg a Hl)urality of transmtting antennas
to a filkst pllural ity ‘of receiving antennas, wherein

the SNR cal cul ator is operable to output a SNR for a
stbrestream m 36 SNR det (H (k)) 2 m=2 DH m (k)
where H (k) is a matrix of estimted channel frequency

respo - jer fromeach of the
tr an_s%i?t%sl %g%%%?gﬁﬁéép{egég&ggg%%g plurality of the
recel H’HS is a5 m%pr%xegln easafnataeﬂ%hannel frequency responses for the k-th

subcarrier from each of the transmitting antennas to a second plurality of the receiving

antennas;

H'P, (k) denotes the m-th row of HP (k), H'P (k) being the adjoint of H(k);

and

SNR(k) is a SNR reliability figure for sub-stream m for the k-th subcarrier.

1. A Zero-Forcing MIMO detector according to claim 10 in combination with a

linear de-mapper for de-mapping the output from the MIMO detector.

12. A Zero-Forcing MIMO detector according to claim 11 further in combination

with a decoder, wherein the output from the linear de-mapper is input to the decoder.

13. A SNR calculator for use in a MIMO receiver for receiving a plurality of signals
on a plurality of subcarriers, transmitted over a plurality of channels from a plurality of
transmitting antennas to a first plurality of receiving antennas, wherein

the SNR calculator is operable to output a SNR for a sub-stream m



H m (k) denotes the mth rowof Hp (k), Hp (k) being
the adjoint of H(k); and 14. A Zero-Forcing M MO
detector according to claim10, 11 or 12 in
conmbination 10 with a SNR cal cul ator according to
claim 13, wherein the output fromthe SNR cal cul ator
is an input to the M MO detectgr. 15. A Zero- Forcing
‘M MO detector according to any one of clains 1 to 8,
in conbination with a SNR cal cul ator according to
cl ai m 13ew(E ®@g2mapper and a decoder, 15 wherein the
detector,sthe SNR cal cul ator, the de-mapper and
t he decjﬂ%’@e arranged such that: estimated outputs
fromth detector are input to the de-mapper for
de- mappi ng; de-nmapped outputs fromthe de-mapper are
Wpkte plied with the SNR outputs 20 fromthe SNR
cal cul ator; and the de-nmapped outputs nultiplied with

the S J L ' t -

decoarhd b & dsOlsaBalief G e Hspal 8 for he et
accordi to claim9 in.conbination with a NR ..
SRt g cichof g eBiERBRNHPTES (A SrePd Byt of the receiving
de- mapped outputs fromthe de- mapper are nultiplied
antemnashandsNR out puts from the SNR cal cul ator prior to
decoding 5 by the Viterbi decoder. 17. A Zero-Forcing

M MO depe r accprding to .any one qf clains, 1 to. 12 )
and 14 ) ol Pedomine T BRGHE G aR e pdiSint ot e,
recei ving antennas conprises the sane nunber of

and

14. A Zero-Forcing MIMO detector according to claim 10, 11 or 12 in combination
with a SNR calculator according to claim 13, wherein the output from the SNR

calculator is an input to the MIMO detector.

15. A Zero-Forcing MIMO detector according to any one of claims 1 to 8, in
combination with a SNR calculator according to claim 13, a de-mapper and a decoder,
wherein the MIMO detector, the SNR calculator , the de-mapper and the decoder are
arranged such that:

estimated outputs from the MIMO detector are input to the de-mapper for de-
mapping;

de-mapped outputs from the de-mapper are multiplied with the SNR outputs
from the SNR calculator; and

the de-mapped outputs multiplied with the SNR output are input to the de-coder

for decoding.
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recei ving antennas as the nunber of transmtting
antennas. 10 18. A Zero-Forcing M MO detector

according to claim17, wherein the first plurality of
recei ving antennas conprises the sane nunber of

recei ving antennas as the nunber of transmtting
antennas. 15 19. A M MO detecgpr according to any one

of clains 1 to 12 and 14 to 18, being a M MO OFDM
detector. 20. A M MO receiver conprising a MM

detector according to any one of clains | to 12 and

14 to 19. 20 21. A M MO receiver according to claim

20, f dyZererFaconp MIMQgetgconreavadiog faclaim 9 acewmbinaigon with a
claim13. 22. A M MO receiver conprising a SNR
SalRcedlatlaor aconting togeldim 3, aihereld thed-maiped AubdubdIrom the de-
recei ver according to any one of clains 20 to 22,

fﬂé Heire AR ivwith e SMAVBUGHE FRR the SNRIBS1OKatoP pRYr tollecoding

recei ver according to claim23, when dependent on

gt&ﬁ@ﬁéPP&%Oﬁ&- claims 3, 4 10 and 13, wherein the

ut o e channel estimator corresponds to the
contents of matrix H (k). 25. A nethod of Zero-Forcing
M MO detection for estimating synbols in a plurality
10 of received signals on a plurality of subcarriers

{¥-ans i €ered assiag Getgrior 900@rdla& Ky e of clmg 1 to 12 and 14 to

plurality of transmtting antennas to a first
b6 uwhkiein/thefseqoad plwrahity cdme¢aeiving antennas comprises the same number of

receiving antennas as the number of transmitting antennas.
18. A Zero-Forcing MIMO detector according to claim 17, wherein the first
plurality of receiving antennas comprises the same number of receiving antennas as the

number of transmitting antennas.

19. A MIMO detector according to any one of claims 1 to 12 and 14 to 18, being a

MIMO-OFDM detector.

20. A MIMO receiver comprising a MIMO detector according to any one of claims

1to12 and 14 to 19.

21. A MIMO receiver according to claim 20, further comprising a SNR calculator

according to claim 13.

22. A MIMO receiver comprising a SNR calculator according to claim 13.
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wherei n the channel s conprise frequency responses for
different subcarriers, the nethod conprising
estimating and outputting said synbols based on
assumng a matrix H k) to be 15 square and not
singul ar, where H(k) is a matrix of channel frequency
responses for the k-th subcagsgier fromeach of the
transmtting antennas to a second plurality of the
recei ving antennas. 26. A Zero-Forcing M MO detection
met hod according to claim25, further 20 conprising:
determning det(H (k)), where H (k) is a matrix of

@3¢ i mé ERpiaET docardingioyany oae phelgimes 2Qieck 23 further comprising a
outputting a first result, being an estinmate of said
MIMO Icbarbhebettinaatorassunmi ng the matrix H(k) to be square
and not singular or outputting a second result, being
a zero signal, based on the determ ned det(H (k)). 5
27. A Zero-Forcing M MO detection nethod according to

6hai mA215[ O ?e@ew%%?ni(ﬁh@grc 3t Wﬂﬁn QU n e \GaCH: Pas ne of

estimate nmool s X carrier can

e ‘5%@» i B éf%aﬂ“én“eihﬂlwt%&syffegﬁ%{*dss o the

mat ri x ?f estlnated channel frequency responses. 28. A
SentEg E‘PH@‘W KD detection method for estimating
synbols in a plurality of

25. A method of Zero-Forcing MIMO detection for estimating symbols in a plurality
of received signals on a plurality of subcarriers, transmitted over a plurality of channels
from a plurality of transmitting antennas to a first plurality of receiving antennas,
wherein the channels comprise frequency responses for different subcarriers, the
method comprising

estimating and outputting said symbols based on assuming a matrix H(k) to be
square and not singular, where H(k) is a matrix of channel frequency responses for the
k-th subcarrier from each of the transmitting antennas to a second plurality of the

receiving antennas.

26. A Zero-Forcing MIMO detection method according to claim 285, further
comprising:
determining det(H’(k)), where H’(k) is a matrix of estimated channel frequency

responses; and
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received signals on a plurality of subcarriers,
transmtted over a plurality of channels 15 froma
plurality of transmtting antennas to a first
plurality of receiving antennas, wherein the channels
conprise frequency responses for different

subcarriers, the nethod conpggsing: determ ning and
outputting a result corresponding to a detection

out put vect f estimted synbols z for the k-th

s ubcaPPw@Fﬂrtgr?af?er%ulb é’e}“ém“éfééﬁ‘??@d)f é%ldzwm?olmbfsed on assumning the
H' 1(&&)( where y(k) is a signal vector of

TRASTRX t9|bgr$aua:re apghdotOnguir Ok puipyttimgreeseegnd rgsult, being a zero
esti mated channel frequency responses for the k-th
sighalabised onfthodsteadheddet(Hbek)).r ansmi tti ng antennas to a
second plurality of the receiving antennas. 5 29. A
Zero-Forcing M MO detection nethod according to claim

28, further conprising: determning det(H (k)); and

9yt puty tzgfglﬁorélhéﬁ%\ﬁﬁgﬁ{e&l &'e%d%céo‘?&“%tto %laim 2? or 26, wherein a

correspo out put
second

. ti
ARt Sefhigar 9%?5&@%@09%8{»55% e A o SR Ean e
determined det(H (k)). 30. A Zero-Forcing M MO
dresentedds net hod according to claim 26 or 29, wherein
t he out put is determ ned based on the determ ned
i) #HH’KYR)Y(nl ati ve to a threshold, with an out put
first result fromthe M MO detector if the determ ned
deiefeH (k)) is greater

y(k) is a signal vector of received signals, and

H’(k) is a matrix of estimated channel frequency responses.

28. A Zero-Forcing MIMO detection method for estimating symbols in a plurality of
received signals on a plurali_ty of subcarriers, transmitted over a plurality of channels
from a plurality of transmitting antennas to a first plurality of receiving antennas,
wherein the channels comprise frequency responses for different subcarriers, the
method comprising:

determining and outputting a result corresponding to a detection output vector of
estimated symbols X (k) for the k-th subcarrier that can be represented as
R (k) = H" (b)y(k),
where

y(k) is a signal vector of received signals, and
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15 than the threshold and an out put second result from
the M MO detector if the determned det(H (k)) is

| ess than or equal to the threshold. 31. A

Zer o- Forcing M MO detection nmethod according to claim
30, wherein the threshold = 0. 20 32. A Zero-Forcing
M MO detection nethod accordingg to claim26 or 29,
wherein the output is determ ned based on the

det er d det ve to a threshold, with

an ouﬁ, 1§ f ggrix éﬁ%#lfﬂareﬂ&fwwrfé figARRHCY SespOnsss forrthe fgh
determ ned det(H (k)) is greater 41 than or equal to
srReagripr debeash of dheafans mithing asisamsdo assend Myrglitytdfghe receiving
M MO detector if the determned det(H (k)) is |less
ahtgnnashe t hreshol d. 33. A Zero-Forcing M MO detection
nmet hod for estimating synbols in a plurality of 5
received signals on a plurality of subcarriers,
transmtted over a plurality of channels froma

pour ala té’roqfor&ﬁgMM@HEQEti&Ph@%@%%&dﬁﬁftb El%fm 28, further
plura ity of el vi ng ant ennas ere e channe

frequency responses for different
88@Eé$§§e the met hod conprising: representing a

det ect,i on outp t vector of estimated synbols xm (k),
for ad Qﬁﬂm“f$‘§¥Q£Z§QﬁW6f the k-th subcarrier, as

det(H (k)) pxin (k) =2 Hm(k)y(k), Frn1(k)l SNR

m (k) omga@g a first result, being a result correspondmg to the detection output

vector of estimated symbols X (k), or for outputting a second result, being a zero signal,

based on the determined det(H’(k)).

30. A Zero-Forcing MIMO detection method according to claim 26 or 29, wherein
the output is determined based on the determined det(H’(k)) relative to a threshold, with
an output first result from the MIMO detector if the determined det(H’(k)) is greater
than the threshold and an output second result from the MIMO detector if the

determined det(H’(k)) is less than or equal to the threshold.

31. A Zero-Forcing MIMO detection method according to claim 30, wherein the

threshold = 0.

32. A Zero-Forcing MIMO detection method according to claim 26 or 29, wherein
the output is determined based on the determined det(H’(k)) relative to a threshold, with

an output first result from the MIMO detector if the determined det(H’(k)) is greater
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y(k) is a signal vector of received signals, H (k) is

a matrix of estimated channel frequency responses for

the k-th 15 subcarrier fromeach of the transmtting

antennas to a second plurality of the receiving

antennas; H m (k) denotes the mth rowof Hp (k), Hp

(k) being the adjoint of H(k)s1 and SNRm(k) is a SNR

reliability figure for sub-streammfor the k-th

ubcarri 34. A NR cal cul at 0 e .
R et thedisaiold Bvd Mo Py 95 Brf GpRge VMO Bector it the
gnals on a plurality of subcarriers, transmtted

69@Hnweﬂ>ri@r£ﬁr(k})ys l?ﬁs @H@Hﬁéh?shqlém a 42 plurality of

transmtting antennas to a first plurality of

recei ving antennas, the nmethod conprising calculating

and outputting a SNR for a sub-streamm SNR det(H

BB) ) 2 AvZeroFordihFIMIMB Hefectidtemethbld fén estifaBingBrhbols ﬂfa plurality of
esti mated channel frequency responses for the k-t

S4BGRE Kighhls oﬁ%rﬁ)}ﬁ%ﬂ} cﬁ fsubddridis qpﬁ%ﬁt‘éd@e?@bﬁ?ﬂ@? HF Ehddnels

second uralit e receil vl ng ant ennas

g’\}é}n gﬁl{ﬁralﬁy E&{:?nsrm 1rr]1g rag%’gnr?e{s to arﬁr kall’lrah]% C‘fkl%CCIVII’lg gntennas,

wherein the channels comprise frequency responses for different subcarriers, the

method comprising:
representing a detection output vector of estimated symbols X , (k), for a sub-
stream m of the k-th subcarrier, as
det(H'(k))

R (k) = > H' (0y(k),
”H'& (k)” SNR p (k)

where

y(k) is a signal vector of received signals,

H’(k) is a matrix of estimated channel frequency responses for the k-th
subcarrier from each of the transmitting antennas to a second plurality of the receiving

antennas;
H'h, (k) denotes the m-th row of H'P (k), H'P (k) being the adjoint of H(k);

and

SNRn(k) is a SNR reliability figure for sub-stream m for the k-th subcarrier.

34. A SNR calculation method for use in a MIMO receiver for receiving a plurality

of signals on a plurality of subcarriers, transmitted over a plurality of channels from a
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10 and 35. A M MO detection nethod according to any
one of clainms 25 to 33 in conbination with an SNR
cal cul ation nethod according to claim34. 15 36. A
M MO det ection nmet hod according to any one of clains
25 to 33 and 35, being a M MO OFDM det ecti on mnet hod.

42

plurality of transmitting antennas to a first plurality of receiving antennas, the method
comprising

calculating and outputting a SNR for a sub-stream m

1 2
SNR 1 = det(H'(k))

2
oo

where
H’(k) is a matrix of estimated channel frequency responses for the k-th
subcarrier from each of the transmitting antennas to a second plurality of the receiving

antennas; and
H'gl (k) denotes the m-th row of H'p k), H'p (k) being the adjoint of H(k);

and

35. A MIMO detection method according to any one of claims 25 to 33 in

combination with an SNR calculation method according to claim 34.

36. A MIMO detection method according to any one of claims 25 to 33 and 35,

being a MIMO-OFDM detection method.



