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1 Zero-Forcing MIMO-OFDM Detection and Detectors Field of the
Invention The present invention relates to techniques useful in Multiple
Input Multiple Output 5 Orthogonal Frequency Division Multiplexing
(MIMO-OFDM) receivers, in particular to aspects of signal detection and
decoding for use in MIMO-OFDM receivers. Background of Invention
MIMO-OFDM systems are well-known fér providing space division
multiplex 10 communication. They are extensively employed in
Highr-dpaethwikld56 -OIMNLIDicaicna badduse dhacombination takes
advantage of multipath propagation to increase throughput,
range/coverage and reliability, and provides relatively low-cost
implementation particularly for high data rate communications. 15 Figure 1
iBield offiehedbiy bagimview of a MIMO-OFDM system, as already known.
On the transmitting side T, a data signal is processed by a MTMO-OFDM
transmittet 1@ crBopardtte portionsigneynsobis iofvhétpriedessedsiginid Qreput -
transmitted in parallel through multiple (NT) spatially-separated
trarhoginin g eateamea (v s2on. Mutiple NTe A MU OaPtHeMoarweizarsien particular to
frequency. On the receiving side R, the signals from the transmitting 20
arierinas araaledR by IR Ry spatiaMSEpdpatel raseivig.
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. 2 Typical processing on the transmission side
Baskrreaad eoédantitiaberleaving, mapping,

MIMO-OFDM systems are well-known for providing space division multiplex
communication. They are extensively employed in 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 (N1) spatially-separated transmitting antennas (1, 2,..., Ny,..., N1, Nt), 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,...,
Np,..., 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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modulating the signal by inverse FFT and the addition of a cyclic prefix

onto each symbol prior to processing. The cyclic prefix acts as a guard

space between consecutive symbols transmitted over the same

transmitting antenna, to mitigate for the effects of 5 delays in

transmissions over the various channels. Pilot symbols may also be

introduced to aid in channel estimation at the receiver side R. The signal
received at each receiving antenna is a combination of all the transmitted
Sigmais, puotte sach dnahsinittech isigmak réc éived wkyeralcimesioteeleanihg, mapping,
varying delays 10 due to reflections. Sometimes the signals add up, other
timéslitiey dre vgnadfphase;sedakibimodfddingdlficn MIMO<OFDRfibased each
system, the signals can be expressed in the frequency domain using
refatiobly s sghdoesvarg matrisy aligamdi>Considerigigal NPk Retween consecutive
MIMO-OFDM 15 system, here NT and NR are the numbers of transmit
aridrelsdivaparitennas: fespretliysntieng ratwivadsighslaiefoitlsrefirets of
k-th subcarrier can be written as y(k) = H(k)x(k)+n(k) (1) Here y(k) = (y1

defaye (ytransm eieR§ O fr dicatiity s tehpspsed Velctombe knagixadsy be
appropriate], which is the vector of received signals and x(k) is the N,
digirdroetiorad iahanmelegtiror anatNie tegsinsi Bdtdhnas on the k-th
subcarrier, which is written as x(k) = (X1 (k), x2 (k), ..., XN (k))7' The

channel frequency response of the k-th suhcarrier from the t-th transmit

antenna to the r-th receiver antenna is denoted bg( 11,.,,(k), and 3 H,,, (k?
T i}iglgaa!_yqqg_ly‘pd G{)each receiving antenna is a combination of all the transmitted

signals, with each transmitted signal received several times over with varying delays
due to reflections. Sometimes the signals add up, other times they are out of phase,

causing fading.

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 N are the numbers of transmit and receiver antennas, respectively,

the NV, received signal vector on the &-th subcarrier can be written as
y(k) = H(k)x(k) +n(k) )
Here y(k) = (yl k), y, (5)sevs ¥y (k))T [OF 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, (6,2, ()., xy, ()

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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11(k) _112,1(k) H2,1(k) ... Hz m (k) HN.11 (k) HN ,I (K) ... HN.,NI (k) and
n(k) = (n,(k),n,(k),...,nn,(k))T is a spatially independent Gaussian noise
vector for AIR receivers. 5 The channel frequency responses vary with
the environment between the transmitting and receiving antennas,
whether with changes due to moving physical entities, e.g. doors,
windows, people, cars, etc. or even duedto changes in air temperature,
pressure and humidity. 10 Figure 2 is a schematic view of a typical
receiver 20 in arEMMO-OF DM system. The (lifferent channels received

at the multiple (I)I{Q) at| e arated rece antennas (1, 2,..., N.....
NR-1, NR) sepé\@a?tely p?é%pfocesse b’éf%j; being demodulated. The

pre-processor|22 converts from anatogue to digital, provides frame and
symbol 15 syncHrpniZatiol antkjemoves the Oyclic prefix. Demodulation is
performed separately on each received channel by FFT blocks 24. The
freguency domain signals leave the FFT blocks 24 sub-carrier by
sub-carrier. The demodulated channel signals are passed to a correction

T e er 29 AP VR S SRR AR v

channels, using prior training and the pilot symbols 4
receivers.

The channe] frequency responses vary with the environment 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 (NR) spatially-separated receiving antennas
(1, 2,..., Np,..., Nr.1, Np) 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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continuously added to the transmitted signals. Channel estimation outputs
from the channel estimation module 32 are utilized by a MIMO detector

34 to separate out the different transmitted symbols. 5 A de-mapper 38
extracts the encoded data from the carrier signals. A data dc- interleaver
40 recovers the interleaved encoded data. A decoder 42 decodes the

data, to output the desired data, ideallythe same as the data input to the
transmitting side T. MIMO detection is applied in the MIMO detector 34 to
combabfréqueacy walectivashitadiignand hseptthand iIeCOMEE from the
multiple spatial stream data. MIMO detection usually involves one of
lvhean«d eteataimmaxdindaldiketihadii dé tect ovi] et BieAST 3deisetionte out the
Linear detection is the simplest spatial multiplexing receiver process since
idféepaimesarismandy syathixmultiplication 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
Bolraneapireo B IMMSEY liheandetattiah. (ROAtlineanrace yretswarkistasie-
follows. An NT*NR matrix equalizer G (derived from the channel

estintater 39 s eysplideetngnleveidandrdgdetity dbdrindOFRNEsytbdiddata, to
obtain an estimate of the transmitted OFDM symbol, x(k) = G(k)y(k) (2) =
COW(Kx desired daragky el bguansras2ihcidate enutes the eatimattenaiside T.
transmitted symbol vector, originally

MIMO detection is applied in the MIMO detector 34 to combat frequency selective
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 N7*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)

o @
= G(k)H(K)x(k) + G(kn(k)
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derived from training but then continuously updated, and the detection

matrix G(k) can he computed according to a zero-forcing (ZF) or

minimum mean square error (MMSE) criterion. 5 The detection is

performed assuming that G(k)H(k) = I, where | is an identity matrix. Thus
non-zero cancellations in the off-diagonal terms contribute to additional

noise. Unlike a maximal likelihood rece?ver, the minimum distance of the
received constellation is the same as that of the transmit constellation.

Trhe MO (@gtactipriehOthothe vetipcotouf ththeansiseidhugnthel veigerponignally
varies as a function of the channel. According to the MMSE method, G(k)
iGegaleufatedmasnin ghaifolemingtegoationip s GldkiH oMo xh Ak’ (Qk) can
(3) where No is noise spectral density, ( )H denotes the conjugate and

Fa0SRPSRIARSIAIMOL A3dheBiatix(ARfPrh HRRRIBS TR MAKE BNGTBAIMSE)

The post-detection SNR reliability flgure for a sub-stream m (spatially
aliplgxed transmit data stream) is given in the following equation (4).
Note that the k-th element on the diagonal of the inverse matrix is used in
the denominator. SNR, =1-1 (4) [H H (k)H(k) + Nol]"- ". 20 where denote
the element in the m-th row and m-column of the specific matrix and []-'

depatesctin Majsbidmieisasiintan HrisesR) i) thip, hatM iIMEadetestionmatrix.
implies a high complexity with matrix inverse and multi-fold matrix

MutiRlcRsiBafcellations in the off-diagonal terms contribute to additional noise.
Unlike a maximal likelihood receiver, the minimum distance of the received
constellation is the same as that of the transmit constellation. The MIMO detection,

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:

G(k)=(H" ()H(k) + N, x1) H” (k) (3)
where N is noise spectral density, ( Y 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 multiplexed transmit data stream) is given in the
following equation (4). Note that the £-th element on the diagonal of the inverse matrix
is used in the denominator.

SNR, = 1 ~1 4)

[0 (B (k) + NI

mm

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

mm

[1"! 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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On the other hand, for a ZF (zero-forcing) receiver, G(k) is calculated as
the pseudoinverse of H(k), G(k) = W (k) = [H" (k)H(k)1_ H" (k) (5) 5 and
its post-detection SNR for a sub-stream m can be expressed as SNRm, =
1(6) [HH (k)H(k)jmm Comparing Eq.(3) and Eq.(4) with Eq.(5) and
Eq.(6), it can be seen that ZF and MMSE detections have similar
complexity. However, MMSE detection 5 more extensively applied in
practice because it provides better detection performance, by avoiding the
10 problems of noise enhancement and matrix singularity that exist with
ZF detection. The complexity of MIMO detection is a major concern in
dusignpigavimo. OF BRI feewsiviersitl ey the Huge) comafsutativeislved
in all kinds of MIMO detection algorithms. Linear ZF detection and MMSE
getadtiorvase tidRimplest detection 15 methods. However, conventional
ZF detection methods are seldom used in practice because MMSE

detection has iorjperf e with comparable complexity.
MoreO\(/)(gr(,k Gn?/%pﬁ%%ﬁe[@ﬁéeﬁzgﬁonﬁ;ﬂé the problems of noise )
enhancement and rix_singularity (which result in infeasible

PRBIER RS F&ﬁcﬁﬁ%lgﬁ% 8i%&ﬁ?ﬁ“%ﬁ%@&gﬁ@gs&%%aﬂix inverse).
20 Another problem with OFDM systems is that some features are
degradsg/in f : ive fading channels. For example, some (6)
subcarriers su H’ﬁ(e&gﬁ(ﬁhi]ﬁ due to destructive combinations of the
various reflections, while others are enhanced by

Comparing Eq.(3) and Eq.(4) with Eq.(5) and Eq.(6), it can be seen that ZF and MMSE
detections have similar complexity. However, MMSE detection is more extensively
applied in practice because it provides better detection performance, 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. Linear 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.
Moreover, 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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7 constructive addition. Coding and interleaving applied to OFDM can be

a tool to average the local fadings over the whole signal bandwidth and

over the time interleaving depth. 5 Moreover, MIMO-OFDM systems

exploit multipath scattering to enhance detection performance. It is
impossible for an Additive White Gaussian Noise (AWGN) channel to be
decoupled into multiple SISO (single inp(t single output) independent
channels to increase the system capacity since these MIMO AWGN
chantelsiaredpatial cordelated] inerltheichappitdrnatt fovieaahbe a tool to
subcarrier is not full rank and is singular and its 10 determinant is almost
zoroaJhtheithlyl sodttesingentblipdih dsgrehbesdiveltoarel ation bt tine

spatial correlation of MIMO fading channels, which makes it possible for
MiviGavingdepése 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. 15 In an
MIMO-OFDM receiver 20, the decoder 42 can be a Viterbi decoder.

Ribovevest. MBVHeddrdnostems wirei detioerh isdéyiagéddnbiaace detection
reliability of received data differs from subcarrier to subcarrier, from
dpsatianstreant 16 wprasl B deammdddsi el hindyasesertie RedindV4md) channel
MIMO spatial correlation. Therefore, dynamic 20 estimation of the data

rSlip HitgIrpdschisuBER eSSt ey BiPShunalestrEnmhsiislchepdagghannels to
For a linear MIMO detection receiver it is the post-detection SNR that is
tHETSRarRfetet BniRtBASHY TRecdbErRAE WIS phrtEg s WisoriaLtsFrelated,

can be directly fed o o )
i.e., the channél matrix for each subcarrier is not full rank and is singular and its

determinant is almost zero. The richly scattering multipath decreases the correlation of
the spatial correlation of MIMO fading channels, which makes it possible for MIMO to
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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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 8 that the reliability Figures for each
carrier have to be computed and combined with the soft bits before the
channel decoder 42. Thus the post-detection SNR is used for this

purpose. 5 Summary of the invention A aim of the present invention is to
provide a simplified ZF linear detection method with attractive low

clamnple xétyabAdgtitienaty farcatieaative iy pastideieciior S MR cambhed with the
provided and combined with ZF detection and Viterbi decoding to
alléwatehevtedst ghantiallyleont: o4 IndteiptbblemsdeelEdete@ionnswiger this
enhancement and/or matrix 10 singularity. The present invention is able to
propide. low cost Zero-Forcing MTMO-OFDM detection and detectors by
using G(k) = H-'(k) in the zero-forcing equation X (k) = G(k)y(tc),

especially for symmetric MIMO configurations. Optionally, for cases where
der (11(k)) 15 = 0 or is sufficiently close thereto, there is no detection and
thenoutpwt dftlieeinietatior is zero, which may be input directly to a Viterbi
decoder. According to a first aspect of the invention, there is provided a
ZerelRcrCihg IVHIIO iekteiteorifop estimdting ioyphbetb 4l ansardlitycoon method
received signals on a plurality of 20 subcarriers, transmitted over a
piifredityastivh i erniroen ity ploeitoontharsmitemgaren naseediren SNR can
plurality of receiving antennas. The detector is operable to estimate and
oatpey Eid Ayhsep1sibadadtb - Bsisteating and aHrrbi(Rycodiecdqudlre gt at least
not singular,

partially, one or more problems in ZF detection, noise enhancement and/or matrix

singularity.

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 & (k) = G(hy(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,
whetre 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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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. 9 The detector may further comprise means for
determining det(1-I'(k)), where H'(k) is a matrix of estimated channel
frequency responses; and means for outputting a first result, being an
estimate of said symbols based on asstfning the matrix H(k) to be square
and 5 not singular or outputting a second result, being a zero signal,

based on the determined det(l'(k)). The Zero-Forcing MIMO detector may

be operable such that a detection output vector of estimated symbols k
(K)efdetdredc-thag oot ep cpn erepre Sentdet asihh Xk EE (1)), ()yékd H (k) is a
where y(k) is a signal vector of received signals, and H(k) is a matrix of
estimaté dstchanmket fireqeieheyuresponses) shscordingas dosecomdtagpecrafresult,
the invention, there is provided a Zero-Forcing 15 MIMO detector for
bstipatingtzyaibolssinds phirality ot decenssdisigpdbe onaipliality of square and
subcarriers, transmitted over a plurality of channels from a plurality of
trefrsneivinige fagitbTwiaete wdirsd ptavilitheofgecaivirmgeantemaad oitiee determined
detector is operable to output a result corresponding to a detection output
deldi(6Destimated symbols k (k) for the k-th subcarrier that can be
represented as 20 R (k) = FI'-1(k)y(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
The Zero-Forcing MIMO detector may be operable such that a detection output vector

of estimated symbols X (k) for the k-th subcarrier can be represented as
X()=H" Ry (b,
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
X()=H" Ry (),
where y(k) is a signal vector of received signals, and H’(k) is a matrix of estimated
channel frequency responsesf 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 second plurality of the receiving antennas. 10 The detector
may further comprise 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 z (k), or for outputting a second result,
being a zero signal, based on the determined det(H'(k)). 5 In either
detector of the first or second aspect, thid output can be determined based
on the determined det(H'(k)) relative to a threshold, with an output first

restiddrans thea MIMRQ: daipgiosdtbend ete rmivad dpidHN s greate rban for

the threshold and an output second result from the MIMO detector if the

detgumingd del(rtfk)), isclags: tham arceaypbAditg tbehthaesholsh output vector of
Alternatively, the output first result from the MIMO detector maybe if the

detenmided det(H' k) isog featerihamgrnsaual dadhetthweshaldeanei@ml, based on
output second result from the MIMO detector if the determined det(H'(k))
ithteds¢haimedeltiid3p)d. According to a third aspect of the invention,

there is provided a Zero-Forcing MIMO 15 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
theti ther diatpelbficst thesfifs trore¢thed\VARpEOt déte otopus ce-beajpathibyedhiesed on
de-mapper prior to decoding by the Viterbi decoder; and an output
sbedagmesdd idortHé) My détectbreishiguwiththe Mitierbfide cowlet from the
without first being de-mapped by the de-mapper. 20 According to a fourth
Adpd&l dettnsanifehtiontamensdsipr@Vidod ia ZerteFdwinbeNtivgdold and an output
second result from the MIMO detector if the determined det(H’(k)) is less than or equal
to the threshold. Alternatively, the output first result from the MIMO detector may be if
the determined det(H’(k)) is greater than or equal to the threshold and an output second

result from the MIMO detector if the determined det(H’(k)) is less 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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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 Il responses for different subcarriers;
and a detection output vector of estimated symbols km (k), for a
sub-stream in of the k-th subcarri er, cahl be represented as R m (k))
HIPi(k)y(k) n (k) 2 FI'm (k) SNR in (k) y(k) is a signal vector of received
sigpatse Gk disferenatik o estirmaicd dhacreh ditpguency regspansesdfeymbols
the k-th subcarrier from each of the transmitting antennas to a second
plyrality fof theisecivingnasitervag; Hipct)idenatebetheprasthtedwsof UP (K),
HIP (k) being the adjoint ofH(k); and SNRm, (k) is a SNR reliability figure
for sub streamgindder the k-th sqpcarrier. 10 According to a fifth aspect of

tﬁmi@f\)e—nji](;n, thepe is providéda SNkealculator for use in a MIMO

receiver f 'ﬁ;@[ej irsgNR plukality of signals on a plurality of subcarriers,

transmittéd over a plurality of channels from a plurality of transmitting
antennas to a first plurality of receiving antennas. The SNR calculator is

SHEr S P YNPULR S RIS P I IBISHE AR 1 A BrERRahestiaatey ¢Rgypel

H'm(k)2 )
frqule)ncy responses for the k-th subcarrier from each of the transmitting antennas to a

second plurality of the receiving antennas; H'gl (k) denotes the m-th row of HP k),

HP (k) being the adjoint of H(k); and SNR,,(k) is a SNR reliability figure for sub-

stream m for the £-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

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

-
R

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'f; (k) denotes the m-th row of g k), HP (k) being the adjoint of H(k); and
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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 R'm (k) denotes the m-th row of HIP (k), H'p

(k) being the adjoint of H(k); and 12 A Zero-Forcing MIMO detector of the
earlier aspects may be used in combination with such a SNR calculator,
where the output from the SNR calculatdr is an input to the MIMO

detector. 5 A Zero-Forcing MIMO detector of the earlier aspects may be
usgerinfbrepm nation it AP MR Calei atpeak the fifdhaspestdnbination with
de-mapper and a decoder. The MIMO detector, the SNR calculator , the
decmapper and:the dedaderareapiataen siechNRadal @stimateshaufu s the
from the MIMO detector are input to the de-mapper for de-mapping;
dernapleed toutputs from the de-mapper are multiplied with the SNR

outputs from the 10 SNR calculator; and the de-mapped 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
copoising adNNID @ dtectorr aff oinecat liheaabests mapdetss@réfcraliiynalaation
with a SNR 15 calculator of the fifth aspect. According to a seventh
asect bt el imletoti o thedi8lisugravided: amugthoehdfazmdEording NINIO
detection for estimating symbols in a plurality of received signals on a
Ohieality tiestBaraierdatvantmide thavesr amplutalidgoideharereterfgemsach that:
plurality of 20 transmitting antennas to a first plurality of receiving

astienitrako whietreire théheHdiVMélsdaertprise froguieriby dAespepisesifode-mapping;
different subcarriers. The method comprises

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.

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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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 13 subcarrier from each of the
transmitting antennas to a second plurality of the receiving antennas.
According to an eighth aspect of the invention, there is provided a
Zero-Forcing MIMO 5 detection method for estimating symbols in a
plurality of received signals on a plurality of subcarriers, transmitted over
2 pluatity o channels dromaniuialBaplrRnsming, ANERRgs 8 Al Steeiving
plurality of receiving antennas, wherein the channels comprise™ frequency
rgspenses for different subcarriers. The method comprises: determining
and outputting a result corresponding to a detection output vector of
estimated symbols k (k) 10 for the k-th subcarrier that can be represented
as k (k) = H-1(k)y(k). y(k) is a signal vector of received signals, and H(k)

i3, &coathix efastimated shanneldrRgeansy, 1esPeNsRS R dReZKrthForcing MIMO
subcarrier from each of the transmitting antennas to a second plurality of

thedansivinghaatennasmbaAcearhng 1e aintigspaet ofHiesiBNSRAN, plurality
there is provided a Zero-Forcing MIMO detection method for estimating

iising, pluraliiel reaeiveuhSigtalst eRaa Miliraliy Opsules BefSnsmitting
transmitted over a plurality of channels from a plurality of transmitting
antennasda & ity plaralityf ot ceaeiyingtaniennascrahenei ohihie ehaoRgiEse

comprise frequency responses for different subcarriers. The method
derpisgsesppresefiing fée2OdeistitrouiPht ectod ob eglitmatetttermining and
symbols km (k), for a sub-stream in of the k-th subcarrier, as

outputting a result corresponding to a detection output vector of estimated symbols X (k)
for the k-th subcarrier that can be represented as % (k) = H ' (K)y(k). y(k) is a si gnal
vector of received signals, and H’(k) is a matrix of estimated channel frequency

responses for the 4-th subcarrier from each of the transmitting antennas to a second

plurality of the receiving 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 Xy, (k), for a sub-stream m of the k-th

subcarrier, as

det(H'(k))

R (k) = HE, (0y(k).

“H'p (k)“:ZSNR ()
m m
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15

det(H'(k)) p km (k) - 2 Him (k)y(k) H'm (k) SNRr (k) 14 y(k) is a signal
vector of received signals, IH'(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'P (k) denotes
the m-th row of H'p (k), H (k) being the adjoint of In(k); and SNRn,(k) is a
SNR reliability figure for sub 5 stream irifor the k-th subcarrier. According

to a tenth aspect of the invention, there is provided a SNR calculation
m@thed ignusedotar MR ireceiyeralor FEdejving maplivralitys ofrsighialsonca
plurality of subcarriers, transmitted over a plurality of channels from a
pragakicotésanssaitting Okahtennasrier difirstephiralithof reseiuitge antennas to a
antennas. The method comprises calculating and outputting a SNR for a
sub-stream R det(Il' k 2 m=2 k a matrix of P
G BN G AFTe 1o e SOl o e
of the transmitting antennas to a second plurality of the receiving

antgnnas; and 15 H'P (k) denotes the m-th row of H'p @éﬁb H' pﬁk) being
Lhl Ao BF R SAEOT L bFeh MeHlOn OV b g or sub-

detection method which, in some
stream m for the k-th subcarrier.

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

2
SNR det(H' (k)

2
i)

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

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

H'Fn (k) denotes the m-th row of HP k), uP (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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circumstances at least has much lower complexity than conventional
MMSE methods. This can be advantageously combined with
post-detection SNR of the ZF detection. 15 Another aspect of the
invention combines the ZF detection and post-detection SNR aided
Viterbi decoding, for various modulation schemes. The proposed
combination of post-detection SNR prodessing and a simple ZF MIMO 5
detection processing is particularly useful, as it makes the proposed ZF

meihae: meeet fFasibley i CaNtBss WthAh A QEAl AT hidhREe SUER B ZENR

detection method would be generally infeasible, and explains in large part

whiesomersif dbevgimp e meatindsmpmpasadstregissdid not occur in the
prior art. 10 Preferably all the above aspects are used in or for an

OFDM-MIMO system Brief description of the drawings The present is
described herein by way of non-limitative example, with reference to the
adeopnppatyih goet Binings, df yekickstd&ibgsKR 1pis @& sehematic Hasgie VIEWIIMO
of a MIMO-OFDM system, as already known; Figure 2 is a schematic
detecoba pypiesdiredeiperticuin! MibMAHOEDIVhaystent pligused3iB @ethod more
schematic view of a correction and decoding block according to a first
dmabibdiniéng ofthesinveithion: piguretd ihadlowtharti eatingoompacativould be
of the decoding block of Figure 3; 20 Figure 5 is a schematic view of a
asmreetion rdpa idés edih gripleoks aic tongdipg tordysecoa d faheodipie ntedf dte
invention; Figure 6 is a. flowchart relating to operation of the decoding
mmsﬁdﬂigme &rd not occur in the prior art.

Preferably all the above aspects are used in or for an OFDM-MIMO system

Brief description of the drawings

The present is described herein by way of non-limitative example, with reference to the

accompanying drawings, in which:-
Figuré 1 1s 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 schematic view of a correction and decoding block according to a
first embodiment of the invention;
Figure 4 is a flowchart relating to operation of the decoding block of Figure 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;



Figure 7 is a schematic view of a correction and decoding block according

to a third embodiment of the invention; 16 Figure 8 is a flowchart relating

to operation of the decoding block of Figure 7; Figure 9 is a flowchart
relating to operation of the MIMO detector of Figure 7; Figure 10 is a

graph of the PER performance of ZF detections, using embodiments of

the present invention, in Channel B; 5 Fligure 11 is a graph of the BER
performance of ZF detections, using embodiments of the present
inventiangifneGhiannid B g uealzeisotogeagho afoihe P& prifamanserature 7;
ZF detections, using embodiments of the present invention, in Channel E;
and Figtite:3is a frapthof théxBiRpeptosmancebé XHMetelctians; wSfgure 7;
10 embodiments of the present invention, in Channel E. Description For

the particgilar taseagherk NTRNE RNetdssumingohat dékossguasmand

not singular, 15 the pseudoinverse of H(k) is an expensive way to the
implementatiomofty 6 MG deteationtiovh ds€ bamgpléXity is almost same

as that of the MMSE MIMO detection. However, for such a situation, the
detectidngwattik isangbepindplifidtE&spGldgnmahte (K) Athéstdtteodstestign

output is represented, from Eq.(2) above as, 1(k) = G(k)y(k) 20 = H-'
(K)H(K)xtkbad et rofikdhEmresent invention, in Channel B;

Figure 12 is a graph of the PER performance of ZF detections, using
embodiments of the present invention, in Channel E; and
Figure 13 is a graph of the BER performance of ZF detections, using

embodiments of the present invention, in Channel E.

Description

For the particular case where Ny = N 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:
G(k)y=H"(k)
Then the detection output is represented, from Eq.(2) above as,

x(k) = G(k)y(k)
= H™ (H)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,
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= x(k) +W(k)n(k) and the post-detection SNR for sub-stream m can be
expressed as, 17 .1X 1 det(H(k))2 () ==8 "ill; (k) IH (k)Il where H (k)
denotes the m-th row of H-" (k) , and H"(k) is the adjoint of H(k), and
det(H(k))I=H(k)HP(k), since H-"(k) = 11 (k) det(H(k)) 5 Using this
approach, two matrix multiplications can be saved in MIMO detection.
Thus the complexity of the MIMO detedtlon is greatly decreased.
Moreover, in the two- dimension post-detection SNR calculation, another
matrix multiplication is saveg fiis)) fmplies a significant complexity

reductiM@Oﬂ:mmWe 3 is a schematic view of a ®)
correction and ddi g bl t&mié according to a first embodiment of the
invention. Figure 4 is a flowchart relating to the operation of the block

13Qrd M The cRieEHAReandReee MBI DIgeK 430 AFFEIgUke R caINRE UBEHH) , and

m

a MIMO-OFDM system, replacing the known correction and decoding
block 20 of Figure 2. Preferably, the system has a symmetric MIMO
ceiffigyyation: ihatds, Mice NR' After ived signal streams are
converted to the frequency domain #¢tEEF 20 transform, as in the circuit
of Figure 2, they are passed to the correction and decoding

Using this approach, two matrix multiplications 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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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 18 (step S 102), and the MIMO detection
module 134. Channel estimation outputs from the channel estimation
module 32, as derived according to the prior art, are utilized by a MIMO
detector 134 and a post-detection two-difnension SNR calculation module
136. The SNR calculator 136 calculates the SNR using a process based

05 PIPIG ng (%) SrEOVe(stepHAdH)Id heMEMDdeteaiandIAeiesiSrom the
the different symbols using a process based on applying Eq.(7) above
Eiem8 206)atibe dotrtteld outduts fbmdbeliM Mhdetaatart 134 paksed by a
through the de-mapper 38 for de-mapping (step 5108) and data
déivitedeaverr404amder-interidaving(step G dRioAISISN Rl dadtiterleavele 136.
44 recovers the sequence of the SNR from the SNR calculator 136. The
relcoteiRddatatd fi¥mtheldatatidesininsaves 4tband bthsctecouppedrNR.(8)
from the SNR de-interleaver 44 are multiplied to provide a combined
rediasilitye (std 1 I)edd thdidptectortheddbtode thd 2j fikeferaplybal Vitery a
decoder, which decodes the data (step S 114). In step S 106, the output

of thesWHMA detartbridSiqg 71 B vK) stebl'S (KK TwitHekt chaingithesrratrixhe
of estimates from the MIMO channel estimation module 32. The

Sdfivie digientoo U fsup b thecdigntiappens®istiRé Sigdednatizibiityted the)8) and
corresponding received bit. The two-dimension post-detection SNR for
datsndsyinipaeanerHe spedifintspletsingretan 5 MtpHeNRitetintcdeftver 44
decision. The obtained result is the 20 combined reliability and input to the
eeonsirel Ercorsapngace 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 S112) as the input to the decoder

42, preferably a Viterbi decoder, which decodes the data (step S114).

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

(k) = H (Hy(k)

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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Second Embodiment The above embodiment of Figures 3 and 4 is based

on a symmetric MIMO configuration, i.e., Nr= Na, and assumes that H(k)

is a full rank matrix. However, in 19 practice 1-1(k) may be singular or

may not be square. Especially when H(k) is singular, W(k) does not exist.
Moreover, in this case, the antenna is closely spatial correlated. Even the
regular ZF MIMO detection may not apphicable any more because it faces

the problems of noise enhancement and matrix singularity. Such
Pisedvaptages.cat bm atiardeastRabaly QuencomeRYiNBYWaHdN eI k) is singular,
embodiment described below with reference to Figures 5 and 6. If the
mddylatennetkiot kabibe tiansmitiesksymbalgdiam ke ansprssionsitiged.
Tis BPSK or QPSK or the like, then the function of a BPSK/QPSK
drdmappepchn be MiMenoiedas MiQy anchitp atHipldtsefhieliahility eaim fecs the
written as, (I (k))} QRW (9) M(xm (k)) =1 {Re(1 m ), Im BPSK Evidently it
iprablinean fundctiombhitbeniepulitd (khtiikeipgsideie o SNRYantdeddhn be at
subcarrier SNR(K) is applicable for all output soft-decision bits of the

dexnappelly disoihe loombinddhretabiityroéeakhdoibadhe dos avifiteeirence to
decoder satisfies the 15 following relationship, SNR. (k) * M(xn, (k)) =

ViR Mafld 6.im (k) (10) Bearing in mind the property of Eq.(I0), above,
the embodiment of Figures 5 and 6 combines ZF MIMO detection and
post-detection SNR before a de-mapper, instead of

If the modulation method for the transmitted symbols from the transmission side T is

BPSK or QPSK or the like, then the function of a BPSK/QPSK de-mapper can be

denoted as M(-), and its output soft reliability can be written as,

M, (k) - {{Re(fi,,, (0)) Im(%, (k))} OPSK N

Re(x,, (k)) BPSK

Evidently it is a linear function of the inputX (k). The post detection SNR for the kth

m

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(x,, (k) = M(SNR,, (k) * %, (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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20 after the de-mapper, 20 (SNRr, (k) *1i,,, (k)) = det(H(k)) (H ' (k)3'(k))m
IHP (k)~I det(H(k))2 H ,(kK) v(k) (11) IH,(kTr det(H(k)) det(H(k)) HI(K)y(k)
(k) IH- v Even when H-' (k) does not exist due to det(H(k)) = 0, H" (k) still
exists. Thus ZF MIMO detection based on applying Eq.(7) above is still
applicable. Further, in the 5 scenario of det(H(k)) -> 0, the noise
enhancement is avoided because it is rééhoved by higher order of
det(H(k)) in the post-detection SNR. Thus noise enhancement and matrix
singularity can be dealt with. same time. Kigure 5 is a schematic
view of ﬁr@étlo‘hgﬂé gnltg]m) k Q@Q@ééﬁordlng to a 10 second
embodiment of the inventi Gﬁjre 6 is a flowchart relating to the
operatlon&f(m%WOcHZQSp) Twr/%correctlon and decodlng block 230 of (11
Figure San e grse&:e{ﬁ ~OFDM system, replacing the known
correction|&hd G coding block 20 of Figure 2. Preferably, 15 the system
has a syrﬂm@{mk) conglguratlon that is N,,=NR. This is an

|mpleme j N’i@ OFDM transceiver with a linear modulation
scheme s BPSK or QPSK.

Even when H™ (k) does not exist due to det(H(k)) = 0, H” (k) still exists. Thus ZF

MIMO detection based on applying Eq.(7) above is still applicable. Further, in the
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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21 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 230 of Figure 5. In the correction and
decoding block 230, the transformed streams are passed to the MIMO
channel estimation module 32, for channel estimation 5 (step S202) and
the MIMO detection module 234. Channél estimation outputs from the
channel estimation module 32, as derived according to the prior art, are

WifizechbyeaeiRestiateciieartwardinansien SNR: srlgubation segy ey 136
and the MIMO detector 234. The SNR calculator 136 calculates the SNR

using@precesshiasediooranpling, Ha(dk-ahove (stapr 3¢04dtidhendNR oding
from the SNR calculator 136 is also input to the MIMO 10 detector 234. In

thie (W DO dateeter2 34 the aitptiishrond theddiM®@lebrnne! estimatiRimed
module 32 are multiplied with the SNR output from the SNR calculator

;8640 piovidesadaortaingivirekability] ddneneg]tabilityl GRMDjTatiOfigiel estimation
implemented and integrated with ZF detection. 15 The integration is

itotele ARiech b aseb vl @ d«(td) @bonvel (ki3 £ 206)ni¢e alitptibafd@uts from the
MIMO detector 234 is k.,,(k)= det(f(k)) _H" (K)y(k), ~H"* (k)11 SNRr, (k)

witimh lstngafienmaitid o 2 stiratas drecootiiéniyltViBeghdnnet, estinndliion by a
module 32. 20 The detected outputs from the MIMO detector 234 pass
thostudgicatine awadimapper 238, felcd&mappinyl¢sigp S208)kavidha@dtaector 234.
and SNR de-interleaver 240 for de-interleaving (step 5210) before

diite AnGRthe cidasot &3 &1 eafonldes sbienoNBtepiiB24 A)ocess based on applying Eq.(8)
above (step S204). The SNR from the SNR calculator 136 is also input to the MIMO

detector 234.

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 output of the

MIMO detector 234 is

¢ (k)= det@® ()

= ; H'J (K)y (k)
[|2 (k)| SNR,, (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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22 Third Embodiment The above-described second embodiment reduces
potential problems of the first embodiment for applications of the system
with a linear dc-mapper. However, when the modulation method is
16QAM or 64QAM or otherwise, such that the de-mapper does 5 not have
the mentioned linear property, and H-' (k) does not exist due to det(H(k)) =
0, use of Eq.(7) in simplified ZF MIMOZA3etection is suspect. The third
embodiment solves this problem and it is a general implementation
method:ebshepreposed simplified ZF detection, applicable for all
symmetric MIMO configuration systems. 10 When a MIMO fading channel

i etosRlycspatialy Coscelatedh etk et i angbiint(k) slodsnetatisd fiFhis
means that all output of the MIMO detection is unreliable and

reedoiiglessiorapphidiR dh (k). dylawaveithia thisacdsenthpp@ragigever, when the
technique in a Viterbi decoder can be utilized and i(k) = G(k)y(k) = 0 can
hecenietioadn atamely thereMisnosupendtion tiMIMOsdetettiotheld @Qrather does
other hand, when det(H(k)) x 0, the normal simplified ZF MIMO detection

UsinBakElthé)abRN &RNRergIRYeNedantiis' (1 aibel seepRiodtheJARKIIGH = 0,
Viterbi decoder in a third embodiment can be expressed as, V (k) = SNRT

(10" YR Pk SRTEHHCIZ AN RO) SEKHN Ot Lm0k &

solves this problem and it is a general implementation method of the proposed

simplified ZF detection, applicable for all symmetric MIMO configuration systems.

When 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 decoder 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(x,, ()
Wm(ﬂ;‘ (y() det(H(Kk)) =0 (12)
200

0 det(H(k)) = 0
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0 det(H(k)) = 0 23 Using this embodiment for nonlinear de-mappers, in

the case of det(H(k)) # 0, the complexity is same as the first embodiment,
but much lower than for conventional ZF MIMO detection. When det(H(k))
= 0, the processes of MIMO detection, de-mapping, and reliability
combination can be eliminated, which bring a great benefit in power 5
saving. This implementation can be fur@tfer extended to the case of
det(H(k)) -4 0, Vm (k) = SNRm (k) * M(zm (k)) det(H(k))2 M((H (K)y(k))
deitd e znbueshald Gk arlhiRd=md detid () sasclhresheldr)) - o0, the

Alternatively, for non-zero thresholds, the estimated result can be output if

OsthEd s i Qutireshids and i0e,7ara r e L ettt . A e bRl 7r

a reasonable threshold setting, this implementation further decreases the

RIRGRS S RIRGN WHLNGILEIRNS REFTOfDaNGE.LsS , A RINGYT§elel$idh, de-mapping,

schematic view of a correction ‘and decoding block 330 according to a

third. di t.of the inventign. Figure 8.is a flowchart relating.to the
R B TR T e B e
Elgure 7 can be used in a MIMO-OFDM 20 system, replacing the known
corre%tion and decoding block 20 of Figure 2. Preferably, the system has

a symmetric MIMO configuration, that is NT=Ntz. This is an

This implementation can be further extended to the case of det(H(k)) — 0,

v, (k) = SNR,, (k) * M(x,, (k))
det(H(k))*

- M(H;l(k)y(k)) det(H(k)) > Threshold (13)
=) o]

0 det(H(k)) < Threshold

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

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 Nyo= Ng. This is an
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24 implementation for a MIMO-OFDM transceiver with a non-linear
modulation scheme, such as 16QAM/64QAM (although it can also be
used with a linear modulation scheme, but with some performance loss).
5 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 330 of Figure 7. In the correction and
decoding block 330, the transformed streams are passed to the MIMO

channed astination modue @2 fanchapnelestimation-(sier 2302hab8 scheme,

the MIMO detection module 334. Channel estimation outputs from the 10

chanael estimatian modulenddgas caiivrd 86cREING HathB-RFigTalAi8n scheme,
utilized by a post-detection two-dimension SNR calculation module 136

andhiha MIMO detestorc33s)The SNR calculator 136 calculates the SNR
using a process based on applying Eqg.(8) above (step S304). The MIMO
detector 334 detects and outputs the different symbols or other results, as
described below (step S306). 15 In effect, the MIMO detector 334 has

e passibleiatie migihle oetpuisanchoutpudt sothie: Appiopriaderone (St T
S306). The first output passes from the MIMO detector 334 through a
densfappens3id8i{genenllyf honHin2ahégr 4t p esxdoodithent);rtoride magdpioding
(step S308), and data de-interleaver 40, for dc-interleaving (step S310).

Al @NROde Piintefleavéresbmecoversthdesedneridedsf 1, 8N RInoforthed

SNR calculator 136. The recovered data from the data de-interleaver 40
aiehtheareqoseed deSNRMIdID tteuSN Resleminten eavirield2afermhatiplibes tonation
provide a combined reliability (step 5312) as the input to

(step S302) and the MIMO detection module 334. Channel estimation outputs from the
channel estimation module 32, as derived according to the prior art are utilized by a
post-detection two-dimension SNR calculation module 136 and the MIMO detector 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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a Viterbi decoder 342. The second output passes straight from the MIMO
detector 334 25 to the Viterbi decoder 342. The input data to the Viterbi
decoder 342 is decoded (step S314). Figure 9 is a flowchart relating to
the operation of the MIMO detector 334, that is a 5 more detailed
operation of step S306 of Figure S. To decide which output is used, the
MIMO detector 334 determines det(H(kP5(step S350) and compares the
result against a threshold (step S352). The threshold may be zero or

close higsespd b set(Iih) ispabave ihentelavant esaseHyesholdctaed (step
processing occurs in the same manner as according to the first

&mnbpdiment. That is the MIMO detector 334 detects the different 10

symbols using a process based on applying Eq.(7) above (step S354).

The output of the MIMO detector 334 would be X (k) H'-' (k)y(k) with H'

being the matrix of estimates from the MIMO channel estimation module
J2gutihe ikestilisvdiidtiisetteteg tio tharepprawded ds h@ViStdeudgut as4, that is a
mentioned above, passing 15 to the de-mapper 338. On the other hand,

wiven diéd{HdperQion isfelpW300is fEfjgatd@ tHeoréteidntveidseuthueshaled, the
if set, then MIMO detection, de-mapping, de-interleaving and the
ddhviiihdetecediability datoulatiole @ by hstepesih §6) podsibhypdisabieddsistegainst a
S360), and zeros are 20 directly input (step S362) to the Viterbi decoder
Sa2siroddigser 682809 heghresithisl inighbe penocturiinger dteréor. the loodéet(H(k)) is
namely an erasing effect, pending state. The MIMO detection is

pheferihie dadgrabiotlogesiumsblst | driblowipnostssarg e yarallbk Fnusmanner as
according to the first embodiment. That is the MIMO detector 334 detects the different
symbols using a process based on applying Eq.(7) above (step S354). The output of the
MIMO detector 334 would be

(B =H (kyy(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 calculation 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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the number of zeros input to the decoder can easily be predetermined,
depending on the modulation scheme and number of streams. 26 In the
embodiment 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 linear (for example, 16QAM/64QAM). However, where the
demapper function is linear (for 5 exampte, BPSK/QPSK), multiplication
before and after de-interleaving is the same. Thus it can be performed
before de-interleaving, as in the embodiment of Figure 5, to save
separate de-interleaving for SNR. In the above described embodiments,

thet&N\R bas heanusedineifadtar shanpetisiataa 1adrdammnations (38 de-

by the decoder. However, other sources of CSI can be used, for instance

fading patla delay ispreadapatbmumbetsyeice am-RMPM sysiaoh Withalinear
frequency-selective fading channel, the SNR also varies subcarrier by

Siibeaiep & midinenE makeHiseotiheeNRHo d enspgeifitisubeaisiehiar (for
15 a specific data stream after MIMO detection. The codes used in the

abavg deBOribed rRID ditdepts aterckeinplifiedafiyr\dteifitcedesg dabodatie.
by a Viterbi decoder. However, other types of codes (and decoder) can
albashie cuseed ptofoexaih ptep ud arottbiritethto aalirothes ik kddieageof Figure 5, to
including all convolutional 20 codes, Turbo codes, and LDPC codes.
\Avidstetheatationatertraiing og.$RRand Eq.(8) above, as used in all three
embodiments, is that the MIMO system has a symmetric configuration

(i.,e. NT= NR, for instance in 2*2 MIMO and 4*4 MIMO), that does not

mean the present invention can only be used

In the above described embodiments, the SNR has been used, in effect, as channe] state
information (CSI) by the decoder. However, other sources of CSI can be used, for

instance fading path delay spread, path numbers, etc.

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 = Np, 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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27 in symmetric configurations. The invention can be used with
asymmetric configurations, where the number of transmitted data streams
is not [Inventor - please confirm this "not" is correct] the same as the
number of the receiving antennas, e.g., 3*2, or 4*2 MIMO configurations
with two spatial data streams, or others, where cyclic 5 delay diversity
(CDD) or transmitter beamforming techgigue is used for spatial

expansion. Whilst the above-described embodiments are all based on

NHM@rBM Sysiemsoite THeSeinyeatam alse EXRRdS,iapthes

narrow-band, frequency non-selective fading 10 MLMO systems.

Simdlatienoandwerdficationmibee aheve dasaribed anbodimnaptsIwetRtor — please
simulated and verified. The receivers were 15 simulated as used in a 2*2

NI BIVH D@ Sed MhAR |Syistem platioeuln Bheo SiRsutaiionnpvatspatiale o,
streams were transmitted over a MIMO fading channel with a 20MHz

feequensy2dnd utibzifg e apatiah divisipatmudiplexieg (S DM Heshninee . cyclic
Convolutional codes with different puncturing rates were adopted. The
diefajleldvsyste fC 3Py cificatiomiscaefesrath o the M¢hANUB R 1k ddnfetapsatard

draft, "EWC IIT PITY 20 Specification", Enhanced Wireless Consortium
Rublication. VI1.27, December 23rd, 2005. Type B and type E MIMO

fading channel models, as described in "IEEE P802.11 Wireless LANs

TGn Channel Models", doe.: IEEE 802.11-03/940r4. May 2004, were
employed in the system simulation. 28

Whilst the above-described embodiments are all based on MIMO-OFDM systems, the
present invention also extends to other narrow-band, frequency non-selective fading

MIMO systems.

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 multiplexing (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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The antenna configuration in the simulation was a linear array and the
distance between adjacent two antennas was a half carrier wavelength.
In the considered system, perfect synchronization was assumed. Least
square MIMO channel estimation without smoothing was adopted in the
receiver for the Channel Estimator 32. Moreover, the 5 decoder 42, 342
used Viterbi decoding with trace-back |ex¥gth of 128. In the simulation, the
simplified ZF detection based on the use of Eq.(7) and its implementation

vafiatinpsiwesaveritieds 19tbe firghaoibedimnentinder theicanditiondbdtween
the channel matrix was not singular had the same performance as the

cam@ntionabafedetestion meatbadict ke seeapth emMApdtnenticundefstbR), perfect
condition that the de-mapper function has a linear property had same

RefiHvRRecasIhccamientioRat s detectiononathod dbihhgdhivdthout
embodiment is the general implementation method of the proposed

simplitiee: “hsdatgetiom thisrepplicakietter @lasyimmefiicMiND dedeation, the
MIMO-OFDM systems with linear or nonlinear modulation schemes. Its
peciatendnceAzanied Withrbhedbwesiroldtiotthe-ibapldatiaiforz8The
simulations were performed in various conditions to 20 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
fesibits anelastvovhdsiFiplifies Z0 tee8tiFighres! 1@ Hredibd shBw (heaRER

and BER performance, respectively, in channel B and Figures 12 and 13
shple i RER andaB&ER vypeeformBete, respectively, in channel E. In all

the Figures 10 to 13, simplified ZF detection, based on 29

The first embodiment, under the condition that the channel matrix was not singular had

the same performance as the conventional ZF detection method.

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 detection 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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Eq.(7), with different erase thresholds were adopted for BPSK and
64QAM. From these simulation results it can be seen that the
performance for BSPK is robust for these threshold settings. When
64QAM is considered, the performances were almost same with the
threshold of 0 and 0.01. However, when the threshold increased farther to
0.1, 5 there was obvious performance degradation for 64QAM. Further, a
comparison is now made between the number of calculations made during

yse (of varipusrempedimentsahihg REESER INeRHEP SRIAVEIRIRRFE From these

made during operation of conventional ZF or MMSE. 10 Estimates of the

reculiresomtiptications forthe ipropessermsiiedsar g baged Qb iberor these

following assumptions: Complex matrix multiplication ALxM x BMXN
reaed RIS campiex4ecaiarn IHRHERIONS: dorfdeAlr X AVAISIAR same

operation of matrix ANx",, takes o(N3)multiplications. Each complex

raitiplsatieshensists:Al 4.0aal @besyaNd Bas MEeak-INdIinicatiRR Rl RRer 10 0.1,
one operation to finish The adjoint calculation of a 2*2 matrix involves no

QAR RASTONIRICUABrmdte MatiydnyeTsiomMel a2 matrix involves 6
complex multiplications. 20 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
thaittiee, a@orplexitywisdb detediagrferayhanainbMbCarondigiiatione during use

of various embodiments of the present invention, relative to those made during

operation of conventional ZF or MMSE.

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

following assumptions:

° Complex matrix multiplication 4,,,, x B,,., requires L*M*N complex
scalar multiplications;

e The matrix inversion operation of matrix A4, , 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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detection and MMSE detection. The number of multiplications involved in
the simplified ZF detection for linear de-mappers are less half that for
conventional ZF/MMSE detections. The complexity of the general ZF
detection of the third embodiment depends on the 5 erasion rate of the
employed ZF detection, p%. Table 1, c8tnplexity comparison 1 Detection
method Real multiplications Conventional ZF/MMSE 104 (excluding the
cambingdreliahilityecabculatinnn Thednyented i deteeianA4ddaciyding
the combined reliability for linear de-mapper (second calculation)
embsgimandichheripvemast generaligic4ton¥adexciudingibeicompiaed: |
detection reliability calculation) (third embodiment) Embodiments of the
igvestion fHayneerimpleppatesciner dliausing lestRardwarg Wit detections.
circuits dedicated for the required processing, by software or by a
coiakinaRief Jiakdweterandrseftvaienoothd s @ ¥aibidhe:-hetdyeam ish the
just that of a conventional computer system. A module, and in particular
tbesivadule sffileciinpialiyd candbedmplepsented in either 15 hardware or
software. In the software sense, a module is a process, program, or

portion

Table I, complexity comparison

Detection 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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31 thereof, that usually performs a particular function or related functions.

In the hardware sense, a module is a functional hardware unit designed

for use with other components or modules. For example, a module may

be implemented using discrete electronic components, or it can form a
portion of an entire electronic circuit such as an 5 application specific
integrated circuit (ASIC). Numerous oth&t possibilities exist. Other
embodiments of the invention will be apparent to those skilled in the art
fredre cgOomsidesatignyefthenspasificationfane st e8 el dheHRYaRtion. the hardware
Furthermore, certain terminology has been used for the purposes of
desesiptivie tlarity a anecriohioHimike dRipdesentd etioRvifth&her components or
embodiments and preferred features described above should be
aaodidered@xamplacy awithi ihennversinpneingdafinad bystherappendsd
claims and/or as described. ICSLLP 32 Claims 1. A Zero-Forcing MIMO
deteptokfos, estimatifgray mpaisdn & pluealitye efdaeained raignalshanr an
plurality of subcarriers, transmitted over a plurality of channels from a 5
pipwhtityi of tasesiieltiing antérnasitq ASIGT. pNualiyoof teleaiyingiaiteanasst.
wherein the channels comprise frequency responses for different
subcarriers; and the detector is operable to estimate and output said
symbols based on assuming a matrix H(k) to be square and not singular,
Whireda(i) dsreematixtiefiohannel frdtbenpyaresporibes:foritkd katthe art from
subcarrier from each of the transmitting antennas to a second

consideration of the specification and practice of the invention. Furthermore, certain

terminology has been used for the purposes of descriptive clarity, and not to limit the
present invention. The embodiments and preferred features described above should be
considered exemplary, with the invention being defined by the appended claims and/or

as described.
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10 plurality of the receiving antennas. 2. A Zero-Forcing MIMO detector
according to claim | further comprising: means for determining det(H'(k)),
where H'(k) is a matrix of estimated channel frequency responses; andi15s| | p
means for outputting 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 zeroXignal, based on the determined
det(H'(k)). 3. A Zero-Forcing MIMO detector according to claim 1 or 2,

of#aakke such that a 20 detection output vector of estimated symbols z

(k) for the k-th subcarrier can be represented as X (k) = H'-'(K)y(k), where

y(k) is a signal vector of received signals, and MC SLLP 33 H'(k) is a

matrix of estimated channel frequency responses. 4. A Zero-Forcing

MIMO détctorForastinviivig dytetiotsom espiuatility yiwbokived rdigalkidg ofreceived
a plurality of subcarriers, transmitted over a plurality of channels from a 5
phigaiity of arahualitirg suheamiassiaranfinsitioid alityaoflregbiyinf diatertaSom a
wherein the channels comprise frequency responses for different
sibealiiead; tang it idgwtonis opedatsietorelitpof eeresulicantespondihgein

to a detection output vector of estimated symbols k (k) for the k-th
subcarridicthiRarsmhsiserapitesBatednss responses for different subcarriers; and

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.

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 outputting 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 such that a
detection output vector of estimated symbols X (k) for the k-th subcarrier can be
represented as

X (k) = B Ry k),

where

y(k) is a signal vector of received signals, and
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z (k) = H' r(k)y(k), 10 where y(Kk) is a signal vector of received signals, and
HI(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 MCSLLP
the receiving antennas. 15 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 resuléorresponding to the detection
output vector of estimated symbols z (k), or for outputting a second result,
being a BB(h) Rsignak bhsetharetheaetel figgdrdet{tifis)sds, 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 first result from the MIMO detector if the determined
dét(H'(k)) egreaterittgaM INKOMMEBIr LB Sxtitatispeichdiods am ophpeality of received
second result from the MIMO detector if the determined det(H'(k)) is less
thvégnds eguapherahity thf esholdidts ArZeniRodoing: M M Cat stectdrzanety ding a
to claim 6, wherein the threshold = 0. 5 8. A Zero-Forcing MIMO detector
a@b@a&iﬁygafdr@@mi@im snteneein aHesopipmlisy of receiving antennas, wherein
the channels comprise frequency responses for different subcarriers; and
the detector is operable to output a result corresponding to a detection output
vector of estimated symbols X (k) for the £-th subcarrier that can be represented as
x(0)=H" Ry,
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 correspdnding 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

first result from the MIMO detector if the determined det(H’(k)) is greater than the
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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 or equal to the threshold and an output second result fromﬁ/’!CSLLP
the MIMO detector if the determined 10 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 with3 de-mapper and a Viterbi
decoder, wherein the MIMO detector, the de-mapper and the Viterbi
deécedel daadaraogedtsiechrith aslb fasnothp M FiveD résedt drd b e dvbiiGhed
detector is de-mapped by the de-mapper prior to decoding by the Viterbi
déaod&r)and e tatput sgednd tiesthtdshoddhe MIMO detector is input to
the Viterbi decoder without first being de-mapped by the de-mapper. 20
10. A Zero-Forcing MIMO detector for estimating symbols in a plurality of
received signals on a plurality of subearriers, transmitted over a plurality

of chanreehwhecipMdI @ flotacomittingdngandsio @ itstrpiuthkitthofshold = 0.

receiving antennas, wherein the channels comprise frequency responses

for different subearriers; and MCSLLP 35 a detection output vector of

estimated symbols X m (k), for a sub-stream in of the k-th subcarrier, can

b& represdstediascaeg(MINP dateqior 2ddopd (REYik)2inHho1(1R) ShiRen (k) 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 or equal
to the threshold and an output second result from the MIMO 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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where 5 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'm (k) denotes the m-th row of H'p (k), H'p (k) being the adjoint
of H(k); 10 and SNR,n(k) is a SNR reliability figure for sub-stream in for
the k-th subcarrier. 11. A Zero-Forcing MIMO detector according to claim
10 in combination with a linear de-mapper for de-mapping the output from
the MIMQieleteiciobutpul 2eAofeitedtvnatag WOl deteatey; aacosdigieam m of the
claim 11 further in combination with a decoder, wherein the output from
thelisesiasgeManPBE ispriiehtedhe decoder. 13. A Zero-Forcing MIMO
detector according to claim 10, 11 or 12 in combination 20 with a SNR
calculator for ugetin IMO recgiver for receiving the plurality of signals,
wherdihhe SNR 4 %{dj\)l@ator |sfé(':|§eﬂibléktb output a SNR for a sub-stream
in MCSLLPI'BSGNRIKR gaki’ (k) 2 H'm (k) 2 where

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;
1P (k) denotes the m-th row of H'® (k), H'® (k) being the adjoint of H(k);

and

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

11. 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 Zero-Forcing MIMO detector according to claim 10, 11 or 12 in combination
with a SNR calculator for use in a MIMO receiver for receiving the plurality of signals,
wherein

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

MCSLLP
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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 5 antennas; and Up m (k) denotes the m-th row of Up (k), mCSLLP
H'p (k) being the adjoint of H(k); and wherein the output from the SNR
calculator is an input to the MIMO detector. 14. A Zero-Forcing MIMO
detector according to any one of claims #0 8, in 10 combination with a
SNR calculator for use in a MIMO receiver for receiving the plurality of
signals, a %%E [:5 p and a decoder, wherein the SNR calculator is
opaIRble-t NR for a sub-stream m SNRm det(H'(k)) 2 Hm(k)2
where 15 »—t@(ﬁpiiﬁﬁatrix of estimated channel frequency responses for
the k-th supc@trier|from each of the transmitting antennas to a second
plurality of the receiving antennas; and (k), Up (k) being the adjoint of
Hgkkrddp m (k) denotes the m-th row of Up and wherein the MIMO
detector, the SNR calculator , the de-mapper and the decoder 20 are
arranget Xughs thatatC SiLddfndifed channel frequency responses for the k-th

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

antennas; and
H'Fn (k) denotes the m-th row of yP (k), g'P (k) being the adjoint of H(k); and

wherein the output from the SNR calculator is an input to the MIMO detector.

14. A Zero-Forcing MIMO detector according to any one of claims 1 to 8, in
combination with a SNR calculator for use in a MIMO receiver for receiving the
plurality of signals , a de-mapper and a decoder, wherein

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

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

ptef

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 gP k), g (k) being the adjoint of H(k);

and wherein the MIMO detector, the SNR calculator , the de-mapper and the decoder

are arranged such that:
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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 5 the de-mapped outputs MCSLLP
multiplied with the SNR output are input to the de-coder for decoding. 15.

A Zero-Forcing MIMO detector according to claim 9 in combination with a
SNR calculator for use in a MIMO receiv&f for receiving the plurality of
signals, 10 wherein the SNR calculator is operable to output a SNR for a
sub-streasinmted NRpukcimihe RN dkeadiefie bk} i ehenddrivpber for de-
estimated channel frequency responses for the k-th 15 subcarrier from
eacprohghe transmitting antennas to a second plurality of the receiving
antennas; and H'm (k) denotes the m-th row of Up (k), UP (k) being the

adjoint afeHkppaddwhetefiotheldelcnapped ottpuikifsbed thalodaiNIpeutputs
are multiplied with the SNR outputs from the SNR calculator prior to
droodihg ByRhevitetbi;decoder. 20

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

for decoding.

15. A Zero-Forcing MIMO detector according to claim 9 in combination with a
SNR calculator for use in a MIMO receiver for receiving the plurality of signals ,
wherein

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

2
SNRy = det(H' (k))

2
o)
where
H’(k) is a matrix of estimated channel frequency responses for the 4-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® (k), HP (k) being the adjoint of H(k);

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

outputs from the SNR calculator prior to decoding by the Viterbi decoder.



5

10

15

20

M.CSLLP 38 16. A Zero-Forcing MIMO detector according to any

preceding claim, wherein the second plurality of receiving antennas

comprises the same number of receiving antennas as the number of MCSLLP
transmitting antennas. 5 17. A Zero-Forcing MIMO detector according to

claim 16, wherein the first plurality of receiving antennas comprises the

same number of receiving antennas as th& number of transmitting

antennas. 18. A MIMO detector according to any preceding claim, being a

MV O- Q¥ Divb-TFordite &M DO che M0 deckiyeto coy prisiad) e MIBWIE) wherein the
detector according to any preceding claim. 15 20. A MIMO receiver

atssordi myuelétpirh 1£0¢fuirth encompsrisingasGNR: catau latonbevbereisi theg antennas
SNR calculator is operable to output a SNR for a sub-stream in SNRm

st hie(Ryneber ot (KyBmithiepeB®kIEk) 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 MCSLLP

17. A Zero-Forcing MIMO detector according to claim 16, wherein the first
plurality of receiving antennas comprises the same number of receiving antennas as the

number of transmitting antennas.

18. A MIMO detector according to any preceding claim, being a MIMO-OFDM

detector.

19. A MIMO receiver comprising a MIMO detector according to any preceding

claim,

20. A MIMO receiver according to claim 19, further comprising a SNR calculator,
wherein

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

det(H' (k)2
SNRpy = o2

b
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



39 H'm (k) denotes the m-th row of Up (k), H'p (k) being the adjoint of
H(k). 21. A MIMO receiver comprising a SNR calculator for receiving a MCSLLP
plurality of signals on a plurality of subcarriers, transmitted over a plurality
of channels from a 5 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 in det(H'(k))2 SNR%$n Him (k) 2 where H'(k) is a
matrix of estimated channel frequency responses for the k-th 10
syhgarrier. from each of the trapsngtting angennas to a second plurality of
e CRNTRRP S R A Z @frﬁnf’kﬂ@edéff&h Searire et R R
(k) being the adjoint of H(k); 22. A MIMO receiver according to any one of
claims 19 to 21, further comprising a 15 MIMO channel estimator. 23. A
MIMO receiver according to claim 22, when dependent on at least one of

ctaims 3\ MIM O hegitthe AP Of theehannelestin e cHEes PRAASID .
the contents of matrix H'(k). 20 MCSLLP 40
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

N 1 2
SNRy, = det(H' (k)

2
Ju5hco
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'}?n (k) denotes the m-th row of gP k), HP (k) being the adjoint of H(k);

22, A MIMO receiver according to any one of claims 19 to 21, further comprising a

MIMO channel estimator.

23. A MIMO receiver according to claim 22, when dependent on at least one of
claims 3, 4 10, wherein the output of the channel estimator corresponds to the contents

of matrix H’(k).
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24. 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 MCSLLP
plurality of receiving antennas, wherein the channels comprise frequency
responses for different subcarriers, the 5 method comprising estimating

and outputting said symbols based on &suming a matrix H(k) to be

square and not singular, where H(K) is a matrix of channel frequency
respongeméaidheriztiosBbeaspevfiam dacktiohthe tamsmitignyabtdnias plurality
to a second plurality of the receiving antennas. 10 25. A Zero-Forcing
MiMedetesdiianlsmethqdrsiordingboaetédrs, 24nfunitted @amppdingity of channels
determining det(H'(k)), where H'(k) is a matrix of estimated channel

fiegue plyraléspadisasnanth aaotnattiog difirtspeslilyy bEmaceannestinttatesf
said symbols based on assuming the matrix H(k) to be square and not
sihgtdar the ohfputtingempeserictqesulty basponsez doo dsitpen! balbetromstiibe
determined det(H'(k)). 26. A Zero-Forcing MIMO detection method
acsthodingrtpdkamg 24 or 25, wherein a 20 detection output vector of

estimated symbols X (k) for the k-th subcarrier can be represented as k

(K) = Hesfionathg aiboetputting 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.

25. A Zero-Forcing MIMO detection method according to claim 24, further
comprising:

determining det(H’(k)), where H’(k) is a matrix of estimated channel frequency
responses; and

outputting a first result, being an estimate of said symbols based on assuming thf:
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)).

26. A Zero-Forcing MIMO detection method according to claim 24 or 25, wherein a
detection output vector of estimated symbols X (k) for the -th subcarrier can be
represented as

& (k) = W™ (R)y k),

where

y(k) is a signal vector of received signals, and
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y(K) is a signal vector of received signals, and (MCSLLP 41 H'(k) is a

matrix of estimated channel frequency responses. 27. A Zero-Forcing )

MIMO detection method for estimating symbols in a plurality of received MCSLLP
signals on a plurality of subcarriers, transmitted over a plurality of

channels 5 from a plurality of transmitting antennas to a first plurality of

receiving antennas, wherein the channel$ comprise frequency responses

for different subcarriers, the method comprising: determining and

outputting @y esHlkGAMRESPERHNGP A HRIQAHAN P YEMRAQI Of estimated
symbols X (k) for the k-th subcarrier that can be represented as 10 $t (k) =

H'-r(k)y(k), where y(Kk) is a signal vector of received signals, and H'(k) is a
matrix of estimated channel frequency responses for the k-th subcarrier

from eaghzdrthBdreingMENIO dstennasie BN tR@IEsOMBEs in a plurality of
receiving 15 antennas. 28. A Zero-Forcing MIMO detection method

ageerdagienelaion 2 plikitheo Lamprising: eeiermisihgvdet(bi()itgrd Sthnnels
outputting a first result, being a result corresponding to the detection

Ofitphit YREWOIHPOE Sthmated sy abelsas k) i iop RLNUHITY R GeRQNshtest,
being a zero signal,
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
(k) =B (Ryy(#),
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.

28. A Zero-Forcing MIMO detection method according to claim 27, further
comprising:

determining det(H’(k)); and

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)).
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based on the determined det(H'(k)). MCSLLP 42 29. A Zero-Forcing
MIMO detection method according to claim 25 or 28, wherein the output
is determined based on the determined det(H'(k)) relative to a threshold, MCSLLP
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 5 determined dé#(H'(k)) is less than or equal to
the threshold. 30. A Zero-Forcing MIMO detection method according to

chim 2% whergiorthey Wiesdaletseforl thdthod Zr@dnareng VIO or 28, wherein
detection method according to claim 25 or 28, wherein the output is

détesminedshhsetnontheasiei eimiradt deit{hék) J s rive) e atikeasholbeshtld, with
an output first result from the MIMO detector if the determined det(H'(k)) is
oseaigpuh@rtaeeduélia the Meghdideand dnloudptdrseaed dateHu(kfyaspreater
the MIMO detector if the determined det(H'(k)) is less than the threshold.
1th32tha herdvldraeimigaMbvipud steatid resntfiodhf dredstivatiderayorkibthdn a
plurality of received signals on a plurality of subcarriers, transmitted over
adptenality: &t eti B (/9)si sftesm thapl ur alifyabtd rdreshnittingi dintennas to a first
plurality of receiving antennas, wherein the channels comprise frequency
responses for different subcarriers, the 20 method comprising:

representing a detection output vector of estimated symbols km (k), for a
sd- A Zero-Forcing MIMO detection method according to claim 29, wherein the

threshold = 0.

31. A Zero-Forcing MIMO detection method according to claim 25 or 28, 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 or equal to the threshold and an output second result from the MIMO detector if the

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

32. 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 comprising:

representing a detection output vector of estimated symbols X, (k), for a sub-

stream m of the k-th subcarrier, as
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stream in of the k-th subcarrier, as 1AGSLLP 43 icm(k) det(2'(k))
H'm(k)y(k), Hm (k) SNRm(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 5 subcarrier from each of the transmitting antennas to a second
plurality of the receiving antennas; Up m (k) denotes the m-th row of Up
(k), Up (K) being the adjoint of H(k); and*3NR, (k) is a SNR reliability figure
for sub-stream in for the k-th subcarrier. 10 33. A MIMO detection method
according to ang phclaims 24 to 32 in combination with an SNR
cémifé)[i’ér%‘meth?zﬂgr {J)SG in é{ﬁﬂ@/%}:eiver for receiving the plurality of

signals, t Egll\ldk akNRafjptkmethod comprising calculating and outputting
a SNR for'a sub-stream in 15 SNRm = det(H' (k)) 22 Um(k)

where

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

H’(k) is a matrix of estimated channel frequency responses for the 4-th
subcarrier from each of the transmitting antennas to a second plurality of the receiving

antennas;
H‘gq (k) denotes the m-th row of 1504 k), 504 (k) being the adjoint of H(k);

and

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

33. A MIMO detection method according to any one of claims 24 to 32 in
combination with an SNR calculation method for use in a MIMO receiver for receiving
the plurality of signals, the SNR calculation method comprising

calculating and outputting a SNR for a sub-stream m

t 2
SNR,, = 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'Fn (k) denotes the m-th row of g k), 1504 (k) being the adjoint of H(k).

MCSLLP



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 VCSLLP
plurality of the receiving antennas; and 20 Up m (k) denotes the m-th row
of Up (k), H'p (k) being the adjoint of H(k). ,MCSLLP 44 34. A MIMO
detection method according to any one of claims 24 to 33, being a
MIMO-OFDM detection method. 44

34. A MIMO detection method according to any one of claims 24 to 33, being a

MIMO-OFDM detection method.



