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METHOD AND APPARATUS FOR CHANNEL ESTI MATI ON
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apparatus f or formng a channel estimate in a digit .
communi cation 5 system BACKGROUND OF THE
| NVENTI ON In TDMA radi o comuni cation systens (TDVA = Tine

Di vi si on : Mul tiple Access) and other ;f rame based conmuni cation

syst ens information is transmtted on a channel .in the form of

si gnal 10 frames gETRODSARD APPARATUS! FORY RHANNEZ EIPAMAPESKVEr to

t hese signal frames each signal franme conprises a known

synchroni zati on word in a predeterm ned position within each signal
frame. In for i nst ance t he ETECHNAGCAGSHIEYE em for nobile tel ephony
this synchroni zation word is 26 bits |ong. Wen the receiver expects
15 a new signal franme fromthe transmtter, a training sequence that
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are conpared to t eal ocal l'y generalted training s quencei,:éiag!o co‘%@%ﬂ%ﬁign
t he Shest pE¥HYR®- correl ation is obtai ned between this 20 sequence and
the received signals, synchronization is considered to exist between

the |l ocally generated and theBﬁgﬁEkeﬂﬁﬁDSbg'n%{E INVENTION

In TDMA radio communication systems (TDMA = Time Division

Multiple Access) and other frame based communication systems

information is transmitted on a channel in the form of signal

10 frames or bursts. In order to synchronize the receiver to these

signal frames each signal frame comprises a known synchronization

word in a predete:r.mineci position within each signal ffame. In for

instance the European GSM system for mobile telephony this

synchronization word is 26 bits long. When the receiver expects

is5 a new signal frame from the transmitter, a training sequence that

is identical to the transmitted synchronization word is generated

by a training sequence generator in the receiver. The received

signals are coinpared to the lo_cally generated training sequence, -

and when the best possible correlation is obtained between this

20 sequence and the received signals, syrichronization is considered
to exist between the locally generated and the received signal.

In addition to'the synchronization itself the training segquence
is also used for channel estimation. Since the radio channel
often is subjected to multiple path propagation the receiver
25 comprises some sort of equalizer to eliminate this.phenomenon.
The equalizer requires a time limited estimate of the impulse
response of the channel. This impulse response can be obtained
from the correlation éignal. Forney (1] and Ungerboeck [2]
describe two different algorithms that, given the channel impulse
30 response and Gaussian channel noise with known correlation
properties, determine the wmost 1likely sent sequence. Both
algorithms will work properly, but with degraded performance, if



In addition to the synchronization itself the training sequence IS
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subjected to nmultiple path propagation the receiver 25 P“é%ﬁ?ﬁ’ﬂ’gés some
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equal i zers 4], where the filter taps in both forward and
feed-b égFé F%ﬂ%&?ed fromthe channel estimate. 10 When
the channel is estimated froma received synchroni zation word the
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noise content in the channel estimate will be very high in e.g.
15 fading dips, since the signal level in that case is low compared
to the noise or interference level, giving a low signal-to-noise
ratio in the received data. The-synchronizétion process is also
disturbed'by receiver noise. An incorrect and unstable synch-
ronization gives an incorrect channel estimate as a secondary
20 effect, thereby causing a substantial loss in receiver performan-
ce. The noisy channel estimate gives incorrect settings for the
filter taps in the detector or equalizer, e.g. the MLSE will have
an incorrect FIR channel model. This causes degraded demodulation
performan’ce' in a way similar to the degradation. from noisy
25 recéived samples. The effect is that the interference or noise in
the received samples has a double impact - first the channel
model is impaired, then the incorrectly set equalizer will have
to eéualize and demodulate noisy samples.

A common feature of the described prior art is that the channel

30 estimate is used directly in the detection or equalization
| procedure without considering the noise content of the estimate..
However, for example the MLSE is optimized in the sense that it

gives ﬁhe'most likely demodulated symbol sequence only if the
receiver noise is additive Gaussian and the channel estimate is

35 exact. It is’ not optimal if there is noise in the channel



ratio in the received data. The synchronization process is al so
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.estimate is proposed in US patent 5,251,233 (Labedz et al). There It
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a current burst is combined with a channel estimate of a previous
burst. Both'estimates'have the same number of taps.

SUMMARY OF THE INVENTION

Thus, an object of the present invention is to provide a method
15 and apparatus for forming an improved channel estimate_in a
digital radio communication system.

The method of the invention is characterized by the features of
claim 1.

The apparatus of the invention is characterized by the features
20 . of claim 9. :

The present invention is based on the observation that a long
channel estimate (an estimate having many taps) will contain more
noise than a short estimate (having fewer taps). This is shown in
the APPENDIX, where the tap noise is given by equation (9). In
25 this equation N represents the total number of samples used in
the calculation of the channel estimate and M represents the
number of taps in the channel estimate. Increasing the number of
taps M in the channel estimate will therefore also increase the
tap noise. Furthermore, the total noise contribution in the
- 30 . demodulation process in the detector or equalizer is also



contribution fromnoisy taps with | ow content of useful signal.
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process in the detector or equalizer is also
The solution to this problem is, according to the present
invention, to combine one- long channel estimate with at least one
shorter channel estimate. This combines the properties of both:

1. It contains reliable (not so noisy) information on the part
of the received signal that has most of the energy.

2. It also contains information on the signal spread"caused by
time dispersion over a larger time interval. |

BRIEF DESCRIPTION OF THE DRAWINGS

The invention, together with further objects and advahtages
t_hereof , may best be understood by ma_king reference to the
following description taken together with the acconipénYing
drawings, in which:

FIGURE 1 is a block diagram of an apparatus in accdrdance
' ’ with the present invention; o

FIGURE 2 =~ is a flow chart illustrating the method in accor-
' dance with the present invention; '

FIGURE 3 'illustrates how channel estimates are combiried'in
' ' ' one embodiment of the present invention;
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4 wog3pional to the .nunber of taps in the channel ' rom
thts point of viewit is therefore desirable to have a channgﬁbﬁ'ﬁ”f
estimate that is as short as possible. On the other hand, a short
channel estinmate may, in a case where 5 there is nmuch tinme dispersion,
cause the receiver to exclude recesved energy outside of the span of
the estimate, thereby di sregarding inmportant information present in
the signakprchhe 4 . Slniéteaesschoes idhamne1d cest; inmtves carei pombdaedhen
part of the signal wth e ot +1 104
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conbi ne one | ong channeinesttheme with at | east one shorter channel
estimate. This conbines the properties of both: 1. It contains
reliable (not so noisy)_ information on thenﬁﬁrt P of themgecehyed
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| arger tinme interval. . C BRI EF DESCRI PTI ON OF THE
DRAW NGS The iHREHRFLAR7 ®BBether with further objects and
‘advant ages t hereof, may best be understood by naking reference to
the FIGURE 6 illustrates a simplified calculation of the ampli-

tude of a complex number, which may be used in a
preferred embodiment of the invention.

10. | " DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The apparatus and method of the present invention will now be
described with reference to Figs. 1 and 2.

In Fig. 1 an A/D-converter receives analog samples b(nT,) and
converts these samples to a sequence of digital samples b,. These
15 digital samples b, are forwarded to a Maximum Likelihood Sequence
Estimator 12, which outputs a sequence of detected symbols 4,.
The digital sequence b, is also forwarded to a correlator 16 that
correlates sequence b, with a locally generated training sequence
u, received from training sequence generator 17. The correlation
20 values c¢; from correlator 16 are used to synchronize the burst
(step 110 in Fig. 2). This synchronization step will be further

described below.

Methods for burst synchronization will be described below with
refefénce to the European GSM-system. In this system a synch-
25 ‘ronization word comprises 26 bits. The 16 central bits in this
word have good correlation properties when correlated with the
entire synchronization word, that is a maximum correlation = 16
in the central.positibn and a correlation of 0 in the remaining
ten positions (C(k) = [0 0 0 0 016 0 0 0 0 0]). These 16 central
30 bits are generated as a training sequence in a training sequence
generator in the receiver. This training sequence is used for
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Another burst synchronization method is described in EP-A-0 551
803. '

Since two channel estimates will be combined, burst synch-
10 ronization is performed for both the short and the long estimate.
| The synchronization step is performed in synchronizers 18 and 19,
respectively. (Since the estimates are of different iengt:h they
will not necessarily synchronize to the same burst position.)

The synchronization positions are forwarded to channel estimators

15 20, 22 for the long and short channel estimate, respectively.

These estimators calculate channel estimates around the respec-
tive synchronization positions, as will be further described
below. '

In the APPENDIX it has been shown that the tap noise may be
20 estimated in accordance with formula (9). This formula indicates
-that the tap noise will be reduced by us"ing as many samplés b, as
- possible | (incﬁrea'sin‘g N) . For this reason the long estimate h,* is
recalculated by using as many of the 26 samples of the traihing
sequence u, as possible and the received synchronization word b,.
25 Thus, channel estimator 20 will calculate five correlation values
(in GSM) from N-M+l= 26-5+1=22 samples (all 26 samples are
actually used since 5 correlation values each based on 22 samples
and shifted one sample "are formed): These calculations are
performed in" the same way as in correlator 16, but since. we now
30 know the synchronization position the entire training sequence
may be used to form the five taps of the long channel estimate
h. The described procedure corresponds to step 120 in Fig. 2.

The short channel estimate h° is formed in a similar way in
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described with reference to Figs. 1 and 2. In Fig. 1 an

Al D-converter receives anal og sanples b(nT[err]) and converts these
sanples to a sequence of digital sanples b[err]. These 15 di gi tal
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. . . . 6 . . f
for instaRX8mPlecf dilis AVEERAFLRI PTREERS A8 Addushxpted in Fig. 3'(td

simplify the illustration only the amplitudes of the estimates
are shown). In this embodiment the estimates are combined with
their original burst synchronization (since the illustrated short

15 estimate only has one tap it is assumed to have taps with zero
values in all other time poéitions) . This may result in a
situation where the maximum values of the two estimates are not
in the same time position, as indicated in Fig. 3.

Since the short and long channel estimates -have been separately
20 synchronized with the burst, it may be preferable to first

mutually synchronize the calculated channel estimates. This is

indicated by 1line 26 in Fig. 1, where channel estimator 20

informs synchronizer 18 of the propér synchroniza'tion position to

be used for the short channel estimate. This -corfesponds to step
25 140 in fig. 2. -

There are different ways to obtain mutual synchrohiz_ation between
the short and long channel estimates. One method is .illustrated
by Fig. 4. According to this method the maximum tap of the short
estimate h,® is synchronized with the position of the maximum tap
30 of the long estimate'hk‘. This embodiment implies that the taps
of the short estimate may be shifted, as indicated by the dashed
tap in Pig. 4. This dashed tap represents the burst synchroniza-
tion position of the short estimate. The tap will be recalculated
in estimator 22 and then shifted to the position of the solid
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wi ndow wi t h maxi mum energy as the synchroni zation position. Anot her
burst synchroni zation nethod is descriebed in EP-A-0 551 803.
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synchriii kz chavesn qoisneidinghpogALieBst-r ai ni ng sequence - may be used to
formthe five taps of the l'ong channel estimate hkl . The descri bed
procedure corresponds to step.120 in Fig. 2. .. The short channel
Cati AR AT SRR AL, SHRHEPFAE GGt iaghipse channel estinate £ and
the long channel estimate h,' these estimates are combined in an
averaging circuit '2_4'. In a simple, presently preferred em-

bodiment, this averaging circuit 24 performs simple averaging of

corresponding taps of the long and short estimates, as illustra-

ted in Figs. 3, 4 and 5. In a more elaborate embodiment a
weighted ave_raQ_e may be formed by calculating weighting factors
from reliébili.ty measures (noise measures) for each of the two
channel es't'ima'te's._ The combined channel estimate h,° is forwarded
to maximum l'i'kelihbﬁo:d' séquence estimatoz_:' 12 for adjusting the
filter coefficients thereof. |

In case the short channel estimate contains only one tap, .the
above described ‘process may be simplified by noting that the
maximum correlation value c; may be used directly to represent
this tap. Thus, if a reduction of calculation complexity is
desired, it may be slu'ff'i'c-i'ent to provide the maximum value of c;
as the short estimate - (no récalculat_:ioni of the short estimate) .
In such an embodiment the burst synchronization position of this
estimate 'may' be used as a reference poéit-ion for the largest tap
of the long estimate. o
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7 643916 st | mat or 22. However, in this case fewer aps
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position rt channé S cor?%sponds
to step 28he bursg aquq;on;zatlon 1s used as the short estlmate

Another'simplificatien that may be performed is to consider only
the amplitude of the short estimate and disregard its phase (in

is: case the short estimate contains only one tap). This non-coherent
combination does not imply a significant loss in performance,
since the phase of the two largest taps of both estimates usually
are close to each other. h '

A further simplification may be performed by caiculating the
20 amplitude of the short estimate by adding the absolute values of
its real and imagihary parts, respectively, as illustrated in
Fig. 6. In this approximation z is approximated by Ix]+]|y|. where
x and y are the real and imaginary part, respectively.
-In the illustrated embodiments two channel estimates have been
25 combined. However, it is obvious that it is possible to combine
more than two estimates. Thus, a feasible embodiment would be a
combination of three channel estimates of different lengths. It
is also appreciated that the present invention is applicable to
other systems than the described GSM system.

30 The methods described above are simple ways to improve receiver
performance without dramatic increase in @ complexity. The
improvement in receiver performance is approximately 1 dB for
some propagation conditions in the GSM case.



There are different ways to obtain nmutual synchronization bet ween

t he shd¥@96(18916 ong channel estimates. One nmethod is .ill %

Fig. 4. According to this method the maxi mumtap of the g 453':95’01275
estimate hk[err] is synchronized with the position of the maxinumtap 30

by

of the long estimate hkL. This enbodinent inplies that the taps of
the short estimate may be shifted, asjpndicated by the dashed tap i'n
Fig. 4. This dashed tap represents the burst synchroniza- tion

posi timn willhbesaderetidomily dheséapkiiiedban endl %ﬂ@tﬁ%t variol8
estlmat g ndthen ahlfhtedtothegosmlono he solid
96/ 13 ifica :Lons anges ma m 1nventlon

8 without ndepaptusei rfiatam hther spimitFiand 4_s.c6pesthe1renﬁt,e which is
synchrqu¢ zaty %Iéhe aggendéaai-?.??ms. since the maxi num taps of ‘the |ong
estl .

and short tes usually w Il have coinciding positions.
Anot her nmutual channel estimte synchronization nethod is 5

sillustrated in Fig. 5. Here the mEBERENCESr ONi zation position of

10

15

the short estimate (containing only one tap in the exanple) hk{err]
is indicated by the dashed tap. However, this tap will not be
recal cidlat ed. G Bt eEdrhbg tafri hatmanimfmpnmﬁelihobhe SeRfudrde) BWétima-

t he maxi mumt S [err . be rec ated and. 10
averaged wt ha‘? elflrrélgl mr%ﬂtg%f %%&?% cggn’g{le‘]& r’éﬁ ‘#Cﬁe‘ yﬁa

previ ous enbodmmrfenescegm Wele §§11'rdl$r.omnat3€c_3rr3758,r emormn

since the maxi numtaps-of the long and short estinates usually wi

have coi_nci di ng positions. After mutual synchronization of the
short &annel gt;gaé%gdhk[lg}gquaqa@ck "Adaptive ° Maximum-Likelihood

Receiver for Carrier-Modulated Data-Transmission Sys-
tem", IEEE Trans. on Communications, Vol. COM-22, pp.
‘624-636, May 1974.

(3] Simon Haykin, "Adaptive Filte_r_"I‘heon"_,__ 'pp. 307-3'16,
Prentice-Hall, Englewood Cliffs, NJ, 1986. | |

[4] S.U.H. Quereshi, "Adaptive Equalization", Proc. IEEE,
' 'Vol. 73, pp. 1349-1387, September 1985..



15 the I ong channel estimate hkL these estimates are conbined in an
averagi ng wowem3so24. In a sinple, presently preferred emy PCT/SE9S/01275
bodi nent, this averaging circuit 24 perforns sinple averagi ng o
correspondlng taps of the long and short estimates, as illustra- ted
in Figs. 3, 4 and 5. In a nore el aborate enbodlnent a 20 wei ght ed
average may be fornmed by cal culating weighting factors from
reliability neasures (noise neasures) for each of the two channel
estimates. The conbi ned channel esti PPERBIXi s forwarded to maxi mum
| i kel i hood sequence estimator 12 for adjusting the filter
coefficients thereof. 25 In case the short channel estimate contains
only one tap, the ) S Vel e X e tghannel i fi ed by
noting that the HBX|nun1correIat|on val ue ci may be used dlrectly to
repr esent this tap. Thus, if a reductiqn _of cal cul ation_conpl exit

is Thrgnedel wsednioretbef FhappRl A6 F SRS ikeT¥a Rt 1AFeE P8

30 as{f ! e:ﬁtﬁéilﬂ%l gnke f@a{gfa:@i@zul ahgoramfaddtt sher whidd ®degsian
I n such an enbod

he burst s§ 8 ggnlzatlon 03|t|o of .this lar t
es?i nat e BRASDe ﬁ? ass‘?P‘F"e? ePenPaFEdARS, FH%  IORES) a&g%sf's fﬂ'ml ©of
the | ong wpkimt®. linear regressioM@nddel 303 mon Haykin, "Adapt:.ve Filter

PCT/ E95/ 275
ey PRk Ge AL L 4986 1 PR 307-326) ; The eXpression f{@ﬁf?ong

nore el a

esti mat e Yecebmrrdiscoetaesignal §ﬂ@péFsObith§ | ong esti mat e.

the maximumtap is very domnating this indicates that there |s

‘very little time dispersion. In this case a single 5 tap nodel of the

channel is a very good nodel and theassingle tap short estimate is

recal cul at ed u5|ng the entire tq@nﬁrﬁr_hku + e; (1)
k—

where u; is the input signal to the channel and M is the length
10 of the channel estimate (filter taps {h.})- Thus, the radio
channel impulse response is limited to M samples of h,. In GSM
for example M=5. The impulse response is an unknown parameter
estimated from the training sequence. In the GSM example the
training sequence is N=26 symbols long. A least squares method
e (see Haykin [3]) is used to estimate the M tap model (5 taps in
GSM) . The input data from the training sequence is windowed using
the covariance method. Thus, there are N-M+1l (22 in GSM) received
samples to use for estimation. The input is arranged as a matrix
A and the received samples b,'érrOr e and impulse response h are

20 arranged as vectors as follows:
Uyy Uy o Upyy
A= Upp Upy - Uy : (2)

U, U, .. Uyy



sequence. On the other hand, i f the tinme dispersion is large the

channelwessilagoe wi |l be spread out and the maxi numtap m !I n%'g%ns

dom nating. In this case a single tap nodel is not so good- t here
is not nmuch to gain by recalculating this tap by using the entire
trai ning sequence. Thus, in this case the single tap from t he bur st
synchroni zation is used as the short gstinate. Anot her
sinplification that may be performed is to consider only t he
amplitude of the short estimate and disregard_its phase (in 15  case the
short estimte contains only Bn& F&pﬂ%,Thibwqéﬁ-coherent (3)
conbi nation does not inply a significant |oss in performance, si nce
t he phase of the two largest taps of both estimtes usually are
close to each other. A further sinpbyfication may be perfgrned by
calculating the 20" anpl i t8d% [fo tGre -shBrimlesti mate by adding t#&)
absol ute val ues of its real and imaginary parts, respectively, as
illustrated in : Fig. 6. In.this approximtion z is approxi mted by
[err] where x and y arg L rgfl aqﬂ_i gi nary part, respecquely.
In the illustrated enbodi nent’s two %chdniel " ¥3i mat es have been 25 _
conbi ned. However, it is obvious that it is possible to conbine nor e
" than t td - Y Ssihl e j t I e a ..
combi e e, 5 epREegcity chartidinel P AW PELEER rUBH LR channel moder |
al so aeRy e expresaed: KEopr shentrrinding sequengs)l iasbl e to ~ other
systens than the described GSM system 30 The net hods descri bed above
are sinple ways to inprove recei i2r= AB + e@perfornmance without dffhatic
increase in conplexity. The i nprovenent in receiver performance
is approximately 1 dB for . sone propagation conditions in the GSM
case.

10

The least squares estimate h of h is (see Haykin)

b = (AaHa) labp = ®-1a%p - (7)

where &=A"A is the deterministic correlation matrix of the
training sequence. Here H represents Hermitean transpose.

The variance of each element of the channel”estimate h; is called
N;, and depends on the noise variance ¢* and on the training
sequence used. N; is the ith diagonal element of ¢°&#™!, where & is
the deterministic correlation matrix defined above.

If the training sequence is close to white-(which is the case in
‘e.g. GSM), the correlation matrix will be:

® = (N-M+1)IT - @1 =1 _1 8
. ( ) | T (8)

where I is the identity matrix. The conclusion is that the tap
' noise is: | ;
g2

PUR 9
N; N-M+1 _ 9
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wid | be understood by those skilled in the art that various PCT/SE95/0127§ '
nmodi fications and changes nmay be nmade to the present invention

Wi t hout departure fromthe spirit and scope thereof, which is

defined by the appended cl ai ns. 5 13 "
REFERENCES [ 1] G D. Forney, Jr., "Maxi mumLi kelihood Sequence
Esti ma- ' tion of Digitagreggences in the Presence of

I nt ersynbol Interference"”, Vol. IT-18, pp. 363-378, My
1972. [ 2] Gottfried Ungerboeck, "Adaptive

Maxi mum Li kehi heathol) of forming &Rechanmelf @stGamatierihbduldiigital radio
Dat a- Transm ssi on - '.q HEEE Trans. on Conmuni cati ons,
Vol . cow‘é?‘,"“‘b‘b’rcaagn'sys"‘e“" Chéiz?-c&f?%éi 974. [3]  Sinon
Hayki n, "AdfprmingralfirstTichannel ﬁ@twqg%@,vlng a predetermined number
Prent [ ce-é—?l%a hgl ewood diffs, NJ, 1986. 15. [ 4] S. U H
Quereshi, A a% fve Equalization" Procg. |EEE, ) Vo) . 7%, gg
1349- 1387, SEpreader a%galse.ast one furthgy qghaneel estimate having few
PCT/ SE95/ Odgd Sthan said first channel estimate; and

| combining said first and said further channel estimates for

forming a combined channel estimate.

10 2. The method of claim 1, characterized by averaging correspon-
ding taps of said first and said further channel estimates, said
further channel estimate(s) being padded with zero values in tap
poéitions that correspond to taps of said first channel estimate
that have no correspondence in said further channel estimate(s).

15 3. The method of claim 2, characterized by considering only tap
amplitude and disregarding tap phase of taps of said further
channel estimate(s) in said averaging.

4. The method of claim 3, characterized by approximating the

amplitude of each tap of said further channel estimate(s) with

- the sum of the amplitudes of its real and imaginary parts,
~ respectively.

5. The method of claim 2, 3 or 4, characterized by a single
further channel estimate having a single tap.

6. The method of claim 5, characterized by said single tap of
- 25 said further channel estimate being averaged with a tap of
maximum amplitude in said first channel estimate.

7. The method of claim 5, characterized by averaging a tap of

maximum amplitude of said first channel estimate with the single

tap of said further channel estimate, as estimated in the same
30 time position. .

* c L M S *



11 ~ APPENDI X ' Least

squar eweesgrizor) | on of the channel The nodel used_for the channel is
a FIRfilter with filter taps {hk} nodelling the p Gﬁ'éﬁ?ﬂléﬁand an
additive white Gaussian 5 noi se (AWGN) source e[err] nodelling the

"noise. It is simlar to Haykin' s |inear regression nodel (Sinon
Haykin, "Adaptive Filter Theoré_ Prentice-Hall, 1986, pp 307-316).
The expre55|on for the recei ved di screte signal sanples bi is:

-{-1;1. method ch‘eESai'in i the wnpy, ssged 30 Eﬂaraae@ielze@cb}wl |
the Ien gt %0 of the channel’ estinmate fllter%éapﬁum[' %ﬁp‘]é‘La THus,
t he rmlahted avamgl Rful 88ifcsHORSE | ’nd; 153 R hehk In
GSM  estimdt®s exanpl e Me5.. The i npul se response i s an unknown par anet er
estimated fromthe training sequence. In the GSM exanpl e t he

trai ning sequence i's-N=26 synbols long. A least squares nethod - (see
Hayki 19 [Ah) appamust Sorsfommipgt accharngl nesleimatet psa idigital raghlg . The
| nput ek Wﬁ%&é&h“%ﬁ&ﬂ&é@éﬁkéd% dowed using the -

covari ance rre 0 here are in GSM _received -

sanpl es tRLXAk meAnes{20ht FOR. LoRRingpat fF-§s§r @ﬁ@&@%?%%ﬁﬁ javing A
and t ke #4686/ \f&‘edv‘é&'&hﬁ?ﬁméﬂ Wiidér CofNapspul se response h are 20
arranged aescgr? tt%ééngs (fzgl | ogvs or forming at least one further channel
estimate having fewer taps than said first channel est:l.mate, and
means (24) for combining said first and said further channel

estimate(s) for forming a combined channel estimate.

10. The apparatus of claim 9, characterized by averaging means
(24) for averaging corre'sponding taps of said first and said
further channel estimate(s), said further channel estimate'(s)
being padded with zero 'values in tap positions that correspond to
taps of said first channel estimate that have no correspondence
in said further channel estimate(s).

11. The epparatus of claim 10, characterired by said everaging
means (24) considering only tap amplitude and disregarding tap
phase of taps of said further channel estimate(s) in said

averaging.

12. The apparetus of claim 11, characterized by said avera'ging
means (24) approximating the amplitude of each tap of said
further channel estimate(s) with the sum of the ampli_tudes of its
real and imaginary parts, respectively. '

13. The apparatus of claim 10, 11 or 12, characterized by a
single further channel estimate having a single tap.

14. The apparatus of claim 13, characterized by said first means

' (20) synchron:.zlng said single tap of said further channel
éstimate with a tap of maximum amplitude in said . first channel

AR ) R

estimate.




ferr] WO 96/ 13910
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where T P@b?‘é’s’gms transpose. In vector formthe channel nodel may be
&xpressed (for the training sequence) as:

b=Ah + e. (6) The | east squares estimate h of h
I s (see Haykin) 1sh = (AHA) [err]AHb = [err] AHb

(7) '

3, characterizéd by said first means
jmum amplitude of said first
aid further channel

15. The apparatus of claim 1

(20) synchron'izing a tap of max
hannel estimate with the single tap of s‘ .
- ame time position.

estimate, as estimated in the s

* c L M s *



where [err]=Alerr]Ais the deterninisfic coﬂrelation matrix of the 5
training seossmde Here H represents:Heritean . .transpose. PCTBE%MEQE
d I, and

vari ance of each el enent of the channel
depends on the noise variance [err]

used. Ni is the ith diagonal el
determnistic correlation matri
sequence is close to white (whi
correlation matrix wll

[err]

estimate hi
and on the training

is calle

where [err] is
If the training

where |

enment of [err],

X definqg/dggve. 10 -

ch is thefcase in eﬁg. GS
is [

M,

sequence

t he

t he

dentity matrix.

The conclus%&p Bg Bhat the tap - noi se is: WO 96/ 13910
PC/ SE95/ 0128 : - bn : . Un
CLAI VB ——E LA seyipfotrtenti i GTIIMN 1&’2}%%@94 dgi-ta
radi o communi tafianl sysfem | chat @FUPTIEE Hy St O tbrning a
first channel estimte having f predeterm ned nu t aps;’
formng at l|east one further channel estimate having fewer __ _ _ _ taps th
sai d firﬁt channel estimate; apd zgonbin ng said first and said
further channel e;g mates for 2 —

| -

I .\\"S Short c

n . I3 =1

1. yne Estimate h'i 24 Nk

. | /

i Corr C; 26 Averaging

| . * 19 20 V — _

: /iT \ \ L

: 16 Sync : Long —h"

{ - Estimate

|

|

!

|

Training
Sequence [~ 17

Fag.

1

Synchronization & channel estimation |
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v

form ng a conbi ned channel estinmate. 10 2. The nethod of claim1l,

char act er i w@P6l1g91@ver agi ng correspon- di ng taps of sapcerdeospizrand
said further channel estinates, said further channel estimate(s)
bei ng padded with zero values in tap - positions that correspond to
taps of said first channel estimate hat have no correspondence in
said further channel estimate(s). 15 2://%; The method of claim 2,
‘characterized by considering only tap anplitude and di sregarding tap
phase of taps of said further channel estinmate(s) in said averaging.
4. The method of claim3, characterized by approxi mating the

anpl i tude of each tap of E@@ further channel estimate(s) with t he

sum of the anplitudes of its al
5. The method of claim2, 3 or
channel estinmate having a S|ngle t

characterized by said single tap of

and i magi nary parts, respectively.
d by a single further
6. The nethod of claimb5,
further channel estinate

bei ng averagddf@th a tap of maxi qum anplitude in said first channel
esti mate. ‘75;“;:he met hod of claim5, characterized by averaging a
tap of maxi gnprittude ol _sard 11rsi channel _estirate with the
~single tap of Sqld f uSt CHEQMNIZE: i ESE estijmated in the
same 30 time positivorm—— 3946
PCT/ SE95/ 0_127520 _

\ CALCULATE LONG

CHANNEL ESTIMATE

CALCULATE SHORT
CHANNEL ESTIMATE

LONG AND SHORT
CHANNEL ESTIMATES

\

. _
\ SYNCHRONIZE
\

CALCULATE AVERAGE OF
LONG AND SHORT
CHANNEL ESTIMATES

END

160 | | Fig. 2



s .
14 8. The method of claim2, 3, 4, 5 6 or 7, characterized by
wei ght ed Vi@ 86/839ithg of said first and said further channel PCT/SE9S/@®3ts nat es.

5 9. An apparatus for formng.a channel estinmate in a digital radio
conmuni cati on system characterized by: first means (20) for
formng a first channel estinmate havin a first predeterm ned nunber
of taps second neans (22) g/cgbrning at | east one further
channel’h@ estinmate having fewer taps than said first channel estinmate;
and means (24) for conmbining said first and said further channel
estimate(s){for f rning a conbi ned channel estinmate. 10. The

, apparatus of claim9, characterized by averagi ng neans (24) for

' averagi ng cprresppndi ng taps of said first and said 15 further channel
estimate(s)| spid|further channel estimate (s) - bei ng padded with

. zero val ues]injta ions that correspond . to taps of said first

. channel estiknmaje hgf have no c@rresponden ﬁl aid further channe

. estimtes). ﬁ) 11§ The apnaratus of ai m 10, acterized by said

~averaging 20 freans (24) onzlderlng onfy tap_anplitdgde and disregarding

tap phase f taps of sai ner channel estimatle(s) -Tin said
aver agi ng. 12. The appara‘us of pelai m 11, jcharacteri ged by said
aver agi S anphltud of each tap of

g (24) appr oxi
sai d 25[}i| further %éb |malle

of [t he anpplitudes of
its eal ahd |nag|nary parté

T LT et

|

i

|

|

|

|
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14 The apparatus of claim 10, 11 or 12, cha%taﬂ@e‘&&%’?
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(57) Abstract

In a receiver of a digital radio communication system a combmed channel estimate (hkC) is formed by avemgmg a long channel

estimate (L) with a short channel estimate (hyS).




