1 TITLE METHOD AND DEVI CE FOR CANCELLI NG DOPPLER SHI FT | NDUCED | NTER 5
CARRI ER | NTERFERENCE | N AN OFDM COVMUNI CATI ON SYSTEM BY USI NG SI GNAL

PRE- DI STORDI20/042B5DM ( Ort hogonal Frequency Divi si on Mil PCpIBNiI1g34278s a spe-
cific inplenmentation of a nmulti carrier nodul ati on nethod 10 which is based
on the use of orthogonal carrier signals for parallel data transm ssion.
Different fromother known nulti carrier systens, the carrier distance can
be dim nished sig- nificantly through the orthogonality of the carrier
functions. Hence, OFDM has established itself as a bandwidth ef- 15 ficient
met hod for data transm ssion. OFDMis used currently for DAB, DVB-T, WAN
and in fourth generation (4G nobil elphone protocols and it stands out
especially in ternms of robustness against multi path propagation effects
and efficient use of bandw dth. 20 US 2007/ 0030798 shows a Doppl er
frequency catcml ati ng apparatus that cal cul ates a Doppl er frequency, which
is the magnitude of a tine-dependent fluctuation of a characteristic of the
transm ssion path through which an orthogonal frequency-division
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sendi ng unistGland ERE-eceTorRTIPuNi t. 30 This and ot her objects are sol ved by
the subject matter of the application. 2 If a sending unit and a receiving
unit of a wireless radio link nove relative to each other with a velocity v
and v << cOfrh®l dx;thohenseceiamensi ghatissoperiengelsxanf) egaencpeshi ft Af 5
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carrier systems, the carrier distance can be diminished sig-
nificantly through the orthogonality of the carrier func-
tions. Hence, OFDM has established itself as a bandwidth ef-
15 ficient method for data transmission. OFDM is used currently
for DAB, DVB-T, WLAN and in fourth generation (4G) mobile
phone protocols and it stands out especially in terms of ro-
bustness against multi path propagation effects and efficient

use of bandwidth.

20 US 2007/0030798 shows a Doppler frequency calculating appa-
ratus that calculates a Doppler frequency, which is the mag-
nitude of a time-dependent fluctuation of a characteristic of
the transmission path through which an orthogonal frequency-

division multiplexing (OFDM) signal is transmitted.

25 It is an object of the application to provide an improved
method of data transmission for OFDM communication systems in
the presence of a relative movement between a sending unit

and a receiving unit.

30 This and other objects are solved by the subject matter of
the application.



shift Af is constant for the entire signal spectrum It is positive, if the
sending unit and the receiving unit approach each other and negative it

t hey novewewaiz/deem each other. 15 If sending unit and PetaBings4arst are
stationary or nove slowy with respect to each other (v*fo << co), there is
essentially no Doppler shift. Hence, the carrier functions of received
signal s are orthogonal and have essentially no overlap in the frequency
dormain. 20 If, on the other hand, the sending unit and the receiving unit
nove rel ative to each other, the Doppler shifted carrier functions are no

| onger orthogonal and a superposition of signals is received on the various
sub-carriers (also called 25 carrier$ for brevity). This effect is known as
inter carrier interference (1Cl) and leads to a marked deterioration of the
signal to noise ratio (SNR) on the various sub-carriers and causes an
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t he tragsnitteg HH%%@S cor- 5 e%pond:&PIFigc- or SlI- functions in the
frequency d8raih. uFatfon 'of “a %%ﬁ?iérg5|8nal may be carried out by
nodul ati on of an analog carrier signal or by digital signal processing. 10
Wth the subject matter of the app»fEaTT'm/ it is possible to operate OFDM
systens even if the maxi num Doppl er shi®t is | arger than 2% of the

sub-carri epngditsiancestabhe applicaticobcptPwWdesqgan imcrLeass hidthe

transm ssion frequencies_and the data rates and hence the carrier distance,
whi ch makes 8t Sd-51P5%ar o CRINCET f BRETvely BSapTe-8r Ctoltufidaton syst ens
wi th hi gh vehecijgesiabtihe panthChpatdss thauchhas fqohlpbanes,dtdAVS, crui se
m ssi | and satellites. The application discloses a trapsmtter for
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generated fromdataof 2 data source using,a symbol. mpper. The data source
may be proVvrded.’ Tor ‘exanpl€, by a cantra, 'a hicrophoné or BRotASH i nput

devi ce or aksb @lzoman25SnguHterver éadelde mwroayay nfrwii ehcimtttieredi a files or
other data is stored. The transmtter further conprises an OFDM nodul at or
and a Doppler Shift menory |ocation for readably storing a pre-determ ned
Doppl et 5> Shitft seradivne. ukHér eamd elve iDopplweritshiret stvaliveacanobenae

CharaCteri§EE%ly%hH%.Eggpég@TEpgetﬁrother (v*fy << cg), there is es-
sentially no Doppler shift. Hence, the carrier functions of
received signals are orthogonal and have essentially no over-
lap in the frequency domain.

20
If, on the other hand, the sending unit and the receiving
unit move relative to each other, the Doppler shifted carrier
functions are no longer orthogonal and a superposition of
signals is received on the various sub-carriers (also called

25 carriers for brevity). This effect is known as inter carrier
interference (ICI) and leads to a marked deterioration of the
signal to noise ratio (SNR) on the various sub-carriers and
causes an increased frequency of bit errors or even the in-
terruption of the radio link.

30
Herein, the carrier functions are also referred to as "SI

carrier functions". In OFDM, a transmitted pulse is obtained



30 shift or also a higher-level data type such as a vector or matrix that
can |ater be used to calculate the pre-distortion matri x. The Doppl er Shift
val ue carwal2sre/aeddndenti cal with the pre-distortion nat PCIIBXheoidempl er
pre-distortion unit is 4 adapted to generate a pre-distorted data vector S
PD fromthe data vector S, wherein the conmponents of the pre-distorted
vector S PD and of the data vector S represent data synbols. As used
herein, a data synmbol does not only represent binary 5 data but also refers
to data that is sent together in one tinme slot and/or frequency slot, for
exanple the data that is represented_by a constellation point of a QAM
nodul ator. The pre-distorted data vector SPDis a linear function of the
data vector S and is degendent on the Doppl.er shift value. 10 The OFDM
modul at or P¥ BdAptEd Fo g@ﬁﬁfﬁfélﬁﬁ'CﬁENﬁ%Fén%}v%h&ﬁ’?hﬁ?cgﬂﬁﬂ@éFrier

anpl i t udespals¢ he/iGDFM signalidasegbasedmn ithiee conpenant soOftHehei-
pre-distorted data vector S PD.dT e linear gegend nge of the pre-distorted
fata vect of "8 B T8RS OF (Rt 1615 lof Ot HE GAEATVactBF°S &8pPT e 46 t he Doppl er
cor- rectiantité¢selthe bop-ciherercantdectidconde fuiddher-tedr pecédomrotrer ns nmay be
added, such_as_ a constant valJue. Tyig.can.%e§ultfalt0ﬁetn§QnL%_a non- | i near
functioR foF TRE predi'st ott éd data” Vettor "stBb. TG TheY t f4Kshit ter may
further coNpduse:ipnDoppherapiileat ssggnalmagener atioireduput, bwhictnlies adapt ed
to generate.a Doppler pilot signal_on sub, carrier.. Th il ot signal may
be gener at G4 By SaTT PRG. G115 one 1 APLL of ‘an’ DT 14 & CORBIART val ue and
the 25 otheessmputs to zero. For conputational efficiency, the Doppler
pre-distortion unit nay be adapted to derive the |inear function of the
data vector S fromone or nore | ook-up tables which are selected ac- 30
cordi ng0t oWt he Doppluer eshifatbeal gé. tise marriigabheh derti ve phesiblgeap function
of the datg vectoroSyf Lomahe RLa- di St Lo IRt g0 HeLgi f, the
pre-distortion matrix 1S calculated froma predeterm ned Doppler shift that
t he transniletesr détedr ArnesS theomrlncextiamal staptg- sitgnapPrlBarkierDoppl er
pre-di stor Li-gn; s oy fardhen bee adapiad skooderidRehpee prardicstort ed
vector S PD froma sumof the |linear function and one or nore non-I|inear
correcti on9eer 2 i9? ardereRF ithCoFpBY HiTe HFaEEhe? cPAFBchons . Stepd-

15 ard OFDM effectively usable for communication systems with
high velocities of the participants, such as for planes,

UAVs, cruise missiles and satellites.

The application discloses a transmitter for generating an

20 OFDM signal that comprises a Doppler pre-distortion unit with
an input section for receiving a data vector S. The data vec-
tor is generated from data of a data source using a symbol
mapper. The data source may be provided, for example, by a
camera, a microphone or another input device or also a com-

25 puter readable memory in which multimedia files or other data
is stored. The transmitter further comprises an OFDM modula-
tor and a Doppler Shift memory location for readably storing
a pre-determined Doppler Shift value. Herein, the Doppler
shift value can be a characteristic value for the Doppler

30 shift or also a higher-level data type such as a vector or
matrix that can later be used to calculate the pre-distortion
matrix. The Doppler Shift value can also be identical with

the pre-distortion matrix. The Doppler pre-distortion unit is



The transmtter may further conprise a Pilot Insertion unit for inserting
the Doppler Pilot signal into an OFDM data frame. Mreover, the transmtter
may conprweesi2z4east i pl exer and an OFDM nodul at or, wher eCm/iBta1/nis18 pl exer
is connected 15 to the Doppler pre-distortion unit and the OFDM nodul at or
is connected to the nultiplexer, the OFDM nodul ator conprising an | DFT
calculation unit which is adapted to generate an I DFT of the pre-distorted
data vector S PD, and wherein the OFDM nodul ator is further adapted to
generate an OFDM si gnal based 20 on output of the IDFT calculation unit.
The application furthernore discloses a receiver for receiving OFDM
signals, which conprises an RF recei ver wherein the radi of requency RF can
be an el ectro-nmagneti c wave of any fre- 25 quency froma few kHz to several
GHz, in prPAePpie SERTFTYHT .2 PRE Feteiver gﬁﬁ‘ K& TTorFe e Oipri¥ed s
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to use a pilot sub-carrier frequency that is at or at [east close to, for
exanpl é0wi ThenOEM mRdglbtearis edadisd dircasnpetives centofeMof i@ I0BBVhf r equency

band. 10 T pplicatiop . f e, disgl - qgggégi tion unit
whi ch conprte?%?ngmt %%Egggre%{eﬂpﬁg%% ?fa%%meﬁsgr&a%c%%%g an %ﬁ[e

af or ement | Shedceareionés . o Moo wee At hieo sl Peht isiTtdirs€LB3es an OFDM
comuni cation systemw th a first com 15 nmunication unit, which conprises

at least the aforenentioned transmtter and a second comuni cation unit
t hat conpr F8En 221 €aBEniHEaPér Efemicoredtpeerd eta vectomme PRppl i cati on

furtherpor gsdigcd08eS o2 ARL hod of oLctsansioh1 205 tidgnando psncessi-ng a
Doppl er pilot signal conprisin generating a pilot signal with a
pr edef i ned*§Gb* Car icer fanft i tUder GheTEi™othe PO sFghEFCUSEs a pil ot
sub-carri ekerhfiendyi ot agtb Caflchek s bei g sehas e fuomra: pl edaldesyief OFDM
sub-carriers; 25 -sending the pilot signal %w aatransmtter) of a first
comuni cat PORCITMI IS Tovar @ A" CoriRPEaf P ORanfBl 7% PSS EEBHF Coani cat i on
unit; ta vector S PD.
20

The transmitter may further comprise a Doppler pilot signal

generation unit, which is adapted to generate a Doppler pilot

signal on a sub carrier. The pilot signal may be generated by

setting only one input of an IDFT to a constant value and the

25 other inputs to zero.

For computational efficiency, the Doppler pre-distortion unit
may be adapted to derive the linear function of the data vec-
tor S from one or more look-up tables which are selected ac-

30 cording to the Doppler shift wvalue.

In a further embodiment, the Doppler pre-distortion unit is

adapted to store the Doppler shift value as a pre-distortion



receiving the pilot signal and evaluating signal anplitudes on sub-carrier
frequencies, the sub-carrier fre- 30quenci es being frequenci es of

nei ghbourwo 2epaedval | y of next nei ghbours,

determ ning a Doppler frequency shift fromthe signal anplitudes.
with OFDM franes, the nethod may al so conprise steps of inserting a Doppler
pil ot synbol into an OFDM frame to be transmtted and generating t

Doppl er pilot synmbol according 5 to the Doppler pilot synbol. The nethod

of the pil ot PEUIBUAL/NIIRTS,

7 For
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30

om a data source; eriving a data vector S fromthe

The transmitter may further comprise a Pilot Insertion unit
for inserting the Doppler Pilot signal into an OFDM data
frame. Moreover, the transmitter may comprises a multiplexer
and an OFDM modulator, wherein the multiplexer is connected
to the Doppler pre-distortion unit and the OFDM modulator is
connected to the multiplexer, the OFDM modulator comprising
an IDFT calculation unit which is adapted to generate an IDFT
of the pre-distorted data vector S PD, and wherein the OFDM
modulator is further adapted to generate an OFDM signal based

on output of the IDFT calculation unit.

The application furthermore discloses a receiver for receiv-
ing OFDM signals, which comprises an RF receiver wherein the
radiofrequency RF can be an electro-magnetic wave of any fre-
quency from a few kHz to several GHz, in principle even
light. The receiver furthermore comprises a demodulator that
is connected to the RF receiver, a de-multiplexer that is
connected to the demodulator, and a Doppler estimation unit
that is connected to the de-multiplexer. The Doppler estima-
tion unit is adapted to generate an estimate of a Doppler
shift based on amplitudes of a received OFDM signal at sub-
carrier frequencies, the sub-carrier frequencies being fre-

quencies of sub-carriers that are neighbours to a pilot sub-

i nput



8 pre-distorting the data vector S to obtain a pre-distorted data vector S
PD, wherein the step of pre-distorting conprises obtaining the

pre- di st ovDedidae@ovector S PD as a |inear function of Po®E/IBzMH05342T OF
S5wherein the linear function of the data vector S depends on a Doppl er
frequency shift; deriving an OFDM signal fromthe pre-distorted data
vector S PD, wherein sub-carrier anplitudes of the OFDM signal are based on
t he conponents of the pre-distorted 10data vector S PD; transmtting the
OFDM signal via an RF antenna. Moreover, a nethod for transmtting

pre-di storted OFDM si gnal s accordi ng is disclosed which further conprises
deriving 15 the Doppl er frequency shfft accordi ng to one of the clains 12
to 14 and using the derived Doppler fre uenc shift in the step of

pre-di stor FFﬁ@leflhefrﬁgPﬁnﬁéctAr?r agtaghyr ét?%]rghfbﬁﬁlffﬁe??ﬁ)r“éex&l scl oses a
conput er r eadaix@: 20 bpEe@EamHeak @m@ﬁiﬂdd@glénﬂlqﬂfeﬁ heaaf oiiedrertt | oned

nmet hods and onput er readabl e corrputer readabl_e program
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conput ef r 8adabi e emsr Pes conprisi ng he “conput &t adabl e program
Al ternati vgbyd 4deirong eacts cdonphesece mMdvroprgeessao and a thapd- wi r ed

circuit for executing.one of the aforementi ggegearrect h?gge Jhe conmputer 30
prograns, an S|gna pro%ess rs may Tocated eon afirst andon a second

comruni cat eeanpie twithinht ch Lase- t:herwm diicoapwts, eéhepregragiatenpry refers
to both th%FBMrggeq%@ch/h}garﬁgcond comuni cation unit. 9

10
The application furthermore discloses an OFDM communication
unit which comprising the aforementioned transmitter accord-
ing and the aforementioned receiver. Moreover, the applica-
tion discloses an OFDM communication system with a first com-
15 munication unit, which comprises at least the aforementioned
transmitter and a second communication unit that comprising

at least the aforementioned receiver.

The application furthermore discloses a method for transmit-

20 ting and processing a Doppler pilot signal comprising

- generating a pilot signal with a predefined sub-carrier
amplitude, wherein the pilot signal uses a pilot sub-
carrier, the pilot sub-carrier being chosen from a plu-
rality of OFDM sub-carriers;

25 - sending the pilot signal (via a transmitter) of a first
communication unit over a communication channel to a se-
cond communication unit;

- receiving the pilot signal and evaluating signal ampli-
tudes on sub-carrier frequencies, the sub-carrier fre-

30 quencies being frequencies of neighbours, especially of
next neighbours, of the pilot sub carrier;

- determining a Doppler frequency shift from the signal

amplitudes.



The subject matter is now explained in further detail with respect to the
followng figures in which 5 Fig. 1shows sub-carrier anplitudes for a sent
pi |l ot si gwonai2z/antof or a received pilot signal in the presanmarods2z Doppl er
shift, Fig. 2shows frequency-anplitude diagrans for sub-channel

signals of a sent signal and of a received signal 10in the presence of a
Doppl er shift, Fig. 3shows frequency-anplitude diagrans for sub-channel
signals of a sent signal and of a received signal in the presence of a
Doppl er shift using a pre-distorted signal, 15 Fig. 4shows a communi cation
system according to the ap- plication, Fig. 5shows quadrature coordinates
derived fromreceived signals for a Ebppler shift of 0.01 sub carrier

di stances wi thout the use of pre-distortion, 20 Fig. 6shows quadrature
coordi nates derived fromreceived signals for a Doppler shift of 0.01 sub
carrier di sbanees wdnd UsbMO firesqi shormdtond fhg.altshewsp guadrsaktpee

coordi nates _.derived fromreceived . I.gnal s for_ a Doppler
ShiTt of 0005 SUY C4PT ReroJetis PAREES EROLEEE Y GELVOF T Bie-di &Eort1 o,
Fi g. 8showsrguaditatedr encogsdimates des inceglEr om Yeeceiyviedl sd gnraldsnfor a
Doppl er shkfttgf]Q.O §ub. q!rigk gistances and using pre-distortion, and
Fig. 9s ows " a §?W6FP re lé%lﬁﬁ of “a communi cation unit 30according to the
appl i cation.

The method for estimating a Doppler frequency shift of a rel-
ative movement between a first OFDM communication unit and a

second OFDM communication unit may furthermore comprise steps

10 of
- deriving an estimated relative velocity of the second
OFDM communication unit (relative to first comm. unit);
- deriving a magnitude of a Doppler shift from the esti-
mated relative velocity;

15 - transmitting the magnitude of the Doppler shift to the
first OFDM communication unit over a communication chan-
nel;

- storing the magnitude of the Doppler shift into a com-
puter readable memory of the first communication unit.

20

The step of deriving the estimated velocity may furthermore
comprise the aforementioned steps of transmitting and pro-
cessing a Doppler pilot signal. Alternatively, the step of
deriving the estimated wvelocity may also comprise a deriva-
25 tion of the estimated velocity from location signals, the lo-
cation signals being received via an RF receiver of the se-

cond communication unit.

The application furthermore discloses a method for transmit-
30 ting pre-distorted OFDM signals over a communication channel,

the method comprising

- receiving input data from a data source;

- deriving a data wvector S from the input data;



10 Doppler shift, a frequency shift is determned wth sufficient accuracy
by using the transm ssion of a corresponding OFDM pi |l ot synbol. The OFDM

pi | ot symiol201es@z490onl y one sub-carrier in the centre of PChaBHI1yNL7S
bandw dt h, whereas the 5 other sub-carriers are set to zero. The upper
diagram of Fig. 1 shows a corresponding sub-carrier occupation for a system
wth 64 sub-carriers. Only the sub-carrier 33 at the centre of the

bandwi dth is assigned to the pilot signal. 10 As a consequence of the
Doppl er shift Af and the loss of carrier function orthogonality, the signal
energy on the receiving side is distributed over the nei ghbouring
sub-carriers. This is seen in the | ofer diagramof Fig. 1. At the sub
carrier frequencies, the anplitude of a received signal does not 15
correspondto aP%TﬁBPEO§BH§£§PFig?t%ﬁﬁFﬁpﬁdé.t%c '’ng ¥t he applicati on,
a Doppl er shi ftdconpessataon vestbasedrmn whbee ampdid wdepod s reeei ved si gnal s,
so as to nmake the conQutations i ndependent g%gphase tati caused by the

communi cat i on CREITET P IKEHRIGERG LT UNCE Of e GRCRBAOTAIS A ors, a 20

proportion of arecmpl 5t BdeasS 0fliacheffusitded oeighbaurbngecarrier (34) to
nei ahboti | 81 (7- (Aot 722 FEMFHER el BRBSUPSLCFLAT B THC72t-AF ) 7
(Af - 1) s in (d Af Dppplef Afregipndy-stAfftk+ Af (1), which for
- deriving an OFDM signal from the pre-distorted data vec-
tor S PD, wherein sub-carrier amplitudes of the OFDM
signal are based on the components of the pre-distorted

10 data vector S PD;

- transmitting the OFDM signal via an RF antenna.

Moreover, a method for transmitting pre-distorted OFDM sig-
nals according is disclosed which further comprises deriving

15 the Doppler frequency shift according to one of the claims 12
to 14 and using the derived Doppler frequency shift in the
step of pre-distorting the data wvector S.

The application furthermore discloses a computer readable
20 program for executing one of the aforementioned methods and a

computer readable memory with the computer readable program.

Moreover, the application discloses one or more signal pro-
cessing units, the signal processing units each comprising a

25 microprocessor, an instruction processor and a computer read-
able memory, the one ore more computer readable memories com-
prising the computer readable program. Alternatively, the one
each comprise a microprocessor and a hard-wired circuit for
executing one of the aforementioned methods. The computer

30 programs, and signal processors may located be on a first and
on a second communication unit in which case the word comput-
er program/memory refers to both the first and the second

communication unit.



25 Af * 1 can be solved for the Doppler shift Af to give 1- r Af = (2). 1+r
Advant ageousl y, the nmaxi mum Doppler shift is smaller than the frequency

di st ance woeteea249%0 nei ghbouring sub-carriers, Af 30< PCT/IR201Th%278
relationship (1) provides a one-to-one mapping for the conmputation of the
frequency shift fromthe ratio of the signal anplitudes of neighbouring
carriers which is easy to im 5 plenent and permts an accurate

determ nation of the frequency shift also in the presence of additive white
Gaussi an noi se (AWE\) or other noise. The accuracy of the nethod increases
wi th the nunber of used 10 sub-carriers. For evaluating nore than two
sub-carriers while using the sane pi Pot si gnal as above, the relation (1)
can be generalized by considering the second nearest nei ghbours: S. 2| Si HAf
21 2- Af1- r =r =1t t\\lwhich gives 4r) =2 2, wherein m SIsiyrkAf -2)1 2+
Af 1+ r2 | STaeSsilGafltr met tdnbenoaf egp Mibre@atni irtinert Hetgentwiehof the - 2
15 bandwi dth. In gc%n%Lgl f(,)Aifl(on = 1r hol.ds or, n-th nearest

respect g figures in whi

5 Fig. 1 shows sub-carrier amplitudes for a sent pilot sig-
nal and for a received pilot signal in the presence
of a Doppler shift,

Fig. 2 shows frequency-amplitude diagrams for sub-channel
signals of a sent signal and of a received signal
10 in the presence of a Doppler shift,
Fig. 3 shows frequency-amplitude diagrams for sub-channel
signals of a sent signal and of a received signal
in the presence of a Doppler shift using a pre-

distorted signal,

15 Fig. 4 shows a communication system according to the ap-
plication,
Fig. 5 shows quadrature coordinates derived from received

signals for a Doppler shift of 0.01 sub carrier
distances without the use of pre-distortion,

20 Fig. 6 shows quadrature coordinates derived from received
signals for a Doppler shift of 0.01 sub carrier
distances and using pre-distortion,

Fig. 7 shows quadrature coordinates derived from received
signals for a Doppler shift of 0.05 sub carrier

25 distances without the use of pre-distortion,

Fig. 8 shows quadrature coordinates derived from received
signals for a Doppler shift of 0.05 sub carrier
distances and using pre-distortion, and

Fig. 9 shows a simplified design of a communication unit

30 according to the application.

According to the application, a sent signal is pre-distorted

based on an estimated Doppler shift. In order to estimate the



1+ r nei ghbours of the central sub-carrier. Fromthis relation, the Doppler
shift can be conputed as a weighted sumof the r ratios, 4f = 1/ O (i)
=1:11) i WO2p1244e4901/ =1. In one reali- zation, w = 1/ NPcanBiat/sj42mherein N
carriers is the nunber of 20 sub-carriers. In another realization, the

wei ghts wi decrease with increasing distance fromthe central sub-carrier
m According to a first nethod of determ ning a Doppler shift Lf for
generating a pre-distortion matrix, a pilot signal is 25 sent via a
transmtter of a sending unit Ato a receiver of a receiving unit B. The
pil ot signal uses a sub-carrier in the centre of the OFDM band and a
predeterm ned sub-carrier anplitude, 10s shown in the upper di agram of Fig.
1. The receiving unit B receives a signal that is distributed over several
12 sub- chafRBPST adidfiown FIPTRECK oWt ditdgrant ot g1 Ftioththe ratio r
of the anpkitudesShettyney ghliour taé ﬁf\ﬁl§nﬁ%%1@1€l@¢lb0ﬂbkﬂ@sﬁddﬁki&@rI’i er to

roce: ving. URPY 5 Bt SriFRes e CEOBOBH Gy RNt LT aBBOF G T6-equat i on
(2) and sendsriekm Sin rher oatten olﬁackets)lqnlae sendi i hynivhe feasAatier ding to a

second met hggér pilot si ganal i s generat engy the rece| Vi g% lhl,nlt B after

a comruni Catl on WI Caﬂfﬁéejésen | ng um? Z§ has n| '[Il a?e an8 the ratio

r i s eval uat eldoxbsy d h@rseﬂmmn@nsubﬁcaﬂﬁeAcoocmartgLotnofbhea appltiecat i on, a

pilot signal. fo rmnatlon shi i, i el f .not

pre-di st ortea é rrle]ﬁeo%oﬁp?rér Shi ?rlr}se%e%?ﬁerr%n ]ﬁ}té% ernc?r%%t he
distorti onOthltméoamdlwotitmmaalssmhe@htq ghkenpwhot csitdmelr ecei ving unit or 15
can be computed fromvalues that are accessible to the receiving unit.

Advant ageously, the pilot synbol is transmtted regularly be-
10 As a consequence of the Doppler shift Af and the loss of car-

rier function orthogonality, the signal energy on the receiv-
ing side is distributed over the neighbouring sub-carriers.
This is seen in the lower diagram of Fig. 1. At the sub car-
rier frequencies, the amplitude of a received signal does not

15 correspond to a single sub-carrier amplitude. According to
the application, a Doppler shift compensation is based on the
amplitude of received signals, so as to make the computations
independent of phase rotations caused by the communication
channel. When using SI-functions as orthogonal carriers, a

20 proportion of an amplitude S of a left-sided neighbouring
carrier (34) to an amplitude S of a right sided carrier (32)
is given as
Sleft reighbour__ . _ |Si( (Af +1))| _l Sin(ﬂ'Af)ﬂ'(Af —1)| _ 1-Af

Sopnsgion TS D) | sin(mf)r(Af +1)| 1+ A1

25 Af # 1 can be solved for the Doppler shift Af to give

(1), which for

1_
Ar=—L (2.
1+r

Advantageously, the maximum Doppler shift is smaller than the
frequency distance between two neighbouring sub-carriers, Af

30 < 1.



tween the comuni cation units for determ ning an accurate 20 frequency
shift. In a specific enbodi nent, the pilot synbol is inserted into each
OFDM f r amwot2012@2490ansmi tt ed. According to a met hod for PCTARZIN/D342T8y OFDM
message froma sending unit Ato a receiving unit B, the sending unit A
sends a first nessage, for exanple a first OFDM frame, w thout pre- 25
distortion. Hence, the first nessage nay lead to a higher bit error rate
than the foll owi ng nessages. The receiving unit B receives the first
nmessage and determ nes a Doppler shift froma pilot synmbol that is included
in the first message. The receiving unit B sends a response nessage, which
i ncl udes 30 the determ ned Doppl er shift. The response nessage fromthe
receiving unit B may be pre-distorted using the determ ned Doppl er shift.
The sending unit A receives the response nessage fromthe receiving unit B,
stores thertbeppdertishshipi (1)a prb3icesnpuicele-reasedb e ppeApr yoanteuses t he
Doppler shift to pre- distort further nessages according 1o the Doppler
ot o 1 BoP PR g I oo e PO Re I ot Syt Ly bet [ G483 5 onl y
in only somelodimplheudessafesigrhobuexanplaerithe ypiilot isyabeol tmymbe sent
after a_pre-determ ned expiry tinme._ In t her enbodi t new

det or m Pat PORTOTC (116 BBEP & XhrrEuTS S CAPEAN Whar ofe bF° the Rafimuni cati on
units det ecm siesfta adisg- imi fliccanesehange’ elddit sverovenentaudoiaet erm ne a
velocity 10 chan ositiaon determ nation via a GPS, phone cell |oca-
tions, accg%?%t %?GNgeﬁgo?%ed:r "ot hei neans may be used. The first

communi cation unit then uses the Doppler shift Lf 15 to pre-distort a
signal to s I il at i f.a -di s i d for an
OFDM com*ruﬁlﬁga%?%unraggs?gn#%imﬁgﬁlgg%%%F% isnv\jie)?getq{(?i ég{ﬂ%%g%égﬁlr%:agr

t ransf &P nl ditbceete sFour Fer ¢wadmstonanaceshdingya cubheaappticatiidn, the

SI-functions; AL e JLrbaced: Mt hithe, expression: g0 Sihnkiba({1y Kntpéf))
generalized by considering the second nearest neighbours:

SWZ:I‘—LgOdAf+2M-—2_Af which gives A (2)22-1_r2
2

S, ° |sitz(ar-2)] 2+4f 147,

, Wherein m

is a sub-carrier number of a sub-carrier in the centre of the

. ) I-r,
15 Dbandwidth. In general Af" =n- holds for n-th nearest

1+,

neighbours of the central sub-carrier. From this relation,
the Doppler shift can be computed as a weighted sum of the
1-r

1+7

i

ratios, Af =Y wAf?=>w, i

, with EZMQZI. In one reali-

zation, w; = 1/N carriers, wherein N carriers is the number of
20 sub-carriers. In another realization, the weights w; decrease

with increasing distance from the central sub-carrier m.

According to a first method of determining a Doppler shift Af
for generating a pre-distortion matrix, a pilot signal is

25 sent via a transmitter of a sending unit A to a receiver of a
receiving unit B. The pilot signal uses a sub-carrier in the
centre of the OFDM band and a predetermined sub-carrier am-
plitude, as shown in the upper diagram of Fig. 1. The receiv-

ing unit B receives a signal that is distributed over several



(3), wherein k and | are sub-carrier nunbers Nsin(2r (/ - k + Af) N and
N is the nunber of sub-carriers. The abovenentioned relation (1), which
appl i es twothe/m@esi nuous Fourier transform correspond®CraBiheosipeci al
case in which 1 - k = 1. Taking 25 into the sin(x) account the

approxi mation si(x)- forN>>x relation is for also .)c Ar sin(

12

sub—-channels, as shown in the lower diagram of Fig. 1. From
the ratio r of the amplitude Sicft neighbour ©f the left neigh-
bouring sub-carrier to the amplitude S:ignt neignbour ©f the right
neighbouring sub-carrier, the receiving unit B determines the

5 Doppler shift Af according to equation (2) and sends this in-
formation back to the sending unit A. According to a second
method, the pilot signal is generated by the receiving unit B
after a communication with the sending unit B has been initi-
ated, and the ratio r is evaluated by the sending unit A.

10
According to the application, a pilot signal for determina-
tion of the Doppler shift is itself not pre-distorted but,
rather, the Doppler shift is determined from the distortion
of the pilot signal, which is known to the receiving unit or

15 can be computed from values that are accessible to the re-

ceiving unit.

Advantageously, the pilot symbol is transmitted regularly be-
tween the communication units for determining an accurate

20 frequency shift. In a specific embodiment, the pilot symbol
is inserted into each OFDM frame to be transmitted. According
to a method for transmitting OFDM message from a sending unit
A to a receiving unit B, the sending unit A sends a first
message, for example a first OFDM frame, without pre-

25 distortion. Hence, the first message may lead to a higher bit
error rate than the following messages. The receiving unit B
receives the first message and determines a Doppler shift
from a pilot symbol that is included in the first message.
The receiving unit B sends a response message, which includes

30 the determined Doppler shift. The response message from the
receiving unit B may be pre-distorted using the determined
Doppler shift. The sending unit A receives the response mes-

sage from the receiving unit B, stores the Doppler shift in a



AT) sinc function si(x),the abovenenti oned

valid in the DFT case, provided the nunber N of sub-carriers is large
enough. W0 200@e0ng to the application, a frequency skCTuB2E1/0&2T M ned
with sufficient accuracy prior to a pre distortion of a signal to be
transmtted. In one enbodinent, the frequency shift is determ ned by using
a reception of the abovenentioned pi- 5 |ot synbol. Further enbodi nents
conprise the use of other systeminformation to derive a rel ative novenent
such as the conmputation of a relative velocity from GPS data, especially
from GPS data of the receiving unit or fromother position data. 10 By
determning a relative velocity and/of Doppl er shift accordi ng one of the
abovenenti oned frequency. estimation_ nethods, the sendi ng un|t conputes a
pr e- di st or C8EPSTYN Ieédi%l@rr{?“@ré{t BPY | GitSof "a SPIgHAT 0&TE o~ REDoppl er
shift can bestepr esenhed hysayeisnhecderienceonatd inopplet shertsi ze [N x N|,
wherein N is the nunber of OFDM sub-carriers, which takes the form

J1,1J1,231,N J2,1J2,2J2,N.. JN,1 JN,2N ,N _ 20 Herein, the elenents
j ci _of theihntefdemhenceodntrdaxidel etia r;a'lblﬁesj/mc@rfmlyeheeimrqaﬂ@ﬁent of the
1-th sug car |er on.the k- oth %ub carrier qtherch(\%/\or Sie t he

nl m messa ’For am
proport P on“8tY t He Li'gnaF™F rom T he St Carr i &f ix Fhic¢h “3ppears on
sub-carri esykbol may be sent after a pre-determined expiry time. In an-

other embodiment, a new determination of the Doppler-shift is
started when one of the communication units determines a sig-
nificant change of its movement. To determine a velocity

10 change, position determination via a GPS, phone cell loca-

tions, acceleration sensors or other means may be used.

The first communication unit then uses the Doppler shift Af

15 to pre-distort a signal to be sent. In an implementation of a
pre-distortion method for an OFDM communication system using
IDFT/DFT (inverse discrete Fourier transform/discrete Fourier
transform) according to the application, the SI-functions are
replaced with the expression

20
sin(z(l — k + Af))
Nsin(; (1—k+ Af)]

and N is the number of sub-carriers. The abovementioned rela-

(3), wherein k and 1 are sub-carrier numbers

tion (1), which applies to the continuous Fourier transform,

corresponds to the special case in which 1 - k = 1. Taking

sin(x)

Nsin(xj
N

the sinc function si(x), the abovementioned relation is also

25 into account the approximation sﬁx)z for N >>x for

valid in the DFT case, provided the number N of sub-carriers

is large enough.



25 on the receiving side. Wen using Sl-carrier functions and for a tine
conti nuous system the conponents of the interference matrix E and a given
f requencywehnnf2042§90i s conput ed according to k,1 = si(7-PCTAB2011/65447¢ )) (4)
15 According to the application, the inverse E-1 of the distortion
matrix Eis conputed and a data vector Sto be sent is 5 multiplied with
the inverse matrix E-1to obtain a pre- distorted data vector SpD, S"=E-1S.
The inverse nmay be ob- tained by direct nunerical calculation such as a
vari ant of the Gaussi an elinination algorithmor also by an iterative
met hod, such as Jacobi iteration, q{ugate gradient or oth- 10ers. A
nndulatlng means of the receiving unit modul ates the sub-carri er accordi ng
to the pre-distorted data vector and transmts the signal over a

comuni cat FERCTHEEP. TAE e YFaEEPY: A5 TEAGSUnY tShlétchr%%tp?ofﬁHPﬁé si gnal
is recelVedltﬂhﬁnﬁﬁkﬁeﬁpaﬂdhﬂgc§lgﬁﬂdr@ﬁﬂabﬁréemﬁﬁﬁﬁmhed @S aa sfigacti on of

the pre- dlst si_gn ich_re resents t he praoperties of t
connunlcatPS gﬁhé'an%%bw$é%eF9I o Ul dgﬁﬁﬁuﬂ%f §r?ﬂ%?<@6€?658 si gnal .
I n an IdeahbZﬁEkéﬁMMﬁednthhﬂhQOBlye&éﬁtﬂD@ppEethQQﬂﬁhbﬁéntﬂnﬁKE$éHt or in

t he cas th nal dlstortlons are | east uff|C|entIy smal |,
t he cha%ne gh%W%é)regrég% SEPRCTRTS %fxmpéﬁfeaccuracy %y 156 distortion
matri x E, a&dt$®euﬁ9¢0351¢mdﬂededata.weﬁﬂ@mlﬁbamm&mentese¢wuﬂgt@ede is

equal to th riginal data vector S, R.= " S.Jhe .sending unit
and the recglglﬁ%nuﬁ1tgn%y Ol lyfs%é%ﬁﬁiglona Sﬁﬁi??t%hlc E%Fe%ngt shown in

Fig. 4 for tspmpbbidaya sﬁdﬁmaseseuanmjenhdescrénbﬂeﬁbeanPOSltlon
|nterleaver/g i nterl eaver, a channel codi ng/decoding unit, digital anal og
converters 3 %EACS), anal og digital converters (ADCs), |ow pass filters,
oscillafors for generating a carrier frequency and also fur- 16

By determining a relative velocity and/or Doppler shift ac-
cording one of the abovementioned frequency estimation meth-

ods, the sending unit computes a pre-distorted signal.

15 The distortion of a signal due to the Doppler shift can be
represented by an interference matrix E of the size [N x NJ,

wherein N is the number of OFDM sub-carriers, which takes the

form
‘):1,1 ‘):1,2 o §I,N
— ‘):2,1 ‘):2,2 §Z,N
== . . . .
§N,l §N,2 o §N,N

20
Herein, the elements &y of the interference matrix determine
the interference component of the 1-th sub-carrier on the k-
th sub-carrier, or, in other words, the proportion of the
signal from the sub-carrier 1, which appears on sub-carrier k
25 on the receiving side. When using SI-carrier functions and
for a time continuous system, the components of the interfer-

ence matrix B and a given frequency shift Af is computed ac-

cording to

&y = Si(”(k_l+Af))



ther error correction neans, such as the channel coding indicated in Fig.

4. A signal pre-distortion and recovery according to the appli- 5 cation is
now il | uswoabed4niooh reference to the Figures 2 and 3, wa@&nB2n1/p34978 3 shows
the use of a pre-distortion according to the application. In the exanples
of Fig. 2 and 3, the OFDM system uses four sub-carriers and the data
synbol s are nodul ated by an anplitude nodul ati on. The conponents of the
data 10 synbol S can also be used as the in-phase or quadrate conpo- nents
of QAM nodul ations. In this case, the data synmbol S represents only half of
the information while the other half is transmtted via the respective

ot her conponents of the CANInnduIatFHh. In the exanple shown in Figs. 2 and
3, the rela- 15 tive novenent is such that a Doppler shift of 0.4
sub-carrier distances results. The anplitudes of the sent and of the re-
ceived signal at the sub channels are indicated by arrows. By way of

exanple it _is assuned at_the data synbol. 20S=[3 1 3] is to be
ranem tt eB-SP AL G EHo BOHBGRBNTY. S0ih CBORT o 8hb. bar i anpl | t udes,
whi ch are nuobetediky=t he d¢aadivces Ond Iz dAta3dvedimd ist wdese odertthesanpl i t ude

modul at fon_corr espondi. to discrete values are jndicated in Figs. 2 and 3
in arpiFraP§9%H$§§K%ngﬁetﬁ%é&?@rﬁﬁdm%vﬂébfrggpgﬁﬁFﬁbazgrﬁprizontal.Iines.
Li kewi se, yhersuhsCankbereddgagend es @aresi ngicated 0 A Pidd apy units on

the X-axis and by correspondi ng vertical lines. A signal is represented by
t he sum of teheed duwr direqueng\erggpvesa bsilstionn sucht ke boweriaitagfans of

Figs. 2 andi3.ca0...17 Lhere, s substantial by only he,Dopol or, shift Af =

0.4, the interference between sub-carrier signals n be represented by an
interferencvethedrisvcE witfradie fiokFawiarg conpeweit graddesy @: 50h-0. 19

10 ers.

A modulating means of the receiving unit modulates the sub-
carrier according to the pre-distorted data wvector and trans-
mits the signal over a communication channel. At the receiv-
15 ing unit, a corresponding signal is received. The correspond-
ing signal can be represented as a function of the pre-
distorted signal, which represents the properties of the com-
munication channel. The receiving unit demodulates the re-
ceived signal. In an idealized case in which only the Doppler
20 shift is present or in the case in which other signal distor-
tions are at least sufficiently small, the channel can be
represented with sufficient accuracy by the distortion matrix

o
fia

, and the reconstructed data vector R at the receiving side

is equal to the original data vector S, R=E.S,,=S.

25
The sending unit and the receiving unit may comprise addi-
tional units which are not shown in Fig. 4 for simplicity,
such as scrambler/descrambler, an interleaver/deinterleaver,
a channel coding/decoding unit, digital analog converters

30 (DACs), analog digital converters (ADCs), low pass filters,

oscillators for generating a carrier frequency and also fur-
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ther error correction means, such as the channel coding indi-

cated in Fig. 4.

A signal pre-distortion and recovery according to the appli-
5 cation is now illustrated with reference to the Figures 2 and
3, wherein Fig. 3 shows the use of a pre-distortion according
to the application. In the examples of Fig. 2 and 3, the OFDM
system uses four sub-carriers and the data symbols are modu-
lated by an amplitude modulation. The components of the data
10 symbol S can also be used as the in-phase or quadrate compo-
nents of QAM modulations. In this case, the data symbol S
represents only half of the information while the other half
is transmitted via the respective other components of the QAM
modulation. In the example shown in Figs. 2 and 3, the rela-
15 tive movement is such that a Doppler shift of 0.4 sub-carrier
distances results. The amplitudes of the sent and of the re-

ceived signal at the sub channels are indicated by arrows.

By way of example it is assumed that the data symbol

!
20 S::B 11 3] is to be transmitted, in which the components

correspond to sub carrier amplitudes, which are numbered by
the indices 0, 1, 2, 3. Amplitudes of the amplitude modula-
tion corresponding to discrete values are indicated in Figs.
2 and 3 in arbitrary units on the Y-axis and by corresponding
25 horizontal lines. Likewise, the sub-carrier frequencies are
indicated in arbitrary units on the X-axis and by correspond-
ing vertical lines. A signal is represented by the sum of the
four frequency curves as shown in the lower diagrams of Figs.
2 and 3.
30
For comparison, the communication system without use of the

pre-distortion is considered first. Under the assumption that



-0.22 0.76 The resulting received signal is shown in the | ower diagram of
Fig. 2 in which the received signal, which is given by the sumof the

i ndi vi duavosormab#ofrom the four carriers, is in- 10 di earas2dyom2tshi ck
line. Accordingly, the following distorted data vector is derived fromthe
denodul ated signal: s=[2.93 0.05 2.43 1.94 It can be seen in Fig. 2 and
also in the Fig. 7 that a reconstruction of the original data vector
beconmes difficult to 15 inpossible for Doppler shifts of this size if the
frequency shift Af is not determ ned: the positions at which one of the
sub-carrier signals has the maxi num anplitude and the other three
sub-carrier signals are zero are shifted by the fre- quency shift Af which
is not known to the receiving unit. 20 Hence, a receiving unit will still
eval uat e t hBSEUM SiSYRAF2 Rt T he SOLY AT i"FPP Peqifendi &< at” whi ¢fist he
anpl i tude cabapiehagicat bethrdredubhtguelar sagaassbzabel etpsd gindled
According to the gpplication, the sending unit. generates a 25 pre-distorted
Syrbol by Bl TF G R SISO Tt § DECORE SPHTRE PRURTEIYSE the
interference matri x. Thereby, a sym bol S/ ,=[1.39 2.89 -0.43 3.52]"' is
obt ai ned which is nodul at ed d sent over the co ni cati on channel via a
transm ssi on antenna. The co ﬁ?caﬂlﬁh cthhtel V1% |assuned to be the sane
18 Dopp%er channel as above, |Wii.2h iB7&hanaot erigz®d by the interference
matri x £ The upper di agrafrof FiQg. ho af ency-anpl i tude di agram
that represents the sent sig a?E%nd_ﬁﬁg |§?Er J?%gran1shoms a
frequency-anplitude di agram that0% rlepbr eseh2s théodriecei ved signal. As can
be seen in the upper diagram the anplitudes of the received signal
coincide with anplitudes of the original signal at the positions of the
four sub-canei essfrteqyensies.edTBeghereivisngwinit dsesotbe delgaied

anpl i tudes gt the syb-carg e, frequenci eg Lo, regaver 10, the orignal data

sum of the individual signals from the four carriers, is in-
10 dicated by a thick line. Accordingly, the following distorted

data vector is derived from the demodulated signal:

s=[2.93 005 243 1.91]

It can be seen in Fig. 2 and also in the Fig. 7 that a recon-
struction of the original data vector becomes difficult to

15 impossible for Doppler shifts of this size if the frequency
shift Af is not determined: the positions at which one of the
sub-carrier signals has the maximum amplitude and the other
three sub-carrier signals are zero are shifted by the fre-
quency shift Af which is not known to the receiving unit.

20 Hence, a receiving unit will still evaluate the sum signal at
the sub-carrier frequencies at which the amplitude cannot be

attributed uniquely to a sub-carrier signal.

According to the application, the sending unit generates a
25 pre-distorted symbol by multiplying the symbol to be sent

with the inverse of the interference matrix. Thereby, a sym-

bol S,,=[1.39 289 -043 3.52] is obtained which is modulated

and sent over the communication channel via a transmission

antenna. The communication channel is assumed to be the same



In contrast to an alternative nethod that uses a reverse shift by Af of the
sent signal by the frequency shift, a nethod according to the application
is techniwal2b/@aver to 15 realize as it can be done bycCIirpiyomdjsusti ng
the signal anplitude at the sending unit and it does not require a
rescaling of pulse lengths or a tuning of oscillator frequencies. In a
further enbodinent, a systemaccording to the applica- 20 tion conprises a
digital (time discrete) signal processing system The sender conprises an
I|DFT unit for executing an inverse discrete Fourier transformand the
receiving unit conprises a DFT unit for executing a discrete Fourier
transform In a QMM realization of FDM the real part and inmagi- 25 nary
parts of the IDFT input_values and the DFT ou%%gt val ues represent in-phase

and quadr aPGPR G Pra8es3S AOE  KHOW 6 CORDME "4 Heé SPDRY '€ dded to
transform therQAMcorpenents. foe LpgeN Slrear 6t erisy.i Nt enéwd idrerdependent
conpl ex val ued signal, the real and i nagi nary part are converted into
anal og 30 SPGRSY €'%Hd tUpS COMPEFT el T Nt TR WES9D® pHis €°8hi Ft W sPghal s.

Herei n, compkexowsd Uesqgase dHwher pr eteghdndyt-hep ustiale Wayqgbam itdent i fyi ng
phase agd anglitude in the Qon%]ex glane as hgse and . anp] i tude of a signal
or of a’di §FPEFSTEpr &8EntATT 0 of 191Y 1 hE §F‘gn .59 A khiSwiRREY, t he
process i sdieyedrsedhat abhei theeel ver chd hecbEted Ss1gpresentetiavwtihhconpl ex
val ued exponential func-. 5tians exp(x + jy), wWherein.exp(x.+*.jy) = exp(Xx)
Ylcostyy Rareinilee thnins SRS el el hgt M REE 5 L) ence et i x
al so conpritses ©omlexival rediuexpoaentital rbuactironsnikbueespee Beeal |y, the

el enents of the.interferenc g%trix are&giveg by the sigc f unction or by
er. Ire O
i"ti on %

the functi R (3) A% before, 10 But "% n ey ‘are miltiplied by a

conpl exoexpoaenticinafiunets orectbhi S.i s expl ained below in further detail. By
way of exanple, a data vector to be sent is given by the vector s=k0 si.
The DFT is represented by the na- 15 trix 000.00.1

In contrast to an alternative method that uses a reverse
shift by Af of the sent signal by the frequency shift, a
method according to the application is technically easier to
15 realize as it can be done by simply adjusting the signal am-
plitude at the sending unit and it does not require a rescal-

ing of pulse lengths or a tuning of oscillator frequencies.

In a further embodiment, a system according to the applica-

20 tion comprises a digital (time discrete) signal processing
system. The sender comprises an IDFT unit for executing an
inverse discrete Fourier transform and the receiving unit
comprises a DFT unit for executing a discrete Fourier trans-
form. In a QAM realization of OFDM, the real part and imagi-

25 nary parts of the IDFT input values and the DFT output values
represent in-phase and quadrature amplitudes. As is known for
OFDM, the IDFT is used to transform the QAM components for
the N sub-carriers into a time dependent complex valued sig-
nal, the real and imaginary part are converted into analog

30 signals and up-converted into two 90° phase shifted signals.
Herein, complex values are interpreted in the usual way by
identifying phase and amplitude in the complex plane as phase

and amplitude of a signal or of a digital representation of



J2R-0. (N -1) -j2z- N 101.1 j2z- j2R-1.01-1) and the IDFT is represent-
]2z(N -1).0 j2z(N -1).1 j2z(N1).(N1) e ed by the Hermtian transpose

F* ( conpl ewocoryod4gmbe transpose) of the matrix F. A si gn&CTiB2001/b278
transmtted is represented by the relation t=F*S , wherein the N conponents
of t de- 20 fine nodul ation paraneters for the N sub-carriers. For the DFT,
the matrix Fis nmultiplied by a nornalization factor of 1/ N The
normal i zati on factor 1/N can also be attributed to the IDFT or a
normal i zati on factor of 1/RN can be attributed to both the DFT and the

| DFT. 25 Under the assunption that the communication channel causes a phase
rotation 8 and a Doppl er frequency shift of Af to a signal, wherein the

Doppl er shift is represented in units of 20
the signal. In a known way, the process is reversed at the

receilver.

The DFT is represented with complex valued exponential func-
5 tions exp(x + jy), wherein exp(x + jy) = exp(x) *(cos(y) + j
sin(y)) and j = V¥-1. Correspondingly, the interference matrix
also comprises complex valued exponential functions. More
specifically, the elements of the interference matrix are
given by the sinc function or by the function (3) as before,
10 but in addition they are multiplied by a complex exponential

function. This is explained below in further detail.

By way of example, a data vector to be sent is given by the

!

vector SZ[&) Sy SNA]. The DFT is represented by the ma-
15 trix
_ 2220 _j2r% 0D ]
e jZﬂN e jZﬂN . e J2r ~
—127[% —jZH% —j27z71.(11\;71)
F=| ¢ ¢ o€ and the IDFT is represent-
jzﬂ(N—l)-O _2”(N—1)-1 7]_2”(N—1)-(N—1)
e N e N e e N

ed by the Hermitian transpose F* (complex conjugate transpose)

of the matrix F. A signal t to be transmitted is represented

by the relation t=F -S , wherein the N components of t de-
20 fine modulation parameters for the N sub-carriers. For the
DFT, the matrix F is multiplied by a normalization factor of
1/N. The normalization factor 1/N can also be attributed to
the IDFT or a normalization factor of 1/VN can be attributed
to both the DFT and the IDFT.
25
Under the assumption that the communication channel causes a
phase rotation 8 and a Doppler frequency shift of Af to a

signal, wherein the Doppler shift is represented in units of



the sub-carrier distance, the conmuni cati on channel can be represented by a

di agonal channel matrix Hwith the following elenents 2R 0.Af +0' 00

j 2R-" 1. AtwdI 2012/@R90 00e, N The di agonal channel nmatr PKTHBZEN0$IR7S
represented as a product of a diagonal matrix HD and a diagonal nmatrix Hp
whi ch repre- 10 sent the Doppler shift and the phase shift, respectively,
and which have the followi ng elenents: O0.Af - j29:- N j2R'1. Af'

20

the sub-carrier distance, the communication channel can be
represented by a diagonal channel matrix H with the following

elements

8712”[%“9] 0 ... 0
H-| o0 e 0

The diagonal channel matrix H can be represented as a product
of a diagonal matrix Hp and a diagonal matrix He which repre-
10 sent the Doppler shift and the phase shift, respectively, and

which have the following elements:

L
1A
H,-| O ) .
0 0 ejzﬂ[(‘NAll)Afj

:cﬁag(e‘ﬂﬂpﬁq eﬁﬂ{%gj ejzﬁ(ﬁyj}

J2n6 O O
H, = O ejfmg O — o1 .

(') O ej‘2m9

The received signal r is given by the relation

15 r::IID-t-eﬂw::IID-F*-S-eﬂM9 and the received symbol is given by



,(N_O4r 00eN  €j2jr8 00 0 29:19 0 21 R = -1Fr = S-1.F11,el

Hence,

10

15

20

the interference matrix E 1
WO 2012/042490 PCT/IB2011/054278

21

1 1 .
R=—F-r=S-—-F-H, -F ¢/ . Hence, the interference matrix &

1 *
is given by the product E:Z;G-FVIID-F .

The components §&,,, von E are computed according to

L
k.l N p

¥ leﬂﬂ* (eoar)  sin(z(l -k + Af)) eﬂr[l—ﬁj(l keaf) )
Nsin(; (1—k+ Af)j

With the definition of m as carrier distance 1-k, the inter-

ference can be brought into the symmetric form:

o ) Sy
== ;4 ;0 T' 5&2 , wherein
§—N+1 §—N+2 T 50
£ - 1 & le Jana(meay) sin(7z(m + Af)) ef”[l’%j('””f ) (6) .
N = N sin(;\rf (m+Af )j

The receiving unit computes the pre-distorted data vector us-
ing the interference matrix according to the relation
S,,=2"'-S. Under the abovementioned assumption that the com-
munication channel causes only a Doppler distortion and a
phase shift and provided that the relative wvelocity has not
changed significantly since the last determination, the re-
constructed data vector R is equal to the sent data vector S
times a phase factor exp(j 2un8) that is due to a phase rota-

tion 2006,

S jZﬂH

H]
m
'11
::
'11

R=S, -H=

.2.9r0



Is given by the product E= -F11, The conponents von E are conputed

according to 5 Wth the definition of mas carrier distance 1-k, the
i nt erf er enoeorzm249e brought into the symmetric form PCTABN1/034278+2 JO
1 N1 j2zn (mAf) Nsin(7-c(m+4f))pr 1-- (mAf) N, =-Ze=e '(6). NO N

sinv ( 7z- ,

22

The phase rotation is corrected for using a known method, for
example based on pilot sub-carriers. The term "pilot sub-
carrier" refers to the sub-carrier that is used for sending a
pilot signal to determine the phase shift. The pilot sub-

5 carrier may also be used for sending a pilot signal to deter-

mine the Doppler shift according to the invention.

Fig. 4 shows a flow diagram of an OFDM communication unit 10
according to the application. The communication unit 10 com-

10 prises a transmitter 11 and a receiver 12 for sending and re-
ceiving messages via a communication channel 13 to another
communication unit, which is not shown in Fig. 4. The other
communication unit may be of the type shown in Fig. 4 or also
of the simpler type shown in Fig. 9, for example.

15
In the transmitter 11, a data source 14 is connected to an
input of a channel coding and interleaving unit 15. An output
of the channel coding and interleaving unit 15 is connected
to an input of a symbol mapper 16. An output of the symbol

20 mapper 16 is connected to an input of a channel estimation
and pilot signal insertion unit 17 and an output of the chan-
nel estimation and pilot signal estimation unit 17 is con-
nected to a Doppler pre-distortion unit 18. An output of the
Doppler pre-distortion unit 18 is connected to an input of a

25 multiplexer 19. A further input of the multiplexer 19 is con-
nected to a Doppler pilot signal generation unit 20. An out-
put of the multiplexer 19 is connected to an input of an OFDM
modulator 21 and an output of the OFDM modulator 21 is con-
nected to an input of an RF transmitter 22, which comprises a

30 RF transmitter antenna.

In the receiver 12 of the communication unit 10, an output of

an RF receiver 23 is connected to an input of an OFDM demodu-



n +Af) Ni 10 The receiving unit conputes the pre-distorted data vector
using the interference matri x according to the relation S"=F-, 1.S. Under
t he abovewenvizmegoassunpti on that the com nunicati on ecanBmiil/e®atses only
a Doppler distortion and a 15 phase shift and provided that the relative
vel ocity has not changed significantly since the |ast determ nation, the
reconstructed data vector Ris equal to the sent data vector S tines a
phase factor exp(j 2n8) that is due to a phase rotation 2ne, 20 R=S"
H=E- 1SFHF* =Sel2th . 22 The phase rotation is corrected for using a known
met hod, for exanple based on pilot sub-carriers. The term "pil ot
sub-carrier" refers to the sub-carri®et that is used for sendi ng a pilot
signal to determ ne _the hase shift,_ The ot sub- 5 carrier may al so be
used for séﬁa‘?ﬁgg% pi 811 Ri'gidl 8 %I%Q%Fﬁ?‘ﬁ@ujr%teodeﬁpFBPn%%ﬁq tQccor ding to
t he i nvent kaningitg of4ash@vm1aufpmmed|23@ram ofitaun (a-'fDlvh@ommm cation unit 10
according to.the a ation onmuni cati on unit 1Q prises a
rans 1 LeP hISIERE pECLt FionEs T TR d G PECa o g HisSibes vi - a
comruni cat roAuctreamelt 3t tof amet hemmmmmraxeatrmmwmbhnemﬂsmchd & not shown
in Flg 4. DThelo]_; hert co ni catl be of th% ng shovvn in Fig. 4
or al so”of PRSI el type EH r e &RpI e

tion unit 26 is connected to an input of a symbol demapper

leﬁrhputp F

28. An output of the symbol demapper 28 is connected to an
input of a channel decoding and deinterleaving unit 29. An
output of the channel decoding and deinterleaving unit 29 is
10 connected to a data sink 30. The receiver 12 may comprise
further components such as a phase locked loop and an adap-

tive equalizer.

In this embodiment, the Doppler estimation unit is connected

15 the Doppler pre-distortion unit. However, the Doppler estima-
tion unit may also be connected to the multiplexer for send-
ing the wvalue of the estimated Doppler frequency back to a
second communication unit. The communication unit may also be
realized without a Doppler pre-distortion unit 18 and without

20 the Doppler pilot signal generation unit 20. This is shown in
Fig. 9. The pre-distortion is then provided by a second com-
munication unit, for example a base station, to which the
communication unit 10 is connected via the channel 13.

25 A computation of the pre-distortion matrix E * requires the
computation of an inverse of the [N x N] matrix = and in gen-
eral is computationally expensive. Therefore, in a further
modification, pre-computed pre-distortion matrices or ele-
ments thereof are computed for various frequency shifts and

30 are stored in look-up tables of the sending unit. Pre-
distortion matrices for intermediate values of frequency
shifts may be determined by interpolation of the pre-computed

pre-distortion matrices.



In the transmtter 11, a data source 14 is connected to an input of a
channel coding and interleaving unit 15. An output of the channel coding
and i nterweavizng24mit 15 is connected to an input of a ®¢wbBloiIvefPT 16. An
out put of the synmbol 20 mapper 16 is connected to an input of a channel
estimation and pilot signal insertion unit 17 and an output of the channel
estimation and pilot signal estimation unit 17 is connected to a Doppler
pre-distortion unit 18. An output of the Doppler pre-distortion unit 18 is
connected to an input of a 25 nultiplexer 19. A further input of the

mul tiplexer 19 is connected to a Doppler pilot signal generation unit 20.
An out put of the nultiplexer 19 is fnnected to an i nput of an OFDM

nodul at or 21 and an out put of the OFDM nodul ator 21 is connected to an
input of an RF transmitter 22, which conprises a 30 RF transm tter antenna.
23 | ator 24ccérdnid pot tbé ddra iCEDM denodulr-ateivisy eonneched de@dan i nput of
a de-nultiplexer 25. An o .ptut oﬁ he tde-mgl.%i p% exer 25?}[15 connect ed to a
channel corfeCt T Sinft 2677 A Fart het o put “¥f * Th&Sde™Aut 9 pi'éxer 25 is
connect ed Doppldr Doppglkesr estd matleohvainidlo2ty Ammduiceut not ddwel ebhannel
correctLon.unit . 26 is.connected t n input.of a nbol . de er 28. An
out put %f tlH%i%?/enbféjlr%a8%%%%lrtlf§ai959%%cntnlé)€fatla(ltl];¥'o an Si’nlﬁlﬁ? a{(;%loaaéhannel
decodi ng andodedNteerilsedwy ngeagiivtingun s eutiptibe ofs< e ¢haxprelsidecodi ng and
dei nter| eaying. ynid 29.1s; 40 cannected 19..a,dat s sink, 30, he receiver 12
may conprise fur Trer conponents such as a pHase ﬁ&kea o%p and an adaptive
equal i zer . mphet lBisfienbodi wentof the Popplieithess | ecratdagrdune tkngnconnect ed 15
the Doppl ekopre: dics! QEEhOR, Uik EOVEYET.. e Dopplen est | mijanouni t may
al so be connected to the nultiplexer tor sending the value of the estinmated
Doppl et 0f r eqtientsrasack by tragesondieomiuningarfsonsignafls Fhengigdmmuni cati on
unit may ak%ﬁrﬂ&rﬁﬁ—ké?fﬁé@ thaut,.a-Poppl er pre-distortion unit 18 and

wi t hout 20 the ppler pilot signal generation unit 20. This is shown in
Fig. 9. The pre-distortion is then provided by a second com nunication
unit, for exanple A :Raseisdatd @@, st o hiLhat Be £omni-catiOmmpit 10 is
connected via the channel  13. 25 A conputation of the pre-distortion matrix
E -1 requi PESL¥he IdOnPat B8R TIRT6R AR d3versedol I HEAPN (Ruafrafatei x E and in
gener ak si s jgpPUtALT QBall ¥ exPershyes SKheLeborene idbodehiht hafegrodi fication,
pre-conputed pre-distortion nmatrices or elenents thereof are conputed for
various fr8§BehtSF ShiPPsaAH BaSaPeset iedni AMPRIGEIGP PAbHES 9t he sendi ng
unit. Pre- cdistor ti@n i pBEEd Copnber intargpedppt esyalauasonfi ddeguency shifts
may be determ ned by interpolation of the pre-conputed pre-distortion
matrices. 297 AT GHUPAGNT G taHe CApPT HEAtS ORI PE hE R LG ng Uit %6nl y needs

t o conpri senase agddiveisonahe famiet is@nabid yadecokepst ddrmidang rt herddappher; shift or
t he rel28\ti\k/>§ gel ocity aEId d%es not need to

iscrete” values but may also comprise continuous values,

as in continuous QAM.

In Figs. 5 to 8, the horizontal axis represents an "in-phase™”
coordinate and the vertical axis represents a "quadrature"

25 coordinate which can be regarded as amplitudes of a sine and
a cosine oscillation that are superposed to obtain a signal
of an RF transmitter. Especially when many sub-carriers are
used it is advantageous, however, to use QAM coordinates,
that are generated by the symbol mapper 16, to derive an in-

30 put signal to an IDFT calculation unit within an OFDM modula-

tor 21, as in the embodiment of Fig. 4.



5 include further additional functionality. Thus, the adaptation of
existing receiving units and the use of inexpensive receiving units is
facilitatwo.2oina2as8e of pilot signals makes efficient ugeTaB2aivessdzndw dt h
as conpared to known correction nethods, such as for exanple the cancelling
out of 10 interferences by transm ssion of inverse signals on neighbouring
sub-carrier frequencies. The followng Figs. 5 to 8 show data obtained from
an OFDvsystemwith 64 sub-carriers and using a 16- QA\M (quadrature 15
anplitude) nodul ati on of data synbols. The abovenentioned pre-distortion
met hod i s based on an adaptation of the sub-carrier anplitudes. Hence, it
al so applies to a QAM nodul ati on or ot her modul ation net hods usi ng
anplitude as wel |l as phase val ues. The data synbols are represented

pref er ent i aFFy©20 15y gi“s]éjr%st e%éPu%sr%?ﬁesﬁﬁfz PO M??%%P%WFﬁuous

val ues, asspbon€niy Itl’chGUSeIQA\MatlansEﬂnlgﬁl TheogBidthiemehorbzon alquaxks
represents an._ "i as oor di_ na and the vertical axis ents a
"quadraturgxl%?%“%r%d R SRR 2o B BGaF chir Zohnh THiRBs 37 & si ne

and a cosi meeom:pjlﬂtaltieomndi k;atasar eastperpasedited cmitau eymbslsgriale of an RF

transm tter.. aII y O Jrany SHbreCsa”hers ar g |s advant ageous,
however, t&~ use % c8or dl% g that are ge era e(? Sy e e synbol mapper

16, to der beéganly o 30Q@M|tan&plgmaﬁet ootarerwbeE, caltcwrabirenwinl trewi t hi n an
OFDM nmodul gt or 21, as in the enbodinment of Fig. 4. 25 The circles in Figs.
5 to 8 represent received signals corresponding to a sent data synbol. The
grid lines forma square grid around the discrete QAM anplitude and phase

val ues. | the,anpl itudecand ahase pais s 0. geghved data symhol s lie 5

wi thin the correspondi ng squares, they can be attributed uniquely to a QAM
anpl i t bde. POehérsticsg,iohi o ertiherrs fTugdikerds gt red¢tiaen bér%@@n fremFig. 7

that in anDSEPl\éﬁys%E%fE‘ Mtl[‘ﬁ%t 19fpﬂ‘?e Cgu%t %HP& Qfls%ﬁgé SrfUBRCY

corrections, already at a Doppl er +/-5 % of the sub carrier
di stance, §bfecHiclive l&p raltieside] éhﬁu%cﬁ%adféest h@h%léﬁfa?rées bTherefgre, bit

errors aregto e rXpegtedeq E%%%%'c%ijy fiQJr harger pler sphidd senthe bit
errors eventually becone so large t hey cannot be 15 corrpensat ed for by

st andar d ePF-Bre%@%%@f’?@ﬁ@ﬁéﬂh@%m%ys%éﬁ‘tr@atha‘% Héepr 62873t ¢t i on net hod

accordiBg tempdresARpl EG@%%rbt%JnBQY\@ aN-axact rLeconstuatson mf bhe sent
synbol , as can be seen in 6 and 8. Even for frequency shifts as high

as hal f thé&rstib- cdrr PEP™ @H%tt%ﬁé@n PREXeRCCsyIb! Wi [Fhep@PRlg-cation

allows an exact reconstruction of the sent symbol, as can be
seen in Figs. 6 and 8. Even for frequency shifts as high as
half the sub-carrier distance, the sent symbol will be re-

20 ceived correctly.

Fig. 9 shows a simpler embodiment of a communication unit 10'
that does not comprise the Doppler pilot signal generation
unit 20 and the Doppler pre-distortion unit 18 shown in Fig.
25 4. In this case, the Doppler pilot signal generation unit 20
and the Doppler pre-distortion unit 18 are provided by anoth-
er communication unit, for example the communication unit 10
shown in Fig.4. Advantageously, the other communication unit
is dedicated for downlink traffic, such as a radio base sta-

30 tion.

Fig. 10 shows a communication system comprising a first com-

munication unit 10 and a second communication unit 10' ac-



20 ceived correctly. Fig. 9 shows a sinpler enbodi mrent of a conmunication
unit 10" that does not conprise the Doppler pilot signal generation unit 20
and t he Dyppbevo4proe- di stortion unit 18 shown in Fig. 25P¢T/IB11/hi4378Ccase,

t he Doppler pilot signal generation unit 20 and the Doppler pre-distortion
unit 18 are provided by another comrunication unit, for exanple the

communi cation unit 10 shown in Fig.4. Advantageously, the other

conmmuni cation unit is dedicated for downlink traffic, such as a radi o base
sta- 30tion. Fig. 10 shows a comuni cation system conprising a first
comuni cation unit 10 and a second conmunication unit 10" ac- 26 cording
to the application. OFDM franes bel o%'ﬁ;i ng to OFDM nessages from

comuni cation unit 10 to communication unit 10' are indicated by rectangles
37 and OFDEPFEMES DePEnGPg Fo ORDM TS SAG8SS oM dohfuh? citon unit 10°
to comuni eaksoMeHd Bt cdbnarieatndh catiad 1oyt b ecdrangliest38n ke 10

comuni cation units 10, 10 caonprise signal cessing units, 35, 35

respecti vefyS TH C?itﬁaa]i)y pl?eoccté‘élghﬁa @ni%tn%SQEB@S ra&?ﬁp}o?g%n%]&% “Bonent s for
processi ngoand ewaadati Agort heonokDM it amesniasl hawn conmbhgcatdioar Fig. 9. In
a nodi f'gcat inog,l(th: sane. an{ ens 10 n{arisl usgg RF tmgnarrllsm' tter 22 and as
RF recefver™23. 1 7§ f et ehi"antehfas  Bre “usdd Tor Transnitti®y and

recei vi ng, ubhes cohmini' catmon sgnistt gnd D, pri@esmayg beniadgapbed3hotret-o transm t
during rec Lon of a ppl er_.pil ignal . .15.0n an alternative_

enbodi ment %ngﬁlgjtveglydngggvva%gtr}aalf Fgg%?ss%ngaét %g ’pa%ke?g%gl?l %r c():r%%t he

comuni cat poneutrs tfok0ptoct drei ngoantnécatuasinantie 1X0°DM srprnevi ded and t he

Doppl er shistt, est] mate is,fransmyt L%‘E’ J)‘?n%‘&iﬂgé@it&e, %ﬂggy%{ecaa%it%—umt 10

to the communication”unit 10 by other neans, for exanp y a fur- 20 ther
modul at onneechnipde asuth oA tOAM €t @ndapd/ ®F tereeaveuriherl fcommuni cati on

channel . 27 Jhe.arbadioent s, a0 plse.be desaribed, with,the fold ow ng 1ists

of elenments being organized into itens. The respective conbi nations of
f eat ures whhehcaraindicsélosahiits the 1¢'emali 8¢ P teegartie dsanadependent

subj ect matterq,fE3Peetiyerom Jdi¥a bHal1LaR1aL80s PG oMDI ned with ot her
features of the application. 1. Transmtter for generating an OFDM si gnal
conprising a Doppler pre-distortion unit with an input section 10for

recei viBg andat aa MeGLAFiv» embodiment, just a one way traffic of OFDM
data packets 37 from the communication unit 10 to the commu-
nication unit 10' is provided and the Doppler shift estimate
is transmitted back from the communication unit 10' to the
communication unit 10 by other means, for example by a fur-
20 ther modulation technique such as AM, QAM etc. and/or by a

further communication channel.



an OFDM nodul at or,

storing a pre-determ ned Doppl er Shift val ue, wherein the Do
pre-di st owDi20re/04m490 i s adapted to 15generate a pre-di st ecras2davd2ect or S
PD fromthe data vector S, wherein the conmponents of the pre-distorted

vector S PD and of the data vector S represent data synbol s,

a Doppler Shift menory |ocation for readably

ppl er

wherein the

pre-distorted data vector S PDis a linear 20function of the data vector S,

wherein the linear function is dependent on the Doppler shift val ue,
wherein the OFDM nodul ator is adapted to generate an OFDM si gnal
sub-carrier anplitudes of the ODFM 25si gnha

the pre- distorted data vector S PD. 2. Transnitter according to it

further
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Transmitter for generating an OFDM signal comprising

a Doppler pre-distortion unit with an input section
for receiving a data vector S,

an OFDM modulator,

a Doppler Shift memory location for readably stor-
ing a pre-determined Doppler Shift value,
wherein the Doppler pre-distortion unit is adapted to
generate a pre-distorted data vector S PD from the data
vector S,
wherein the components of the pre-distorted vector S PD
and of the data vector S represent data symbols,
wherein the pre-distorted data vector S PD is a linear
function of the data wvector S,
wherein the linear function is dependent on the Doppler
shift wvalue, and
wherein the OFDM modulator is adapted to generate an
OFDM signal such that sub-carrier amplitudes of the ODFM
signal are based on the components of the pre-distorted

data vector S PD.
Transmitter according to item 1 further comprising
a Doppler pilot signal generation unit which is adapted

to generate a Doppler pilot signal on a sub carrier.

Transmitter according to item 1 or 2, wherein

e or
al ue.

a

and
such t hat
are based on the conponents of

rising .a Do pIer pllot si gnal. _generation unit which is adapted
”Bg %{“WBF Pttt iSPghal doif P g

nor e
5

Wt ron® of “héPdat a vect or



pre-distortion
itens, wherein

pre-di st owbDedizveetsor S PD froma sum of the |inear funcPConBzndoz or
non-linear correction ternms. 6. Transmitter according to one of the

previous itens
t he Doppler Pil

to one of the previous itens fur-

OFDM nodul at or,
pre-distortion

matrix. 5. Transmtter according to one of the previous

15t he Doppler pre-distortion unit is adapted to derive the

nore

fur- 20ther conprising a Pilot Insertion unit for inserting
ot signal into an OFDM data frame. 7. Transm tter accordi ng

wherein the multiplexer is connected to the Doppl er
unit and the OFDM nodul ator i s connected to 30t he

25t her conprising a nultiplexer and an

mul tipl exer, the OFDM nodul at or con'pzr% sing an | DFT calculation unit which
is adapted to generate_an | DFT of the pre-distorted data vector S PD, and

29 wherein the CEDVCRBYGT dt’or G tPaFt

Mladap? et 385 SGehBr e Van tEEDM si gnal

based on out putlofedrhevhBFrcalfcuhat daoir wakctor 56 &Racenvesr fnarrer ecei vi ng
OFDM si gnal s CO{EDri Si ng_an RF r.ecei ver
ok-up tables whi

5
4.

10
5.

15
6.

20
7.

25

30

ch are delected according to the Dop-

pler shift value.

Transmitter according to one of the previous items,
wherein

the Doppler pre-distortion unit is adapted to store the
Doppler shift value as a pre-distortion matrix and de-
rive the linear function of the data vector S from the

pre-distortion matrix.

Transmitter according to one of the previous items,
wherein

the Doppler pre-distortion unit is adapted to derive the
pre-distorted vector S PD from a sum of the linear func-

tion and one or more non-linear correction terms.

Transmitter according to one of the previous items fur-
ther comprising
a Pilot Insertion unit for inserting the Doppler Pilot

signal into an OFDM data frame.

Transmitter according to one of the previous items fur-
ther comprising

a multiplexer and

an OFDM modulator,
wherein the multiplexer is connected to the Doppler pre-
distortion unit and the OFDM modulator is connected to
the multiplexer, the OFDM modulator comprising an IDFT
calculation unit which is adapted to generate an IDFT of

the pre-distorted data vector S PD, and



a denodul ator that is connected to the RF receiver, a demultiplexer that is
connected to the denodul ator, and 10a Doppler estimation unit that is
connect edwoaotdmg249enul ti pl exer, wherein the Doppl er estPeRUBZNI/OFNIS | S
adapted to generate an estinate of a Doppler shift based on anplitudes of a
recei ved OFDM signal at sub-carrier frequencies, 15the sub-carrier

frequenci es being frequencies of sub- carriers that are nei ghbours to a

pil ot sub-carrier frequency. 9. Receiver according to item8, wherein 20t he
pi |l ot sub-carrier frequency is at the centre of an OFDM frequency band. 10.
OFDM conmuni cation unit conpri sing a transmtter according
to one of itenms 1 to 7 and 25a recei4er accor di ng to one of items 8 to 9.
11. OFDM communi cati on s stem conpris i rst conmuni cation unit
whi ch conpri ses"§t* F'8ast O]’E%H@Hﬁ?@r chq‘céPBFlhegr t%696he%of° t4ESFTem 1 to 7
and 30a second £oIMMNDERH | DiyriiNi bacedpid sluRguatot east TarFT eegicve@ra-accor di ng
to one of the itens 8 %o 9. 30 12. Method for transmtting and processing a
Doppl er pil ot sfrjg%lal hprising generating a pilot signal with a
predefined sub-carrier anplitude, wherein the pilot signal uses a 5pil ot
sub- cargl er, thfecpe'll ot §ub-car r.ier i

ver Ior rece1v1ngqghﬁgsgggéls comprising
an RF receiver,
a demodulator that is connected to the RF receiver,
a demultiplexer that is connected to the demodula-
tor, and
10 a Doppler estimation unit that is connected to the
demultiplexer,
wherein the Doppler estimation unit is adapted to gener-
ate an estimate of a Doppler shift based on amplitudes
of a received OFDM signal at sub-carrier frequencies,
15 the sub-carrier frequencies being frequencies of sub-

carriers that are neighbours to a pilot sub-carrier fre-

quency.
9. Receiver according to item 8, wherein
20 the pilot sub-carrier frequency is at the centre of an

OFDM frequency band.

10. OFDM communication unit comprising
a transmitter according to one of items 1 to 7 and

25 a receiver according to one of items 8 to 9.

11. OFDM communication system comprising
a first communication unit which comprises at least
a transmitter according to one of the item 1 to 7 and
30 a second communication unit comprising at least a

receiver according to one of the items 8 to 9.



sen froma plurality of OFDM sub-carriers, sending the pilot signal of a
first conmmunication unit over a communi cation channel to a second

comuni cawpanm2mp49p 10-receiving the pilot signal and evalraBtoings4gisgnal

anpl i tudes on sub-carrier frequencies, the sub-carrier frequencies being
frequenci es of nei ghbours of the pilot sub carrier, and

determ ning a Doppler frequency shift fromthe sig- 15nal anplitudes. 13.
Met hod for transmtting and processing a Doppler pilot signal according to
item 12, the generation of the pilot signal further conprising 20-inserting
a Doppler pilot synbol into an OFDM frane to be transmtted, and
generating the Doppler pil ot synbol Hecor di ng to the Doppler pilot synbol.

25 14. Method for estimatin Ier frequency shift of a relative
movement bégmee“ﬁe%wfji ref HI%\% Tt PEACENTI"%d PaPE et id 'GEDM

comuni cation WlignalCebippisding der| Vi ng an estimated rel ati ve vel ocity of
t he second OFDM communi catj on un deri vi ni_.t ud a Doppl er

shift fromthe esti fat'88 1 &l1%At i?é&%fel %]anta)} W tprrgﬁglfﬁ‘?? r?dlbt he magni t ude
of the Doppler shi ftcaﬁ:méhearffplrlsndé]:DMaI@ﬁﬁuah@am1@>m "uhgha DVetesaa
communi gat i on channel,, and,__storingthe oagn tude of Lhe Dopoler shift
sen from a plurality of OFDM sub-carriers,
- sending the pilot signal of a first communication
unit over a communication channel to a second com-
munication unit,
10 - receiving the pilot signal and evaluating signal
amplitudes on sub-carrier frequencies, the sub-
carrier frequencies being frequencies of neighbours
of the pilot sub carrier, and

- determining a Doppler frequency shift from the sig-

15 nal amplitudes.

13. Method for transmitting and processing a Doppler pilot
signal according to item 12,
the generation of the pilot signal further comprising
20 - inserting a Doppler pilot symbol into an OFDM frame
to be transmitted, and
- generating the Doppler pilot symbol according to
the Doppler pilot symbol.

25 14. Method for estimating a Doppler frequency shift of a
relative movement between a first OFDM communication
unit and a second OFDM communication unit, comprising
- deriving an estimated relative velocity of the se-

cond OFDM communication unit,

30 - deriving a magnitude of a Doppler shift from the

estimated relative velocity,



5conput er readable nenory of the first comrunication unit.

15. Met hod for

estimating a Doppl er frequency shift according to item 14, wherein 10t he
step of dwOI20izg249he estinmated vel ocity conprises the sPepaBwfi/pi4arsm tting

and processing a Doppl er pilot signal

13.

deriving the estimted velocity fromlocation signals,
bei ng received via an RF receiver of the second comunication unit.

according to one of the itenms 12 to

16. Method for estimating a Doppler frequency shift accord- 15ing
to item 14, wherein the step of deriving the estimated velocity conprises

the location signals

20 17.

Met hod for transmtting pre-distorted OFDM signals over a conmuni cation

the nmethod conprising rec ing input data froma data source,

deriving a data vector S fromthe input data, 25-pre-distorting the data
{ﬁﬁ rt@§

channel ,

vector S to obtain &pre™distorted™

HEcth

POPPwREr it he step of

pre-distorting conprihsesi ot airmvngotien ipfae< dh stoid ededat acaeainoraS PD as a

| i near function of the d
30dat a vector S depend®

10

15

20

25

30

15.

lo.

17.

computer readable memory of the first communication

unit.

Method for estimating a Doppler frequency shift accord-
ing to item 14, wherein

the step of deriving the estimated wvelocity comprises
the steps of transmitting and processing a Doppler pilot

signal according to one of the items 12 to 13.

Method for estimating a Doppler frequency shift accord-
ing to item 14, wherein

the step of deriving the estimated velocity comprises
deriving the estimated wvelocity from location signals,
the location signals being received via an RF receiver

of the second communication unit.

Method for transmitting pre-distorted OFDM signals over

a communication channel, the method comprising

- receiving input data from a data source,

- deriving a data vector S from the input data,

- pre-distorting the data vector S to obtain a pre-
distorted data vector S PD, wherein the step of
pre-distorting comprises obtaining the pre-
distorted data vector S PD as a linear function of
the data vector wherein the linear function of the
data vector S depends on a Doppler frequency shift,

- deriving an OFDM signal from the pre-distorted data

vector S PD, wherein sub-carrier amplitudes of the

ta vector wherein the linear function of the
%ﬁar}f%OpSfl%r frequency shift, deriving an OFDM
signal fromthe- presdbstogtted davaivest erf ShPDpomhlereshi subtrgar ai er
anplituges of the 32



OFDM si gnal are based on the conponents of the pre-distorted data vector S
PD, and transmtting the OFDM signal via an RF antenna. 5 18. Method for
transm t twogopre2st ort ed OFDM signal s according to it ecraB2funides
conprising deriving the Doppler frequency shift according to one of the
items 12 to 14 and using the derived Doppler frequency shift in
the 10step of pre-distorting the data vector S. 19. Conputer readable
program for executing a nmethod according to one of the itens 12 to 18. 15
20. Conputer readable nmenmory with a conputer readabl e program according to
item 19. 210ne or nore signal processing units, the signal pro- cessing
units each conprising 20-a mcropro sor, an instruction processor, and
a conputer readabl e nenor the one or nore cor%gjter readabl e nenori es

conprising a conput &F PHedtihi’e *pFogi e &CcoPi ARG PESN? 19095550, ne or

nore signal processidigttntdds datttaevéd:tg:nrals [PDQC&M| ng units each conprising
a microprocessor a red cjrcui executing a

met hod accor d- 30i ngqﬁi‘nfﬁlﬂjettdfngt ﬁge M td'to 18 43 P%ig%?ﬂn %l ai ns

5 18. Method for transmitting pre-distorted OFDM signals ac-
cording to item 17 further comprising
- deriving the Doppler frequency shift according to
one of the items 12 to 14 and
- using the derived Doppler frequency shift in the

10 step of pre-distorting the data vector S.

19. Computer readable program for executing a method accord-

ing to one of the items 12 to 18.

15 20. Computer readable memory with a computer readable pro-

gram according to item 19.

21. One or more signal processing units, the signal pro-
cessing units each comprising
20 - a microprocessor,
- an instruction processor, and
- a computer readable memory, the one or more comput-
er readable memories comprising a computer readable
program according to item 19.
25
22. One or more signal processing units, the signal pro-
cessing units each comprising
- a microprocessor and
- a hard-wired circuit for executing a method accord-

30 ing to one of the items 12 to 18.



1. Transmtter for generating an OFDM signal conprising 5a Doppler

pre-distortion unit with an input section for
a Doppler Shift nmenory | ocation f@cTnBzdabi4g7sst ori ng
10wherein the Doppler pre-distortion

OFDM noduwet2012/042490
a pre-determ ned Doppl er Shift val ue,

recei ving a data vector

S, an

unit is adapted to generate a pre-distorted data vector S PD fromthe data

vector S, wherein the conponents of the pre-distorted vector
the data vector S represent data synbol s,
vector S PDis a linear function of the data vector
function is dependent on the Doppler_shift val ue,
is adapted to generate an:§bCFDNIsignaI such that sub-carrier

nodul at or

anplitudes of the ODFM signal are based on the conponents of the
pre-distorted data vector S PD. 2. Transmtter according to claim1 further

conpri si ngF2sanbopplies pil ot signal

S PD and of
15wherein the pre-distorted data
S, wherein the linear
and wherein the OFDM

generation unit which is adapted to

generate a Doppler pilot signal on a sub carrier. 3. Transmtter according
to claim1, wherein

10

15

20

25

30

Transmitter for generating an OFDM signal comprising

a Doppler pre-distortion unit with an input section
for receiving a data vector S,

an OFDM modulator,

a Doppler Shift memory location for readably stor-
ing a pre-determined Doppler Shift value,
wherein the Doppler pre-distortion unit is adapted to
generate a pre-distorted data vector S PD from the data
vector S,
wherein the components of the pre-distorted vector S PD
and of the data vector S represent data symbols,
wherein the pre-distorted data vector S PD is a linear
function of the data wvector S,
wherein the linear function is dependent on the Doppler
shift wvalue, and
wherein the OFDM modulator is adapted to generate an
OFDM signal such that sub-carrier amplitudes of the ODFM
signal are based on the components of the pre-distorted

data vector S PD,

Transmitter according to claim 1 further comprising
a Doppler pilot signal generation unit which is adapted

to generate a Doppler pilot signal on a sub carrier.

Transmitter according to claim 1, wherein

the Doppler pre-distortion unit is adapted to derive the
linear function of the data vector S from one or more
look-up tables which are selected according to the Dop-

pler shift value.



t he Doppl er pre-distortion unit is adapted to derive the 30linear function
of the data vector S fromone or nore | ook-up tables which are sel ected
accor di ngvoaotdma29doppl er shift value. 34 4. Transm ttePCRABzMUDFIZ7® 0 claim
1, wherein the Doppler pre-distortion unit is adapted to store the Doppl er
shift value as a pre-distortion matrix and derive the linear function of
the data vector S fromthe 5Spre-distortion matrix. 5. Transmitter according
to claim1, wherein t he Doppler pre-distortion unit is adapted to
derive the pre-distorted vector S PD froma sumof the linear func- 10tion
and one or nore non-linear correction terns. 6. Transmtter according to
claim1 further conprising a Pil ot IHsertion unit for inserti ng t he Doppl er
Pilot signal into an OFDM data franme. 15 7. Transmtter according to claim
1 conprisifig a MATTPEERErHTd %ahI CEDM Podul at BrS*Stffer ei n the nul ti pl exer

i s connected totihecbpppt efrgpiaest30eh Gt amtii-ons Wddptaad tb he: RDvhaodul at or
is connected to tR%ﬁ- rrulflipl exer, the OFDM modul ator conprising an | DFT

cal cul ation uni toREHiICER 318 adAptedt o* géterat &0 am I DET tot X t HE %ﬁe-di storted
data vector S PHOveantle linear function of the data vector $§ from the

5 pre-distortion matrix.

5. Transmitter according to claim 1, wherein
the Doppler pre-distortion unit is adapted to derive the
pre-distorted vector S PD from a sum of the linear func-

10 tion and one or more non-linear correction terms.

6. Transmitter according to claim 1 further comprising
a Pilot Insertion unit for inserting the Doppler Pilot

signal into an OFDM data frame.

15
7. Transmitter according to claim 1 comprising
a multiplexer and
an OFDM modulator,
wherein the multiplexer is connected to the Doppler pre-
20 distortion unit and the OFDM modulator is connected to
the multiplexer, the OFDM modulator comprising an IDFT
calculation unit which is adapted to generate an IDFT of
the pre-distorted data vector S PD, and
wherein the OFDM modulator is further adapted to gener-
25 ate an OFDM signal based on output of the IDFT calcula-
tion unit.
8. Receiver for receiving OFDM signals comprising
an RF receiver,
30 a demodulator that is connected to the RF receiver,

a demultiplexer that is connected to the demodula-

tor, and



wherein the OFDM nodul ator is further adapted to gener- 25ate an OFDM
signal based on output of the IDFT calcula- tion unit. 8. Receiver for
recei vi ngovoEDM/Ee4gnal s conpri sing an RF receiver, 30a decodstoat/ess2tshat i s
connected to the RF receiver, a denultiplexer that is connected to
t he denodul ator, and 35 a Doppler estimation unit that is connected
to the demul ti pl exer, wherein the Doppler estimation unit is adapted to
generate an estinmate of a Doppler shift based on anplitudes 5o0f a received
OFDM si gnal at sub-carrier frequencies, the sub-carrier frequencies being
frequenci es of sub-carriers that are neighbours to a pilot sub-carrier
frequency. 10 9. Recei ver according t¥ claim8, wherein the pi | ot
sub-carrier frequency is at the centre of an OFDM frequency band. 10.
OFDM communi cati on @nPPPRETMPASHHEE1%A Trtanshit t &t Cé?(?%S?EI‘? gt ¢ €laim 1 and
a receiver accoadingiboeose, claim8. 11. OFDM comruni cati on system
conprising a first co nication unjt which conprises at |east 20a
transmtter acc%}}edﬁeﬁﬁ%e onE of ﬁ%éjcwaéilﬁnluflbtfsaﬁ&ap%ed to gener=
ate an estimate of a Doppler shift based on amplitudes
5 of a received OFDM signal at sub-carrier frequencies,
the sub-carrier frequencies being frequencies of sub-
carriers that are neighbours to a pilot sub-carrier fre-

quency.

10 9. Receiver according to claim 8, wherein
the pilot sub-carrier frequency is at the centre of an
OFDM frequency band.
10. OFDM communication unit comprising
15 a transmitter according to claim 1 and
a receiver according to one claim 8.
11. OFDM communication system comprising
a first communication unit which comprises at least
20 a transmitter according to one of the claim 1 to 7 and
a second communication unit comprising at least a
receiver according to claim 8.
12. Method for transmitting and processing a Doppler pilot
25 signal comprising
- generating a pilot signal with a predefined sub-
carrier amplitude, wherein the pilot signal uses a
pilot sub-carrier, the pilot sub-carrier being cho-
sen from a plurality of OFDM sub-carriers,
30 - sending the pilot signal of a first communication

unit over a communication channel to a second com-—

munication unit,



a second communi cation unit conprising at |east a receiver according to
claim 8. 12. Method for transmtting and processi ng a Doppler pilot
25si gnhal worpray@e4sg -generating a pilot signal with a preaaBimeossso-
carrier anplitude, wherein the pilot signal uses a pilot sub-carrier, the
pil ot sub-carrier being chosen froma plurality of OFDM sub-carriers, 30 -
sending the pilot signal of a first conmunication unit over a comuni cation
channel to a second communication unit, 36 receiving the pilot signal and
eval uating signal anplitudes on sub-carrier frequencies, the sub-carrier
frequenci es being frequencies of nehg?bours of the pilot sub carrier, and
5-determ ning a Doppl er frequency s t fromthe sig- nal anplitudes. 13.
Met hod for transmtting. and processing a Dop Ierxpilot,signal according to
claim 12, 10the gendPALi B DI ERELpTT G EPGnaTs AIFLHer L Rorpriéiing

inserting a Doppl er appbl otusieel sibt @ @i cFBM:duans ctsp bee tyansm tted, and

ti t he Doppl il nmbol di to the Doppler pil ot nmbol
15 T4, Nothod for SErARET g BOpp or 17 SqOEREy SHIPt Cof & Bt ve.

novenent bet ween a fifr she GEDMtcemmucd catdronantit and a second OFDM
comuni cation unit, ¢ risin derivi n_estimated rel ative
velocit§ of the se-dfggo%%P%ﬂééﬁ E8RRLHT FAEPBRRT irglﬁ% from the sig

nal amplitudes.

13. Method for transmitting and processing a Doppler pilot
signal according to claim 12,
10 the generation of the pilot signal further comprising
- inserting a Doppler pilot symbol into an OFDM frame
to be transmitted, and
- generating the Doppler pilot symbol according to
the Doppler pilot symbol.
15
14. Method for estimating a Doppler frequency shift of a
relative movement between a first OFDM communication
unit and a second OFDM communication unit, comprising
- deriving an estimated relative velocity of the se-
20 cond OFDM communication unit,
- deriving a magnitude of a Doppler shift from the
estimated relative velocity,
- transmitting the magnitude of the Doppler shift to
the first OFDM communication unit over a communica-
25 tion channel, and
- storing the magnitude of the Doppler shift into a
computer readable memory of the first communication

unit.

30 15. Method for estimating a Doppler frequency shift accord-

ing to claim 14, wherein



deriving a magnitude of a Doppler shift fromthe estimated rel ative

vel ocity, transmtting the nagnitude of the Doppler shift to the first
OFDM contwioi2ota4oe0uni t over a communi ca- 25ti on channelPCTARZD11/834078 Nng t he
magni tude of the Doppler shift into a conputer readable nenory of the first
comuni cation unit. 37 the step of deriving the estimated velocity
conprises the steps of transmtting and processing a Doppler pilot signal
according to claim12. 5 16. Method for estimating a Doppl er frequency
shift according to claim 14, wherein the step of deriving the estinmated
vel ocity conprises deriving the estimated velocity fromlocation signals,
the | ocation signals being received Y¥ia an RF receiver 100f the second
comuni cation unit. 17. Method for transmtting pre-distorted OFDM signal s
over a communi caty GirSBh&hrei 1 thE het r?&&lgéﬁﬁ?i‘é%)]r?gfltﬁ’eﬁgpmﬁ?&si nput data
froma data soutice,sttbsdef ivdangmatdat@ areicbobcS §imymat bepp putpidat a,
pre-distorting the data vector S to obtain a pre-distorted data vector S
PD, wherein thesusqln(f?}c)1 6f “pre-"th §Po??‘f‘ﬂ& ¢onpri ses obtaining the
pre-distorted data vector S PD as a |linear function of 20the data vector
wher ei n5th§ t he da]50a ect 9£e8 depends_on a ppl er

i r. function .of
frequendy SHif {F,/?eaCh Er i@\% negsncalﬁ“a&—'f)ﬂ/l 3 gr%\ieffr onT THE Pr 828 5tB11°éd dat a
vector S PD, whereite slbicars,i ehcasphitudes of the OFDM signal are based on
the conponents éﬁeIEQ%ppgF_dé¥¥$i%go££§xké¥yﬁ tggcéé¥bé§tgngo£%¥%ses
deriving the estimated wvelocity from location signals,

the location signals being received via an RF receiver

10 of the second communication unit.

17. Method for transmitting pre-distorted OFDM signals over

a communication channel, the method comprising

- receiving input data from a data source,

15 - deriving a data vector S from the input data,

- pre-distorting the data vector S to obtain a pre-
distorted data vector S PD, wherein the step of
pre-distorting comprises obtaining the pre-
distorted data vector S PD as a linear function of

20 the data vector wherein the linear function of the
data vector S depends on a Doppler frequency shift,

- deriving an OFDM signal from the pre-distorted data
vector S PD, wherein sub-carrier amplitudes of the
OFDM signal are based on the components of the pre-

25 distorted data vector S PD, and

- transmitting the OFDM signal via an RF antenna.

18. Method for transmitting pre-distorted OFDM signals ac-
cording to claim 17 further comprising
30 - deriving the Doppler frequency shift according to
claim 12 and
- using the derived Doppler frequency shift in the

step of pre-distorting the data vector S.



transmtting the OFDM signal via an RF antenna. 18. Method for transmtting
pre-di storted OFDM signals according to claim 17 further conprising

30-deri viwg 20tea04R9ppl er frequency shift according to cl aCEIBA1&nI278USi Ng

t he derived Doppler frequency shift in the step of pre-distorting the data
vector S. 38 19. Conputer readable programfor executing a method
according to claim12. 5 20. Conputer readable nenory with a conputer
readabl e program according to claim19. 210ne or nore signal processing
units, the signal pro- cessing units each conprising 10-a m croprocessor,
an instruction processor, and a conputer readable nmenory, the one ore nore
conput er readabl e nenories conpri si rrn?(;S a conputer readabl e program accordi ng
to claim19. 15 22. One or nore signal processing units, the signal
processing units each conprising a mcroprocessor and a

har d-wi rediel r caintpftet exetiHliengraghet et aeecotithPdiangetBod|icrrd2.

ing to claim 12.

5 20. Computer readable memory with a computer readable pro-

gram according to claim 19.

21. One or more signal processing units, the signal pro-
cessing units each comprising
10 - a microprocessor,
- an instruction processor, and
- a computer readable memory, the one ore more com-
puter readable memories comprising a computer read-
able program according to claim 19.
15
22. One or more signal processing units, the signal pro-
cessing units each comprising
- a microprocessor and
- a hard-wired circuit for executing a method accord-

20 ing to claim 12.



