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A method and system for data transmission
in en frequency division multiplexsd [~
(OFDM) system is provided. In the invention >
each of a plurality of data symbols Cx, having a | T <7
symbol period T, are modulated (404) onto one of .’ P v Wi(t)
a plurality of subcarriers comprising a first data 0.5+ A Walt) ™.,
signal. The first data signal is then multiplied T T e —
(406) by = pulse-shaping function over the period ooz . dna
T to generate a second data signal. The second 0 O 02 03 04 05 0868 07 08 09 | +
data signal is then modulated (412) and transmit- T
ted on a system carrier over a communications
channel (414) of the OFDM system.
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subcarrier frequencies fk, k:O,...;‘Nal; afejdefined so 30 t he

subcarriers are orthogonal, i.e., the power spectra of each of the
subcarriers is zero at the frequenci es:of each of the other subcarriers. A
set of data synbols Ck, wherein k=0 .....N1, (i.e., conplex nunbers

representi nygdipgsmpf ormation to be 35 - transmitted) is upersiogumwpgiul at e
the N subcarriers in an OFDM system Each data synbol Ck nodul ates a
subcarrier at a given frequency f[err]. The particular way in which the
WO 97/ 04572 ' PCT/ SE96/ 00906 - 2-
i'nformation is represented as a conpl ex nunber depends on the nodul ation
nmet hod. Comon nodul ati on net hods |ncI ude hase shift keying (PSK),

differential phase shift RUASE SHAP M|, TICARRIER MODURABIONShi ft keyi ng
(QPSK) and 5 differential - quadrature phase shift keying (DQPSK). The
sulcarrier frequencies flerr], k=0,..., N1, for N subcarriers in an OFDM

system are defined & t he set of base functlons [err] The small est
di fference betwe F?Nand flerr], 10 such that the

twe base fukctions armmw so the subcarrier frequencies

are defined as: k This invention relates to telecommunications systems
and, more particularly, to a method and system of
pulseshaping for data transmission in an orthogonal
frequency division multiplexed (OFDM) system.

10
Hist £ the Pri Art
In radio telecommunications systems a common
technique for transmitting information is to divide the
information into separate units and then transmit each
15 unit on a separate RF subcarrier. The separate units can

then be received from each subcarrier at a receiver and
the original information can be reconstructed. This type
of technique for transmitting is known as multicarrier
modulation (MCM). :
20 Orthogonal frequency division multiplexing (OFDM) is
a particular method of MCM. An OFDM signal consists of
a number of subcarriers multiplexed together, each
subcarrier at a different frequency and each modulated by
a signal the level of which varies discretely rather than
25 continuously.
Because the level of the modulating signal wvaries
discretely, the power spectrum of each subcarrier follows
a (sin x/x)? distribution. For an OFDM system, the
subcarrier frequencies f£,, k=0, ...., N-1, are defined so
30 the subcarriers are orthogonal, i.e., the power spectra
of each of the subcarriers is zero at the frequencies of
each of the other subcarriers.
A set of data symbols C,, wherein k=0,....,N-1,
(i.e., complex numbers representing the information to be
35 transmitted) is used to modulate the N subcarriers in an
OFDM system. Each data symbol C, modulates a subcarrier
at a given frequency £,. The particular way in which the

o mmemtn e



flerr]=f[err]+ , wherein k=0,....,N1 T and wherein f[err] is the system
carrier frequency and T is the synbol

synbol ). The subcarrier separation is then defined as f[err]=1/T. 15

The sum of al

N signals is called an OFDM si gnal

in the timewhbgds¥al [O0-T] can be represented as: {[err] | fpeigescnmod he

signal received at the receiver
[err] 20 wherein [err]* is the conpl ex conjugate of -[err](t).
description considers only one tine interval, from[O-T]. By performng

-identical operations WO 97/ 04572 -2-
PCT/ SE96/ 00906 -3- for other tinme intervals of equal |ength, the whole
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(DPSK), c¢uadrature phase shift keying (QPSK) and
differential quadrature phase shift keying (DQPSK).

The subcarrier frequencies, £,, k=0, ...., N-1, for
N subcarriers in an OFDM system are defined by the set of
base functions:

jznf, ¢t
v (t)= e x , 0St<:!'
k otherwise

The smallest difference between two frequencies f; and f£,,

such that the two base functions are orthogonal, is 1/T,

so the subcarrier frequencies are defined as:’

fk=fc+%, wherein k=0,....,N-1

and wherein £, is the system carrier frequency and T is
the symbol time (the time duration of a data symbol). The
subcarrier separation is then defined as f.,=1/T.

The sum of all N signals is called an OFDM signal.
The transmitted signal in the time intexval [0-T] can be
represented as:

Nil
x(t)= C¥ (t)
k=0 X" k

If v(t) is the signal received at the receiver, the data
can be detected by the operation:

T
Ckreceived=—3'l-’£y(t) v (t)dt

wherein ¥,” is the complex conjugate of ¥, (t).
The above description considers only one time
interval, from [0-T}. By performing identical operations

time (the time duration of a data
The transmtted signal

the data can be detected by the operatidn:
The above
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data synbols over 2 tine intervals mr1l and n¥2. For purposes of

expl anation only the real portion of the data 10 synbols will be
considered. It is understood by those skilled in the art that the data
representing a synbol consists of real and imaginary parts. The 8 data
synbol s ([ @gdmesdn be defined as: Cerr] =1 derr]=1 GCperigoenidsos
Cerr]=1 15 Cerr]=1 Cerr]=-1 Cerr] =1 Cerr]=1
Referring nowto FIG 1, therein are illustrated real -and i magi nary parts
of two OFDM synbols with 8 data synbols being transnmitted over 2 tine
intervals mF1 and n¥2. Signal 300 is the saAmation of signals 302, 304, 306
20 and 308. The signals 302, 304, 306 and 308 represent each of the
data signal s at fidie stbear rtiige fimx@radi%sof[@qqal wkengtiln ktle . whede whi ch

‘conprise the compQaidiictidiNobidd &% PEANRbSatictadhpls Ghebadd Q[yerr] =

d,
the 25 Ly ans AP Fipers %ﬂeeage e, o€ gk D) s PR

Fourier transforsatd drddt )symbodssi 'Y/ foghdpEfetentttime darttearvad sat
f=t[err]. The frgquency spectra of the different [err] will therefore

overlap. However, they are still_orthogqnal and artjcular, where each
spectra is 30 maxiffum2™ h@xﬁf“ﬁ%?s %‘? 0? P@'P i NIRRT t AN GPe

therein are ill wﬁnsxtmﬂ:ttdﬂh flreaqwem;népeonsadénrt[lert:}a:(arr)lss‘ipacnfa 8ar e

That by sampl i nGfe pfapels /puar o2, tifle itervall Wt dnd Imfdl! D¥coen
y P g urposes o anatlgn on1]$ Qhe real portion of the data

10 symbols will be considered. It is understood by those
skilled in the art that the data representing a symbol
consiste of real and imaginary parts. The 8 data symbols
¢,™ can be defined as:

c, V=1 c,M=1 ¢, V=1 c,Ma-1

15 Co'¥=1 c,¥=-1 C,=1 C,'¥=1
Referring now to FIG. 1, therein are illustrated real
and imaginary parts of two OFDM symbols with 8 data
symbols being transmitted over 2 time. intervals m=1 and
m=2. Signal 300 is the summation of signals 302, 304, 306

20 and 308. The signals 302, 304, 306 and 308 represent each
of the data signals at the subcarrier frequencies £,
wherein k=0,...., 3, which comprise the composite signal
300. For example, if symbols C,'= ¢, = 1 and, ¢,", c,™
and C,"™ are equal to =zero, for m=1 and m=2, the

25 transmltted signal would appear as signal 308 in FIG. 1.

The Fourier transform of ¥, (t) is a sin(x)/x-shaped
function centered at f£=£f,. The frequency spectra of the
different ¥, will therefore overlap. However, they are
still orthogonal and in particular, where each spectra is

30 maximum, the others are zero.

Referring now to FIG. 2, therein are illustrated the
frequency spectra for ¥,(t). Spectra are shown in FIG. 2

for k=0,...,7, i.e., for N=8. From FIG. 2 it can be seen
) that by sampling the transmitted signal x(t) at the
35 frequencies £, the individual data symbols can be

retrieved without interference from other symbols.



— :
35 frequencies " f[err] the individual data synbols can be retrieved
w thout interference from other synbols. WO 97/ 04572 . .

PCT/ SE96/ 00906 -4- The above description of OFDM assunes that there is only
one user who is sending information on all N subcarriers. This would be the
case in poi wogerm4smi nt systens such as nodens or, in broadp_gﬁ,ggmmrrs such
as 5 hi gh definition television (HDTV). However, OFDM al so has
application to nultiaccess tel ecomunications systens. -In a typical

mul ti access tel ecomruni cati ons systemusing OFDM there woul d be many users
i'n the sane frequency -band, sharing the frdaguency spectrum A cellular

system 10 Is a particular exanple of this type of system I n downl i nk
(%ase station to nobiTRe ﬁ%"leoﬂ?sFFAHEHPgsP%ngIF% aespEesythat sybexen ise

base station canomlytigrneexuakl wigr sien déﬁdﬁt@nﬁpib?ﬁatié&r?gh ﬁ%gj ItﬂgelS
' ' ' . . I ons, . .

Station can b seerincnieradr Thid FhbERne EROCEASS Hlenirch Totmr o
subcarriers usedSY§teme $iueh ias moademss ©xvt dni droadcalt sSystemsdswen amer f or m
the constructi onhigh Ge2lnite6al telasidesa! (ROH7)ADOKBwetaSal0rM Qs Thas )
additive white QUaselan NGl Sto(Aifadless EA100Shuntds G Shdiars X(1)

In a typical multiaccess telecommunications system using

OFDM, there would be many users in the same frequency

band, sharing the freguency spectrum. A cellular system

10 is a particular example of this type of system. In

can be transmtt

downlink (base station to mobile station) transmissions
in a cellular system the base station can multiplex all
users on different subcarriers. In the uplink (mobile
station to base station) transmissions, each mobile
15 station can be assigned a set of subcarriers less than the
total number of subcarriers used by the particular base
station in the link and can perform the construction of
OFDM signals as described above.
Ideally, on an additive white Guassian noise (AWGN)
20 channel, the OFDM signal x(t) can be transmitted and
received without intersymbol interference (ISI). However,
on a typical radic channel time dispersion and frequency
dispersion (Doppler spread) effect the validity of the
received signai. From FIG. 2 it is clear that Doppler
25 spread would destroy the orthogonality 6f the subcarriers
since the 2zero crossings of the individual subcarrier
spectra would shift arbitrarily. This causes ISI between
the data symbols transmitted on the different subcarriers.
Additionally, from FIG. 2 it can be seen that there may
30 be significant out of band interference caused by an OFDM
system. For example, if the frequencies above f, were
allocated to a second system, there could be significant
interference in that frequency band caused by the spectra
of the subcarriers £, of FIG. 2. The slower the spectra
35 decays, the greater the interference.
Similarly, FIG. 1 indicates that time dispersion
effects on | the transmitted signal would create



recei ved without intersynbol interference (1Sl). However, on a typical

radi o channel tinme

di spersion and frequency di spersion (Doppler spread)

effect the validity of the received signal. FromFIG 2 it is clear that
Doppler 25 spread woul d destroy the orthogonality of the subcarriers
'since the zero woewsdismgs of the individual subcarrier spectra rorvsEds/oobo6f t
'arbltrarlly This causes | SI between the data synbols transmtted on the
different subcarriers: Additionally, fromFIG 2 it can be seen that ther
‘may 30 be significant out of band interference caused by an OFDM system
For -exanple, if the frequencies above f[err] were allocated to a second
system there could be S|gn|f|cant interference in that frequency band

caused by the spect
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than in 51ngle carrier systems. ISI between the data
symbols carried on the different subcarrier frequencies

‘can be reduced by proper choice of the symbol time T and

thus subcarrier separation £,. ISI between time intervals

IS

can be avoided by introducing a guard time between time

intervals in which the data symbols are transmitted. The
guard time is introduced by a periodic extension of the
transmitted signal x(t) derived during an interval of
length T+t, where t is the guard interval. With a guard
time introduced, the received values are detected by the
operation:

t+T
C,received= I.Y(t)qu‘(t)dt
t

wherein y(t) is the signal received. In this case C=C,
received, for k=0, 1, ...., N-1 (assuming the phase shift
can be retrieved by e.g. a pilot signal), if the maximum
time spread is less than the guard interval.

By using guard intervals as described above,
interference between different blocks of data is avoided.
The detection of one block does not take place until all
remains of the previous block have disappeared from the
channel. The guard intervals handle time delay as long
as the guard intervals are longer than the longest time
dispersion on the channel. However, if there is longer
time dispersion, the orthogonality of the subcarriers is
no longer preserved, resulting in a degradation of
performance. Additionally, the use of guard intervals
does not reduce Doppler spread effects on the received



synbol time T in OFDM systens is generally nmuch |onger than in single
carrier systens. | SI between the data synbols carried on the different
subcarrier frequencies can be reduced by proper choice of the synmbol time T
and 10 t hus subcarrier separation f[err]. ISl between tine intervals
can be avoide 43y oduci ng a guard time between tinme interptghskokdooudi Ch
the data synbo s are transn1tted The guard tinme is introduced by a
periodi c extension of the transmtted signal x(t) derived-during an

i nterval of 15 |l ength T+t, where t is the guard interval. Wth a guard
time introduced, the received values are deteeted by the operation: [err]
wherein y(t) is the signal received. In this case Ck=Ck received, for k=0,
1,..., N1 (assum mjgnsd prade <ifi fband inggnfprencesi candVay £rpquensy ot

signal), if the wa@yganﬁadQ%a%gbﬁagrférgess than the guard interval. By
using guard interval's a

descri.b rferenc bet ween differ
bl ocks of data is avoi di& W?H(i dB:F@E r?é‘tﬁ‘g&ﬁ f8ekC MAve &@eﬁﬁﬁée
until all 25 r emmds s)fstide [foevi vss tﬂ.mclamammm sapptem e dcHato mvidnd d
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Intervals are | ong est t| | spersi Qn on e chann
However, if there |r>eq“(‘}ﬁg§¥‘et?ﬁeecg?ssﬁgrg?meq IFPY5RAN 8P oFRE | 1L vach OFDM
subcarriers is 30 sigmal | ongaddptdenally, dIteswmicildg pravide degyr daither of

per f or mance. Addidgviitlage iferHeemltnddatdd ByWitedl Shad the effect of

reducing out of band interference.

10
SUMMARY OF THE INVENTION
The present invention provides a method and system
of pulseshaping for data transmission in an orthogonal
frequency division multiplexed system (OFDM) that lessens
15 . the effects of both time dispersion and Doppler spread
intersymbol interference (ISI) on the received OFDM
signal. The present invention also reduces out of band
interference in an OFDM system.
' Conventional methods of reducing ISI involve
20 introducing a guard time between the intervals in which
the data symbols are transmitted. The guard time is
introduced by a periodic extension of the transmitted
signal for certain length of time. Use of a guard time
does not, however, reduce interference between OFDM
25 subcarriers caused by the effects of Doppler spread. The
present invention provides an advantage over guard time
in that both time dispersion and Doppler spread effects
are reduced.
In the invention each of a plurality of data symbols
30 having a symbol period T are modulated onto one of a
plurality of subcarriers to generate a plurality of
modulated subcarriers that comprise an OFDM data signal.
The composite OFDM data signal is then multiplied by a
pulseshaping function before being transmitted on a system
35 carrier over a system channel. '
In an embodiment of the invention the pulseshaping
funétion may be a raised cosine pulse over the period T.



does not reduce Doppler spread effects on the received WO 97/ 04572
PCT/ SE96/ 00906 -6- signal out of band interference, and/or frequency
synchroni zation errors. It would provide an advantage then to have a net hod

and system for use in an OFDM systemthat woul d 5 desensitize the OFDM
signal to thg__%k?mrsi on and al so reduce the effects of Dopotsresmpsesad on
the received si gnal . Additionally, it would provide a further

advantage if the method and system had the effect of reducing out of band
interference. 10 SUMVARY OF THE | NVENTI ON The present invention provides a
met hod and system of pul seshapi ng for data -taz-ansm ssion in an orthogonal
frequency division nmultiplexed system (OFDM that | essens 15 the effects
of both tine di spinstihois amtboBbpeitethepreddicffitfaabprhof the afisedneesineg| )
on the received é'gﬂﬁkrmghgspEﬁﬁthmhﬂﬂﬁnéfOﬁeahéglé&dBEGQSIﬂ THe band

nvol ve 20 - 1 ntRSGREF NS GOUREY IRPiSTmitie CHENATCEDS] FORICHHIR MR ne
data synbol s are tgansmhiet etﬁcequeiibdaeguwfd tthe‘resmlscarrlers_ used are also
. 5 determined by the rolloff factor of the raised cosine
pulse. The higher the rolloff factor, the greater the
reduction in the number of subcarriers that can be used.
With a constant frequency bandwidth available to a system,
any reduction in the number of usable subcarriers caused
10 by pulseshaping can be weighed against the reduction in
intersymbol interference (ISI), provided the rolloff

factor used.

BRIEF DESCRIPTION OF THE DRAWINGS
15 FIG. 1 illustrates real and imaginary parts of two
OFDM symbols;

FIG. 2 illustrates the frequency spectra for an OFDM
signal;

FIG. 3A-3C illustrates the time domain pulse shape,

20 the frequency response and the frequency response on an
extended scale, respectively, for two pulseshaping
functions; '

FIGS. 4A and 4B show schematic block diagrams of a
transmitter and receiver, respectively, of an OFDM system

25 operating according to the teachings of the present
invention;

FIG. 5 illustratee the frequency spectra for an OFDM
signal resulting from pulseshaping performed according to
the teachings of the present invention; and

30 FIGS. 6A and 6B illustrate the generation of data
signals by cyclic extension circuitry and combiner
circuitry, respectively, in an embodiment of the
invention.

35 DETAILED DESCRIPTION OF THE INVENTION
Pulseshaping for data transmission in the present
invention is accomplished by multiplying an OFDM signal



I ntroduced by a periodic extension of the transmtted signal for certain

| ength of tine. Use of a guard tine does not, however, reduce interference
bet ween OFDM 25 subcarriers caused by the effects of Doppl er spread.
The present invention provides an advantage over guard tine in that both
time dispersi gy éfds2oppl er spread effects are reduced. |n tperkiondosOn
each of a plurality of data synbols 30 havi ng a synbol period T are
nodul at ed onto one of a plurality of subcarriers to generate a plurality of
nodul at ed subcarriers that conprise an OFDM data signal. The conposite OFDM
data signal is then multiplied by a pul seshapg-ng functi on before being
transmtted on a system 35 carrier over a systemchannel. In an

enbodi nent of the iwhkdntd amlsieshaplivgs wayefgrnundt} oheﬁayebéha signal is

(I;(?I'} géggfl)ggogve; tt:ﬁrit%ﬁtriheéd-ron th@?o?‘ﬁﬁoﬁlglﬁnefl f In 1:1'1ef J.tnt\]rentlon the

- .In | S odi men of r o e,.raised
cosi ne pul se det er % ﬁé‘?‘“{'ﬂéeﬁb Sb@?‘ﬂdﬁéﬁ &R* ‘Ta‘i%s % me Reriof s Giyen
rolloff factor, thdygreater the reduction in ISI. The frequenmes of the
subcarriers used are also 5 determ ned by the rolloff factor of the
rai sed cosi ne pul se., The higher the rolloff fgcgor, the greater the

x{t)=w(t) ¥ C¥ (L)
: k=0

5 and £, is redefined in the invention as:

fk=fc+°‘_;_‘,k=o, ceoerN-1

where « is an frequency adjustment factor that depends on
the pulseshaping function w(t) used. If y(t) is the
received signal, the data can be detected at the receiver
by the operation:

T
o1 .
Ckrece.lved——Tj(;y(t)\Pk {t)dt

10 Referring now to FIGS. 3A, 3B and 3C, therein are
shown the time domain pulse shape, the freguency response
and, the frequency response on an extended scale,
respectively, for two examples of pulseshaping functions
wy{t) and w,{t). For comparison purposes, the responses

15 of a channel using. no pulseshaping are also illustrated
in FIGS. 3A, 3B and 3C. The time and frequency scales are
normalized for symbol time T and subcarrier £frequency
f.=0. The pulseshaping functions are defined as raised
cosine pulses with a rolloff factor B of ¥ for wy(t) and

20 1 for wp(t). The raised cosine pulse is given by:
wit)= 1—C0$§nt/TB' Ost<-2ZB



reduction in the nunber of subcarriers that can be used. Wth a constant
frequency bandw dth available to a system any reduction in the nunber of

usabl e subcarriers caused 10 by pul seshapi ng can be wei ghed agai nst the
reduction in intersynbol interference (1Sl), provided the rolloff factor
used. BRI EF Wrpofiehl ON OF THE DRAW NGS 15 FIG 1 ilpcwsEscuoes real

and imaginary parts of two OFDM synbols; FIG 2 illustrates the frequency
spectra for an OFDM signal; FIG 3A-3C illustrates the tinme domain pul se
shape, 20 t he frequency response and the frequency response on an
extended scal e, respectively, for two pul seskapi ng functions; FIGS. 4A and
4B show schematic bl ock diagrans of a transmtter and receiver
respectively, of @mdeFDM system 25 operating according to the teachings

of the present invention; FIG 5 illustrates the frequency spectra for an
OFDM si gnal resulting from pul seshaping perfornmed according to the
teachi ngs of the present invention; and 30 FI GS. 6A and 6B

illustrate the generation of data signals by cyclic extension circuitry and

conbi.ner circuitry, respectively, i%mqg=gqb@@g§yy_gﬁ the invention. 35
DETAI LED DESCRI PTI ON OF THE | NVENTI 2 2 -

=l-COS(Zn(T-—t)/TB) TB

The pulse duration T of all three cases is the same in

5 FIG. 3A.

' FIG. 3A shows that use of pulseshaping by multiplying
x(t) by the pulseshaping function w;{t) or w,(t), on the
interval 0s<t<T will attenuate the first and last portions
of the signal x(t) since the amplitude of w,(t) and w,(t)

10 rises slowly at the beginning and decays at the end of the
period T. This will reduce sensitivity when portions of
OFDM symbols from different time periods overlap due to
time dispersion. When no pulseshaping is used, the signal
x(t) is not attenuated over the period T.

15 . In FIGS. 3B and 3C the decay rate of the spectral
density in the frequency responses of the pulseshaping
functions w;(t) and w,(t) are much greater than that of a
channel when no pulseshaping is used. The decay rate
depends directly on the rolloff factor B. After:

20 ‘multiplication, the faster spectral decay of the
pulseshaping causes each subcarrier of the transmitted
signal x(t) to be less sensitive to Doppler spread than
the subcarrier would be without pulseshaping. The faster
spectral decay rate also results in a total system

25 baseband with a fast spectral decay rate This will reduce
out of band interference.



Pul seshaping for data transm ssion in the present invention is acconplished

by multiplying an OFDM si gnal WO 97/ 04572
PCT/ SE96/ 00906 -8- with a pul seshapi ng waveformw(t) before the signal is
transmtted on the OFDM channel. 1In the invention the transmtted OFDM

signal x(t) fwoomash tine period is given by: [err] 5 anacriseyado906s
redefined in the invention as: [err] where [err] is an frequency adjustnent

factor that depends on the pul seshaping function w(t) used. If y(t) is
the received signal, the data can be detected at, the receiver by the
operation: [err] 10 Referring now t-&0FI GS. 3A, 3B and 3C, therein

are shown the tine domain pul se shape, the frgé{ljencié response and, the
frequency response on EfGSxt ePBednEcaPC, 2180pc2OW cbhatt dihe PRI 85 of

pul seshapi ng funcipudeeshbpind (fynctidny| sre Mider, Geperndinifionsthe HEI1QEES,
t he responses 15 anch I i puks |

illustrated in Fl égc?.%i, B?,B%gl% §g§ %%gcg?ar‘r.egkar] ??’gi’%‘g“r‘%g%?ﬁss Qngee of
normal i zed for sy®ehannad whemdos pydaeshaging é&uéﬁéa- For example, the

5 spectra of w,(t) with a B of 1 has a width of twice the
spectra of the frequency response of a channel when no
pulseshaping is used. Setting B equal 0 is equivalent to
using no pulseshaping at all and results in the spectra
shown for no pulseshaping. The change in spectra when

10 using pulseshaping changes the orthogonality relationships
of the subcarriers within a particular frequency band.
Therefore, using a particular pulseshaping function may
require adjustment in the choice of subcarriers chosen in
order to maintain orthogonality during data transmission.

15 The frequency adjustment factor « 1is used for this
adjustment. « is defined as:

2

2-B

As an example of subcarrier frequency adjustment, if
the pulseshaping function w;(t) comprising the Hanning
function is used the pulse shaping function can be defined

20 as:
w,(t)= 1-COS(22nt/T) , O<ts<T
For the Hanning function B=1 and «=2, In the

invention the subcarrier frequencies are defined as:

. 2k N
'fk=fc+—T_' k=0' seecay —2-—1'

Therefore, for a given bandwidth, every second subcarrier,
as compared to conventional OFDM, is utilized to transmit
25 the set of data symbols defined by C,'™. Each symbol C,
is transmitted on the subcarrier having a frequency £, as
defined above. The transmitted signal x(t) is then:



f[err]=0. The pul seshaping functions are defined as raised cosine pul ses

with a rolloff factor B of [err] for werr](t) and 20 1 for w2(t). The

rai sed cosine pulse is given by: [err] WO 97/ 04572

PCT/ SE96/ 00906 and, [err] The pulse duration T of all three cases is the
5 Erg”wﬁén FIG 3A shows that use of pul seshapi ngpeysisédodds! Yi N9
~the pul seshaping function werr](t) or wferr](t), on the interval
[err] t [err] T wll attenuate the first and | ast portions of the signal
Xx(t) since the anplitude of werr](t) and wWerr](t) 10 rises slowy at
t he. begi nning and decays at the end of the pgpi-od T. This wll reduce
sensitivity when portions of OFDM synbols fromdifferent tinme periods
overlap due to tinme dispersion. Wen no pulsgfhaping is used, the signal
x(t) is not attenuated over the period T. 15=-1 In FIGS. 3B and 3C the
decay rate of the spectral density kﬂtbhw(t)@ enwy{ meiponses of the

pul seshapi ng functions Werr](t) and werr]( are nmuch greater than that
of a channel when i he

sane in
X(t) by

directly
f aster

on the
spectra

10

15

20

no pul seshaping i s used. decay rate depends

rolloff factor B. After 20 mul tiplication, the

decay of the . .
If y(t) is the received signal, the transmitted data can

be recovered at the receiver by the operation:

T
¢, receiveds -2 Iy(ow, (t)at

Referring now to FIG. 5 therein is illustrated the
frequency spectra for w(t)¥,(t) wherein k=0, 1, 2, 3.
From FIG. 5 it can be sgeen that by sampling the
transmitted signal x(t) at the frequencies £; the
individual data symbols can be retrieved without
interference from other signals. '

The frequency spectra shown in FIG. 5 shows the
faster spectral decay rate of the subcarriers £,, £, £,,
and f£; that results from the pulseshaping. When compared
to conventional OFDM, for example, as shown in FIG. 2, it
is evident that Doppler spread sensitivity between
subcarriers will be reduced. It is also evident that out
of band interference will be reduced because of the more
rapid decay of the spectral density.

For a fixed given bandwidth, the pulseshaping of the
invention requires less data symbols per unit time than
conventional OFDM in which every available orthogonal
subcarrier is used.

An embodiment of the invention which uses the
pulseshaping function represented by a raised cosine pulse
will now be described.

Referring now to FIGS. 4A and 4B, therein are shown
schematic block diagrams of a transmitter 400 and receiver
430, respectively, of an OFDM system operating according
to the éeachings of the present invention. Transmitter

0 .



pul seshapi ng causes each subcarrier of the transmtted signal x(t) to be
| ess sensitive to Doppler spread than the subcarrier would be w thout
pul seshapi ng. The faster spectral decay rate also results in a total system

25 baseband with a fast spectral decay rate This will reduce out of band
i nterferencewsgy 7/ 04572 PCT/SE96/00906
PCT/ SE96/ 009(% -10- FIGS. 3B and 3C al so show that the spectra of

pul seshapi ng functions are wi der, depending on the rolloff factor B, than
the spectra of the frequency response of a channel when no pul seshaping is
used. For exanple, the 5 spectra of werr](t)2awith a B of 1 has a width of
tw ce the spectra of the frequency response of a channel when no

pul seshapi ng is us€@0 8pdt regeBveyudB00are onei ¢i many: pogsible nbardware

R "pock PASAUERLLAe | Cot Mgl ot setign SCBROERIS

i g usi u | .
orthogonal ity rel aﬂ“ﬁﬂ kP to?“?%@?@%%ﬁr??’é’r%gﬁt%‘ﬁ gh%a?’fw HE time
frequency band. Thsambpbes N ustangne tpedt inueachppesishabiare keptt constayt
require adjusg Ment ob Neddi@OLECRL MURRABELEE Sodd SRRehi GA° Lrbfl. MorfL al N
orthogonal ity during data jransmssion. 15 e frequency ad] ustnment
factor [err] is uREWPeE, Nt i daka, SymERLs Cf rransmitied; pey QEDM symbol

decreases as a result of pulseshaping. In the embodiment

of the invention the number N of data symbols C,

transmitted equals the number N’ of subcarriers used and
10 is defined as N'=N/e.

The transmitter 400 includes a serial to parallel
converter 402, inverse fast fourier transform (IFFT)
circuitry 404, cyclic extension circuitry 405,
pulseshaping multipliers 406, an N to 1 multiplexer (Mux)

15 408, a digital to analog converter (DAC) 410 and a
modulator 412. In transmitter operation, serial to
parallel converter 402 converts a serial digital data
stream 416 containing N’ data symbols C,, k=0, ...., N'-1,
into one OFDM block (OFDM symbol). The N’ data symbols C,

20 comprising the OFDM block are then input into IFFT
circuitry 404. Each symbol C, is input to the input
associated with the subcarrier having the frequency f£,.
The outputs for k=0,...., N’-1 of IFFT circuitry 404 are
now each represented by:

N-1
Zn= CkernknlN" n=0' 1 s s ey N-l
k=0

25 The output of the N'-point IFFT (signals wherein z,, n=0,
..., N'-1) represents time series signal carrying the
data it is desired to transmit. Because in this
embodiment of the invention the OFDM symbol time (FFT
frame) T and number of time samples N in each period T
30 remain constant for a given frequency bandwidth, a cyclic
extension is performed on the signal 2z, in cyclic



2 2-B As an exanple of subcarrier frequency adjustnent, if the pul seshaping
function wWerr](t) conprising the Hanning function is used t he pul se

shapi ng function can be defined 20 as: [err] For t he Hanni ng function
B=1 and [err]=2. In the invention the subcarrier frequencies are defined
as: [err] TRhegetgds® for a given bandwi dth, every second sulTISED/SI906 asS
conpared to conventional OFDM is utilized to transmt 25 the set of
data synbol s defined by CJerr]. Each synbol Ck is transmtted on the
subcarrier having a frequency fk as defined above. The transmtted signal
x(t) is then: WD 97/ 04572 -13-

PCT/ SE96/ 00906 -11 - [err] If y(t) is the received signal, the transmtted
dat a can be recovext=hsion hameu@rve#oﬁytphgem’%ﬁ@)rﬁlg[r@rlr Bo FR3EMI Ay now

to FIG 5 therei ”séxﬁpiéé l&iéxatt‘ﬂé UﬂﬁeSPenéaeﬂuency spectra for
W(t)[err] () wherein _0 the c c11c ex?:ens:.on c:.rtcuge bgoéeen nﬁ)e
sanpl i ng the Y

. first consecutive signals of the series z, are placed at

5 the end of the time discrete series a,, and a number of
the last consecutive signals of the series z, are placed
at the beginning of the time discrete series a,. The
signal a, is defined by:

8n=2 (n-(N-N') /2m0d Ny D=0,1, ...., N-1

10 Referring now to FIG. 6A, therein is illustrated the
function performed by cyclic extension circuitry 405.
FIG. 6A illustrates an example in which the number N of
the samples in each OFDM symbol equals 10 and, the number
N’ of data symbols C, equals 6.

15 In order to perform pulseshaping in the time domain,
the time series signal a, is multiplied in the
pulseshaping multipliers 406 by the appropriate constants
w,, n=0,...., N-1, from the time discrete pulseshaping
function, having a chosen rolloff factor B, to generate

20 the values x,, k=0,....,N-1. The time discrete
pulseshaping function is defined as:

W= 1-Cc0S(2nn/NB) ) Osn<EB
n 2 2

NB NB
w =1, —<n<N-—
72 2

v = 1-COS(2m(N-n)/NB) . Np ...
n 2 2

The discrete outputs X,,....,Xy-; are then time multiplexed
through Mux 408 to form the discrete time series
represented by the equation:



//———?7

transmtted signal x(t) at the frequencies f[err] the individual
data synbols can be retrieved wthout interference fromother signals.
10 The frequency spectra shown in FIG 5 shows the faster spectral
decay rate of the subcarriers f[err], f[err], f[err}, and f3 that results
fromthe pul sggliapisry. VWen conpared to conventional OFDM fesr/sioenmese. as
showmn in FIG 2, 1t 1s evident that Doppler spread sensitivity between 15
subcarriers will be reduced. It is also evident that out of band
interference will be reduced because of the nore rapid decay of the
spectral density. For a fixed given bandw dtha-t he pul seshaping of the

I nvention requires |ess data synbols per unit tine than 20 conventi onal
OFDM i n which every avail abl e orthogonal subcarrier is used. An enbodi nment
of- the invention which uses the pul sgshaping function represented by a

rai sed cosine pulse will now be xlescribed??¥, n=0,...Referring now to

FI GS. 4A and 4B, therein are shown Skk@natic bl ock diagrans of a
transmtter 400 and receiver 430, respectively, of an OFDM system operating
according to the teachings of the present invention. Transmtter WO

97/ 04572 ' PCT/ SE96/ 00906 - 12-

where l=(n-(N-N')/2)mod N'. The discrete time series x, is
then input to DAC 410 where it is converted to an analog
waveform x(t). The analog waveform x(t) is then input to
modulator 412 where the analog waveform 418 is modulated
5 onto the system RF carrier at f. and transmitted on the
system RF channel 414.
Receiver 430 includes demodulator 432, analog to
digital converter (ADC) 434, serial to parallel converter
436, combiner circuitry 438, fast fouriexr transform (FFT)
10 circuitry 440 and serial to parallel converter 442. 1In
receiver operation, the system RF carrier is received on
the system RF channel 414 and demodulated from the system
RF carrier at demodulator 432 to obtain the received
analog waveform b(t) which is the received version of the
15 transmitted waveform x(t). The analog waveform b(t) is
then input to ADC 434 where it is converted to a discrete
time series signal b,. The discrete time series signal b,
is then input to serial to parallel converter 436 and
converted into a parallel data signal. The parallel data
20 signal is then input to combiner circuitry 438. The
combiner circuitry 438 combines the N samples of b, into
N’ samples to form a discrete time series signal y,. 1In
the combiner circuitry 438 the discrete time series b, is
processed to generate the discrete time series y,, for
25 n=0, ...., N'-1. The signal y, is defined by:
¥Yo=Dns vy 72+Pns gvan'y 72400 3wy 12
Referring now to FIG. 6B, therein is illustrated the
function performed by combiner ‘circuitry 438. FIG. 6
illustrates the example of combining the signal b, where
30 N=10 and N’'=6. b, is the received version of the



400 and receiver 430 are one of many possi bl e hardware configurations for

i npl ementing the invention. In this enbodi nent OFDM synbol period T and the
nunber of tine sanples N transmtted in each period T are kept constant 5
as conpared to the above descri bed conventional OFDM  The nunber N of

data synbol SW smtted per OFDM synbol decreases as a perstdsonos
pul seshapi ng n the enbodi nent of the invention the nunber N of data

synbols Ck transmtted equals the nunber N of subcarriers used and 10

is defined as N =N[err]. The transmtter 400 includes a serial to parallel
converter 402, inverse fast fourier transforys~(I FFT) circuitry 404,
cyclic ext ensi on circuitry 405, pul seshaping multipliers 406, an Nto
1 nul tipl exer (Midrabpsmitt#Ddsigrmldiagificymedoinnthe exemner iblusiigaed in10
and a nodul ator 4lgka. ean transm’tter operation, serial to parallel

converter 402 converts._a serl al |taI ream4 6 C n .dat a
synbols C[err], k=0,.. I=N& £B %11 Bﬁe?%%@g% cdl%lﬁyg%m) ‘?‘ﬁg

data synbol s Ck 2Gthen cpsnrﬁo:snadg on heherFBl banp,ke&areft kbe idiperetat GimeFFT
circuitry 404 F@]Ed%ﬁaygbol £E8K rackhve t@héhetfﬂiﬁiﬁit?c%ipc'&k%d Yy &he

subcarri er haV| ng ncy flerr]. The outputs for k=0

| FFT circuitry 40$6P€eh15?\#e‘€\t&¥ﬁ'?epresent ed by: [err] 25 'The out put of
the N -point |FFT (signals wherein z[err], n=0, ., N=-1) represents tine
series signal carrying the N'-1

Ckreceived=—1— L y e /N g=0....,N'-1
N n=0

The data symbols, C, received of the OFDM block, are then
input to parallel to serial:-converter 442 where they are
converted into serial data 444.

10 The identical process is repeated in transmitter 400
and receiver 430 for each OFDM block (OFDM symbol) of N’
data symbols that are to be transmitted.

While wutilizing the raised cosine function for
pulseshaping reduces the number of usable frequencies by

15 a factor of =, as compared to an OFDM system without
pulseshaping having the same frequency band, the method
and system df the invention is flexible and allows for
alternate embodiments in which different pulseshaping
functions are used. For examplé, the raised cosine

20 function known or the time discrete Hanning function, in
which B=1 and ==2, may be used in the embodiment of the
invention in FIGS. 4A and 4B. The time discrete Hanning
function is defined as:

_ _1-c0S(2an/N)
Wn— 2

Using the Hanning function for pﬁlseshaping reduces the

25 number of usable subcarrier frequencies by a factor of 2.
As the rolloff factor B of the pulseshaping function
chosen moves from 1 toward 0, the number of usable
frequencies increases while the spectral decay rate and
IsT immﬁnity decreases.



data it 1is desired to transmt. Because in this enbodi nrent of the
i nvention the OFDM synbol tinme (FFT franme) T and nunber of time sanples N
in each period T 30 remai n constant for a given frequency bandw dth, a
cyclic extension is perfornmed on the signal z[err] in cyclic WD 97/ 04572
PCT/ SE96/ 0090&,5 ohigasze Xt €Nsion circuitry 405 to generate a si gPpbessobdos ]

havi ng N sanples over the tinme period T. In the cyclic extension circuitry
405, a nunber of first consecutive signals of the series z[err] are placed

at 5 the end of the tine discrete series a[err], and a nunber of the
| ast consecutive signals of the series z[errhegare. placed at the begi nning
of the time discrete series aferr]. The signal aferr] is defined by:

aferr]=Z[err], n = 0,1, .By,chédsing a particil@rcpplagshaping fungtien, the
therein is illustraupdelnos MBLB1ONERRPILICTRE Bin CHE ! 1 €oRed U6 13 tebBsHG Y
405. FIG 6A illustrates anp exanple in ch the pugber N of the sanples in
each OFDM synbol e§%al 8Peed oy, © ‘hé@'ﬁﬁ% sﬁecﬁFaﬂa‘g‘g" mhoiRe @grge{ggilgr&
15 | n or depull seglsapignfumncs dehapsed) nay baechosen doreordingheo thee
series signal; a ?e%i%émeﬂygt | $t | e | BartNGuiUY SRR AV iR CERe 406
by the appropriate constants

invention is implemented. For example, FIGS. 3B and 3C

show that for the pulseshaping function given by w,(t),

which has a rolloff factor B of ¥, the number of usable

frequencies decreases by a factor of one and a half, as

10 opposed to a factor of two when B equals one. However,

the lower B results in less ISI immunity.

While the embodiment described uses the raised cosine
function as the pulseshaping function, other types of
pulseshaping functions may also be used. The critical

15 factor is that the pulseshaping function have a portion
of its amplitude less than its maximum amplitude so that.
the transmitted waveform is shaped by the pulseshaping.

As can be seen from the above description, the
invention provides a method and system of pulseshaping for

20 data’ transmission in an OFDM system. Use of the invention
will enhance the performance of OFDM systems into which
it is implemented. Performance is enhanced by the
reduction of intersymbol interference (ISI) between data
symbols that is caused by Doppler spread. Performance is

25 also enhanced by the reduction of ISI between OFDM symbbls
in different time periods that is caused by time
dispersion effects. Use of the invention also reduces out
of band interference. -

It is believed that the operation and construction

30 of the present invention will be apparent from the
foregoing description and, while the invention shown and
described herein has been characterized as a particular
embodiment, changes and modifications may be made therein
without departing f£rom the spirit and scope of the

35 invention as defined in the following claims.



werr], n=0,..., N1, fromthe tine discrete pul seshapin '
a chosen rolloff factor B, to generate 20 the val uesj]!' EM]II!H!
k=0, ....,N1. The time discrete pul seshaping functi

[err] The discrete outputs x[err],...,x[err] are then time multiplexed

t hrough Mix @@arjess7sor mt he discrete tine seri es represent epolISENHR06
equat i on: WO 97/ 04572

PCT/ SE96/ 00906 -14 - [err] where 1=(n-(N-N)/2)nod N . The discrete tine
series x[err] is then input to DAC 410 where it is converted to an anal og
waveform x(t). The anal og waveform x(t) is-i1hen input to nodul ator 412
where the anal og waveform 418 is nodul ated 5 onto the system RF carrier
at flerr] and traWBATtI®ECIATMERe ISpst em RF channel 414. Receiver 430

includes denodul ator 432, anal og tEeﬂéSbrﬁrﬁ\hni&Hﬁ&%fser s(% 43t smiiéﬂ to
paral l el converter 436,,conpiner. circuitry er _transf

(FFT) 10 ci rcu???"f’uﬁﬁﬁa%?rﬂf‘% heLesh E‘b ﬁs&lLElSﬁvéPae? SV “are
recei ver operatiogarriedsyonem®RF eduraditys rafcei sebcanriemrs syovem RR

channel 414 and dggRfith it L BHAHNeYY Bred Fystah bekrdbr JeADHt BP0 32
to obtain the received
transmitting data over said communications channel, said

method comprising the steps of:
modulating each of a plurality of data symbols
onto one of a plurality of subcarriers to generate
10 a plurality of modulated subcarriers, said modulated
subcarriers comprising a first data signal;
multiplying said first data =signal by a
pulseshaping waveform to generate a second data
signal, said pulseshaping waveform comprising a
15 function having at least one first and second
amplitude wherein said first amplitude is greater
than said second amplitude; and
transmitting said second data signal on said
system carrier.
20
2. The method of claim 1 in which said system
carrier has a frequency f. and said step of modulating
comprises:
modulating each of a plurality of data symbols
25 C,, having a symbol period T, onto a subcarrier
having a frequency f,, for k=0, ...., N'-1, wherein
£f,=f .+=k/T and =« is a constant greatef-than 1, said
' modulated subcarriers comprising said first data
signal. '
30
3. The method of claim 2 further comprising the
steps of:
receiving a third data signal y(t) at a
receiver, said third data signal comprising said
35 second data signal after transmission on said system
carrier; and



anal og waveform b(t) which is the received version of the 1

waveform x(t). The anal og waveformb(t) is then |nput to Aﬁ“l“Hullmnmnﬁm
is converted to a discrete tine series signal b[err]. The discrete ti*nmes *
series signal b[err] is then input to serial to paraIIeI converter 436 and
converted intQug | el data signal. The parallel data 20 persetitissos S
then input to conbiner circuitry 438. The conbi ner circuitry 438 conbi nes
the N sanples of b[err] into N sanples to forma discrete tine series
signal Y[err]. In the conbiner circuitry 438 the discrete tinme series
b[err] is processed to generate the discrete-i18he series y[err], for 25

n=0 ...., N-1. The signal y[err] is defined by: Y[err]=b[err] +
b[err]+b[err] Referring now tdetRcGingbBsaid et nfidata |gymbodsc:.t kelf unctsi on
performed by combiner cipgcylitgy gggd rg%égvé}|I Iustrates t he exanpl e of
Co g ne, S anel bl T e Seiboq of it Phofiin hE phabSsidifing
PCT/ SE96/ 00906 - 15- waveflam'lt tcdmpmg;w al eraisédr nmsbine t paleeanhaeing a
illustrated ingFlG eé@‘ﬁ‘é rhd §.°tlt1%|§f| @Eggﬁ{,o the FFT circuitry 440. An

FFT is then perforn% sanples o e discrete tinme 5 si gnal
y[err] to retrieve the transmtted data synbol
5. The method of claim 4 wherein said pulseshaplng

waveform comprises a Hanning function.

10 6. The method of claim 1 in which said step of
modulating comprises:
performing an N'-point inverse fast fourier
transfer (IFFT) on a plurality of data symbols to
generate said first data signal.

15
' 7. The method of claim 6 in which gaid step of
multiplying comprises:
cyclicly extending said first data signal to
generate an extended data signal; and
20 multiplying said extended data signal by a time
discrete pulseshaping function to generate said
second data signal.
8. The method of claim 7 further comprising the
steps of:
25 receiving a third data signal at a receiver,

said third data signal comprising said second data
signal after transmission on said communication
channel;

combining said third data signal to generate a

30 fourth data signal; and B

performing an N’-point fast fourier transform
(FFT) on said fourth data signal to generate said
set of data symbols.

35 9. The method of claim.7 wherein said pulseshaping
function comprises a time discrete raised cosine function
having a predetermined roclloff factor.



Ckrecei ved wher e: ‘
are then input to parallel to serial converter 442 where the

into seri al

tnn

[err] The data synbols, Ck received of theum(uﬁumtwuum

data 444. 10 The identical process is repeate

transmtter 400 and receiver. 430 for each OFDM bl ock (OFDM synbol) of N
data synbol s whatpase to be transmtted. Wiile utilizing theorsesamsgsosi ne

function for

a factor of [err],
havi ng the sane frequency band,

pul seshapi ng reduces the nunber of usable frequencies by 15
as conpared to an OFDM system wi t hout pul seshapi ng
the nethod and systemof the invention is

fl.exi bl e and allows for alternate enbodi nentse-4 n which different

pul seshapi ng functions are used. For exanple, the raised cosine 20
function known or the tli0vwe dhecmetbodicehicigimudcwherein gapdi pulseshaping
[err] =2, may be upgghdibd RenpiIRdEMBNt iR dioddbee Han@RngN£Eh&ESioftA and

4B. The tinme discrete Hanning function is defined as: [err] Using the

Hanni ng function for

pul seshapi ng reduces the 25 nunber of usabl e

subcarrier frequencies 13y. aThectwetbdd 20fAclaliv rlol inf Whiabt @aild cystiem
pul seshapi ng § unct QP f0SRs PVESedudiBy. £ 0Vahd Laid h&%r@frmaéum%be

frequencies incre

decr eases.

10

15

20

30

35

ases while the specCtral” decay rate and
comprises:

[ T munity

performing an N'-point inverse fast fourier
transform (IFFT) on said data symbols, said data
symbols comprising a plurality of symbols C., k=0,
..., N-1, each having a symbol period T, to
generate a first data signal, said first data signal
comprising a signal z, comprising N’ time discrete
values each of said time discrete wvalues. being
associated with a frequency £, for k=0, ...., N'-1,
in the frequency domain, where f,=f .+=k/T and « is a
constant greater than one.

12. The method of claim 11 in which said step of

multiplying comprises:

cyclicly extending said first data signal z,
over said symbol period T to generate an extended
data signal a, comprising N time discrete values; and

multiplying said extended data signal a. by a
time discrete pulseshaping function w,=w,, Wi, -....,
Wy-1, OVer said period T to generate said second data
gsignal x,=w,a,, n=0, ...., N-1, said pulseshaping
function having a first amplitude w,;, and a second
amplitude w,,, wherein said £first amplitude is
greater than said second amplitude.

13. The method of claim 12 further comprising the

steps of:

receiving a third data signal b, at a receiver,
said third data signal comprising said second data
signal x, after transmission on said communications
channel;

S
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choosing a particul ar pul seshaping function, the nunber “
e

frequenci es can be increased by trading off speed in the ra spect rsal *
decay. The particular pul seshaping function used nmay be ¢hosen accordlng to
the 5 reqwa eases of the particular system in whi chptfgessausegti on
Is inplenmented. For exanple, FIGS. 3B and 3C show that for the pul seshaping
function given by werr](t), which has a rolloff factor B of [err], the
nunber of usable frequencies decreases by a factor of one and a half, as 10
opposed to a factor of two when B equal s onr@0- However, the lower B results
inless ISl imunity. Wile the enbodi ment described uses the rai sed cosine
function as the pul seshapi ngoPkABingnsasd nehixd fatafsimpakdnapvey said
functi ons may al so be ggmbol iée:.edl'rlwlgérﬁeratlef actfaﬁlrtﬁ aaﬁa éf%hal Ya
ul seshapi ng function t .0 It €ss an its maxi num
grrpl | tudg sg that the ? ﬁg%ggédhmg\}gfofiﬁ?g%g{g %ﬂcdj" pul seshapi ng.
As can be seen from the aboperfiexwingtanni’ mntn\fasm droyrier demnafoetnhod
and system ofs pul seshapFpg) fg,g gdia foqg-_ﬁ dd@ Fighs |]_og‘t Eb gzlqglesggg_gm
Use of the invention wl egpgnce t cglerf%)rrrance of tens into
which it is inplementef§® ?F%rﬁ’&ﬁ% 8 G SFSnced 'byl‘{h% reductlon of
‘i.ntersynbol interference (1Sl) between data
14. The method of claim 12 wherein said pulseshaping
function w, comprises a time discrete raised cosine

10 function having a predetermined rolloff factor.

15. The method of claim 14 wherein said pulseshaping
function w, comprises a time discrete Hanning function.

15 16. An apparatus for transmitting data in a
telecommunications system in which communications between
a transmitter and a receiver are carried on a plurality
of subcarriers over a communications channel on a system
carrier, said apparatus comprising:

20 inverse fast fourier transform (IFFT) circuitry
for performing an IFFT on a plurality of data
symbols and generating a first data signal;

a multiplier for multiplying said first data
signal by a pulseshaping function in the time domain

25 to generate a second data signal; and

a transmitter for transmitting said second data
signal on said communications channel.

17. The apparatus of claim 16 wherein said
30 multiplier comprises:
cyclic extender circuitry for cyclically
extending said first data signal to generate an
extended signal; and
' a multiplier for multiplying said extended
35 - signal by a pulseshaping function in the time domain
to generate said second data signal.
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periods that is caused by tinme dispersion effects.

he I mvemt | ®n

al so reduces out of band interference. It is believed that t he operation
and constructygiyedys ©Of the present invention will be appifisibsneobscom t he
f oregoi ng description and, while the invention shown and described herein
has been characterized as a particul ar enbodi nent, changes and

nodi fications may
scope of the 35
97/ 04572
CLAAMED IS: 1. In
bet ween a transmt
- subcarriers over
met hod of transmit
conprising the ste
ont o .one of agpl ur
of nodul at ed subca

10

15

20

25

30

35

be made therein w thout departing fromthe spirit and
i nvention as defined in the-follow ng clains. WO
PCT/ SE96/ 00906 -17- WHAT. IS

a 18!l echmmappezatenf clsimmé wherahncsaish plunakity ons

SE' (ks QeyRECLY ToohpRigas| o TAER BluPalifyl o, MHta
BYRRP L A HE i APPBSAEHR | ESTEOE CTEMIGES fanl o et hod
ps of : nodal s¢erial eashpaxfaldell woslviery emf £oat eonyebining
al i ty, of ggpbenr thfgiscglo 48P8" at€rddn into 5838 YEALdLY

rriers, sa
piurallty of data symbols.

19. The apparatus of claim 16 wherein said plurality
of data symbols comprises a plurality of data symbols C,,
k=0, ...., N'-1, each having a symbol period T, and said
first data signal comprises a signal 2z, comprising N’ time
discrete values, each of said time discrete values being
associated with a frequency £,, for k=0, ...., N'-1, in
the frequency' domain, where f=f.+«k/T and =« is a constant
greater than one.

20. The apparatus of <claim 19 wherein said
multiplier comprises:

cyclic extender circuitry for cyclically
extending said first data signal z, to generate an
extended signal a, comprising N discrete time values;
and _

a multiplier for multiplying said extended
signal a, by a pu'lseshaping function in the time
domain over said period T to generate said second
data signal.

21. The apparatus of claim 20 wherein said
multiplier comprises a multiplier for multiplying said
extended signal a, by a pulseshaping function w ,=w,, w,,

..., W, over said period T to generate said second data
signal, said second data signal comprising a signal
X,=wW,a,, n=0, ...., N-1, and said pulseshaping function
having at least a first amplitude w, and second amplitude
w,, , wherein said first amplitude is greater than said
second amplitude.



subcarriers conprising a first data signal; multiplying s

signal by a pul seshaping waveformto generate a second daamumnﬂgﬂmn“l
pul-seshapi ng waveform conprising a 15 function hBVIﬂg at U eastsone
first -and second anplitude wherein said first anplitude is greater than

sai d second agR)éfgssd and transmitting said second data si gpei/seetoassd
systemcarrier. 20 2. - The nmethod of claim1l in which said systemcarrier
has a frequency f[err] . and said step of nodul ating conprises: nodulating
each of a plurality of data synmbols 25 Clerr], having a synbol
period T, onto a subcarrier having a frequen@g-f[err], for k=0, ., N -1,
wher ei n f[err]—f[err]+[err]k/T and [err] is a constant greater than 1, said
modul ated subcarriers c@@pri¥heg s@parernst oft acdpgmal 2130 whereine meddod

of- claim 2 further @ARRHISERIC \gﬁrfé@@sa cgluzraqqevagmale 1LeFd &athdBE!
y(t) at a receiver, at a ri,si ng_sai

35 \
second data signal %ﬁ‘%e mP?EﬁEH?E‘Po %n ‘%‘é]rtdi d08m BarRlye angof said

extended signal by the corresponding value w, in the time
5 domain to generate said second data signal.

23. The apparatus of claim 21 wherein said
pulseshaping function comprises ‘a time discrete raised
cosine pulse.

10
24. The apparatus of claim 23 wherein said
pulseshaping function comprises a Hanning function.
25. An apparatus for zreceiving data in a
15 telecommunications system in which communications between
a transmitter and a receiver are carried on a plurality
of subcarriers over a communications channel on a system
carrier, said apparatus comprising:
a receiver for receiving a first data signal
20 transmitted on said communications channel and

providing a second data signal;
combiner circuitry for combining said second
data signal to generate a combined signal; and
fast fourier transform (FFT) circuitry for
25 performing an FFT on said combined signal y, and
generating a plurality of data symbols.

26. The apparatus of claim 25 wherein said receiver

comprises a receiver for receiving said first data signal

30 and a serial to parallel converter for converting said
first data signal into said second data signal.

27. The apparatus of claim 25 further comprising a
parallel to serial converter for converting said plurality
35 of data symbols into serial data.
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\cll\fa)tg(?:{ ?ﬁgzal d set of data synbols Cferr], k=0, .,PCT/ SEgﬂ“ﬂMlﬂ“l"ﬂ"llll”“l

receiver. 4. The method of claim2 wherein said pul seshapi ng Wavéfolfm?®
conprises a raised cosine pulse having a 5 predeterm ned rol |l off factor.
5. The netRedrpdsz£! ai m 4 wherein said pul seshapi ng wavef grdysEosmwIEes a
Hanni ng function. 10 6. The nmethod of claiml1l in which said step
of nodul ating conprises: performng an N -point inverse fast fourier
transfer (IFFT) on a plurality of data synbols to generate said first data
si.gnal . 15 7. The method of claim®6 in waegh said step of multiplying
conprises: cyclicly extending said first data signal to generate an
extended data signal; Ad 2The apparatus ofndlajn \3hgiherednesndddegcdada

si-gnal by a tine Ei'a%%r e i@miatl| %&Bﬁl‘x’b@g fugg Qi‘ b0 ABMBHi3ke Sﬁ' ﬁlgeeeaé
data signal. 8. The method o lLai m COITDI’J Si n he ste of: 25

receiving a thirdt ¥ JBgHEF aﬁng rﬁﬁg‘?vefm iner "eircultry © comprises
circuitry for combining said second data signal b, to

5 generate said combined signal, said combined signal
comprising a signal y, comprising N’ discrete time values.

29. The apparatus of claim 28 wherein said system

carrier has a frequency £, and, said fast fourier

10 transform circuitry comprises circuitry for performing an
FFT on said combined signal y, and generating a plurality
of data symbols C,, k=0, ...., N'-1, each of said time
discrete values of y, being associated in said FFT with a
frequency f,=f.+=k/T and =« is a constant greater than one.

15
30. The apparatus of claim 29 wherein said receiver
further comprises a serial to parallel converter for
converting said first data signal into said second data
signal.
20

31. The apparatus of claim 29 further comprising a
parallel to serial converter for converting said plurality
of data symbols C;, into serial data.
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said third data signal conpr|5|ng sai d "econd dat a signal after
transm ssion on sai d communi cati on-e¢hannel’; --conbi ning said third data
signal to generate a 30 fourth data ‘Signal; and perforning an

N -point fast fourier transform (FFT) on said fourth data signal to
gener at e sai dve@d7/@s72dat a synbols. 35 : 9. The met hogcphrdsloidol 7
wherein said pul seshaping function conprises a tinme discrete ralsed cosine
function having a predeterm ned rolloff factor. ‘WO 97/ 04572

PCT/ SE96/ 00906 -19- 10. The nethod of claim9 wherein said pul seshaping
function conprises a tine discrete Hanning func Y § 11. The net hod of
claim1 in which said system5 carrier has a fr quency f[err], and said
step of nodul ating conprises: performng an N -point inverse fast fourier
transform (I FFT) on said data synbols, said data synbols conprising a
plurality of synmbols Cferr], k=0, 10 , N -1, each having a
synbol period T, to generate a first data S|gnal said first data signa
conprising a signal z




val ues each of said time discrete val ues beThg associated with a frequency

flerr], for k=0,..., N -1, 15
flerr]=f[err] +[err]k/T and [err]

cyclicly extendpagossm d first data signal
to generate an extended data signa

In the frequency domai n,
is a constant greater than one.
met hod of claim 11l in which said step of nultiplying conprises:

z[err] over said sygprkediasog0d T
alerr] conprising N tine discrete

wher
20

e

12. The

val ues; and nultiplying said extended data signal a[err] by a time discrete

pul seshaping function werr]=werr],

werr],...

sai.d period T to generate said second data sign

n=0, ..., N-1, said pul seshaping function having
and a second anplitude wWerr],
sai'd second anplitude.
steps, of: receiving a third data signa
data signa

s,

25"
err]=wWerr]aferr],

st anplitude Werr],
wherein said first anplitude is greater than
30 13. The nethod of claim 12 further conprising the
b[err] at a receiver,

conprising said second da
transm ssi on on saidd conmmuni cati ons cﬁgjxa°;5‘\-20

si gnal

werr],

sai d

over

third

x[err] after
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conbining said third data signal b[err] over said synbol period T to
generate a fourth data signal y[err] conprising N tinme discrete val ues;
and performng an N -point fast fourier.transformb5 (FFT) on said
fourth data signal y[err] to generate said set of data synmbols C[err], k=0,
..., N -1. Igoobhagssset hod of claim 12 wherein said pulseshapmfmmghummglon
m{err] conprises atinme discrete raised cosine 10 function having a
predetermned rolloff factor.. 15. The i d of claim 14 wherein said
pul seshaping function werr] conprises a tYme discrete Hanning function. 15
16, An apparatus for transmtting data in a telecomunications
systemin which comuni cations betmeengﬁ t¥ansitter and a receiver are
carried on a plurality of subcarriers er<ga nnuqkpations channel on a
systemcarrier, said apparatus conpri si i nverse fast
fourier transform (I FFT) circuitry fofp dﬂ'IFFT on a plurality of
data synbols and generating a first data si gnals tiplier for
mul tiplying said first data signal C,Dul hgygunction in a tine
domai-n to generate a second data S|gnal shapi ng function
conprising a raised cosine pulse haV|ng a i ned rolloff factor; and
a transmtter for transmtting said second data signal on said
comuni cati ons channel. 17. The apparatg? arm 16 wherein said

mul tiplier ©
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conprises: cyclic extender circuitry for cyclically extending said first
data signal to generate an extended signal; and a nultiplier for

mul ti plying said extended signal by a pul seshaping function in the tine
dormain to generate said second data signal. WO 97/ 04572

PCT/ SE96/ 00906wo $aasA8. The apparatus of claim 16 wherein sgicgsR oty
of data synbols conprises a first plurality of data synbols, anﬁ sa
apparatus further conprises: a serial to_ﬁfr |1 el converter for converting
5 a serial digital data str nto said first plurality of
data synbols. 19. The apparatus of claim 16 wherein said plurality of data
synbol s conprises a plurality of data synbol s 10 k=0,....,N -1, each
having a synbol period T, and said first data pj«Mal conprises a signal
z[err] conmprising N time discrete val ues, eac said time discrete

val ues being associated with a frequ .., N-1, in the
frequency domain, where f[err]=f[err Sed constant 15
greater than one. 20. The apparatus ( 'qgnultiplier
conpr i-ses:

+[err]k/T and [err]
f claim19 wherein s

o5 -
0o o
Ne,
<
<
e
i
o_ocoeoo_T
> >~ E
P
. N0
O <+
Gans
O
I..I..m\ —
< _Nooooocool
L 1.0 0
o
N
<

e~ |
L0
O <
0 M~
< <
I = &
<. B <

414



cyclic extender «circuitry for <cyclically 20 extendi ng said
first data signal z[err] to generate an extended signal a[err] conprising N
discrete time values; and a multiplier for nmultiplying said extended signal
an by a pul seshaping function in the tinme 25 domai n over said
period T to gapevpésLrsai d second data signal. 21. The appara%Qﬁme&%ﬁggin120
wherein said nmultiplier conprises a nultiplier for nultiplying sai

extended signal a[err] by a pul seshaping function werr]=werr], Werr],
..., WMerr], over said period T to generate said second data signal, said
second data signal conmprising a signal x[err]=w eg}g err], n=0,..., N1,
and sai d pul seshaping function having at |east a #i anplitude wWerr] and
second anplitude 35 werr], wherein said first anplitude is greater than
sai d second anplitude. 22 22. The apparatus of claim?21 wherein said
multiplier conprises a plurality of nmultipliers, each of said nmultipliers
for multiplying a value a[err] of said e iﬁ;e signal by the correspondi ng
value Werr] in the tine domain to generate sald second data signal. 23.
The apparatus of claim?21 whereiﬂéﬁgid pwlseshéping 3
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function conpris SNEPLACEMENT SHEET of | o sed cosin appar at'(i8® Py
of claim 23 wheré¢i h said pul seshhpf{ ng function. jcl”"ﬁmnﬂ“mm:m
function. 25. A 1dp g ANa1999° or receiving ¢ datd s in
t el econmuni cati ops]system i'n whi communigat i ons between a transm tter and
a receiver are cprried on a prur ty of subcarriers over a conmunications

channel on a sys é’ai&eﬂHQQBYdfa[t%r rélgéfdld BPRAFN USaig
corrprlsmg a receiver for receivin a first data SI transmtted on

sai d communi cat i ons S¥RRRAePEXA® Y T0 Qi FRPSERR hdE ‘El%’f"ahsﬁiﬁﬁél SHEBAR] Ve
conprising N di screbambrmamgl westimentisereter value;f anhgcombi ning said
second data signal b[errg 2 enerate a_¢onbj ned S|g Ie?lljllerr] Co r|S|ng N
di screte time val ues iR N BRI nfee T%" REH trxAR

perform by an FFT (BRT)senhdsatdnboueth dapaasigydkry] tandergangtatsanpd a
plurality of data syppol rr] each aid tine discrete
val ues of y[err] bei %g ags%l%at gglﬁ%lssa G FETO\M t'h*a‘f requency
flerr]=f[err]+ [err] k/T and [err] is a constant greater than one. 26. The

apparatus of claim 23 whepgi ﬂeEﬁbQ 6§C€1éff1ﬁ ]?P'Wféx%@.ﬁ éaiﬁcﬁdﬁé %;\5/

recei ving saldflrst data signal and a 23 ser al ara
for converting funchion s¥n JgOMPrises a time dlscrete raised cos:.ne

10 - function having a predetermined rolloff factor.

15. The method of claim 14 wherein said pulseshaping
function w, comprises a time discrete Hanning function.

15 16. An apparatus for transmitting data in a
telecommunications system in which communications between
a transmitter and a receiver are carried on a plurality
of subcarriers over a communications channel on a system
carrier, said apparatus comprising:

20 inverse fast fourier transform (IFFT) circuitry
for performing an IFFT on a plurality of data
symbols and generating a first data signal;

a multiplier for multiplying said first data signal
by a pulseshaping function in a time domain to generate a
W, second data signal, the pulseshaping function comprising a
raised cosine pulse having a predetermined rolloff factor;
and
a transmitter for transmitting said second data

signal on said communications channel.

17. The apparatus of claim 16 wherein said multiplier
comprises: |

cyclic extender _circuitry' for cyciically' extending

said first data signal to generate an extended signal; and

a multiplier for multiplying said extended signal by

a pulseshaping function in the time domain to generate

said second data signal.
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27. The apparatus of
conprising a parjalfel to serial jcnverter for convertrng
data synbol s intjo seqigaaANa990 48.1 In a tel ecommuni cati on gystenmtim ws

communi cation b en the transn

plurality of subca
having a frequency f[err],

'cdnmuni cad i ons channe

comruni cati ons channel ,
each of a plurality of data synb
subcarrier havrn% a fr

flerr]=f[err]+ [err] K

ol s Ck having a synbol

i tit er and receiver are carried on a

on a systemcarrier

La methqd of transmtting data over said
sal d nethod conprising the steps of:

nodul ati ng
period T onto a

Mot £ k=8 - wheredh - LaidN@l8tplier

to

ue 1gg£
err

I'S a constant greater than one,

generate a plompzliséy af pnwrhnl:‘a:tyecbf mlbiptiews s, eachs afd Saudodwlattpéllers

subcarriers
si gnal by a

sai d pul seshapi-Bap¥Rd
and second anplitude,

second anplﬁﬁﬁ&?d ﬁﬂﬁatﬁ%WE#httlng sai d second data signal on said system
Claims 29-31 have been del et ed.

carrier.

f dat
C°F§%§é&%§%&a§gﬁ 815 et Frehdly Rudpl B (O,

va")rr FaLOEPR, SiiRY thd UBLhé Odohavhngoat gémasateonsaid r st
erein sard first anplitude is greater than said

23. The apparatus of claim 21 wherein said pulseshaping

function comprises a time discrete raised cosine pulse.

24. The apparatus of claim 23 wherein said pulseshaping

function comprises a Hanning function.

25. An apparatus for receiving data in a

telecommunications system in which communications between a
transmitter and a receiver are carried on a plurality of
subcarriers over a communications channel on a system carrier
having a frequency f. said apparatus comprising:

a receiver for receiving a first data signal

transmitted on said communications channel and providing a

second data signal b, comprising N discrete time wvalues;
combiner circuitry for combining said second data

signal b, to generate a combined signal y, comprising N

discrete time values, and

fast fourier transform (FFT) circuitry for performing

and generating a

an FFT on said combined signal vy,

plurality of data symbols Cg, k=0.... each of said

N’ -1,
time discrete values of y,, being associated in said FFT
with a frequency f,=f.+ o k/T and o is a constant greater
than one.

of claim 25 wherein said receiver

26. The apparatus

comprises a receiver for receiving said first data signal and a

4
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serial to parallel converter for converting said first data

signal into said second data signal.

27. The apparatus of claim 25 further comprising a
parallel to serial converter for converting said plurality of

data symbols into serial data.

28. In a telecommunication system in which communication
between the transmitter and receiver are carried on a plurality
of subcarriers over a communications channel on a system carrier
having a frequency f., a method of transmitting data over said
communications channel, said method comprising the steps of:

modulating each of a plurality of data symbols C

having a symbol period T onto a subcarrier having a

frequency £, where k=0......N’-1, wherein f,=f + « k/T and o

is a constant greater than one, to generate é plurality of

modulated subcarriers, said modﬁlated subcarriers
comprising a first data signal;

multiplying said first data signal by a pulseshaping
waveform to generate a second data signal, said
pulseshaping waveform comprising a function having at
least one first and second amplitude, wherein said first
amplitude is greater than said second amplitude; and

transmitting said second data signal on said system

carrier.

Claims 29-31 have been deleted.
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