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TRANSMITTER FOR QAM ENCODED DATA

BACKGROUND

The present invention relates to the transmission of

digital information over channels of limited bandwidth,

5 such as radio channels of telephone lines. The digital

information can, for example, comprise digitally coded

voice.

It is known that Quadrature Amplitude Modulation

(QAM) comprises encoding data bits into complex vector

- 10 signals in which the real and imaginary parts can each

take'qn one of a multiplicity of levels. For example, in

16QAM the real part and the imaginary part can each take

on one of the four equispaced values 3, 1, ~1 or -3. The

4x4 ,p@ssihle points that arisge are called the

.15 constéilation, and are shown in FIG. 1(a). Modulation in

- accordénce with this technique comprises mapping four-bit

data vglues, designated ByB,B,B,, onto the 16 distinct
complexhsignal values, as shown in the figure.

A fprior art 16QAM transmitter for generating the

20 above-déscribed constellation from the four-bit data

values is illustrated in FIG. 1(b). A first pair of bits,

ByB,, is supplied to a first 2-bit Digital to Analog (D/a)

convertor 101 in order to determine which of four values

the real part will attain. A second pair of bits, B,B,, is

25 suppliéd to a second 2-bit D/A convertor 103 in order to

B determiﬁe which of four values the imaginary part will

attain.  Each of the D/A convertors 101, 103 supplies its

outpututp a corresponding one of two low-pass filters 105,

107. 'Thé function of the low-pass filters 105, 107 is to

30 contain'the transmitted spectrum by smoothing transitions

from oné,,value to the next when any of the bits ByB,B,B; are

changed. The low-pass filters 105, 107 are pPreferably

Nyquist filters, which have the property that, at regular

sampling'times after a bit change, the filter output will




(QAM) conprises encodi ng data bits into conplex vector 10 signals in

whi ch the real and |mag| nary parts Gan.each Lake on one of a
multiplicity of |evelsi:: For, exanpl ETHISSHEET HAS.BEEWI the real part and the
| magi nary partﬁ_é‘asgweach take ' on onREp_[A(;m;a foud equi s&aced val ues 3,
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the 15 constellation, andiare shown in FIG 1(a). Modulation in
accordance with this techni;que conprises mapping four-bit dat a val ues,
designated Blerr]Blerr] B[ |Blerr], onto the 16 distinct conpl ex
signal val ues, as shown i he figure. A prior art 16QAM

he 20 above-dgscribed constellation from

transmitter for generatin
ues is illustrated in FIG 1(b). Afirst pair

the four-bit data

of bits, B[@:ac]tBbreraﬁtanrs Shwppirakde t detefhindd 2bPi &hbi Gidile 195 #0al og
(DA conv 101 r Qf four .valu
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supplied to a s&HIRMBARIRERNT c‘o’rf'\rer"’?‘&llelﬁhelﬂctﬂ%d fizaginaryevalusse
whi ch of four valuesatée apm.gedart;o par tsind | wave midudiatorEacts Of thig DA

convertors 1, pHas | | t o] corr. spandi e of two
| ow pass fi Ils?ers I?QQH __éi%e ta‘?\dh 9 d'n(%t Wé&]’etcs)f 1’?ﬁé "ow FESs Sr‘g‘l“t @405,

107 is to 30 cmai’il?ﬁepﬂl_&ﬁsﬁ?@-t &a $pEmt ﬁuﬁpmplsmmodul:gted awesttieans
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are preserve amplltude variations, the prior art requires that
this signal bﬁ"amplifled by a linear power amplifier 125.
10 Due to thea yquist property of the low-pass filters 105,
107, if the tput signal vector 127 is sampled at the
proper regul r“1nstants, one of 16 complex values will be
observed as shown in the grid diagram of FIG. l(a).
The prlO% art 16QAM transmitter has the drawback that
15 the 11near p“m rhampllfler 125 is not efficient, and if it
exhibits " dlstortlon or non-linearities, then the desired
16 conste;laﬁ f points are not observed in the output
signal veé%o 27; Equally, if the communications channel
1nclud1ng th low pass filters 105, 107 is not strictly
20 Nyquist, 1nterstbol interference (ISI) will prevent the
desired cogs ation points from being cobserved.

SUMMARY

Aocordlng'*to one aspect of the invention, an
: ] is provided for transmitting

tude Modulation u51ng coupled, constant

envelope transmltter power ampllflers of higher efficiency

than llnear ampllflers in which a first ampllfler of first

25

bits of a_:._Q symbol and a second power amplifier of a
30 lower power level;ampllfles SLgnals formed from least
51gn1flcant b of the QAM symbol._ In one embodiment,
Quadrature Ampl de Modulated s1gna1s are generated from
data bits: by u51ng ‘a first Quadrature Phase Shift Keying
(QPSK) modulatordfor encodlng a first pair of the data
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changed. The | ow pass filters 105, 107 are preferably Nyqui st filters,

whi ch have the property that, _at regular . sanpling tines after a bit
change, the filter output: Wil .

2 exactly attain the.value determned by the input bi 97/08318
Blerr] Bl err] BveovA®l%rr]. ©~ The snoot hed real values 109 are appF to a
cosi ne nodul ator 113, while the smoothed inmaginary val ues 111 are

applied to a sine wave nod
waves 117, 119 are sunned
nodul ated carrier

tor. 115. The 5 nodul ated sine and cosine
' summati on point 121 to forma conpl ex

3

bits lnto ”ne_ of four carrier signal phases, thereby
produc1ng a first QPSK signal. A second QPSK modulator
encodes a sedond pair of the data bits into one of four
carrier SLgnal phases, thereby producing a second QPSK

5 51gna1.: The flrst QPSK signal is amplified to a first
power level, -and the second QPSK signal is amplified to a
second powe:_ level. The first and second amplified
signals - are then combined to produce a signal in which
four data b .s'are encoded.

10 Accordln "to a second aspect of the invention, a new,
. spectrally-efficlent modulation is disclosed that is
termed - ‘Off ‘Quadrature Phase Shift Keying (OQPSK)
modulatiﬁh; ?which data bits are encoded alternately

into leﬁels a cosine wave carrier and levels of a sine

15 wave carrle '1n one embodiment, data bits are encoded by
encodlng ‘a fir t sub—-group of the data bits into a real
part of. a comp'fx signal at an odd instant of a clock, and
econd sub-group of the data bits into an
1maglnary P ="t:__of the complex signal at an even instant of
20 the clgpk OQPSK modulation provides the benefit of

having &ll”&l nal transitions being constrained to smooth

by encodlng a

trajectdrie round constant radius circles, thereby
allow1ng a ';ter spectral containment when constant
envelope power amplifiers are used.

25 Accordmg .to a third aspect of the invention, an

1nvent1ve transmltter is disclosed for Offset Quadrature
Amplltude :Moduiatlon comprising two or more coupled
constant-envelope transmitter power amplifiers that
ampllfy Offsetﬂ QPSK, MSK or GMSK signals formed

30 respect;vely_“f;om most significant bits and least
signifié'it bi;ifof an OQAM symbol.

_ BR_EE DESCRIPTION OF THE DRAWINGS
The objects and advantages of the invention will be
eadlng the following detailed description

understgod b



signal 123 which varies in Both phase and anplitude. To preserve
anplitude variations, the prior art requires that this signal be
anplified by a | i near “power anpllfler 125. 10 Due to the Nyquist property
of the low pass filters 105,- 107, if the output signal vector 127 is
sanpl ed at 748219 r ope egul ar instants, one of 16 conpffE%s/ates will
be observed as shown i the grid diagramof FIG 1(a). The
prior art 16QAM transmitter:thas the drawback that 15 the |inear power
anplifier 125 is not efficient, and if it exhibits distortion or

non-linearities, then the desi red 16 constel lation points are not
observed in the output signal vector 427. Equally, if the
comuni cati ons channel “*including the |l ow pass filters 105, 107 is not

strictly 20 I\Ijlqud:mjuriaﬁmyribbl thetérdwimgxdn( Wbliphwi | | prevent the

desired constellati oi f b d A-4 485 357
descri bes a net hod gkcgrogs?l Iémh G!r@ﬂ ﬁ?ég?é{ﬁ of s °€8€FF%§§E§?9

n
modul ated in boff™ VL lues, genex: gads%@"&é”-’éﬁ“&ﬁa‘#’b@l SSBripynal .
The net hod of 2art 1601!34 p:attae:stnmaergiescrl bed in a paper by Chireix, "High

Power Qutphgsing Modpati qrnyPREE. 4 REy;. \C/ﬁ}]alm 23¢ Ngov\%n ﬁéﬁlgigb@%gmi S

prior art nethod invo]ves. coupllng two e et her
and driving thet¥ WM SFials - that differ in phase angl e, by the
arccosine of the ratFIe. 2 is a block diagram of a transmitter in

accordance with one aspect of the invention;
FIGS. 3(a) - 3(e) illustrate signals and
10 constellatlon p01nts associated with various nodes of one
embodiment | of the inventive transmitter;
FIG. 4%15 'block diagram of a transmitter employing
OQPSK moduiat n- to provide Offset 16QAM in accordance
with another a peet of the invention; and
15 FIGS.f 5(a) - 5(h) illustrate signals and
constellatrpn.pg;hts associated with various nodes of one
embodimentﬂ?.:ef-fﬁe:{inventive Offset 16QAM transmitter.

. .DETAILED DESCRIPTION
The varlous features of the invention will now be
20 described- with -espect to the figures, in which like parts
are 1dent1f1ed w1th the same reference characters.

FIG. zils a hlock diagram of a transmitter 200 in
accordance: ' w1th one aspect of the invention. One
advantage of the transmltter 200 is its capability of

25 reproduc:.ng the 16QAM constellation points even if non-
linear ampl:.flers are employed.

In a preferred embodiment, a first Quadrature Phase
shift Keylng (QPSK) modulator 201 receives two information
bits, BgB,, : and modulates these onto a carrier wave in

30 accordance w1th well-known techniques. That is, the QPSK
constellatlon '_codes two bits intc one of the four vector
values 1 ‘it hy ‘changing a real part (I or cosine
component):._.-ii__;hétw_eeﬁ the values +1 and -1 according to a
first infor@atién"it and an imaginary part (Q or sine




30___of the desired anplitude to'the peak anplitude. It does not

di scl ose techniques for digitally nodulating bits. US-A-4 737 968
di scl oses using a phase-locked | oop to filter the phase of a

rincipall hase nodul ated si gnal . o 8318
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component) between the values +jfgn§ -j according to a
second information bit. Since all four vectors that can

be produced are of the same amplitude (i.e., 2=1.414 ),

the output signal from the first QPSK modulator 201 can be
5 faithfully amplified by a coﬁ__‘sf.é.ht envelope power
amplifier 203. The constant envelqpéﬁpower amplifier 203,
as well as others employed whenfpf&dﬁicing the invention,
may a;ternatively be a power amplifiér operated at output
saturation,'a class~C amplifier, or a class-B amblifier.
10 The I and Q components that appeér:at the output of the
constant envelope power amplifier 203 are illustrated in
FIG. 3(a), and the corresponding constellatlon of vectors

is shown in FIG. 3(b).
The two remaining information blts, B,B;, are encoded
15 into another QPSK constellation: by.mgans of a second QPSK
nodulator 20S. The output signalgﬁrbm the second QPSK
modulator 205 is then supplied tdﬂié second constant-
envelope amplifier 207 which faithﬁully amplifies that
signal to a power level that is héif that of the first
20 constant-envelope amplifier 203, so that the amplitudes of

the I and Q components will be j% times that which are

produced by the first constant-envelope amplifier 203.
The ampllfled I and Q components that ‘appear at the output
of the second constant-envelop _mplifier 207 are
25 illustrated in FIG. 3(c). The ,constellatlon points
generated at the output of the second constant-envelope

amplifier 207 are thus described:pyffégkﬁl . and shown in

FIG. 3(d).

The outputs of the first and second constant-envelope



This filter renoves any ahplitude nodul ati on that may originally have
been present. The phase-filtered signal I s tthen upconverted (in their
m xer 84) to the desired:. “transmt frequency. 5 EP- A-0 382 697

di scl oses a control vol tage -generat or in a transmitter arrangenent
for digitamos74B®l ated -  signals. This document showPGIHSIYI8,f

const ant envel ope power anplifiers in a QAMtransnitter, and the use
of OQPSk for encoding: data bits. 10

SUMVARY According to one aspect of the invention, an
apparatus for generating nodul ated signals fromdata bits I's provided.

I n one enbodi nent, CUadrature Anplitude Modul ‘ated signals are
gener at ed fromdata bits by using a 15 first Quadrature Phase Shift

Keyi ng (QPSK) moghhpi ©fedsP203, zofr&@dtnanasdpgﬁtedo%brr ééﬁ\;iatlﬁ Qeks

i nto one of four carti: Si ha t ereb; u0| a flrst QPSK
signal . A second®EPReRTu 595 %&Rﬁﬁﬁ§5:¥a§ ‘+}E f such tﬁ§ d5P8 bits

into one of fourdvasq:tzeqnaéh mlshaéé% shpgyn ltnhﬁlébyZ pr Zhe idigestdonahd
QPSK signal .  Thgadphiet Z@Sfurther SHdiNds thedRhdd ;'b%@ei'osfgtfléf $lr ROVRE

| evel , and the second
second constant-envelope amplifier 207 by an amount that

'ﬁ

is _%; -;g;ﬁtive to the voltage s¢éiing of the higher

power sign .:from the first constant—envelope amplifier
203. The ) 'rther scaled signal is‘‘then added to the
higher pow‘er s.lgnal Such scalings that can be achieved
10 using pass:.ve, lossless combining networks such as the
coupler 209 are llmlted to the values'

direct mna'

described- by k;-and V1-k2

, the coupling

To achieve a relative scaling of

L
2

15



QPSK si'gnal is anplified to'a second power | evel. The first and
second anplified signals are then conbined to produce a signal in
which four data bits ar:f‘ncoded 25 According to a second aspect of

the invention, a new, ‘. spectrally-efficient nodul'ation ed
that is WONTHEHO O f sef ‘Quadr ature Phase Shift Keying (ezég%?ﬁﬁbﬁﬁ

modul ation, in which data bits are encoded alternately into | evel s of
a cosine wave carrier and l'évels of a sine 30 wave carrier. |n one

enbodi nent, data bits are encoded by encoding ‘a first sub-group of the

data bits into a real part of a conpl ex S|gnal at an odd instant of a
cl ock, and _ 7

power sighgl,'oombines to proguoeegisignal of relative

level ;.:fhat of the higher.poﬁer signal. Thus the

higher poﬁerrjignal of *1 1j comﬁiﬁéé with a lower power

signal fﬁ?thgr:5caled to ti;J

to produce the sixteen

constellat1 n“p01nts with real and 1mag1nary parts each

5
ional coupler 209. ' For the constellation
_gigest magnitude = (¥1.5 ¥1.5]) the output
10 the directional 'coupler are thus

corresponding to.a{peak power level of

. This is equal to the sum of the

ampllfler powers. Therefore, the leing arrangement is

100% efflc ent at the peak powe output level. Other

1

15 distributioﬂs;of the overall ece;lhgiof between the

ificant bits and that

sxgnal mo! ulated with the most s'
1 ] ) be used, other than



2b ‘ by encodi ng a second sub-group of the data bits into an

I mginary part of the conplex signal at an even instant of the clock.
OQPSK nodul ati on provides the::benefit of having all signal transitions
bei ng constrained to snoot: ‘5 trajectories around constant radius
circles, ™@MB}9 . allowing a better spectral contZfHPREHI83 & nen
const ant envel ope power anplifiers are used. According to a
third aspect of the invention, an inventive transmtter is disclosed
for Ofset Quadrature 10 Anplitude Mdulation conprising two or nore
power anplifiers that -anplify Ofset QPSK, MSK or GVBK signals

formed fromfirst and second pairs of bitg of an OQAM synbol . The
first QPSK (or MSK or GWBK) signal is anplified to a first power

| evel, and the second QPSK (or 15 MBK or GWBK) signal is anplified to a

second pover | eyBlocating The-fi kst thed ppaeendmpIRkiét cdifEghemceair &nd hen

conbi ned to produce a gZgnal in which four data bits are encoded.
BRI EF DESCRI PTI ON OF THE DRAMVNGS The obj ects and advant ages of
the invention will be :

1

to theirelative coupling. However, the preferred

arrangement gives the maximum efficiency at peak power

output pointé} The 16 QAM constellation points, which are

5 illustrated_ip'FIG. 3(e), are thus faithfully reproduced

despite theiiuse of constant envelope (non-linear)
amplifiers 203, 207.

In thef}inventive transmitter shown in FIG. 2,

smoothing ofbﬁransitions between constellation points is

10 accomplished‘ﬁithin the first and second QPSK modulators

201, 205 elther by smoothing I or Q transitions (so called

linear fllterlng) or by smoothing phase transitions from

one point to another. Linear filtering causes the signal

to deviate frgm constant amplitude between constellation

15 points, and-fhe non-linear, constant envelope amplifiers

203, 207 w@il .distort these amplitude variations.

Nevertheless, if the vectors arrive at their exact values

at a proper sampllng time, the constellation points will

be reached exactly. The distortion between times gives

20 rise to spectral energy broadening into neighboring

channels. N;“ertheless, the spectral containment of the

transm1551oneue1ng the inventive 16 QAM transmitter can be

better than the spectral contalnment of other, prior art

modulations suitable for use with constant envelope power

25 amplifiers. ‘Distortion in power amplifiers may also be

reduced by use of well-known prior art predistortion

techniquee such as described in U.S. Patent No. 5,191,597

to Ekelund et al., which is hereby incorporated by

reference. In Ekelund ef: al., a method is shown for

30 compensatinq:;%orf non-linearities in an end amplifier
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having a -gi"v'en-tr'ansfer function Hp, H, (for amplitude and
phase, respectlvely) and included in a radio transmitter
of quadrature type for linear, digital modulation, and in
which table look-up units (ST, CT) store the digital sine
and cos:.ne' “values (I(t,a), Q(t,a)) of the guadrature
' signal vector «a.
Accordlngfl-.:to the method of wvalues of the transfer
functions’ H “H, for the quadrature modulated radio signals

r(t,a) are ‘calculated by addressing memory units which

am ',r of values of Hy and H,. The sine and cosine
values o_f he addressed values of Hy and H, are also
formed. Th thus calculated values are multiplied by the
stored dlgl al -v__alues in the table look-up units (ST, CT)
and by the

values i

verted value of H;. As a result, new modified
), q(t,x)) are obtained for the quadrature
which compensates for the non-linearities in
mplifier.

componente
the final

It i?"s“ also possible to smooth transitions between
constellat1 n po:.nts in a constant amplitude trajectory.
For examp] the transition between the values 1+j .and 1-j
in the QPSK_ constellatlon produced by the constant
envelope 'ampllfler 203 can be achieved by a clockwise
%'-'ﬁ__hrough 90 degrees around a circle having a

movement

radius equal to J' . Using QPSK however, transition to

a diamet_-__ ally opposite point can be required, and
neither __clockm.se nor a counterclockwise rotation
through ° 180 degrees around a constant radius circle
provides goo 1 . spectral containment compared to a
transxtlon through the orlgln , Which is a non-constant
amplitude - tra _51tlon that may not be handled
satlsfactorlly y the constant envelope amplifiers 203,
207.

Accg_r_'_ in to a further aspect of the invention, a new

modulatif;_i ‘led Offset OAM is provided in which the
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of four carrier signal phases, thereby producing a first QPSK signal.
A second Q;%(p_,r,r‘%glgl at or encodes a second pair of thepgﬁb&—,}%&_ﬁ? into

one of four™

10

diametric transitions of the constituent QPSK signals are

prevented by changing real and imaginary parts at

alternate time intervals instead of at the same time.

This modulation in its most general form does not have the

5 property that a data symbol corresponds to one of a number

of constellation points on a grid, but rather has the

property that half of the underlying data bits are encoded

in the real values of a complex signal attained at, say,

odd intervals of a data clock and the other half are

10 encoded in the imaginary values of the complex signal

attained at, in this example, even intervals of the clock.

Of course, the designation of alternate clock intervals as

the "odd" or the "even" intervals is arbitrary, and not

meant to be limiting. Continuing, however, with our first

15 example, data is decoded or demodulated by sampling the

real part of the signal at odd intervals, at which times

the imaginary parts are between imaginary values or

otherwise indeterminate, and by sampling the imaginary

part at even intervals of time when the real part is

20 indeterminate. No grid of constellation points thus

exists, but rather a set of imaginary or horizontal

"stripes" at even times and a set of real or vertical

stripes at odd times.

Offset QPSK has transitions only between, for

25 example, 1+j and 1-j (i.e., through 90 degrees), and never

diametric transitions through 180 degrees, such as from

1+j to -1-j. Thus all transitions can be constrained to

trajectories around constant radius circles. This

constraint yields constant envelope signals that can be

30 amplified by class-C power amplifiers having high

efficiency. The spectral containment of the resultant

Offset 16QAM signal is thus improved compared to prior art
16QAM modulations using non-linear amplifiers.

An embodiment of a transmitter 400 employing Offset

35 16QAM will now be described with respect to FIG. 4. 1In



car_t_i_er_'-sL-gneJ—phases theréby pfoduci ng a second QPSK 5 signal. The

first QPSK signal is anplyfled to a first power |evel, and the second
QPSK signal is anplified g - .second power |evel. The first and
second anplified si-gnal s “dre t hen conbi ned to“produce a_signal in

whi ch f HPOUMEY bits are encoded. 10 Accor di ng t BEHULAORY
aspect of the i nvention, a new, spectrally-efficient nodulation is
disclosed that 1is termed O fset Quadrature  Phase Shift Keying

( OQPSK) modul ation, in which data bits are encoded alternately

into | evels of a cosine wave carrier and |levels of & sine 15 wave carrier.

I n one enbodi nent, data bits-are encoded by, . .encoding a first sub-group
of the data bits into a real. part of a conplex ‘'signal at an odd

instant of a cl OQﬂhlsandmbodlm&yt,en(ﬂ)dlfﬁQsﬁ secest Sigpsyr onpagiatée datia
bits into an crc%%g wjop %a{.j\gncgf@éeﬁpe%lgng* al%‘o(g‘flaven nstant

of 20 the cl ockF. Pron provides’ bene |ng
all signal t r ansidritonsa b@anrgleansstawa ntl agconddnee | witht rthjeecinventsiver ound

constant radi us te%nmhaas aéde¥ 8 aboved! Mt asd Hid texr thEDSQ’Eé alsa
cont ai nnment constant .- .- gnvelope ,power ng‘ |ers e use:
According to tm°fd 185 p2ReeH  RY r%\?g'ﬁtl gn,® AR v ssine
transmtter is dicompopent) obetimmtt@atﬁdale@r gl ¢

and _'1 at odd 1ntervals
of a data 'clj_'"_kf- accord:.ng to the. value of the information
bit By, and the other b1t (B, in thlS "example} is encoded
i an J.maglnary part (Q'-'f: or sine component)
10 between- the _values +j-and -j at even"intervals of the data

clock accordlng to the value of- the -information bit B,

15

20

25

30

35




Anpl itude = Mbdul ation conprising two or nore coupled -
constant-envel ope transmtter power anplifiers that anplify Ofset
QPSK, MsSK or QWK signals fornmed 30 respectively from nost

significant bits and |east significant bits of anﬁyéﬁ ol .
BRI EF DESORDPHsEXs OF THE DRAW NGS The objects S Y ages of
the invention wll be under st ood by reading the follow ng detail ed

description WO 97/ 48219
PCT/ US97/ 08318
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power level that is half that of the first constant-
envelope amplifier 403, so that the amplitudes of the I

and Q components will be e times that which are

V2

produced by the first constant-envelope amplifier 403.
5 The amplified I and Q components that appear at the output
of the second constant-envelope amplifier 407 are
illustrated in FIG. 5(d). The amplified vertical stripes
that appear during odd clock intervals are illustrated in
FIG. 5(e), and the amplified horizontal stripes that
10 appear at the output of the second constant-envelope
amplifier 407 during even clock intervals are illustrated
in FIG. 5(f).
The outputs of the first and second constant-envelope
amplifiers 403, 407 are then supplied to respective inputs
15 of means for summing these signals, such as the
directional coupler 409 shown in FIG. 4. The directional
coupler 409 further scales the lower power signal from the
second constant-envelope amplifier 407 by an amount that

is -5% relative to the voltage scaling of the higher

20 power signal from the first constant-envelope amplifier
403. Technigues for achieving this relative scaling in a
directional coupler were described above with respect to
the embodiment of FIG. 2. The further scaled signal is
then added to the higher power signal.

25 The further relative scaling of -5% of the lower

power signal relative to the higher power signal, combined



4 -———-'in cdnjuﬁetion with fhe d}amﬁngs I n whi ch: FIG 1(a) is a

grid diagramof a constellatlon of conpl ex signal values generated in
accordance with a prior cart=16QAM transmitter; 5 FI G 1(b) is
a diagram of_ _a rior art 16QAM transmtter; E@S
a bl ock dlagraﬁ?gvm %transmitter in accordance with odgqﬁﬁ? Bt the
I nventi on; FIGS. :3(a) - 3(e) illustrate- signals and 10
constel | ation poi nts associ ated with various nodes of one enbodi ment

- of the inventive transmtters; FIG 4 is a block diagramof a

- transm tter enploying OQPSK modul ation to provide O fset 16QAMin

¢ accordance - wth another: aspect of the iqwention; and 15 FI GS
5(a) - 5(h) illustrate signal s and constellation points
associ ated with various nodes of ong enbodi nent of the inventive

O fset 16QAM t r ansnitdh dts a_:_l.lj;gady E signal level fEﬂ'ﬁjsEDtBEBERI Wildiay

power sigﬁé;, combines to produce a signal of relative
level e

%- thatiéf the higher power signal. Thus the higher

5 power.sigﬁél combines with a lower power signal further

tli]

d Z
scale to Y

to produce the vertical (real) stripes

of FIG. Sig) during odd clock times, and the horizontal
(imaginar&ilstripes of FIG. 5(h) during even clock times.
The vert£§ql stripes may assume any one of the four values
10 . 1.5, 10;55 which are further reduced by the overall

scaling qf;{ -% produced by the directional coupler 409.

Sxmllarly, the horizontal stripes may assume any one of
the four values +1.5j, *0.5j) further reduced by the

produced by the directional

ﬁ.;]

overall'fébaling of

15 coupler_459. By sampling the signal at an odd clock time
and alsq¥at its corresponding even clock time, one of
sixteen:diffegent values may be determined.

In ahothér aspect of the invention, the principles
outlined : above may be extended to higher order QaM

20 constellatlons having, for example, 64 or 256 points by
the add;;;on of a third or fourth constant envelope power
amplifi@;ﬁwi;p suitable power scaling and scaled addition
using oui'wﬁzéouplers such that each contributes part of




The various features of the invention will now be 20 described with

respect to the figures, in which Like parts are identified with 'the
sanme reference characters:: THISE %ABSBEEBP ock di agram of a
transmtter 200 in accorda W EB pect g Xention.
One ad¥aARHBY of the trans fter LS apablllf(]'%'(?” 1

repr oduci ng the 16QAM constel | ation pornts even |f”non- | i near
anplifiers are enpl oyed. - In a preferred efbodi nent, a first
Quadr at ure Phase Shift Keying (QPSK) nodul at or. 201 receives two

I nformation bits, Blerr]B[err], and nodul ates these onto a carrier

wave in 30 accordance with well-known t eghni ques. -=That is, the QPSK
constellati on encodes two bits into one of the four: vector values 1

[err]j by changindd owcpfd! constel1dti@n COSi BRe buﬁwpmrﬁa)gebefaremethe
g:rge?CigraQ?né;l %CQ/QLTQ ¢CEﬁh s0 o%lrsgucﬂf rgggt(m% bageacon51depqglnary
to lie w1th1n the scope and splrit 0
described by the attached claims.
5 it is well known in the art thatg
transitions of no more than 90 degr;

his invention as

ffset QPSK, having
in phase angle,
ly contained when
a to follow a
_the changes in

lends 1tselffmore readily to be spect:

the vector;;trajectory is constra

constant—envelope circle by smoothin:
10 angle. The rate~of -change of phase ang: ' is by definition
the 1nstantaneous deviation of the fre ncy of the signal
from its nomlnal center frequency. :

changes from: one data bit period to th

.the phase angle

ext take place at

ase_angle through

15 +90 degrees ‘over one bit interval“g the equivalent
frequency change is one guarter of a cycle per bit period,
or Bf4 Hz, where B is the bitrate. copstant-rate phase
changes of thls kind give rise to a”form of constant
envelope OQPSK called Minimum Shift Key”ng (MSK) .

20 In MSK,5 © constant smooth
rate, but thelr derivative, 1nstantaneous frequency,
changes in an; brupt fashion as the dlrectlon of the phase
change alte_s from a clockw1se to
rotation. Th

a constant rate, ‘i.e. by rotating the:

angle changes occur at

jcounterclockw1se
:hs function, its

.the angle is a contl.
25 derivative (f]equency) is also a cont ous function (but
having abrupt steps), however the. derlvatlve of frequency
has 1nf1n1te dlscontinultles (dlrac
_abrupt step p01nts.

The rate at ‘which the spectrum fa

30 wanted 51gna1 ‘bandwidth is 6N st;pe

unctions) at the

s off out of the
tave, where N is
the order of the lowest order “d _ﬁative to contain
dlscontinuities, thus because. th '8 'nd“derivative of the
phase angle.contalns dlscontlnu ie *n the case of MSK,
the spectrum falls off out-of-band at 12dB per octave.

35 By further-fllterlng the frequency waveform so that
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5 conponent) between the values +) and -j according to a second
information bit. Since all four: vectors that can be produced a{efof
the sane a ' i.e., -[err][err] 1.414 ), the o Lona rom
the first htg‘#g@fff ator 201 can be 5 faithfully anpli ??2’35”3’?9‘%
constant envel ope power anplifier 203. The constant envel ope power
anplifier 2083, as well as others enployed when practicing the

i nventi on, may alternatively be a power anplifier operated at output
saturation, a class-C anplifier, or a class-B anplifier. 10 The | and Q
conponents that appear at the output of thgs constant envel ope power
anplifier 203 are illustrated in FIG 3(a), and the correspondi ng

constel | ati on of thectalsiisupt steps are replaced by smooth changes in

frequency, the discontinuities may be displaced from the

second derivative of phase to ever higher orders, thus

causing the spectrum to fall off faster. There is a limit

5 to the spectral containment however whenever constant

envelope modulation is used, as the actual components of

the transmitted signal are proportional to the Sine and

Cosine of the phase, which are non-linear functions. It is

found empirically that under these conditions, a

10 Gaussian-shaped low-pass filtering of the frequency

waveform produces the best spectral containment

achievable; this variant of MSK is known as

Gaussian-filtered Minimum Shift Keying (GMSK) and is used

in the European Digital Cellular system known as the

15 Global System for Mobile communication (GSM). GMSK is in

fact a family of modulations described by the parameter

BT, the product of the Gaussian filter’s -34dB bandwidth

and the information bit duration (bit period), T. Smaller

values of BT provide tighter spectral containment at the

20 expense of the signal not gquite reaching the nominal

constellation péints before it starts on a new trajectory

for the next bit period, a phenomenon known as "partial

response", which makes the signal more difficult to decode

efficiently. The compromise between spectral containment

25 and the partial response phenomenon is left to the
designers of any particular systen.

Other frequency-waveform filters such as Nyquist
filters may be used, that guarantee that the signal (at
least as transmitted if not as received) passes exactly

30 through the nominal constellation points, i.e. it does not
exhibit the partial response effect.

Whenever a transition between constellation points
has been smoothed by filtering, the shape of the
transition (the trajectory) depends not just on the start

35 and end points (the current data bit) but also on-previous



is shown in"FIG 3(b). : * The two remaining information bits,

Blerr]B[err], are encoded 15 i _f#—fgiﬁ?ﬁﬁnstellatlon by nmeans of
a second QPSK nodul at or 205.: ;Tﬂﬁkﬁﬂﬁir 5 'dl fromthe second QPSK
nmodul ator 205 is then supplied tof'a se®ERBACEhst ant} envelo

anplifier 20VO%M82Y faithfully anpTiTTes that si gnal 9}3@%&? | evel
that is half that of the first 20 const ant - envel ope anpllfler 203, so
that the anplitudes of the I and Q conponents will be times
that which are produced by the first constant-envel ope anplifier
203. The anmplified I and Q conponents that appear at the out put

of the second constant-envel ope anplifﬁér 207 are 25 Illustrated in

L i S ant SR BB byt AL moppe 0P LB ISl Bt 11

and shown in on which the shape of the trajectory depends is equal to

the impulse response length of the filter. If this is a

finite number of data bit periods L, as when a Finite

5 Impulse Response (FIR) filter is used, then a finite

number two-to-~the-power L of different trajectory shapes

is produced, corresponding to all possible patterns of L

binary bits. These waveforms may be precomputed and stored

in a look-up table as a series of waveform samples, and

10 recalled based on an address formed using L consecutive

data bits. Recalled samples may be digital-to-analog (D/A)

converted té generate analog, I,Q modulating waveforms.

The D/A convertors may also be eliminated by storing

precomputed bit sequences of Delta-Sigma modulation

15 representations of the waveforms, as described in U.S.

patent application No. 08/305,702 which is hereby
incorporated herein by reference.

It has been explained above how a certain group of

modulations comprising at least OQPSK, MSK and GMSK are

20 closely related to each other and represent data by

essentially the same constellation points, differing only

in the shape of the transitions between constellation

points. Any of these modulations may be used in the

current invention to encode pairs of data bits, signals

25 encoded with different pairs of data bits then being

scaled and added to form the inventive Offset-QAM signal.

The invention has been described with reference to a

particular embodiment. However, it will be readily

apparent to those skilled in the art that it is possible

30 to embody the invention in specific forms other than those

of the preferred embodiment described above. This may be

done without departing from the spirit of the invention.

The preferred embodiment is merely illustrative and should

not be considered restrictive in any way. The scope of

35 the invention is given by the appended claims, rather than

This Sheet Has Been Rerlace
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FIG 3(d). The out'puts’'of the first and_gecond constant-envel ope
WD 97/ 48219 - 'f.ﬂ_897/08318

6 anplifiers 203, 207'are t h -fﬁyBgEE%dA§o esbective inputs of
neans for sun@&g t hese :“si gnalls, stikLmé - dir. ’i@sl oupl er
209 shown in The dlrect|onal oupler 209 further scales the

| ower power signal fronlthe

17

the preced‘iiig description, and all variations and
equivalents‘_-'ﬁhich fall within the range of the claims are
intended to:'be embraced therein.

Sheet Has Been Reﬁaced .
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A

5 second constant-envel ope anplifier 207 by an_anount that s [err]

relative to the voltage scaling 1hﬂ§| HPED AL BEEN power signal fromthe
first constant-envel ope anplifie PEACE he Tuyther scaled signal is
then added to the hlgher po ;wﬁ uweh.s allng ,E ﬁ?ﬁ be
achi eved MOU4EIYy passive, |ossless conbining networks stch as e
di recti omal—coupter—269—are I|limted to the values descri bed by k
and [err achieve a relative scaling of [err] ., the
coupl i ng. “II'"“"I"I"IHHH#;[W( for the I ower power signal should be [e_rr]
18
CLAIMS:

1. A transmitter for generating Quadrature Amplitude
Modulated signals from data bits, the transmitter
comprising: -

5 first Qﬁadrature Phase shift Keying (QPSK) means for
encoding a first pair of the data bits into one of four
carrier sigr_i'a'l phases, thereby producing a first QPSK
signal; ; .

second . QPSK means for encodlng a second pair of the

io data bits 1n;o one of four carrier signal phases, thereby
producing ai%gcond QPSK signal;

a firs;iﬁower amplifier for amplifying the first QPSK
signal to 'é;:first power level and supplying a first
amplified -éignal at an output of the first power

15 amplifier;

a secongkpower amplifier for amplifying the second
QPSK signal fb'a second power level and supplying a second
amplified signal at an output of the second power
amplifier; and

20 combiniﬁé means for combining the first and second
amplified signals to produce a signal in which four data
bits are encoded.

2. The transmltter of claim 1, further comprising means
for smoothlng a tran51tlon of the first and second QPSK

25 signals from one phase encoded value to another phase
encoded value.

3. The transmitter of claim 2, wherein the smoothing
means compriges one or more low pass filters.

4. The transmitter of claim 2, wherein the smoothing
30 means comprises means for using precomputed, digitized
waveforms stored in a look-up table.

This Sheet Has Been Rer
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15 _then the_coupling factor for thd?ﬁr”gﬁgfpome+-s+gnal is: [err]
The further relative scaling of [er{] f§ E SAStBREN pwer power

signal relative to the higher power mnaREPLé\Gﬁﬂl ned with its already
[err] si gn%oﬁ)ﬁﬁb relative to the higher ¢ PCTMUS97/08318
\—\
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5. The transmitter of claim 4, wherein the look-up table

holds precempﬁted waveforms that are precompensated for

distortion in the first and second power amplifiers,

whereby the output of the first and second power
5 amplifiers contains reduced distortion.

6. The transmitter of claim 1, wherein each of the first
and second power amplifiers is a class-C amplifier.

7. The transmitter of claim 1, wherein each of the first
and second power amplifiers is a class-B amplifier.

10 8. An apparatus for encoding groups of data bits into a
complex sighal for transmission, the apparatus comprising:
meansf:pr'encoding a first sub—greup of the data bits
into a realﬁpart of a complex signal at an odd instant of
a clock; and,
15 means for encoding a second sub-group of the data
bits into an-imaginary part of the complex signal at an
even instant of the clock.

9. The apparatus of claim 8, wherein:
the meanS'for encoding the first sub-group comprises
20 means for chbosing one of a number of predetermined signal
values accord1ng to bit polarltles of the first sub-group
of the data blts, and
the means for encoding the second sub-group comprises
means for Ehboéing one of the number of predetermined
25 signal values accordlng to bit polarltles of the second
sub-group of the data bits.

10. The apparatus of claim 9, whereln the predetermined
signal values are equispaced w1th respect to one another.

11. Aan apparapgs for encoding a group of data bits into

cet Has‘Been Replaced
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7 power signal, conbines to ”E‘Tf relative | evel
[err] that of the higher power S|gnﬁt LAC%?@g y he higher power
signal of 1 ] conmbines with alo QM P signal fur pBied to
[err] WO 9748219 oduce the sixteen 5 constellation "poi ns?s W th real
and Tﬁ&gLnaLy_QQLEE‘EaSE_ taking on one of the four values 1.5, 0.5 that

gy

a complsxiisignal for <transmission, the apparatus

20

comprising: .

means for encoding a first pair of data bits into a
first Offset#'uadrature Phase Shift Keying (OQPSK) signal;

5 means for encoding a second pair of data bits into a

second OQPSK s;gnal,

a flrst power amplifier for amplifying the first
0QPSK signay;to a first power level;

a secoﬁé powel "amplifier for amplifying the second

10 OQPSK SLgnal to a second power level; and

comblnlng means for combining outputs of the first
and second power amplifiers to produce a conmplex vector
modulated siéaal in which four data bits are encoded.

12. The apparatus of claim 11, further comprising

15 smoothlng means for smoothing transitions of the first and
second OQPSK_sxgnals from one encoded signal value to
another encadsd signal value, whereby spectral containment
of the compléx vector modulated signal is obtained.

13. The apparatus of claim 12, wherein the smoothing
20 means comprisés at least one low pass filter for smoothing

transitions;éf the first and second OQPSK signals from one

encoded sigﬁél-value to another encoded signal value.

14, The apparatus of clalm 12, wherein the swmoothing
means comprises means for using precomputed, stored

25 digitized tran51tlon waveforms to smooth transitions of
the first andp econd OQPSK signals from one encoded signal
value to another encoded s1gnal value.

15. The apparatus of c1a1m .14, wherein the stored
digitized tran31tlon waveforms are precompensated for
30 distortion 1n the first and second power amplifiers such
that ampllfled signals supplied by the first and second

This Sheet Has:Been. Rerlac
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further reduced by the overall scali saduced by the
directional coupler 209. For the coggﬁg R%EJBHAS B{EN i nts of |argest
magni tude ([err]1.5 [err]1.5j) the t.put ‘LBCEEaIue from the

directional upler are thus ([err]) TOI’I’E PRSI RO 2
peak power I\!‘?é"ﬁ ([err] + [err])[err] ='3 . s Is equal to
the sum of the — antpllfler powers. Therefore, the coupl I ng

genent

llll\lll l\ll\l i) \ll\l || \II\

power amplifiers contain substantially reduced distortion.

21

16. The apparatus of claim 12, wherein transitions of the
stored digitized transition waveforms follow a constant
amplitude trajectory.

5 17. The apparatus of claim 16, wherein the constant
amplitude trajectory is formed using Gaussian Minimum
shift Keying modulation. e

18. The apparatus of claim 11, wherein the first and
second power amplifiers are constant envelope power
10 amplifiers.

19. The apparatus of claim 11, wherein the first and
second power amplifiers are operated at output saturation.

20. The apparatus of claim 11, wherein the first and
second power amplifiers are class-C amplifiers.

15 21. The apparatus of claim 11, wherein the first and
second power amplifiers are class-B amplifiers.

22. A method for g¢generating Quadrature 2amplitude
Modulated signals from data bits, the method comprising:
‘utilizing Quadrature Phase Shift Keying (QPSK) to
20 encode a first pair of the data___-bits into one of four
carrier signal phases, thereby producing a first QPSK
signal;
utilizing QPSK to encode a second pair of the data
bits into one of four carrier. 51gnal phases, thereby
25 producing a second QPSK signal; RS
generating a first ampl:.fi _\1gnal by amplifying the
first QPSK signal to a first power ievel
generating a second amplified signal by amplifying

This Sheet Has Been
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O her 15 di stributions
[ signal nodul ated with
>t significant bits could

100% ef fici ent at the peak power
of the overall scaling of [err] i
the nost significant bits and t hat
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the second QPSK signal to a second power level; and
combining the first and second amplified signals to
produce a sighal in which four data bits are encoded.

22

23. The method of claim 22, further comprising the step
5 of smoothing a transition of the first and second QPSK
signals from:.one phase encoded value to another phase
encoded value.
= f
24. The trahsmitter of claim 23, wherein the ste9 of
smoothing comprlses the step of using one or more low pass
10 filters to smooth the transition of the first and second
QPSK 51gnals from one phase encoded value to another phase
encoded va lue .

25. The method of claim 23, wherein the step of smoothing
comprises the step of using precomputed, digitized

15 waveforms stored in a look-up table to smooth the
transition offthe first and second QPSK signals from one
phase encodedealue to another phase encoded value.

26. The method of claim 25, wherein the look-up table

holds precomputed waveforms that are precompensated to
20 reduce dlstortlon that occurs in the steps of generating
the first and second amplified signals.

27. The method of claim 22, wherein:
the step of generating the first amplified signal
conprises the step of using a first class-C amplifier to
25 amplify the flrst QPSK signal to the first power level;
and _
the step of generatlng the second amplified signal
comprises the’ step of u51ng a second class-C amplifier to
amplify the se ond QPSK signal to the second power level.

R
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t he nBX|nun1eff|C|ency at peak power HEP@MIDpOlnt;. The 16 QAM

constell ati
faithfully
(non-1i near
transmtter

on

)

olnts, which are 5 Frustratet—-h-—F-6  3(Fopudvmssifius
ed despite the wuse of constant envel ope
anplifiers 203, 207. In the inventive

shown in FIG 2, snoot hing of transitions between
constellation points is 10 acconplished within the f

to

i rst and second QPSK

nodul at or s 201, - 205 either by snoothing | or Qtransitions (so called
linear filtering) or by snoothing phase tradsitions from one point to
another. Linear filtering causes the signal to devi ate from const ant

anpl i t ude bet wee?8 corfhemeghognof claim 22, wherein:

10

15

20

25

30

the step of generating the first amplified signal
comprises the step of using a first class-B amplifier to
amplify the first QPSK signal to the first power level;
and

the step of generating the second amplified signal
comprises the step of using a second class-B amplifier to
amplify the second QPSK signal to the second power level.

29. A method of encoding dgroups of data bits into a
complex signal for transmission comprising the steps of:

encoding a first sub-group of the data bits into a
real part of a complex signal at an odd instant of a
clock; and

encoding a second sub-group of the data bits into an
imaginary part of the complex signal at an even instant of
the clock.

30. The method of claim 29, wherein:

the step of encoding the first sub-group comprises
choosing one of a number of predetermined signal values
according to bit polarities of the first sub-group of the
data bits; and

the step of encoding the second sub-group comprises
choosing one of the number of predetermined signal values
according to bit polarities of the second sub-group of the
data bits.

31. The method of claim 30, wherein the predetermined
signal values are equispaced with respect to one another.

32. A method of encoding a group of data bits into a

complex signal for transm1551on compr151ng the steps of:
encoding a first pair of data bits into a first

Offset Quadrature Phase Shift Keying (OQPSK) signal;

This Sheet Has Been Reﬁlaced
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15 points; and the non-linear, ' constant envel ope anplifiers 203

will distort these anplitude vafLrl - vertheless, if th
vectors arrive at their exact. val u,e?q% sl,:iép?éd SF?IEEBEI’ sanpling tine,
constellation points will ~ be parhgﬁ LV,

tines .

using t
n

cont ai

i veIVOW/M82i se to spectral energy broadening
channel s.. . Neverthe

tm‘u TaiMemE S eV transnitter can be
"H@'I ) or art modul ations suitable for use wt

—the spectral containnment of the

e
t he

207

Th | ' b
o o

transm ssi on

better than the spectral

const ant' "endel bper posner 252 anplifiers. Distortion in power anplifi
may al so be
techni ques such as described in U S. Patent No. 5,191, 597 to Ekel und
i S henailing recosemorad ephirhyof data ebitentnto hnskBkehand et

et al.

whi ch
al., a method i
end anplifier

10

15

20

25

30

reduced by use of well-kppwn prior art predistortion

éqﬁélﬁ@"ﬁ&rgf;?’o conpensating for non-linearities in

amplifging the first OQPSK signal to a first power
level usingﬂé first power amplifier;

amplifging the second OQPSK signal to a second power
level using a second power amplifier; and

combining outputs of the first and second power
amplifiers t§;produce a complex vector modulated signal in
which four data bits are encoded.

33. The methbd of claim 32, further comprising the step
of smoothiniitransitions of the first and second OQPSK
signals fro“ one encoded signal value to another encoded
signal valné@_

whereby spectral containment of the complex
vector modulated signal is obtained.

34. The metﬁod of claim 33, wherein the step of smoothing
comprises usfﬁg a low pass filter to smooth transitions of
the first anéisecond OQPSK signals from one encoded signal
value to anoﬁher‘encoded signal value.

35. The method of claim 33, wherein the step of smoothing
comprises _u%ing precomputed and stored digitized
transition ﬁéveforms to smooth transitions of the first
and second OQ?SK signals from one encoded signal value to
another encoded signal value.

36. The methpd of claim 35, wherein the stored digitized
transition wéyeforms are precompensated for distortion in
the first an@fsecond pover amplifiers such that amplified
signals supéiied:by the first and second power amplifiers
contain sungﬁntially reduced distortion.

37. The meﬁﬁpd of claim 33, wherein transitions of the
stored digitihedjtransition wvaveforms follow a constant
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9 havi ng a given transfer functi ﬁHEISHEHTHA@%§¥ § [(for anplitude and
phase, respctlvely) and included in radlggp l er of quadrature
type for Ilnear ;ﬁtal modul ati on, arrmt+n ~whi-ch tiabl getgdengdisuni t s
(ST, CI) st ¥ ?ﬂ% dlgltal sine 5 and cosine values (I(t,[err]),
Qt,[err])) of t he quadrature conponents determned by a given

si gnal ccording to the nethod of values of the
transfe“ln“”ﬂll mu"m I"Tl[ err], Herr] for the quadrature nodul ated radio
signals * “r(%; ["er r’]) *are cal cul at ed by addressing memory units which 10
store a nunber of values of Herr] and Hers . The sine and cosine

val ues of the addressed values of Herr] and Herr] are al so f or med.
The thus cal cul ar@@lishdestErieekAmY-pl i ed by the stored digital val ues
in the table | ook-up units (ST, CT)

38. The method of claim 37, wherein the constant
amplitude trajectory is formed using Gaussian Minimum

shift Keying modulation.

5 39. The method of claim 32, wherein the first and second
power amplifiers are constant envelope power amplifiers.

40. The method of claim 32, wherein the first and second
power amplifiers are operated at output saturation.

41. The method of claim 32, wherein the first and second
10 power amplifiers are class-C amplifiers.

42. The method of claim 32, wherein the first and second
power amplifiers are class-B amplifiers.
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and-by;%hewfnverted val ue of Hefr]. As a result, new nodified 15 val ues
i(t,[err]); g(t,[err])) are obtained for the quadrature conponents,
whi ch conpensates for the non-linearities in the final anplifier.

It is al so pQssi to snooth-transitions between con ' poi nt s
in a constan?ééhékﬁ?ude trajectory. 20 For exanple, the ?%ih%g%#gﬁ

between the val ues 1+] and 1-] in the Q@QPSX constellation produced
by the constant envel ope anplifier 203 can be achi eved by a

cl ockw se novenent through 90 degrees around a circle having a

radius equal to [err]. Using QPSK however, egaransition to 25 a
dianetrically opposite point can be required, and neither a

cl ockwi se nor a counterclockwi se rotatifn t hrough 180 degrees
around a constant radius circle provides good spectrBl B.containnent
conpared to a transition through the origin, whick i s2adnon- const ant

30 anpl i tude transition aﬂat ot be an Igﬂ
satisfactorily by the constant"nvel oWa i ®ers 20 ' 207.
According to a further aspect of the invention, a new nodul ati on

entitled Ofset QMM is provided in which the
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10 dianetric transitions of the constituent QPSK signals are
prevented by changing real -and imaginary parts at alternate tine
intervals instead of at the:sane time. Thi s nodul ati on gl rshHessfRst
general fornV@9¥4Adt have the 5 property that a data synbol corresponds
to one of a nunber of constell atiop points on a grid, but rather has
t he . : 2/17 _

SINWY)

FIG. 1(b) (PRIOR ART)
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property that half of the underlying data bits are encoded in the rea
val ues of a conplex signal attained at, say, odd intervals of a data
clock and the other half are 10 encoded in the inmaginary val ues of the
conpl ex si gnal ttained'at, in this exanple, even interyal ﬁ“ he

cl ock. o dh e , the designation of alternate clock ig%@nﬁg s

the "odd" or the "even" intervals isdﬁrpitrary, and not nmeant to be
limting. Continuing, however, with HMiirst 15 exanpl e, data is decoded
or denodul ated by sanpling the real part of the signal at odd
intervals, at which tines the imaginary parts are between imaginary
val-ues or ot herwi se indeterm nate, and by sanpling the inmaginary

part at even intervals of time when the real part is 20 indeterm nate.

No grid of constellation points thus exi sts, but rather a set of

i magi nary or horizontal "stripes" at even tines and a set of real or
verti cal stripes at odd tines. O fset QPSK has transitions
only between, for 25 exanple, 1+ and 1-j (i.e., through 90 degrees), and
never diametric tran#tions through 180 degrees, such as from 1+
to -1-j. Thus all transitjions can be constrained to trajectories
around constant radius | circles. Thi s constraint yields constant
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30_ anplified . by class-C "'powe’r anplifiers having high efficiency.

The spectral contai nment of the resultant O fset 16QAM signal is thus
i nproved conpared to prior art 16QAM nodul ati ons using non-Iinear
anplifiers. An enbodi nent of a transmtter 400 embm,gfset
35 16QAM w88, be described with respect to FIG 4. 1In WO
97/ 48219 PCT/ US97/ 08318
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thi.s.—enbodiment, a first = Offset QPSK nodul ator 401 recei ves two

information bits, Blerr]B[err], and nodul ates these onto a carrier wave
in accordance with the inventive t echni ques descri bed above. That is,
one of the blts %¥ 5 B[err], is encoded by changing a reta,{:T @mnﬁ' or
cosi ne ) between the values +1 and -1:at.odd inferva of
a data clock accordlng to the val ue of_ the infornation bit Blerr], and
the other bit (B[err] in this exanpléflqs encoded > by changing an

imagi nary part (Q or sine conponent) 10 between t:he values + and -j at
even intervals of the datag : cl ock according to t:he value of the
information bit B[err]. -These real and Qmagi nary . parts are conbi ned

wi thin the O fset CPSK nodulator 401 and the resulting signal is
supplied to a constant envel-ope anplifier 3. Sinece all 15 transitions
of this signal are constrained to trajectories ‘around constant radius

circles, thereby yielding ce

d$1ﬂ”t envel ope si.gngh$+j)t hese can be
falthfully anplified by the 4 D

. 8constant envel ope anpl’fl er 403, which may

be a class-C power anpli-fi havi ng hi gh effici The | and Q 20
conponents that appear at the out put of thg const envel ope power
amplifier 403 are illustrated in FIG 5(a). As:expl ai ned above, this

type of nodul ation does not "yield a ccnstellatlon of point vectors, as
i n conventional QPSK :

o |

FIG. 3(b)




nodul at'i on. | nstead, the real co'rrponents attain values of 25 1 at odd

clock tines when the inmagi nary conponents are i ndeterm nate as
illustrated in FIG 5(b), and the i magi nary components attain
val ues of j at even clock 7+ tinmes when the real conpon
i ndet er mi nat WO97/4815 illustrated in FIG5(c). 30 q’%élsf woﬁdssm
remai ning information bits, B2B3, are, encoded into another O fset QPSK
set of vertical and horizontal &k pes by neans of a second O fset
QPSK nodul at or 405. The out put signal fromthe second Ofset QPSK
nodul at or 405 is then supplied to a second constant-envel ope 35
anplifier 407 V\/mchfalthfully anplifies that signal to a WO
97/ 48219 3 PCT/ US97/ 08318 +1
N N l\‘ 7 N 3
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12— ——4——pe&eF l evel that is half that of the first constant- envel ope

anplifier 403, so that the anplitudes of the | and Q conponents w ||
be times that which are produced by the first

const ant - env lifier 403. 5 The anplified I and Q nents that
appear at th 08’8&}\? of the second constant-envel ope j’%?’?‘?{”%m are
illustrated in FIG 5(d). The anplified vertical stripes t hat appear
during odd clock intervals are i | lustdted in FIG 5(e), and the
anplified horizontal stripes that 10 appear at the output of the second
const ant - envel ope anplifier 407 during even clock intervals are
illustrated in FIG 5(f). Thg outputs of the first and

second const ant - envel ope

A

(-14) (+1+4)
2 @ ® 5

(-14) (+1-))

FIG. 3(d)



anpl i f-ers 403, 407 are then supplied to respective inputs 15 of neans
for summng these signals, such as the directional coupler 409
shown in FIG 4. The directional coupl er 409 further scales the Iovver
power signal_fromthe second const ant - envel ope anplifi

anount t hat wo9/482|1£ [err] relative to the voltage scal |P%m§$77"f82e hi gher
20 power signal fromthe first cons'\t}@nt envel ope anplifier 403.

Techni ques for achieving this relati cal i ng in a di recti onal

coupl er were described above with respect to t he enbodi nent of FIG 2.
The further scaled signal is t hen addeg to the higher power signal.

25 The further relative scaling of err] of the | ower

power signal relative to the higher power ‘(}nal 11.59nbi ned
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13 with its already [err] signal level relative to the higher
power signal, conbines to produce a signal of relative | evel
[err] that %J—:P 5 gher pover signal . Thus the higher pcrmsorossis
9/17
A
T T
] s
! 4 o) 1
! L) |
| R
: \_’/ : !
@ !
N - | C }
] N~ [ i '
<Q Y 5 :
T <29 :
i ;B3 |
| |
| 1
i <
O
Q S K L
S S
S~
\\)/ rd 'Q\,

JEN AN

o " g
- O S
b= = < =
5 g \\gxg
g’_%a wnl
. e T e
o= ogc=
| |
| |

B
By
B,
Bj




5 — power—signal combines with a | ower power signal further scaled to

[err] to produce the vertical (real) stripes of FIG 5(g) during odd
clock tinmes, and the horizontal (i magi nary) stripes of FIG 5(h) during
even clock tines,. The vertical stripes nmay assume any f our
val ues 10 1‘.”'5),9%’4&1% which are further reduced by the over gﬁi‘nﬁ;wﬂsgﬁ
scal i ng of [err] produced by the_djrectional coupler 409.
Simlarly, the horizontal stripes ma}®/ddsune any one of t he four
values 1.5j, 0.5 further reduced by the overall scaling of [err]
produced by the directional :
th o 5 sl
+
1
-1
+1
Q
i -1

FIG.5(a)




15 - coupler 409. By sanpling the signal at an odd clock tine and

al so at its correspondi ng even clock tinme, one of si xteen different

val ues may be determ ned. I n anot her aspect of the invention, the
principl es. shdol Ned above may be extended to higher (AM 20
constel |l ati or?‘s’oﬁgd\élﬂr?g, for exanple, 64 or 256 points by Pcf’h%%ﬁd?ti on
of a third or fourth constant enveloqe ower anplifier with suitable
power scaling and scal ed addition 1/ si ng out put couplers such that each
contributes part of
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FIG. 5(b)



14. . t he--out put constell'ation in the binary voltage ratios
1:1/2:1/4... , and so on. Such variations are considered tolie

w thin the scope of this invention as described by the attached
claims. 5 is welt“known in the art that & fset ig
transitions 3?0?17648*%r-e t han 90 degrees in phase angle, ensaga%é%é;elf
nore readily to be spectrally contaig&ﬂ {hen tthe vector trajectory
is constrained to follow a 3 ant -envel ope circle by
snmoothing the changes in.10 angle. The rate-of-change of phase angle
is by definition t he i nstantaneous deviation of the frequency of the
si gnal fromits nom nal center frequengy. If the phase angle

changes fromone data bit period to the next take place at a const ant
rate, i.e. by rotating the phase angle thr‘ygh 15 - .90 degrees over one
bit interval, the equivalent frequdncy change is one quarter of a
cycle per bit period, or B/l4 Hz, wherg B is the bitrate.
Const ant -rat e phase changes of this_Kkiind givegﬁisetfé Hor of

const ant envel ope OQPSK calNOFERMNATRUM Shift  Keyi ng (NEK) '55 "

In MK, angle changes occur at g—constant— ——prate, but their
derivative, instantaneous frequency,

| INDETERMINATE
« -
Ied /

FIG. 5(c)




changes in an abrupt fashion as the direction of the phase change

alters froma clockwi se to a countercl ockwi se rotation. Thus the angle
is a continuous function, its 25 derivative (frequency) is also a
continuous f i (but “ . “having abrupt steps), however jgvati ve
of frequency%%}"%%s infinite discontinuities (dirac functpiéorﬁ%?ﬂgtgist he
abrupt step points. The raéﬁ ﬁf whi ch the spectrumfalls off out
of the 30 wanted signal bandwi dth i 5N dBs per octave, where Nis

the order of the |owest order derivative to contain di scontinuities;

t hus because the second derivative of  the

AVENDED SHEET o, gty tg ety
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14a. phase angle contains di'scontinuities in the case of MSK, the spectrum

falls off out-of-band at 12dB per octave. By further filtering the
frequency waveform so that . [ CONTI NUE
ON PAGE 15] WO 9748219 o PCT/US97/08318
14/17
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15 the abrupt steps are replaced by snooth changes in frequency,
the discontinuities may be displaced fromthe second derivative of
phase to eve i r orders, thus causi ng the spectrumdondsdhks19f f
faster. Ther évé]g'?‘gﬁlgi mt 5 to the spectral contai nnment hO\r/?éver whenever
const ant envel ope nodul ation is _used, as the actual conponents of
the transmtted signal are proporti ond{to the Sine and Cosi ne of the
phase, which are non-linear functions. It is found enpirically that
under these conditions, a 10 Gaussian-shaped |owpass filtering of
the frequency wavef orm produces th best spectral contai nnent
achievable; this vari ant of MBK i known as
Gaussian-filtered M nimum Shift Keying ( K) and is used in the
European Digital Cellular systemknown as fhe 15 G obal Systemfor Mbile
communi cation (GSM. GWSK is in
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fact a fam |y of nodul ati ons described by the paraneter BT, the
product of the Gaussian filter's -3dB bandw dth and the information
bit duration (bit period), T. Snaller val ues of BT provide tighter
spectral containment at the 20 expense of the sighal not %ﬁ@ gn ng

t he nom nal WwWO97#8M8tel | ati on points before it starts on a ? ctory
for the next bit period, a phenonenon known as "parti al response”,

whi ch makes the signal nore difficul 86418 decode  “efficiently. The
conprom se between spectral containment 25 and the partial response
phenonenon is left to the designers of any particular system

Q her frequency-waveformfilters such as Ngguist = = filters may be used,
that guarantee that the signal (at - lepst as transmitted if not as
recei ved) passes exactly 30 through the m nal constellation points, i.e.
it does not exhibit the partial responke effect. Whenever a
transition between constellation points has been snoothed by filtering,
t he shape of the transiti-on (the trajegtory) depends not just on the
start 35 and end points (the current datalbit) but. al so on previous

A A A A
P t t1,t3,t5...
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and-future data bits. The nunmber 'of consecutive data bits on whi ch the

shape of the trajectory depends is equal to the i npul se response
|l ength of the filter. If thisis a- finite nunber of data bit periods
L, as when a_ Finite 5 | mpul se Response (FIR) filter i hen a
finite NRY2P00- t 0- t he- power L of different trajecto?‘?“gﬁ’glg%g6
i s produced, corresponding to all possible patterns of L bi nary bits.
These waveforns may be preconputed artd’ 't or ed in a look-up table as a
series of waveform sanples, and 10 recal | ed based on an address forned
using L consecutive data bits. Recalled sanples may be
digital-to-analog (D A) converted to gGherate anal og, |, Q nodul ati ng
wavef or ms.
=
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The D/ A convertors may al so be el ininated by storing

precOnpufed bi t

sequences of Delta-Sigma nodul ation 15 represent ati ons of..t he.smavef or ns,
as described in U S. Patent No. 5,530,722 which,is hereby incorporated

herein by reference. It has been expl ai ned

above how a

certain group of nodul ati ons conprising at | east OQPSK, MSK and GVBK

are 20 - closely related to each other and represent
essentially the same constellation points, differing only

data by
in the shape

of the transitions between constellation 2 points. Any of these

nodul ati ons nmay be used in the current inventipn to

encode pairs of

data bits, sighaRstdy athzbuesihai tvaldie fdebarmpaeds f thea ippus bhen

bei ng Scahgésjl%ﬁd. adgpd g&%\%@]{d}]@e Ve L, O%gsgtr_eQ%gp?.ii I%altc» a

The i nventi on

enbodi nent .

skilled in the,git Lpat ddoiisopgi bl e e  LuRMigdul NEok nuanil on 4y,

specific forms~ ot her _ _
above. Thesprefedutdted sismbothdrendsine wawesl| y117, 1 U39r atrievesurardl stoul d

not

be
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edn descri refererice icul ar
cooenermodiiater| 113 pewhikadity smootheppaimaginary hoskues

ose . (0] e preterre

-CQH%RQ%&%% B%?ﬂé‘%ﬂf“%é“fé@% ga%bmplé%fmodulated carrier
signal 123 which varies in both phéségand amplitude: To
preserve amplitude variations, the prior art requires that |
this signai be amplified by a linear péwer amplifier 125.
Due to the Nyquist propérty of the low-pass filters 105,
107, if the output signal vector 1273is sampled at the
proper regular_insténts, ocne of 16 comblex values will be
observed as shown in the grid-diégtamgof FIG. 1(a).

The prior art iéQAM transmitter has the drawback that
the linear power amplifier 125 is nét-efficient, and if it
exhibits distortion or non-lineafitieé, then the desired
16 constellation points are'not observed in the output
signal vector 127. Equally,'if the communications channel
including the low pass filters 105, 107 is not strictly
Nyquist, intersymbol interferénce (ISI) will prevent the
desired constellation points from beiﬁg observed.

US-A-4 485 357 describes a method of producing a
signal that is continuously modulated in both amplitude
and phase, such as an analog SSB_sighal. The method of
~this patent was described in a papeg'by Chireix, "“High
Power Outphasing Modulation, PROC. IRE, vol. 23, No. 11
(1935). This prior ért method invdlveg'coupling two equal
power amplifiers together and driving them with signals
that differ in phase angle, by thé aﬁéCosine of the ratio
of the desired amplitude to the peakiémplitude. It does
not disclose techniques for digitallYimodulating bits.

US-A-4 737 968 discloses using a phase-locked loop to
filter thé phase of a principally phaée modulated signal.

AMENDED SHEET
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17 CLAI V5:

1. An apparatus for generating nodul ated signals fronw‘i' -dat.a bits,
-appar at us conpri si ng:

10

15

20

25

30

2a

This filter removes any amplitude modulatian that may
originally have been present. The phase-filtered signal
is then-upconverted (in their mixer 84) to the désired
transmit frequency.

' EP-A-0 382 697 discloses a_control voltage generator
in a transmitter arrangement for digitally modulated
signals. This document shows the use of constant envelope
powéf amplifiers in a QAM transmitter, and the use of

0QPSk for éncoding data bits.

SUMMARY
According "to one aspect of the invention, an

apparatus for generating modulated signals from data bits

is provided. In one embodiment, Quadrature Amplifhde

Modulated signals are generated from data bits by using a
first Quadrature Phase Shift Keying (QPSK) modulator for
encoding a first pair of the data bits into one of four
carrier signal phases, thereby producing a first QPSK
signal. A second QPSK modulator encodes a second pair of
the data bits into one of four carfier signal phases,

thereby producing a second QPSK signal. The first QPSK

signal is amplified to a first power level, and the second

QPSK signal is amplified to a second power level. The
first and second amplified signals are then combined to
produce a signal in which four data bits are encoded.
According to a second aspect of the invention, a new,
spectrally-efficient modulation is disclosed that is
termed Offset Quadrature Phase Shift Keying (OQPSK)
modulation, in which data bits are encoded alternately
into levels of a cosine wave carrier and levels of a sine
wave carrier. 1In one embodiment,.data bits are encoded by
encoding a first sub-group of the data bits into a real

part of a complex signal at an odd instant of a clock, and

AMENDED SHEET
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first neans for generating a first signal; 5 second nmeans for
generating a second signal; a first power anplifiegr for
anplifying the first. signal and supplying a first anplified signal at
an out put of the first power anplifier; a second power
anplifier for anplifying the second 10 si gnal and supplying a second
anplified signal at an out put of the second power anplifier; and
conbi ni ng neans for conbining the first and second anplified signals,
characteri zedint hat: 152b the first neans generate
the first signal inthe form of a first prenodul ation-filtered,

bandl i nmited silgpakncoding a sédtmdsenm“rdgnmﬁm%geaaéatiettahaﬁgcanﬁt@Iagnal
in the formof a_second dul ation-filtered,. bandlim

Sgnat: 20 Cmadipded HERE BE R ERAIAY S ghSia AR geuer ] 1St tans cor

of the data bitisei dlodihe fioGeSki grdlulation providessenmndbaranstarss

means for encading a second i r of the data bits into the secon
Si gnal WaVEng IFF PEf ottt crranah o Bl (GRSt HALAed o Srank
to a firsts poweraf€¥ebri@83)around consﬁiﬁtSe&&mﬂu@QV&iIéﬂﬁﬁ)flﬁﬂereby

anplifies the secon i
: np allowgng a better spectral conta1n ;

nt when constant
envelope power amplifiers are used. _

According to a third aspect oﬁfthe invention, an

inventive transmitter is disclosed fdf?Offset Quadrature

10 Amplitude Modulation comprising Eﬁé Or more power

amplifiers that amplify Offset QPSK, ﬁéK'or GMSK signals

formed from first and second pairs éﬁ bits of an OQAM

symbol. The first QPSK (or MSK or GMSK) signal is

amplified to a first power level, and the Second QPSK (or

15 MSK or GMSK) signal is amplified to a second power level.

' The first and second amplified signals are then combined

to produce a signal in which four data bits are encoded.
BRIEF DESCRIPTION OF THE DRAWINGS
The objects and advantages of the invention will be

20 understood -by reading the following detailed descfiption

(CONTINUED ON PAGE 3)
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signal to a second power |evel (207); and - the fi'rst and second
power |evels (203, 207) are such, * that the.conbini ng.‘means (.209)
produces a nodul ated signal -:30 in mhlch four data bits are encoded.

2. The apparatus of claim1l, wherein:

18 the first encodi ng neans are flrst Cpadrature Phase

Shift Keying QPSK neans (20%) for encoding the first pair

14

the output constellation in the binary voltage ratios
1:1/2:1/4... , and so on. Such variations are considered
to lie within the scope of this invention as described by
the attached claims. _ _

5 It is well known in the art that Offset QPSK, having
transitions of no more than 90 degrees in phase angle,
lends itself more readily to be spectrally contained when
the vector trajectory is constrained ‘to follow a

, constant-ehvelbpe circle by smoothing the changes in

10 angle. The rate-of-change of phase angle~is by definition
the instantaneous deviation of the frequéncy of the signal
from its nominal center frequency. If the phase angle
changes from one data bit period to the next take place at
a constant rate, i.e. by rotating the phase angle through

15 +*90 degrees over one bit interval, the equivalent
frequency change is one quarter of a cycle per bit period,
or B/4 Hz, where B is the bitrate. Constant-rate phase
changes of this kipd. give rise to a form of constant
envelope OQPSK calléd Minimum Shift Keying (MSK).

20 In MSK, angle changes occur at a constant smooth
rate, but their derivative, instantaneous frequency}
changes in an abrupt fashion as the direction of the phase
change alters from a clockwise to a counterclockwise
rotation. Thus the angle is a continuous function, its

25 derivative (frequency) is also a continuous function'(but
having abrupt steps), however the deri&ative of frequency
has infinite discontinuities (dirac functions) at the
abrupt step points. '

'The rate at which the spectrum falls off out of the
3a wanted signal bandwidth is 6N dBs per{octave, where N is
the order of the lowest order derivative to contain

discontinuities; thus because the second de:ivative of the

AMENOED SHEET



-of.the data bits into one of four carrier signal phasesgi-g_”:théreby

producing a first QPSK signal; and 5 ' t he second.encodi ng neans are
.second QPSK neans (205). =~ . for encoding the second pair of the data bits
into one-of four -carrier signal phases, thereby producing a second
QPSK si gnal . 3. The apparatus of claim2, further conprising nmeans
10 for snobothing a transition of the first and second QPSK . signal s
from one phase encoded val ue to anot her phase encoded val ue. 4,
The apparatus of claim3, wherein the snbeahi ng neans conpri ses one or
nore | ow pass filters. 15 5. The apparatus of claim3, wherein the
snmoot hi ng nmeaphase angdeprdoses imsald sfoon tisiuid igrseconpitedsask go £ | MK,
wavef or s th%t%E%@t&ﬂm?fL99§‘89ft89 Sof-band at 12dB per octave.

By further filtering the frequency waveform so' that

[{CONTINUE ON PAGE 15]
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6. The appar at us of cIa|n15 wherein the | ook-up table hol ds-
preconputed waveforms that are preconpensated for 20 distortion:-in the

first and second power anpllflers whereby the output of the first
and second power anplifiers (203, 207) contains reduced distortion.

7. The apparatus of claim1, wherein each of the first and second
power anplifiers is-a class-C anplifier. 25 8. The apparatus of claim
1, wherein each of the first and second power anplifiers is a class B
anplifier. l6

and future data. bits. The number of coﬁ?ecutive data bits
on which the shape of the trajectory a§pends is equal to
the impulse response length of the filter. If this is a
finite number’' of data bit periods'L;;as when a Finite
5 Impulse Response (FIR) filter is ﬁééd then a finite
number two-to-the-power L of dlfferent trajectory shapes
is produced, corresponding to all poss;ble patterns of L
binary bits. These waveforms may be p;ecomputed and stored
in a look—ﬁp table as a series of waféform samples, and
10 recalled based on an address formed-ﬁﬁing L cohsecutive
data bits. Recalled samples may be digital—to—analog (D/A)
converted to generate analoQ, I,Q mqéulating waveforms.
Thé D/A convertors may also be eli@inated by storing
precomputed bit 'sequences of Delfé?Sigma modulation
15l representations of the waveforms, ésldeSCIibed in U.S.
Patent No. 5,530,722 which is hereby'incorporated herein

by reference. '  _
It has been explained above how a certain group of
modulations comprising at least OQPSky MSK and GMSK afe
20 closely related to each other and:_represent data by
essentially the same constellation poihts, differing only
in the shape of the transitions between constellation
points. Any of these modulations-,mgy be used in the

current invention to encode pairSndffdata bits, signals

25 encoded with different pairs of a bits then being

scaled and added to form the 1nvent1veEOffset -QAM signal.

The invention has been descrlbed w1th reference to a
particular embodiment. However, "}F will be readily

apparent to those skilled in the ar that it is possible

30 to embody the invention in specific 'ms other than those

of the preferred embodiment describé__Jbove. The preferred
embodiment is 'merely illustrati?ej_and should not be

considered restrictive in any way.
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19 9. Tﬁé“appaL\Lus of claim1, wherein: t he first

encodi ngThiestes Be means (401) for encoding the first. OFHIS Q{gg@‘%@ BEEN.

and 5 means are neans (405) for encodi ond

bits |nto ! a&edQJadrature Phase Shift Keyin OQP

pair of dat a second OQPSK si gnal . 10. The apparatus of
claim9, further conpr|5|ng . snmoot hi ng neans for snoothing transitions
of the first and second OQPSK signals fromone encoded signal value to
10 another encoded signal val ue, whereby gpectral contai nnment of the
conpl ex vector nodul ated signal .i s obtained. " 11. The apparatus of
claim 10, whereigariMse snoot hi ng means conprises at | east one | ow pass
filter for snoothing transitions of the first and second OQPSK signal s
"fromone 15 encoded signal value to another encoded signal val ue.

1. An apparatus for generating modulated signals from
data bits, thé apparatus comprising:
first means for generating a first signal;
5 second means for generating a second signal;
a first power amplifier for amplifying the first
'signal and supplying a first amplified signal at an output
of the first powef amplifier;
a second power amplifier for amplifying the second
10 signél and supplying a second amplified signal at an
output of the second boyer amplifier; and
combining means for combining the.first and second
amplified signals, ~
characterized in that:
15 the first means are means for encoding a first pair
of the data bits into the first signal;
the second means are means for encoding a second pair
of the data bits intc the second signal;
the first power amplifier amplifies the first signal
20 to a first power level (203);
the second power amplifier amplifies the Second'
signal to a sééond power level (207); and
the first and second power levels (203, 207) are such
that the combining means (209) produces a modulated signal

25 in which four data bits are encoded.

2. The apparatus of claim 1, wherein:

the first encoding means are first Quadrature Phase
Shift Keying QPSK means (201) for encoding'the first pair
of the data bits into one of four carrier signal phases,

30 Ehereby producing:a first QPSK signal; and

Iy By
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12 The apparatus of claim 10, wherein the snoothing |
means for using preconputed, stored - digitized transi tfi SﬁﬁﬁETd# ASSBERN

snoot h Tﬁﬁﬂﬁ&fﬁﬂBﬂm_”lmmd - the first and second OQPSK S|g'als fREPbAmE
encoded e to another encoded signal val ue.

appar at ug [“m wherein the stored digitized transition
wavef or reconpensat ed for distortion in the first and second
power anplifiers such that anplified signals supplied by the first and
second 25 power anplifiers (403, 407) congai n substantially reduced

di stortion.

s |

the second.encodlng means are second QPSK means (205)
for encoding the second pair of the data bits into one of
" four carrier signal phases, thereby producing a sSecond

QPSK signal.

5 3. The apparatus of claim 2, further comprising means
for smoothing a transition of the first and second QPSK
signals from one phase encoded value to another phase

>

encoded value

4. The apparatus of claim 3, wherein the smoothing means
.10 comprises one or more low pass filters.
5. The apparatus of claim 3, wherein the smoothing means

comprises means for using precomputed, digitized waveforms

stored in .a look-up table.

6. The apparatus of claim 5, wherein the look-up table
15 holds precomputed waveforms that are precompensated for
distortion in the first and second power amplifiers,
whereby the output of. the first and second power

amplifiers (203, 207) contains reduced distortion.

7. The appa;atus'of claim-l, wherein each of the first

20 'and second power amplifiers is a class-C amplifier.

8. The apparatus of claim 1, wherein each of the first

and second power amplifiers is a class-B amplifier.

9. An apparatus for encoding groups of data bits into a

. complex signal for transmission, the apparatus comprising:

Ty
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Traje

anplit
nodul ati on.

The apparatus of claim 14, whergin t eonsl ant

2

|s fornmed. usi ng Gaussi an M ni num Shift Keying

he apparat us of claim12, wherein transitimns o P
st oredlﬁtﬁuf 4ition waveforns foI | ow a const ant | THlS 1&1&?}3%‘5‘“

The apparatus of claim 10, wherein the snoothing
* means snoot hs the tranS|tions from one encoded value to anot her encoded

val ue while nmaintaining a constant 10 anplitude signal trajectory.
17. The apparatus of claim 16, wherein theSconstant

10

15

20

25

means (401, 40, 405, 407, 409) for encoding a first
sub-group of the data bits (BO, B2) into a real part of a
complex signal at an odd instant of a clock; and .

means (401, 40, 405, 407, 409) for encoding a second
sub-group of the data bits (Bl, B3) into an imaginary part

of the complex signal at an even instant of the clock.

10. .The apparatus of claim 9, wherein:

the means for encoding the first sub-group comprises
means for choosing one of a number of predetermined signal
values according to bit polarities of the first sub-group
of the data bits; and

the means for encoding the second sub-group comprises

means for choosing one of the number of predetermined

signal values according to bit polarities of the second

sub-group of the data bits.

11. The apparatus of claim 10, wherein the predetermined

'signal values are equispaced with respect to one another.

12. The apparatus of claim 1, wherein:
the first encoding means are means (401) for encoding
the first pair of data bits into a first Offset Quadrature
Phase Shift Keying OQPSK signal; and
' the second means are means (405) for encoding a

second pair of data bits into a second OQPSK signal.

13. The apparatus of claim 12, further comprising .

smoothing means for smoothing transitions of the first and
second OQPSK signals from one encoded signal value to
another encoded signal value, whereby spectral containment

of-the complex vector modulated signal is obtained.

IlIIIIIl |||l|l Illll IlIII"Il ||II
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anplitude signal trajectory forms a Gaussi an M ni mum Shi ft SiviSte

si gnal . ﬁ—}8~llihe_appaf_at us of claim9, wherein the fit B‘“Saeﬁﬁ#’iS S BEEN

second_po |ers 403, 407) are constant envel ope poﬁﬁ%lnuuﬁ
anmplifier ,'l "' pparatus of claim9, wherein thé Tirst and
| second po 3, 407) are operated at output saturation.
20 20, ., The" apparatus of ckaim9, wherein the first and second power
anpllflers (403, 407) are class-C anplifiers. 21. The apparatus of
claim9, wherein the fi rst and secondOpower anplifiers (403, 407) are
class-B.amplifiers. .. 22. The apparatus of claim9, wherein:
14. The apparatus of claim 13, whereln the smoothing

means compriées at least one low pass filter for smoothing
transitions of the first and second OQPSK signals from one

encoded SLgnal value to another encoded signal value.

5 15. The apparatus of claim 13, wherein the smoothing
means comprlses means for using precomputed, stored
digitized trensition waveforms to smooth transitions of

d the first endtsecond OQPSK signals from one encoded signal

value to another encoded signal value.

10 16. The apparatus of claim 15, wherein the stored
digitized tran51tlon waveforms are precompensated for
distortion in the first and second power amplifiers such
that ampllfled signals supplied by the first and second\

" power amplifiers (403, 407) contain substantially reduced

15 distortion.

17. The apparatus of claim 15, -wherein transitions of the
stored digitized transition waveforms follow a constant

amplitude trajectory.

18. The apparatus of claim 17, wherein the constant
20 amplitude trajectory is formed using Gaussian Minimum

Shift Keying modulation.

19. The apparatus of claim 13, wherein the smoothing
means smooths the transitions from one encoded value to

another encoded value while mairtaining a constant

25 amplitude signal trajectory.

H’ /iaced
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21 . the neans (401) for encoding the first pair of-. data - bits

TITCUT

I'nto the first Ofset Quadrature Phase Shifit Keying CORSHK—s g

conpr i setl"l“l "lmnmnuuumneans for encoding-a first bit JHIS RHEET HAB ﬁ;EENrOt(

of data part of a conplex signal at' an diPLAGED ant

a clock; and® * means for encoding a second DIt of the TiTsC
pair of data bits |nto an i magi nary part of -the conpl ex signal at an

even instant of the clock; and
21

20. The apparatus of claim 19, wherein the constant
amplitude signal trajectory forms a Gaussian Minimum Shift

Keying GMSK signal.

21. The apparatus of claim 12, wherein the first and
5 second power amplifiers (403, 407) are constant envelope

power amplifiers.

22. The épparatus of claim °12, wherein the first and
second power amplifiers (403, 407) are operated at output

saturation.

10 23. The apparatus of claim 12, wherein the first and

second power amplifiers (403, 407) are class-C amplifiers.

24. The apparatus of claim 12, wherein the first and

second power amplifiers (403, 407) are class-B amplifiers.

25. A method for generating modulated signals from data
15 bits, the method comprising:
generating a first signal;
generating a second signal;
‘generating a first amplified signal by amplifying the
first signal; | _ |
20 generating a second amplified signal by amplifying
the second signal; and
combining the first and second amplified signals,
characterized in t hat:
the first signal 1s generated by utilizing an
25 encoding technique to encode a first pair of the data

bits, thereby producing the first signal;

L s
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the nmeans-.(405)_for encoding the second pair qf—dete
the sec SK si gnal conpri ses: ~ nmeans fﬂﬂséﬂﬁﬁﬁ QEEN
bit of [E lﬂﬁ:,tmuuﬂ"ﬂﬂ of data bits into a real parft of BER
si gnal tant of a clock; and 15 ~ nmeans for
encodi ng a seconJ bi't 6f the second pair of data bits into an inmaginary
part of the conpl ex signal at an even instant -of the cl ock. 23.
The apparatus of claim 22, wherein: t he neans for encoding the
first bit of the first 20 pair of data bias conprises neans for choosing
one of a nunber of predeterm ned signal val ues according to bit
pﬁlarltiesfof t he fithet betond t#&gﬁdksﬁspagenefauadatur uthiliging the
t he means for encodi.n the second f the fi r Qf dat
conpri ses nean?nf:S’gl os?c gohe ﬁgcoae anugrﬁsaée?g pgﬂe:dé)%erm ne(a S gnal
v?lges accordLb@tEo thiereby pmouacnngeshefsehengeedgdaﬂht of the first pair
o] at a Its an for ngQdi fiEst e
second 30 pair of 5§Fafbrfg a%%pﬂg§%§ néié%% S%gﬁﬁd Bﬁ aRP119§158

5 the first signal to a first power level (203),

the second amplified signal is generated‘ by

emplifying the second 'signal to a second power level
(207); and |

the first and second power levels (203, 207) are such

10 that the combining means produces a modulated signal in

which four data bits are encoded.

26. The method of claim 25, wherein:

the first signal is generated by utilizing Quadrature
Phase Shift Keying QPSK (201) to encode the first pair of

15 the data bits into one of four carrier signal phases,
| thereby producing a first QPSK signal; and

the second signal is generated by utilizing QPSK
(205) to encode the second pair of the data bits into one
of four carrier signal phases, thereby producing a second.

20 QPSK signal.

27. The method of claim 26, further comprising the step
of smoothing a transxtlon of the first and second QPSK
signals from ‘one phase encoded value to another phase

encoded value.

25 28. The method of claim 27, wherein the step of smoothing
comprises the step of using one or more low pass filters
to smooth the transition of the first and second QPSK
signals from one phase encoded value to another phase

encoded value.

This Sheet Has Been R
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nunber eblgy Si gnal val ues according to bit :;L Lo
the first bit of the:second pair of: ¢z A%its;
and for encoding the second bit of the § §§" : “?&BEEN
iz

of data bItS corrpr means for choosing one of the 5 ngnber %&’riﬁ
predet erm ned signal values according to bit polarities of the second
_bit of the.second pair of the data bits.

23

10

15

20

25

29. The method of claim 27, wherein the step of smoothing
comprises the step of wusing precomputed, digitized
waveforms stored in a look-up table to smooth the
transition of the first and second QPSK signals from one

phase encoded value to another phase encoded value.

30. The method of claim 29, wherein the look-up table
holds precomputed waveforms that are precompensated to
reduce distortion that occurs in the steps of generating

the first and second amplified signals.

31. The method of claim 26, wherein:

the step of generating the first amplified signal
(203) comprises the step of using a first clas$-C
amplifier to amplify the first QPSK signal to the first\
power level; and

the step of generating the seéond amplified sigﬁal
(207) comprises the step of using a second class-C
amplifier to amplify the second QPSK signal to the second

power level.

32. The method of claim 26, wherein:

the step of generating the first amplified signal
(203) comprises the step of using a first class-B
amplifier to amplify the first QPSK signal to the first
power level; and

the step of generating the second amplified signal
(207) comprises the step of using a second class-B

amplifier to amplify the second QPSK signal to the second

power level.

33. A method of encoding groups of data bits into a

complex signal for transmission comprising the steps of:

(Y S

AMENDED SHEET™



* e ——— . . . .
24. The appar at ys of —ctai-m-23, .wherein the predeterm ned ~—si.gpal val ues

are equi spac®hls ekl gspect to one another. 10 25. A Io8HEDI H
generating no :'i‘{ e edf r om dat a bits, the nethpd comp[gtgg:BEEN
generating a-f} Eﬁ” : ' _
‘generating a St i

o generating a second srygrrat
signal by anplifying the 15 first signal

generating a second anplified signal by anplifying t he second signal;
and conbining the first and second anplified signals, c h
aracterizedinthat: 20 24 the first neans generates the
first signal in the formof a first prenodul ation-filtered,

bandl i ni t ed si gnabding (401, 402, st@ondd®tans0genar fit est t siebsecouml

signal in the form.af .a Cﬂﬂp % tion-filter d,zéandlini ed 25
si gnal ; of fhe fcfgrts %‘%sﬁa |’spég%{r:1e)?§ gdabf/:eﬁtli |p|azr?cngo m CompLex
encodi ng technsijgraloaénendedd finssénpadf afclbekeatad :

_ encoding ' (401, 403, 405, 407, 409) a second sub-group

S of the data bits (Bl, B3) into an imaginary part of the

complex signal at an even instant of the clock.

34. The method of claim 33, wherein:
*the sfep of encoding the first sub-group comprises
choosing one of a number of predetermined signal values
10 according to bit polarities of the first sub-group of the
data bits; and
the step of encoding the second sub-group comprises
choosing one of the number of predetermined signal values
according to bit polarities of the second sub-greup of the

_15 data bits.

35. The method of claim 34, wherein the predetermined

signal values are equispaced with respect to one another.

36. The method of cleim 25, wherein:

the first signal is generated by encoding (401) the

20 first pair of data bits into a first Offset Quadrature
Phase Shift Keying OQPSK signal; and

the second signal is generated by encoding (405) the

second pair of data bits into a second OQPSK signal.

37. The method of claim 36, further comprising the step
25 of smoothing transitions of the first and second OQPSK
signals from one encoded signal value to another encoded
signal value, whereby spectral containment of the complex

vecter modulated signal is obtained.

—_—
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bfts, t her eby. producing-t-he-first signal; - the second signal is
.generated by utiIizin%-the 30 encoding technique to-enc e EéN‘

oL BEPLAED ¢

of the daffhis SheetH eplaced ohy produci ng the second sigrfa

23 Iumﬂl m lified signal is generated by R p
first signaf : ower |level (203); the second anplitred
signal is generated by ~anplifying the second signal to a second

power |evel 5 (207); and
. 25

38. The method of claim 37, wherein the step of smoothing
comprises using a low pass filter to smooth transitions of
the first and second OQPSK signals from one encoded signal

value to another encoded signal value.

5 39. The method of claim 37, wherein the step of smoothing
comprises using precompufed and stored digitized
transition waveforms to smooth transitions of the first
and second'OQPSK signals from one encoded signal value to

another encoded signal value.

10 40. The method of claim 39, wherein the stored digitized
transition waveforms are precompensated for distortion in
the first and second power.amplifiers (403, 407) such that
amplified signals supplied by the first and second power~
amplifiers (403, 407) contain substantially reduced

15 distortion.

41. The method of claim 39, wherein transitions of the
stored digitized transition waveforms follow a constant

amplitude trajectory.

42. The method of claim 41, wherein the constant
20 amplitude trajectory is formed using Gaussian Minimum

Shift Keying modulation.

43. The method of claim 37, wherein the step of smoothing
the transitions from one encoded value to another encoded
value includes maintaining a constant amplitude signal

25 trajectory.

e
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’the first and second power |evels (203, 207) are such
conbi ni ng means produces a fodul.ated signal in whi ch

" fencoded. od of claim25, wherein: 10 | -
signal is: glallgl HE“ “Ilﬂﬂl Zi ng ‘Quadrature Phase Shi ft K@EP[]QCQD

M. St palr the data bits into one

(201) to encedect

that t he

carrier signal - phases thereby producing a first QPSK signal; and
t he second signal is generated by utilizing QPSK 15 (205) to encode the

second pair of the data bits into one 26f four carrier
t her eby producing a second QPSK si gnal . 27. The

si gnal phases,
met hod of cl aim

26, further cdnpri §1heg tnt&é:hndep of aifaismpoidhi ngwheredmsi then obnshentirst

and second QPSK naI om one h e
encoded val ue 3™ ltUd‘EB l?hlélnéf%%‘:t? %?f;olrrh?gz] (%"v%nesrsg'aql

snoot hi ng Keying GMSK signal.

B B cenase

ste

45. The method of claim 36, wherein the first and second

5 power amplifiers (403, 407) are constant envelope power B

amplifiers.

46. The method of claim 36, wherein the first’ and second

power amplifiers (403, 407) are operated at output

saturation.

10 47. The method of claim 36, wherein the first and second

power amplifiers (403, 407) are class-C amplifiers. ™~

48. The method of claim 36, wherein the first and second

power amplifiers (403, 407) are class-B amplifiers.

et Has Been Re“aced ';
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transit
val ue t
wher ei n

digitized

24

10

15

20

25

.30

qg4Ro5897-7

con‘prl ses™ the-step_of using one or nore |ow pass filters to snooth ﬁs
L@W&m he first and second QPSK 25 signal's from one phase enccg

ﬁm encoded val ue. 29. The netphoeg-ef—el-aim. 27
thin conprises the step of usi H RLASENBAT SHEET
waveforn’é stored in a |look-up table to snooth

1 1 JAN 2000
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CLAIMS:

1. An apparatus for generating modulated signals from
data bits, the apparatus comprising:

first means for generating a first signal;

second means for generating a second signal;

a first power amplifier for amplifying the first

~signal and supplying a first amplified signal at an output

of the first power amplifier;

a second power amplifier for.amplifying the second
signal and supplying a second amplified signal at an
output of the second power amplifier; and

combining means for combining the first and second
amplified signals,

characterized in that:

the first means generate the first signal in the form
of a first premodulation-filtered, bandlimited signal;

the second means generate the second signal in the
form of a second premodulation-filtered, bandlimited
signal;

the first means are means for encoding a first pair
of the data bits into the first signal;

the second means are means for encoding a second pair
of the data bits into the second signal;

the first power amplifier amplifies the first signal
to a first power level (203);

the .second power amplifier amplifies the second
signal to a second power level (207); and

the first and second power lévels (203, 207) are such
that the combining means (209) produces a modulated 51gnal

in which four data bits are encoded

2. The apparatus of claim 1, wherein:



t ransi _t'ieoa.—e_i—t—herji rst_and second QPSK signals from one

val ue to angther phase encoded val ue. 30. The nethod of Jclfai m

wher ei'n themﬂ wﬁg“‘fmﬂum hol ds preconput ed waveforms tha

pr econmpensa distortion that occurs in the st

generating . the: first and second anplified signals.

of claim 26, wherein: the step of generating the fi

si gnal - (203) conprises the step of using a first class-C 10 anpti

to anplify the first QPSK signal to the finst power |evel; and

the step of generating the second anplified signal (207) conprises the

step of using a secdrte cfasst Gencodingphebner atre dipisitl Dutale aserren PHREK

signal-to the G vel e th of clai m26

wherel n: Ssehqftﬁ féeg{ rg;O\(gg éée%leea‘r%a 2t ng Otlﬁet%l HE | %gl Si gngi pair
:0f the data bits into one of four carrler signal phases,

;thereby producing a first QPSK signal; and

5 {; the second encoding means are second QPSK means (205)
ifor encoding the second pair of the data bits into one of
four carrier signal phases, thereby producing a second
QPSK signal. -

3. The apparatus of claim 2, further comprising means
10 for smoothing a transition of the first and second QPSK
signals from one phase encoded value to another phaée

encoded value.

4. The apparatus of claim 3, wherein the smoothing means

comprises one or more low pass filters.

15 5. The apparatus of claim 3, wherein the smoothing means
comprises means for using precomputed, digitized waveforms

stored in a look-up table.

6. The apparatus of claim 5, wherein the look-up table
holds precomputed waveforms that are precompensated for
20 distortion in the first and second power amplifiers,
whereby the output of the first and sécond power

amplifiers (203, 207) contains reduced distortion.

7. The apparatus of claim 1, wherein each of the first

. and second power amplifiers is a class-C amplifier.

25 8. The apparatus of claim 1, wherein each of the first

and second power amplifiers is a class-B amplifier.



(.203) conprises the step of using a first class-B amptt
the first QPSK signal to the first 20 power |evel; and RE

of gener atj lified signal (207) conpyi $ ' p o
usi %g a seltlmrm'nelmnmmnrparrpl |f|er to anplify the seconpd Q;S V\;Ag fot
the second * powner. tevel . . The nethod of claifmj25, erein:
the first signal is generated by encodlng (401) the | MSt—pat-r—of—te
bits into a first OOfset Quadrature Phase Shift Keyinpg OQPSK signal ;
and 19

9. The apparatus of claim 1, wherein:

10

15

20

25

the first encoding means are means (401) for encoding
the first pair of data bits into a first Offset Quadrature
Phase Shift Keying OQPSK signal;. and

the second means are means (405) for encoding a

second pair of data bits into a second OQPSK signal.

10. The apparatus of claim 9, further comprising
smoothing means for smoothing transitions of the first and
second OQPSK signals from one encoded signal value to
another encoded signal value, whereby spectral containment

of the complex vector modulated signal is obtained.

11. The apparatus of claim 10, wherein the smoothing
means comprises at least one low pass filter for smoothing
transitions of the first and second OQPSK signals from one

encoded signal value to another encoded signal value.

12. The apparatus of claim 10, wherein the smoothing
means comprises means for wusing precomputed, stored
digitized transition waveforms to smooth transitions of
the first and second OQPSK signals from one encoded signal

value to another encoded signal value.

13. The apparatus of claim 12, wherein the stored
digitized transition waveforms are precompensated for
distortion in the first and second power amplifiers such
that amplified signals supplied by the first and second
power amplifiers (403, 407) contain substantially reduced

distortion.



' 25 -

————rhe-seeehd signal is generated by encoding (

- T .
second - ‘into a second OQPSK si gnal . .LﬂﬁﬁﬁﬁNltﬁﬁfET
of clai ‘ rising the step of snDothing' ansi ti ons of
the firsyad : SK 5 signal s fromone encoded sijgnal { valjag £330
anot her encoded e S|gnal val ue, whereby spectral containrent of the

conpl ex vector nodul ated signal is obtained. 35 Trme-mettot-of
claim 34, wherein the step of snpothing conprises using a | ow pass
filter to snmooth transitions of 10 the fagst and second OQPSK signals

from one encoded signal val ue to anot her encoded signal val ue.

36. The nethod4af ahai apdéravher efnclaimsizp wessinotttangitionsc arfprhees
usin re
g P COn-pUtred digltlzegrggangigighzagveforms follow a constant

amplitude trajectory.

15. The apparatus of claim 14, wherein the constant
5 amplitude trajectory is formed using Gaussian Minimum

Shift Keying modulation.

16. The apparatus of claim 10, wherein the smoothing
means smooths the transitions from one encoded value to
another encoded value while maintaining a constant

10 amplitude signal trajectory.

17. The apparatus of claim 16, wherein the constant
amplitude signal trajectory forms a Gaussian Minimum Shift

Keying GMSK signal.

18. The apparatus of claim 9, wherein the first and
15 second power amplifiers (403, 407) are constant envelope

power amplifiers.
19. The apparatus of claim 9, wherein the first and
second power amplifiers (403, 407) are operated at output

saturation.

20 20. The apparatus of claim 9, whe#ein the first and

second power amplifiers (403, 407) are}class—C amplifiers.

21. The apparatus- of claim 39, wheiein the first and

second power amplifiers (403, 407) are;class—B amplifiers.

22. The apparatus of claim 9, wherein:



'tran5|t|on wavefornms to snooth transitions of the first
CCPSK_§~gnaIs fronlone encoded signal value to anot BE?E&Q%& {
value..  :ziv- ‘Themet hod of claim 36, wherein the st a- dlgltFEEH

transi Wi preconpensated for distortion i f§g§t
and se“mmmmulm mrers (403, 407) such that 20 a |If|€(‘§ QI gnzal S
suppl i ed.b§: ‘the W|ﬁ6t*and second power anplifiers (403,
substantially reduced = distortion. 38. The netihod of cl ai m 36,

. wherein transitions of the stored di ggtized transitiomWaver or ns

follow a-constant 25 anplitude trajectory.
the means (401) for encoding the first pair of data

bits into the first Offset Quadrature Phase Shift Keying
OQPSK signal comprises:
means for encoding a first bit of the first pair
5 of data bits into a real part of a complex signal at an
odd instant of a clock; and
means for encoding a second bit of the first
pair of data bits into an imaginary part of the complex
signal at an even instant of the clock; and
10 ) the means (405) for encoding the second pair of data
bits into the second OQPSK signal comprises:
means for encoding a first bit of the second
pair of data bits into a real part of a complex signal at
an odd instant of a clock; and
15 means for encoding a second bit of the second
pair of data bits into an imaginary part of the complex

signal at an even instant of the clock.

23. The apparatus of claim 22, wherein:
the means for encoding -the first bit of the first
20 pair of data bits comprises means for choosing one of a
number of predetermined signal values according to bit
polarities of the first bit of the first pair of data
bits;
the means for encoding the second bit of the first
25 pair of data bits compfises means for.choosing one of the
number of predetermined signal values according to bit
polarities of the second bit of the;first pair of data
bits; :
the means for encoding the first bit of the second
30 pair of data bits comprises means for choosing one of a

number of predetermined signal values according to bit
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The nethod of <claim38,- wherein the const

anpl i t'ude trajectory:-is forned using Gaussian M ni mum Shi.ulﬁ@ﬁwﬁﬁﬂ'SHEET

odul at i or”“llmwu ”n met hod of claim 34, wherein the stieg .of _.

snoot hi ng || Imnlll Lms fromone encoded val ue to anotHer quqgg 2008
ectory.

val ue incl udeg i ntai hiirg a constant anplitude signal t rjaj
41. The net hod of claim40, wherein the constant anpl i t ude ‘stegmal

trajectory forms a Gaussian M ninmum Shift 10 Keyi ng GVSK si gnal .
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polarities of the first bit of the second pair of data
bits; and

the means for encoding the second bit of the second
pair of dataibits comprises means for choosing one of the
number of pfedetermined signal values according to bit
polarities of the second bit of the second pair of the
data bits.

24. The apparatus of claim 23, wherein the predetermined

signal values are equispaced with respect to one another.

25. A method for generating modulated signals from data
bits, the method comprising:

generating a first signal;

generating a second signal;

generating a first amplified signal by amplifying the
first signal;

generating a second amplified signal by amplifying
the second signal; and

combining the first and second amplified signals,

characterized in t hat:

the first means generates the first signal in the
form of a first premodulation-filtered, bandlimited
signal; '

the second means generates the second signal in the
form of a second premodulation-filtered, bandlimited
signal;

the first signal 1is generated by utilizing an
encoding technique to encode a first pair of the data
bits, thereby producing the first signal;

the second signal is generated by utilizing the
encoding technique to encode a second pair of the data

bits, thereby producing the second signal;



‘42 The. met hod—of—€laim_ 33, wherein the first and second

z; ‘are :constant envel ope power anleEPEK@ﬁ“ENT SHEET
iy

anpllflers:
43. The net
anplifiers

44. The met'hod of ~ cI ai m’ 33* wherein the first and second

”ﬂrmu wherein the first and second 1% |power
u "operated at output safu agi pn#m 2800

anplifiers (403, 407) are class-C anplifiers. 45. The*rret-tod—of

claim 33, wherein the first and second 20 power anplifierg

(403, 407) are

class-B anplifiers. 46. The nethod og3cl aim 33, wherein:
encoding the first pair of data bits into the first OQPSK si gnal

conpri ses:

the fierstodinpdifikdr stLgbhlL Dé gémexfa'\tre;d paiampdfi Maitray 25

AL reatlhé)afjfrsog saig%)rﬁpl & Slﬂnl?slt power OJ.evel (203) ;
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the second amplified signal 1is generated by

~amplifying the second signal to a second power level

(207); and
the first and second power levels (203, 207) are such
that the combining means produces a modulated signal in

which four data bits are encoded.

26. The method of claim 25, wherein:

the first signal is generated by utilizing Quadrature
Phase Shift Keying QPSK (201) to encode the first pair of
the data bits into one of four carrier signal phases,
thereby producing a first QPSK signal; and

the second signal is generated by utilizing QPSK
(205) to encode the second pair of the data bits into one
of four carrier signal phases, thereby producing a second
QPSK signal.

27. The method of claim 26, further comprising the step
of smoothing a transition of the first and second QPSK
signals from one phase encoded value to another phase

encoded value.

28. The method of claim 27, wherein the step of smoothing
comprises the step of using one or more low pass filters
to smooth the transition of the first and second QPSK
signals from one phase encoded value to another phase

encoded value.

29. The method of claim 27, wherein the step of smoothing
comprises the step of using precomputed, digitized

waveforms stored in a look-up table to smooth the



" i'nst ant. of a clock; and

encoding a Sé‘C‘UITd‘-b-}—L_OLt he first pair of data bits E%U%GEF‘%% SHfrE)T

part of t nal at an even instant of the klpck; and
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transition of the first and second QPSK signals from one

phase encoded value to another phase encoded value.

'30. The method of claim 29, whereiﬁ the look-up table

holds precomputed waveforms that are precompensated to
reduce distortion that occurs in the steps of generating

the first and second amplified signals.

31. The method of claim 26, wherein:

the step of generating the first émplified signal
(203) comprises- the step of usihg a first class-C
amplifier to amplify the first QPSK signal to the first
power level; and

the step of generating the second amplified signal
(207) comprises the step of using a second class-C
amplifier to amplify the second QPSK signal to the second

power level.

32. The method of claim 26, wherein:

the step of generating the first amplified signal
(203) comprises the step of using a first class-B
amplifier to amplify the first QPSK signal to the first
power level; and

the step of generating the second amplified signal
(207) comprises the step of wusing a second class-B
amplifier to amplify the second QPSK signal to the second

power level.

33. The method of claiﬁ 25, whereini

the first signal is generated by encoding (401) the
first pair of data bits into a first Offset Quadrature
Phase Shift Keying OQPSK signal; and




'e'néodj;ag—a«seﬁﬁﬁd;—bi“‘f*ﬁft he second pair of data 10 bits LREFHJ&%E’\,}EEImWS;M
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part of the’ aisudiggral at an even instant of the 13
The. mat““‘ﬂ“ﬂﬂ‘ ﬂNﬂHmwherei n: the step of encoding the Tirst

bit of ‘NIt waisr * . of data bits conprises choosing

of 15 predéeterm rned signal val ues according to bit polarijti p
first bit of the first pair of data bits; t he st .
the second bit of the first pair of data bits conprigdes choosing one
of the nunber of predet er mi ned si gnalawyal ues according 10 DIt

polarities of 20 the second bit of the first pair of data bits;

the step of encodi nghiehgeltonhdlt shighaof ikhgefaeeaBddpBir encodifl da03)bithe
conpri ses choosi ng one qf alyunber of ) pr edet er mi ned si gnal val ues
according to bPEFItaPaiiTefiodata biftis, intos@ Fecogd CVRPSKeSd9hadai r of
data bits; and 25 the step of encoding the second bit of the second

pair of data biits conprises.choosing one_of the nunber of . predeterm ned
si gnal val ues aécor diPfg MeFhad ol A3 e33 of furthepecampphingt the eker

second pair of cgat@ndbtfing transitions of the first and second OQPSK
5 signals from one encoded signal value to another encoded
signal value, whereby spectral containment of the complex

vector modulated signal is obtained.

35. The method of claim 34, wherein the step of smoothing
comprises using a low pass filter to smooth transitions of
10 the first and second OQPSK signals from one encoded signal

value to another encoded signal value.

36. The method of claim 34, wherein the step of smoothing
comprises using precomputed and stored digitized
transition waveforms to smooth transitions of the first
15 and second OQPSK signals from one encoded sigﬁal value to

another encoded signal value.

37. The method of claim 36, wherein the stored digitized
transition waveforms are precompensated for distortion in
the first and second power amplifiers (403, 407) such that
20 amplified signals supplied by the first and second power
amplifiers (403, 407) contain substantially reduced

distortion.

38." The method of claim 36, wherein transitions of the
stored digitized transition waveforms follow a constant

25 amplitude trajectory.
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39. The method of claim. 38, wherein the constant
amplitude trajectory is formed using Gaussian Minimum

Shift Keying modulation.

40. The method of claim 34, wherein the step of smoothing
5 the transitions from one encoded value to another encoded
value includes maintaining a constant amplitude signal

trajectory.

41. The method of claim 40, wherein the constant
amplitude signal trajectory forms a Gaussian Minimum Shift

10 Keying GMSK signal.

42. The method of claim 33, wherein the first and second
power amplifiers (403, 407) are constant envelope power

amplifiers.

43. The method of claim 33, wherein the first and second
15 power amplifiers (403, 407) are operated at output

saturation.

44. The method of claim 33, wherein the first and second

power amplifiers (403, 407) are class-C amplifiers.

45. The method of claim 33, wherein the first and second

20 power amplifiers (403, 407) are class-B amplifiers.

46. The method of claim 33, wherein:
encoding the first pair of data bits into the first
OQPSK signal comprises:
encoding a first bit of the first pair of data
25 bits into a real part of a complex .signal at an odd

instant of a clock; and
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encodlng a second bit of the first pair of data
bits into an 1maglnary part of the complex signal at an
even 1nstant,9f the clock; and
encodingfthe second pair of the data bits into the
second OQPSK Signal eeﬁprises:
encoding a first bit of the second pair of data
bits into a real part of a complex signal at an odd
instant of a clock; and
encoding a second bit of the second pair of data
bits into an imaginary part of the complex signal at an

even instant of the clock.

47. The method of claim 46, wherein:.

the step of encoding the first bit of the first pair
of data bits comprises choosing one of a number of
predetermined signal values according to bit polarities of
the first bit of the first pair of data bits;

the step of encoding the second bit of the first pair
of data bits comprises choosing one of the number of
predetermined signal values according to bit polarities of
the second bit of the first pair of data bits;

the step of encoding the first bit of the second pair

of data bits comprises choosing one of a number of

“predeterminedlsignal values according to bit polarities of

the first bit of the second pair of data bits; and
. the step of encoding the second bit of the second
pa1r of data bits comprlses choosing ohe of the number of

predetermlned signal values accordlng to bit polarities of

.. the second bit of the second pair of data bits.

pEevke Al
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48. The method of claim 47, whereiﬁfthe.predetermined

signal values are equispaced with respect to one another.
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(57) Abstract

Quadrature Amplitude Modulated signals arc generated from data bits by using a first Quadrature Phase Shift Keying (QPSK)
' modulator for encoding a fitst pair of :the data bits into one of four carrier slgnal phases, thereby producing a firs QPSK signal. A second
QPSK modulator encodes a second pair of the data bits into one:of four carrier signal phases, thereby producing a second QPSK signal.
The first QPSK signal is amplified:fo.a first power level; and the second QPSK signal is amplified to a second power level. The first and
second amplified signals are then combined to.prodice a signal ‘in which four data bits are encoded. In another aspect of the invention, a
new type of modulation, called Offset Quadrature Phase Shift Keymg (OQPSK). s used in place of the first and second QPSK modulators,
so that an Offset Quadrature Ampllmde Modulation (OQAM) transmiiter is formed. An OQPSK modulator encodes data bits by encoding
a first sub-group of the data bits into a ‘real ;part of a complex signal at an odd instant of a clock, and by encoding a second sub-group
of the data bits into an imaginary part of the complex signal at an even instant of the clock. OQPSK modulation provides the benefit of
having all signal transitions; being constrained to trajectories around constant radius circles, thereby producing spectral efficiency.




