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TRANSMJTJ'ER FOR QAM ENCODED DA TA 

BACltGROUND 
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 on 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 possible points that arise are called the .15 consteilation, and are shown in FIG. 1 (a). Modulation in accordance with this technique comprises mapping four-bit data v~lues, designated BoB1BiB31 onto the 16 distinct complex signal values, as shown in the figure. 
A prior art 16QAM transmitter for generating the 20 above-described constellation from the four-bit data values is illustrated in FIG. l(b). A first pair of bits, BoB11 is supplied to a first 2-bit Digital to Analog (D/A) converter 101 in order to determine which of four values the real part will attain. A second pair of bits, B2B3 , is 25 supplied to a second 2-bit D/A converter 103 in order to determine which of four values the imaginary part will attain. Each of the 0/A converters 101, 103 supplies its output to a corresponding one of two low-pass filters 105, 107. The function of the low-pass filters 105, 107 is to 30 contain the transmitted spectrum by smoothing transitions from one . value to the next when any of the bi ts BoB1B2B3 are changed. The low-pass filters 105, 107 are preferably Nyquist filters, which have the property that, at regular 

samplin~ times after a bit change, the filter output will 
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exactly· att~ln the value determined by the input bits 
B0B1BzB3 • :The/smoothed real values 109 are applied to a · .. ·. -.: ... 

cosine modulit~or 113, while the smoothed imaginary values 
111 are ·· <cipplied to a sine wave modulator 115. The 

5 modulated >~in~, and cosine waves 117, 119 are summed at 
summation, poi.11t 121 to form a complex modulated carrier 
signal l.23\ w~'.ic::h varies in both phase and amplitude. To 
preserve a~plj_t\l,de Variations I the prior art requires that 
this signai b~'a,mplified by a linear power amplifier 125. 

10 Due to th~{Nyq~ist ·property of the low-pass filt.ers 105, 
107, if the ,~Utput signal vector 127 is sampled at the 
proper recj\lla~:instants, one of 16 complex values will be 
observed 8.~ ~hpwn in the qrid diagram of FIG. l(a). 

The pri.o:f:··art 16QAM transmitter has the drawback that 
15 the linea~ p6~~-:r;·. amplifier 125 is not efficient, and if it 

exhibits 4istprt::ion or non-linearities, then the desired 
16 const~_i'la1:::1c#i points are not observed in the output 
signal ve<:~oz- ]._;b. Equally, if the communications channel .. · .· .. ,- .. · 

including, th~,, low pass filters 105, 107 is not strictly 
20 Nyquist, ln1:;$'J7.sYmbol interference (ISI) will prevent the . .. .. .. ·'. . . ~ ·,... : .... 

desired cortste'liation points from being observed. ·<:·,:. 

Acc~rdiri~. , to · one 

inventi v~ > . ~f~~smi tter 

SUMMARY 
aspect of 

is provided 

the invention, an 
for transmitting 

25 Quadratu~e Am~lituc:le Modulation using coupled, constant 
envelope t'ransiftitter power amplifiers of higher efficiency 
than line~r atnplifiers in which a first amplifier of first 
power lev~i'aiU~lifies signals formed from most significant 
bits of a<Q.M( symbol and a second '.~ower amplifier of a . ' ., ~ . . . . : . . . . 

30 ·lower powerj)i~vei, amplifies ~ignals. formed from least 
significarit };j,f~,<:o~ the QAM. ~Ymbol •.. In one embodiment, 
Quadrature .Alnplffijde Modulat~d:slgna1-s are generated from . . . ..... ,,. ... . .· .. 
data bits:i:,y<u=tS~r:lg a first Quadrature Phase Shift Keying 
(QPSK) m~dula~o~ :f6r encoding a first pair of the data 

-------------~-----2.~.~-. 

iiiiliiif 1l1~iT . .-··~.. . ·~. 
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bits int6 :one of four carrier signal phases, thereby 
·:. ·: . 

producing· a · :-#irst QPSK signal. A second QPSK modulator 

encodes a. se'cond pair of the data bits into one of four 
. ..~ ' 

carrier 'sig~al .· phases, thereby producing a second QPSK 

s signal. :The fi,rst QPSK signal is amplified to a first 

power lev~f, and the second QPSK signal is amplified to a 

second p~Wel'." · ).evel. The first and second amplified 

signals . are}~~n combined to produce a signal in which 

four data bit,.s are encoded. 

10 A.cc:ordihg ·to a second aspect of the invention, a new, 

spectrar°ly'.'9'~·ff.icient modulation is disclosed that is 

termed .·off~~t :<:Quadrature Phase Shift Keying (OQPSK) 

modulation, ·\i_n}/which data bits are encoded alternately 

into le~els ~f a cosine wave carrier and levels of a sine 

15 wave ca:r;.kieiU·. 1:n one embodiment, data bi ts are encoded by 

encoding_ a f~:Z:::-#t sub-group of the data bi ts into a real 

part of .. :a cohl'pfex signal at an odd instant of a clock, and 

by encodinci··.f',·~-;~cond sub-group of the data bits into an 

imaginary p8::tt ·.of the complex signal at an even instant of 

20 the cl9ck. (· ·9QPSK modulation provides the benefit of 

having a'.11 s·fgn~l transitions being constrained to smooth 

trajectories;: :a.~ound constant radius circles, thereby 

allowing a>ib(!tter spectral containment when constant 

envelop~ powe~'~mplifiers are used. 

25 Accorc:t~~~O,,to a third aspect of the invention, an 

inventive· t'ransi'uitter is disclosed for Offset Quadrature 

Amplitude -~bdJi~tion comprising two or more coupled 

constant-envelope transmitter power amplifiers that 

a~plify<: d:ff;s~~ , QPSK, MSK or GMSK signals formed 

30 respectively ···_:from most significant bits and least 

significa~t.'..)>l~Si- of an OQAM symbol. 

. · · -· .•; imi.F DESCR:J:PTIOH OP THE DRAWINGS 

The obj'~9t~ and advantages of the invention will be 

understqod ·~r .. reading the following detailed description 

-:·:> ,• .. 
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in conjunction_with the drawings in which: 
FIG. l(a)· is a grid diagram of a constellation of 

complex sigllaf values generated in accordance with a prior 
art 16QAM transmitter; 

5 FIG. 1(b)" is a diagram of a prior art 16QAM 
transmi tten:; ·· 

FIG. 2 ls a block diagram of a transmitter in 
accordance with· one aspect of the invention; 

FIGS •. ; l:(a) 3 (e) illustrate signals and 
10 constellatic:>n points associated with various nodes of one 

embodiment.of 1:;he inventive transmitter; 
FIG. 4(is'):\,block diaqram of a transmitter employing 

OQPSK modulatlbr) to provide Off set 16QAM in accordance 
with anothet a#1:u~ct of the invention; and 

1s· FIGS. 5(a) 5 (h) illustrate signals and 
constellation·p~ints associated with various nodes of one 
embodiment of .~~.e ·inventive Offset 16QAM transmitter. 

·-.··: .· DETAILED DESCRIPTION 
:, .;: 

The various features of the invention will now be 
20 described wfth·:i-~spect to the figures, in which like parts . . . , ... 

are identified_with the same reference characters. 
FIG. 2> is a block diagram of a transmitter 200 in 

accordance.·, wit;h ~ne aspect of the invention. One 
advantage ~f th~· transmitter 200 is its capability of 

25 reproducing: the·· 16:QAM constellation points even if non"."' . : . . . . . . . 

linear ampllf i.ers a're employed. 
. '~ .. 

In a pi-eferre,q:embodiment, a first Quadrature Phase 
Shift Keying (QPSK) modulator 201 receives two information 
bits, BoB., -~nci modulates these onto a carrier wave in 

30 accordance with well-known techniques. That is, the QPSK 
constellation 'encoCi~s two bi ts into one of the four vector ... ,. ····:·· :-.: :=. 

values ±1 ·:'±j by i :changing a real part (I or cosine 
component) -.::betwcacar1 the values +l and -1 according to a 
first informatici~? ,bit and an imaginary part (Q or sine 
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component) between the values +j anft -j according to a 
second information bit. Since all four vectors that can 

be produced are of the same am.plitµde, (i.e., ./2=1.414 ) , 

the output signal from the first QPSKm.odulator 201 can be 
5 faithfully amplified by a constant envelope power 

amplifier 203. The constant envelope power amplifier 203, 
as well as others employed when.pril\cticing the invention, 
may a~ternatively be a power amplifl~r operated a_t output 
saturation, a class-c amplifier, or a class-B amplifier. 

10 The I and Q components that appear at the output of the 
constant envelope power amplifier.203 are illustrated in 
FIG. 3(a), and the corresponding constellation of vectors 
is shown in FIG. J(b). 

The two remaining information bi.ts, B1B31 are encoded 
15 into another QPSK constellation by means of a second QPSK 

modulator 205. The output signal .f.rom the second QPSK 
·:.: 

modulator 2.05 is then supplied to • ~ second constant­
envelope amplifier 207 which faithfully amplifies that 
signal to a power level that is h~lf that of the first 

20 constant-envelope amplifier 203, so that the amplitudes of 

the I and Q components will be 1 

.fl 
times that which are 

produced by the first constant-Efrtvelope amplifier 203. . . _.,_:.; :. 

The amplified I and Q componentst~~t,appear at the output 
of the second con~tant-envelop~'. :·· :,Cl.mplif ier 2 07 are 

: ... 
25 illustrated in FIG. 3 (c). The· ·:constellation points 

generated a,t the output of the s:ecq~d constant-envelope 

amplifier 207 are thus described l:>Y., :J:l:tj , and shown in ,' Fr2 .· .. ·:.··.: ~- v~ 

FIG. 3(d). 

The outputs of the first and second constant-envelope 
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amplifiers;2oJ, 207 are then supplied<to respective inputs 
·.: ··: .·,. 

of means' for ~umming these siqrt~ls, such as the 

directiort~l c9Upler 209 shown in FIG·.<2. The directional 

coupler 20'9 :f'Urther scales the lower .;p·6wer signal from the 
.· . . '.. . 

5 second c9nstant-envelope amplifier 2~.'7 by an amount that 

is 1 

12 

.:. ; 

·r~iative to the voltage sc.a'ling of the higher 

power sign~:j/ from the first constan~..:envelope amplifier 

203 . . The" f#rther scaled signal i~ •then added to the 

higher p01!fer >~i.9nal. such scalings .. t.hat can be achieved 

10 using pas~l~e, lossless combining n~'tworks such as the 

directionai<·:cqupler 209 are limi~~d to the values 

15 

- ..... ·:·· 

described· b~·-k: and Ji-k2 • 

.·: .. 

To ac~f~ve a relative scaling of>· 
. . .: .... ~ · .. ::. 

1 , the coupling 
J2 

factor k :foi :_the lower power siqnal should be 1 

f3 
and 

then the C::bupling.factor for the higb.ar power signal is: 
:.'·'_:-<~.::· ·',.···· .·· 

·.·.;--. 
··.·.".. .·· . .-- ::· 

The fti.t.ther relative scaling of''/ 1 of the lower :·::. :·'2 
. .-·.~ .. V' 

power sigriarrelative to the higher pbw~r signal, combined .. . . . ': :· . 
.. :.··.:· 

._,· 

.. · . 
. , 

1 

,fi 
signal level rel~tive to the higher 
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power signal,· combines to produc~· ·~-• signal of relative 

level ~ •••·· .that of the higher power signal. Thus the 

: .. . \ .. ' 

higher Pe>W-er signal of ±1 ±j combine~ with a lower power 
:2 . 

signal furflier scaled to 
."/ ..... 

±l-J;j ' to :'.-produce the sixteen 
2 

s constellatic>n points with real and ''imaginary parts each 

taking o~ ohk-'6f the four values ±1. 5, ±0. 5 that are then 

10 

15 

.·. . . :··~ ·. ' . 

further· red\lqe~ by the overall scaling of ~ ~ produced 

by the. dlr~btional coupler · 209. 

points . oi' (j_:~:rgest magnitude · 
·. ;-· ... ,.:· .. 

For the constellation 

( :;:1. 5 :;:1. Sj ) the output 
. <<:.·:_:_ .. ·.·.· .. 

values ·- from the directional :coupler are thus 

(+~ ; 4;~;i, comspondinq to a peak power level of 

This is equal;, to the sum of the 

',·.'' 

amplif i,el:' powers. Therefore', the: :c()µpling arrangement is 

100% effici~rit at the peak· po~~r:'i:.~.utput level. Other 

1 
2 

between the 

signal m6~ulated wi0th the most.:c·.'s
0

}u9
1
'.n···.···d:'t_·,.:ficant bits and that 

of the i~a:st .significant b:i~s _ be used, other than 
. ~ -~- ;"·. . : ; '.i !: _; := 
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to the power amplifier differences and 

1 

.f2 
to the relative coupling. However, the preferred 

arrangement _gives the maximum efficiency at peak power 

output points~ The 16 QAM constellation points, which are 

s illustrated 1;n FIG. 3(e), are thus faithfully reproduced 

despite the, .. use of constant envelope (non-linear) 

amplifiers 293, 207. 
In the;·: inventive transmitter shown in FIG. 2, 

smoothing of.:>transitions between constellation points is 

10 accomplished .~rithin the first and second QPSK modulators 

201, 205 eitb$r by smoothing I or Q transitions (so called 

linear filtering) or by smoothing phase transitions from 

one point tq'ai:iother. Linear filtering causes the signal 

to deviate from constant amplitude between constellation 
·: ... 

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

203, 207 w:i.'11 . distort these amplitude variations. 
Nevertheless,:tf the vectors arrive at their exact values 

at a proper .~.ilinpling time, the constellation points will 

be reached e~cictiy. The distortion between times gives 

20 rise to sp°SC::tral energy broadening into neighboring 

channels. NEi:V~rtheless, the spectral containment of the 
transmission, ~sing the inventive 16 QAM transmitter can be 

better than<the spectral containment 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 

techniques such as described in U.S. Patent No. 5,191,597 
to Ekelund et al., which is hereby incorporated by 

reference. · In Ekelund et al. , a method is shown for 
.: .; 

30 compensating >tor non-linearities in an end amplifier 
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having a gi,ven transfer function H1u H• (for amplitude and 

phase, resp~~tively) and included in a radio transmitter 

of quadrat*r:e.type for linear, diqital modulation, and in 

which tabl'e:look-up units (ST, CT) store the digital sine 

5 and cosin.e··'_values (I(t,a), Q(t,a)) of the quadrature 

component~· .'determined by a given siqnal vector a. 

According :.'to the method of values of the transfer 
'·'·. 

functions ·aa~ ·a. for the quadrature modulated radio signals 
·,:-"-· . . 

r(t,a) are:: 'calculated by addressing memory units which 

10 store· a nu~f:!r of values of Ha and H•. The sine arid cosine 

values of} ~he addressed values of Ha and H.,. are also 

formed. 'l'h~<thus calculated values are multiplied by the 
·... . 

stored digit.al values in the table look-up units (ST, CT) 

and by thE!': frtve;rted value of HR. As a result, new modified 

15 values i(l,,Jt)·~. 'q(t,a)) are obtained for the quadrature 

component~,--:'Whic'1 compensates for the non-linearities in 

the f inai ·,~Jllp~ifier. 
: ~ · .. ; ~ 

It is<·,~iso possible to smooth transitions between 

constellati~h· ;points in a constant amplitude trajectory. 

20 For examp_l~-r~the· ~transition between the values l+j .and 1-j 

in the QPSK· .· <constellation produced by the constant 
. ::-. ' . . .' .··. 

envelope <~Jll,piifier 203 can be achieved by a clockwise 

movement <:~li'roµg:tj. 90 degrees around a circle having a 

radius equal to .:.· ./2 . Using QPSK however, transition to 
:'_.:.:, ·. 

25 a diamett19ally opposite point can be required, and 

neither a ·clockwise nor a counterclockwise rotation 

through :iao d~grees around a constant radius circle 

provides ·.\:.good, . }-_spectral containment compared to a 

transition ihr~iigh the origin, which is a non-constant 

JO amplitude t~ansition that may not be handled 

satisfact6rily>··.by the constant envelope amplifiers 203, 

207. 

Accor4ing;t;o a further aspect of the invention, a 

modulatibh ~nti.~led Offset QAM is provided in which 
... ;.:.,-~ .. ·.:.-::: · .. :'.:\(·:·-·: 

,.:·.· 

new 

the 
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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 
l+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 
JO 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, In 
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.··,·:-: 

this embo(iimen:t, a first Offset :;,Ql?SR modulator 401 
.. ·=·'' . . ..... 

receives ~~o information bits, B0B11 .;~nd modulates these 

onto a ca;r :i.er' wave in accordartc~ : with the inventive 

techniques'~d~scribed above. That is;/;}me of the bits, say 

B0 , is enC:bded .by c:tianging a re:aY'·_part (I or cosine 
. .··· . . . ,· •.·.·.· 

component) between th.a values +1· ·:~nci·"_;-1 at odd intervals 

of a data :cldckaccor~ing to the.val\i~·of the information 

bit B0 , and·,~he .. other· '.bit (B1 in this:'.;example} is encoded 

by changi~~·:. a:W imaginary part . ca<'~or sine component} 

between tllE! 'Y'.al,\les +j and -j at even:~·ntervals of ·the data 

clock accordil'l~. to the value of· th·~.: information bit B1• 

These reai.:aricr :imaginary parts ar~<;combined within the 

Offset QPs:K::l,1\§~~lato~ 401 and th~<'J:esulting signal is 

supplied f~·a· :·¢tjnstant; envelope ampiifier 403. since all 

15 transitio~~ ():f'.•_this .signal are constr~ined to trajectories 

around coP.~t.~nt'.radihs·: circles, ther~by yielding constant 

envelope -·~Jgriai~, thes~ can be faithflllly amplified by the 

constant ··~riV'k·1C>~e amplifier 403,. ~hich may be a class-c 

power ampl°i~i;e~: · hayirtg high eff i~i~ncy. The I and Q 

2 o component~ /that · appear at the output of the constant 

envelope pbtf~:r,/~mplifier 403 are ill~istrated in FIG. 5 {a). 

As explaih~d'. ~~<>V'e, this type of modulation does not yield 
;--· .. :_:·.· -·-·: '. · .. : .·· : .· 

a constella~iop.;pf":pC>int vectors, as:·1n conventional QPSK 

modulatioh~· . rri~teaCi') ~~he real colt\~pp~nts attain values of 

25 ±1 at odd:)b1ock · t~in~~ when the 'finag·i:nary components are 

indetermiri~te ai; •.. ii·iustrated :fl'l> · fl:G. 5 (b) , and the 

imaginary:_ ~omponents' /attain vaiti~~; : o_f ±j at even clock 

30 

35 

as :~:::tr:~~ :,:'"F,r~:'Zt :,~anent~,' ~he indeterminate, 

into ::~~ r~£1~ip:f::::tQ~~:s~:·;~d a~:r::::: 
stripes bf .. mea#~:.yo~ ,, !second Offset .·.QPSK modulator 405 I 

The outptit:~si~n~f::_f*f,m' the: sec~ncl of,fset QPSK modulator 
405 is 'then :: s;upplied to a second constant-envelope 
amplifie~ ~Qi;, :wtiich: faithfully ampl~fies that siqnal to a 
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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 l 
,fl. 

times that which are 

produced by the first constant-envelope amplifier 403. 
s 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 l 

J2 
relative to the voltage scaling of the hiqher 

20 power signal from the first constant-envelope amplifier 
403. Techniques 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 1 

J2 
of the lower 

power signal relative to the higher power signal, combined 
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.. :·.: . 

with its already 1 

12 
signal level relative to the higher 

power siqrial, combines to produce a signal of relative 

level 

1 
2 

that :o_f the higher power signal. Thus the higher 

5 power. signal combines with a lower power signal further 

scaled to · ±l:t:j to produce the vertical (real) stripes 
2· 

of FIG. 5(9) during odd clock times, and the horizontal 

(imaginary) stripes of FIG. 5(h) during even clock times. 

The vertica.l stripes may assume any one of the four values 

10 ±1.5, ±0~5· which are further reduced by the overall 

scaling of .. ~ ; produced by the directional coupler 409. 

Similarly·,: the horizontal stripes may assume any one of 

the four :values ±1. Sj, ±o. sj further reduced by the 

overall -~~aling of ~ produced by the directional 

.•. 

15 coupler 4:09. By sampling the signal at an odd clock time 

and also, at its corresponding even clock time, one of 

sixteen d~ffer,ent values may be determined. 

In ~nother aspect of the invention, the principles 

outlined :'.·: aboV:e may be extended to higher order QAM . . : . . 

20 constell~tioll.$' having, for example, 64 or 256 points by 

the add~~ion ·. df a third or fourth constant envelope power 
amplifiei::>with suitable power scaling and scaled addition 

using outptitcouplers such that each contributes part of 
.•. = ... · 

. : .- ~ 
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·the output constellation in the biri~fy voltage ratios 

1 : l/ 2 : l / 4 ••• · , and so on. Such vari:~~·i.i:Jns are considered 

to lie within/the scope and spirit.'o:f>:this invention as 
•• > •• :·:.; ··, 

described by the attached claims. 

5 It is W~li known in the art that .·pffset QPSK, having 

transitions . of no more than 90 deg:r~~~ in phase angle, 
lends itself'.more readily to be spectrally contained when 

the vector ·:: .. trajectory is constr~fri~a to fallow a 

constant-envelope circle by smoothin~i. the changes in 

10 anqle~ The :ra.t:e-of-change of phase angii!·. is by definition 

the instantari~·ou~ deviation of the freq\l.~ncy of the signal 

from its no~il\al center frequency. ~t.f. the phase angle 

changes from . .-_one data bit period to .the\l'aext take place at 

a constant ri:t:te,. i.e. by r~tating t:he·-p6ase angle through 

15 ±90 degree~/: ·over one bit intervaif; the equivalent 

frequency ch"i:i.qeis one quarter of a cycle per bit period, 

or B/4 Hz, wher~ ·B is the bitrate. C()nstant-rate phase 

chanqes of i;h,is kind give rise to a. form of constant 

envelope OQPSK called Mini:mum Shift KE!yi'.ng (MSK) • 
. . · .. ~ . ·· .... · 

2 0 In MSK, .· '~ngle changes occur at,', a: constant smooth 

rate, but their derivative, instan~~heous frequency, 

chanqes in an.'_abrupt fashion as the di;~~tion of the phase 

change altE!;rs .from a clockwise to :·a·.· counterclockwise 

rotation. Thu$ the angle is a contintt6us function, its 

25 derivative (~~eqUency) is also a• cont~ri,i~us function (but 

having abrup:t:"steps), however<th;ed~~iv~tive of frequency 
has infinite,· discontinuities idir~C:i>f~nctions) at the 

.abrupt step points. ..:··;·· 
. : -: ~ . '" : ·. · ..... : . 

The rat,.:at •which the speci;:t:.:rum'.".,f~a;~·l,s off out of the 

30 wanted signal bandwidth is 6N ~~s ·.p£;!~,-·6b:tave, where N is 

the order of the lowest order d~r:iV-~ti ve to contain 

discontinuftfe:s; thus because tti'.~: ~ed~~~: -~erivative of the 

phase anqle. -~~ntains discont:fn4~~f~~; ;~n the case of MSK, 

the spectrum."f'Lll...S off out-of-band at .i.2d.s per octave • 
. ,.. . . . .. . . ..,. ·. : ~ 

35 By furthe?". _f:iltering the frequen~·y:waveform so that 
-------·----··--- --------.-~-:-·: ·.;:.::.;:·=, 
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the abrupt 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 -3dB 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 quite reaching the nominal 
constellation points 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 system. 
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 ~rajectory) depends not just on the start 

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

---·-----
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and future data bits. The number of consecutive data bits 

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 to 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 pref erred 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 
----··":-. --~---·---~. ----------··-----------·--·-··--
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the precedi11g description, and all variations and 
equivalents\.lhich fall within the range of the claims are 

intended to<l:)e embraced therein. 

·:; . 
. ·.··.:-

. ':·;. 

. . 
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CLAIMS: 

1. A transmitter for generating Quadrature Amplitude 

Modulated signals from data bi ts I the transmitter 

comprising: 

first Quadrature Phase Shift Keying (QPSK) means for 

encoding a first pair of the data bits into one of four 

carrier signal phases, thereby producing a first QPSI< 

signal; 

second QPSK means for encoding a second pair of the 

10 data bits in~o one of four carrier signal phases, thereby 

producing a ·-r;;~cond QPSK signal; 
a first::.:;power amplifier for amplifying the first QPSK 

s iqna l to a... first power 

amplified ·s~gnal at an 

15 amplifier; 

level and supplying a first 

output of the first power 

a secort~ power amplifier for amplifying the second 

QPSK signal to a second power level and supplying a second 

amplified si9nal at an output of the second power 

amplifier; anci 
· .. 

20 combining means for combining the first and second 

amplified sigj\als to produce a signal in which four data 

bits are encoded. 

2. The tra~mitter of claim 1, further comprising means 

for smoothin<i a ttansition of the first and second QPSK 

25 siqnals from one phase encoded value to another phase 

encoded value. 

3 • The transmitter of claim 2, wherein the smoothing 

means compris,t!s one or more low pass f·ilters. 

4. The transmitter of claim 2, wherein the smoothing 
'l 

30 'lt\eans compris~s means for using precomputed, digitized 

waveforms stored in a look-up table . 
. · . .--: .. 

·-------·------·------ ---~----·--
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WO !)7/4821' 

THIS SHEET HAS BEEN 
REPLACED 

19 . 

PCTIUS97/08318 

5 . The transmitter of claim 4 , wherein the look-up table 
holds precomputed waveforms that are precompensated for 
distortion in the first and second power amplifiers, 
whereby the output of the first and second power 

s amplifiers contains reduced distortion. 

6. The transmitter of clai'm 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 amplifi_ers is a class-B amplif ;i.er. 

10 8. An apparatus for encoding groups of data bits into a 

complex signal for transmission, the apparatus comprising: 
means for 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. 
15 means · for encoding a second su.b-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 s, wherein: 
the me!lns for encoding the first su.b-group comprises 

20 means for Choosing one of a number of predetermined signal 
values according to bit polarities of the first sub-group 
of the data:;.bit's; and 

the mean~ for encoding the second sub-group comprises 
means for choosing one of the number of predetermined 

25 signal values according to bit polarities of the second 
sub-group of the data bits. 

1 o . The appara:t;us of claim 9, Wh~l:'e in the predetermined 
signal values a~~ equispaced with:~~spect to one another. 

11. An appa~at~s for encoding a group of data bits into 

-- ------·-···-··--------····----- --------

, 1iflifi1Mif 



. 1111$ SHEET. HA$ .. BEEN 
REPLACED 

W09714Bi19 PCT/US97/08318 

------. ---,_____ ·• 

lfllj l}llljf IJ HJ ••... •·•• 
20 

a complex . · signal for transmission, 

col'ilprisinq: 

the apparatus 

means for encodinq a first pair of data bits into a 

first Offse£ Quadrature Phase Shift Keying (OQPSK} signal; 
:·-·:; 

5 means for_ encoding a second pair of data bits into a 
second OQPsi(signal; 

·.:· 

a fir$1;: power amplifier for amplifying the first 

OQPSK signa+. to a first power level; 

a secon~ power .. ampl;_ifier for amplifying the second 

10 OQPSK signal.to a second power level; and 

·combining means for combining outputs of the first 

and second ~ower amplifiers to produce a complex vector 

modulated signal in which four data bits are encoded. 

12. The ap~aratus of claim 11, further comprising 

15 smoothing means for sm.oothing transitions of the first and 

second· OQPS~! signals from one encoded signal value to 

another encoded signal value, whereby spectral containment 

of the comple,x vector modulated signal is obtained. 

13. The apparatus of claim 12, wherein the smoothing 

20 means comprHies at least one low pass filter for smoothing 

transitions :P'f the first and second OQPSK signals from one 

encoded siqn~i value to another encoded signal value. 
··:·: 

14. The apparatus of claim 12, wherein the smoothing 

means compr~$es means for using precomputed, stored 

25 diqitized tra:nsition waveforms to smooth transitions of 

the first an¥ second OOPSK signals from one encoded siqnal 

value to another encoded signal value. 

15. The app,~ratus of clain,i 14, wherein the stored 

digitized t~~nsition · wave~~rll\s_ are precompensated for 
. . .. . .... 

30 distortion in: the first and second power amplifiers such 

that amplifi:e;cl signals supplied by the first and second 

il1iU~i1Dr 
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power amplifiers contain substantially reduced distortion. 

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. __ ,.. ,./ 

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 generating Quadrature Amplitude 

Modulated signals from data bits, the method comprising: 

utilizing Quadrature Phase Shift Keying (QPSK) to 

2 o encode a first pair of the data ·bi ts into one of four 

carrier siqnal phases, thereby producing a first QPSK 

siqnal; 
utilizing QPSK to encode a s~~ond pair of the data 

bi ts into one of four carrier 'signal phases, thereby 

25 producing a second QPSK signal; ... 

generating a first amplifi.e~ .~ignal by amplifying the 
. :-·· .. ·. ': ... 

first QPSK siqnal to a first power.level; 

-------------···-··--·-----------=-----. 
generating a second amplified signal by amplifying 

liilHr 
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the second QPSK siqnal to a second power level; and 
combining the first and second amplified signals to 

produce a signal in which four data bits are encoded. 

23. The me~bod of claim 22, further comprising the step 
5 of smoothinq .. a transition of the first and second QPSK 

signals front.·· one phase encoded value to another phase 
encoded value. 

10 

I 
/ 

24. The trans:;mitter of claim 23, wherein the stey./ of 
smoothing comp;rises 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·. 

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

15 waveforms stored in a look-up table to smooth the 
transition of .the first and second QPSK signals from one 

:.-. 

phase encodedyalue to another phase encoded value. 

2 6. The method of claim 25 , wherein the look-up table 
holds precom:i:>~"ted waveforms that are precompensated to 

20 reduce distort:,ion that occurs in the steps of generating 
the first and second amplified signals. 

27. The methoq of claim 22, wherein: 
the step .·of generating the first amplified signal 

comprises the:·.step of using a first class-c amplifier to 
25 amplify the ,firs"t: QPSK signal to the first power level; 

and 

the step" C,:( :generating the second amplified signal 
. . . . ~··: .. :· ' . 

comprises the. :st~p of using a second class-C amplifier to 
amplify the second QPSK siqnal to the second power level. 

··------------------·----........., 
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28- The method of claim 22, wherein: 
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; 

5 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 groups of data bits into a 
10 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 
15 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 
20 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 siqnal values 
according to bit polarities of the second sub-group of the 

25 data bits. 

31. The method of claim 3 O, wherein the predetermined 
signal values are equispaced with respect to one another. 

3 2 • A method of encoding a group of data bi ts into a 
complex signal for transmission comprising the steps of: 

JO encoding a first pair of data bits into a first 
Offset Quadrature Phase Shift Keying (OQPSK) signal; 

--····-··---···-·----
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encoding a second pair of data bits into a second 
OQPSK signal,·; 

amplifY:ing the first OQPSK signal to a first power 
level using ·a first power amplifier; 

5 amplifying the second OQPSK signal to a second power 

level using a second power amplifier; and 

combiniJ19 outputs of the first and second power 
amplifiers t9 produce a complex vector modulated ·signal in 

which four data bits are encoded. 

10 33. The method of claim 32, further comprising the step 

of smoothing transitions of the first and second OQPSK 

signals froii'.one encoded signal value to another encoded 
signal value/ whereby spectral containment of the complex 
vector modulated signal is obtained. 

15 34. 'I'he methc:>d of claim 33, wherein the step of smoothing 

comprises usi'riq a low pass filter to smooth transitions of 
the first and second OQPSR signals from one encoded signal 
value to ano~er encoded signal value. 

35. 'I'he method of claim 33, wherein the step of smoothing 

20 comprises \i'sing precomputed and stored digitized 
transition waveforms to smooth transitions of the first 
and second OQ~SK signals from one encoded signal value to 
another encoded signal value. 

36. The meth~ of -claim 35, wherein the stored digitized 
25 transition waveforms are precompensated for distortion in 

the first anci:·second power amplifiers such that amplified 
signals suppfiea ,by the first and second power amplifiers 
contain sub~~antially reduced distortion. 

37. 'I'he meWod of claim 33, wherein transitions· of the . . . \ 

30 stored digitized transition waveforms follow a constant 
--------- ------- -
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3·8 • The method of claim 3 7, 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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