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COHERENT MODULATION OF CPM SIGNALS

Field of the Invention _
The present invention relates generally to the field
of digital communications. More particularly, the present
5 invention relates to a method and system for coherently

modulating and demodulating a digital communication
signal.

.Background of the Invention
Conventional ~continuous phase modulation (CPM)
10 schemes inherently employ differential encoding to
! o implement the continuous phase property of the modulation
, scheme. Such a scheme is described, for example, in T.
} Aulin, J.B. Anderson and C.E.W. Sundberg, Digital Phase
! Modulation, Applications of Communications Theory, Plenum
15 pPress, New York, New York, 1986. CPM signals are
typically demodulated using a coherent demodulator and
then differentially detected to obtain the data symbols.
One drawback of the differential detection process is that
an error in each demodulated symbol output by the
20  demodulator results in errors in two output data symbols.
This error rate is double the error rate achieved by
coherent demodulation of a coherently modulated signal.
' On a Gaussian channel, this doubling of the symbol
error rate does not cause a significant 1loss in
25 performance. However, over a fading channel, the bit
error rate (BER) varies linearly with the signal to noise
ratio (SNR); thus, the doubling of the symbol error rate
i ) implies a 3 4B performance loss. To avoid this loss, a
coherently encoded CPM scheme is desirable.
30 For most applications requiring transmission of
' digital data over nonlinear and/or fading channels,
} constant-envelope digital modulation is desirable.
Because of their simplicity, constant-envelope modulation
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I nherently enploy differential encoding to inplenent the cont i nuous

phase property of the nodul ati on schene. Such a schene is descri bed,
for exanple; in T. Aulin, J.B. Anderson and C.E.W Sundberg, Digital
Phase Modul ation, 15 Applications of Conmuni cati ons Theory, Plenum Press,

New Yor k York, 1986. CPM signals are typ}
denodul at ed vﬂ%?ﬁégﬁa coherent denodulator and then Ptﬁ?ébeﬁ?sally
detected to obtain the data synmbols. One dr awb gek—of—the—diffe tia
detection process is that an 20 error in each denp JH&iéMEEDﬁﬁﬁlB@ﬂﬁaut by
the denodul at or results in errors in two output |data BREPHAMGEB. This -
error rate is double the error rate achiﬁved by “Ttoherent

denodul ati on of a coherently nodul ated signa Ch a Gaussi an

channel, this dou f (o]
bLhBHe o sﬁgﬁ §¥ aé@ishg%% Feﬂfﬁ ( adlng Cﬂéﬁﬂgﬁﬁ:the

5|gn|f|cant loss 1IN

bit error ratﬁhngF53¥5F9e§F$Khe%?Y? VfF?Piyﬁﬁ%lﬁﬁ%ﬂ t oTHRi RNt iRYing
(SNR); thus, the feedlfog lattedre speatralentblizatbon s a4 to the sdrch

performance |oss. ¢Ip QuELd Jalllatili@hter?i62BRECHbMIation schemes. It is
5 known that the bandwidth of constant-envelope digital

modulation schemes can be reduced by smoothing the

variations of the information-carrying phase using an

i analog filter. Such a modulation scheme is called

f continuous phase modulation (CPM).

; 10 In addition to improved spectral efficiency, CPM
schemes provide a coding gain over PSK schemes. The

coding gain is due to the memory that is introduced by the
phase-shaping analog filter, which can be used by- a
trellis decoder to decode the transmitted data symbols.

" 15 A coherently modulated CPM system is described, for
example, in Rimoldi, "A Decorhposition Approach to CPM",
IEEE Transactions on Information Theory, 34(2): 260-270
(1988). Rimoldi discloses a CPM system including a
linear, time-invariant continuous phase encoder and a

20 linear, time-invariant memoryless modulator. The time-
invariant tilted phase trellis disclosed by Rimoldi
results in a memoryless modulator of reduced complexity.
The continuous phase encoder and the decoder are also
simpler than for prior MSK systems, and the bit error

25 probability for practical signal-to~noise ratios (SNRs) is
reduced by a factor of two. However, the Rimoldi system
teaches a complex implementation, and further doces not
teach how to convert a conventional CPM scheme into a
constant envelope modulation scheme in which the data

30 symbols are coherently.encoded.

CPM schemes using Nygquist-3 pulse shaping have been
suggested for use in mobile communications systems in, for
example, Sayar and Pasupathy, "Nyguist 3 Pulse Shaping in
Continuous Phase Modulation™, IEEE Transactions on

35 Communications, COM-35(1): 57-67 (1987). Sayar et al.
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disclose how Nyguist-3 pulse shaping in CPM schemes
provides generally improved spectral qualities. However,
Sayar et al. do not disclose how Nyquist-3 pulse shaping
can be practically implemented for coherently modulatead
data symbols. Further, Sayar et al. do not recognize the
performance limitations inherent in practical applications
of Nyquist-3 pulse shaping with conventional receiver
filters.

It would be desirable to adapt a continuous phase
modulation scheme to perform coherent modulation and
coherent encoding of data symbols to maintain a low error
rate over a fading channel.

It would further be desirable for such a CPM sfgnal
to be demodulated using a'simple demodulator.

Summary of the Invention

The present invention overcomes thé above-noted
problems, and provides other advantages, by providing a
method for coherently modulating CPM signals. According
to exemplary embodiments of the present invention, digital
information in the form of data symbols is encoded; the
encoded information is passed through a coherent CPM
modulator. The receiver samples the transmitted
information signal at symbol intervals ,or other
predetermined intervals, and demodulates and decodes the
sampled information.

Brief Description of the Drawings

A more complete understanding of the features,
operation, and advantages of the present invention can be
obtained by reading the following Detailed Description of
the Preferred Embodiments in conjunction with the
accompanying drawings in which 1like reference indicia
indicate like elements, and in which:

FIG. 1 is a block diagram of an exemplary
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(FSK) have often been used. The continuing need for better spectr al

utilization has led to the search for nore bandw dt h-ef fi ci ent
modul ati on schenes. It is known that the bandw dth of
¢onstant-envelope digital nodulation 5 schenes can be reduced by

snoot hi ng th%vd’gfds i ons of the i nformation-carrying phag@rnjsdhifkssin
analog filter. Su a - nodul ation schene is called continuous phase
nodul ati on (CPM . In addition to inproved spectral efficiency,
CPM 10 schenes provide a coding gain over PSK sche T‘?ﬁIS shiber ¢adi BREN

gain is due to the nenory that is introduced by thejp ase€arpy p ﬁhaping
analog filter, which can be used by a trelli decader Ei'ggcgds-Lhe
transmtted data synbol s. A coherently nodul ated CPM systemi s

described, for 15,.8%8APL8t1iohN sPstRLdi YA iREC AP Osh t ERBoAPRERACRet @
CPM', | EEE Trgﬁsagxtqiﬁons %n [s%orrratafcc?r? Tﬁggfy, gﬁ‘?Z): 360-270 Be' Ehe

(1988). Rinoldi dPEEPBRESIAVeRKFSDEt em i ncluding a i near,
time-invariant conti nuBBSsphaza-Bncacker ik a charesr , showing - alternative

exemplary communication methods according to the present
5 invention;
FIGs. 3A-B are a plot of an exemplary phase pulse for
use in the system and method of the present invention and
a graphical comparison of the spectra of full~response and
Nyquist-~3 CPM schemes, respectively; _

10 . FIGs. 4A-B are a scatter plot and eye diagran,
réspectively, of received symbols using a narrowband IF
filter; ana

FIG. 5 is a scatter plot of received symbols using a

compensation filter according to an embodiment of the
15 present invention.

Detailed Description of the Preferraed Embodiments

A CPM signal is characterized by a frequency pulse
' g(t), or by a corresponding phase pulse f(t). The
relationship between the two is as follows:

f(t)=f_' g{u)du (1)
20

Typically, g(t) is time-limited to some interval (0,LT).
In addition, the normalization on f(t) is that

| f(w):.il. (2)

In terms of a seguence of data symbols a,, and a modulation
25 index h, a transmitted CPM signal is given by

| _Jmh I _'_2 ool U=k (3)
In terms of f(t), equation (3) can be rewritten as
The constant envelope property of a CPM scheme is evident

30 from the above equation. It will be appreciated that
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i nvariant menoryl ess nodul ator. The time-invariant tilted 20 phase trellis
di sclosed by Rinoldi results in a nenoryl ess nodul at or of reduced . -
conpl exity. The continuous phase encoder and the decoder are al so
sinpler than for systens, and the bit error probRahilit for
practical _ gﬁﬁF‘%o noi se ratios (SNRs) is reduced by a fE%BU

t wo. However, the Rinoldi system teaches a Lex

i npl enentation, and further does not teach how to cohVHIS SHEET #HAS %[EN
conventional CPM schene into a constant envel ope nmodul @FJLBQF-QC
whi ch the data synbols are coherently encoded. 39 chenels
usi ng Nyqui st-3 pul se shapi ng have been s®ggested for use in nobile
comuni cations systens in, for exanpl e, Sayar and Pasupat hy, "Nyquist 3
Pul se Shaping in Conti nuous Phase Mdulg #hon | EEE Transactions
on Conmuni cations, COM 35(1): 57-61t)¢Fe98 foe Sayar et al. 35

di scl ose how Nyquist-3 pulse shaping in CPM schenes

egquations (3) and (4) employ inherent differential
decoding in CPM schemes.

in

The frequency pulse g(t) is non~zero only over the
interval (0,LT), where T is the symbol period. This
5 implies that

0, ¢t <0 5
£(t) ={co.s E>LT. (3)

Using the above information, equation (4) can be
rewritten for the transmitted CPM signal as follows. . For
mT <t < (m+ 1)T,
5(t) =e;z..r.(£ PORATRLE i AT Jt,.m'-m) 6)
10 where
T =t - nT. (7)
For example, in a 4-level CPM scheme with modulation
index 0.25, the symbol sequence a, € {-3, -1, 1,3}, and the
15 encoded symbol sequence &, can be defined such that §, €
{0,1,2,3}. The relationship between symbols a, and encoded
symbols'ak can be defined as:
a, = 2§ - 3. (8)
Thus, the CPM signal in this example is given by

s(t) = e ’I(Zk--..m 3"2'2k-(|1‘2‘- ,,,-31;(7.1,7.,:7,) (9)
20
1 ::f” N Z ke P .ﬂ"LT-t'!) J"(): ke-oo "r ZL.l“3v(ﬂt.T-k'l’) (10)

From equation (10), it is evident that the modulated
signal can be separated into a
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data independent term s;(t) given by

; '(Em-fu -3, L (—mrd.r-m)
s (t) =g 1&+-=T Lia

(11)
and a data-dependent term s,(t) given by
. x m=-L R IA 2‘ L7
85,(t) =ej'7(£""°'“ pIPURT IS | er‘n)
(12)

5 It will be appreciated that the first summation in the
expression for s,(t) in equation (12) is only unigue modulo
4, by virtue of the complex exponentiation operation.

Now, consider a second symbol sequence by, which is
defined by

&
bk=(l_2; a,) mod 4 - (13)
10 Where mod N means the remainder divided by N. It will be

appreciated that N may. be represented by 2% in a general
case. '

In this example, since

14
b, €40,1,2,3} (14)
15 and
&,%(b, - b,.,) mod 4 (1)
then, in terms of the second symbol sequence b,, the
expression for s,(t) can be rewritten as
55 (bt T 2B g 0t 41 40 oLT-4D)
s,(t) =e
20

The expression for s,(t) remains unchanged.
A conventional coherent demodulator detects the first
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It would further be desirable for such a CPM signal to be denvodul at ed
using a sinple denodul at or. 15 Summary of the Invention The
present invention overcones the above-noted probl ens, and provides

‘ot her advant ages,

roviding a met hod for coherently no i.ng CPM
signal s. AccoﬂUPﬁ@”%@P exenpl ary enbodi nents of the presen€8#ﬁ§gﬁﬁ?6n,
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under.st andi n t he tur
symbol sequencg.e a, by estlma('al:aing the second symbol sequence

b,;, and then performing the differential detection
operation shown in equation (15) to determine the first
sequence a,. According to the present invention, the
second symbol sequence b, includes all of the information
carrying symbols, and differential detection is
unnecessary. Such a b, signal is therefore a coherently
modulated CPM signal.

' Referring now to FIG. 1, a block diagram of an
exemplary communication system according to an embodiment
of the present invention is shown. The system includes a
transmitter having an encoder 10 for encoding a digital
information signal containing a number of data symbols,
and a modulator 14 for modulating the data symbols and
transmitting the filtered and encoded digital signal.
Modulator 14 includes a filter for pulse-shaping. The
system further includes a receiver 16 for receiving the
transmitted signal. The receiver 16 includes a decoder 18
for decoding the transmitted signal. The decoder 18 can
be implemented by a Viterbi decoder modeling a finite
state machine formulated according to eguation (16}, or
can include any other suitable decoder. The receiver 16
can also include a filter (not shown), such as a
narrowband IF receive filter or multiple-tap compensation
filter as will be described in more detail below, for
filtering the received transmitted signal.

Referring now to FIGs. 2A-B, flow charts describing
two alternative exemplary communications methods for
transmitting data communication signals from a transmitter
to a receiver according to the present invention are
shown. Referring first to FIG. 2A, a transmitter obtains
data bits from a source in step 100. 1In step 102, the
transmitter maps sets of g data bits into data symbols b,
where the symbols b, have one of the values {0,1,...2%-1}
and k is a time index.' It will be appreciated that the
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data bits may be passed through a channel encoder prior to
the mapping performed in step 102.
In step 104, the transmitter generates a data-
dependent signal of the form
* L ?| '-r. -
s,(E) o 2Ot E £ b o2 S LT 1n)

where h is the modulation index of the form K/2? for an

integer K and f(7r) is a normalized phase pulse.

In step 106, the transmitter generates a data-
independent signal of the forn

s.(t) _ejz-h(): el f_,(-rz'-l)mm.r-m)
i(t)=e. _

In step 108, the transmitter generates a product signal
which is the product of the data-dependent signal and the
data-independent signal. In step 110, the product signal
is transmitted over a communication channel from the
transmitter to the receiver. _

In step 112, the receiver receives the transmitted
product'signal and demodulates and/or decodes the received
signal by estimating the data symbols b, from the received
signal and determining the data bits from the estimation
of the data symbols. The receiver preferably detects the
phase angle of the received signals at predetermined
sampling intervals. For the case where the source bits
have been passed through a channel encoder prior to the
mapping performed in step 102, the received signal is
passed through a demodulator which outputs soft
information representative of the encoded source bits
generated by the channel encoder, and the soft information
is passed through a channel decoder to estimate the source
bits. _

Referring  now to FIG. 2B, an alternative
communication method according to the present invention is
shown. Steps 100 and 102 are the same as in the method
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exenpl ary comuni cation nethods according to the present i nvention; 5
FIGs. 3A-B are a plot of an exenplary phase pul se for use in the system
and met hod of the present invention and a graphi cal conparison of the
spectra of full-response and Ny.qui st -3 CPM schenes, respectively;
FlGs. 4A-B arwowmeestster plot and eye diagram 10 respectiv&GF/US/0L683
recei ved synbols using a narrowband | F filter; and FIG 5is a
scatter plot of received synbols using a conpgnsattonfil ter-accordi ng
to an enbodi nent of the present invention. 15} [NIPevHEl difDestt ijption of-
the Preferred Enbodi ments A CPM signal is lchar a®fBkAGEd by i
frequency pul se g(t), or by a correspondéng phase pulse T(t).
The rel ati onship between the two is as foll ows:

shown in FIG. 2A. The method of FIG. 2B differs from that

of FIG. 2A in step 103, in which the transmitter generates
data symbols &, from symbols b, generated in step 102,
where

5,= (b~b,_,) mod29

S and then generates a, where
a, = 2§ - (2%1)
In step 105, the data symbols ak are passed through a CPM
modulator at the transmitter to form a continuous phase
modulated data signal. The CPM modulator includes a
10 filter having a phase pulse f(7).

In step 107, the-transmittér transmits the continuous
phase modulated signal over a communication channel, and
the transmitted signal -is received, sampled, and
demodulated and/or decoded in step 112 as described above

15 with respect to FIG. 2A.

It will be appreciated that other suitable methods
incorporating the principles of the present invention will
be readily apparent to those skilled in the art.

The decoder/demodulator 18-for the coherent CPM can

20 be, for example, a Viterbi decoder modeling a finite state
machine for the CPM signal. An exemplary state machine
can be formulated using the description. in equation (16).
A state can be represented by the L-tuple set of values
{bprs-+-bpi}. An input of b, to the finite state machine
25 in the above state causes a transition to the state {b..
Le--sb,,}, while emitting an output signal given by
. equations (16) and (11). The number of states is equal to-
4L in a 4-~level CPM scheme.

A full response CPM scheme is one in which the

30 frequency pulse g(t) has support only in the range (0, T).
In such a scheme, the full response due to the modulating
symbol can be achieved in one symbol interval. According
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[err] Typically, g(t) is tine-limted to sonme interval (O,LT). In
addition, the normalization on f(t) is that [err] In terns of a
sequence of data synbols a[err], and a nodul ation index h, a transmtted
CPM signal is given by [err] 30 In terms of f(t), equation (3) can be
rewitten as wo9owmsreconst ant envel ope property of a CPM schearormsyreissient
fromthe "above equati on. It will be appreciated that [err]
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to an exemplary embodiment of the present invention,
Nyquist-3 CPM scheme can be implemented by using a
Nyquist-3 filter as filter 12 to use a Nyguist~3 pulse as
the freguency pulse. A Nyquist-3 pulse has support over
5 multiple symbol intervals; however, if the CPM signal is
observed at symbol intervals, the behavior is similar to
a full response CPM signal.
A Nyquist-3 phase pulse is defined as
f (kKT) = 0, k < n_
10 = 0. 5, k2n+1. (17)
Such a pulse can be generated by passing a pulse with zero
ISI (i.e., a Nygquist pulse) through a filter that has a
frequency response substantially egual to the reciprocal"
of the sinc function. Referring now to FIG. 3A, a plot of
15 a Nyquist-3 phase pulse is shown as an example. Although
a full response pulse satisfies eguation (19), a Nyguist-3
CPM scheme provides improved Spectral'qualifies over a
full response CPM scheme. In particular, the sidelobe
levels in the spectrum can be reduced considerably by
20 using Nyquist-3 CPM instead of full- response CPM.
Referring now to FIG. 3B, a coﬁparison of the spectra of
4-level CPFSK, which uses a full-response rectangular
pulse as the frequency pulse, with the spectra of a
Nyquist~3 CPM scheme using the phase pulse of FIG. 3A is
25 shown.
Mathematically, this can be shown by considering the
equation for the data dependent part of the coherently
modulated CPM signal, i.e., ' |

s ( t ) _ej '; (b»d. .Z f-,]zl(b--up'bn-zw-vmﬂ ﬂ"LT'kn) ( 18 )
d - .

30 At integer multiples of the symbol period using, equation
{(19) in the above egquation yields
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.enpl oy inherent differential decoding I n CPM schenes. The
frequency pulse g(t) is non-zero only over the interval (0,LT), where T
is the synbol period and L is a 5 positive integer. This |an|es t hat
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] [N NP mod4N
s, ((N+n)T)=¢ * meLin

(19)
or eguivalently

s,((N+n)T) = P, (20)

Thus, by removing the data-independent part from the
5 received signal, the signal can be demodulated by simply
observing it at the sampling points. This CPM demodulator
18 offers substantially reduced complexity.
If a narrowband receive IF filter is used in receiver
16, signal distortion can occur. This distortion is small
10 if the passband of the IF filter is wider than the band
containing most of the CPM signal energy, but can lead to
a degradation in performance, as illustrated by the
scatter plot of the received symbols in FIG. 4A, and the
eye diagram in FIG. 4B. .The distortion causes a loss in
i5 power with respect to PSK systems; however, this loss is
offset by the fact that the peak-to-average power of the
CPM signal is lower.
A compensation filter can be used for the receive
filter in receiver 16 to improve 'performance. For
20 example, a five tap compensation filter having taps at
half-symbol intervals can be used. The compensation
filter is preferably designed to minimize the sguared
error between the input and the known output and thereby
substantially reduce the performance-degrading effects of
25 conventional receiver filters, as described above. In
practice, an algorithm such as the LMS algorithm or an
equivalent algorithm can be used to determine the taps of
the compensation filter. FIG. 5 shows scatter plots of
the received symbols, with and without the compensation
30 filter. It will be appreciated that the compensation
filter improves performance by bringing the outlying
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Usi ng the above information, equation (4) can be

rewitten for the transmtted CPM signal as follows. For nr [err] t
[err] (m+ 1)T, [err] wher e [err] sumation, and mis a
positive integer. (7) 20

WO 9729576 ' PCT/US97/01683
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points closer to the actual constellation point.

While the foregoing description includes many details
and specificities, it will be appreciated that these are
by way of'example, only, and are not to be construed as
limitations of the invention. Many modifications to the
disclosed examples will be readily apparent to those of
ordinary skill in the art which do not depart from the
spirit and scope of the invention, as defined by the
appended claims and their legal equivalents.
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For exanple, in a 4-level CPM schene with nodul ation inde
|synt)ol sequence ak [err] {-3, -1, 1,3}, and the encoded s || SEHHH”"'
a

[err] can be defined such that [err] [err] {0,1,2,3}. The Fe tron

bet ween synbols aferr] and encoded 25 synbols [err] can be defined as:
[err] = [errWQ97957% (8) Thus, the CPMEGTFHATOISE t hi s
exanpl e is given by [err] 30 [err] _

(10) 35 : .
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CLAIMS:

1. A method for transmitting and receiving a digital
communications signal, comprising the steps of:
obtaihing data bits from a source;

5 mapping sets of g data bits into data symbols b,
having one of the 2% values {0,1,...2%9 - 1}, where X is a
time index;

generating a data dependent signal

s, (t) = 5 Ko 120 sus By mod2) firoLT-AT))

10 where h is a modulation index of the form X/2¢ for an
integer K and f(7} is a normalized phase pulse;
generating a data independent signal

5,(t) =e,2ﬂ-(): Tote G b l))ﬂr*.l_r—k'n) '
generating a product signal from the data-dependent
signal and the data-independent signal;
15 transmitting the product signal over a communication
channel;
receiving the transmitted product signal; and
demodulating the received signal by estimating the
data symbols b, from the received signal determining the
20 data bits from the estimation of the data symbols.

2. The method of claim 1, wherein the phase pulse has
a Nyquist-3 pulse shape.

3. The method of claim 1, further comprising the step
of filtering the received signal through a compensation

25 filter prior to the step of demodulating.

4. The method of claim 1, wherein the step of
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6 - Fromequation (10), it is evident that the nodul ated si
separated into a data independent term s[err] (t) given by mml"u"imrﬂmulm
a dat a-dependent term Sd(t) given by

WO 97/29576 PCT/US97/01683
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demodulating includes sampling the phase angle of the
received signal at predetermined sampling intervals.

14

5. The method of claim 3, wherein the compensation

filter is a five-tap compensation filter having taps at
5 half-symbol intervals.

6. The method of claim 5, wherein the compensation
filter minimizes a mean-squared error value between the

received signal and a predetermined signal known to the -
receiver.

10 7. The method of claim 6, wherein the compensation
filter is a multiple-tap compensation filter having taps
determined by an LMS algorithm at predetermined intervals.

8. The method of claim 1, further comprisihg the step

of encoding the data bits from the source prior to the

15 step of mapping, and wherein the step of demodulating is
performed by passing the received signal through a
demodulator to generate soft information representative of

the encoded data bits and passing the soft information

through a channel decoder to estimate the data bits from
20 the source.

9. A method for transmitting and receiving a digital
communications signal, comprising the steps of:
obtaining'data bits from a source;
mapping sets of g data bits into second data symbols
25 b, having one of the 2% values {0,1,...2" - 1}, where k is
a time index; |
generating first data symbols §,, where

4= (by.-b,_,) mod29
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expr essi on for Sa(t) i equation (12) 15 only unique nocuro! [INIGHLITARKIIIN

of the conpl ex exponentiation operation. Now, consider a*setord
symbol sequence which is defined by [err] mhergcqﬁ¥¥im ans
t he remai nder %ﬁ’%’%@% by NN It wll be appreci ated that N may be 165
‘represented by 2qg in a general 20 case. In this exanple, since

lerr]

THIS SHEET HAS BEEN
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generating new data symbols a,, where
a, = 24, - (2%-1)
passing the new data symbols a, through a CPM modulator
having a modulation index h and phase pulse f(7), to form
5 a continuous phase modulation signal;
transmitting the continuous phase modulated signal
over a communication channel;
receiving the transmitted signal; and
demodulating the received signal by estimating the
10 Q@ata symbols b, from the received signal.

10. The method of claim 9, wherein the phase pulse
has a Nyquist-3 pulse shape.

_ i11. The method of claim 9, further comprising the
step of filtering the received signal through a
15 compensation filter prior to the step of demodulating.

12. The method of claim 9, wherein the step of
demodulating includes sampling the phase angle of the
received signal at predetermined sampling intervals.

13. The method of claim 11, wherein the compensation
20 filter is a f:l.ve—tap compensation filter hav:.ng taps at
' half-symbol intervals.

14. The method of claim 13, wherein the compensation
filter minimizes a mean-sguared error value between the

received signal and a predetermined signal known to the
25 receiver.

15. The method of claim 14, wherein the compensation
filter is a multiple-tap compensation filter having taps
determined by an LMS algorithm at predetermined intervals.

' This Sheet Has Been Replaced
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16. The method of claim 9, further comprising the
step of encoding the data bits from the source prior to
the step of mapping, and wherein the step of demodulating
is performed by passing the received signal through a -
5 demodulator to generate soft information representative of
the encoded data bits and passing the soft information
through a channel decoder to estimate the data bits from
the source.
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7 A conventional coherent denodul ator detects the first

synbol sequence ak by estimating the second synbol sequence bk, and
‘then performing the differential detection operation shown in equation
(15) to deternmin he first sequence ak. 5 According to the

i nvention,. thé"‘ég%’eﬁ’?f synbol sequence })k i ncludes all of ng%lm

i nformation carrying synbol s, and di f¥drential detection is
unnecessary. Such a bk signal is therefore a coherently nodul ated CPM
si gnal . ~ Referring nowto FIG 1, a block diagramof an 10

exenpl ary conmuni cati on system according to an enbodi nent of the
present invention is shown. The systemincludes a transmtter having an
encoder 10 for encoding a digital i nformation signal containing a
nunber of data synbols, and a nodul ator 14 for nodul ating the data
synbol s and

FIG |

WODULATOR RECEIVER
ENCODER - L______ -
FILTER 18~ DECODER
\ { : {

i0 ' 4 i6



filtered and encoded digital signal.

Modul ator 14 includes a filter for pul se-shaping. The system furt her

i ncludes a receiver 16 for receiving the transmtted signal. The
receiver 16 inﬁkﬂgﬁ%”@ decoder 18 for decoding the transmtted signal.
The decoder 18 can be 20 inplenented by a Viterbi decoder noddGTRPIHON6BH ¢ e
state machi ne formnul ated according to Zquation (16), or can I ncl ude
any other suitable decoder. The receiver 16 can also include a filter
(not shown), such as a narrowband IF receive filter or nmultiple-tap
conpensation filter \gs will 25 be described in nore i below, for
filtering the recenved transmtted signal. eferring now to

FI Gs. 2A-B, flow char}{s describing two alternative|exenplary
conmmuni cat i ons net hodpg for transmtting data co Lcation signals from
atransmtter 30 t ei ver according to the present ifgvention are
shown. Ref errijn t to FIG 2A, a transmtter ‘gh€aifjns data bits
froma source in g In step 102, the trans ~ MApsS sets of (q

data bits into dat s b[err], where the =
C .

15 transmtting the
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synbol s bk have one of the values {0,1,...29-1} and k is a 35 tine index.
It will be appreciated that the data bits may
AVENDED SHEET performed in step 102. In step 104,

:the transm ttWo%fosat es a data- PCT/US97/01683
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dependent si gnal

I ndex of the formK/2[err]

‘phase pul se.

of the form 5 [err]
for an 10

In step 106,

I nt eger
the transmitter generates a data-

where h is the nodul ation
Kand f(T) is a normalized

‘i ndependent S%ﬂ?@ﬁw@k the form

[err] PCT/US97/01683
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I'n step 108, the transmtter generates a product signal which is the
product of the data-dependent signal and the 20 data-independent signal.
In step 110, the product signal is transmtted over a communi cation
channel from {efernessst ransntter to the receiver. In-ﬁéﬁggﬁﬂ&hnthe
receiver receives the transmtted p;gﬂyct si gnal and denodul ates and/ or
decodes the received 25 signal by esti i'ng the data synbols bk fromthe
recei ved signal and determning the data bits fromthe estimtion of

t he data synbol s. The receiver preferably detects the phase angl e of -
the received signals at predeterm ned sanpling intervals. For the
case where the source bits 30 have been passed through a channel encoder
prior to the mappi ng performed in step 102, the received signal is
passed t hrough a denodul ator which outputs soft information

representative of the encoded source bits generated by the channel
encoder, and the soft information is passed through 35 a channel decoder

to estimate the source bits. F/G 4A
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Referring nowto FIG 2B, an alternative conmmunication met hod
~according to the present invention is shown. Steps 100 and 102 are the
same as in the nethod shown in FIG 2A The method of FIG 2B differs
fromthat of Gnodfs i N step 5 103, in which the transm ttepcutSenasns
data synboels [err] from synbol s [errk 7qenerat ed in step 102, where
[err] .and then generates [err] where /

FilG. 4B

15
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[err] In step 105, the data synbols ak are passed through a CPM

nodul ator at the transmtter to forma continuous phase nodul at ed data
signal.. The CPM nodul ator includes a filter havi ng a phase pulse f(T).
15 In St@pobBésret he transmitter transmts the conti nuou?ﬂmssﬁ{]@e
nodul at ed -si gnal over a conmuni cation chgznel , and t he ransm d
signal is received, sanpled, and €rodul at ed and/ or decoded in step
112 as descri bed above with respect to FIG 2A. 20 It will be
appreci ated that other suitable nethods i ncorporating the principles of
the present invention wll be readily apparent to those skilled in the
art. The decoder/denodul ator 18 for the coherent CPM can be,

for exanple, a Viterbi decoder nodeling a finite state 25 nmachine for the
CPM signal. An exenplary state machi neﬁ@ @be formul ated using the
description in equation (16). A st &t n«e represented by the
L-tuple set of values {bm
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L,..b[err]}. An input ofgb[err] to the finite state nacaiFe in t he

above state causes a trggsition to the state {b[err], ..

emtting an out put signal given by equations (16) ang (11) 2 !$ﬁeanhﬂb¢r
of states is equal to 4L in a 4-level M schene. - v~ A ofrubl v
response CPM schene is one in which the frequency pul se g(t) has

support only in the range c‘o%EP:QNT %&%ﬂtﬁ.ﬁffcﬂ: aoécélpeﬁres:[élgﬁlégl I resg;xgl

due to the nodul ati ng :
can be achieved in one synbol interval. According

10

15

20

25

30

35

Field of the Invention

The present invention relates genefally to the field
of digital communications. More particularly, the present
invention relates to a method and system for coherently

moduléting and demodulating a digital communication signal.

Background of the Invention

Conventional continuous phase modulation (CPM) schemes
inherently employ differential encoding to implement the
continuous phase property of the modulation scheme. Such
a scheme is described, for example, in T. Aulin, J.B.
Anderson and C.E.W. Sundberg, Digital Phase Modulation,
Applications of Communications Theory, Plenum Press, New
York, New York, 1986. CPM signals are typically
demodulated wusing a coherent demodulator and then
differentially detected to obtain the data symbols. One
drawback of the differential detection process is that an
error in each demddulated symbol output by the demodulator
results in errors in two output data symbols. This error
rate 1is double the error rate achieved by coherent
demodulation of a coherently modulated signal.

On a Gaussian channel; this doubling of the symbol
error rate does not <cause a significant 1loss in
performance. However, over a fading channel, the bit error
rate (BER) varies linearly with the signal to noise ratio
(SNR) ; thus, the doubling of the symbol error rate implies
a 3 dB performance loss. To avoid this loss, a coherently
encoded CPM scheme is desirable.

For most applications requiring transmission of

digital data over nonlinear and/or fading channels, .

constant-envelope digital modulation is desirable. Because
of their simplicity, constant-envelope modulation schemes
such as phase-shift keying (PSK) and frequency-shift keying

AMENDED SHEET
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to an exenpl ary enbodipent of the ~present inventiq Nyqui st -3

CPM schene can be i npl nted by using. a Nyqui st - 3@lter. as.fiktéf-.to
use a Nyquist-3 pulse as the 5 frequency pulse. A Nyquist-3 .pudlsé.’has
support over mul tiple synmbol intetvals; however, if the.CTPM sigral’«h3
observed at synbol intervals, the behavior 4s simlar to a ful

response CPM si gnal . A Nyqui st-3 phase pulse is defined as [err]

= 0. 5 k [erlFPKl hape gften pgen 696 eddre conrAnuing qiged ofox| Rettan
be generat ed A WP S AN BEE0 1ed Y Wné: 15@3%‘1?:“§$rp &t?%

through a filt at has a =~ frequency response substantially equa
t he reci procabagidwisithtef £igtentinsodsAatinef eiqhiemesow L6 RisGkmwn athabt

of a Ny qui t_slﬂpﬁﬁ?‘ se.S. - l e y:A ug I
response pul slé:%s?at ISt esl(g%ﬁ{ljat?%n %‘%@a‘g’?r\%‘d%?% dl@%q'schq“ef%u%ar%%l es
i nproved spectrcdlempml canebeovedugedullly smooEsipunsth€Pvasdladrimnd rof the

particul ar, tg% &é%§é¥§%1é2¥¥§iﬁé‘phase using an analog filter. Such a

-

modulation scheme is called continuous phase modulation
(CPM) . '
In addition to improved spectral efficiency, CPM

10 schemes provide a coding gain over PSK schemes. The coding
gain is due to the memory that is introduced by'the phase-
shaping analog filter, which can be used by a trellis
decoder to decode. the transmitted data symbols.

A coherently modulated CPM system is described, for

15 example, in Rimoldi, "A Decomposition Approach to CPBEM”",
IEEE Transactions on Information Theory, 34(2): 260-270
(1988). Rimoldi discloses a CPM systém including a linear,
time-invariant continuous phase encoder and a linear, time-
invariant memoryless modulator. The time-invariant tilted

20 phase trellis disclosed by Rimoldi results in a memoryless
modulator of reduced complexity. The continuous phase
encoder and the decoder are also simpler than for prior MSK
systems, and the bit error probability for practical
signal-to-noise ratios (SNRs) is reduced by a factor of

25 two. However, the Rimoldi system teaches a complex
implementation, and further does not teach how to convert
a conventional CPM scheme into a constant envelope
modulation scheme in which the data symbols are coherently
encoded.

30 CPM schemes using Nygquist-3 pulse shaping have been
suggested for use in mobile communications systems in, for
example, Sayar and Pasupathy, "Nyquist 3 Pulse Shaping in
Continuous Phase Modulation™, IEEE Transactions on
Communications, COM-35(1): 57-67 (1987). Sayar et al.

35 disclose how Nyquist-3 pulse shaping in CPM schemes

-, -
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20 the spectrum can be reduced considerably by using Nyguist-3 CPM

I nstead of full- respo CPM Referring-nowto FIG @B, “a conpargi,son
of the spectra of 4-level CPFSK, which - uses a full-responge recgtangul ar
pul se as the frequency pul se, with the spectra.of a Nyquist-3 CPM>,,"
schene using the 25 phase pulse of FIG 3A is shown.

Mat hematical ly, this can be shown by considering the . equation for the
dat a dependerPr@¥idest geReradist eHipxoved fpagtatdd A@ANidipsy , However,30
[err] At ¢ er, tiphss SHEEW! ry Ml i ; 9)
I n the above éé% gtgi grtlzn;%lel d§83§8ft i h&¥ N9&u‘i§‘t 3 pare gBapanJl

can be practically implemented for coherently modulated

data symbols. Further, Sayar et al. do not recognize the

5 performance limitations inherent in practical applications

of Nyquist-3 pulse shaping with conventional receiver

filters. .

It would be desirable to adapt a continuous phase

modulation scheme to perform coherent modulation and

10 coherent encoding of data symbols to maintain a low error
' rate over a fading channel.

It would further be desirable for such a CPM signal to

be demodulated using a simple demodulator.

15 Summary of the Invention

The present invention overcomes the above-noted
problems, and provides other advantages, by providing a
method for coherently modulating CPM signals. According to
exemplary embodiments of the present invention, digital

20 information in the form of data symbols is encoded; the
encoded information is passed through a coherent CPM
modulator. The receiver samples the transmitted
information signal at symbol intervals or other
predetermined intervals, and demodulates and decodes the

25 sampled information.

Brief Description of the Drawings

A more complete understanding of the features,

operation, and advantages of the present invention can be

30 obtained by reading the following Detailed Description of

the Preferred Embodiments in conjunction with the

accompanying drawings 'in which like reference indicia
indicate like elements, and in which:

FIG. 1 is a block diagram of an exemplary

35 communication system according to an embodiment of the
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present invention; _ :

FIGs. 2A-B are flow charts showing alternative
exemplary communication methods according to the present
invention; |

5 FIGs. 3A-B are a plot of an exemplary phase pulse for
use in the system and method of the present invention and
a graphical comparison of the spectra of full-response and
Nyquist-3 CPM schemes, respectively:;
FIGs. 4A-B are a scatter plot and eye diagram,
10 respectively, of received symbols using a narrowband IF
filter; and _

FIG. 5 is a scatter plot of received symbols using a

compensation filter according to an embodiment of the

present invention.

15 : : '
Detailed Description of the Preferred Embodiments
A CPM signal is characterized by a frequency pulse
g(t), or by a corresponding phase pulse £(t). The
relationship between the two is as follows:
20 :
f(t)=ffg(u)du _ (1)
Typically, g(t) is time-limited to some interwval (0,LT)..
In addition, the normalization on £(t) is that
_1 |

In terms of a sequence of data symbols a,, and a modulation
index h, a transmitted CPM signal is given by
s(t) =ej2nhf:2 k=—adxF(E-KTI AL _ (3)
30 In terms of f£(t), equation (3) can be rewritten as
The constant envelope property of a CPM scheme is evident
fronl.the above equation. It will be appreciated that

s(t) =ej’znn2;=__,akf(c—kn (4)

AMENDED SHEET
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[err'] Thus, by re,vi ng the data-i hdepehdent part omthe 10

recei ved signal, the si¥Wal can be denodul ated by si npl . Observing it
at the sanpling points. This CPM denodul at or 18 of f ers: subst,antiallry,
reduced conplexity. I f a narrowba d receive IF filter.is ysed,ih
receiver - 16, signal distortion can occur. This distortion is snall 15

I f the passband of .the u%fl|t US mﬁqtr th an th %;ﬁi n|n nnst
of the CPM si GFRGHRRTf3) 4)) gmpley in ege g q?ﬁ?

as illustrat ed,;b;cmhes@w@;mgr pl ot of the received synbols i n FI G 4A
and the eye dia ram in FIG 4B. The di SkOI’tIOﬂ causes a loss in power
20 with respect t KEEGSUSRSY RIERRr 9 (Fhi &9 0REPTZe5Pr QALY oVEy ifie

fact that the jpRaded£1 aY6l BOE, PAWREOT tHe €hY symbolddrisd! aM8r 1, is a

5 positive integer. This implies that

_ 1o, t <0
£(e) = {0.5 t=LT. (3)

10 Using the above information, equation (4) can be
rewritten for the transmitted CPM signal as follows. For

mT < £t £ (m+ 1)T,

15 s(e) =ej2nh{ PRI 1) -0 ,,_L,kf(vz.r-kr)) (6)

where

T =t -mT, k is a limiﬁ of the
summation, and m is a positive integer. (7)
20 |
For example, in a 4-level CPM scheme with modulation
index 0.25, the symbol sequence a, € {-3, -1, 1,3}, and the
encoded symbol sequence &, can be defined such that &, €
{0,1,2,3}. The relationship between symbols a, and encoded
25 symbols &, can be defined as:
a, = 2&, - 3. (8)
Thus, the CPM signal in this example is given by

It
is ( k--.(23 3)-+Ek 1) (285 pup” 3)f(t+L1’-kT)) 9
s(t) = e ? (1) (9)

30

J_(E 2l aeTi, za,_,'.,,f(u:.r-kr) _7 ;(2 "“E_ =5 M 3)f(t+Lr-kT))

(10)
35

o e
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A compensation filter can be used for the receive filter in receiver

16- to i nprove performa For exanple, 25 a five tap ensatiqn-fi.lter
havi ng taps at hal f-synbol intervals can be wused.. (The , *,.71.7".
conpensation filter is preferably designed to m nimze:the squared-
error between the input and the known &utput and thereby substantially

reduce the perfornmance-degrading effects of conventional 30 receiver

filters, as dEsem segaiiere.(10),n 4% 46t e¥adengnthat Fhoomadidatiedh skonak

least mean squghefle( kMBY rak@Qr HHER 97 dat fﬂdé@é‘h Yehent e2nagr |

used to detern?ne FheBngs o? tﬁe %oﬁpensa I on #il%gr. %f?§h§§s OWEE.y

scatter plots of the rg '-ye%ambol s, withynd w thout the

conmpensation 35 fé'_l(ttqgej’i R APy kﬂb’ﬁf%‘&‘ﬁ’t"g that the conpensatiofll)
1

5 _
and a data-dependent term sy(t) given by
jE(Z‘_“'_I‘ &+ % 25 f(t+L1’-k2’))
_ 2 k=-e"k k=1““a~L+k 12
s,(t) =e (12)

10 It will be appreciated that the first summation in the
expression for s4(t) in equation (12) is only unique modulo
4, by virtue of the complex exponentiation operation.
'Now, consider a second symboi sequence b,, which is
defined by '

15 ) |
b,=(Y 4&,) mod 4 ' (13)

pEE
where mod N means the remainder divided by N. It will be
appreciated that N may be represented by 29 in a general
20 case.
In this example, since

b €{0,1,2,3} (14)
and
25 _
ék=(bk-bkq) mod 4 (15)
then, in terms of the second symbol sequence by, the
expression for sy(t) can be rewritten as
30 |

. I L
J—(bN+E k=12 {Bpeguy Dy gopy) mod 4] £ (1:+L1’—k1'))
s4(t) = e 2 (16)

The expression for s;(t) remains unchanged.



12 filter inprovesgaerfornmance by bringi hg the out lad ng points

closer to the actual cd el l ati on point.. “Whi | .he foregorng -~
description includes nmany details “and specificities; it w'll, be.2 »~.
appreci ated that these are by 5 way of ex%nple, -only, .. and. are nq@t-tqQ, be
construed as limtations of the inventi‘on. Many nodifications to the

o 5510520, SKAT! % U nEp ALY Ve ARPRLET Lo APEECE! o st RV AL

i nvention, as siefdoledeyudrive ) bppesdeénacliagmehandeidatid JyegRll sequence

equival ents. by, and then performing the differential detection operation

shown in equation (15) to determine the first sequence a,.

5 According to the present invention, the second symbol

_Sequence b, includes all of the information carrying

symbols, and differential detection is unnecessary. Such

a by signal is therefore a coherently modulated CPM signal.

Referring now to FIG. 1, a block diagram of an

10 exemplary communication system according to an embodiment

of the present invention is shown. The system includes a

transmitter having an encoder 10 for encoding a digital

information signal containing a number of data symbols, and

a modulator 14 for modulating the data symbols and

15 transmitting the filtered and encoded digital signal.

Modulator 14 includes a filter for pulse-shaping. The

system further includes a receiver 16 for receiving the

transmitted signal. The receiver 16 includes a decoder 18

for decoding the transmitted signal. The decoder 18 can be

20 implemented by a Viterbi decoder modeling a finite state

machine formulated according to equation (16), or can

include any other suitable decoder. The receiver 16 can

also include a filter (not shown), such as a narrowband IF

receive filter or multiple-tap compensation filter as will

25 be described in more detail below, for filtering the
received transmitted signal.

Referring now to FIGs. 2A-B, flow charts describihg
two alternative exemplary communications methods for
transmitting data communication signals from a transmitter

30 to a receiver according to the present invention are shown.
Referring first to FIG. 2A, a transmitter obtains data bits
from a source in step 100. In step 102, the transmitter
maps sets of g data bits into data symbols b,, where the

symbols b, have one of the values {0,1,...2%9%1} and k is a
35 time index. It will be appreciated that the data bits may
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13 CLAI MS: 1. Anethod for-transmtting a receiving a

di gi tal communi cat i signal, conprising the steps é 57, . Obt aimi ng
data bits froma source, mappi ng sets of q-data biits .i'nto gdata .
synbol s b[err] having one of the 2q valyes-{0,1, ..Z.erfr].,» 1},,where k
Is a tine I ndex; generating a dgta dependent signal [err]

be passed through a channel encoder prior to the mapping
performed in step 102.
" In step 104, the transmitter generates a data-

dependent signal of the form

j2nh(b__,_+2 12008y gy ~Byp -y m0A2 9] f(t'r.r.z'-kr))
s,(t) =e

where h is the modulation index of the form K/29 for an
10 integer K and f(t) is a normalized phase pulse.
In step 106, the transmitter generates a data-

independent signal of the form

. - -(29- .
15 jznh( e ST L -t £ +L1'-k1'))
s,;(t) =e :

In step 108, the transmitter generates a product signal

which is the product of the data-dependent signal énd the

20 data-independent signal. 1In step 110, the product signal

is transmitted over a communication éhannel' from the
transmitter to the receiver. '

In step 112, the receiver receives the transmitted

product signal and demodulates and/or decodes the received

25 signal by estimating the data symbdls b, from the received

signal and determining the data bits from the estimation of

the data symbols. The receiver preferably detects the

phase angle of the received signals at predetermined

sampling intervals. For the case where the source bits

30 have been passed through a channel encoder prior to the

mapping performed in step 102, the received signal is

passed through a demodulator which outputs soft information

representative of the encoded source bits generatéd by the

chanﬁel encoder, and the soft information is passed through

35 a channel decoder to estimate the source bits.
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The method of FIG. 2B differs from that of FIG. 2A in step
103, in which the transmitter generates data symbols &, from
symbols b, generated in step 102, where

§k=(bk-bb4)mod24

and then generates a,, where

a, = 28, - (2%-1)
In step 105, the data symbols ak are passed through a CPM
modulator at the transmitter to form a continuous phase
modulated data signal. The CPM modulator includes a filter
having a phase pulse f(1).

In step 107, the transmitter transmits the continuous
phase modulated signal over a communication channel, and
the transmitted signal is received, sampled, and
demodulated and/or decoded in step 112 as described above
with respect to FIG. 2A.

It will be appreciated that other suitable methods
incorporating the principles of the present invention will
be readily apparent to those skilled in the art.

The decoder/demodulator 18 for the coherent CPM can

be, for example, a Viterbi decoder modeling a finite state

" machine for the CPM signal. An exemplary state machine can

be formulated using the description in equation (16). A
state can be represented by the L-tuple set of values {b,.
;++.bpy}. An input of b, to the finite state machine in
the above state causes a transition to the state {by.,...bp.
1}, while emitting an output signal given by equations (16)
and (11). The number of states is equal to 4 in a 4-level
CPM scheme.

A full response CPM scheme is one in which the
frequency pulse g(t) has support only in the range (0, T).

In such a scheme, the full response due to the modulating
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symbol can be achieved in one symbol interval. According
to an exemplary embodiment of the present invention,
Nyquist-3 CPM scheme can be implemented by using a Nyquist-
3 filter as filter to use a Nyquist-3 pulse as the
5 frequency pulse. A Nyquist-3 pulse has support over
multiple symbol intervals; however, if the CPM signal is
observed at symbol intervals, the behavior is similar to a
full response CPM signal.
A Nyquist-3 phase pulse is defined as
10 £ (kT) =0, k < n
= 0. 5, k=2n+ 1, where k is an integer. (17)
Such a pulse can be generated by passing a pulse with zero
ISI (i.e., a Nyquist pulse) through a filter that has a
frequency response substantially equal to the reciprocal of
15 the sinc function. Referring now to FIG. 33, a plot'df a
Nyquist-3 phase pulse is shown as an example. Although a
full response pulse satisfies equation (19), a Nyquist-3
CPM scheme provides improved spectral qualities over a full
response CPM scheme. In particular, the sidelobe levels in
20 the spectrum can be reduced considerably by using Nyquist-3
CPM instead of full- response CPM. Referring now to FIG.
3B, a comparison of the spectra of 4-level CPFSK, which
uses a full-response rectangular pulse as the frequency
pulse, with the spectra of a Nyquist-3 CPM scheme using the
25 phase pulse of FIG. 3A is shown.
Mathematically, this can be shown by considering the
equation for the data dependent part of the coherently
modulated CPM signal, i.e.,

30 j “{b o 20(By By BOdH) f(t+LT—k1‘)) (18)
> \*¥m-L k= m=Le. A=Lek~
s, (t)=e 2
At integer multiples of the symbol period using, equation
(19) in the above equation yields
35
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4. The nethod of cl ai hl, wherein the step of denodul ati ng

i ncl udes sanpling the se angle of the recei ved nal .at 7. .7,
predet erm ned sanpling intervals. 5 5. The nethod of.charm3,°",
wherei n the conpensation filter is a'f£¥e-tap-conpehsdtibn filtey*,.”
havi ng taps at “hal f-synbol intervals. 6. The nethod of claim
5, wherein the conpensation 10 filter m nim zes a nean-squared error val ue
bet ween t he recei ved si gnha Za, predeterm signal known to the
recei ver. sd((Nﬂh)ﬂWﬁeﬁ%?ﬁ%gﬂﬁ?ugfﬁfETBTH%ﬂﬁgrein t he conpensatfléh 15

filter is a nultiple-tap conpensation filter having taps

or eqﬁivalently

j0.5nbN.

s,((N+n)T) = e (20)

Thus, by removing the data-independent part from the
10 received signal, the signal can be demodulated by simply
observing it at the-sampling points. This CPM demodulator
18 offers substantially reduced complexity. |
If a narrowband receive IF filter is used in receiver
16, signal distortion_can occur. This distortion is small
15 if the passband of the IF filter is wider than the band
containing most of the CPM signal energy, but can lead to
a degradation in performance, as illustrated by the scatter
plot of the received symbols in FIG. 4A, and the eye
diagram in FIG. 4B. The distortion causes a loss in power
20 with respect to PSK systems; however, this loss is offset
by the fact that the peak-to-average power of the CPM
signal is lower.
A compensathml filter can be used for the receive
filter in receiver 16 to improve performance. Fof example,
25 a five tap compensation filter having taps at half-symbol
intervals can be used. The compensation filter 1is
preferably designéd to minimize the squared error between
the input and the known output and thereby substantially
reduce the performance-degrading effects of conventional
30 receiver filters, as described above. In practice, an
algorithm such as the least mean squared (LMS) algorithm or
an equivalent algorithm can be used to determine the taps
of the compensation filter. FIG. 5 shows scatter plots of
the received symbols, with and without the compensation

35 filter. It will be appreciated that the compensation
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deternmined by a | eab mean squar.ed . algorithm at pr edet ar,m ngd
i hterval s. The nethod of .claim 1, further r‘rprtsnfg fhe St ep
20 of encoding the data bits fromthe source prior'to £hel step * °°@fy 2

mappi ng, and wherein the step of denodul atjng i's *° peftorned by *gassing
the received signal through a denodul ator to generate soft information

representativ [
i nformation 2§ ﬁ‘l?ﬁubﬂbgggﬁ ﬁgﬁgagg%gcg %g ggtq P%gﬁgl Qﬂ g’%ttg%%‘lr}gs %orlélr%s
the source. closer to &heA awidedd dmstehhsmom pgiafkd receivi ng a di g| t al

communi cati ons si ga’g 1 &C QRN IS n%c’l@l esoétﬁ%fgtaa&? 1%c%.ud82t Al gggin

bits froma source, Into s ata

synmbol s bknBaypegigneiefieshe i2[ miEL]l bel appr{e(a,lm.ed Hhatr [thegd amhdre k

'S 5 way of example, only, and are not to be construed as
limitations of the invention. Many modifications to the
disclosed examples will be readily apparent to those of
ordinary skill in the art which do not depart from the
spirit and scope of the invention, as defined by the

- 10 appended claims and their legal equivalents.
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CLAIMS:

1. A method for transmitting and receiving a digital
communications signal, comprising the steps of:

obtaining data bits from a source;

mapping sets of g data bits into data symbols by having
one of the 29 values {0,1,...29- 1}, where k is a time
index;

generating a data dependent signal

sza( By ;* Y pe12 (Byopux~Dyegox-1) B0d2 %] f(1:+1'.1‘-k1’))
s4(t)= |

where h is a modulation index of the form K/29 for an
integer K and £(t) is a normalized phase pulse;

generating a data independent signal

- - - (29~
() jZnA( LE__‘?TL’ X (=291 )f(1:+L1'-kT))
s.(t) =e

generating a product signal from the data-dependent
signal and the data-independent signal; '

transmitting the product signal over a communication
channel; | . _

receiving the transmitted product signal; and

demodulating the received signal by estimating the
data symbols b, from the received signal determining the
data bits from the estimation of the data symbols.

2. The method of claim 1, wherein the phase pulse has

a Nyquist-3 pulse shape.

3. The method of claim 1, further comprising the step
of filtering the received signal through a compensation

filter prior to the step of demodulating.
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5. The method of claim 3, wherein the compensation
filter is a five-tap compensation filter having taps at
half-symbol intervals.

6. The method of claim 5, wherein the compensation
filter minimizes a mean-squared error value between the
received signal and a predetermined signal known to the

receiver.

7. The method of claim 6, wherein the compensation
filter is a multiple-tap compensation filter having taps
determined by a least mean squared algorithm at

predetermined intervals.

8. The method of claim 1, further compiising the step
of encoding the data bits from the source'prior to the step
of mapping, and wherein the step of demodulating is
performed by passing the received signal through a
demodulator to generate soft information representative of
the encoded data bits and passing the soft information
through a channel decoder to estimate the data bits from

the source.

9. A method for transmitting and receiving a digital
communications signal, comprising the steps of:

obtaining data bits from a source;

mapping sets of q data bits into second data symbols
b, having one of the 29 values {0,1,...29 - 1}, where k is
a time index;

generating first data symbols &, where

\luﬁrl‘lll\t

-

At
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fiilter prior to the st e nmet hod.of .claim
9, wherein the step of ﬂi“‘l !Luumludes sarrp ng the nhase .
angle of the recei ved S|gna at pr ecet er m ned sanp |ng i nt"erval g. :

13. The nmethod of claim1l, wherein the corgensation filter is*a ™
five-tap conpensation filter having taps at 30 hal f-synbol intervals.
14. The method of claim 13, wherein the conpensation filter mnimzes a

nmean- squared error val ue between thé&,=(bydnejmtidi gnal and a predeternined
signal known to the 35 receiver

generating new data symbols a,, where
a, = 23, - (29-1)

passing the new data symbols a, through a continuous phase
modulation modulator having a modulation index h and phase
10 pulse £(t), to form a continuous phase modulation sighal;
transmitting the continuous phase modulated signal
over a communication channel;
receiving the transmitted signal; and
demodulating the received signal by estimating the

15 data symbols by from the received signal.

10. The method of claim 9, wherein the phase pulse has
a Nyquist-3 pulse shape.

20 11. The method of claim 9, further comprising the step
of filtering the received signal through a compensation

filter prior to the step of demodulating.

12. The method of claim 9, wherein the step of
25 demodulating includes sampling the phase angle of the

received signal at predetermined sampling intervals.

13. The method of claim 11, wherein the compensation
filter is a five-tap compensation filter having taps at
30 half-symbol intervals.

14. The method of claim 13, wherein the compensation
filter minimizes a mean-squared error value between the
received signal and a predetermined signal known to the

35 receiver.
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an LM5S algorithmat predetermned intervals* $5 6. The ‘nefAdd of.
claim9, further conprising the step 18 encod| ng the data bits’frdmthe
~source prior to the step of -mapping, and wherein the step of

idemodul ating is 15, paef acmbd f OB&SING4,t Mhereinei vkd compedsatiitrpugh -
denodul at or to generate soft |nforrrat|on re re%elr}tatwe of 10, the

encoded dat &£ bl E8Tad® RSBRAGIPAE 5P FHFRFRZRFHAD 45 ouBATANgh SRS
decoder t0 esit8Phenk8CpyakA BMESalGePithm at predetermined intervals.

5 16. The method of claim 9, further comprising the step
of encoding the data bits from the source prior to the step
of mapping, and wherein the step of demodulating is
performed by passing the received signal through a
demodulator to generate soft information representative of

10 the encoded data bits and passing the soft information
through a channel decoder to estimate the data bits from

the source.
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