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DESCRI PTI ON o RECElI VER FOR Mary FSK SI GNALS

TECHNI CAL FIELD 5 The present invention,elates to a receiver for
recei ving and modul at i ng Mary FSK (f requency shift nal s
where M has av\%sflgamssjg‘a of 2 or 4. Such signal nodul ation Ié’gﬁggr)éﬁlsoﬂlg
used in selective call systens such as digital paging.

BACKGROUND ART 10 A known type of deqodulator for FSK signals is
shown in Figure 1 of the acconpanyi ng draw ngs, which figure is a

bl ock schematic digEseRIFPAON del ay and rrul ti pI y denodul ator whi ch can
be used with a zero IF receiver which des corrpl ex signals at

baseband. The conplex digital sRR{FYEREO #’A!CFSK SIGNALS,n i nput 10. The
i nput 10 is coupled to one input of a nultiplier 12 and to 15  a del ay
stage 14, an output fromwhich is coupled to a second i nput of the

mul tiplier 12. ThdEGHNEALFIEID ay is arbitrary. An output signal fromthe

mul tiplier 12, which siggaly st idvenfGhPldidtes fo | VrdbNer ' ir' Feddhihg ankO"

pass
demodulating M-ary FSK (frequency shift keyed) signais, where M has a value

of 2 or 4. Such signal modulation schemes may be used in selective call
systems such as digital paging. | '
BACKGROUND ART
10 A known type of demodulator for FSK signals is shown in Figure 1 of the
accompanying drawings, which figure is a bloék schematic diagram of a delay
and multiply demodulator which can be used with a zero IF receiver which
provides complex signals at baseband. The complex digital signals are applied
to an input 10. The input 1'_0 is coupled to one input of a multiplier 12 and to
15 a delay stage 14, an output from which is coupled fo a second input of the
multiplier 12. The choice of delay is arbitrary. An output signal from the
“multiplier 12._ which signal is still complex, is low pass filtered in a low pass
filter 16. An output of the filter 16 is applied to a decision stage 18 which
provides a hard decision on its output. |
20 - In this type of demodulator the frequency of the complex exponential
wave is estimated by measuring the phasé change over a fixed time period.
A discrete time implementation of the Figure 1 will be corisidered in
which the k th sample of the received signal is given by

- oTA

25 where T, is the sampling interval, and w is the angular frequency which is to
be estimated. A decision variable is formed as

Y, =R, X R,
= ej[wT,m)

where m is a chosen integer humber of samples.



filter 16. An output of the filter 16 is applied to a decision stage 18
whi ch -provides a hard decision on its output. 20 In this type

of denodul at or the frequenc 'P ponent:i al wave is
esti mated by MWRMg t he B@SHEEF%% fixed tine pcRGRABIGO1218
A discrete tine |nplenentat ofPFE ure will be considered in
whi ch the k th sanple of the received signal _is given by

[err] 25 where T[err] is the sanpling i néerval , and [err] is the

lar f timated. A decisi i abl e i
angul ar T requency, i BsURe'Sr invenTiSN®St' ™! € Corr] o P here m

i25 a chosen integer nynBen gHjedtdfMeSresent invention to demodulate complex signals at

baseband in such a manner as to be able to make soft decisions on the
demodulated signals.

5 Acéording to one aspect of the present invention there is provided a
method of demodulating a M-ary FSK signals, where M equals 2 or 4,
combrising treating the FSK signals as N repetitions of a differential phase shift
keyeq signal, defiving the log likelihood ratios for said repetitions and
integrating said log likelihood ratios to obtain a maximum likelihood estimate of

- 10 the bits comprising each transmitted symbol.
The one aspect of the invention provides a method of receiving and
demodulating M-ary FSK symbols, whefe Mequals 2 or 4, ,ccmpﬁ'sing providing
| quadrature related, fréquency down-converted signals at substantially zero
intermediate frequency, over-sampling the signals, muitiplying each sample by

15 a time delayed sample, the amount of time delay being such that the products
of multiplication comprise log likelihood ratios for the bits which compose the
M-ary FSK #ymbol_s,,_ ahd combining a pluf_élity of said log likelihood ratios in an
integrating ﬂltef fo_ obtain a maximum likelihood estimate of the bits comprising
the symbols as transmitted;

20 According to a second aspect of the present invention there is provided
a demodulator for an M-ary FSK signals, where M equals 2 or 4, comprising
means for treating the FSK signals as N repetitioné of a differential phase shift

- keyed signal, means for deriving the log Iikelihood ratios for saiq repstitions and
means for integrating said log likelihood ratios to obtain a maximum Iikelihood

25 estimate of the bits comprising each transmitted symbol.

The second aspect of the present invention provides a receiver for M-ary
FSK symbols, where M equals 2 or 4, comprising means for producing
quadrature related signals at substantially zero intermediate frequency, means

_ for over-sampling the signals, a delay and multiply demodulator having an input

30 for said samples, the time delay being selected such that quadrature related
outputs of the demodulator are ng likelihood ratios for bits which compose the
M-ary symbols, and an integrating filter .for combining a plurality of said log
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DI SCLOSURE OF | NVENTI ON It is an object of the present
I nvention to denodul at.e conpl ex S|gnals at baseband in such a manner
as to be able to make sof {["geCr ST ONS 0 i “denpdul ated signals. 5 °

According to one aspect of ion‘there is rovigeg a

met hod of MG Bting a ere ‘M equalP§TABY{0124 p

conprising treating the FSK Si ghal s as ﬁ:"'r‘éﬁetitibns of a differenti al

phase shift keyed signal, deriving lgg likelihood ratios for said
repetitions and integrating said log likelihood ratios to obtain a
maxi mum | i kel i nbol .
! o ot INAoGEIHEBS ol 4 ek WRBIoBy adfgte brih B Lbnging

derodul at | ng I\lhargvmbﬂs a'.ytrhnsmgttedhere M equal s 2 or 4, conprising provi di ng
quadrature rel ated, fre dawn-c si gpal.s at_.su an zero
I nternmedi ate freque '%5?/@ ‘éeéﬁ'BP 'shg %ﬁ%fnrgggsat'ﬂﬂ%ﬁtﬁ €$hg"9§‘£ anpl e
by S 15 t} me Ebebeetedss?reﬂemuommf amerentlta‘l phasesﬁmll@yeb@ugmlsu'?hsﬁfgmt the
products o mu i cation e atios for ts

whi ch conpbse FPi s W‘bpc's over-s;yg ?lge ‘3‘% g‘ﬁﬁ"gﬁ?ﬁf be segarged)s sai d
I og |'i kel i hoodad PPERS fyh'ibol%n Whensudﬁsimté}fmwséﬁéémredtwaéﬁyanammm

| i kel i hood estinate o bits conp nsmg synbol s”as trans tted

20 Acccﬂﬁ!ﬂ‘?ﬂ}"@tgf angéb%ﬁelauwmw ﬂ%lllfﬁllb@uﬁatmammanedm i's
i ded 2
zplr O\clorrgri gi ng faéhgirﬁéqrg ﬂiesMrﬁ{cﬁsenﬁ%!ﬁ{e% sﬁ"gg ?glp@?*lﬁl I ons 8; a

differential plikelihn@esumate of ﬂwyaymbclgrtsaqsmMS Rsoa result \a weryl simple

L0 11 Kl Thood b @opilh AP EL oL v | kel i nood 25 cstimat o of bi i

conpri sing eacBRIEFaDEBCHIE'ﬂ()N/ﬂFODRAWlNGS - The second aspect of the
present invention ovides .a.re e| ve for ynbol ere M
equal s 2 or 4, nglhies?rﬁﬁeméﬁ ul?:?ﬂﬁs‘%'bed by wayosfexampe wi

reference to the accompanymg drawmgs wherein:
Figure 1 us a block schematic dtagram of a delay and multiply
15 demodulator, | ' '
Figure 2 is a graph time (the abscissa) versus phase (the ordinate)
illustrating phase trajectory for 4-FSK with 4800Hz deviation at 3200 baud,
Figure 3isa graph showing di-bits and frequency shifts mapped onto the
compiex plane,
20 Figure 4 is a block schematic diagram of an embodiment of a receiver -
made in accordance with the present invention,
Figure 5 is a block schematic diagram of another embodiment of a
- receiver made in accordance with the present invention, and
Figure 6 illustrates the phasers at an input to a complex
26 multiplylconjugate stagé (4.8kHz deviation, linear version). |
- In the drawmgs the same reference numerals have been used to
indicate corresponding features. |
MODES FOR CARRYING OUT THE INVENTION -
" In the following description, M-ary FSK is viewed as M-ary DPSK
s0  with symbol repetition coding. For example, 4-FSK with deviations of +4.8kHz
and +1.6kHz at 3200Baud can be seen as nl4-DQPSK at 12800Baud, with
~ each symbol repeated 4 times.
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gquadrature related signals at substantially zero internedi ate frequency,
nmeans for over-sanpling the signals, a delay and multiply denodul at or
having an input 30 for said sanples, a tine delay m being sel ected such
that quadr at uMWO 9219839 d su@ut puts of the denpdul.ator are PODIBISARERS hood
ratios for bits which corrpose "t he M ary synbols and an integrating
filter for conmbining a plurality of said |og

3 | i kel'i hood ratlos td obtain a maxi nunf | kel i hood estimate of the

bits conprising ynpol s as tr nsmii The present
i nvention is based on ’f_'ﬁﬂfer%'ﬁl-'ﬁt?éﬁ Bﬁ't ELLY ”gzﬁlpeﬂ“&'ﬂﬁ@ a&ﬁﬁamplesg%syMI as

N repetitions of gndltfd SﬁeBie‘saéreRBﬁér?aFGkéétly Qihu%%"ﬂé‘iaﬁtf Bﬁése

synbol is over-sanpled then t esu-synbosotalne re ar
DPSK synbol s. vmwhasuehp%rugamplnuatesvaﬂe 304 radians carremqmmwto mlat:qmg/ of

denodul at or, d ol d
derdul at o 2, 1hBuAghahobhudPid INIGhpd88ld FhabiBAl FRAR 5 Ghhehcs
gi ves a maxi num If, howevar| itie sdmpling nattmsaﬁgmueors;ruuwy, bnmtmeé td!dhe%f&ula
result a very sinple 10 dec mtervaps whe_ﬁrlthm can be a

DESCRI P11 O OF DIPREE8men bR R Rorpsad tofRagion. 2w lgler is
descri bed, by waymefe fikelytd be tue chse slnwr@ﬁm’oﬁﬂﬁmg fecobéryanayp fﬁB@B&'ﬂi‘ﬁslble

drawi ngs, wherein: gI is a block schematic” di agram of
del ay and. mul ti pl fyrior to demodulatlon fN is the over-sampling rate and m is the number of
~ samples delay, only N - m computations of the decision variable will contain
10 information gathered from within just one symbol; up to m of them may contain
a mixture causing inter-symbol interference (iSl). In order to maxim.ise the
signal to noise ratio of the_ samples of_ the decision variable, a matched filter is
applied to the known, rectangular portion of N - m samples of the received
_ waveform. The required r-natched' fiter is a FIR filter with all the N - m tap

15 weights set to unity. |

The. values of .T, and the discrete delay m are chosen suc:h that

for an M-ary FSK system with a maximum angular deviation of &

radians/sec. The product 7gm may be regarded as being a constant and in

fheory Ts and m can have a wide range of values. However since the FSK

20 _ signal is being over-sampled then T has to be a fraction of the symbol period
and m =1 and a member of a set of integers.

" The "above choice of the delay given by the 'prodi:ct Tm gives a
maximum Euclidiah distance separation of the resultant points on the complex
plane. It also means a very simple decision circuit can be used for 2- and 4-

25 level frequency shift keying modulations. '
a The mappin'g”shﬁwn in Figure 3 is a(:hieved by the choice of delay m for
a 4-FSK modulation such that the M points are equidistant from each other on
a unit circle. S
Due to the Gray codxng and the partlcular frequency to phase mapping



15 denodul at or, Figure 2 is a graph of tinme (the abscissa)

versus phase (the ordinate) Il lustrating phase trajectory for 4-FSK
wi th 4800Hz devi ation at 3200 baud, Figure 3 is a graph show ng
di-bits and fre ncy shifts nmapped onto the conpl e
Figure 4 j v %{f}’?k schematic di agram of an enbodi ment OM"%@Bls ,
made in accordance with the present invention, Figure 5is a
bl ock schematic di agram of anot her enbodi gent of a receiver nmade in
accordance with the present invention, Figure 6 illustrates

the phasers at paol gy tﬁﬁcn.&om,sese&%ﬁupd e} B8 i, s i Bk

devi ation, |i n8 ar_ver ngs anme reperence
nuner al s have becapplmied to i ndi cate correspondl ng features. MODES
FO?CARRYINGQJTTH Int efollovving

description, Mary me& E?SM'QPV%% 3d. e synbol repetition

codi ng. For exanpl e2 4 1311 M)t:hg;imasggl ﬁmaamfdnes L} ejéeiﬁkHz and[ err]
1. bkHz at 3200Baud cij eaﬁl;e%&dgsthL af f' SKogct)métzr%ofSEgtlo?\s lr\'lNi order to
each synbof repeate & Sf?/ Ry g
PCT/ 1 B96/ 01218glate the phase of the decision variable to the most likely transmifted symbol.
If the value of m is too small making the delay too short then the effect
will be that the points on the complex plane will be bunched. Alteratively if m
is made foo large causing the delay to be too long then the effect will be that
‘90 the points on the complex plane will overlap.

' Referrmg to Figure 4, the receiver comprises a mixer 52 to one input of
which an antenna 50 is connected and to a second input of which a local
oscillator 54 is connected. The frequency of the local oscillator 54 is selected
to frequency down convert the FSK signals received at the antenna 50 to zero

15 IF signals. A low pass filter 56 selects the desired complex zero IF signals
from the other prbducts of mi:king. Sampling means S1 are coupled to the
output of the filter 56 and samples are supplied to an input 10 of a delay and
multiply demodulator 12, 14 either directly or by way of an optional quantising

- means 58, such as a limiting amplifier or an analogue to digital converter,

20 shown in broken lines. |

The input 10 is coupled to one input of a complex multiplier 12, after

being subject to a complex conjugate operation mdlcated bya* and to a delay

stage 14, an output of thCh is coupled to a second input of the muitiplier 12.

The output of the multlpher 12 is coupled to a FIR filter 16 comprising a shift

25  register 18 having N - m taps whose tap weights are set to unity. The taps are
| connected to an accumulator stage 20, an output of which is connected to a
1/N decimating stage 22 which produces an output at every N th sample. The
decimating stage 22 has an output coupled foa complex to rectangular stage

24 which produces | and Q outputs which are ooupled to respective decision

30 stages 26, 28 which determine if the signals at their inputs are greater than
zero. The outputs from the stages 26, 28 provide respectively the most
signiﬁcant bit (mso) and the least significant bit (Isb) of the di-bits, referred to



Figure 2 illustrates that if sanpling is perforned at 4 sanples per synbol
and, the sanples are taken at exackly the optinmumtimng instant, the phase
change per sanple interval is [erfr}g]El Zp l.ans corresponding to

deyi ati ons of WO97/1953%®rr] 4. 8kHz | I - f our poPETABISO1218
measurenent intervals in the synbs : , the sanpling is

=Gl

m saligned or arbitrary, only three of € O™ nmeasurenent intervals
will contain non-corrupted information. The Iftter is nore likely to
be the case since synbol timng recovery may not be possible prior to

denodul ation. |f i the phaseopapsbewpiinfiguade and mis the nunber of
sanpl es delay, only N y, M?@Fin%iﬁngftﬁ%@ﬁ%ﬁﬁé’ﬁﬁ’%iaﬁ%ﬁt&f*é shoyld
ol; uptomo

contain 10 information dathered fromw thin just one syn up
t hem may contai n be perfermedx atiactimingsphase determingdoby a suitatie timing recovery

In order to maxim ' | . | e sanples of the
deci si on vari abl e,n?e:ar{% L rqql?%@ﬁé”l{eslé\ﬂ Wbﬁgﬂ’g‘ﬁde%"?{ée’me known,
rectangul ar pertion of Il\brdertcfatjlitate the understanding\of the presenvinveritionrconsider

required matched fjilter is a FIRfilter with all.the N - m 15 wei ghts
set to unity. the oomplex_mlétp&ameg b{asqt[aéxpf -'fgﬁ{ﬁmf%edﬂpgé‘?'&"é aenlied g‘?
are chosen such t 4DQPSK, Figure 4 illustrates how the differential encodif 'id removed by
for an Mary FSK systemwi th a maxi mum angul %r& devi ation of [err]

radi ans/ sec. The FrBRIKngthe complen pianal bk delayeds compley eonjugale yersiem®fin
theory T[err] and'mﬁ’QHe%ﬁﬁ%%\%&tﬁ%ﬁwe&?PY\éﬂl‘ues. However since the FSK

20 signal is being over-sa en T as to be a fraction of t he
symbol peri oco anlf the[ symbolispased samples of &, aresdeneled; 2 apdrthe noise

The above choi ce %%F@h& @?Nayﬂ?é Vaﬁﬁgm’v r&?@ﬁﬁ%%&%@%@i& bIGHLLSIEN Yistributed

maxi num Eucl i di an ance $epar d n o pornts on t
conpl ex with zero mean and total variance o°. If the received amplitude is denoted by
a, then

Z, = ac™* O,

15 where ¢ is a n arbifrafy phase due tb'the fédin_g process and 6, is the phase
information imposed at the transmitter for the current symbol. The other input
to the complex multiplication is therefore

Z;. = ae % ANy

it is assumed that the fading is sufficiently slow for ¢ not to have changed
20  during the symbol period. An expression for the samples of Z,,,, given by

Zkzl:-m
can now be written.

7z kz':." = g2 ef(eret-.) + a(ei(ﬁg + Q]Nk‘_m + ei(-ea-m"ﬂ N; ) + NkNl:-m

This Sheet Has Been Reﬁaced

AW



plane. It also neans a very sinple decision circuit can be used for 2- and

4- 25 I evel frequency shift keying nodul ations. The mappi ng

shown in Figure 3 is achieved by the choice of delay mfor a 4-FSK -
nodul ati on such ;shat the Mpoints are equidistant fromeach other on .
a unit cirdY@¥ Due to the-Gray-coding and t HETABIGMAE) o )
frequency to phase nmapping: ..~ - ‘W97/19539 :

PCT/ 1 B96/ 01218 7 5

achi eved by the choice of discrete delay, a very sinple decision algorithm
can : be

stgni fi cant blff&@lﬂ{lﬁﬁciﬁy the {inal term will bb: nedléftédeﬁcﬁtb a{gnluf vw[fe & rjé@é?gﬁ st

si gni fi cant bito be donstdnte I0can then be seen thafTtheseal amt imaginary gartsiof  need f or

any trigononetric functions in order to - rel ate the phase of the
decision variable to the nost |ikely trgz;»mtted synbol . | f
the value of mis too small nmaking the too short then the effect
will be that the points hec | ex pIa “be bunched, AIteratlver
if m 'ﬁég%"stsl%' 4) %’5\5‘%‘ YRJ1angR &t a 9(6"356 ig determpingd anbrby he

effect will thé st féhm BAE i ebRdiiod] drthe” R ERdfited | pNaSe EtlangBY Sver P
5 samples penods fmis chosen such that the possible phase changes are
APE (/4 + 3n/4} the mean of the real and i |mag|nary parts of

ZZgm

will both have values of

xa? | 2

10 depending on the information bits transmitted. They are therefore treated as
independant binary signals with additive Gaussian noise in the -following
analysis. ' '

The p.dt. of x=%(Z,z,,) is approximately normal, the p.d.f. is given by

; olx. o 2,
f("z ‘b) - —1——8 {x; -a WvV2¥2ae?

acyen

where b is either +1, or -1 depending on the transmitted |.s.b.

Similarly, the p.df. of x, = § (Z,Z,.,) is normal which is given by

15

f b) = '(Jq -aby2)?% 2%
) - e

where b is either +1 or -1 dependmg on the transmitted m.s.b.
The likelihood ratio for x; is therefore (applying Bayes’ theorem):



Referring to Figure 4, the receiver cc)'rrpriées a mxer 52 to one input of
which an antenna 50 is connected and to a second input of which a |ocal
oscillator 54 is connected. The frequency of the local oscillator 54 is

sel-ect ed wWowrg933pequency down convert the FSK signal s raaimssebiais t he
antenna 50 to zero 15 |IF signals. A low pass filter 56 selects the desired
conpl ex zero I'’F signals fromthe other products of m xing. Sanpling
nmeans S1 are coupled to the . out put of 8he filter 56 and sanples are
supplied to an input 10 of a“delay and mul ti‘pl'y denodul ator 12, 14
either directly or by way of _.ar] gﬁtlor}g’ W ti $1 Ng means 58, such as
alimting anplifier or,gn_ o) gt'!o °c VB 1de? 0?20 J!xslh’ovmm

br oken | i nes. Tf(ql-ﬂr)put mdzw;wp?e to one |nput of a

conplex multiplier 12, after b&i ng subject to a conplex conjugate
operation indicated by a * and to a del ay stage 14, an output of
which is coupled to a second input of the nultiplier 12. The out put

of the nultiplier 12 is coupled to a FIRfilter 16 conprising a shift 25
regi ster 18 having N - mtaps whose tap weights are set to unity. The taps

are connectis iHe B Ngmgml,@ﬁ@ris shighg 20, an output of which is
connected to a deci mati ng stage 22 which produces an out put at

every N th sanple. The deci rratl ng ge bas an output coupled to a
conpl ex to rectangul ar stage V\M\%-‘i )’gﬂlﬁ’ ces | and Q out puts which

are coupled to respective decision 30 stages 26, 28 which determne if
the signals at tH3imilailpputs are greater than zero. The outputs from
t he stages 26, 28 provide respectively the nost significant bit (nsb)
and the least significant bit (Isb) of di b} referred to

g (1'sb) mt}g)_,/ﬂq_}a‘z _

5

it follows from this that the quadrature outputs of a differential detector can be
used directly as soft decision information -under conditions of constant noise

variance and reasonably high signal to noise ratios.
Figure § illustrates another embodiment of the invention in which the
10 complex terms are expanded in terms of .real arithmetic. Quadrature related
signals | and Q are produced at respective inputs 10A, 10B of a demodulator
by coupling the signals received at the antenna 50 to first inputs of mixers 52,
53, Quadrature related local oscillator signals are produced by a locai oscillator
54 and a ninety degree phase shifter 55 and are supplied to second inputs of
15 the mixers 52, 63. The local oscillator frequency is selected to mix the FSK
" signals down to a zero IF. The in-phase 1 and quadrature phase Q signals are
selected from the products of mixing by respective low pass filters 56, 57. The
| and Q signals are sampled using say switching devices S1 and S2 controlled
by a controller 60. The samples are supplied to inputs 10A, 10B of a
20 demodulator either directly or by way of quantising means 58, 59 each of which
may comprise a limiting amplifier or an analogue to digitat converter A/D. The
inputs 10A, 10B are applied to respective junctions 11A, 11B at which the | and
Q signals are applied to respective delay and multiply stages 12A, 14A and
12B, 14B. The outputs from the multipliers 12A, 12B are combined in a
25  summation stage 30 and an output 32 provides an !, signal to a FIR filter,



6 I n the phase map shown in Figure 3. I n operation,

deci mation of the output of the FIR matched filter 16 should be _

performed at a timng phase determ ned by a suitable timng reco;ery neans -

(for exanpl e |law synbol timng recovery). -5 In order to
Vit

facilitate
conpl ex output of a baseband differential denpdul ator applied to

[err]/4DQPSK. Figure 4 illustrates hom/ths differential encoding is renoved
mul ti plying the conpl ex signal a del ayed, dcgnplex conjugate
version of its cate an *

If the synbol g%(grggt F#ﬁgesn%g&écﬁﬁ gﬁaggroz%ﬁ%ﬁf‘ b Pé? 'gurﬁﬁ‘d the noi se

sanpl es by N err] T&gnalaraﬂmemﬁputadﬂtlwewaystagesumhdﬂthéjtﬁwﬂéﬁlﬂB are
t al arlance oferr]. If the received

anplitude is d@HBy\hﬁd Hygéﬁu ip ler ﬁ@ﬁttge pro uct signal is apph to one input of a[ er r ]
15 where [er r&nffeﬁénamgaétbgé 88r Mn mﬁﬁmaﬂuﬁmher éubﬁal&%n?%é)? : egaerclihéer r]

is the phase

by

di stri but ed

synbol .
[err]

10

20

25

30

erstandi ng of the present invention conffHiBP6O12I8 { he

i nf ormatj.on at the transmtter

to a second input of the differencing stage 38. An output Q,,, from the stage
38 is applied to a terminal 40 to which is connectéd the combination of an FIR
filter, decimating stage and de’cisidn stage (not shown).

It should be noted that the outputs of the respective decimating stages
can be used directly as soft decisions for further forward error correction (FEC)
processing. |

The inner part of the structure shown in Figure 5 can be recognised as
being very similar to the part of the differentiate and muitiply architecture. The
outer part is used to calculate the real part of the full delay and multiply
construct, which is normally not required in the FM discriminator.

" Rather than try to minimise the non-linear characteristic of FM
discriminator, it is recognised that Q,, = sinA¢ and I, = cosA@, where Ag is
the phase change per over m samples delay. Thus the received frequency
shifts are mapped on to distinct points on the complex plane.. For example, the
physical realisation could be either in terms of analogue electronics or a
discrete time digital system. The use of Z notation to express delay implies a
discrete time implementation, but this is not meant to exclude the possibility of

- an analogue alternative.

For the sake of completeness a limiting version of the delay and multiply
demodulator will be described, ‘in-this version the | and Q inputs to the
demodulator are individually limited (quantized to one bit) on the way into the
delay and multiply 'demodulator.- The operation of the limited input version will
now be explained taking the case of 4-FSK with deviations of +4.8kHz and
+1.6kHz at 3200Baud and 72 samples per symbol. Consider an input deviation
of 4.8kHz, and a delay chosen as m = 18 samples. Referring to Figure 6 this
input signal can be viewed as a phasor Ph rotating 1.5 times round the unit
circle, while the delayed version DPh lags 3n/4 radians behind.

urrent

The ot ¥ thedupgtionl 1A are m'ﬂtipltsérm panultiplier 3giand dhe product iStappliédr e

4



It is assuned that the fading is suffi'cient'ly slow for [err] not to have
changed during 2 0 the synbol period. An expression for the sanples of

Z[err], given by : Z[err] Zerr]

can now be w iwQ 919539 [err] WO 97/ 19539 PCT/1B96/01218
PCT/ 1 B96/ 01218 7 For
sinmplicity the final termw.l|| be neglected both a and [err] will be
consi dered to be constant It can theme seen ‘that the real and
i magi nary parts of [err]

In the hnear case, the decision vanable us formed by taking the complex
product (with conjugate of one input) of these two rotating vectors, which
results in a constant vector of &°™ for the interval over which both phasors are
rotating at the same rate '(N m samples). These ouiput vectors are summed

5 in the FIR filter to produce one large vector (N - m) €™ which will be used to
“make the symbol decision.

In the case of single-bit | and Q inputs, the phasors must héve an
argument which is one of m(n+1/2)/2,n = 0, 1...3 and so the difference of two
'argume_nts (as formed by the complex multiply with conjugate operation) must

10 be a multiple of m/2. This seems inconvenient as the difference of the two
arguments to be +3m7/4 or +r/4 is required. However, the vector addition of the
partial results gives an approximation fo the desired decision variable. For
example, a 4.8kHz deviation symbol may cause the following samples to be
integrated in the 54-tap (N-m =72 - 18 = 54) FIR filter: 8 x -1, 6 x j, 6 x -1,

15 6xj,6x-1,6xj,6x-1,6xj, 6 x-1(where x represents repetition). This
decision variable has approximately the desired phase, since a resultant vector
with same absolute values for the real and imaginary parts e.g., 54 (-1 + j)
would be expected.

For the lower deviations of +1.6kHz, the two phasors are nominally +n/4

20 radians apart but due to the quantisation of | and Q components this is forced
to be either 0 or +m/2 radians. The typical run length for each possible decision
-vector is 18 samples, so the 54-tap FIR filter may contain a sequence such as

- 18 x 1, 18 x j, 18 x 1, which again is an approximation to the expected linear
case result of 54 (1 +j).

25 The single-bit nature of the input signals would allow a relatively simple
digital circuit to be used to implement the scheme shown in Figure 5. For
example the multipliers 12A, 12B, 34, 36, could be replaced by exclusive NOR
gates and the adder and subtractor blocks 30, 38 could be half adders.

From reading the present disclosure, other modifications will be apparent

30 to persons skilled in the art. Such modifications may involve other features
which are already known in the design, manufacture and use of FSK
demodulators and receivers and component parts thereof and which may be



are Gaussian distributed with variance [err] The nean is determ ned only by
the first termand is conditional on the transmtted phase changes over m
5 sanples periods. If mis chosen such that the possible phase changes -

are [ I {[err]ln /4, [err] 3[err]/4}, the nean_of the real and.
i magi nary %@%ﬁgﬁ ~will both have val ues of aPcrfB”’mEl'@pendi ng

on the information bits transmtted. They are therefore treated as
i ndependant binary signals with additive ﬁ;\ussi an noise in the followng
anal ysi s. The p.d.f. of x[err]=[err](Z[err]Zerr]) is

2PP1OF1 T2 1 04t g 8 A grqack b vt "Rl
claims have been formulated in this application to particutar combinations of
~ features, it shoUIB be understood that the scope of the disclosure of the present
application also includes any novel feature or any novel combination of features
s disciosed herein either explicitly or implicitly or any 'generalisation thereof,
whether or not it relates to the same invention as presently claimed in any
claim and whether or not it mitigates any or all of the same technical problems
as does the present invention. - The ‘applicants hereby give notice that new
claims may be formulated fo such features and/or combinations of such
10 - features during the prosecution of the present application or of any further
application derived therefrom. ;

INDUSTRIAL APPLICABILITY
| Receivers and/or demodulators for M-ary FSK signals.

18



Simlarly, the p.d.f. of x[err] = [err] (Z[err]Z[err]) I's normal which is
given by 15 - _ , [err] where b is

either +1 or -1 depending on t S qib. The |i kel i hood
ratio for x[equmgsasherefore | gg%@@ENt eorem) PCT/INO/D1248. 9539
PCF/1B96/01218 _DEPEASED | — 8 ferrt——

12 This Sheet Has Been Replaced

coms T

1. A method of demodulating a M-ary FSK signals, where M equals

2 or 4, comprising treating the FSK signals as N repetitions of a differential

s phase shift keyed signal, deriving the log !ikelihood _raﬁos for éaid repetitions

and integrating said 'Iog likelihood ratios to. obtain a maximum likelihood
estimate of the bits comprising each transmitted symbol.

2. A hethod of receiving and demodulating M-ary FSK symbols,

10 where M equals 2 or 4, comprising providing quadrature related, frequency

down-converted 'signals at substantially zero intermediafe frequency, over-

sampling the signals, multiplying each sample by a time delayed sample, the

amount of time delay b‘éing such that the products of multiplication comprise

log likelihood ratios fdf the bits which compose the M-ary FSK symbols, and

15 combining a plurality of said log likelihood ratios in an integrating filter to obtain

a maximum likelihood estimate of the bits comprising the symbols as
transmitted.

- 3. A method as claimed in Claim 2, wherein the choice of delay, m,
20 is determined in accordance with the following equation

where Tg is the sampling interval, and & is the maximum angular
deviation in radians. per second.

4. A demodulator for an M-ary FSK signals, where M equals 2 or 4,

25 comprising means for treating the FSK signals as N repetitions of a differential
phase shift keyed signal, means for d__eriw)ing the log likelihood ratios for said

. repetitions and means for integrating said 'Iog likelihood ratios to obtain a
maximum likelihood estimate of the bits comprising each transmitted symbol.

* [ L M s *
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6. A receiver as clalmed in C!alm 4, whereln the time delay m is
selected in accordance with the equatlon

where 7 is the sampling interval and & is the maximum deviation in rations per
second.

7. A receiver as claimed in Claim 4 or 5, characterised in that the

~ integrating filter comprises FIR filter whose tap weights are set to unity.

20

25

8. A receiver as claimed in any one of Claims 4 to 6, characterised
in that the demodulator further comprises decimating means coupled to an

. output of the integrating filter, means coupled to the decimating means for

producing quadrature related outputs and means for making a decision on the
basis of each of the quadrature related outputs beih‘g greater than or less than

Zero.

9. Areceiver as claimed in Claim 4, characterised in that said means
for producing quadraturé related output signals has first and second outputs for
the in-phase and quadrature-phase signals respectively, in that first and second
delay and multiply demodulators are coupled to the first and second signal
outputs respectively, in that each of the first and second delay and muitiply

(O

20
of
al



Q signals are applied to respective delay and mul ti pI y stages 12A, 14A and
12B, 14B. The outputs fromthe m.l|tI|D|IeI’S 12A, 12B are conbined in a 25
summation stage 30 and an output 32 provides an I[err] S|gnal to a FIR

filter, - ‘WO 978397/ 19539 PCT/IB96/01218
PCT/ | B96/ 01218 N 9

deci mati ng stage and deci sion stage of the type shown in Figure 4.

Signals at the output of the delay stage 14A1&nd at the junction 11 B are
nultiplied in a miltiplier 34:and the product signakzis applied to one

i nput of a dedloﬂﬂhtm'scormnseagzst 28d second delay meanseaupled 4o threafirst &ndm
the delay stage 14B n jLunc 11A are. nmul tiplie o
mul i pl o 36 andseeRn pignalpuiptE, hpHEawely. dnt ading ebpdimn® hrallaR secpa
di fferenci ng stagdefa§ed dotputs, Mrﬁilﬁplyhg rhéans dvingsh figst mput coupled tb the first
applied to a termpal 40 to nnect.ed the conbi nat |og of an FIR

filter, decimati nﬁ'ggﬁhﬁﬁtpﬁheméﬂ g‘Pﬂﬂs 3?ra§’é’dﬁ‘ﬁ'ﬂg quagiFyre related signals andjg
shoul d be notgd tbééor{m‘pq%agygéd 6 thberrﬁte&éwéd Mﬁtpﬂ?%e%ﬁd riﬁulﬁwg.gSm&Qns

can be used d| rectly as sof cil si ons further forward error rrection
( FEQ) pr ocbwngga first input coupled torme ispeend signel eutpuh of said,meaans_for

N " e ¢ PR BRI RS sgnas apg Blclind il SoBbSio B g
is used to cal cuI delayed eutpad)| thindmulmlymgméalisl havirigog fiest éhpabicoupled to the first
delayed output and a second input coupled to the second signal output of said
1w  means for producing quadrature related signals, fourth multiplying means
having a first input 'cdupléd' to the second delayed output and a second input
" coupled to the first signal autput of Said means for producing quadrature-reléted N
signals, summing means coupled to the outputs of the first and second
multiplying means for providing in-phase log likelihood ratios, and diffe'r'encing
15 means coupled to the outputs of the third and fourth multiplying means for
| providing quadrature log likelihood ratios.
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In the linear case, the decision variable is forned by taking the conpl ex
product (with conjugate of one input) of these two rotating vectors, which
results in a constant vector of e[err] for the interval over which both
phasors are w093 ating at the sane rate (N - m sanpl es) FCFABSOIAR: put
véctors are sumed 6 inthe FIRfilter to produce one |arge vector (N -
m e[err] which will be used to make g he synbol deci sion.
In the case of single-bit I and Q inputs,ic;/t - phasors must have an
argunent which is one of n(n+ 1/2)/2,n =0, 1 ...3 and so the difference of
t wo argunents (as fornmed by the conplex nultiply with conjugate
operation) nust 10 be a multiple of QLLlL@.fg?is seens i nconveni ent as
the difference of the 6mo . argungnts tobe err]fﬂewr]na or [err]/4-is
requi red. However, @ ddgf | sk partial fesults gives

q ;
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For the lower deviati OW 41. 6kHz, the two phasors are nom Merr]/4
20 radi ans apart but due to the guantisatio nents this
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8.9 1, which
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result of 54 (1

+j). 25 The single-bit najure |d allow a
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shown in Figure 5. For exanple the nultigdfier@ 12A, 12B, 34, 36,

coul d be replaced by exclusive NOR
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gates and the adder and subtractor bl ocks 30, 38 ; ERRENT SHEET
From readi ng t he present disclosure, other nodif ‘ dzidppar ent

30 'to persons skilled in the art. Such nodificaji Dns nay I nvol Ve ot her
features whi ch are al ready known in the defpip P g rie jand use

of FSK denodul ators and receivers and2 corrp:)nent parts therlegf and

whi ch may be WO 97/ 19539 _

PCT/ 1 B96/ 01218 11 used

instead of or PISGHESUYRE QR 'N‘é%NTIQJ! al ready described hereirn.” Al't hough
I h b f I I
claims have been fopmy t&ﬂ e rbfttﬁég(rfé??% Orﬁ/%hh&ﬁ‘ tb QeRRduldtyc @Qﬂgbﬂa | QNS

of features, It s be un at the scope o sclosure
of the present basebandaprplsuchta ananiteroas rtol belablerty make| sdfe decisionsr oanthe

novel conbi nati,on qof fecgture[ss di scl osed herein either explicitly or
implicitly or 9R% 8 [Ated,pi90a1S: on ¢ her eof whet her or not it relates
to the samginventi ARcaRling ?&%' é(sﬁéc@'dfﬂﬁe' preseit mvenﬂor?'tﬁér@ %nﬁrdﬁlﬁd‘gr

or not it mtigates afy or all of sanme techni cal problens does
the present inngthodm damodylahmaat M—am ESK giignalsowheee tMaequale 2 or 4,

o ™ e SR o8 s B 0 foBA AR Rl piage sh
further Reyed siginaly dehiving/ g liketihebd aatios for said repetitions and integrating
said log likelihood ratios to obtain a maximum likelihood estimate of bits

10 comprising each transmitted symbol.

The one aspect of the invention provides a method of receiving and
demodulating M-ary FSK symbols, where M equals 2 or 4, comprising providing
quadrafure related, frequency down-converted signals at substantially zero
intermediate frequency, over-sampling the signals, multiplying each sample by a

15 time delayed sample, the amount of time delay being such that the products of
multiplication comprise log likelihood raﬁos for_bits which compose the M-ary
FSK symbols, and combining a plurality of said log likelihood ratios in an
~ integrating filter to obtain a maximum likelihood estimate of the bits comprising.
the symbols as transmitted. |
20 According to a second aspect of the present invention there is provided a
demodulator for an M-ary FSK signals, where M equals 2 or 4, comprising
means for treating the FSK signals as N repetitions of a differential phase shift
keyed signal, means for deriving log likelihood ratios for said repetitions and
means for integrating said log likelihood ratios to obtain a maximum likelihood
25 estimate of bits comprising each transmitted symbol.

‘The second aspect of the present invention provides a receiver for M-ary
FSK symbols, where M equals 2 or 4, comprising means for producing
quadrature related signals at substantially zero intermedIéte frequency, means
for over-sampling the signals, a delay and mulfiply demodulator having an input

30 for said samples, a time delay m being selected such that quadrature related
outputs of the demodulator are log likelihood ratios for bits which compose the
M-ary symbols, and: an integrating filter for combining a plurality of said log



I'NBUSTRI AL APPLI CABI LI TY Recei ver s_and/ or I =T
Mary FSK signals. 15 LACFB A ’Q’FNIENTSHggT
CLAI M5 1. A et hod of denodul gt T-Rg—CZNAALY 5i gnal s,

where Mequals 2 or 4, conprising treating|the FSK signalsjas N
repetifions of a differential phase 5 shift |keyeDAdiEHha9s9 der|ving | og

| i kel i hood ratios for said repetitions and3 i ntegrating spif |og

| i kelihood ratios to obtain a maxi mum|ikelihdood estimte o bits,

conpri si ng eaclikeliheed ratiasctg chitaimor maximum likeli estimateno epmprising

recei ving and ﬂgwoqé Lg%a%ﬁfﬁédFSK synbols, 10 where Mequals 2 or 4,
|

conprising providr’ng quadrature related, frequency down- converted
signal s at subst ant The lpyesant invention e daséd ohrthgLrealisationvthat a FSK signal can

be seen as N repetitions of a differential phase shift keyed signal. Thus if a FSK
5 symbol is over-sampled then the sub-symbols obtained can be regarded as
DPSK symbols. When such sub-symbols are applied to a delay and multiply
demodulator, and the delay is optimised, log likelihood ratios are obtained from
the multiplier. Integrating these ratios in an integrating filter gives a maximum
likelihood estimate of the symbols fransmitted. As a result a very simple
10 decision algorithm can be applied.
BRIEF DESCRIPTION OF DRAWINGS
The present invention will now be described, by way of example, with
referenée to the accompanying drawings, wherein:
Figure 1 is a block schematic diagram of a delay and muitiply
15 demodulator,
Figure 2 is a graph of time (the abscissa) versus phase (the ordinate)
illustrating phase trajectory for 4-FSK with 4800Hz deviation at 3200 baud,
Figure 3 is a graph showing di-bits and frequency shifts mapped onto the '
complex plane, ' o
20 Figure 4 is a block schematic diagram of an embodiment of a receiver
made in accordance with the present invention,
Figure 5 is a block schematic diagram of another embodiment of a
receiver made in accordance with the present invention, and
Figure 6 illustrates the phasers at an input to a complex
25 multiply/conjugate stage (4.8kHz deviation, linear version).
In the drawings, .the same reference numerals have been used to
indicate corresponding features. ,.
MODES FOR CARRYING OUT THE INVENTION
In the following description, M-afy FSK is viewed as M-ary DPSK
30 with symbol repetition coding. For example, 4-FSK with deviations of+ 4.8kHz
and+ 1.6kHz at 3200Baud can be seen as n/4-DQPSK at 12800Baud, with
each symbol repeated 4 times.



sanpling the signals, multiplying each sarrple by a tlrre,elgl

SHEET

amount of tine delay being such that’ the iproducts of

conprise | og | i keli hood ratios for bits which cpmy - a3y HSK
synbol s, amd conbining 15 a plurality of said log || kglihood ratios}ijn an
integrating filter to obtain a maximum li kel i hopd] ep £ Fr&Be1399 the] bits
conprising the synbols as transmtted. 6 3 A net hod _ak
claimed in Caim?2, wherein the choice of delay, m 1§s determ ned} in
accor dance wi. ththa@haaelnm st@pwmlml’lgure3 v

et trum angul ar - devingeshtion; deim3fdptHE oyflpfia e £TR TatEhed ke 16'Shouia
denmodul at or f ope pBridiAéd aF§|ﬁnﬁh% pAkSe determined BpH %hﬁalé’le(ﬁi'mﬂg recovery means

conprising nmeans for treating the FSK signals as N repetitions of a
differential 26orexample square lanesirabelitigiiag recavens. f or der| ving | og

el R o o5, B0l i apiety BRSSAISBRAPRIENTRLG ARG, ¢
conpri sing eacthet rconsplex t odtpty mebla baseband differential demodulator applied to
n/ADQPSK. Figure 4 illustrates how the differential encoding is removed by
multiplying the complex signal by a delayed, complex conjugate version of itself,
the conjugate being indicated by an *.
10 If the symbol spaced samples of Z, are denoted Z, and the noise
samples by N,. The random variable N, is assumed to be Gaussian distributed
with zero mean and total variance o2, If the received amplitude is denoted by a,
then

Zk == aej(9k+¢)+Nk

15 where ¢ is an arbitrary phase due to the fading process and 6, is the phase
information imposed at the transmitter for the current symbol. The other input to
the complex multiplication is therefore

Zz_m = aej (‘0 k-m~ ¢) + N;_m

It is assumed that the fading is sufficiently slow for ¢ not to have changed during
20 the symbol period. An expression for the samples of Z,, given by

ZkZ;-m

can now be written.

Zi Z;“_m = g2 ¢/(OkOk-m) + a(ef( ok +9) NZ‘”' + ej(-ak-m-sﬁ) & )+ Nk N;c-m
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substantially zero i ntermedi ate frequency, . ling the
signals, a delay and mul ti ply denodul at or ha mg@p ) Lai d
sanples, a tine delay mbeing 5 selected such thajttadts 3t gt ed

out puts of the denodul ator are | og | i1l i hoo s whi ch
conpose the Ms&% s%nbol s, and an integrating ining a
plurality of S3AIM®g Iikelihood ratios to obtain]al Bir:) i kel § hood
estimate of bits conprising the synbols are transi 10. 6.

A receiver as clainmed in Caimb5, wherein the ti i S sel ected

i n accordance wi'th f.he etwsithod of @embdulatmg a M-\drrpFéKTé.ngmali; wiserehy eqma]d 2ng
interval and [err] is fhe maxi mum devi ation i

15 7. Or 4 compsising treating the .swneisaawérae%'eﬁ@s?@ggfé Aiegeriet PHASe t he
I ntegrating fiddif «SRAPSigHER, ‘defvihg' i6y IRBANGo FBtiIUE! 8R! Said" Fepetitiohs HR4'Y-

integrating said log likelihood ratios to obtain a maximum likelihood estimate of
bits comprising each transmitted symbol.

2. A method of receiving and demodulating M-ary FSK symbols,
10 where M equals 2 or 4, comprising providing quadrature related, frequency
down-converted signals at substantially zero intermediate frequency, over-
sampling the signals, multiplying each sample by a time delayed samplé, the
amount-'of time delay being such that the products of multiplication comprise log
likelihood ratios for bits which compose the M-ary FSK symbols, and combining
15 a plurality of said log likelihood ratios in an integrating filter to obtain a maximum
likelihood estimate of the bits comprising the symbols as transmitted.

3. A method as claimed in Claim 2, wherein the choice of delay, m, is
determined in accordance with the following equation

oT m=7rM-1)
y M

20 where Ty is the sampling interval, and & is the maximum angular deviation in
radians per second. |

4. A demodulator for an M-ary FSK signals, where M equals 2 or 4,

comprising means for treating the FSK signals as N repetitions of a differential

25 phase shift keyed signal, means for deriving log likelihood ratios for said

repetitions and means for integrating said log likelihood rafios to obtain a
maximum likelihood estimate of bits comprising each transmitted symbol.

AN



8.« “Areceiver as clained in any one of Clains 5
that the denodul ator further conprises decimating
out put 20 of the integrating filter, nmeans coup
means for. producing guadrature rel ated out put
deci sion on the basis of each of the quadrature
greater than or |ess than zero. 13 9.

Claim5, characterised in that said means 25 for|[]p
rel ated out put sign8ls hAsrécéiver fandM-aec ii8K symoais; wbere M equals i2hophhse

d quad h
el 2y and il + PONOSIRGSHEATS fF Bronucng:dAdratufe Hiated s63s R 3u88R8 v-rerma,
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PCT/ | B96/ 01218mu|t|ply demodulator having an input for said samples, a time gelay m being

Codul ot o1 COAREA®Sudh iy ADARRGAL e SR D LS dhb i,

and second hkemaleb@yéﬁbsofﬂrmwsauh‘ch rc%i'npﬁsbtthﬁ Midry syribols, emd avy ittegiating -
I nput coupled to the first gnal output of sald nmeans for producing
quadr at ure r el Bterdos pgw@prgngi.agplgrahty of said log likelihood ratios to obtain a ax1mum

likelihood estimate of bits comprising the symbols are transmitted.

10 6. A receiver as claimed in Claim 5, wherein the time delay m is
selected in accordance with the equation

\ M-I
w =
Tym==—

where T is the sampling interval and & is the maximum deviation in radians per

second.

15 7. A receiver as claimed in Claim 5, characterised in that the
integrating filter comprises FIR filter whose tap weights are set to unity.

8. A receiver as claimed in any one of Claims § to 7, characterised in
that the demodulator further comprises decimating means coupled to an output
20 of the integrating filter, means coupled to the dedimatirig means for producing
quadrature related outputs and means for making a decision on the basis of
each of the quadrature related outputs being greater than or less than zero.

| 9. A receiver as claimed in Claim 5, characterised in that said means
25 for producing quadrature related dutput signals has first and second outputs for
the in-phase and quadrature-phase signals respectively, in that first and second
delay and multiply demodulators are coupled to the first and second signal
outputs respectively, in that each of the first and second delay and multiply
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(57) Abstract

A method of, and receiver for, receiving and demodulating M-ary FSK symbols, where M equals two or four, comprising over sampling
a received signal to obtain sub-symbols which are treated as repeated DBPSK x/4DQPSK symbols, respecnvely The sub-symbols are
applied to a delay and multiply demodulator in which the duration of the delay has been optimised to give M equidistant points on a unit
circle. The output from the demodulator comprises log likelihood ratios which are then integrated in an integrating filter to give a maximum
likelihood estimate of the bits comprising the symbols transmitted.




