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VAN DE VOORZITTER

Nu de algemene ledenvergadering van 28 maart L1
achter de rug 1s, zit myn cerste jaar als voorzitter er
op. Dit lijkt een goed moment om even terug te zien
naar wat het eerste jaar de aandacht heeft gevraagd,
en tevens vooruit te kijken, wat er in het komende jaar
voor plannen liggen om uit te voeren.

Mijn eerste aandachtspunt was dat de organisatie
binnen hetr bestuur. Een vereniging als het NERG
heeft een bestuur dat bestaat uit vriywilligers, en 1s
dus volledig athankelyjk van de vriyjwillige inzet van
mensen die bereid zijn om een bestuursfunctie te
aanvaarden. Over de inzet van de bestuursleden kan
1k niet anders dan met grote lof spreken. Als handicap
wordt echter steeds ervaren het feit, dat we
geografisch gespreid zijn over het land en sterk
athankelyjk zijn van de communicatiemiddelen die ons
ten dienste staan. Daarbij hebben we het afgelopen
jaar een stevige verschuiving tot stand zien komen in
de rnichting van “electronic mail”. Op een enkele
uitzondering na, beschikken alle bestuurleden over dit
moderne communicatiemiddel, en dat is maar goed
ook, want stuk voor stuk hebben de bestuursleden,
ook weer op een enkele uitzondering na, een drukke
baan. Daarnaast is het zo, dat we ook een modern
middel als het Internet willen gebruiken, om de
informatievoorziening naar onze leden en andere
geinteresseerden snel en  met een  lage
toegangsdrempel te verzorgen. Hiertoe hebben we het
afgelopen jaar de NERG-Website een facelift
gegeven. Na een oproep hiertoe in deze rubrick heeft
cen van onze leden, Rob Kopmeiners, zich bereid
verklaard om als Website-beheerder te gaan optreden.
Hi) heeft dat het afgelopen jaar met verve gedaan en
behalve dat de site nu een modern aanzien heeft
gekregen, 1s ze ook beter gestructureerd. Er zin
plannen om dit middel te gaan gebruiken om nog
betere dienstverlening aan de leden te kunnen bieden.
Hoe dat moet en op welke termin dat kan gebeuren,
vormt een punt van overleg tussen het bestuur en de
Web-beheerder. Voor degenen die dat nog nooit
hebben gedaan, is het instructief om de Web-site eens
te bezoeken (URL: http://www.nerg.nl).

Naast de onderlinge bestuurscommunicatic en de
communicatic met de leden, stond een verdere
definitie van de procedures binnen het bestuur en van
bestuur richting leden op het programma. Hiertoe
hebben we voor intern bestuursgebruik een
“Memorandum bedrijfsvoering voor het NERG”
opgesteld. Een eerste concept trof ik al aan by myn
aantreden en heb dit samen met het gehele bestuur
verder uitgewerkt en operationeel gemaakt; het stuk
wordt voortdurend uitgebreid en verbeterd. Hoewel
dit memorandum op zichzelf niet van direct belang 1s
voor de leden, 1s het van groot belang voor de
afspraken en de continuiteit binnen het bestuur, en
indirect dus ook voor de leden.

Een tweede punt van aandacht 1s het laatste jaar
de leden-enquéte geweest. Aangezien hierover in het
vorige nummer van Het Tijdschrift door verschillende
portefeuille-houders al uitvoerig is geschreven, wil ik
daar nu verder niet meer over zeggen, dan dat het
bestuur de komende jaren bij alle activiteiten richting
leden zich zal laten leiden door de uitkomsten van
deze enquéte, en dus door de wensen van onze leden.

Een derde punt i1s de vernieuwing van Hel
Tijdschrift. Het uitwendige 1s nu gerenoveerd, en naar
de persoonlyjke reacties gemeten, zeer positief
ontvangen. Echter, zoals de hoofdredacteur al zei in
het eerste nummer met de nieuwe jas, daar moet het
nict by blyyven. De inhoud moet ook aangepast en
vooral verlevendigd worden. Hier ligt een taak en
uitdaging voor alle leden lijkt me. Het is niet aan de
redactic om kopij te leveren, zij begeleidt alleen de
uitgave en bewaakt de inhoud en vorm, maar de leden
moeten kopij leveren. Dat kan door wetenschappelijke
artikelen over nieuwe ontwikkelingen, maar ook door
byjdragen aan nieuwe rubricken die de redactie in het
leven wil roepen, of door als correspondent op te
treden. lk roep u allen op (en neem een boze reactie
van de hoofdredacteur maar voor lief) om de redactie
te overspoelen met kopij, zodat =zelfs de
penningmeester gaat klagen, dat de kosten voor
uitgave van zoveel nummers de begroting zwaar
overschrijden.
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In mijn vorige bijdrage aan deze rubriek heb ik
genoemd, dat het NERG naarstig op zoek is naar
nicuwe en zinvolle invulling van zijn onderwijstaken.
Ik constateerde toen, dat dic langzaam maar zeker
zijn uitgedund in de loop der jaren. Onlangs heb ik
een nieuw idee ontwikkeld, dat zich richt op brede
lagen van het onderwijs. We zien de laatste jaren een
verminderde belangstelling voor het vakgebied van
het NERG. Het initiatief is er mede op gericht om die
belangstelling nieuw leven in te blazen. Aangezien het
initiatief nog besproken moet worden in het bestuur
heeft het nog geen definitieve vorm en kan 1k er nu
niet meer over zeggen, maar wellicht een volgende
keer.

De samenwerkings-overeenkomst met het IEEE
is afgelopen jaar defimitief afgerond door
handtekeningen van de presidenten van beide
organisaties, NERG en IEEE. Op het laatste moment
trad nog aanzienlijke vertraging op, omdat IEEE
vergeten was in de overeenkomst op te nemen, dat zij
geen  dubbele  kortingen  geven  op  het
lidmaatschapsgeld aan gemeenschappelijke leden. Dat
wil zeggen dat IEEE-leden die korting krijgen omdat
ze gepensioneerd of juniorlid zijn geen extra korting
krijgen op basis van een dubbel lidmaatschap
NERG/IEEE. Voor het overige is het afgelopen jaar
een voornemen gemaakt om gezamenlijk activiteiten
te ontplooien, zoals bijv. werkvergaderingen. Ook met
anderc professionele, elektrotechnische organisaties
zoals KIVI, IEE en AES zin dergelyjke principe-
afspraken gemaakt. In ecrste instantic zal dat zich
beperken tot de wederzijdse toegankelijkheid van
elkaars evenementen. Nadere uitwerking van de
voorwaarden hiertoe volgt nog.

Tot slot nog het belangrijkste onderwerp van de
laatste algemene ledenvergadering. Dit werd gevormd
door het bestuursvoorstel om afgestudeerde HBO-ers
op het vakgebied van het NERG als lid toe te laten op
dezelfde voorwaarden als academisch afgestudeerden.
Dit werd door het bestuur in de vorm van een

wijziging van de statuten en het huishoudelijk
reglement aan de ALV voorgelegd. Echter door e¢en
mis-communicatic binnen het bestuur werden die
stukken statutair te laat naar de leden verstuurd.
Daarom had het bestuur besloten om het voorstel niet
in stemming te brengen, maar alleen als discussiestuk
aan de vergadering voor te leggen. De uitkomst van
de discussic zal verwerkt worden In een nieuw
voorstel voor een volgende ALV. Het bestuursvoorstel
op zich ontmoette weinig weerstand, hoewel enkclen
vreesden, dat het wetenschappelijk karakter van de
vereniging dan verloren dreigt te gaan. Dit zou
kunnen worden tegengegaan door van zowel WO- als
HBO-kandidaatleden te eisen, dat hun aanmelding
gesteund wordt door ten minste twee leden. Aangezien
dit een verzwaring is t.0.v. de huidige toelatingseisen
voor academisch opgeleiden, werd dit door de
vergadering als ongewenst beschouwd. Tenslotte werd
een meerderheid gevonden voor het idee om WO-ers
en HBO-ers gelijk te behandelen, maar iedereen op
het aanmeldingsformulier te laten verklaren, dat hij/zi
de wetenschappelijke doelstelingen van het NERG
onderschrijft en ondersteunt.

Een ruimerc toclating voor HBO-ers heeft als
achtergrond een bredere participatie in de activiteiten
van het NERG, en de mogelijkheid om acticver en
met succes (jonge) leden te kunnen werven onder
afgestudeerde HBO-ers.

Wim van Etten, voorzitter NERG
leerstoel Telecommunicatie
Universiteit Twente

Kamer INF 5061
Postbus 217
7500 AE ENSCHEDE

tel. 053-4893872
fax. 053-4893247
e-mail: etten(@cs.utwente.nl
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Considerans, uitgesproken door prof.dr.ir. J. Davidse

bij de uitreiking van de Vederprijs op 26 maart 1998.

In zijn vergadering van 23 januari 1998 heeft het
Bestuur van het Wetenschappelijk Radiofonds Veder
besloten cen prijs toe te kennen aan de heer Michael
Hendrikus Laurentius Kouwenhoven voor zijn
“Bijdrage tot de ordening en verdieping van de kennis
van demodulatiemethoden voor FM-signalen™.

Frequenticmodulatie als muddel om signalen wia
modulatic op een hoogfrequent draaggolf over te
dragen heeft ccn lange historie. In het begin van deze
eeuw werkten sommige systemen voor de overdracht
van morsesignalen al met een methode die beschouwd
kan worden als een primitieve vorm van

frequentiemodulatie  (frequency shift  keying).
Gedurende de eerstc decennia van deze ceuw 1s er
welnig aandacht geweest voor deze

modulatiemethode. Dit veranderde in de twintiger
jaren, toen men zich ging bezinnen op de problemen
die men ondervond bi) de snel toenemende belasting
van de destijds voor de radio-omroep beschikbare
frequenticbanden. De mening bestond dat de
tocpassing van frequentiemodulatic met een zeer
geringe frequenticzwaar het wellicht mogelijk zou
maken de bandbreedte die voor de overdracht van een
audiosignaal nodig 1s sterk te beperken. Dat deze op
ecen misleidende intuitieve interpretatic stcunende
verwachting fundamenteel fout 1s, was niet voor een
ieder duidelijk. Eigenlijk merkwaardig als je bedenkt
dat het concept ‘zijbanden® al ecerder by de
theoretische analyse van amplitudemodulatie was
ontdaan van zijn mathematische mystiek, zij het ook
niet zonder slag of stoot. Fundamenteel inzicht wordt
nict zelden moeizaam verworven. Als het eenmaal
goed geordend beschikbaar i1s kan men zich in
terugblik nauwelijks voorstellen dat de doorbraak
ervan pyn cen moeitc gekost heeft. Waar men
omstreeks 1925 mee worstelde is nu voor een
tweedejaars-student in  de elektrotechniek een
vanzelfsprekendheid die geen enkele discussie
behoeft. Gelukkig maar, want anders zou bij het
toecnemen van de kennis licht overbelasting van het
menselijk bevattingsvermogen optreden.

Demodulatie van FM-signalen 1s gedurende de laatste
halve ecuw vele malen onderwerp geweest van

diepgaande studies. Niettemin bleven er aspecten die
niet volledig begrepen werden. Met name moet
daarbij genoemd worden het gedrag van demodu-
latoren bij ontvangst van sterk gestoorde signalen.
Niet zo vreemd als je bedenkt dat het daarby) gaat om
sterk niet-lineaire processen, werkend op stochastisch
vervuilde ingangsgrootheden. Ook coryfeeén die
hierover intensieve studies verricht hebben, kwamen
er niet helemaal uit. Het 1s dan ook een niet geringe
verdienste van de heer Kouwenhoven dat hi met
alleen het gehele terrein van de demodulatietechnieken
voor FM-signalen systematisch geordend heeft, maar
ook de theoric op essenti€le punten gecompleteerd
heeft. Hij is daarbij tot opmerkeljke conclusies
gekomen met cvidente implicaties voor de praktische
uitvoering van FM-demodulatoren. Ik noem zin
resultaten ten aanzien van het optreden en het
bestrijden van de verschijnselen die gewoonlijk
aangeduid worden met de termen ‘clicks’ en “cycle
slips”. Belangrijke praktische implicaties zin de
tocpassing van zogenaamde ‘zachte begrenzers 1n
specificke ontvangsituaties en zin vergelykende
analyse van de toepassing van ‘frequency feedback’
en ‘phase feedback’. Op dit laatste punt, waarover
nog altiyd onzekerheid bestond, heeft het onderzock
van de laureaat geleid tot cen op cen overtuigende
argumentatic berustende heldere uitspraak in het
voordeel van ‘phase feedback .

De Heer Kouwenhoven heeft zijn onderzoek op een
heldere en zeer leesbare wijze vastgelegd in ecn lijvig
proefschrift, waarop hem op 23 maart cum laude de
doctorstitel 1s verleend. Samenvattend kan gesteld
worden dat de laureaat met zijn onderzoek een
wezenlyjke  bidrage heeft geleverd tot de
vermeerdering van de kennis van demodula-
tictechnicken voor FM-signalen. Een bijzondere
verdienste 1s dat hiy het niet gelaten heeft bij
theoretische analyses, maar ook mect cchte
ingenicursbenadering de implicaties voor de
praktische ontwerpkunde in het licht heeft gesteld.
Het verheugt het Bestuur van het Wetenschappelyk
Radiofonds Veder zijn naam te kunnen toevoegen aan
de liyst van laureaten die teruggaat tot de eerste
tockenning van een prijs in het jaar 1929
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HIGH- PERFORMANCE
FREQUENCY-DEMODULATION SYSTEMS

Michiel H.L. Kouwenhoven
Electronics Research Laboratory/DIMES, Delft University of Technology
Mekelweg 4, 2628 CD Delft, The Netherlands
E-mail: m.h.1. kouwenhoven@its.tudelft .nl

Abstract

Despite the wide-spread application of frequency modulation in numerous radio communication
systems, both analog and digital, FM demodulator design is still hampered by many gaps
between theory and design practice. Further, a unifying design theory for FM demodulators is
missing. This paper outlines a structured approach to FM demodulator design, intended to serve
as a unifying framework for FM demodulator design. ®

1 Introduction

After being in use for more than sixty vears,
frequency modulation (FM) still plays an important
role in todays radio communication. Besides FM
broadcasting, the oldest and probably best known
application, many systems using a digital equivalent
of the analog FM scheme as FSK/GMSK have been
put in use in recent years, such as GSM and DECT
telephony. In the future, more complex schemes that
arc also somehow related to FM, such as OFDM, will
be used in applications as digital audio and video
broadcasting (DAB/DVB).

Despite this wide-spread use and relatively long
history of FM transmission, FM receiver and FM
demodulator design is still hampered by the many
gaps between theoretical characterization of FM at
one side, and their consequences for receiver and
demodulator implementation at the other side.

Theory accurately predicts many characteristics
of FM transmission and reception. The transmission
performance in the presence of small noise and
interference was developed already in the period
1930-1950. Models for the performance in the
presence of strong noise and interference, i.e. around
the demodulation threshold, were developed between
1950 and 1970. A famous example of such theories is
Rice's click noise model [1] for the threshold of FM
demodulators that are preceded by a hard-limiter. In
the same period, attention was paid to “threshold
extension” by means of phase feedback and frequency
feedback, implemented using PLLs and frequency
feedback receivers (FMFB)/ dynamic tracking filters.

considers the various FM demodulation

The drawback of these theories 1s, however. that
they hardly describe how to implement the receiver, in
order to attain the best possible performance.

The focus of communication system design on
IC technology, starting in the late 1970s, has lead to
the realization of fully integratable demodulators and
recetvers [2-5]. This allows an increase in complexity
of receiver architectures, but at the same time puts
severe restrictions on the types of electronic
components that can be used: demodulators like the
ratio detector, implemented with the aid of a
transformer, are therefore not allowed. The
consequences of these restrictions on the demodulator
performance, and the upper limit on this performance,
remained unclear.

The lack of a unifying framework that
encompasses theory and design practice becomes
especially apparent in the design of high-sensitivity
demodulators, intended for operation in the presence
of strong noise and interference, required In
applications as car radio and wireless telephony. To
establish a high quality communication link in the
presence of strong noise and interference, such
systems should systematically exploit all degrees of
freedom provided by both theory and practice.

This paper outlines a structured approach
towards FM demodulator and receiver design, that
aims at the realization of a umfying framework, by
providing insight into the various available principles
for FM demodulation and their performance. A more
detailed description is given in [6].

An outline of the paper 1s as follows. Section 2
principles, while section 3 considers their
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considers the various FM demodulation
principles, while section 3 considers their
performance. Section 4 considers some aspects of FM
receiver design. Section 5 presents the conclusions.

2 FM Demodulator Classification

FM demodulators can be constructed in numerous
ways, according to very different principles. In order
to structure FM demodulator and FM receiver design,
it is highly desirable to have an overview of all
principally different possibilities to construct FM
demodulators. Such an overview, i.e. a classification,
allows a deliberate selection of the most suitable
de_modu]atur type for a certain application at a very
carly design phase.

This section classifies FM demodulators on the
basis of the operating principles that constitute the
demodulator operation. Subsequent sections consider
the performance of demodulators in the resulting
classes.

Direct versus Indirect Demodulation

Theoretically, FM demodulation principles can be
subdivided into two main classes: direct and indirect
demodulation principles.

With "direct demodulation”, we refer to
algorithms  that read/measure the modulated
parameter(s) from the received carrier wave directly,
i.e. without prior conversion of the information to
other carricr parameters. Thus, an FM demodulator
of this type would measure the instantaneous
frequency of the received FM wave. From physical
considerations follows, however, that such FM
demodulators cannot exist, since the instantaneous
frequency of a carrier wave cannot be measured
directly. The latter is due to the fact that the
instantaneous frequency is not directly related to the
wave energy. Instead, FM demodulators should
convert the message information to the carrier
amplitude or phase. These parameters are directly
measurable, since they arc directly related to the
carrier energy, and the energy of the wave in phasc

aul

(1) = cos[w_r + ¢(1)]

e
e

£

G e i L
Rl AR
. o -

i et
EE aﬁ:-m A e L S R e

e g e
12 s WP e, I X
B e S

Figure 1: FM demodulators based on FM-AM conversion. a) using AM envelope detection.
b) using synchronous AM detection.
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quadrature with the received carrer.

With '"indirect demodulation", we refer to
algorithms that convert the message information to
another carrier parameter, and subsequently measure
that parameter. An example of this 15 FM
demodulation through FM-AM conversion. In that
case, the message information contained in the
instantaneous frequency of the FM wave 1s first
copied to the carrier amplitude, resulting in an FM-
AM wave. Subsequentlyy, AM demodulation
(measurement of the carrier amplitude) 1s apphied. As
may be concluded from the foregoing discussion, all
FM demodulator implementations arc based on
indirect demodulation principles. Each of these
principles is discussed in more detail below.

Demodulation through FM-AM Conversion

FM demodulators based on FM-AM conversion
convert the message information from the
instantancous carrier frequency to the instantaneous
carrier amplitude. and subsequently demodulate
(measure) this amplitude.

The FM-AM conversion i1s established through
differentiation of the FM wave to time, resulting in an
FM and AM modulated wave. The message
information can be retrieved from this wave with the
aid of AM envelope detection, that determines the
modulus of the carrier amplitude, or by means of
synchronous AM detection, that determines the
projection of the carrier amplitude on a reference
wave.

An implementation of both types of FM-AM
conversion FM demodulators is depicted in figure 1.
Figure 1(a) depicts an FM demodulator that was
frequently used in the 1930s. The FM-AM conversion
is implemented by a detuned LC-tank, while the AM
envclope detection 1s implemented by a peak detector.
Figure 1(b) depicts a recent digital implementation of
the second subclass. Here, the FM-AM conversion 1s
established by a precise digital differentiator. The
output of this differentiator 1s subsequently
synchronously AM demodulated.

Demodulation through FM-PM Conversion

FM demodulators based on FM-PM conversion
convert the message information from the
instantancous carrier frequency to the instantaneous
carrier phase, and subsequently demodulate

(measure) the phase difference between this wave and
the original FM input wave.

FM-PM  conversion is equivalent to
differentiation of the instantaneous FM carrier phasc
to time. It can be implemented in four fundamentally
different ways, that each correspond to a different
approximation of the definition formula for
differentiation to time.

In the first approach, the differentiation of the
FM carrier phase is approximated with the aid of a
delay element, as shown for a quadrature
demodulator in figure 2(a). The PM demodulator in
this figure determines the phase difference between
the input and output of the delay element. For small
delays 7, the ratio of this phase difference and 7z,
approximates the time-derivative of the FM carrier
phase, which is equivalent to the instantaneous FM
carrier frequency.

In the second approach, phase feedback instead
of a time-delay is used to generate a phase difference
proportional to the FM message, as depicted in figure
2(b). The phase feedback loop regencrates the input
FM wave, thereby driving the phase error i the loop
to zero. In the absence of noise, the input signal of the
controlled oscillator in the loop exactly equals the
original FM message signal. In fact. the feedback
loop in these demodulators implements the hmit
operation to time, as encountered in the definmition
formula for time-differentiation.

In the third approach, the derivative of the
carrier phase is determined by measuring the time that
is required for the FM wave to cross a fixed phase
interval, e.g. equal to 2n. The ratio of the fixed phase
difference and the measured time interval resembles
the FM message signal. This scheme i1s implemented
by the well-known pulse count detector, schematically
depicted in figure 2(c).

In the fourth approach, the order of FM-PM
conversion and PM demodulation is interchanged.
First, the FM carrier phase is detected by a PM
demodulator. Subsequently, differentiation to time
establishes the phase-frequency conversion. Of
course, such postdetection conversion demodulators,
as depicted in figure 2(d), operate correctly only for
narrow band FM waves, where the FM message only
slightly varies the carrier phase.
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Figure 2: FM demodulators based on FM-PM conversion. a) classic analog implementation. b) recent digital
implementation.

Demodulation through I'M-PM-AM Conversion

The class of FM-PM-AM conversion demodulators 1s
in fact a special subclass of FM-PM demodulators,
that uses indirect PM demodulation. Instead of
measuring the phasc difference directly, the PM
demodulator in these systems convert the PM
information to AM information, and subsequently
applies AM envelope detection. A  well-known
implementation of this class of FM demodulators 1s
the ratio detector, depicted in figure 3. It should be
noted that the other possibility with two conversions,
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FM-AM-PM demodulation, cannot be used for FM

demodulation: the original FM message information
interferes with the AM-PM conversion, thereby
destroying the message.

3 FM Demodulator Characteristics

In order to make a deliberate selection of the best
suited FM demodulator type for individual
applications, knowledge of an FM demodulator
classification is not sufficient.
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Figure 3: The ratio detector.

in addition, the main characteristics and the
performance of the various demodulator subclasses
should be known.

This section evaluates the performance of the
various demodulator subclasses. using the maximum
possible Signal-to-Noise and Distortion ratio (SNDR)
in the demodulator for a given noise/interference level
in the communication channel as a criterium. This
SNDR is generally affected by three characteristics of
the demodulator output signal:

e the maximum allowed swing of the FM
message signal;

e the distortion level;

e the noise level.

In the scquel of this section, each of these
characteristics, and its relation to the demodulator
architecture. 1s considered in more detail.

Maximum FM Message Signal Swing

Electronic circuits have a finite dynamic range (DR).
Signal swings inside circuits are somehow limited at
the upper side by the supply voltage, while internally
generated noise limits the signal swings at the lower
side. An undistorted, high-quality FM demodulator
output signal can thercfore be obtained only when the
demodulator output signal swing fits within this
circuit DR.

In general, an FM demodulator output signal,
which is proportional to the instantaneous frequency
of the received FM wave, consists of two

contributions:

ea DC component due to the constant FM
carrier frequency;

ean AC component due to the FM carrer
modulation.

The DC carrier component does not contain any
valuable message information, but it often does
occupy a significant part of the DR. Consequently, it
limits the swing of the FM message signal, contained
in the AC component, and thus reduces the maximum
possible demodulator SNDR.

An high-performance FM demodulator, that has
a large maximum SNDR, should therefore nullify the
DC carrier component. However, not all types of FM
demodulators are capable to achieve this. For
example, in FM demodulators based on FM-AM
conversion followed by AM envelope detection, the
carrier component is at least equal to the maximum
message signal swing. This is because AM envelope
detectors cannot handle AM modulation indices larger
than unity. Consequently, such FM demodulators
cannot establish high-performance demodulation.
Similar conclusions can be drawn for FM-PM-AM
conversion demodulators and pulse-count hke FM
demodulators. All these demodulators require a
nonzero carrier component.

Distortion

Distortion 1s another cause of performance, and thus
SNDR, deterioration that arises when the signal path
in a circuit or system contains nonlinearitics. Due to
the nonlinear nature of the FM scheme, nonlinearities
in the FM message signal path may even arise when
only linear processing is applied to the FM carrier
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wave.

The FM-AM conversion and, when realized by a
time-delay, also the FM-PM conversion in FM
demodulators is established through linear filtering of
the FM carrier wave. When improperly configured,
such linear filtering may thus result in unacceptable
distortion in the FM demodulator output signal.
Assuming a zero FM carrier frequency (zero-1F). it
can be shown [6] that band-limited FM-AM
conversion with minimal distortion is achieved with a
filter transfer that equals the product of the ideal
differentiator transfer jo and the transfer of a
Maximum Flat Magnitude (MFM) filter, ¢c.g. a
Butterworth filter. Similarly, FM-PM conversion with
minimal distortion 1s achieved by a Maximum Flat
Delay (MFD) filter, such as a Bessel filter. When the
IF frequency is nonzero, the transfer of the conversion
filters should be centered around the IF frequency.

Noise

The output noise level of an FM demodulator 1s at
least equal to the frequency noisc level contained in
the input FM wave. The power density spectrum of
this noise typically possesses a parabolic shape, as
depicted in figure 4, and increases with 20 dB per
decade. In side the baseband frequency range [-W,
W], where the message signal resides, a very low
noise level is encountered, while outside the baseband
a relatively high noise level 1s observed. The latter
can easily be removed by a low-pass filter.

In many demodulators, however, the actual
output noise level in the baseband region can be much
larger than the frequency noise level due to the
presence of a white noise floor (seec figure 4). This
noise floor, that severely deteriorates the output
SNDR. 1is due to several contributions. One
contribution is due to internal circuit noise. The noise
of the FM demodulator mnput circuitry contributes
mainly to the parabolic component, but the noise of
the circuitry at the output, where the FM message has
been converted into AM or PM, mainly contributes to
the white component. In order to maximize the output
SNDR, the noise that contributes to the white noise
floor should be minimized, even when this results i a
somcwhat increased parabolic noise component.

Amplitude noise of the input FM wave yields
another contribution to the white noise floor. Usually,
this noise 1s eliminated by a hard-limiter at the
demodulator nput, but in some circumstances,
especially at low input CNRs, it 1s advantagcous to
pass some amplitude noise to the output (see section
4). In the presence of a nonzero carrier component in

Tnutput noise spectrum

parabolic
frequency noise

, amplitude

| , noise floor
i I
] I

_wﬂ -W 0 w wﬂ T

Figure 4: Typical demodulator output noise
spectrum

the output signal, however, thc amplitude noise
contribution becomes much larger than intended. So
again, this demonstrates that high-performance
demodulation requires complete elimination of the DC
carricr component.

4 FM Receiver Design

In order to operate correctly, an FM demodulator has
to be embedded in a suitable FM receiver architecture
that should at least provide it with a suitable input
signal. In general, FM receivers apply a combination
of pre-demodulation and  post-demodulation
processing in order to maximize the demodulator
performance, as schematically depicted in figure 5.
Frequency selectivity 1s required to extract the proper
carrier wave from the received radio spectrum. Phase
selectivity, used in combination with phase feedback
demodulators, can be used to eliminate co-channcl
interference. Post-detection processing consists of
operations as de-emphasis, low-pass filtering and
sometimes impulse noise cancellation.

Three other important types of processing,
amplitude compression, phase- and frequency
feedback, are considered in more detail below, in
conjunction with demodulator operation at low
CNRs.

Amplitude Compression

In FM transmission, all message information 1s
contained in the instantaneous frequency of the carrier
wave, The carrier amplitude does not contain any
message  information.  Therefore,  significant
improvement of the demodulator output SNR can be
achieved by compression, or even complcte
elimination, of fluctuations in the demodulator input
carrier amplitude that are duc to ¢.g. noise or fading.
At high input CNRs, elimination of all amplitude
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Figure 5: General FM receiver architecture.

fluctuations yields the highest possible output SNR.
At low input CNRs, however, typically below 10 dB,
this 1s no longer true. At these CNRs, strong
amplitude compression causes the generation of
impulsive click noise in the demodulator output signal
that deteriorates the output SNR. In such
circumstances,  reduction of the amplitude
compression level from infinity (hard-hmiting) to a
finite level, that allows part of the amplitude noise to
enter the demodulator output signal, 1s a better
alternative. This conclusion follows from the chck
nois¢ mechanism itself. In fact, click noise 1s more or
less the demodulator response to a deep noise fade 1n
the FM carrier amplitude. Thus, the carrier amplitude
does not contain the message information itself, but
the fades contained in it do provide information about
the rehability of the message. By clhmnation of
amplitude fluctuations, the demodulator considers the
message to be equally rehable for all time, 1.e. even
when a fade occurs. When only part of the amplitude
fluctuations is eliminated, a fade in the demodulator
input signal results in a fade in the output signal.
Thus, in such demodulators, unreliable parts of the
message contribute very little to the output signal, in
comparison to reliable parts. The penalty to be paid
for this 1s an increased noise level when the message
is relhiable: a trade-off between click noise and
continuous background noise 1s thus established.

The trade-off between click noise and continuous
noise can be used to determine the optimal level of
amplitude compression, i.e. the level that maximizes
the demodulator output SNR, for each input CNR. In

order to determine this optimal compression level, the
theory for FM demodulators with infinite
compression [1] was extended to cover demodulators
with finite compression. The theory was verified with
simulations and measurements [6]. Figure 6 comparcs
resulting SNR-CNR curve for optimal compression.
obtained with the extended theory, with the curves for
infinite and no compression. Clearly, optimal
compression improves the output SNR at low mput
CNRs with about 5 dB over infinite compression.

Phase- and Frequency Feedback

Phase and frequency feedback exploit the property
that the FM transmission bandwidth in wide-band FM
systems 1s much larger than the bandwidth of the
oniginal message signal to improve reception at low
CNRs. Although it 1s difficult to analyze their
behavior exactly [7-9], it is clear that they establish
so-called "threshold extension".i.e. a shift of the FM
threshold to a lower input CNR, by filtering the FM
wave with the message bandwidth, thereby
eliminating all noise outside this bandwidth, prior to
or during demodulation. Conventional demodulators,
without feedback, process the FM wave mn a
bandwidth equal to the transmission bandwidth and

apply filtering with the message bandwidth
afterwards.
An important distinction between both

techniques is that phase feedback is the operating
principle of one of the FM demodulator subclasses |
(PLLs). Frequency feedback, however, 1is not
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Figure 6: Optimal compression versus infinite and no compression

associated to a particular demodulator class but can
be applied to any type of FM demodulator. Another
important difference is that the feedback loop in a
phase feedback demodulator, depicted in figure 7(a)
does not include an IF filter, while the loop in a
frequency feedback demodulator, depicted in figure
7(b) does include it. This has some important
consequences for the performance of the frequency
feedback rcceciver (FMFB) at low CNRs, in
comparison to a phase feedback system. The
threshold extension in FMFBs is based on the
correlation between the mput wave and the output
wave of the oscillator in the feedback loop. At high
CNRs, the oscillator tracks the mput wave. This

reduces the frequency deviation of the FM wave
inside the loop and compresses its bandwidth, such
that it can subscquently be filtered by the IF filter
with a bandwidth that is considerably smaller than the
original transmission bandwidth. Due to the filtering,
the FM demodulator in the loop experiences an
increased input CNR, such that its threshold shifis to
lower receiver input CNRs. At low CNRs, however,
noise causes the correlation between the mput wave
and the oscillator wave to become less effective,
resulting in a less effective bandwidth compression.
Eventually, the bandwidth of the compressed wave
will become larger than the IF filter bandwidth. At
this point, the FMFB operation starts to collapse.

phase loop- post-loop
detcctor filter filter
5(r) —"_' op  |A%LT) _l H, (s) o H(5) " Ve

@.__

controlled
oscillator
(a)
FM-
IF filter limiter demodulator
Haput r‘“]zjffl]"'n‘“} X e - » H_(jw) |— oulput
re) = 5(0) +n(D) | X i = =g oilJ
I "\ Je— H(jw) [+—
.FEU:I Hu {.] ]
controllable
oscillator loop filter

(b)

Figure 7: (a) Phase feedback demodulator.
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(b) Frequency feedback receiver.
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The IF filter attenuates the insufficiently compressed
FM wave and thereby reduces the CNR of the
demodulator inside the loop. This in turn results in an
increased noise level at its output and further de-
correlation of the oscillator output and the receiver
mput FM wave.

Such carrier attenuation effects do not occur in
phasec feedback demodulators, due to the absence of
an IF filter inside the loop. This leads to the
conclusion that the threshold extension capabilities of
phase feedback demodulators 1s probably somewhat
larger than the threshold extension capabilities of
FMFBs. This is also reflected by the computed SNR-
CNR curves for these systems. depicted in figure 8.

5 Conclusions

This paper outlined a structured approach to FM
demodulator design. A classification of FM
demodulation  algorithms  showed that FM
demodulators can only constructed according to
indirect demodulation principles, 1.e. those that
convert the FM information to AM or PM prior to
demodulation.

Subsequently, a discussion on important issues
in the design of high-performance FM demodulators
stressed the need at least to minimize the magnitude
of the DC carrier component in the demodulator
output signal. Demodulators that are incapable to
minimize this component cannot establish high-
performance FM demodulation.

Finally, the design of FM receivers, that embed
FM demodulators such that their performance is
maximized, was addressed. At low input Carrier-to-
Noise ratios, a tradeoff between impulsive click noise
and continuous noise in the demodulator output signal
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can be established by finite amplitude compression,
which allows part of the FM carrier amplitude noise
to enter the demodulator output signal. An optimal
compression level that maximizes the output Signal to
Noise ratio as a function of the input CNR was
determined. Further, comparison of the threshold
extension capabilities of phase feedback and
frequency feedback receivers showed that phase
feedback demodulators can probably attain a larger

threshold extension than frequency feedback
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INTEGRATED CIRCUTS FOR RADIO TRANSCEIVERS IN DECT
&
RADIO RECEIVERS IN WIDE AREA PAGING.

PT.M. Van Zeiyl
Ericsson Radio Systems BV
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Abstract.

This paper presents two subjects: design considerations for an RF ASIC for the
Digital European Cordless Telecommunications (DECT) standard and the
considerations for integrated circuits for Wide Area Paging (WAP).

The RF transceiver ASIC for DECT applications incorporates a receive part and
a transmit part utilising image rejection mixers and the active part of two VCOs
(at 120 MHz and at 1.78 GHz). The image reject mixers show a large image
rejection (> 30 dB) over a wide bandwidth (>700 MHz). The VCOs have been
designed to minimise frequency changes due to power supply voltage changes or
load changes (< 25 kHz/V pushing and < 5 kHz pulling). The second part details
presents the EuRopean MEssaging Standard (ERMES) and the Motorola
proprictary FLEX standard. The paging requirements point to a single-chip
pager. The difficulties and the challenges for realising such a single-chip pager

are presented.

1. Introduction.

The mtegration of radio transceivers becomes more
and more state-of-the-art technology. It results in
low-cost (number of mm® silicon, total component
cost, minimum or no tuning points, minimum
component count), easy to produce products. Issues
like 1mage rejection over a wide frequency range, the
integration of VCOs (predictability of pushing,
pulling, problems due to ESD protection and
package parasitics) are still difficult or risky in
integration. The design of circuits at 2 GHz also
necessitates the designer to have knowledge of the
Printed Circuit Board instead of only the silicon.
Moreover, knowledge of the ASIC package in terms
of inductance, capacitance and mutual coupling
between ASIC pins is required to minimise risks of
parasitic oscillations and to optimise the design in
the application. The first part of this paper discusses
the following subjects when applied to the design of
an RF ASIC for DECT applications (1.9 GHz):

ASIC block diagram, image rejection in the receiver
and transmitter, the integration of a 1.78 GHz VCO
with focus on the pushing and pulling specification.

The second part of this paper discusses integration
of radio and digital circuits for Wide Area

Paging applications. In Wide Area Paging, various
standards like ERMES and FLEX are used.

Some important radio performance parameters will
be discussed. Various opportunities and

challenges of implementing a complete pager system
on a single chip will be discussed.

2. A radio transceiver for DECT.

A double heterodyne receiver was chosen for both
the base-station and the handset implementation of
the DECT radio. The first IF 1s at 110 MHz and the
second IF is at 10 MHz. This requires 2 oscillators,
the first at 1780 MHz and the second at 120 MHz.
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Figure 1. The block diagram of the ASIC.

For transmission, the 120 MHz oscillator 1s
modulated with the data signal and up-converted to
the DECT band (1.88 to 1.9 GHz). Synthesisers, IF
parts and the power amplifier were already available
components. The other parts are integrated in 1 RF
ASIC: LNA., receive down-conversion mixer, a 1.78
GHz oscillator, a 120 MHz oscillator, the up-
conversion mixer with a driver for the power
amplifier, switches for switching ON/OFF every
part, various bandgaps and power-supply
regulators. Implementing image rejection mixers for
RX and TX mimimises the use of (expensive) off-
chip RF filters. Figure 1 shows a block diagram of
the ASIC.

2 1. RX and TX image rejection mixers for DECT.
The image rejection in the RX mixer was realised by
using a low-pass/high-pass filter followed by

52

limiting stages in the LO path (which is also used
for TX) and an all-pass 45° and 135" phase-shifter

in the IF part of the receiver. A limiter stage takes
care that amplitude difference in the two LO
branches are minimised. All-pass 45 and 135"
phase-shifters arc used in the 120 MHz oscillator
for the TX image rejection. Figure 2 shows the
measured image rejection of the receiver (IF is fixed
to 110 MHz) and the transmitter (the frequency of
the 120 MHz oscillator is fixed) versus LO
frequency.

For an RX image rejection of 30 dB, the bandwidth
is 700 MHz. For a TX image rejection of 30 dB, the
bandwidth is 1150 MHz. The bandwidth hmitation
at high frequencies is due to the design.
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Figure 2. Measured RX and TX image rejection.

2.2. VCO pushing and pulling for DECT. correct disturbances on the VCO frequency within 1
DECT type approval requires a very low "drift-in- slot. If a disturbance has taken place, the PLL will
slot", 1.e. the frequency of the transmit signal is not try to correct this and thus cause drift. In order to
allowed to shift more than 15 kHz in | DECT slot handle this requirement we must

(417 ps) [1]. This resembles only 8 ppm of the 1) predict the change in VCO frequency and

DECT transmit frequency (1.89 GHz)! There are 2) minimise the disturbance.

two causes for frequency shifts in the VCO:
The frequency of an oscillator can be estimated from

1) Pushing: switching ON the power amplifier a SPICE transient analysis. However, such an
gives a change in power supply voltage (0.2 V analysis 1s quite time-consuming for reaching the
for a worst case 0.5 ohm battery series required resolution (in the order of 1000000 periods
resistance and 400 mA drawn by the power after the oscillator has reached steady state).
amplifier) and
2) Pulling: switching ON the power amplifier gives A simpler method consists of simulating the
a change in the load impedance of the VCO. oscillation conditions: The magnitude of the
ioopgain must be larger than 1 and the phase of the
The bandwidth of the PLL 1s too low (+50 kHz) to loopgain shall be a multiple of 360 at the frequency
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