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The invention refers to a system for broadcasting and receiving digital
data within time divisional multiplexed channels, grouped in frames, each frame
comprising multicarrier symbols, including data symbols and system syxﬁbols, each
symbol comprising a set of orthogonal frequency division multiplexed carriers at carrier
positions within a frequency raster with regular carrier spacing.

The invention also refers to a receiver and to a transmitter for use in such

system.

Such system as well as a receiver and a transmitter for use in such system
is known e.g. from the article *Digital Sound Broadcasting to Mobile Receivers" by B.
Le Floch et al, published in "IEEE Transactions on Consumer Electronics®, Volume 35,
number 3, August 1989,

In the abovementioned known system each carrier position within the
symbols is occupied either by a data carrier or by a virtual carrier, having a window
length being at least equal to one period of the lowest data carrier frequency, the virtual
carriers having no signal power. :

The digital data to be broadcasted are modulated on said data carriers
using differential quadrature phase shift key modulation (DQPSK). The carriers are
thereafter conversed via an inverse FFT (Fast Fourrier Transform) processor into I (In-
phase) and Q (Quadrature) time signals, followed by a quadrature modulation of these
time signals on a transmission carrier. This system can be used for broadcasting digital
audio signals and is therefore indicated as OFDM DAB (Orthogonal Frequency Division
Multipiex Digital Audio Broadcasting) system.

In the receiver the reverse signal processing occurs: by using a local
tuning oscillator followed by a quadrature demodulator the above baseband I and Q time
signals are derived from the received quadrature modulated transmission carrier. After
an analog to digital conversion these baseband I and Q time signals are applied to an
FFT processor, subsequently followed by a differential demodulator, a circuit for
sample deinterleaving and error correction, a sound decoding device and sound
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10 Each symbol is preceded by a guard interval for dealing with multipath
effects. Each frame starts with a number of system symbols, including a zero symbol, '
which is used for a.o. frame synchronization and for determining channel properties and
a phase reference symbol, hereinafter referred to as reference symbol, for initial phase
reference.

15 In order to avoid carrier leakage, the FFT window has to be equal to an
integer number of the period of the baseband signals. This means, that the frequency
deviation of the local tuning oscillator in the receiver may only deviate from that of the
local oscillator in transmitter over a very small distance. A typical value for a single
frequency network (SFN) with a symbolperiod Ts=1250 microsec. is 25 Hz relative to

20 125 MHz or 0.2 p.p.m..

In the above articie an AFC (Automatic Frequency Control) system is
disclosed, which is based on a detection of the systematic deviation of the DQPSK
signal vector from its expected value. Inmiswayitisposaibletodetec;;a.nd correct a
maximum phase deviation of +45 degrees. Because of the use of differential

25 modulation, this corresponds to a maximum frequency deviation of + 1/8Ts.

In the above example of a SFN the required stability or free running
frequency tolerance range of the local oscillator is then 100 Hz relative to 125 MHz or
0.8 p.p.m.

It is a first object of the invention to provide in a system for broadcasting
30 and receiving digital data the possibility for a dynamic and accurate synchronization of
the local oscillator of the receiver with that of the transmitter while allowing the free
running tolerance range of the receiver’s local oscillator to be much wider than that of

the known receiver. Such lodnl oscillators are relatively cheap.
' This Sheet Has Been Replaced.
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receiver oscillator frequency to the local transmitter oscillator frequency, which is
especially suited to be used in combination with a fine AFC tuning circuit for
substantively extending the tracking range of such fine AFC tuning circuit and which
aliows the use of a relatively cheap receiver local oscillator.

It is a third object of the invention to provide a receiver with an AFC
circuit for use in the lastmentioned system to realize a fine AFC tuning of a local
receiver oscillator frequency to the local transmitter oscillator frequency, which, with
regard to that of the known receiver has a wider tracking range and allows the use of a
much cheaper local receiver oscillator.

It is a fourth object of the invention to provide a transmitter which is
suitable to be used in cooperation with each of the lastmentioned receivers.

In order to meet said first object a system for broadcasting and receiving
digital data within time divisional multiplexed channels, grouped in frames, each frame
comprising muiticarrier symbols, including data symbols and system symbols, each
symbol comprising a set of orthogonal frequency division multiplexed carriers at carrier
positions within a frequency raster with regular carrier spacing, according to the
invention is characterized in that said frames include frequency reference symbols, each
carrying information to generate a peak value at at least one reference peak position
within the frequency raster being separated by at least one carrier position from each of
the edges of the frequency raster and by at least two carrier positions from an eventual
subsequent reference peak position.

As already mentioned above each carrier position thhnrthe symbols is
occupied either by a data carrier or by a virtual carrier, the virtual carriers having no
signal power.

The beforementioned system according to the invention is preferably
characterized in that each of the frequency reference symbois comprises at each
reference peak position a data carrier having a peak signal power level, each such data
carrier being separated by at least one virtual carrier from each of the edges of the
frequency raster and by at least two virtual carriers from the data carrier at an eventual
subsequent reference peak position.

This Sheet Has Been Replaced

In order to meet said second object of the invention a receiver for use in
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DQPSK system according to the invention is characterized by means for determining the ratio of
leakage components occurring at both adjacent carrier positions of a peak position,
10 means for deriving a second AFC signal from said ratio, which varies with said ratio,
said second AFC signal being supplied to frequency control means for reducing the '
difference between said ratio and unity. '
Preferably the lastmentioned receiver according to the invention is
- characterized in that said second AFC signal varies with the power ratio of the carrier
15 leakage components occurring at both adjacent carrier positions of a peak position.
A further preferred embodiment of the lastmentioned receiver is
characterized in by a window signal processing of the received frequency reference
symbol for emphasizing the power of the carrier leakage components increasingly in the
direction of the reference peak position.
20 In order to meet the fourth object of the invention a transmitter for use in
a system according to claim 1 according to the invention is characterized by a signal
generator for generating said frequency reference symbol.
Preferably such transmitter is characterized in that said siggal generator
comprises means for generating within each frequency reference symbol at each
25 reference peak position a data carrier having a peak signal power level, each such data
carrier being separated by at least one virtual carrier from each of the edges of the
frequency raster and by at least two virtual carriers from the data carrier at an eventual
subsequent reference peak position.
In the following a description of an example of the invention is given
30 with reference to the drawing.
Figure 1a and 1b show the spectral power of a received AFC symbol
according to the invention having a single data carrier on a linear scale without
frequency deviation respectively with a frequency deviation of 30%
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5 Figure 4 shows a block diagram of a DAB receiver according to the
invention. | |

Figure 5 shows the generation of an AFC symbol according to the
invention in a DAB transmitter,

Figure 6 shows a block diagram of 2 DAB transmitter according to the

10 invention.

Figure 1a shows on linear scale the spectral power of a frequency
reference symbol according to the invention, hereinafter aiso referred to as AFC symbol
having a single data carrier calculated with an FFT (Fast Fourrier Transform) using a
rectangular window. In this example, the AFC symbol shown includes one peak value

15 occurring at the frequency of said single data carrier, hereinafter also indicated as initial
reference peak position or reference peak position. If such AFC symbol is transmitted
and received without any frequency deviation, then the power spectrum of the received
AFC symbol calculated with an FFT (Fast Fourrier Transform) using a rectangular
window is identical to the one shown in this fig. la.

20 If however a frequency deviation of 30,0% occurs during transmission,
then the power spectrum on linear scale of the received AFC symbol calculated with an
FFT (Fast Fourrier Transform) using a rectangular window is as shown in fig. 1b. Due
to the frequency deviation, signal power dispersion occurs resulting in agymmetrical
leakage components at carrier frequencies adjacent to the reference peak position. From

25 the ratio of the levels of these leakage components the direction of the frequency
deviation can be derived, whereas the amplitude of the frequency deviation can be
derived from this ratio and the amplitudes of these levels with regard to the peak value
at the reference peak position.

Fig. 2a shows on linear scale the spectral power of an AFC symbol

30 having a peak value at a single data carrier, received without any frequency deviation,
calculated with an FFT using a Hanning window.

Fig. 2b shows on linear scale the spectral power of an AFC symbol
having a peak value at a single data carrier, received with a frequency deviation of



"It is a second object of the invention to provide a receiver with an AFC
circuit for use in SuisBheeidis BemPReplavedl systemto reali Zﬁﬁﬁ%?@ﬁ 9D\FC tuni ng
ansti e?

<0of [ 92t6d63r ecei ver I uency to the | ocal
, cially suited to be uss nbi nati on

oscillator frequency

with a fine AFC tuning circult gor subst @nti vel y extendi na THig SHEETKIAROBEE Ny
range of such fine AFC tuning circuit and which allows the use BFPLACED i
rel ati vel y3o¢0teaplculated with anoFFT usingid Haaning window. It is a third——

obj ect of the inventjon tQ proyide receiver with an AFC circuit for use
in the |astnenti oned"ﬁ%%&‘ﬁfﬁﬁé"a‘* ?Eéﬁ‘ﬁw%@‘m%?'ﬂgh@?@“méﬁ?
receiver : i SN FRETE :

fr equency,q%éc #ﬂgﬁ%&?é@gﬁ dtlgb% Eg'?b%?q%yhgﬁﬁovm r eélgl&égfrn{ @O%H\}a\nn xggg

t racki ng rwindew andhetdiculatiorhef these leakagerconiponestsper | ocal receiver

2 trand tier whi ch Figus shawea Blpckdiagra otk DAY ERINTRT SEOHIGEEN U6t t he.
St o RSB Snning prliel DAR chan o7 1% | RS bl Sl O °
mul ti pl exeddingadevides SCar .ouB€r and connected theretdhefroncading devices BGa nulECmarri er
symbol s, | \ft{)ﬁjtg io?%hed g;rgr 3 E’ ldgw%&dEéXSt%lf nbc(:)olnsil’et:tgtil (t:oha first mulﬁplexer
' MUX] for converting the parallel output bit sequencies of the DAB channels a-n into
10 one serial sequence of digital data bits. The first multiplexer MUX1 supplies the series
of digital data bits to a differential modulator DM. An output of DM is being connected ‘
via a one symb61 delay device D to an input of a second multiplexer MUX2, this
second multiplexer MUX2 being connected to an input of DM. DM, D and MUX2
function as a differential quadrature phaseshift key (DQPSK) modulator in the frequency
15 domain. An initial or reference phase is supplied to MUX2 from a generator RSF for
generating reference symbols in the frequency domain, whereby one reference symbol
per each frame is generated. In the sequence of data symbols within a frame, the
reference symbol is used as a phase reference in the differential modulation of the first
data symbol following the reference symbol, whereas in the differential modulation of
20 the seconddatasymbol,meﬁrstdausymbolisusedasphmreference, and so on.
An output of the DQPSK modulator is connected to a first inverse digital
Fourrier transform device IFT1. IFT1 realises a digital inverse Fourrier transform of
the output signals of the DQPSK modulator, therewith converting these autput signals
from the frequency domain into the time domain. To the time domain signals of IFT1
25 are added the reference symbols of the generator RSF after being converted from the
frequency domain to the time domain in a second inverse Fourrier transform device
IFT2. The so obtained time domain reference and data symbols are thereafter grouped
into frames in a frame building device FB, in which frame building device FB a zero
symbol is inserted in each frame, preceding any other symbol within the frame (see
; 30 Figure 5A and SB). The frame building device FB is connected to an input of a digital
to analog converter and filter device DAC. An output of DAC is connected to a
Quadrature modulation stage QM for modulating in quadrature the output signals of the
digital to analog converter and filter device DAC. QM is connected to an RF modulator
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(@)

A DAB transmitter according to the invention comprises in addition to
the beforementioned known one, a generator AST for generating frequency reference
symbols, hereinafter also referred to as AFC symbols. In the embodiment shown in
Figure 6 one AFC symbol is inserted into each frame in the time domain subsequent to

15 the zero symbol. The AFC symbols include information to generate at least one peak
value occuring at a reference peak position being separated by at least one carrier
position from each of the edges of the frequency raster and by at least two carrier
positions from an eventual subsequent reference peak position. In practiss AFC symbols
may comprise more than one peak value. Figure 1a showing the spectrum of an AFC

20 symbol with onepenkva.luemthmxts frequency raster, is merely given by way of
example.

In Figure Sa is shown in functional blocks on a time scale, how the
ultimate baseband DAB signal is build up from the various symbols. A generation of
AFC symbols in the frequency domain occurs in a generator ASF, the complex

25 frequency spectrum of an example of such AFC symbol being shown in biock ASF.
ASF together with an inverse Fourrier transform in a third inverse Fourrier transform
device IFT3, supplies AFC symbols in the time domain and as such functions as the
beforementioned generator AST. In Figure 5a is also shown the function of the
beforementioned generator RSF for generating reference symbols in the frequency
domain. The complex frequency spectrum of a reference symbol may be as e.g. shown
in block RSF. The generator RSF is coupled to the second inverse Fourrier transform
device IFT2. The above reference symbols in the frequency domain are supplied to the

DQPSK modulator together with the digital data bit stream coming from MUX]1. As

30
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varies \ém tsyms ai s ttxﬂgoin a signal having a complex frequency spectrum as given in block

DSF of Figure SA. This first data symbol is used as a phase reference in the differential
modulation of the second data symbol indicated with block DQPSK’, and so on. The so
obtained DQPSK modulated digital data are inverse Fourrier transformed in IFT! and
therewith converted into the time domain. The time domain I and Q output signals of

10 [FT1, IFT2 and IFT3, i.e. the time domain data symbols DS1...DSm, the time domain
reference symbols RS and the time domain AFC symbols AS are thereafter grouped into ‘
frames in the frame building device FB. As already mentioned above in FB a socalled
zero symbol is added to each frame, this zero symbol preceding any other symbol
within the frame. This resuits in a time domain DAB signal as shown in Figure 5B,

15 each frame starting with a zero symbol ZS, subsequently followed by an AFC symbol
AS and data symbols DS1 ... DSm.

Figure 4 shows a block diagram of a DAB receiver according to the
invention comprising an RF filter RF connected at its input to an RF antenna A and at
its output to a first controlled amplifier CAl. An output of CAl is connected to a mixer

20 M for converting a wanted RF DAB receiving signal into an intermediate frequency (IF)
DAB signal. This is achieved by supplying a tuning oscillator frequency from a local
tuning oscillator TO to the mixer M. TO may be included in a fequency synthesizer (not
shown). An output of the mixer M is connected through an IF filter IF to a second
controlled amplifier CA2. Control inputs of CAl and CA2 are supplied with an
25 automatic gain control (AGC) signal from an AGC signal generator AGC. An output of
the second controlled amplifier CA2 is connected wa quadrature demodulator for
demodulating the IF DAB signal into quadrature baseband DAB signals, comprising in
in-phase (I) and quadrature (Q) signal paths in-phase and quadrature mixers MI
respectively MQ, which are supplied with quadrature local oscillator frequencies from a
local oscillator LO. Outputs of MI and MQ are connected to respectively in-phase and
Quadrature baseband filters LPI and LPQ, which are connected to in-phase and
Quadrature analog to digital converters ADI and ADQ. Outputs of ADI and ADQ are
connected to a digital Fourrier transform device DFT. DFT converts the quadrature

30
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frequency raster and by at least two virtual carrrers fromthe data carrier

at an evekGfalsignabgenstasor AGC.cContral ofag. theodime base circuit and the tuning of the

local tuning oscillator TO takes place from a microprocessor MP, which in tum can be

10 manually controlled from a key board. The part of the DAB receiver described so far is
on itseif known from eg Figure 12 of the article *Digital Sound Broadcasting to
Mobile Receivers” published in "IEEE Transactions on Consumer Electronics", Vol.
35, No. 3, August '89, by Bernard Le Floch. A precise and detailed description of the
functions of the separate blocks shown in Figure 4 is not necessary to understand the

15 invention and can be derived from the lastmentioned article.

The DAB receiver according to the invention shown in this Figure 4
comprises in addition to the above known DAB receiver an AFC (automatic frequency
control) device AFC. As will be clearified hereinafter the AFC device AFC derives a
first or coarse AFC signal and a second or fine AFC signal from the received AFC

20 symbols. An input of the AFC device AFC is therefore connected to the quadrature
signal paths, e.g. at the outputs of the in-phase and quadrature baseband filters LPI and
LPQ. Qutputs of the AFC device AFC are connected to the local tuning oscillator TO
and the local oscillator LO for respectively supplying thereto said first or.coarse AFC
signal and said second or fine AFC signal for an automatic frequency control or

25 frequeicy synchronization of the received DAB signal with the transmitted DAB signal.
In the embodiment shown in this Figure 4, the oscillator TO and/or LO function as
frequency control means to achieve said frequency synchronization. It will be clear, that
both AFC output signals of the AFC device AFC may very well be used to control
either TO or LO or to control other known alternative means for frequency control and

30 that dependent on the manner how the AFC symbols are separated from the rest of the
DAB signals, the AFC device AFC may have its input connected at other points of the
signal path of the DAB receiver.

The derivation of said first or coarse and said second or fine AFC signals
This Sheet Has Been Replaced |
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Figure 4 shows a bl agkofhdhdhdi reduedcy dRvidiGt TlulEle? (6RDN dighd 4l
broadcast (DAB) receiver has to work properly under varying receiving conditions like
5 speed, temperature and humidity, and this at a reasonable cost. Since DAB
demodulation is very sensitive with respect to frequency deviations, some kind of
Automatic Frequency Control (AFC) is needed.

Since differential encoding is used, phase locking is not necessary
because in this case the previous symbol is used as a phase reference. The only

10 requirement is that the frequency deviation is sufficiently small, so that the phase shift

between two succeeding symbols is neglectable with respect to x/4. We assume that the ‘
frequency drift of the Local Oscillator (LO) over one frame will be low enough so that

a feedback at the frame repetition rate will be sufficient to keep the LO locked to the
received signal. _

15 A frequency deviation 3f of the LO with respect to the suppressed

carrier, will result in a shift 8f in the received spectrum. Fast frequency transform
(FFT) techniques can be used to determine this deviation. A coarse detection according
a first aspect of the invention can be obtained by comparing the position of the received
spectral lines with the initial reference peak positions, hereinafter also referred to as

20 expected positions. In this case an accuracy of + fs/2 can be obtained, where fs is the

frequency spacing of the data carriers.

However, a lot of "leakage’ components (unwanted harmonics) will be
generated if the FFT window does not fit with an integer number of periods of the
received signal. Therefore, fine tuning is needed.

25 A method for implementing a dynamic fine tuning AFC according to a
second aspect of the invention will be given. By transmitting peak values at widely
Wedrefermeepeakpomnonseg datacnmersmthala.rge number of virtual carriers
in between, thepowerofmelakageeompolmtsmthevmmtyofuch data carrier can
bealculatedandanalgonmmmbesetupforredumngﬂnslukagepowertoa
minimum. Since at least two virtual carriers between the subseqeuent data carriers are
Rlecessary and furthermore at least one virtual carrier should be located adjacent to each
; of both edges of the frequency raster, an extra AFC symbol, preferably per frame, is
needed. It is shown that a cubic regulation law is obtained with a normal rectangular

P L ol
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inve’i on. Figure 5 shows the generation of an AFC synbol
according to the invention in a DAB transmtter. PCT/NL92/6003%" € 6
5 shovvqoaz/dﬁ‘!ﬁék di agram of a DAB transmitter according to the Invention.

Figure |l a shows on linear scale the spectral power of a fregueney-—tef B E
synbol according to the invention, hereindfter also referre’g‘*“tsoS T
synbol having a single data carrier calculated with an FFT ( EasREEdUrT ek

Transf or n) gl windew.ect angul ar wi ndow. In this exanple, the AFC synbol

shown i ncl udes one peak _ val urri.ng..at frequency.of. said si e

data carrier, herei nﬁ?ﬁfgﬁaﬁgﬁ vﬁ?‘gﬁ‘%&é‘ﬁﬁ'ﬂ? %%E‘EE%‘H\%& tt i on

or referen R4S Wheta ORind6W iS YiS&R | the rgy 80mand received
&&Pq&e&n Hahning W&m—gﬁ

wi t hout an rrequency devi ation, then the power ectrum of the received

AFC synbol contentratedcaound thedata-carriers.and Foearly linear regwlationniawufor nae AFC is

t I , i.s jdentical to th h in,this fig. la. .
£ hovevsr okl YaiiBple( Fiiefey, componkat R e oibkesstih: Pt W svidiisn ¢ hen
the power GARUG fPeguehdielective fadifg. THEddte eairiers! of \ife AFCDGmboRinfyl at ed

with an FFT (Fast Fourri€r Transfor using a rectangular w'ndow is as
shown i n f iagditiopallyDbe usesl torcarry otherusefuldoformatiom, whicheag. is phese mpdylatedioon
occurs reSLél!xetsieQQ i&s asymetri cal
A possible AFC iinplementation strategy is presented, as well as a
10 transmitter and a receiver concept according to the invention.

Coarse AFC Algorithm
In the DAB system, known from the firstmentioned article, the baseband
time signals I and Q are generated with a complex FFr,algofithm starting from a given
15 complex frequency spectrum. If, for simplicity, we assume a single frequency
component at frequency Q1 with a unity amplitude in real and imaginary channel, the
baseband signal Vb(t) can be written as :

Vb(t) = cosQlt + jsinQlt = e+jQlt  (1.1)
20
In the transmitter, this signal is modulated in quadrature with a carrier
frequency (h, resulting in a transmitted signal Vt(t) :

Vi(t) = cosQOht cosQlt + sinflht sinQlt = cos(Gh-+Q1)t (1.2)
25
Normally, the receiver will have a frequency deviation 60 with respect to
Qh. After quadrature demodulation with a proper scale factor and low-pass filtering, the
resulting baseband signals can be written as :

30 Ity = 2 cos(Qh+8M)t cos(Qh-+01)t = cos(3Q+A1)t (1.3)
Qr(t) = 2 sin(Qh+30)t cos(Qh-+Q1)t = sin(3Q+Q1) (1.4)
-

T

Ot, in complex notation : This Sheet Has Been R




'Ie!age conponents at carrier frequencies adjacent to the reference peak

position.  Fromthe ratio of the |levels of these | eakaperovperos03vs t he

. di ;\wﬂl&ﬂ‘ of the frequency deviation can be derived, whereas the anplitude
of the frequency deviation can be derived fromthis ratio and the

anplitudes of these levels with regard i the peak val ue a THRESHIHEE £ BErn
peak position. ) Fig. 2a shows on linear scal g the &Qp@&@gf ‘7
pover of WRHARC E(thboj Qrét)i I'Fgﬂ(%ﬂd:ﬂd)t/al (bSht a single data Tarrier;

recei ved without any frequency deviation, calculated with an FFT using a
Hanni ng wi ndow. Fig. 2b shows on |inear scale the spectral

power of an AFC synifGle beipar® (2.5)awth ?@lﬁ%ﬁo@%%' e data carrier,
received with a frequency deviation o

6

5 a. as expected, \_with 5Q=0, we get correct demodulation.
b. if 80< >0, the complete spectrum (positive and negative frequencies) are shifted in
 the same direction.
c. the direction of shifting is determined by the sign of the frequency deviation.
d. investigation of the position of the spectral lines provides sufficient information for
10 the implementation of an AFC algorithm. -

In the DAB system, symbols of length NT are used, where T is the
sample period, and N the number of samples in one symbol. The Discrete Fourier
Transform (DFT) of such a symbol is given by:

15 n 1 N-1
Ve(—) = = I Ve(kT) e=j2mnk/N {(1.6)
Nt N k=0 This Sheet Has Been Replaced
20 Using (1.5) with Q=2xf and fs=1/NT we get : ”"m ||||" II m l"l
1 N-l
Vr(nfas) = = T @j2n(NSLT 2 NL£I1T - n)k/N {(1.7)
N k=0

If 6f=0, we find a single carrier at n=+Nf1T. With éf< >0, the
truncation interval of the DFT is not equal to an integer number of periods_, and the
energy is spread out over all carriers. This effect is known as eakage. Only when N&{T
is an integer, all energy is concentrated in the frequency line n=N3fT+Nf1T.

30 Therefore, a coarse detection in the receiver can be implemented by
searching for the carrier with the maximum or peak energy (assuming that only one
carrier is transmitted) occurring within a received symbol and comparing its frequency
location with the expected carrier location.

By applying an appropriate feedback signal to the local oscillator, we can
g¢t the carrier with the maximum energy at the correct (expected) location in the
frequency raster. .

With this technique, also indicated as coarse AFC, an accuracy of +fs/2

35




al cul ated with an FFT using a Hanni ng w ndow. These
es 2a and 2b illustrate the selective anplificat |p Lﬁywz‘gakage

pi6d63 whi ch can be achieved by using an FFT al gori th| a Hanni ng
W n In the cal culation of these | eakage conponents. Elgure
6 shows a bl ock diagram of a DAB transnmit3er according to t|hEHIS SHERT i HA®, BEEN
conprising parallel DAB channels a, b ... n, respectively ilncl udRERLAGEMd
codi ng de\c/if?' obtzdned. -OfSéourse) dhis ds farcfrom mamgaomfsﬁlmlnwt%&es ECa
puts of the error cod devi ces ECa ECn are connected to a
fi rst mul t fepdlation of\in1kHz, whils, Fﬂgﬁjﬁﬂél Ha (k3P Rbﬁ-ﬁ)ﬁﬁmb ar %tﬂﬂﬁm es of

t he DAB channel s e t The
first mult¥ %?e?%ilaé&ﬁpﬁ éﬁs@tbhlg] g%?lqggﬂ‘gﬁ% gl tlgs @‘?‘gﬁm t's
differenti uwwonmmmmm méxibm migelmgeteﬂmneﬁibgothummaexoae

synbol del ay device D.to an input a se d nmul ti pI exer MJX2, this second
mul ti pl Sxevirtnalearriass (signal powet 12 9) g&”ﬁ"‘ ‘ﬁba? symhel in/gyestion.

function aisdPinaRangi dst ulator in
t he frequ%@"&g{r}'fﬁfﬁg‘o n |n|tlgf"%r ref@r ence %h‘%gg 4 sdpp%’ to MJX2
from a gengfroduted Bidrefore. Iy istherewithypossible mmﬂwwhabhngmgteoﬁmmy
domai n, whereby one reference sy%qoer each frame i s generated. In the
sequence oﬁFGat"Hl@y‘ﬁMH@ Wider than ’F‘G‘FW@@WM Giguilsed as a

phase reference in tjedid oShEfthieine HEMas), WO o2 tyt6 rhixirlize the energy of

10 the received carrier. This, however, is not recommended since the received signal is
noisy and fluctuating.
In the following an accurate dynamic fine tuning AFC algorithm is
presented, which can be used on itself, or in combination with the above coarse AFC
" and which also makes use of the abovementioned new AFC symbol.
15 ’
I ic i ing AEC aleorithm:

For an accurate AFC according to the invention use the power of the
carriers +Nf1T-1 and £ Nf1T+1, which are located on the left side and on the right
side of a received data carrier are to be investigated. In figure 1 the spectral lines are

20 shown for a carrier without frequency error (Fig. 1a) and for a carrier with a frequency
error of +30% (Fig. 1b). As can be seen in Fig. 1b, there is a difference 6P between
the power of the two side carriers.

The relation between P and 3f can be calculated using (1.7)

With n=m+NfI1T, expression (1.7) can be written as :

25
1 N-1
Ve[ (meNL1T)Ef8] = - 3 @j2n(NSELT - m)k/N (2.1)
0
30
For small values of 3f and high values of N, the sommation can be
approximated by an integral, which leads to :
: 35 Ts
: ve( (a2NE1T)fe] = ;. ‘{o ej2x(8f - mfs)t dt {(2.2)
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PP0| follow ng the reference synbol, whereas in the differential

el on of the second data synbol, the first data synbol is used as
.phJF reference, and so on. An out put oPCTINLEBPMRInodul at or
[ Diw1d8Ted to a first inverse digital Fourrier transformdevice |FT1.
realises a digital inverse Fourri eutransformof t hE P PEToh

t heg DQPSK nodul ator, therewith converting these output s gnz\vﬁl RE Lg@%‘?ﬁg&
frefguency domain i tgfm% ' . ' H—?‘Epmt -G
ar e’ added the ref err%%cie&gvn‘go S oﬁ?ﬁ‘ee %ﬁ%ﬂ#ﬁ?ﬁ%e‘? el ng converted
fromthe [jipmissionychdomal; thet signahamplitudednaywvaryicontinusonstyn dn ioederrto andieuthe | er
transformdevice LET2.. The, SO taLned ti doyai n reference and data
synbol s aereor€§2MAR0Y MW%BP%MAWB@M’ 1 13 recom F&i‘?}@ﬂﬂ‘é@'ﬁce FB,
in which h&gi;bqgmm' ‘B@ﬁp@? Pnady | Sad L"ls rame,
pr ecedi nggé{g{/@ot her synbol V\n’%?r?ifn t he rarre%(%’ ﬁdgﬁ?g{%%érf;blgﬁ)ghc he
frame byipewveen thewpper #@ the lowemleakage carriern Thegeforepéxpressian (2:2) has terbel og

converter and fitJ ter_&evi ce_DAC. An output of DAC is connected to a
quadr atur%’aﬁéﬁﬂl of MrVapd M=kt or nodul ating in quadrature the out put

signals of the di giﬁdﬁé@ﬂﬁimmqﬂ@w@.gyg gived 6y :device DAC. (Mi's

—h

connected to an RF | at or
&f
10 Ve[ (mzNf1T)fs) = K —————e (2.3)
S - mfs
Wwith
8in(2n8£T8) + 3 (1 - cos(2n5£Ts))
K = (2.4) |
15 2nSLTs

The relative power of both side carriers can then be written as :

' P+ (8£)2 P~ (82)2
20 —_— o —— —_— e ——_—— T (2.5)
PO (82 - £8)2 PO (6 + £8)2 :

while the difference SP/PO is given by :

25 &P P+ = P- 4 (5£/£8)3 :
= (2.6)
PO PO (1 - 5£/£8)2 (1 + 8£/£s)2

With computer simulations, the value of SP/PQ is calculated for different
30 values of 3f/fs. In table 2.1, these results are compared with the estimated values,
obtained from (2.6). As can be seen, there is an excellent agreement for all.frequency

deviations up to 50%.
35 5£/Ls £0.001 20.01 20.1 20.2 20.3 +0.4 £0.5
simulated 24.0B-9!24.08~6|24.18-3|23.5E-2|+1.3E~3|23.6E-1{£8.9E~-1
40 Table 2.1 : Differsnce between simulated values for SP/PO and the

values calculated with (2.6).

From (2.6) and Table 2.1 we can draw the following important conclusions:

45 1. With this system, a control algorithm for a more accurate AFC can be
implemented.
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for nodulating the DAB signal on a main RF transm ssmn carrier. Afte
bei §g seé(gﬁgtlvely filtered the RF nodul at ed DAB mgnaKS&s 6ted
t hr 31 RF ant enna devi ce ANT. ransm t
des

I vers" publ I shed in "EBU Revi ew Techni cal" No. 224, Augus
rd e.Z. T signof SPAPO imithe same agithe sign of 196, Thuewmmportast moordertessar y

el DB 1 r el WHEAEE Y et ﬁaﬁ@qu@e@ﬁeﬁﬁs BR e G
article far ’mﬁdﬁﬁrmeaﬁCboW&s poftichab othe Ahir® pover &f Bﬂ%&éﬁ it is

transmtter A DAB transmtter accordi ng to the invention

conpri ses i ndifGRult toebtaia a lineas segnlatiomiamofes the ARG Ipradditiong thecersorosignebT f or
gener atg ng {5 EBHERGKrY Shel 85 inal values of 41,

4. The value of 6P/PQ is not a function of f1. Therefore, several carriers can be used
and a mean value for $P/PO can be calculated. This makes the algorithm resistant to
frequency selective fading.

5. The distance between the different carriers must be large enough, so that the power

10 of the 'far-away’ leakage components of other carriers can be neglected with
respect to P+ and P-.

i bed sofar is on itself known e.g. fromthe article "M E?SHA(&TBFFN
lation and Channel Coding for Digi t 3 Broadcasting for %‘EQHEPMCFD &

A preferred I ic f ing AFC algorithm:
Although the above described algorithm can be used for accurate AFC, it
15 has the disadvantage of a cubic relationship between 6P and &f. In addition, the large
amount of high power leakage components, as shown in Fig. 2.1, will disturb this
relationship when multiple carriers are used.
| The energy distribution over the different leakage components can be
changed by an appropriate windowing of the time signal. Figure 2 shows the spectral
20 lines for the same symbol as used for Fig. 1, but after the application of a Hanning
window. As can be seen, when 5f=0 two side carriers of equal power appear. For
8f< >0 there is also a difference 3P between both carriers, as with the previous
method, but the energy of the ’far-away’ leakage components is much redyced with
repect to Fig. 1. Computer simulations also showed a nearly linear relationship between
25 SP/PO and 3f/fs. '
A theoretical value for 5P/PO can be calculated with the abovementioned
formulas. |
In order to apply a Hanning window, we multiply the time function Vr(t)
‘with the following *weighting’ function Vh(t) :
30
ejnst + e=jast

vh(t) = 1 - cos(st) = 1 = 2 {3.1)

35 The multiplication of (3.1) with (1.5) leads to : This Sheet Has Been Replace
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separated by at least one carrier ggsition from eacﬁ BHS Phe“edy i
requency raster and by at |least two carrier positiong fronREr =
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t han one peak value. Figure |a showi ng the spectrum of an AFC synbol
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A generation of AFC synbols in the freC}uency doma curs In-a

hereinafter also referred to as AFC synbols. In the enbodi nent
Fi qure 6 ondhidPietdiasBeh Repdacednserted into each frame in the tine
H |ﬂ¥lﬁﬂ . The AFC synbol s i HeTiMS/M03P nat i on
"y ) pale

occuring at a referen

wupdow ffcequivalens with ae)amplitude modulationdf the timessignal with s drequédey

synbiol bei F% shown in block ASF. ASF together with an inverse Fourrier

t ranisf orm

a third inverse Fourrier transform device |FT3, supplies AFC

synbol s in the tine @xpréssiond.293s ﬁ%ﬁ:ﬁaﬁﬁﬁ@f%ﬁgﬁﬁu@& ?ﬁ%ﬁgﬂﬁﬁ}i&ﬂed

generator A3T. In Figure 5a is also shown the function o t
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The amplitude of the carriers can be written in the same form as
expression (2.3), leading to : '

Ke5¢ K*5¢ Ke5¢
VZh{ (mtNf1T)fn) = -4 -k (3.3)

Sf-mfs St+fs~-mfs St=-fa-mfs

The relative power of both side carriers can be written as :

P+ (Veh( (1tN£1T)£8])2 p- (VEh( (=12N£1T)fs])2
PO (VEh[ (£N£1T)£8))2 PO (Veh{ (:N£1T)£8))2

The difference 5PW/PO = (P+-P-)/P0Q is then given by :

5Ph &¢ {1 + 0.5 (8£/£8)2) (1 - (82£/28)2)
— 2 1,5 % = ® (3.5)
PO £s ((1 +0.5 (&£/£8)2)2 - 2.25 (5f/f8)2)2

For small frequency deviations, the second order terms can be neglected,
¥
giving the very simple result : :

&Ph  § 4
— B ), - for 82 << £s (3.6)
PO s

In Table 3.1 the theoretical values of §Ph, calculated with (3.5) and (3.6)
are compared with computer calculations. As can be seen, there is an excellent
agreement for expression (3.5). Expression (3.6) is very useful for small frequency
errors. For high frequency deviations the accurary is lower, with a maximum error of
30% on 5f/fs when it is close to 0.5. Therefore, expression (3.6) can be used for
maldngansﬁmﬁﬁonofﬂnefrequmcymor&fusingthemhﬁvepowerdiffemce
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expr.{(3.5) |+1.SE-3%21.5E-2|21.5B-1|23.1E~1|%4.9E~1|27.0E~1|29.6E-1

expr.(3.6) |%1.5B-3|%1.5B-2|+1.5E~1|%+3.0E~1|24,.5E~1|26.0E-1|/%7.5E~1

Table 2.1 : Difference between simulated values for S§Ph/PO with
Hanning window and the theoretical values calculated with
expressions (3.5) and (3.6).
When multiple carriers are used, an average value (§Ph/P)av can be cal-
culated, which takes into account the relative power Pi of each carrier i.

With linear weighting we get :

T &Phi

(5Ph/P)av = (3.7)
'z Pi
An estimation of the frequency error is then given by :
§¢ = 0.6667 £s * (5Ph/P)av (3.8)

By applying a Hanning window, the drawbacks of the firstmentioned fine
tuning AFC method are avoided, while its advantages are preserved. The additional
effort required is a multiplication of 2N points (real and imaginary time signal) with the
Hanning window (3.1). After FFT and calculation of the power of the carriers near the
transmitted carriers, an error signal can be obtained which is nearly proportional to the
frequency deviation of the local oscillator, independentofthesignalamplitude and
rwstantagmnstfrequmcyselecuvefadmg Inthuway,anaocumeAutomanc
Frequency Control can be implemented.

As already mentioned above an extra AFC symbol has to be introduced in
order to. implement this AFC algorithm. Since the algorithm has to be resistant against
frequency selective fading, this seems to be unavoidable. However, since the proposed
AFC algorithm deals only with powers, the data carriers in the AFC symbol can carry
useful phase information.
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tion of the second data synbol indicated with bl ock DQPSK , and so

no
on. ¥he so obtai ned DQPSK nodul ated digital data are i

_tra '&(92/ 5)l n | FT1 and therewith converted into the tmﬁmmﬁrhe ti nme
do and Q output signals of IFT1l, IFT2 and IFT3, i.e. the tine

synbol s DS1...DSm the tine domai n ri@ erence synbol s RE aiy SHREET HAGERFEN
n AFC synbols AS are thereafter grouped into franes inlthe fraraCED

bui | gi ng de Memehtation \straeeptéi oned above in FB a socal \red—7eFo synbolw
S ded to each frarre this zero synpol precedi ng any other symbol within
the frame. This resul4 ossible sirategy domimplempating ptomatic refuengy Cogrebinp,
eac

| AS g e SW&!& BETRAY dﬁﬁnn?H?ﬁEH&ej‘t'kiﬂ_g mmoa\}@%]%,gﬁ AFC

bl ock di agimdicatéd by their referenvesnumbersrage ag followsne i nventi on conprising an RF
filtpr RE connected at its input to an RF antenna A and at its output to a
firsf cobtrolled arrpllfler CAl. An output of CAl is connected to a mxer M

onvert %@ ﬁh%i%ng signal into an internedi ate
freguency (?'F) SI gngﬂ: I's 1S achi eved by supplying a tuning

osci|lator frequency froma local tuning oscillator TOto the mxer M TO
may pe included in. a fe uency SX{] hewé not shown). An output of the
mxef Mis toniéead iildy &h Cf ‘to a second controlled
anpljfier CA2. Control i nputs of CA1 and CA2 are supplied with an
10 2. Apply the Hanning window (3.1) on both Ir(t) and Qr(t).
3. Calculate the complex FFT transform of Irh(t) + j Qrh(t).
4. Calculate the power of each frequency component.
15 |
5. Determine the frequency location of the carriers with maximum energy above a
certain treshold.
6. If the location fits with the expected value, goto 9.
20 If not, goto 7.
7. Calculate average + deviation.
8. Is this average deviation zero? If so, goto 9 (end of AFC coarse tuning). If not,
25 goto 13,
-
9. Calculate 8Ph for each carrier i. : Th,lilslliiﬁt’ilﬁme'n’i' ,"I
10. Calculate a weighted average (5Ph/P)av using (3.7).
30

11. Calculate a second or fine tuning AFC correction signal as a function of the
estimated frequency error 3f, given by (3.8), and apply it.
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clpadrature (Q sign
se and quad'rature m xers M respect vely M) which arg supgﬁfeggg%

Cﬁ OSC?be&atort{%rffg enci ;aaﬁrom quFgcal Ci l&!’;ﬂﬁ*‘ét”ﬁcesmmnd

rs LPI angp mpmhgmﬁﬁaﬂgpkeM)n phase and quadr at ure anal og
converters ADI and ADQ OQutputs of ADI and ADQ are connected to

Ic gain éontrol (AGC) signal froman AGC signal generator AGC. An
e second controlled anplifier CA2 is conne NL92/A0fsdr at ure
r for denodul ating the IF DAB signal into qua rature baseband DAB

Z

s

Fourrier transform device DFT. DFT converts the quadrature
13. Calculate a first or coarse AFC correction signal as a function of the frequency
shift (number of carrier shifts) and apply it.
Goto 1.

The above described new OFDM DAB system is merely given as an
illustration of the basic idea to introduce in the OFDM DAB signal format a new AFC
symbol with a predetermined location of peak values or data carriers, such that, the
sequeatial peak values or data carriers within the above frequency raster are mutually
separated from each other {ayapredetermined number of carrier positions or virtual
carriers greater than two, at least one such carrier position or virtual carrier being
located between such peak value or data carrier and the edges of the frequency raster.

The symbol length or window of the AFC symbol may deviate from, e.g.
may be smaller than, that of the data symbols. It will be clear, that the invention is not
restricted to the above described examples and that it is very well possible to apply the
invention e.g. without using a Hanning window or with another window signal
processing, with only one data carrier per AFC symbol, and in case various data
carriers are used with an irregular frequency spacing between the data carriers. It is
furthermore possible to combine the AFC symbol with the zero symbol, to superpose it
in a predertermined manner on one or more certain data symboi(s), or to use a yet

undefined symbol as AFC symbol.
——’—/’
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|s fromthe tinme domain into the frequency domain. An output of DFT is
ected to a differential denodul ator DD, which in turn is connected to

an 0606% 3 sanpl e de-interleaving and error cor r ecPEIANKR/9sD) . An
outPut of SDI is connected to a sound decodi ng device SD, which delivers
itsfsignals to a sound anplifier AMP. TR@® sound anplifier AMpis SHEONALS BEEN

ans L for sound reproduction. Qut puts of the grarpLAbBBE

quadr@laimg baseband filters LPI and LPQ are nected to—amto &a tine
circuit TC as well as to i nputs of the befof(e)ﬂmd\ﬁ%l_gn

rator AGC. ContrdGl of e.g. the tinme base ci rcuﬂus&x&@lH;sl}fé uni ng of t he
| ocpl tuni ngmlﬂﬂﬂ""’lmﬂﬂnﬂn kes place froma mi cro Plagedi ch in
turph can be ed froma key board. T DAB
recki ver described so"far i*s on itself known from e. g of the

artfcle D gital Sound Broadcasting to Mobi | e Receivers" publi shed | n "l EEE
Trahsacti ons on Consuner EI ectronics", Vol. 35, No. 3, August ' 89, by

Thel separ it e bl ockeSLRERfoF AAcE ciing il e WP i B
i nvent i onmﬂluplmd channkis |gredpdd'mrﬁ'a:ha leach MWompdxsmgtmﬁlmmer symbols,

The] DAB r ec ver accor di o the invention shown in this Figure 4

conpr i sesiicRidmg Gﬁmgﬁg%‘?é &Bsm'&l.c@mpnamﬁ gt of prdegenal

- ng qggnggmgwgsx'muﬁﬁ& &ribtsl dt cafridr! fdition’s SHeiiF s SredbAcy raliBf AFC

5 with regular carrier spacing, being characterized in that said frames include frequency
reference symbols, each carrying information to generate a peak value at at least one ‘
reference peak position within the frequency raster being separated by at least one
carrier position from each of the edges of the frequency raster and by at least two
carrier positions from an eventual subsequént reference peak position.

10 2. System for broadcasting and receiving digital data within time divisional
multiplexed channels according to claim 1, each symbol including virtual carriers and/or
data carriers at the carrier positions within the frequency raster, the virtual carriers
having no signal power, being characterized in that each of the frequency reference
symbols comprises at each reference peak position a data carrier having a peak signal

15 power level, each such data carrier being separated by at least one virtual carrier from
_uchoftheedguofthe&equencymandbyatlaatwovinualmﬂe_rs from the
data carrier at an eventual subsequent reference peak position.

3. Receiver for use in a system according to claim 1 or 2, char,;ctenzedby
means for detecting the frequency position of each peak value within the frequency

20 raster of a received frequency reference symbol, means for deriving a first AFC signal
from the frequency difference between the lastmentioned position on the one hand and
the initial reference peak position on the other hand, said first AFC signal being
supplied to frequency control means for reducing said frequency difference.

4, Receiver for use in a system according to claim 1 or 2, characterized by

25 means for determining the ratio of leakage components occurring at both adjacent
carrier positions of a peak position, means for deriving a second AFC signal from said
ratio, which varies with said ratio, said second AFC signal being supplied to frequency
control means for reducing the difference between said ratio and unity.
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8. Transmitter for use in a system according to claim 1, characterized by a
signal generator for generating said frequency reference symbol. |

9. Transmitter according to claim 8, characterized in that said signal
generator comprises means for generating within each frequency reference symbol at
each reference peak position a data carrier having a peak signal power level, each such
data carrier being separated by at least one virtual carrier from each of the edges of the
frequency raster and by at least two virtual carriers from the data carrier at an eventual
subsequent reference peak position.
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10 1 e automatic frequency control device AFC of the DAB receiver
;1’2 to the invention will be explained in the follow

ng:
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cos[err]ht cos[err]lt [err] sin[err]ht sin[ferr]lt =

Berr]l)t (1.2 Normal |y, the receiver wll have
deviation [err] with respect to [err]h. Af tRET/NIEA2/00039 e

deno ation with a proper scale factor and | ow pass filtering, t he

resul §i ng baseband signals can be witten as: lr(t) = 2
cos([grr]h+[err])t cos([err]h-[err]S)rﬁiz cos([err][e rjl
Q(t)fJ= 2 sin([err]h+[err])t cos([e [err]l)t = sin(]
O, in conplex notation:
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1z Vr(t) = Ir(t) +j Q(t) = ¢ (_[err]+[e9ré|0)?3~3(‘i%) R PLACEMENT SHEET
_Wwe conpare (1.5) with (1.1), we notice that: a. as expec} egr—i-i-h
*[err]=0, we get correct denodulation. b. if [err] < >0, t1e corIEI ete
spectrum (positive and negative frequencH es) are shifted i NOY 1986
direction. c. the dlrectlon of ~shifting sdetermned byt1e siagn of the

: m © I
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al gori t hngych system.

The invention refers to a system for broadcasting and receiving digital
data within time divisional multiplexed channels, grouped in frames, each frame
comprising multicarrier symbols, including data symbols and system symbols, each
symbol comprising a set of orthogonal frequency division multiplexed carriers at carrier
positions within a frequency raster with regular carrier spacing.

The invention also refers to a receiver and to a transmitter for use in such
system. |

Such system as well as a receiver and a transinitter for use in such system
is known e.g. from the article "Digital Sound Broadcasting to Mobile Receivers" by B.
Le Floch et al, published in "IEEE Transactions on Consumer Electronics®, Volume 35,
number 3, August 1989, _

In the abovementioned known system each carrier position within the
symbols is occupied either by a data carrier or by a virtual carrier, having a window
length being at least equal to one period of the lowest data carrier frequency, the virtual
carriers having no sigxlal power.

The digital data to be broadcasted are modulated on said data carriers
using differential quadrature phase shift key modulation (DQPSK). The carriers are
‘thereafter conversed via an inverse FFT (Fast Fourrier Transform) processor into I (In-
phase) and Q (Quadrature) time signals, followed by a quadrature modulation of these
time signals on a transmission carrier. This system can be used for b;oadcasﬁng digital
audio signals and is therefore indicated as OFDM DAB (Orthogonal Frequency Division
Multiplex Digital Audio Broadcasting) system.

In the receiver the reverse signal processing occurs: by using a local
tuning oscillator followed by a quadrature demodulator the above baseband I and Q time
signals are derived from the received quadrature modulated transmission carrier. After
an analog to digital conversion thesé baseband I and Q time signals are applied to an
FFT processor, subsequently followed by a differential demodulator, a circuit for
sample deinterleaving and error correction, a sound decoding device and sound

X
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Im the DAB system synbols of length NT are used, where Tr—s—the—sanpte
~period, and N the nunber of sanples in one synbol. The DifsEBLACHMENT SHEET

Transform (DFT) of such a synbol is given by: [err] Usifig (L. 5) wthn}

[err] =2[err]f and fs= 1/ NT we get: [err] Iff #9%@1 :‘%6\/%

find a single carrier at n=[err] NfIT. Wth [err]f< >0, tjhg tTuncation
pe¥ '

I nterval of the DFT is not equal to an integer nunber of -

ener gy i%%Pa@&%P%Hadgyer all carriers. This effect is known as |eakage.
err i

Only when

In a typical usage mode an FFT of 512 points is used for modulating 448
data carriers, the remaining 64 carriers being virtual carriers as these virtual carriers
have no signal ﬁower and therewith no transmission capacity. The data carriers occupy
the middle range of the frequency raster, the virtual carriers are located in two mutually
equal numbered groups adjacent to the group of said data carriers. The virtual carriers
therewith occupy frequency ranges at each of both edges of the frequency raster which
fall within the transition bands of the filters, used for selecting the useful signal at the
receiver’s side.

Each symbol is preceded by a guard interval for dealing with multipath
effects. Each frame starts with a number of system symbols, including a zero symbol,
which is used for a.0. frame synchronization and for determining channel properties and
a phase reference symbol, hereinafter referred to as reference symbol, for initial phase
reference.

| In order to avoid carrier leakage, the FFT window has to be equal to an
integer number of the period of the baseband signals. This means, that the frequency
deviation of the local tuning oscillator in the receiver may only deviate from that of the
local oscillator in transmitter over a very small distance. A typical value for a single
frequency network (SFN) with a symbolperiod Ts=1250 microsec. is 25 Hz relative to
125 MHz or 0.2 p.p.m.. -

In the above article an AFC (Automatic Frequency Control) system is
disclosed, which is based on a detection of the systematic deviation of the DQPSK
signal vector from its expected value. In this way it is possible to detect_l_and correct a
maximum phase deviation of +45 degrees. Because of the use of differential
modulation, this corresponds to a maximum frequency deviation of + 1/8Ts.

In the above example of a SFN the required stability or free running
frequency tolerance range of the local oscillator is then 100 Hz relative to 125 MHz or
0.8 p.p.m.

It is a first object of the invention to provide in a system for broadcasting
and receiving digital data the possibility for a dynamic and accurate synchronization of
the local oscillator of the receiver with that of the transmitter while allowing the free
running toleérance range of the receiver’s local oscillator to be much wider than that of

“the known receiver. Such local oscillators are relatively cheap. .

Lo
. ..
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I receiver oscxllator frequency to the local transhiitter oscillator frequency,

which is

especially suited to be used in combination with a fine AFC tuning circuit for
substantively extending the tracking range of such fine AFC tuning circuit and which

allows the use of a relatively cheap receiver local oscillator.

It is a third object of the invention to provide a receiver with an AFC
circuit for use in the lastmentioned system to realize a fine AFC tuning of a local

receiver oscillator frequency to the local transmitter oscillator frequency,

which, with

regard to that of the known receiver has a wider tracking range and allows the use of a

much cheaper Jocal receiver oscillator.

It is a fourth object of the invention to provide a transmitter which is
suitable to be used in cooperation with each of the lastmentioned receivers.

In order to meet said first object a system for broadcasting and receiving
digital data within time divisional multiplexed channels, grouped in frames, each frame
comprising multicarrier symbols, including data symbols and system symbols, each
symbol comprising a set of orthogonal frequency division multiplexed carriers at carrier

positions within a frequency raster with regular carrier spécing, according to the

invention is characterized in that said frames include frequency reference

symbols, each

carrying information to generate a peak value at at least one reference peak position
within the frequency raster being separated by at least one carrier position from each of

the edges of the frequency raster and by at least two carrier positions fro
subsequent reference peak position.

7

m an eventual

As already mentioned above each carrier position withirn the symbols is
occupied either by a data carrier or by a virtual carrier, the virtual carriers having no

signal power.

The beforementioned system according to the invention is preferably

characterized in that each of the frequency reference symbols comprises at each

reference peak position a data carrier having a peak signal power level, each such data

carrier being separated by at least one virtual carrier from each of the ed
frequency raster and by at least two virtual carriers from the data carrier
subsequent reference peak position.

In order to meet said second object of the invention a rece

ges of the
at an eventual

iver for use in
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system according to the invention is characterized by means for determining the ratio of

leakage components occurring at both adjacent carrier positions of a peak ppsjﬁon.
means for deriving a second AFC signal from said ratio, which varies with said ratio,
said second AFC signal being supplied to frequency control means for reducing the
difference between said ratio and unity.

Preferably the lastmentioned receiver according to the invention is

- characterized in that said second AFC signal varies with the power ratio of the carrier

leakage components occurring at both adjacent carrier positions of a peak position.
A further preferred embodiment of the lastmentioned receiver i
characterized in by a window signal processing of the received frequency reference

symbol for emphasizing the power of the carrier leakage components increasingly in the

direction of the reference peak position.

In order to meet the fourth object of the invention a transmitter for use in

a system according to claim 1 according to the invention is characterized by a signal
generator for generating said frequency reference symbol.

Preferably such transmitter is characterized in that said siggal generator
comprises means for generating within each frequency reference symt?ol'at each

reference peak position a data carrier having a peak signal power level, each such data

carrier being separated by at least one virtual carrier from each of the edges of the

frequency raster and by at least two virtual carriers from the data carrier at an eventual

subsequent reference peak position.
In the following a description of an exampie of the invention is given
with reference to the drawing. '
Figure 1a and 1b show the specu-al power of a received AFC symbol
according to the invention having a single data carrier on a linear scale without
frequency deviation respectively with a frequency deviation of 30%



cdrriers NF1T-1 and NF1T+1, which are located on the left si {icRERACEMENT SHEET
.right side of a received data carrier are to be investigated n figure 1
the spectral lines are shown for a carrier w thout frequency|efr a7 NOVW1996
la) and for a carrier with a frequency error of +30% (Fig. 1%){ As can be
seen in Fig. 1b, there is a difference9err]P between the poyer—of—TtTHTEe TW

cal oul at ed using (Eispe 24d 2R ship inlek SRABR g sing £ BHaniybe ot e

[err] Figut®B shows la ficW dRigrah mﬂuﬁhhmﬁarﬁkshbﬂbo&% g of N, the

somation can be approximated by an integral, which leads to: [err]
combined with a second or fine tuning AFC signal derivation algorithm according to the
inventon.

Figure 4 shows a block diagram of a DAB receiver according to the
invention. .

Figure 5 shows the generation of an AFC symbol according to the
invention in a DAB transmitter. .

Figure 6 shows a block diagram of a DAB transmitter according to the
invention.

Figure 1a shows on linear scale the spectral power of a frequency
reference symbol according to the invention, hereinafter also referred to as AFC symbol
having a single data carrier calculated with an FFT (Fast Fourrier Transform) using a
rectangular window. In this example, the AFC symbol shown includes one peak value
occurring at the frequency of said single data carrier, hereinafter also indicated as initial
reference peak position or reference peak position. If such AFC symbol is transmitted
and received without any frequency deviation, then the power spectrum of the received
AFC symbol calculated with an FFT (Fast Fourrier Transform) using a rectangular
window is identical to the one shown in this fig. la.

If however a frequency deviation of 30,0% occurs during transmissi_on,'
then the power spectrum on linear scale of the received AFC symbol calculated with an
FFT (Fast Fourrier Transform) using a rectangular window is as shown in fig. 1b. Due
to the frequency deviation, signal power dispersion occurs resulting in asymmetrical
leakage components at carrier frequencies adjacent to the reference pealf position. From
the ratio of the levels of these leakage components the direction of the frequency
deviation can be derived, whereas the amplitude of the frequency deviation can be
derived from this ratio and the amplitudes of these levels with regard to the peak value
at the reference peak position.

Fig. 2a shows on linear scale the spectral power of an AFC symbol
having a peak value at a single data carrier, received without any frequency deviation,
calculated with an FFT using a Hanning window.

Fig. 2b shows on linear scale the spectral power of an AFC symbol
having a peak value at a single data carrier, received with a frequency deviation of
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~the transm ssion channel, the signal anplitude may vary cont| ngeusty——-t-free=se-
order to make the error estimtion independent of the signaljappli.t gg é
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main carrier, and [err] P the power di ff&rence between the uppel__and the
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m=0 and rggiggfcal%u&ted with-ap NERg 3 § WINAOW.i ntegral (2. 2)—i i —
[err]

These Figures 2a and 2b illustrate the selective amplification of the
leakage components, which can be achieved by using an FFT algorithm with a Hanning
window in the calculation of these leakage components.

Figure 6 shows a block diagram of a DAB transmitter according to the
invention, comprising parallel DAB channels a, b ... n, respectively including sound
coding devices SCa ... SCn and connected thereto error coding devices ECa ... ECn.
Outputs of the error coding devices ECa ... ECn are connected to a first mulﬁplexer
MUX1 for converting the parallel output bit sequencies of the DAB channels a-n into

- one serial sequence of digital data bits. The first multiplexer MUX1 supplies the series
of digital data bits to a differential modulator DM. An output of DM is being connected
via a one symbbl delay device D to an input of a second multiplexer MUX2, this
second multiplexer MUX2 being connected to an input of DM. DM, D and MUX2
function as a differential quadrature phaseshift key (DQPSK) modulator in the frequency
domain. An initial or reference phase is supplied to MUX2 from a generator RSF for
generating reference symbols in the frequency domain, whereby one reference symbol
per each frame is generated. In the sequence of data symbols within a frame, the
reference symbol is used as a phase reference in the differential modulation of the first
data symbol following the reference symbol, whereas in the differential modulation of
the second data symbol, the first data symbol is used as phase reference, and so on.

An output of the DQPSK modulator is connected to a first inverse digital
Fourrier transform device IFT1. IFT1 realises a digital inverse Fourrier transform of
the output signals of the DQPSK modulator, therewith converting these oytput signals
from the frequency domain into the time domain. To the time domain signals of IFT1
are added the reference symbols of the generator RSF after being converted from the
frequency domain to the time domain in a second inverse Fourrier transform device
IFT2. The so obtained time domain reference and data symbols are thereafter grouped
into frames in a frame building device FB, in which frame building device FB a zero
symbol is inserted in each frame, preceding any other symbol within the frame (see
Figure 5A and 5B). The frame building device FB is connected to an input of a digital
to analog converter and filter device DAC. An output of DAC is connected to a
Quadrature modulation stage QM for modulating in quadrature the output signals of the
digital to analog converter and filter device DAC. QM is connected to an RF modulator




The rel ative power of both side carriers can then be witten |
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conputer sinulations, the value of [err]P/POis calculated f di f f er ent
val ues of [err]f/fs. In table 2.1, these results are conpared wit27:NQV 1996
estinmated val ues, obtained from (2.6). “As can be seen, there | g _an N

excel l ent agreenent for all frequency deviations up to 50%
M for modulating the DAB signal on a main RF transmission carrier. Afte

selectively filtered the RF modulated DAB signal is transmitted through an RF antenna
device ANT.

The DAB transmitter described sofar is on itself known e.g. from the
article "Principles of Modulation and Channel Coding for Digital Broadcasting for
Mobile Receivers" published in "EBU Review Technical" No. 224, August '87 by M.
Allard e.a. For a proper understanding of the invention it is not necessary to go further
into the details of the funcﬂons of the separate blocks of the DAB transmitter as shown.
Reference is made to the lastmentioned article for a precize and detailed explanation of
this known DAB transmitter.

A DAB transmitter accordmg to the invention comprises in addition to
the beforementioned known one, a generator AST for generating frequency reference
symbols, hereinafter also referred to as AFC symbols. In the embodiment shown in
Figure 6 one AFC symbol is inserted into each frame in the time domain subsequeht to
the zero symbol. The AFC symbols include information to generate at least one peak

. value occuring at a reference peak position being separated by at least one carrier
position from each of the edges of the frequency raster and by at least two carrier
positions from an eventual subsequent reference peak position. In practise AFC symbols
may comprise more than one peak value. Figure la showing the spectrum of an AFC
symbol with one peak value within its frequency raster, is merely given by way of
example. ’

In Figure Sa is shown in functional blocks on a time scale, how the
ultimate baseband DAB signal is build up from the various symbols. A generation of
AFC symbols in the frequency domain occurs in a generator ASF, the complex
frequency spectrum of an example of such AFC symbol being shown in block ASF.
ASF together with an inverse Fourrier transform in a third inverse Fourrier transform
device IFT3, supplies AFC symbols in the time domain and as such functions as the
beforementioned generator AST. In Figure 5a is also shown the function of the
beforementioned generator RSF for generating reference symbols in the frequency
domain. The complex frequency spectrum of a reference symbol may be as e.g. shown
in block RSF. The generator RSF is coupled to the second inverse Fourrier transform
device IFT2. The above reference symbols in the frequency domain are supplied to the
DQPSK modulator together with the digital data bit stream coming from MUX1. As
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it key modulated i the DOPSK modulator with the help of the reference symbol

coming from RSF. The first data symbol within the frame following the reference

symbol is differentially modulated with a phase reference indicated by the reference

symbol, resulting in a signal having a complex frequenéy spectrum as given in block

DSF of Figure 5A. This first data symbol is used as a phase reference in the differential

modulation of the second data symbol indicated with block DQPSK’, and so on. The so

obtained DQPSK modulated digital data are inverse Fourrier transformed in IFT1 and

therewith converted into the time domain. The time domain I and Q output signals of

IFT1, IFT2 and IFT3, i.e. the time domain data symbols DS1...DSm, the time domain

reference symbols RS and the time domain AFC symbols AS are thereafter grouped into

frames in the frame building device FB. As already mentioned above in FB a socalled

zero symbol is added to each frame, this zero symbol preceding any other symbol

within the frame. This results in a time domain DAB signal as shown in Figure 5B,

each frame starting with a zero symbol ZS, subsequently followed by an AFC symbol .

AS and data symbols DS1 ... DSm.

Figure 4 shows a block diagram of a DAB receiver according to the
invention comprising an RF filter RF connected at its input'to an RF antenna A and at
its output to a first controlled amplifier CAl. An output of CAl is connected to a mixer
M for converting a wanted RF DAB receiving signal into an intermediate frequency (IF)
DAB signal. This is achieved by supplying a tuning oscillator frequency from a local
tuning oscillator TO to the mixer M. TO may be included in a fequency synthesizer (not
shown). An output of the mixer M is connected through an IF filter IF to a second
controlled amplifier CA2. Control inputs of CA1 and CA2 are supplied with an
automatic gain control (AGC) signal from an AGC signal generator AGC. An output of
the second controlled amplifier CA2 is connected to a quadrature demodulator for
demodulating the IF DAB signal into quadrature baseband DAB signals, comprising in
in-phase (1) and quadrature (Q) signal paths in-phase and quadrature mixers MI |
respectively MQ, which are supplied with quadrature local oscillator frequencies from a
locall oscillator LO. Outputs of MI and MQ are connected to respectively in-phase and
quadrature baseband filters LPI and LPQ, which are connected to in-phase and
quadrature analog to digital converters ADI and ADQ. Outputs of ADI and ADQ are
connected to a digital Fourrier transform device DFT. DFT converts the quadrature
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AGC signal generator AGC. Control of e.g. the time base circuit and the tuning of the
local tuning oscillator TO takes place from a microprocessor MP, which in turn can be
manually controlled from a key board. The part of the DAB receiver described so far is
on itself known from e.g. Figure 12 of the article *Digital Sound Broadcasting to
Mobile Receivers® published in "IEEE Transactions on Consumer Electronics", Vol.
35, No. 3, August '89, by Bernard Le Floch. A precise and detailed description of the
functions of the separate blocks shown in Figure 4 is not necessary to understand the
invention and can be derived from the lastmentioned article.

D,

The DAB receiver according to the invention shown in this Figure 4
comprises in addition to the above known DAB receiver an AFC (automatic frequency
control) device AFC. As will be clearified hereinafter the AFC device AFC derives a
first or coarse AFC signal and a second or fine AFC signal from the received AFC
symbols. An input of the AFC device AFC is therefore connected to the quadrature
signal paths, e.g. at the outputs of the in-phase and quadrature baseband filters LPI and
LPQ. Outputs of the AFC device AFC are oonnectéd to the local tuning oscillator TO '
and the local oscillator LO for respectively supplying thereto said first or coarse AFC
signal and said second or fine AFC signal for an automatic frequency control or
frequency synchronization of the received DAB signal with the transmitted DAB signal.
In the embodiment shown in this Figure 4, the oscillator TO and/or LO function as .
frequency control means to achieve said frequency synchronization. It will be clear, that
both AFC output signals of the AFC device AFC may very well be used to control
either TO or LO or to control other known alternative means for frequency control and
that dependent on the manner how the AFC symbols are separated from the rest of the
DAB signals, the AFC device AFC may have its input connected at other points of the
signal path of the DAB receiver.

' The derivation of said first or coarse and said second or fine AFC signals
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demodulation is very sensitive with respect to frequency deviations, some kind of
Automatic Frequency Control (AFC) is needed.

Since differential encoding is used, phase locking is not necessary
because in this case the previous symbol is used as a phase reference. The only
requirement is that the frequency deviation is sufficiently small, so that the phase shift
between two succeeding symbols is neglectable with respect to x/4. We assume that the
frequency drift of the Local Oscillator (LO) over one frame will be low enough so that
a feedback at the frame repetition rate will be sufficient to keep the LO locked to the
received signal.

A frequency deviation §f of the LO with respect to the suppressed
carrier, will result in a shift &f in the received spectrum. Fast frequency transform
(FFT) techniques can be used to determine this deviation. A coarse detection according
a first aspect of the invention can be obtained by comparing the position of the received
spectral lines with the initial reference peak positions, hereinafter also referred to as
expected positions. In this case an accuracy of + fs/2 can be obtained, where fs is the
frequency spacing of the data carriers.

However, a lot of "leakage’ componeats (unwanted harmonics) will be
gexierated if the FFT window does not fit with an integer number of periods of the

| received signal. Therefore, fine tuning is needed.

A method for implementing a dynamic fine tuning AFC according to a
second aspect of the invention will be given. By transmitting peak values at widely
spaced reference peak positions e.g. data carriers with a large number of virtual carriers
in between, the power of the leakage components' in the vicinity of each data carrier can
be calculated and an algorithm can be set up for reducing this leakage power to a
minimum. Since at least two virtual carriers between the subseqeuent data carriers are
fecessary and furthermore at least one virtual carrier should be located adjacent to each
of both edges of the frequency raster, an extra AFC symbol, preferably per frame, is
needed. It is shown that a cubic regulation law is obtained with a normal rectangular
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the main carrier. This can be expected!lsince applyi ng a Harjni g'i |
equi val ent vmth an anplitude nodul ation of the tinme signal 'th_._a...f.r.equenc;%-
fs. N °Expre55|on (3.2) is a sommati on of componentls as given in

(1.5), but A preferred algorithm for the lastmentioned dynamic fine tming AFC is
also presented. When a Hanning window is used, the leakage energy is more
concentrated around the data carriers and a nearly linear regulation law for the AFC is
obtained. Multiple frequency components can be processed, so that the system is
resistant to frequency selective fading. The data carriers of the AFC symbol may
additionally be used to carry other useful information, which e.g. is phase modulated on
these carriers.

A possible AFC implementation strategy is presented, as well as a
transmitter and a receiver concept according to the invention.

Coarse AFC Algorithm

In the DAB system, known from the firstmentioned article, the baseband
time signals I and Q are generated with a complex FFT algorithm starting from 2 given
complex frequency spectrum. If, for simplicity, we assume a single frequency
component at frequency (1 with a unity amplitude in real and imaginary channel, the
baseband signal Vb(t) can be written as :

Vb(t) = cosllt + j sinllt = e+jQlt (1.1)

In the transmitter, this signal is modulated in quadrature with a carrier
frequency Qh, resulting in a transmitted signal Vi(t) :

Vt(t) = cosOht cosflit + sinQht sin@1t = cos(Gh-+0Q1)t (1.2)
Normally, the receiver will have a frequency deviation 30 with respect to
(h. After quadrature demodulation with a proper scale factor and low-pass filtering, the

resulting baseband signals can be written as :

Irt) = 2 cos(Qh+5M)t cos(Gh-+Q1)t = cos(6Q+O) (1.3)
Q) = 2 sin(Qh+38Q)t cos(Qh-+QI)t = sin(30+Q1)t (1.4)

Or, in complex notation :
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If we compare (1.5) with (1.1), we notice that :

a. as expected, with 4(}=0, we get correct demodulation.

b. if 60 < >0, the complete spectrum (positive and negative frequencies) are shifted in
the same direction.

¢. the diréction of shifting is determined by the sign of the frequency deviation.

d. investigation of the position of the spectral lines provides sufficient information for
" the implementation of an AFC algorithm.

In the DAB system, symbols of length NT are used, where T is the .
sample period, and N the number of samples in one symbol. The Discrete Fourier
Transform (DFT) of such a symbol is givén by:

n

1
Vr(—) = -—
NT N

N-1
T Vr(kT) e-j2mnk/N (1.6)
k=0

Using (1.5) with Q=2xf and fs=1/NT we get :

1 N-1
Ve(nfs) = - 32 ej2r(NSLT = N£f1T - n)k/N (1.7)
N X

B If 5f=0, we find a single carrier at n=<+Nf1T. With 3f< >0, the
‘truncation interval of the DFT is not equal to an integer number of periods, and the
energy is spread out over all carriers. This effect is known as Jeakage. Oniy when N&fT
is an integer, all energy is concentrated in the frequency line n=N&fT+Nf1T.

Therefore, a coarse detection in the receiver can be implemented by
searching for the carrier with the maximum or peak energy (assuming that only one
carrier is transmitted) occurring within a received symbol and comparing its frequency
location with the expected carrier location. ,

By applying an appropriate feedback signal to the local oscillator, we can
get the carrier with the maximum energy at the correct (expected) location in the
frequency raster.

With this technique, also indicated as coarse AFC, an accuracy of +fs/2
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frequency deviation exceeding fs. The maximum range is determined by the number of

virtual carriers (signal power = 0) between the data carriers in the symbol in question.
Preferrably a new reference symbol, also indicated as AFC symbol, should be
introduced therefore. 1t is therewith possible to realize a tracking range of this coarse
AFC, which is much wider than that of the beforementioned known AFC circuit.

In order to increase the accuracy, we can try to maximize the energy of
the received carrier. This, however, is not recommended since the received signal is
noisy and fluctuating.

In the following an accurate dynamic fine tuning AFC algorithm is
presented, which can be used on itself, or in combination with the above coarse AFC
and which also makes use of the abovementioned new AFC symbol.

d ic fi ing AFC aleorithm:

| For an accurate AFC according to the invention use the power of the
carriers £Nf1T-1 and £Nf1T+1, which are located on the left side and on the right
side of a received data carrier are to be investigated. In figure 1 the spectral lines are
shown for a carrier without frequency error (Fig. 1a) and for-a carrier with a frequency
error of +30% (Fig. 1b). As can be seen in Fig. 1b, there is a difference 6P between
the power of the two side carriers.

The rela.tion between SP and 3f can be calculated using 1.D.

With n=m+Nf1T, expression (1.7) can be written as : !

1 N-1
V[ (miNLIT}fs] = ; %  ej2w(NSLT - m)k/N (2.1)

k=0

For small values of &f and high values of N, the sommation can be
approximated by an integral, which leads to :

rrl

1
Ve[ (mtNLIT)f8) = - ej2r(5f -
nl JO jan¢ mfa)t de (2.2)
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with rransmission channel, el sigaall amplitide mhy aaty tShtimuously. In order to make the

error estimation independent of the signal amplitude, it is recommended to calculate
§P/P, where P is the power of the received main carrier, and 6P the power difference
petween the upper and the lower leakage carrier. Therefore, expression (2.2) has to be
evaluated for m=0 and m=+1.

The general solution of integral (2.2) is given by :

- &£
V[ (mtNf1T)f8) = K —— (2.3)
§f - mfs :
with
8in(2#n8£fTs) + j (1 - cos(2ns£fTm))
K = (2.4)
2n&£Ts
The relative power of both side carriers can then be written as :
P+ (8£)2 P- (8£)2
PO (6 - £3)2 PO (8f + £8)2
while the difference P/P0 is given by :
sp P+ - P- 4 (5£/fs)3
PO PO

(1 - §£/£8)2 (1 + 5£/f8)2

With computer simulations, the value of 8P/PQ is calculated for different
values of éf/fs. In table 2.1, these results are compared with the estimated values,
obtained from (2.6). As can be seen, there is an excellent agreement for all frequency
deviations up to 50%. |

S£/fs 20.001 £0.01 0.1 *0.2 £0.3 0.4 0.5
simulated %4.0E-9)24,.0E-6|24.1E~3|23.5B~2|£1.3E~3|+3.6E-1|28,.9E~1
expr.{2.6) |*4.0E-9|+4.0B-6|24.1B-3|23.5E~2|+1.3E-3{£3.6E~1|28.9E~1
Table 2.1 : Difference between simulated values for 5P/PO and the

values calculated with (2.6).

From (2.6) and Table 2.1 we can draw the following important conclusions:

1.

With this system, a control algorithm for a more accurate AFC can be

impiemented.
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3. The difference in power is proportional to the third power of 3f. Therefore it is
difficult to obtain a linear regulation law for the AFC. In addition, the error signal
becomes very small for small values of 5f. '

4. The value of 5P/PO is not a function of fl. Therefore, several carriers can be used
and a mean value for SP/P0 can be calculated. This makes the algorithm resistant to
frequency selective fading.

5. The distance between the different carriers must be large enough, so that the power
of the far-away’ leakage components of other carriers can be neglected with

respect to P+ and P-.

Although the above descnbed algonthm can be used for accurate AFC, it
has the disadvantage of a cubic relationship between &P and 6&f. In addition, the large
amount of high power leakage components, as shown in Fig. 2.1, will disturb this
relationship when multiple carriers are used.

The energy distribution over the different leakage components can be
changed by an appropriate windowing of the time signal. Figure 2 shows the spectral
lines for the same symbol as used for Fig. 1, but after the application of a Hanning
window. As can be seen, when 3f=0 two side carriers of equal power appear. For
6f < >0 there is also a difference 5P between both carriers, as with the previous '
method, but the energy of the *far-away’ leakage components is much reduced with
repect to Fig. 1. Computer simulations also showed a nearly linear relationship between
5P/PO and 3f/fs. -

A theoretical value for §P/PO can be calculated with the abovementioned
formulas.

In order to apply a Hanning window, we multiply the time function Vr(t)
with the following 'weighting’ function Vh(?) :

ejnst + e-jnst

Vh(t) = 1 - cos(ist) = 1 =~ (3.1)
2

The multiplication of (3.1) with (1.5) leads to
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window is equivalent with an amplitude modulation of the time signal with a frequency
fs. _

Expression (3.2) is a sommation of components as given in (1.5), but
with different exponents. Therefore, the above formulas can be used in order tot find
the relation between 6Ph/PQ (with Hanning window) and &f/fs.

The amplitude of the carriers can be written in the same form as
expression (2.3), luding' to:

K*5f K*5f K*5f

-4 -y (3.3)
Sf-mfs Sf+Lfa-mfs Sf-fs-mfs

Vvrh{ (msNf1iT)fs] =

The relative power of both side carriers can be written as :

P+ (Veh([ (12N£f1T)fs])2 P- (Vrh({ (~1:Nf1T)fs])2
—-— = —— = - (3-4)
PO (Veh( (£N£1T)f8])2 PO (Veh([ (£N£f1T)£8}))2

The difference 6Ph/PO = (P+-P-)/P0 is then given by :

&§Ph 5f (1 +# 0.5 (8£/£8)2) (1 - (8£/£8)2)
— 2 1.5 R e ® (3-5)
PO £s  ((1 +0.5 (&£/£8)2)2 - 2.25 (8£/£8)2)2

For small frequency deviations, the second order terms can be neglected,

giving the very simple result :
5Ph 5f -
— o 1,8 — for §f << £s {3.6)
PO £s

In Table 3.1 the theoretical values of 6Ph, calculated with (3.5) and (3.6)
are compared with computer ulculationé. As can be seen, there is an excellent
agreement for expressioh (3.5). Expression (3.6) is very useful for small frequency
errors. For high frequency deviations the accurary is lower, with a maximum error of
30% on &f/fs when it is close to 0.5. Therefore, expression (3.6) can be used for
making an estimation of the frequency error 5f using the relative power difference



A possi bl e inplenmentation strategy:
X r inplementing an Automatic Frequency Control in the recei
“vi zual i zed with the flow diagramof figure 3. The nethod steps
indicated by their reference nunbers are as foll ows:

A possipte—stt
e REPEACEMEN

0. Synch

"
at

NT SHEET

t hereln

R s

base with frane. 1. Read in |l & Q cha@nel of the AFC synbol}.
t he Hanni ng wi ndow (3.1) on both Ir(t) dnd Q(t).
SPh/PO of the leakage carriers.

§¢/fn $+0.001 | £0.01 | 0.1 $0.2 0.3 +0.4 $0.5
simulated |%1.SE-3{£1.5E-2{$1,5B-1|%3.1E~1(¢4.9E-1|£7.0E~1|29.6E-1
expr.(3.5) {*1.5E~3|(+1.SE-2{21.5E-1]|%3.1E~1|%4.9E~1|%7.0E-1|%9.6E-1
expr.(3.6) |+1.5E~3{%+1.5E-2{%1.5E~1|+3.0E~1|%+4.5E~1|£6.0E~1(27.5E~1

Table 2.1 : Difference between simulated values for §Ph/PO with

Hanning window and the theoretical values calculated with
expreasions (3.5) and (3.6).

When multiple carriers are used, an average value (6Ph/P)av can be cal-
culated, which takes into account the relative power Pi of each carrier i.
With linear weighting we get :

2 &Phi
(SPh/P)av

(3.7)
Pi

An estimation of the frequency error is then given by :

¢ = 0.6667 £fs *» (5Ph/P)av {3.8)

By applying a Hanning window, the drawbacks of the firstmentioned fine
tuning AFC method are avoided, while its advantages are preserved. The additional
effort required is a multiplication of 2N points (real and imaginary time signal) with the
Hanning window (3.1). After FFT and calculation of the power of the carriers near the
transmitted carriers, an error signal can be obtained which is nearly proportional to the
frequency deviation of the local oscillator, independent of the signal amplitude, and
resistant against frequency selective fading. In this way, an accurate Automatic
Frequency Control can be implemented.

As already mentioned above an extra AFC symbol has to be introduced in
order to.implement this AFC algorithm. Since the algorithm has to be resistant against
frequency selective fading, this seems to be unavoidable. However, since the proposed
AFC algorithm deals only with powers, the data carriers in the AFC symbol can carry
useful phase information.



3: Calculate the conplex FFT transforn of Irh(t) + ) Qh(t). 4—Catcugte.
t he power of each frequency conponent. 5. Determ ne the frJaq&Ea”r\é(}EMEm el
| ocation of the carriers with maxi mum energy above a ceft@rn treshol d.

6. If the location fits with the expected value, .goto 9. f nphonoais

7. 7. Calcul ate average deviation. = 8. IS this averagej|deviation

zero? If so, goto 9 (end of AFC coarse ¥uning). If not,

.

A possible strategy for implementing an Automatic Frequency Control in

the receiver is vizualized with the flow diagram of figure 3. The method steps therein

indicated by their reference numbers are as follows:

0.

10.

11.

Synchronize time base with frame.

Read in I & Q channel of the AFC symbol.

Apply the Hanning window (37 1) on both Ir(t) and Qr(t).
Calculate the complex FFT transform of Irh(t) + j Qrh(t).
Calculate the power of each frequency componeglt.

Determine the frequency location of the carriers with maximum energy above a
certain treshold.

If the location fits with the expected value, goto 9.
If not, goto 7.

Calculate average <+ deviation.

Is this average deviation zero? If so, goto 9 (end of AFC coarse tuning). If not,
goto 13.

Calculate 6Ph for each carrier i.
Calculate a weighted average (6Ph/P)av using (3.7).

Calculate a second or fine tuning AFC correction signal as a function of the
estimated frequency error 5f, given by (3.8), and apply it.



goto 13. 9. Cal culate 5Ph for each carrier i. 10. Cal culja : ~
.wei ghted average ([err]Ph/P)av using (3.7). 11. Calcul ate 3 tﬂgg%l\l}ﬁm SHEET
fine tuning AFC correction signal as a function of the gstfi mat ed

frequency error [err]f, given by (3.8), and apply it. 27 NOV 1996
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12. Process other symbols (reference, data, zero) and goto 1 (get a new AFC symbol -
or start processing data when §f < 4fmax.)

13. Calculate a first or coarse AFC correction signal as a function of the frequency
shift (number of carrier shifts) and apply it.
Goto 1.

The above described new OFDM DAB system is merely given as an
illustration of the basic idea to introduce in the OFDM DAB signal format a new AFC
symbol with a predetermined location of peak values or data carriers, such that, the
sequential peak values or data carriers within the above frequency raster are mutually
separated from each other by a predetermined number of carrier positions or virtual .
carriers greater than two, at least one such carrier position or virtual carrier being
located between such peak value or data carrier and the edges of the frequency raster.

The symbol length or window of the AFC symbol may deviate from, e.g.
may be smaller than, that of the data symbols. It will be clear, that the invention is not
restricted to the above described examples and that it is very well possible to apply the
invention e.g. without using a Hanning window or with another window signal
processing, with only one data carrier per AFC symbol, and in case various data
carriers are used with an irregular frequency spacing between the data carriers. It is
furthermore possible to combine the AFC symbol with the zero symbol, to superpose it
in a predertermined manner on one or more certain data symbol(s), or to use a yet
undefined symbol as AFC symbol.
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Cal cul mm““u“ mm llﬂarse AFC correction signal as a functi
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of the basic idea to introduce in the OFDM DAB si gnal format ja|new AFC

synbol
t hat,

spredeterm ned | ocation of peak val ues or data darTters, such .

t he sequential peak values or data carriers within the |above

frequency raster are nutually separated from each other by a predeterm ned
nunber of carrier positions or virtual carriers greater than two, at | east
one such carrier position or virtual carrier being :

1. System for broadcasting and receiving digital data within time divisional
multiplexed channels, grouped in frames, each frame comprising multicarrier symbols,
including data symbols and system symbols, each symbol comprising a set of orthogonal
frequency division multiplexed carriers at carrier positions within a frequency raster
with regular carrier spacing, being characterized in that said frames include frequency
reference symbols, each carrying information to generate a peak value at at least one
reference peak position within the frequency raster being separated by at least one
carrier position from each of the edges of the frequency raster and by at least two -
carrier positions from an eventual subsequent reference peak position.

2. System for broadcasting and receiving digital data within time divisional
multiplexed channels according to claim 1, each symbol inéluding virtual carriers and/or
data carriers at the carrier positions within the frequency raster, the virtual carriers
having no signal power, being characterized in that each of the frequency reference
symbols comprises at each reference peak position a data carrier having a peak signal
power level, each such data carrier being separated by at least one virtual carrier from
each of the edges of the frequency raster and by at least two virtual carriers from the
data carrier at an eventual subsequent reference peak position.

3. Receiver for use in a system according to claim 1 or 2, characterized by
means for detecting the frequency position of each peak value within the frequency
raster of a received frequency reference symbol, means for deriving a first AFC signal
from the frequency difference between the lastmentioned position on the one hand and
the initial reference peak position on the other hand, said first AFC signal being
supplied to frequency control means for reducing said frequency difference.

4, Receiver for use in a system according to claim 1 or 2, characterized by
means for determining the ratio of leakage components occurring at both adjacent
carrier positions of a peak position, means for deriving a second AFC signal from said
ratio, which varies with said ratio, said second AFC signal being supplied to frequency
control means for reducing the difference between said ratio and unity.
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certai n deakage ¢ampoents oequrring atboth adjacentreasriempasitignsiafia peak/Arsitiopmbol .

6. Receiver according to claim 5, characterized by a window signal

processing of the received frequency reference symbol for emphasizing the power of the

carrier leakage components increasingly in the direction of the reference peak position.

7. Receiver according to claim 6, characterized by a Hanning window signal

processing of the received frequency reference symbol.

8. Transmitter for use in a system according to claim 1, characterized by a
signal generator for generating said frequency reference symbol.

9. Transmitter according to claim 8, characterized in that said signal
generator comprises means for generating within each frequéncy reference symbol at

each reference peak position a data carrier having a peak signal power level, each such
data carrier being separated by at least one virtual carrier from each of the edges of the
frequency raster and by at least two virtual carriers from the data carrier at an eventual

subsequent reference peak position.
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. data within time divisional nultiplexed channels, grouped

frame conprising nulticarrier synbols, including data synbofs
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System for broadcas ing and receiving digital
data within time divisional multiplexed channels,
grouped in frames, each frame comprising multicarrier
symbols, including data symbols and system symbols,
each symbol comprising a set of orthogonal frequency
division multiplexed carriers at carrier positions
within a frequency raster with regular éarrier
spacing. In order to provide in such system the
possibility for a dymamic and accurate synchronization
of the local oscillator of the receiver with that of
the transmitter while allowiﬁg the free running
tolerance range of the receivar’s local oscillator to
be much wider than that of the known receiver, being
characterized in that said frames include frequency
reference symbols, each carrying information to
generate a peak value at at least one reférence peak
position within frequency raster being separated by at
least one carrier position from each of the.edges of
the frequency raster and by at least two carrier
positions from an eventual subsequent reference peak

position.
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FIGURE 5

ref erence peak p05|t|on 2. System for broadcasting
F : RE di vi sional nultiplexed channels
according to claima1, each synbol |nclud|ng virtual carriers and/or
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.virtual carriers having no signal power, being characterized 4
of the frequency reference synbols conprises at each referencle peak
position a data carrier having a peak signal power |evel, ejpch gJcHOVA996
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21 5. Recei ver according to claim4 for use in a system

-according to claim2, characterized in that said second AFC . s+ghat—vari-es——

with the power ratio of the carrier |eakage conponents occury iR§LAREMIBITNEHECT

adj acent carrier positions of a peak position.

6.
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recei ved frequency reference synbol for enphasizing the powey

carrier | eakage conponents increasingly in the direction of the—Fe#eFeﬂee-nJ

claim6, clharacterized by

peak position. 7. Dnnn-\eg aC CpoaGhaigpt-0
f _tHde receivedq_frequency Tefterence

a Hanni ng wi ndow si gnal prjocessi ng
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synbol . 8. Trandmitter flor Jusq_in a systlem according to claiml
characterized by a I
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sirgnal generator for generating said frequency reference synbol. 9.

. Transmitter according to claim38, characterized in that saj Aad

gener atpr conprises neans for generating within each frequ naﬁPlerEMEQ'lﬁc%"EET
synbol at each reference peak position a data carrier havirg peak S|gnal
power |evel, each such data carier beilng separated by at | dadt ?qq‘wr
carrier fromeach of the edges of the frequency raster and {byy aT '| east tmn
virtual carriers fromthe data carrier at an eventual subs -
peak position.
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