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In a typical FMCW radar, a voltage controlled oscillator (VCO) is used to convert a
voltage variation into a corresponding frequency variation. Although it is trivial to
proriuce a high quality linear voltage variation (e.g. a triangular or saw-tooth
waveform), conversion to the corresponding frequency variation by the VCO often
25  results in the introduction of significant non-linearities that seriously degrade the
range resolution of the FMCW radar. Attempts have been made to produce VCOs
that are inherently linear. For example; YIG oscillators are produced by Micro
Lambda Wireless Inc, Freemont, California, USA in which the fine-tuning coil
produces a linearity of, at best, 0.1%. However, such devices typically offer poor

30 bandwidth and are prcseritly relatively expensive.
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fine tune the VCO to maintain a constant “beat” frequency. This feedback technique
can be implemented at the final RF frequency of the radar or at a lower, down-
converted, frequéncy. Waveforms having a linearity better than 0.05% have been
demonstrated but, unless the system is very well designed, the technique can be ‘
25  prone to instabilities and is typically limited in bandwidth to about 600MHz. Also,
because the VCO is modulated directly, the phase noise signal of the resultant
transmit sighal can be compromised. An example of such a feedback loop
arrangement 18 gi\-zenl in the paper “Novel 24 GHz FMCW Front End with 2.45GHz
SAW Reference Path for High-Precision Distance Measurements” by M Nalezinski,
30 M Vossiek, P Heide, (Siemens AG, Munich), IEEE MTT-S International Microwave

Symposium, Prague, June 1997.
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requency- equal to the difference between the frequency of the swept frequency
signal and the frequency of a time displaced swept frequency signal derived from the
swept freqﬁency signal; a transceiver for generating the signal to be transmitted by
the radar frorﬁ'the swept frequency signal, the transceiver also producing a target
difference-frequency signal of frequency equal to the difference between the
25  frequency of the signal transmitted by the radar and the frequency of the signal
returned to the radar from a remote target(s); and an analogue-to-digital converter
(ADC) for sampling the target difference-frequency signal at a rate derived from the
frequency of the reference difference-frequency signal, characterised in that the

discriminator comprises an optical delay means for producing the time displaced

30  frequency swept signal.
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Unlike the system described in GB2083966, the .radar apparatus of the present
invention comprises a discriminator that includes an optical delay means for
generating the time disp]aceri frequency swept signal from a portion of the
25  frequency swept signal. Preferably, the optical delay means compﬁses at Jeast one
optical fibre delay line; this provides a physically compact and robust optical
arrangement. In use, the optical delay means converts, preferably using at least one '
laser diode, a portion of the electrical swept frequency signal to a corresponding
intensity modulated optical signal. The optical signal is passed along an optical path
30 or waveguide, such as a length of optical fibre, before being converted back to an
electrical signal. Preferably, the optical delay means comprises at least one optical

detector to convert the optical signal back to an electrical signal. The electrical
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25  and robust than the prior art closed loop feedback techniques described abové. The
result is an FMCW radar which achieves a linearity over a large RF bandwidth that

is unprecedented in FMCW radar design.

Advantageously, the optical delay means is arranged to produce a time displaced
30 frequency swept signal having any one of a plurality of different time displacements

relative to the frequency sWept signal. In other words, the optical delay means is
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In the case of optical switching, the output intensity of a laser diode is modulated by
the swept frequency signal. The modulated laser light would then be coupled into
the multi-tap optical fibre and the output of each, or at least some, of the tap points
fed to an optical selector switch. The optical selector switch will then route the

25 optical signal that imparts the required delay to the electro-optic detector for
conversion to an electrical signal and for subsequent mixing with the frequency
swept signal. Again, an alternative arrangement would comprise using an optical
selector switch to route the laser output to any one of the multi-tap points and having
the electro-optic detector optically coupled to a single tap point along the fibre. As

30 noted. above, a combination of electrical and optical switching would also be

possible.
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word, the maximum range of the radar (Wthh is inversely related to the radar’s
range resolution) can be increased or decreased as required during use. The ability to
adapt the range of the device as and when required provides a more flexible radar
system that can be easily adapted for use in a variety of locations and/or for a
25  number of different applications. It should be noted that an alteration to the delay
that is imparted by the optical delay means may result in the need to alter other radar
' parameters t0 maintain optimum performance; for examble, the bandwidth of the
frequency sweep and/or the duration of the frequency sweep may need to be altered.

A more detailed explanation of the relationship betweén the delay, frequency sweep

30 © bandwidth and sweep duration is given below.
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prOV|3ed to convert the

The frequency sweep generator may advantageously be arranged to output any one
of a‘saw-too'th and triangular wave swept frequency signal. Conveniently, the
frequency sweep generator comprises a voltage controlled oscillator. Because the
25 VCO does not require an accurate tuning characteristic, it can be very low cost such

as, for example, the type used in the mobile telecommunications industry.

Preferably,( the frequency sweep generator comprises a voltage signal generator -for
outputting a digitally pre-distorted tuning signal to the voltage controlled: oscillator. -
30 - In this manner, the linearity of the VCO can be improved. Although the rédar of the
| present invention will compensate for the non-linearity of any monotonic swept

frequency signal, it is preferable that the voltage controlled oscillator outputs a



reference difference-frequency signal produced by the
discrimnator into a series of timng pul ses that are
wG@epanstied by intervals related to the frequenegI/oB2:08803609
reference difference-frequency signal, wherein the

timng pulses are used to clock the ADC. Preferably,

t he anal yser conprises a zero ossing detector. In

this case, a clocking pulse will be generated whenever
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that, rather than providing an anal yser of the type
dest%bed above, an ADC could be used that can be

cl ocked directly by a sine wave. The frequency sweep
generator may advantageously be arranged to output any
oneHefeirg thawrinodinamtyt] shall areg ke pavesngagevdpiatibn esfube Eequency
signal . Conveniently, the frequency sweep gener ator
congefisaisavay spmdisae JhisrBry Beicwuessed at ar X Bevalrsdorefer to the

‘IOVCQXﬂﬁﬁrﬁn{‘Qr{d ﬁlﬁ%lﬁﬁa v%‘abti%ﬁglgr%‘rﬁél lﬁ@iaﬂgaverag% deviati?n of “x%”. A
characteristic, it can be very |'ow cost su as, for
exastpdle petchmtagey pimcarstg dvalue thue mredms| @ highly linear signal (zero being
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f or ;AR DdsAbiRg ﬁh&irﬁf‘lir{ bhiPh8nthr $¢ O5th@SnlyURLD ByShaRakilled in

to the voltage controlled oscillator. In"this franner,

t hethejariearity of the VCO can be inproved. Al though the
1iadar of the present invention will conpensate for the

on-linearity of any nonotonic swept frequency signal,

it Agvanikelstyl Bet fadpt trQuulyt agmal cabducel | M the frequency sweep

oscillator outputs aswept frequency signal having a _

| i ngsaerafer bas Befregyengh ange 0withiespdutafirquengy Qagdsanghtdyg signal

t he [ i-ali il .

 moriBiedty e 88 ARk vl il b skt flfiency band, the

per frequeacieec@ftaihéin tddlrstoyequeidy trgdHeingaloyer than the frequencies
frequenci es hi gher than the BQQﬁist frequency, but may .
2Q eagPntangdoidsthefecang feaduensy apt-ohhesEnspely e Op Vemdghtly comprises a

frequency up-converter for increasing the’frequency of the swept frequency signal to

the frequency of the signal to be transmitted by the radar. Preferably, the frequency
up-converter comprises a stable local oscillator (STALO). The phase noise of the
STALO is ideally of the same order as the phase noise of the VCO of the frequency

25  sweep generator.

It is thus preferred to implemerit the invention using a so-called up-conversion
architecture in which the frequency sweep generator operates at a much lower
‘frequency that the frequency that is finally transmitted by the radar. For example, the

30 freqﬁcncy sweep generator may operate in the UHF band (e.g. several hundred MHZ
“to a few GHz) whilst the radar transmits a signal having a frequency of anything

from 10 GHz to more than 100 GHz. The swept frequency signal generated in the. -



maxi mumrange if the linearity of the swept frequency
signal is greater than around 10% Herein, the term

woO bione3Fipe y* shal | mean the percentage devi at i PCT/6B2G08©03609
frequency gradient away fromlinear. This may be
expressed as a "x% value to refer to the m ni nrum and
maxi mum variations, or sinply g an average deviation
of "x% . A snmall per cent age linearity val ue thus nmeans
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(STALO). The phase noise of the STALOis ideally of

theﬁsdnéhoDg@nhmgﬁmheHQMase noi se of the VCO of the
frequency sweep generator. It is thus preferred to
i mpl enent the invention using a so-called '
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transm S requ ncy and

thus be used in runway debris momtonng radars operating at 94.5GHz, perimeter

20 security radars operating at 35GHz, level measurement radar transmitting at 24GHz,

bird detection radars working at 17GHz or marine navigation radar operating at

9GHz.

A frequency modulated continuous wave (FMCW) radar may thus be provided that
25  comprises a frequency sweep generator for producing a swept frequency signal; a
discriminator for receiving a portion of the swept frequency signal and producing a
reference difference-frequency signal having a frequency equal to the difference
between the frequency of the swept frequency signal and the frequency of a time
displaced swept frequency signal derived from the swept frequency signal; a
30 transceiyer for generating the signal to be transmitted by the radar from a portion of
the swept frequency signal, the transceiver also producing a target difference-

frequency signal having a frequency equal to the difference between the frequency



appropriate up-converter. It should also be noted that
al though the signal returned to the radar from a
WO eowopesibar get is obviously within the sanme fregoeBeons003609
band as the transmtted signal, when the transmt and
recei ve signal are honodyne m xed they produce a
target difference-frequency signal at baseband
frequencies. This architecture thus allows the
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t r afigRitRestes e ficavpnen ) the Ferond Avaudnchdard-sat i on
circuitry can thus be used for different applications
at different RF frequencies; although the transceiver
1@ ononehtagaddicthe agnidetreShAl G vansizealsly iskangbé to receive a portion
seleﬁted SO ﬁéeto produce the required radar o

ut put . :
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conprises a frequency sweep generator for producing a
swepigndlr equency signal; a discrininator for receiving

a portion of the swept frequency signal and producing

a reference difference-frequency signal having a :

f r egHenadarefidd! fuk@et Remgiifef en entamnbeineeit thnna may preferably
frequency of the swept frequency signal and the L
f r e ORFBPIESE SGParatettrappmuit and receive antenna elements. In other words, a bistatic

20  antenna array could be provided. A monostatic antenna could alternatively be used.

Preferably, the radar is arranged to transmit a signal within a frequency band of
9GHz to 150GHz, or more preferably within a frequency band of 70-80GHz or 90-
100GHz. The radar may conveniently be arranged to transmit a signal having a
25  frequency around 77GHz or‘94.5GHz; these frequencies are advantageous as they

fall within windows in atmospheric absorption.

Any commercial radar system would preferably be arranged to operate at
- frequencies that also lie within the international frequency allocations as governed
30 by the International Telecommunications Union (ITU). In the United Kingdom,

frequency allocations are governed by the communications regulatory body,



di spl aced swept frequency signal derived fromthe

swept frequency signal; a transceiver for generating
wobeemBpal to be transmitted by the radar froPCBEGB2005/003609

portion of the swept frequency signal, the transceiver

al so producing a target differencefrequency signa

having a frequency equal to the,difference between the

frequencyof the signal transmtted by the radar and
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frequency of the reference difference-frequency
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r adiatiplerhére stchasdadi andrhenaeyreadeaticagaad pkovidieg audharysem. '
to receive a portion of the swept frequency signal and
conprise an up-convertor for increasing the frequency
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si gnal e transmtted by the ra Furt her nor e,
t hepibdegs endsjayu pquivailerdrto ehe delyy cmpareadi Bnt | fyeecspapr pate langth of

stable | oc oscillato STALQ).. vant ageou t he

i SBP e O B rexOkh 5t i TR P gl giore than Sk,
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The radar. may further conprise an antenna and the
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arranged to transmt a signal wthin a frequency band

of Glpgtivegndmoeifice wmacerohe phyeed denath ofherpical waveguide is thus
£ ROk D B MO T A o
havirngrsa afceagiudrespadeqathden’sgtidHz or 94. 5GHz; t hese
20f requenci es are advant ageous as they
It can thus be seen that the optical delay means enables a delay to be produced that is
equivalent to a free space path length of many hundreds of metres or even many tens
of kilometres. This is in contrast to prior art techniques comprising electronic delay
lines formed from lengths of co-axial cable. The length of co-axial cable that could
25  be used in such an arrangement is typically restricted to around 50m by the high
level of RF loss and theﬂshear physical size of the arrangement. Co-axial cable
solutions also suffer from variations in frequency dispersion with temperature.
Although prior art devices, such as those described in GB2083966, have attempted
to increase the delay that is achievable from a co-axial cable delay line usihg phase
30 locked loops and the like, this simply degrades the performance of the system. It can
thus be seen that the present invention allows a delayed swept frequency signal to be

generated having a much greater delay than previously possible.



fall within windows in atnospheric absorption. Any

comerci al radar system woul d preferably be arranged
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i nternational frequency allocations as governed by the

I nternational Tel ecomrunications Union (I TU). In the

Uni ted Kingdom frequency allogations are governed by

t he conmuni cati ons regul atory body, OFCOM It woul d

thus be convenient to provide a radar that transnmts a
signal having a frequency wthin the ranges 76-81GHz,
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Aspdgiorofuntvhe present invention reduces the anmount of

m crowave circuitry required to inplenent such a radar

and hence reduces the cost of providing such a system
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f r e€PTERYiSER 2B APFCA EriaY HicaRs 108 RIPIHEIAG theddme (isRECr& regiency swept
evel.qmny tens of kilometres. This is in contrast to
prio% art techniques conprising electronic delay |ines
formed fromlengths of co-axial cable. The length of
2000_ ﬁx% 1r|1eagi§aglo% rﬁgcﬁlltle i%%%fgrably used in a radar according to the first aspect of
the invention. In particular, the. frequency linearisation module may be fitted to

existing FMCW radars to improve their linearity response.

Advantageously', tHe linearisation module may be used as part of a closed loop
25  feedback FMCW radar. For example, the reference difference-frequency signal
generated by the discriminator could be fed to a feedback controller. The feedback
controller could then be arranged to dynamically vary the properties of the voltage
tuning signal that is applied to a VCO of the frequency sweép generator in response
to any variations in the frequency of the reference difference-frequency signal over a
30  sweep period. In other words; the feedback controller would vary the voltage tuning
signal in order to keep the frequency of the reference difference-frequency signal

constant. The closed loop feedback radar may comprise a frequency sweep generator
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nodul e may be fitted to existing FMCWradars to
inprove their linearity response.

20  Conveniently, the method further comprises the step of using the radar to detect an
object on a surfece, Advantageously, the step of using the radar to detect an object
on a surface comprises using the radar to detect foreign objeet debris (FOD) on an
airport runway. Alternatively, or additionally, the method may-also comprise the
step of using the radar to monitor the perimeter of a defined area, such as a perimeter

25 fence.

The invention will now be described, by way of example only, with reference to the

following drawings in which;

30 Figure 1 shows (a) the intensity of a received time domain signal after down-
conversion and (b) the frequency of the output signal of a typical FMCW radar as a

function of time;



Advant ageousl y, the linearisation nodule may be used
as part of a closed |oop feedback FMCW radar. For
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generated by the discrimnator could be fed to a

f eedback controller. The feedback controller could

then be arranged to dynam cal l ysvary the properties of

the voltage tuning signal that is applied to a VCO of

the frequency sweep generator in response to any
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25  Figure 2 illustrates how range information can be determined usin g an FMCW radar.
Line 2 of figure 2a shows the saw-tooth freqtiency variation of the transrrﬁtted signal
of the radar, line 4 shows the frequency variation with time of a signal returned from
a target at a first distance d; from the radar and line 6 shows the frequency variation
with time of a signal returned from a second target at a second distance d; from the

30 radar. In this case, the target at d; is approximately twice the distance from the radar

as the target at of d;.
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be produced by mixing the transmitted signal with the signal returned from the
target at dy. A Fast Fourier Transform (FFT) technique provides a frequency
~ analysis of these mixed signals over time within the measurement window 8 and
20  provides the radar return intensity as a function of frequency as shown in figure_Zc.

The observed frequency shift (or target beat frequency fy) is related to the range (R)

of the target by the expression;

2 0
25
where ¢ is the speed of light, AF is the frequency bandwidth (i.e. maximum
frequency minus minimum frequency) and AT is the sweep duration. The gradient of
the linear frequency sweep (i.e. AF/AT) is known, thereby‘allowing the range to the

target(s) to be calculated from the measured beat frequency.

30
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20  The VCO 44 is a very low phase noise voltage controlled oscillator (VCO). Suitable
VCOs are commercially available at low cost from a number of manufacturers and
are commonly used in mobile telecommunication applications and the like. The
VCO 44 has a monotonic tuning characteristic, but the tuning linearity of the VCO
is not critical. The tuning signal generator 46 digitally generates a tuning signal and

25  includes a filter (not shown) to remove digital quantisation noise. This allows di gital
pre-distortion of the VCO tuning signal thereby enabling the VCO to output a
frequency sweep with a linearity -of better than 10%. The frequency waveform is
preferably saw-tooth in nature and bandwidths .of at least 1500MHz, corresponding
to 12.5c¢m range resolution, are readily achievable -

30
Although a digital tuning éignal génerator 46 is described, the skilled person.would

recognise that the VCO tuning signal could alternatively be generated by a simple
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20  is then mixed, using the In-phase Quadrature (IQ) frequency mixer 66, with an
extract of the RF signal output. In other Worés, the radar returns from the target(s)
are converted directly to baseband by IQ frequency mixing with a sample of the
signal currently being transmitted. The baseband return signal is then passed to a
conditioning circuit 82, which includes an amplifier 84 and an anti-alias filter 86,

25  before being passed to an analogue to digital converter (ADC) 80. The anti-alias
filter 86 1s arranged to reject any frequency éomponents of the signal that have a
frequency greater than a predetermjned level. The anti-alias filter 86 is typically

arranged to reject anything having a frequency greater than the Nyquist frequency.

30 It should be noted that the radar can be configured either as a single antenna system
using the same antenna for transmit and receive (i.e. a monostatic arrangement) or as

a dual antenna system with separate antennas for transmit and receive (i.e. a bistatic
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The laser‘source 72 is a solid state semiconductor laser, such as a distributed
25 feedback (DFB) or distributed Bragg reﬂectof (DBR) laser. The VCO signal is used
to modulate the laser diode current supply, thereby intensity modulating the laser
output. Laser diodes are presently commercially available that can be- intensity
modulated at rates up to around 18GHz, and laser diodes have been reported that can
be modulated at rates up to 70GHz. Optical detectors 76 that can operate at these
30 modulation rates are also commercially available from many sources. To minimise
optical dispersion effects, the optical fibre delay line 74 is preferably formed from

single mode 6ptica1 fibre.
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the length of the optical fibre delay line 74 is made equal to the maximum
instrumented range of the radar. Furthermore, as explained in more detail below, the

25 frequency of the signal output by delay line discriminator 52 will vary during the

frequency sweep according to the variation in VCO frequency slope.

The zero crossing detector 78 is arranged to generate a clocking pulse whenever the
voltage of the signal output by the delay' line discriminator 52 crosses zero. These
30 clocking pulses are used to define the sampling times of the analogue to digital
converter (ADC) 80 that is used to sample the radar returns from re_al targets. The

zero-crossing detector 78 can be implemehted either by hard-limiting the output of
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fibre delay line thus renoves the range limtations

that are
0 Referring to figure 5a, the frequency difference (Af) between the frequency sweep

signal and the delayed frequency sweep signal produced by the artificial target (i.e.
the signal output by detector 76) is showﬁ. It can be seen that although the delay
introduced by the optical fibre delay line 74 is fixed, the non-linearity of the
frequency sweep produces a variation in the frequency difference (Af) between the
25 frequency sweep signal and the delayed frequency sweep signal over a sWeep
period. This is the same effect described with reference to fi gure 3.
/
It is well known that mixing two signal produces a signal having a frequency equél
to the frequency difference betWeen those two signéls. Mixing the frequency sweep
30 éignal and the delayed .frequcncy sweep signal thus produces a resultant “beat”

signal that has a frequency that varies with time in the manner illustrated in figure
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a CoMpan@ipositild Genghiie zbReeréidngs! € kedilgdaHowever, for a delay
Alternatively, in cases where the ADC 80 is of a ty

t hatquavsdentte @vied Hiewapsinymo drstrumeatedurapes lofwouke beeneaf;med to
I'J’r gggeag 1 aa%% gvelg%a%g) t?% fr%ﬁﬁ@%ggmﬂ%ﬁ Pﬁhﬁgﬁo?gg n&nlg rgex{)?cﬁzéﬁ%g detector

nontd genedite €1bfleptilsesodn btk rkgeiyeQind poSRE Pergeireysiios. rTWeZe clock
(in particular the VCO 44) will have been conpensa
f or PEPRS dréaiminse heeraints rléd%nétywmchéB? ARCi80 smples, g, “baseband

Fﬁr}e&&%ﬁ anBGR § Pﬁﬁ?e& AR 's;! Reay, gzggi%'sng of

urious Trequericy spurs often at ed
wth ADCs are sneared out and effectively elim nated.

Z(g Ih Sﬁxgl}l%@lggtgaggst ggés\%ﬁz{ngtﬁgtump\stlxg:naﬁ(%hat coul%q)etf(e)d ?o 816%]58 80 from
the conditioning circuit 82. As described above, the baseband return signal of figure
5d is generated by mixing the return radar signal with a portion- of the signal being
transmitted. The return signal can be _se'en to have a frequency that vaﬁes with time
in a manner analogous with the artificial .target signal of figure 5b; this again arises

- 25  from the non-linearity of the frequency sweep causing the frequency difference
between the return and transmitted signal to vary over the sweep period. The
waveform of figure 5d is sampled by the ADC 80 at the interval times S; to Sy that -

are generated by the zero crossing detector 78.

30 Figure 5e shows the sampled waveform of figure 5d re-plotted assuming a fixed
sampling interval. In other words, the signal is replotted as a function of sampling

time s as determined by the zero crossing detector 78 and not as a function of real



extracts the frequency conponents of the returned

radar signal. These frequency conponents are, because
w®Roobhesibd neari sati on techni que, directly rel aencBmos/003609

range. The basic concept of using non-linear sanpling

to dynam cally change the interval at which the return

signal is sanpled to conpensateszfor the non-linearity

of the frequency sweep generator i's described in nnre

detajl | 96 0 e
S, TR RE SR B i RN TR con Y s ghes been
t hereappad &tthBlsqfroédsg dhi@ a‘hngal Is prewdhe tBé VP 88 tHat has a constant
reference to figure 5. Referring to figure 5a, the
f r efE@saGY- dibfst %lf%é‘ﬁé}éﬁ TRREY togetragskly 2nf énm@au@wbye%mé@é from the
SI a r

gg} eala??sl %I d lgfln?t gqlé{t t??l’bgi&%%f% Y@&rﬂ ﬁ?rgaﬁ]%f f%u?%lﬂﬁqus radar
ij et fm:llrnsr fréfi)a iasges hozwsmglletranmnuhealst@ enlantyhhtfexamefmu @lcomponents

the del ay introduced by the opt al fibre_delay I|i
74 T8Y PERESONE GRS Rt HIER GB PEyeIvehy e dotio 0, el resulting

Pr OBMGESe Fsi MR bAbL( tM]Atnt@’sgérequency di fference (Df)

bet ween the” frequency sweep signal and the del ayed

frequency sweep signal over a sweep period. This is

t he,sane effg&w desc bed mn%% referenc to figure 3. .

i1 OS5 TERGRRGY 008G RN RSP ef%af%tn‘-‘ﬁﬂ heggRfli @yenfion is that
1B gfh@'le&ﬁ‘?ﬁhMQ@caﬁlrc@%ﬂ)@l@@M bR} of QuitdhabIE 'BEHANMeYay lines and/or a

di fference between those two signals. Mxing the

fr eawbh@y oywépiehyglm Thiscallowve ad@daytedbefmeqdethvywsbmetbe delay

oL O Y B G ol A PR PR e it shous

i : :beshbaﬁetglau ﬁlltéfrh@dﬂ aﬁlg%e AnFé@ﬂﬁJieIbe vhnealicymaved artl) effeﬁt on the

illustrated in figure W t hus be generated by the

del %@ﬁqrmﬁ@ed?asmqtﬁvﬁ af systan seffingeefethpradss. I maiyghpybe necessary,
1532?%4@{39&3% gﬁ Eﬁ%@ﬂ%{%g&;&?ﬁe ﬁ%ﬁ%? V\%te?ﬁﬁxfzgg{o el%gggis hB%adar when

pr otdampaﬂehehﬂfymmetslmwﬂrmlenqgslm sahasdedwn in figure

5¢c. In this case, the delay line length is equival ent

to the maxi mum instrunent ed ran&(; and the frequency

douféﬁ én exmpls, ther follapving eqvarieny (danp) py baesed Ech@fmvanous
i rot)ei*uQéJprHlte Bt Yferdl 'Rscris% L mur}(l;hrgd 1?19&1%1[1810%4 Eagxge, the

or 1S arranged to d’é’hera pul ses on ‘
20negddlayvienedaith is Ryax or 2Ry, AF is the sweep bandwidth and AT is the duration

of sweep.

The range resolution (AR) can be described by:

c

AR = 2
SAF . 2)
25
The number (N) of time samples, which is related to the required FFT length, will be
given by;
o 4R_ AF

C

The sample rate (S) can be expressed as:



positive zero-crossings so that the sanpling rate
satisfies the Nyquist criteria; i.e. so that sanpling
woemenssied a frequency that is twi ce the frequetigBefos/003609
t he hi ghest frequency conponent of the signal being
sanpled. If the delay is equivalent to twice the
maxi mum i nstrumented range and,jhe frequency doubl er
77 is activated, then only the positive, or negative,
zero-crossings are required. Ho veg, for a del ay
equi valent to tw ce the maxi guw umented range i {4
woul d be preferred to deactivatecfArl.e. bypass) the
frequency doubl er 77 and use the zero crossing
detector to generate clock pul ses on both negative and

POSThA Mi-ARK YrleF &ﬁsdfﬂﬁac#efme > ShAlkepul ses deternine
he points in tine at i ch e ADC 80 sanples the

aseband return signal and are illystrated by dashed
lines S1 to S2 in figure 5. F%gUngﬁdgﬁllustrates a ()
baseband return signal that could wé&Tfed to the ADC 80
fromthe conditioning circuit 82. As described above,
t he baseband return signal of figure 5d is generated
by mmm@% fof dRbtby (2R@Y5), $abIN BkhoW ¢ te 8ffBA ohi tRAradhr resolution,
the signal being transmtted. The return signal can be
105 e efie trefuirgd & fgerléfdju Bdyquiredtsapple rate, Wiet 1gqyirgdeantinalias filter cut-
man I i dfhGglal tar . Si of
1 onf anER-HRHOcE LN B0kS Ak Pind BRERIG SERIFRR o Rowo,
t hefréquenigieswsep nvewgepcdigiong t he frequency difference
between the return and transmtted signal to vary over
the sweep period. The waveform of figure 5d is sanpled
by_the ADC 80 at the interval tinmes Si to S29 that are

gener ated by tResoheioo ciFBFSenyth deSaqgilorate 8. Fifiegeite 5SeViaximum
shows the sanpl ed waveformof figure 5d re-gifotted range

assyehln@ 11 XQF ckABP! | BAlVeRT € Valfalvésn Ot hefa MRy dS,  Halves
theesignal is replotted as a function of sanpling tine

s as determ ned by the zero crossing detector 78 and

f ' f ime. | b h
norEEREREY 1y BVEhe {1 E4UShcy r foRse haciheen | Nochange

rend¥f&B by this process and a signal is passed to the
DSP_88 that has a constant frequency. This allows the
ranyéePo be r dd@FrhanzandNerrareguddetblesext r akpwdes r omNo change
t heduwdtgpmal . It should be noted that the baseband
return signal of figure 5d has radar

15 Table I: Result of halving specified parameter

It can be seen that the various radar configuration and performance criteria are
governed by a complex interrelationship and that a radar system of the present

20  invention could be configured in numerous different ways.

Table 2 gives an example of how-a multi-tap optical delay line could be used to
implement a radar that is switchable between four different ranges. The sweep time
of the radar is fixed at 3.2768ms, the FFT length is fixed at 16k points, the sarnpling"
25  frequency is fixed at SMsps iand the anti-alias filter cut-off is fixed at 2.5MHz. As
noted above the delay line length can be easily altered, the frequency sweep is

readily changeable by'reprogramming the voltage tuning signal applied to the VCO



returns froma target at a single range; in reality
many di fference range conponents nmay be present each

wtooskssabw can be resol ved by the DSP 88 from tPEr/GB2005/003609

resulting linearised signal output by the ADC 80. As
menti oned above, an advantage of the apparatus of the
present invention is that the disscrim nator can
conprise a nunber of sw tchable optical delay lines

andjqr, j .- tj Line, .Thi Ilo a

P Sl 088 g WP PR T e e e

t he copting detedtob7 @ cidekay zéiongossimg pfee chdlé F eGefblidrbfehes per cycle)
e noted that alteration of

) , houl d s
t he CHRAratsdebu o Aok sy vhaies thinregucsey doHblend. Therefore,
per hRdrAmCSf ﬂ@rfﬁzﬂgéngc Swald 0?5551 %&gggﬁﬁhl?%h gﬁd %{;bgk factor can be

radar. It may t necessary, .
Yespeeadouwevidé atrhéarrthataran operagd wah aombeimupt eapeé tof @souall 0.5km,

t he

fr e&%@g@én \glfqgﬁg} Rle}gcli%pﬁ%rﬁb%sda range gyﬁgcg)ggmyp @’as@tr?étered during use is

ed del a t he swe

f ol tawpRgi®@uations (2) to (5) can be used to define
variogﬁg properties of the radar where Rmax is the

maxi mum radar instrunented range, the delay line :
length is R x or 2Rmax, DF is]jthe sweep bandw digh and

DT is the @é%&g@gsv@éeg$m 2408 T anggor eséUéJUIig 0 (DR)
ed by:

can be descri

R (2).2AF The nunber ('N) tinme

sanpl es, whaday line leegtaf ed to 1074 recifi2ded FHE | @ngf h,
will be gi \@chp%'ctglgld: 4/ ?macD F (3) .The s le rate

(S) can be expres

as: AF S = (4) @AT The? anti Zal i as

filter cut Rahfe feselguency (Ff doeswi ld.1Be: 025 05

10

15

20

25

Maximum range / m 512 1024 2048 4096

Table 2: Multi-tap optical fibre device configurations.

Although the FMCW radar described above can be used in mény applications, it is
particularly suited for applications where high resolution radar data 1s required.
Examples include debris detection on airport runways, perimeter security, cloud
radar, automotive collision avoidance, surveying and level measurement. A skilled
person would appreciate the numerous alternative potential applications of a radar

system of the present invention.

A radar system according to the present invention has been shown to be particularly
suited to the detection of Foreign Object Debris (FOD) at airports. FOD includes

any object found in an inappropriate location that, as a result of being in that

location, can damage equipment or injure an airplane or airport personnel. The

resulting damage is estimated to cost the aerospace industry $4 billion a year. Since
the Air France Concorde tragedy in July 2000, a sequence of events triggered by a
16 inch metal strip on the runway, there has been considerable increased interest in
improved techniques for detecting FOD and removing it'inla timely‘ manner in all
weathers with minimal disruption to airport operations. Currently, manual

inspec_tions are carried out typically once every 4 hours by driving along the length



F- 2RAF(5 Followng fromequations (2) to (5),
table 1 shows the effect on the radar resolution, the
w0 epgiosads FFT | ength, the required sanpl e rat epCt/82005/003609
required anti-alias filter cut off and the maxi mum
range when halving delay line length (i.e. from 2Rmax
to Rmax) , frequency sweep or syeep duration.
Resol ution FFT Iength Sanple rate Filter cut- Maximm

vt OLBEPENS e RS elF BT8R ER aniBErgp and e

chamgmlqmemeﬂ@emlmh@ammge No change Doubl es Doubl es
No change duration Table 1: Result of hal ving

speci fi edparaneter It can be seen that the vari ous

radgfe & ndﬂfércﬁts rl)faanlcéid 5Jd?a WSGF | ol | liéh & & mmlrmsmg the
Bl 2l HREN

gover ne l'ex rre tionship an
5 admturﬁyﬁ”bmmmfwayhﬁque%ﬂtt mlammtimgrﬂemubﬂ a@@mst FOD. This is

con i n numerous different ways. Table 2 ves
%Sbgwﬁ gﬁf@ﬂg POWnEIRSIRG the arimypel 'a“é‘m"ﬂﬂhaﬁﬂ)l qSW@ V@aulmah range

be I n I

pe Haglib GITPISRITRNneA i Wihal 3rithd SHAR! fha o) receiving

r adenthagendlipoéatisation3. A7 BAEW tabie dERHe lypadeteribed hérziadopdrating at

16k poi nt the s ling frequency is fixed at 5Msps

and® PR dFramengy; & 9 POHE pericies GrcpesSiry e gpsopitagrapd can also
1AS meted tBdbewer drhisigdel ay 1ine Il ength can be easily

altered, the frequency sweep is readily changeabl e by

reprogranmm ng the voltage tuning si gnal appl ied to the

ol o paotssrte B B R SPRCOEhEL e niin @y tranomics

78 6gGlked dirct@drly (GH}HS)SdeﬂnsB@ Fad€aYieh Qn@fec@wéﬁlﬁ&h left hand circularly
crossi ngs per cycle) can_be changed

act (LFHe ) pRiaresed sadigtian 4y RHE Hoﬂaékﬁ%h@}ﬂtlﬁéu biherreqeyve diversity was -
SThecfh%fséH %o improve the detection probability against FOD and, also, to provide

capability in rain. The radar is mounted on a 360° azimuthal turntable and rotates,
typically, at 3°/s. The rotation rate is slow to allow sufficient “hits” per dwell but

should ideally be fast enbugh to provide an update after every take-off or landing.

20  The siting of the radar is important and is very dependent upon the airport
topography and thg runway surface characteristiqs. Runway surfaces may be sloped
dr crowned and may be grooved dependent upon the requirement for water run-off.
The 1deal grazing angle with respect to the runway surface is such that the radar is at

the point where it just starts to detect the runway surface.

25
An FMCW radar fabricated in accordance with. the present invention has been

shown to have the characteristics shown in table 3. The radar comprises 8192 range
cells of 0.25m resolution giving a maximum indicated range of 2048m. A frequency
sweep linearity of less than 0.01% combined with a sweep bandwidth of 600MHz
30  results in the large number of range cells that are attained. It should be noted that the
present invention could allow even larger sweep bandwidths to be achieved; for

example, a bandwidth up to AGHz is readily achieved.



alteration of the frequency sweep, optical delay |line
l ength and cl ock factor can be seen to provide a radar

WO bab/03Hm operate with a maxi num range of ar ouPd/GB20E003609
| km 2km or 4km A radar that has a range which-can be -
easily altered during use is thus provided. 1 2 3 4
Frequency sweep / Mz 2400 12067600 300 Del ay line
length / m 1024 1024 2048 4096 C ock factor 122 2

Ran | ution m 0. 06 125 0.2

rangie PoROac R0, il 0da AR s S Bpi e, BB locations.
opt Tegitdliyohe ratRy iciocfenfindboad iheneightbt m@miw@rﬁw@d&ﬁd 200m
radar descri bed above can be _used in many

appftPEaihe GAarest pary of haruneay. év‘rxmnsge.eﬁwmws have been carried out
a [ ' aqr t.Lgn

PohERL OB ORLE S’ BSRLLANERL B ey gy e
T unedgrsationeoh Metranwsecuri ty, cloud radar, autonntlve
col l'i si on avoi dance, surveying and |evel measurenent.

A Sk| | | ed er-son \l\l"\lll d nanar\n at-e—t ha AUREoUS
alternative e frsauencynnl i c ABeHof A radar syst ém
of the pregdfedilaemtion. A rldBMEWs peOMHzaewtoth ng |t o
t he present| Tmavent powerhas begri56lmdvwn t o be
particul arljySwespttege t 0 t he ddtesgmson of Foreign Objlect
Debris (F ) T13hsritk b&%éaﬁon"u’m@@' udes any oD] ect

found in ar Ré&:‘é%' Sfﬁ'nlsﬂ]lo?l ot I_I.Lel nd 'Iﬁb as—a resut
of bei ng i e otatt 5 B =) SetH-prHeRt—o+
injure an éﬂwﬁbb%m“ﬁa nnrt Onzar qnﬁnpl q TEF\ resul tli ng
damage is dtleyaioadeamwiditt | Re0°aer ospace i ndustry |$4

billion a yemantiBience the Air 3Framgecaloncor de traggdy

in July 20 Rarfde $&OHEBBRE OF 8\EIHy (r10gered by a 16

inch metal [SETE R D4 Fed unvve)Q04SIHere ras—been

consi der abl fe-+reteaseaTrteres 3 A—Aproved—technri-ques

for &ege%t_ip%ﬁ—c%&'—%Ngjm\“ AL Fn—a-tinely panner
able 3 :

in a CW performance paraméters.

~—+

10 Referring to figure 6, the detection of four objects spaccd.2fn apart on & runway
surface at 1000m is illustrated. The items from left to right are (i) an M12 bolt head-

- on (indicated by reference numeral 102), (ii) a metal strip similar to the one leading

to the Concorde crash (indicated by referenée numeral 104), (iii) a glass bottle on its

side (indicated by reference numeral 106) and (iv) a small plastic bottle on its side

15  (indicated by reference nurﬁeral 108). The larger target (indicated by reference

numeral 110) is a person.

Referring to figure 7a, an area 300m by 400m is shown that comprises three earth
mounds within a perimeter fcnce; Road tracks are clearly visible and the contours of
20  grassland, including the direction the grass has been cut, can be seen. Shadowing
due to the earth mounds and other objects are also evident. Figure 7b shows a close-
up of the perimeter fence, 35m by 55m. The fence posts at 3m intervals are clearly

distinguishable.



weat hers with mninmal disruption to airport

operations. Currently, manual inspections are carried
wo@eioshgpdcal | y once every 4 hours by driving aPCrgBRIv8/003609

| engt hof the runway. The effectiveness is |imted due

to visibility and human error and the technique is

ineffective in the dark. The k to the design of a

radar dedicated to FOD detection is in mnimsing the

return fromrun te .l st mai.ntainin : .
ot L BhE B SR B R 1ifac B e RissP RV B b SURpiqulely suited o
M ndefdcgih§ YeryRaBZbinNjecRepmEb B S FAD) on éi‘lg)bﬁguf{\%)bé.

hi gh range resol ution; z|||) siting the radar for
optimal grazing angle and (iv) receiving orthogona

pol ari sations. An FMCWradar of the type descri bed
herein, operating at a centre frequency at 94.5GHb,
achi eves the necessary range resolution and can al so
meet all the other criteria. A radar according to the
present invention has been denonstrated that transmts
right hand circularly (RHC) pol arised radiati on and
receives both left hand circularly (LHC) polarised
radi ati on and RHC pol ari sed radi ati on. The receive

di versity was chosen to inprove the detection
probability against FOD and, al so, to provide
capability in rain. The radar is nmounted on a 360

azi mut hal turntable and rotates, typically, at 37s.
The rotation rate is slow to allow sufficient "hits"
per dwell but should ideally be fast enough to provide
an update after every take-off or |anding. The siting
of the radar is inportant and is very dependent upon
the airport topography and the runway surface
characteristics. Runway surfaces may be sl oped or
crowned and may be grooved dependent upon the

requi renent for water run-off. The ideal grazing angle
with respect to the runway surface is such that the
radar is at the point where it just starts to detect
the runway surface. An FMCWradar fabricated in
accordance with the present invention has been shown
to have the characteristics shown in table 3. The
radar conprises 8192 range cells of 0.25mresol ution
gi ving a maxi mum i ndi cated range of 2048m A frequency



sweep linearity of |less than 0.01% conbined with a
sweep bandwi dth of 600MHz results in the | arge nunber
woboocasgye cel | s that are attained. It shoul d beCcTaBea)s/003609
that the present invention could allow even |arger
sweep bandwi dths to be achi eved; for exanple, a
bandwi dth up to 4GHz is readL%y achi eved. The
performance of the radar has been assessed at severa
frport locations. Typically the radar is |located 5m
the height of the runway surface and 200m from
the nearest part of the runway. Extensive experinents
have been carried out against known reflectors and
hgai nAtfraquencyimedwatet corOmu@isaeyd (BVICHY X fadaranoimprising;
orientations on the runway. Table 3 : FMCW perfornmance
paraneters. Referring to figure 6, the detection of
§ eroguenby ewé aad faprériy wept fredionyy sSupdiace at
100%n1i£ ilﬁié?rated.q¥he ifénsf?ronwlef¥ ?o right are
(i) an ML2 bolt headon (indicated by reference nuneral
2) (] al strip si/m e one |.eading t .
¢ iStnspielok 18 00 Bne RisGhRnR B lert BB RS EaHRR P b Bucing o
bfetynce(difference-ft@eacyosiphdl &f drequéySdqdsl toi theliderddrette Metween the
%eferenc numer al  106) and (i%i a small plastic bottle
fiueney of the yrspbileareadgy senrkard tedecayanor el a 1om) displaged swept
- Ldanel : ice.nuneral 110) is
B B A 300m by 400
is shown that conprises three earth nounds within a
rinmeter fence. Road tracks are clear vi si bl e _and
F ah TEED PR agpa.ty Nedtl rith GUIFE ALy dbS BT G He swept
- BERRACYASnNERE thaboeiveRAIsBSHr&RRBIhg asﬂ?%%@‘ﬁﬁf?é}e@égréqﬁeﬁﬂesignal of

eart h 'nounds and ot her objects are also evident.
fqueney &inakteohe differdnos dafveoh thelfeequendynafttbe sigerlgmnsi@Bted by the

55 The fenc osts.at 3mintervals are clearl
W S RSy e b e Bo R et
the present invention is particularly suited to
detecting very snmall forg&gn obj ects and debris (FQOD)
¥ 33j anplogue-fFudigidironyeierdARC) forfsamplieg By taigdudiffersdce-frequency
: ' S r I.SL0G;: fre n .
LA 480 FRPBIL A hAERUARY sona
si gnal ;
characterised in that the discriminator comprises an optical delay means for producing

the time displaced frequency swept signal.

2. A radar according to claim 1 wherein the optical delay means comprises at least

one optical fibre delay line. |

3. A radar according to any preceding claim wherein the optical delay means

comprises at least one laser diode.

4. A radar according to any preceding claim wherein the optical delay means

comprises at least one optical detector.



a discrimnator for receiving a portion of the swept

frequency signal and for producing a reference
wakdobesapee- frequency signal of frequency equabPCT/GBR60S/003609

di fference between the frequency of the swept

frequency signal and the frequency of a tine displaced

swept frequency signal deriveg,fromthe swept

frequency signal; a transceiver for generating the

ignal, to. be transnitted by .the raday fromthe s t ,
f equéh Eé)gia% g‘éci%ﬁ%,ng {p?l any Pé‘?%elé‘gfé?lma}”g%te‘ﬁr B dﬁﬁtlﬁ@m%qay means 1s
tafrh @i ?Joﬁﬁ@ﬁeﬁlﬁé RUUPPREY fRdqEiRly Slept BAYERGYinE MW one of a
to the difference between the frequency of the signal
PREENf difigrany timgalisplagements eelathve 16 thedtegnencysivephsgnal.
signal returned to the radar froma renote target(s);
and an anal ogue-to-digital converter (ADC) for

$anpl ngdirteecérdingeab cthihfewraen-the esteanddaysmeial codlprides a multi-
rate derjved fromthe frequency of the referénce ' _
&Pfqpé‘Fgrf@éQ@?I%ﬁh’é%cy signal, characterised in that the
di scrim nator conprises an optical delay neans for
produci ng the tine displaced frequency swept signal.

2. A Aadsiar acomdidigng tlainc| Saiomclaimhér wheteinhée opsticabldelay means

del ay nmeans conprises_at | east one optical fibre del ay
F?IH%‘?‘/S%?P TRlEy 9f 0 té‘if‘f)fl 'eﬁ§F$1 e%ﬁ/leﬁgtg%edi ng claim
wherein the optical delay neans conprises at |east one

| aser diode. 4. A radar according to any preceding
81 ai mAwhdareiqeordieg tpiny precddihgyclammawkereianthe i debsy @tparted by the

GBS o R B R 2o o
BEASANIGATSi il BY HHHER afthb hiMRinslirs Eé%%_ﬁ@&i rddh@QHency swept

signal having any one of a plurality of different tine

di spl acenents relative to the frequency swept signal. ,
A rding.to claimb5 wherein . the optical .

g'el ayk&ggﬁsﬁggﬁbﬁ {c,&e%nyaprﬁ%ﬂr?gt glﬂmbﬂﬁ Pogh 41 B?*gysﬁé fprovided to

tonvert thle refereadtadiffafenod-teq\@nt P sighali prouced b5l 8k MiBriminator into a

wherei n the optical delay neans conprises a plurality -

ey of itaning Pulsee dhap fred seppestesinby inderyelngelagd ta thadepquency of the

?@n%%c?gcgﬂ%r%ﬁ%eﬁggqlﬁﬁ%p SQhA]Qw%LI%in”%h‘é‘lﬁ&‘ﬁg rf)u}sgse afjeetlisae)ﬂ to clock the
ADC. '

. 10. A radar according to claim 9 wherein the analyser comprises a zero crossing

detector.

11. A radar according to any preceding claim wherein the frequency sweep generator

is arranged to output any one of a saw-tooth and triangular wave swept frequency signal.

12. A radar according to any preceding claim wherein the frequency sweep generator

comprises a voltage controlled oscillator.

13. A radar according to claim 12 wherein the frequency sweep generator comprises
a voltage signal generator for outputting a digitally pre-distorted tuning signal to the

voltage controlled oscillator.



optical delay neans is selected to be equivalent to a
multiple of the tine-of-flight of a transmtted signa
W 2008/08HPget at the maxi mum required radar ranBer/G82005/003609
A radar according to any preceding claimin which an
anal yser is provided to convert the reference
di fference-frequency signal pjyjoduced by the
di scrimnator into a series of timng pulses that are
separated by intervals related to the frequency of the
reference difference-frequency signal, wherein the
14.ni ng dArSREordng tSAY dnd of tREKs 19€ ADGhekdh 1 VALBE controlled
according to claim9 wherein the anal yser conprises a
oxHiptrsadichyya enseRs Eregrency signgl hasiagra lmeedly dene than HIfy.
precedi ng cl ai mwherein the frequency sweep generator
is arranged to output any one of a sawtooth and
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12 to 13 wherein the voltage controlled oscillator
roduces a swept frequency signal having a linearity
t t eh radanAc g keclaim t awgheremctbe tdnsvgivencamptises a frequency up-
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1gont aj [ fir f.r.eguency. band being | ower than .
ot 74 280 W% 1 ol PRSP BBE ) 1Rl e
siable lacal adaitlatac(STADLMY to claim 15 wherein the
transcei ver conprises a frequency upconverter for

i ncreasing the frequency of the swept frequency signa

1:89; U Nerdb LRGN Blany B%Cé&iggalairﬁ Qnajﬁlrtilgra&%ngr}s}negdanba¥1tenna.

e radar.

'19. A radar according to claim 18 wherein the antenna comprises separate transmit

and receive antenna elements.

20. A radar according to any preceding claim arranged to transmit a signal within a

frequency band of 9GHz to 150GHz.

21. A radar according to claim 20 arranged to transmit a signal having a frequency

within at least one of the frequency bands of 70-80GHz and 90-100GHz.

22. A radar according to claim 20 arranged to transmit a signal having a frequency

around at least one of 77GHz and 94.5GHz.



17. A radar according to claim 16 wherein the

frequency up-converter conprises a stable |ocal
wo@@slssavor (STALO . 18. A radar accordi ng to BEEHGB2005/003609

precedi ng claimand further conprising an antenna. 19.

A radar according to claim 18 wherein the antenna

conprises separate transmt recei ve antenna

el enents. 20. A radar according to any preceding claim

ranged to tran smt a | within fgnfre gnc band
3 SR Ao S 37y R AR slat dubg 87Dt a signal
awlag]@ﬁ@q&e@cy ERARAtHan @0&HgNal having a frequency

within at | east one of the frequency bands. of 70-80CGHz
and 90-100GHz. 22. A radar according to claim 20

rangegd it o rasmtas nal. halng uenc
a%oung gid%ﬁ 80 &ig o?nyﬁ %éf ‘3’%4?’“2%‘ ilcﬁ]dgiﬂay means
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&ifee spage path %ltﬁého%\l@@@fthﬁrhg)ot@etmﬁy preceding claim
wherein the optical delay neans conprises an opti cal
wavegui de that produces a del ay equivalent to the
22l ayAi rjar dcedrdhyg @ Elize 2dpan@cipahb dpaogt delaf meBisecomprises an
than 100 netres. 25. A radar according to claim 24
Rtk AV aeHEe dhat ipsaducesed dejayeamlens %M@@@@yamp@md ®yat free space
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ts\%I aylgl nparteor'ag 5@6%%8 space path length of nore
t han 500 rretres 26. A radar according to claim25
erein the o caI el ay _neans. conpri.ses_an opti cal
z@vegﬁl tszﬁ Stfugan §5d‘¥i’%§}ne‘8@°m?%rﬁe RYomEHIS comprises an
cAlwhvERaide @tht BYoduics £8e1 8Py ARt b thenel A By a f
%ﬁan 1 \Lalgl orretr? 27. An aai}gparat us for dea?éc I ng Be:},a fee space
pth Easthod reprs thehddglopwsiner i sing a radar according to
any preceding clains. 28. An apparatus according to
claim 27 wherein the object is foreign object debris

IFOD) ARappdritgs fiifde@e€ng & oBfRctedr P Nirfack @BMBMsing a radar according to

any preceding claims.

28.  An apparatus according to claim 27 wherein the object is foreign object debris

(FOD) and the surface is an airport runway.

29. A perimeter security apparatus comprising a radar according to any one of claims
1 to 26.
30. A frequency linearisation module for a frequency modulated continuous wave

(FMCW) radar comprising a frequency sweep generator for producing a swept frequency
signal; a discriminator for receiving a portion of the swept frequency signal and
-producing a reference difference-frequency signal having a frequency equal to the
difference between the frequency of the swept frequency signal and the frequéncy.of a
time displaced swept frequency signal derived from the swept frequency signal,
characterised in that the discriminator comprises an optical delay means for producing

the time displaced frequency swept signal.



29. A perineter security apparatus conpnsing a radar
according to any one of clains 1 to 26. 30. A

wo e@quasey |inearisation nodule for a frequencRCT/GB2005/003609
nodul at ed conti nuous wave (FMCW radar conprising a
frequency sweep generator for producing a swept
frequency signal; a dlscrlnrqgtor for receiving a
portion of the swept frequency signal and producing a
reference difference-frequency signal having a
frequency equal to the difference between the
B1. equﬁr}ﬁé/th&f of B?eﬁtﬂ?goﬁ f&ﬁl?éﬂl@? REou kAN @naAishst Deve QI]JNFCW) radar
frequency. of I me di spllaced swept frequency signa
campriseng the siept ofe swept frequency signal, characterised
in that the discrimnator conprises an optical del ay
means for producing the tinme displaced frequency swept
6) genetaiad a Sﬁeﬁmg@gn@rm aierating a frequency nodul ated
conti nuous wave MCW r adar conprising the steps of;
(i) generating a swept frequency signal; (ii)

i f f
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differpnenbytweén theefr&wendit off the qWepclrequegyiadi gl dndl il frequency of a
frequency of a tine displaced swept frequency signa ?
3\?@@6?@%9@ frequspeysigng deriesdddyom thgrsayept frpquency signal;
generatlng a signal to be transmtted by the radar
fromthe swept frequency signal, (iv) producing a

tuay gratradngd & eigeniae bé rrenmmened/bwpihg madar o the gueptdyeqaentd! signal,
to the difference between the frequency of the signa
transmtted by the radar and the frequency of the

g?g;}?%ucﬁrggta%d? & e rgﬁt?ai?g;gl@ﬁcaf %?rmrl gﬁ Erg %ateg%:g;jtc 0 difference
rityeral thadieqgersy afrthé oguel- transohittridt by thecmdar dngr thé ABGhency of the

wherein t rate is . derjved fromthe
??@'H@HBVPEyﬁ%ﬁ%ﬁ?g&@ﬁeﬁ@gm&WE?é9eﬂE% frequency
signal, characterised in that the tinme displaced

frequency swept signal used in the step (ii) of
) othinpling ther dtrepte @tféermmffeqqem fsigoguewning 9h gardlogus-to- d1g1ta1

&%O@&e?t(%d’} Meidl samghenlga%tengacfénved from the frequcncy of the

reference drffercnce-frequency signal, .

characterised in that the time displaced frequency swept signal used in the step (ii) of
producing a reference difference-frequency signal is generated using an optical delay

means.

32. A method according to claim 31 and further comprising the step of using the

radar to detect an object on a surface.

33. A method according to claim 32 wherein the step of using the radar to detect an
object on a surface comprises using the radar to detect foreign object debris (FOD) on an

airport runway.



32. A nethod according to claim3 1 and further

conprising the step of using the radar to detect an
wobjoenssion a surface. 33. A nethod accordi ng teCT/GBRUS/003609

32 wherein the step of using the radar to detect an

obj ect on a surface conprises using the radar to

detect foreign object debris {40D) on an airport

runway. 34. A nethod according to claim3 1 and further

ri,sin he step of usi t radar to nonjtor the .
ST r Aot MoRARR 18 AL a4 Tur apmonsipRaRe R cAasing the
t?!dglstb%&gﬁl@l‘gh)é BhRidrBEh BEfnedasar i bed with reference to

I gure an .

35.  Aradar apparatus as substantially hereinbefore described with reference to figure

4 and 5.



